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Abstract

Experimental Investigation and Multi-Physics Computational Modeling for Assessment,

Mitigation and Prevention of Concrete Deterioration

BOUSIKHANE Faysal

Precise assessment of long-term aging and deterioration play a major role in life-time
predictions of concrete structures. One of the primary challenges in studies of cementi-
tious materials such as concrete comes from the fact that multiple chemical reactions are
happening in parallel. Environmental conditions present another challenge as they can
influence greatly chemical kinetics, further complicating the analysis. The deterioration
mechanism studied in this thesis is a chemical reaction called Alkali Silica Reaction (ASR)
wherein an expansive gel is formed causing significant concrete degradation over time.
ASR induced degradation of concrete is first investigated through experimental meth-
ods to assess ASR affected concrete mechanical properties evolution over one year. The
influence of environmental properties, aggregates silica content, aging, shrinkage, creep
and sample geometry on ASR are fully characterized through a comprehensive exper-
imental program involving destructive and non-destructive evaluations of reactive and

non-reactive concrete samples at different stages.



While experimental investigations happen to be the first step in the study of physical
phenomenons, practical limitations in physical testing have constantly led researchers to
develop numerical models capable of modeling accurately concrete properties. Besides,
the long term assessment of concrete properties evolution is only achievable through the
development of powerful models that can couple realistically the aforementioned phys-
ical phenomenon. The Lattice Discrete Particle Model (LDPM), a three-dimensional
mesoscale discrete model, is employed in this study to simulate the mechanical response
of concrete at the level of coarse aggregate pieces. The LDPM is capable of characteriz-
ing strain localization, distributed cracking in tension and compression, and to reproduce
accurately post peak softening behavior. The M-LDPM, an extension of LDPM, includes
multiple models that describe heat transfer, moisture transport as well as ASR, creep,
aging, shrinkage, fiber contribution to concrete strengthening and their full coupling. The
M-LDPM is calibrated and validated by modeling the experimental results obtained dur-
ing the initial phase of the ASR study.

High costs associated with concrete structure rehabilitation has pushed researchers to de-
velop a new promising generation of self-healing concretes. As their name suggests, self-
healing concretes are capable of mitigating damages associated with a given deterioration
mechanism (ASR for example) by automatically regenerating themselves post-damage.
This feature is crucial in the mitigation of deterioration mechanisms since fractures behave
like hydraulic pathways, significantly increasing local permeability and promoting water
ingress. The presented work includes an experimental study characterizing the effects

cracks and of a self-healing admixture (Penetron) on concrete permeability. This study



is completed by the development calibration and validation of a multi-physics computa-
tional framework which couples successfully mechanical and moisture transport behavior
in concrete.

Last but not least, prophylactic methods have been developed to counter and limit deteri-
oration mechanism consequences. One example is the use of Fiber Reinforced Ultra High
Performance Concrete (FRUHPC) mixes as overlays on cracked bridge decks. In this the-
sis, simulations were performed to identify the impact of various steel fiber types on the
mechanical response of an ultra-high performance concrete (UHPC) developed by the US
army Corps of Engineers. This type of concrete has outstanding mechanical properties in
compression as well as in tension in comparison to regular concrete. The simulations were

performed with the LDPM-F, an extension of the LDPM capable of modeling fiber effects.
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CHAPTER 1

Introduction

Concrete is undeniably the most widely used material in the construction field world-
wide. Some of the reasons contributing to the unanimous popularity of concrete are its
durability, strength, low maintenance, versatility, thermal resistance and affordability.
However, concrete is composed of a complex heterogeneous internal structure, which
includes several characteristic lengths from the scale of cement nanoparticles to the
macroscale. This leads to mechanical properties that evolve during its lifetime due to
different phenomena such as hydration, creep, shrinkage, drying and deterioration mech-
anisms such as alkali-silica-reaction, ettringite formation, freeze-thaw, carbonation, just
to name a few. Due to this inherent complexity, detailed computational models must be
developed to simulate accurately concrete behavior and its evolution in time.

The research conducted in this study focuses on the following objectives:

1) To investigate experimentally ASR effects on concrete mechanical properties evolution
through destructive and non-destructive testing (Chapter 2). ASR has been a topic of
study for many years by many researchers. In spite of that, experimental results avail-
able in the literature lead to divergent conclusions. This experimental program includes
tests in compression, tension (fracture and Brazilian test) along with creep, shrinkage,
self-desiccation and expansion measurements under various environmental conditions to
clarify some of the unanswered questions concerning ASR, consequences on concrete. Fur-

ther qualitative investigations involving Los Alamos test, non-polarized, and polarized
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light petrographic observations were performed. This portion of the thesis aims to provide
readers with a comprehensive experimental study of ASR effects on concrete mechanical
properties and their evolution in time. The long term deterioration assessments associ-
ated with such a mechanism can only be captured via the development of a model capable
of simulating and combining precisely the main influential chemical /physical mechanisms
involved in concrete strength evolution (i.e. aging, ASR, creep, shrinkage, thermal effect).
The M-LDPM was developed along these lines and showed superior capability in not only
modeling the damages associated to ASR but also predicting strength reduction which,
to our knowledge, yet has to be accomplished in the literature (Chapter 3).

2) To explore the effect of cracking and a self-healing admixture (Penetron) on con-
crete permeability under a controlled drying environment. This chapter explores dete-
rioration mitigation through a comprehensive experimental program which studies the
to self-healing capacity of commercial admixture to counteract crack effects on concrete
permeability. The tested specimens consist in regular, cracked and self healing C-Shaped
beams, first designed and studied by Bazant et al. [6], drying in a controlled environment
with a periodic monitoring of their relative weight loss. This information is further used
to quantify the effect of cracks and self healing on concrete permeability. Along these
lines, Chapter 4 also includes the formulation and implementation of a three dimensional
numerical model based on the M-LDPM framework to study and model damaged con-
crete permeability behavior. The calibration and validation of the LDPM is performed
by modeling the results of water penetration into cracked reinforced concrete provided by
Zhang and coworkers [81].

3) Finally, the prevention and mitigation aspects of concrete deterioration are studied via
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the modeling of fiber size and shape effects on the quasi-static and dynamic testings of
UHPC mechanical response. The considered set of fibers involves ZP305, Nycon type V,
OL 10 mm and OL 6 mm fibers. The relevant experimental results provided by the U.S.
Army Engineer Research and Development Center (ERDC) included quasi-static as well
as dynamic testings. The considered quasi static tests contained uniaxial compression
tests, Direct Tension Test (DTT) in the cases or randomly distributed and oriented fibers
and 4 point bending tests. The dynamic tests consisted in penetration and perforation
tests of UHPC fiber reinforced panels of various thicknesses. The LDPM-F was success-
fully calibrated and validated based on the provided experimental data providing results

once again in excellent agreement with the experimental data.
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CHAPTER 2

Experimental Investigation of Alkali-Silica Reaction Effects on
Aging Concrete Mechanical Properties
2.1. Introduction

Concrete is the most common material in the construction of civil engineering struc-
tures such as bridges, high rise buildings, or even Nuclear Power Plants (NPP). In new
constructions concrete structures’ durability can be extended using, for instance, self-
healing agents that will over time increase concrete strength and reduce the risk of failure
of modern UHPC. However in already built structures, deterioration mechanisms exist
and can significantly reduce the lifetime of concrete structures. Some examples of degra-
dation mechanisms are corrosion, ASR, freeze and thaw, delayed ettringite and several

others.

Concrete is one of the most challenging materials to study and it isknown to have a
complex internal structure, which includes several characteristic lengths from the scale of
cement nano-particles to the macro-scale. Moreover, numerous chemical reactions happen
in parallel within concrete, further increasing the difficulty in defining accurately the range
of action of a given chemical reaction. Over the past few years, researchers have tried
to understand these degradation mechanism phenomena such as Alkali-Silica Reaction in

an effort to predict their effect precisely with the objective extend structural durability.
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The interest in accurately decoding these degradation mechanisms is two fold: safety and
money. Indeed, it is necessary to understand the underlying mechanisms behind a given
deterioration mechanism to predict the damages associated with it to avoid unexpected
structural failure. This is important from a cost standpoint as well as for public safety.
This chapter of the dissertation adopts an experimental approach to determine ASR ef-

fects on concrete mechanical properties.

Alkali Silica Reaction (ASR) is a chemical reaction discovered in the nineties by Stan-
ton et al. [68], where an expansive gel forms. This gel is the product of the chemical
reaction between alkalies contained in cement, crystalline silica from siliceous aggregates
and water. Deschenes et al. [7] identified two stages of ASR evolution in concrete which
are now commonly accepted by the scientific community. During the first stage of the
reaction a gel is formed by the dissolution of the crystalline silica. And in the second
stage, the ASR gel absorbs water and swells at the same time, which generates high pres-
sures that typically result in concrete deterioration. At early stages of ASR in concrete,
micro-cracks usually begin to develop, while at more advanced stages of the gel forma-
tion, macro-cracks become visible. Sanchez et al. [63] studied the ASR mechanisms and
identified three of such types: a) peripheral reaction rim, b) pockets of gel and finally c)
gel veins being formed within the aggregate itself. The failure mode and ASR mechanism
associated with a given concrete is known to depend on the silica distribution within the
reactive aggregate but also the aggregate’s geometry as demonstrated by Akira Otsuki et

al. [54].
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ASR has been studied extensively over the past 50 years to identify the minimum re-
quirements for the reaction to initiate. The parameters that were identified as influentials
are the silica, alkali and moisture contents, temperature, aggregate size and shape, con-
crete internal structure, and stress distribution. Chatterji et al. [15] and Mirza et al. [32]
determined that ASR was only probable in moist environments exceeding 85 % relative
humidity. That is the reason why, numerous bridges in high relative humidity environ-
ments have severely suffered from ASR damaged. Past studies performed by Jones [38]
and Larive [43]demonstrated that temperature also acts as a catalyst of the ASR taking
place in concrete. However, it is important to note that when concrete is cured at high
temperatures, it experiences a so-called thermal expansion different from the expansion

due to ASR. This is another example of reactions happening in parallel in concrete.

The reason why ASR studies have become so popular over the last few years is because
it jeopardizes directly the lifetime of concrete structures by affecting concrete mechanical
properties. Two types of tests are currently available to evaluate ASR impact on concrete
performances: non-destructive (NDT) and destructive testing methods. Non-destructive
evaluation has achieved an important role in the quality control of concrete structures
with regards to their strength and durability. Kursat et al. [72] and Akash et al. [36]
used the “rebound hammer” and “windsor probe” which are the most widely used NDT
methods to evaluate concrete strength. Larive [43], Monette et al. [50], Multon [51], Ben
Haha [11] and Esposito [27] have conducted studies on ASR effects on concrete mechani-

cal properties involving the direct determination of concrete strengths through destructive



25

testing. The scientific community agree on the idea that ASR affects mechanical proper-

ties negatively and hence decreases concrete strength.

This chapter 2 confers the reader with experimental findings of ASR effects on aging
concrete mechanical properties evolution. First, the experimental protocols including the
mix design and samples preparations are explained. Secondly, the non-destructive eval-
uations of ASR are presented conferring the reader with qualitative observations of how
can ASR gel and damages can be identified. Then, the destructive evaluation of ASR
affected concrete samples is presented, providing valuable quantitative observations on

compressive and tensile properties as well as long term induced deformations (creep).

2.1.1. Mix Design, Test Setups and Environmental Conditions

Mix design and samples preparation To characterize ASR damages on concrete proper-

ties, this paper adopts an experimental approach where mechanical testing is performed
to characterize concrete mechanical properties evolution. A total of 436 samples were
prepared with the mix design recommended in the ASTM C1293 [35] standard relevant
to the accelerated concrete prism test given in figure 9. However, two types of aggre-
gate were considered : One reactive (Spratt) and one non-reactive (Lafarge Fox River).
The curing of the concrete samples was achieved in curing rooms at 23°C and 100 RH.
The second batch corresponding to the non reactive samples or samples of reference were
tested in compression to ensure that observed differences in terms of mechanical proper-

ties will be due to ASR and not to the aggregate properties. To certify this conformity,
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6 samples were prepared and cured for 14 days then tested in compression on day 15.

Aggregate choice: Spratt and Lafarge Fox River Spratt is a well known aggregate because

of its sensitivity to ASR, this can be explained by the fact that it contains about 9% of
silica per unit volume. NR38 and NR50 respectively designate the non-reactive samples
(cast with Lafarge Fox River aggregates) cured at 38°C' and 50°C. Similarly RX38 and

RX50 correspond to the reactive samples (cast with Spratt aggregates) cured at 38°C' and

50°C.
Table 2.1. Sieve Curve for Concrete prism experiments.
Sieve size
Passing % Retained % Mass
19 mm 125mm 33 %
12.5 mm 9.5 mm 33 %
9.5 mm 4.5 mm 33 %
Reactive Concrete Non Reactive Concrete
Materials Extra Information  Quantity [kg/m?] Quantity [kg/m?]]
Portland Cement Holcim St. Genevieve 420.04 420.04
Type 1
Coarse Aggregate Spratt Coarse 1078.58 -
Coarse Aggregate Lafarge Fox River - 1078.58
Sodium Hydroxide Lab Stock 4.15 4.15
Fine Aggregate Hanson Plum Run 718.46 718.46
Peebles, OH
Water Potable 176.2 176.2
Water/Cement 0.42 0.42
Superplasticizer =~ BASF Glenium 7500 3.2 3.2

Table 2.2. Mix design summary (in accordance with ASTM 192).

Companion batch validation Table 4 presents the compressive strength of two con-

cretes casted at the same time and cured for 14 days at 25 Celsius Degrees and a 100
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% relative humidity (RH). One was prepared as a reference for the reactive batch using
spratt which is known for having high silica content ( more than 10% by weight). On
the other hand, Lafarge Fox River was used for the companion batch. According to [2.3]
the strengths at 14 days are equal (less than 0.4% difference). This observation leads to
the conclusion that Lafarge Fox River is a good candidate to cast the batch of reference
for the accelerated standard prism tests. Hence, any mechanical characteristic variation
and difference between the two batches will not be associated to the type of aggregate.
Also various geometries and ages of testing were considered depending on the test and

are presented in Table

Table 2.3. Companion batch validation table comparing strength of con-
crete prepared with Lafarge Fox River or Spratt at early ages

# Samples Tested Age of Testing [days| Average f. [MPa]

Spratt Batch 3 3/15/28 39.57/55.67/61.32
Lafarge Fox River Batch 3 3/15/28 39.71/54.56/60.89

Table 2.4. Geometries and ages of Testing

Dimensions [mm?| Testing ages [days]
Compression 75X 75x75 60/120/365
3-point bending 75x75x250 60/90/120/240/300/365
Brazilian r=100mm h=200mm 60/120/365
Creep 75x75X7H 365
Expansion 75x75x250 400
Shrinkage 75x75x250 365

Environmental conditions After casting, the concrete samples were demolded after 24

hours and kept at 100%RH/23°C for 28 days. At this point, half of the reactive and non

reactive samples are moved to the environmental chamber set at 100%RH/38°C while the
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other half was placed in the second environmental chamber set at 100%RH/38°C. Satu-
rated conditions and higher curing temperatures are selected to accelerate ASR according
to ASTM C1293. In the surrounding of this project funded by the Nuclear Regulatory
Commission, considering higher temperature was one way to also replicate concrete envi-
ronmental conditions in nuclear power plants and provide relevant conclusions.

Experimental tests performed

Figure 2.1. Test set ups for a) Longitudinal expansion measurements, b)
Creep test, ¢) Compression test. Damages observed in d) Non-Reactive
and e) Reactive concrete samples at age 200 days. f) 3 point bending test
set up.

Free expansion measurements were performed 76.2x76.2x285 mm?

concrete prisms to
determine the potential ASR expansion of cement-aggregate combinations over time. Ac-
cording to ASTM C1293 and C490, the free expansion measurements were taken on using
a Humboldt length comparator for 400 days as depicted on Figure [2.6p. It is worth men-

tioning that according to the American standards, an aggregate is considered potentially

deleteriously reactive if the measured free expansion in the longitudinal direction exceeds
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0.04% after one year. The latter is currently the preferred method of assessment although

one its significant drawbacks is the important time duration of the test.

The petrographic and polarized light microscope observations were performed at CTL-
group laboratories on 76.2 x 76.2 x 152.4 mm? grounded concrete sample cross sections
according to ASTMC295. The purpose of this test is to evaluate possible aggregate re-
activity through petrographic examinations. Polarized and non polarized light stereo
microscopes were used to appreciate visually and microscopically examine the produced

ASR gel in the studied concrete samples.

A semi-adiabatic calorimeter was used to characterize the hydration degree of three
different concrete samples. Indeed, one important parameter in concrete strength evo-
lution is hydration, a reaction where the cement molecules react with water leading to
concrete strengthening. This reaction between water and cement translates in a tempera-
ture rise that is measured by placing a thermocouple at the center of the 50.8 mm x 101.6
mm (diameter x length) concrete sample for optimal accuracy in the measurements. The
temperature was monitored for 4 days every minute starting from the moment when the

water was poured into the dry mix.

It is worth mentioning that the destructive testing of concrete samples was done using

MTS load frames with capacities of 90 kN, 1000 kN and 4500 kN. To reduce friction at
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the joint between the loading steel plates and the concrete samples, hyaluronic acid is

sprayed on the concrete surfaces.

Concrete compressive strength is a fundamental physical property constantly used for
design calculations of concrete structures. Performing such test is crucial to estimate
concrete strength and ASR impacts on it. The later was performed on 76.2 x 76.2 x 152.4

mm?® concrete samples at the age of 60, 120 and 360 days. The set up used is presented

in Figure [2.6f

Three point bending tests were performed on notched concrete samples at the ages of
60, 90, 120, 240, 300 and 365 days and constitute an important part of this experimental
campaign as no data on fracture energy evolution in presence of ASR is currently available
in the literature. This experimental campaign aims at understanding how can ASR alter
fracture energy properties of concrete. The set up used for the three point bending test

in presented in Figure [2.6f.

Concrete tensile strength is one its main weaknesses and typically constitutes 8% to
14% of the compressive strength according to Hanson [34]. The tensile strength of the

considered material was evaluated through Brazilian tests.

When concrete is loaded, the generated deformations can be categorized into two induced
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deformation: The elastic deformation that occurs immediately and the long term defor-
mation which similarly to the elastic deformation occurs as soon as the concrete samples
are loaded. However, the later deformation is time dependent and continues at a de-
creasing rate: Creep. Multiple factors can affect concrete creep behavior starting from
the concrete strength, magnitude of the applied stress, the age of loading or even hygral
and thermal environmental conditions. The main motivation for performing such a test
in addition to the previously presented tests is to study ASR evolution when uniaxially
confined. The experimental set up used is shown in Figure 2.6pb. In the field, concrete
structures are constantly subjected to stresses which can impair ASR progress. Exper-
imentally investigating such an issue is here aimed through creep testing under optimal

conditions for ASR development.

2.2. Non Destructive Evaluation

2.2.1. Petrography

Petrographic test method

A total of 8 prims of 76.2 x 76.2 x 152.4 mm?® were prepared according to the de-
scribed procedures in ASTM C856-14 Standard [4] relevant to Petrographic Examination
of Hardened Concrete. This time, only reactive samples (containing Spratt) were consid-
ered for this study. CTL Group petrographer Victoria Jennings provided a considerable
help in the samples preparation and study. The casting process follows the ASTM C1293

[14] relevant to the accelerated concrete prism test.
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Figure 2.2. NR and RX concrete samples cured for 120 days at
50°C/100%RH cross section observations at the stereomicroscope

W L

Figure 2.3. Samples in different environmental conditions at 100%RH (a)
day 120/38°C; (b)day 210/50°C; (c) day 365/50°C; (d) day 200/38°C; (e)
day 200/50°C and day 365/50°C

The samples are cut with the diamond saw along their middle longitudinal axis from
side to side in order to allow a better identification of potential ASR gel. After cutting,
half of the sample is lapped in three steps on the grinding wheel (Crystal Master Pro

12), whereby one can find three succinct grinding level with the Grid-Abrade diamond
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grinding discs: 60 microns, 30 microns and 12 microns. After each step of grinding,
to obtain suitable samples alcohol is sprayed on the lapped surface before processing to
drying.

Once ready, the samples are examined with the stereo-microscope.

Petrography results and discussion

The results obtained with the stereo-microscope at this stage of the reaction are re-
ported in Figures and show visual evidences of ASR gel and damages for the
studied concrete.

Figure [2.2| shows what can be observed by naked eye for non reactive and reactive sam-
ples stored at 50°C/100%RH for 120 days. At day 120, the structure of the non reactive
sample remains intact whereas the reactive ones display clear evidence of damages. For
the reactive sample presented in the right Figure 2.2] a considerable mapping of cracks
is present most likely due to ASR although this assumption will be confirmed further in
paper. Potential ASR cracks, gel formation zones and rim reactions are marked on Figure
and supports the idea that at day 120, the non reactive samples do not display dam-
ages from thermal shocks, ASR or other damaging mechanism as their structure remains
intact unlike the set of reactive samples. The only difference between the two batches is
the type of aggregate used which consolidate the hypothesis that ASR is the sources of
the visible damages. These observations are consistent with the results given from the
mechanical tests results in the section discussed further in the paper and the non reactive
sample show strengthening while the reactive samples present strength loss. As a result,
the preliminary conclusion is that presence Spratt does impact the ASR taking place in

concrete.
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The photographies shown in Figure [2.3| present x40 magnified observations performed with
a stereo-microscope on reactive concrete sections , age of 120, 200 and 365 for samples
stored at 100%RH 38°C and 50°C. At 120 days, one can notice on Figure and
small ASR pockets of gel forming in the cement paste and the formation of microcracks
potentially due to ASR. The presence of microcracks is the signature of stresses release due
to high internal pressures. Also, one potential pocket of ASR gel is found in the reactive
samples at day 120 as shown in Figure [2.3b. The chemical testing of those pockets filled
with amorphous gel was also performed using the Los Alamos to identify the gel nature
and will be introduced in Section 2.2.2. At later ages, one can clearly notice the massive
presence of ASR gel, especially for the older concrete samples. Starting from 200 days,
one can clearly observe rim reactions as depicted on Figure for instance where the gel
has the wet aspect and texture on the outer surfaces. Rim reactions have been previously
identified and studied by Kunpeng Zheng et al. [83] in concrete or even by Mladenovic
et al. [49] in mortar. The gel present in the samples of age 200 and 365 on Figures
and shows a different structure from the gel at 120 days as cracks within the gel itself
are visible. Similarly to the samples observed at age 120, the concrete samples at age
200 and 365 present larger cracks which suggest that ASR has been ongoing beyond 120
days and damaging the concrete internal structure even more. Also, these observations as
expected are consistent with the idea that ASR was successfully activated in the reactive
samples only by using Spratt aggregates instead of Lafarge Fox River. Last but not least,
this initial qualitative study confirms and indicates that the presence of ASR leads to a

significant alteration of the concrete structure. In the case of accelerated reactive prisms
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tests, one can by naked eye appreciate the damages caused by ASR which translate into

a crack mapping cutting through the cement paste, aggregates and ASR gel itself.

2.2.2. Petrographic polarized light microscope study of concrete thin sections.

Petrographic polarized light microscope observations test method The experimental pro-

tocol followed to prepare the thin sections consists in using concrete lapped surfaces and
to set a layer of transparent epoxy on the targeted surface. A transparent epoxy was been
selected for its optical properties that are known for not altering light polarization. The
polarized light microscope allows for plane or cross polarized light observations. With
plane polarized light, after the light beams interacts with the material, its polarization
gets altered by birefringence. With cross polarized, the light with perpendicular orienta-
tion only is transmitted. The latter phenomena translates in a contrasts increase of the
numerous concrete constituents while with plane polarized light contrasts are enhanced
which emphasizes the visual aspect of cracks.

For the subsequent discussion, both results will be presented as they will provide
complementary information.

Petrographic polarized light microscope results and discussion

As presented in Figure the deposits of ASR gel are found either in voids (paste
or aggregates) or at the interface between the siliceous aggregates and the cement paste
where the presence of silica, alkali and moisture are sufficient for ASR gel to form. Figure
2.4 shows a large air void of approximately 3 mm in concrete lined with ASR gel. In these

pictures, the ASR gel can be recognized by its a transparent/translucent texture.
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The Figure 2.4b and corresponds to a zoom on the lower region of that same
void shown in Figures and 2.4p. On the cross polarized light picture one can notice
small air bubbles in the epoxy used to mount thin-section block that are relics of sample
preparation and insignificant. On the plane polarized light picture one can observe that
the gel itself is cracked which is the sign that high stresses are present due to ASR but
also that the gel was in a solid form prior to failure. This same study on gel in void was

conducted on other voids and the comments that were previously made remain valid.

RX50 CPL - 200 days RX50 CPL - 200 days

Figure 2.4. Crossed Polarized Light (CPL) observations of a) Air void in
concrete lined with ASR gel b) Region of air void in concrete lined with
ASR gel ¢) Microcrack branches along paste-aggregate interface and into
paste lined with ASR gel and d) Further along paths of microcrack branches
along paste-aggregate interface and into paste lined with ASR gel. Plane
Polarized Light (PPL) observations of e) Air void in concrete lined with
ASR gel f) Region of air void in concrete lined with ASR gel g) Microcrack
branches along paste-aggregate interface and into paste lined with ASR gel
and h) Further along paths of microcrack branches along paste-aggregate
interface and into paste lined with ASR gel.
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Last but not least, the photos display layered deposits of ASR gel, both amorphous
(black in plane-polarized light) and locally crystalline (birefringent in cross-polarized light)
which reinforces the idea that ASR gel is present in solid form in concrete voids.

The Figures 2.4, [2.44, and show a microcrack extending from aggregate
(left) particle into paste (right). These microcrack are lined with ASR gel and splits
into three branches within paste. Again, the presence of cracks suggests a history of high
stresses most likely caused by ASR damages. Here, the texture of the gel does not suggest
that layers have formed successively on top of one another. One can observe one and only
clear layer of gel on the contrary of the multiple layers of gel that were found in voids.
Furthermore, the gel in the cracks looks intact, only the aggregate and cement paste are
cracked.

Figure and displays microcracks within the aggregate particle (top) with
branches extending along the paste-aggregate interface and into paste (bottom). These
microcracks are locally lined with ASR gel as well.

The Figure and shows the continuity further along paths to the right of
that microcrack from previous photos shown in the Figure and 2.4g. Again the
microcracks are locally lined with ASR gel. Overall, ASR gel observed in concrete can
be found in different forms and displays different textures. A basic petrographic analysis
with the stereomicroscope would not have been enough to identify the different forms of
gel created due to ASR in concrete.

Los Alamos test evaluation method As introduced in the introduction, concrete is a

cementitious material controlled by complex time dependent chemical reactions. Because

of its natural similarity with earth material, geoscientists developed a geochemical method
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to identify gel reaction products associated with ASR [31].The experimental protocol
given by Guthrie et al. [23] was meticulously followed for the ASR gel staining test. To
confirm the validity of the test, both reactive and non-reactive sample were subjected to
the ASR get staining test.

Fresh cylindrical 101 mm x 202 mm (diameter x length) concrete samples were tested
in tension with the Brazilian test.to stain the untreated middle cross section. The choice
of a freshly fractured sample can be justified by the purpose of applying the staining
method on an internal cracked surface that has been subjected to the least amount of
chemical change to the ASR gel.

The loose dusts accumulated during the sample fracturing are removed with distilled
water (contaminants free). Sodium cobaltrinite is used to saturate a table spoon of water
and then applied for 45 seconds on the concrete surface. At this stage, the potassium
contained in the ASR gel reacts with the sodium cobaltrinite producing a shiny yellow
staining that intensifies as the reaction evolves with time. The open structure of the ASR
gel which facilitates cations exchanges with fluid (chemically charged water) is outlined
using a chemical technique producing a shiny yellow staining of the ASR gel or more
specifically the potassium contained in it. After rinsing the samples with pure water,
Rhodamine B is used to saturate a table spoon of water and then applied for 45 seconds
on the concrete surface. The dark pink second chemical has the specificity to stain any
chemical compound but the potassium contrasting significantly areas where ASR gel is
found and non reactive areas. As depicted on Figure and [2.5, some ASR gel
appear to be stained in orange which suggests a poor potassium ASR gel where both used

chemicals were partly capable of staining the ASR gel.
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In this section, 76.2 x 76.2 x152.4 mm?® taken from the reactive batch that had cured
for 100 days at 50°C 100%RH were cut in half prior to being treated. One face was used
for casual petrography as depicted on Figures and while the remaining half was
subjected to the Los Alamos test presented in above. The results of the Los Alamos test
are presented in Figures and [2.5d. The results depicted in Figure and
confirm the presence of ASR gel in the reactive samples. The potassium present in the
ASR gel significantly reacts with the sodium cobaltrinite in the reactive samples while
in the non reactive samples, potassium presence is too low to even leave the slightest
trace of staining. Last but not least, the results show that the heterogeneous character
associated with alkali silica chemical reactions can lead to an ASR gel production with

different potassium concentrations.

Figure 2.5. Air void in concrete lined with ASR gel.

2.2.3. Expansion ASTMC1293

Expansion test method The longitudinal expansion measurements were taken with a length

comparator that has a resolution of 1um. The comparator was calibrated using an invar
reference bar for better accuracy of the periodical measurements. The expansions were
picked up against the steel studs embedded during casting at the opposite ends of the

concrete prisms. By subtracting the initial expansion reading to the one at a given age,
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one can directly obtain the relative expansion. The initial measurement was taken at 28
days immediately after the initial curing process.

Expansion test results and discussion

The results obtained in this accelerated concrete prism tests are reported in Figures

through [2.7]

Figure [2.6| reports the measured expansions. The gray curve and the red curve are
relevant to the non-reactive samples (NR) cured at 38°C and 50°C in the environmental
chambers at 100% Relative Humidity (RH). These samples are considered here as reference
values for the subsequent discussion as they don’t suffer from ASR damages. The evolution
of the mechanical properties for non-reactive samples overtime is mainly governed by
aging. For these samples no appreciable expansion can be observed over a year. Finally,
the black curve and blue curve represent the expansion measured for the reactive samples
(RX) stored at 38°C and 50°C. As expected these samples do expand significantly, well
beyond the ASTM C1293 [35] ASR susceptibility limit set at 0.04 %. The expansions of
the reactive samples stored at 50°C pass this threshold wihtin the first 100 days of curing
while it takes 150 days for the reactive samples stored at 38°C to go beyond this limit.
At 365 days of age, the expansions obtained for the reactive samples at both temperature
coincide, although the expansions for the reactive samples stored at 38°C keep increasing
while for the reactive samples stored at 50°C the expansion flattens. This observation
suggests that at higher temperature, ASR occurs faster but slows down at earlier age

afterwards.
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No significant evolution of ASR, and consequently no significant expansion and dam-
ages are observed for the non-reactive samples as despicted on Figures[2.6] The measured
expansion in the case of non reactive samples corresponds principally to the thermal ex-
pansion. A preliminary petrographic analysis was performed using a stereomicrospcope to
estimate the amount of ASR gel in reactive (RX) and non reactive (NR) concrete samples
at the age of 200 days. As expected, the non-reactive samples were found to have no gel
at all. On the other hand, the reactive samples showed clear evidences of ASR gel and
the observed damages associated with ASR are visually clear. Figure and show
evidences of ASR gel in air voids and cracks found in reactive concrete sample sections
using a stereomicroscope. This study allows a qualitative appreciation of damages caused
by ASR starting from age 120 days. As expected, more cracks are visible in more aged

reactive samples as they have suffered from ASR for a longer period of time .
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Figure 2.6. Shrinkage and thermal expansion experimental results in terms
of microstrain a) Regular and b) Log time. Longitudinal expansion results
in terms of microstrain versus c¢) Regular and d) Log time.

2.3. Destructive ASR affected Concrete Evaluation
2.3.1. Compression Tests

Compression test method The information given by the non reactive samples batch are

valuable as for the later, all the usual chemical reactions taking place in concrete are still
ongoing, aging is one them for example. The uniaxial confined compression tests were
performed on 76.2 x 76.2.6 x 152.4 mm?® concrete prisms at the ages of 60, 120 and 365
days. The tests were displacement control at a displacement rate of 0.003 mm/sec. To

minimize temperature and relative humidity drop effects prior to testing the samples are
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tested within the first 20 minutes following the moment at which the samples are taken out
of the environmental chambers. The compressive strength is finally obtained by reading

the maximum stress level during the test. Compression test results and discussion

The results for this test are introduced in this paper in terms of stress versus strain
curves. The measured force was divided by the cross section of the sample to compute
the stress level, while the strain was calculated by dividing the relative displacement of
the loading plate by the sample length.

Figure shows the experimental results of the compression tests performed on reac-
tive concrete samples cured at 38°C and 50°C in terms of stress versus strain. Before even
taking a look at the compressive strength one the reactive batch for different ages, one
can observe how much ASR affects the young’s modulus as depicted on Figures and
2.7b. An average decrease of 8.8% of the elastic modulus was measured within the first
year of the accelerated test which cannot be ignored when designing concrete structures
in environments where there is potentiality of ASR. As far as the compressive strength is
concerned, at the ages of 60, 120 and 365 days, the samples cured at lower temperature
present respectively a decrease in compressive strength of 12%, 17% and 23%. The losses
were calculated based on the strength of the reference batch under the exact same con-
ditions (RH, temperature, age) and provide the reader with the actual loss in strength
which also includes the aging component as described for the non-reactive samples. In a

word, ASR causes concrete compressive strength to decrease up to 23% after one year at

38°
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2.3.2. Three Point Bending Tests

Three Point Bending test method The 76.2 x 76.2 x 285 mm?® concrete beams were notched

by the mean of a diamond saw at the mid span up to 38 mm (D/2). The test was
performed using a 6 mm travel length extensometer placed on the notched to insure
Crack Mouth Opening Displacement (CMOD) control under a 0.003 mm/s displacement
rate. The load displacement at mid span curve is used to compute the work of fracture
Wp = foﬂ P(u)du which is used to calculate fracture energy Gp:

foﬂP(u)du

(2.1) Gr = 4D

where b(D — ag) represents the initial ligament cross section above the notch, b = 76.2
mm and D = 76.2 mm are respectively the thickness and width of the specimens.

Three Point Bending test results and discussion

On Figuref2.7c and 2.7f, one can see the fracture energy of non-reactive samples
increasing over time for both temperatures due to aging. As some of the experimental
data displayed had the end of the tail (softening part of the load versus CMOD results),
the fracture energies were calculated with ©=0.4 mm to allow for a comparison between
all the samples. This method is valid as the samples have all the same geometry and
are size effect independent. On Figure and the reactive samples cured at 100%
relative humidity, 38°C and 50°C show a significant decrease in terms of fracture energy.
This loss is mostly due to ASR counteracting aging as described in previous reports. The
reactive samples are subjected to ASR but also aging, however the experimental results

show dominance of ASR damages. The effect of ASR damages on the fracture energy of
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concrete can be calculated by subtracting the fracture energy of reactive samples to the
fracture energy of non-reactive samples at same age and under the same environmental
conditions. According to Figurd2.7f, the reactive samples stored at 50°C show a slightly
more important loss in terms of fracture energy than the reactive samples at 38 °C. The
experimental results confirm the hypothesis that temperature accelerates the ASR and

subsequently the damages that it causes in concrete.

2.3.3. Brazilian Tests

Brazilian test method . The prepared samples were 101.6 mm x 203.2 mm (diameter x

length) cylindrically shaped to easily load per unit length the concrete specimens. The
tests were performed at the ages of 60, 120 and 365 under displacement control at a rate
of 0.003 mm/s.

Brazilian test results and discussion Figure presents the obtained results of tensile

splitting strength and compressive strength in terms of stress (MPa) versus age (in days).
The differences among the various environmental conditions confirm the analysis discussed
above in relation to the fracture energy. However, according to Figures and [2.7d, it is
important to emphasize that ASR damages are more appreciable when tensile properties
are solicited than in compression. This can be explained by the fact that ASR gel has
been found in solid form in the petrographic observations which would suggest that it

could display some form of stiffness leading to less damages in compression.
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Figure 2.7. Results of uniaxial compression test for a) Non-reactive and
d) Reactive samples, Brazilian test for b) Non-reactive and e) Reactive
samples, and 3 point bending test in terms of fracture energy for ¢) Non-

reactive and f) Reactive samples.

2.3.4. Creep Tests

400
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Creep test method The creep test measures the load induced time dependent compressive

strain under given controlled environment conditions. The creep test that were conducted

during this experimental campaign included not only basic and drying creep but also creep

at 100% RH, 38°C and 50°C. Creep is known to be proportional to the applied stress as

long as the latter does not exceed 40 % of f.. The considered samples for this test were 76

mm x 76 mm x 150 mm concrete prisms subjected to 0.4f’ (23.2 MPa). Each creep frame

was used to load 3 samples stacked on top of one another.

The loading frames have a
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capacity to apply and sustain loads 10 times greater than the applied load which appears
to be convenient to avoid additional deformations. The frames depicted on Figure b
consist in high strength square plates mounted in series on steel threaded roads. Nuts
are used to constrain the vertical displacement of the plates and sustain the load on the
samples while the lower part of the frame is armed of a large spring that serves as a load
maintaining element. Spherical heads were placed at the ends between the steel blocks
and the plates to insure uniform loading of the specimens and enhance the stiffness of the
overall system.

The outer surfaces of each samples were grounded where the pins and strain gages

were placed.
The pins were made of steel and attached to the concrete samples in the longitudinal
direction to measurement the vertical deformation. High strength and temperature resis-
tance epoxy was used to fix the pins. The distance between each pin was fixed to 101.6
mm by means of an anodized aluminum alloy instrument frame.

The multi-length strain gauge set was used to read the strain measurements of each
sample. The ages of measurements were the following 0 and 9 minutes, 1 hour, 1, 7, 14,
28, 60, 100, 150, 200, and 280 days which correspond to the days of loading given by
ASTM C512. However, considering the environmental conditions which include higher
temperatures and saturated humidity conditions, the applied load had to be checked at
least twice between each strain measurements to account for a faster creep due to the
higher curing temperatures.

Creep test results and discussion
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Figure 2.8. Results of uniaxial compression test for a) Non-reactive and b)
Reactive samples

Figure [2.8] presents the creep test results in terms of microstrains versus time or
log time for non reactive concrete samples under the environmental conditions discussed
above. The measured concrete samples deformations for autogeneous creep are smaller
than for drying creep as the later includes the effect of drying shrinkage similarly to what
Bazant et al. [86] have demonstrated (Picket effect). In saturated conditions (100% RH)
and higher temperatures, respectively 38°C and 50°C, around 35 and 40% more creep
was measured exclusively due to thermal effect. Previous studies conducted by Bazant et

al.[86] have confirmed that higher temperatures are associated with larger deformations
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under load which also explains why the samples stored at 50°C present more creep than
the concrete prisms stored at 38°C.

Figure [2.9] presents the creep test results in terms of microstrains versus time or log
time for reactive concrete samples. The results suggest that ASR has no noticeable
effect on concrete deformation in the direction of loading. It was observed in the case
of free expansion that significant longitudinal deformations were measured mostly due
cracking. This assumption can be supported by the fact that under load, horizontal
cracking cannot occur due to the confinement which counters cracks formation. As a
results the longitudinal deformation corresponds to the expansion due to the ASR gel

formation added to the usual concrete creep.
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Figure 2.9. Results of uniaxial compression test for a) Non-reactive and b)
Reactive samples.

The measured creep for reactive and non reactive samples in all environmental con-

ditions suggest that under confinement, the longitudinal expansion which corresponds to

the ASR gel formation is negligible. However, Figure [2.10] presents the measured lateral

deformation in terms of microstrains versus time for a) non reactive and b) reactive con-

crete samples and suggests that concrete samples undergoing ASR expand more laterally.

Last but not least this lateral expansion is about 16% more important at 50°C than at

38°C. The later observation comes from the fact that the axial confinement prevents the

vertical cracks formation. Also, the measured ASR expansion mainly comes from cracking
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and will naturally occur in the stress free direction which in this situation corresponds to

the horizontal directions (lateral expansions).

a) 1000 b) 1000
T 750 ~NR38°C T 750
Z —~NR50°C E

g 500 § 500 ——RX 38°C

é g ~RX50°C
0 01

0 100 200 300 0 100 200 300

Time [Days] Time [Days]

Figure 2.10. Results of creep lateral expansion a) Non-reactive and b) Re-
active samples.

2.4. Concluding remarks

One can observe that the samples stored at 50°C present more expansion at early
age than the ones stored at 38°C although they reach a lower asymptotic expansion at
later ages. For the uniaxial compression test, the losses observed in terms of compres-
sive strength are twice as small as the losses observed in terms of tensile strength which
leads to the conclusion that ASR damages affect concrete tensile properties more than its
performance in compression. The consideration of a companion batch is essential to fully
characterize the strength loss due to ASR. The experimental creep test demonstrated that
ASR expansion typically occurs in the stress free directions. The ASR gel formation repre-
sents a negligible portion of the measured expansions leading to the conclusion that what
researchers have been measuring is mostly damage (cracking) due to ASR induced high

internal pressures. From a qualitative perspective, the petrographic observations confirm
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that at early age, less ASR gel and cracking can be found in the concrete samples. At
later ages, clear cracking is visible and the amount of gel present in the reactive sample
increases with time. The polarized light microscope observations lead to the conclusion
that ASR gel can be found in the cracks although no clear evidences of gel flow were
noticeable. Last but not least, the Los Alamos test confirmed that the gel observed in the
concrete samples was actual ASR gel because of its chemical composition that is high in

potassium ions (KT).
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CHAPTER 3

Modeling of Alkali-Silica Reaction Effects on Aging Concrete

Mechanical Properties

3.1. Introduction

ASR is a slow degradation process that progresses at multiple scales capable of reduc-
ing a concrete structure’s strength and lifetime over the years. Two principal steps are
differentiated during ASR consisting of the ASR gel 1) Formation and 2) Swelling through
water absorption. The ASR gel swelling is typically the source of high pressures gener-
ated internally which are naturally released through local cracking. The accumulation
of damages results in quantifiable concrete macro-scale strength loss which supports the
idea that ASR is a multiscale phenomenon. The Lattice Discrete Particle Model (LDPM),
recently developed by Cusatis et al. [20] 19] is a meso-scale model which simulates con-
crete at the scale of coarse aggregate pieces. LDPM has successfully captured concrete
fracture and failure in multiple types of experiments and has been extended to model
ASR effect [2), 2], 16], fiber reinforced concrete [65], fracture and failure of concrete in
a multi-scale framework [22, [61], and simulating rock mechanics under different loading
conditions [26].

Computational models have been developed for years attempting to simulate ASR
evolution and associated strength degradation in structures at the macro- and micro-scale

levels. Early phenomenological modeling approaches simulated ASR at the macro-scale
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level by establishing ASR expansion at the concrete level [29] and [47]. The first thermo-
chemo-mechanical ASR model considering explicitly stress state effects was proposed by
Saouma et al. [64]. Additional phenomenons such as shrinkage [33] and compressive
strains have been included in Multon formulation [52]. Later on, more advanced and
complex damage models including hygral effects coupled with thermo-chemical models
were formulated by Pesaento et al. [55] and [28]. The first mathematical models based
on fracture mechanics were introduced by Bazant et al. [1] in 2000 simulating ASR within
a Representative Volume Element (RVE) at the aggregate level.

Some of the introduced models were capable of modeling ASR expansions and even
sometimes the strength degradation associated with it, however, none succeeded in achiev-
ing realistic crack distribution and pattern with comparison to what has experimentally
been observed. In 2013, Alnaggar et al. [17] proposed the ASR-LDPM, a three dimen-
sional model simulating ASR effects at the aggregate level. Unprecedentedly, the later
showed superior proficiency in simulating ASR expansion through two sub-mechanisms
. the gel swelling and induced cracking. The results were further improved by coupling
ASR with shrinkage and creep in [3]. Last but not least, Pathirage et al. [57] introduced
the aging component of concrete coupled with ASR leading to the parallel modeling of
concrete strengthening from the hydration products and ASR which deteriorates concrete
mechanical properties.

As described above, concrete strength at a given age is the result of coupled deterio-
rating and strengthening mechanisms such as ASR, aging, creep and shrinkage happening
in parallel, naturally contributing to the complexity of the problem. At this point, a

comprehensive model is required to achieve a representative and efficient modeling of the
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concrete mechanical properties evolution and failure modes over time. This chapter 4
adopts a multi-physics modeling approach of the experimental results introduced in chap-
ter 2 via the direct coupling of ASR with aging, creep and shrinkage within the LDPM
framework.

In the current research, LDPM is calibrated and validated with respect to the experi-
mental data recently provided in chapter 2 on several quasi-static experiments performed
at Northwestern University. These experiments were carried out on two different types
of concrete: Reactive and Non-Reactive concrete which vary in their aggregate selection.
LDPM parameters relevant to quasi-static experiments are calibrated by methodically
tting the results of the numerical simulations with the provided experimental data. Us-
ing the calibrated parameters, the validation procedure is performed by simulating the

experiments that that were not used in the calibration process.

3.1.1. The Lattice Discrete Particle Model (LDPM)

Recently,the Lattice Discrete Particle Model (LDPM), a meso-scale discrete model has
been developed to simulate the mechanical behavior of concrete. The LDPM is capable of
mimicking the mechanical interactions between coarse aggregates ingrained in a cemen-
titious matrix. The material parameters of the model control directly the nature of the
interactions between the particles of an assemblage of grains.

Figure 1 illustrates the steps in the generation process of concrete internal struc-
ture. As concrete has a granular internal structure, coarse aggregates, modeled by perfect

spheres are randomly distributed within a given volume. The application of boundary
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(a) (1) Concrete material modeled. (2) Supporting particles for grain generation. (3) Delaunay tetrahedralization.
(4) Laminated structure model.

LDPM Cells

(b) (© (d

Figure 3.1. (a)(1) Concrete material modeled. (2) Supporting particles for
grain generation. (3) Delaunay tetrahedralization. (4) Laminated structure
model. (b) Spherical particle and (c) polyhedral cell representations of a
typical dogbone specimen.

conditions is here facilitated by distributing infinitely small aggregates (radius=0) on the
external surface.

The topology of the grains is defined through Delaunay tetrahedralization that dis-
cretizes a given volume into a 3D mesh of tetrahedras. Then, a 3D domain tessellation
integrated to the Delaunay tetrahedralization allows for the creation of a 3D polyhedral-
cells system. Within this system, the adjacent polyhedral-cells interact through triangular
facets, assumed to be the location of the potential concrete failure. Figure 2 illustrates
an aggregate representation in the LDPM, a perfect sphere embedded in a cementitious
matrix.

LDPM constructs the geometrical representation of concrete meso-structure through

the following steps. 1) The coarse aggregate pieces, whose shapes are assumed to be
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spherical, are introduced into the concrete volume by a try-and-reject random procedure.
2) Zero-radius aggregate pieces (nodes) are randomly distributed over the external sur-
faces to facilitate the application of boundary conditions. 3) A three-dimensional domain
tessellation, based on the Delaunay tetrahedralization of the generated aggregate centers,
creates a system of polyhedral cells (see Figure ) interacting through triangular facets
and a lattice system composed by the line segments connecting the particle centers. Fig-
ures and d represent spherical particle and corresponding polyhedral representations
of a typical dogbone specimen.

In LDPM, rigid body kinematics is used to describe the deformation of the lat-
tice/particle system and the displacement jump, [uc], at the centroid of each facet is
used to define measures of strain as

0 Juc] _ Muc]. _ m'[uc]

(31) EN = 6 ;€L g y M = €

where ¢ = interparticle distance; and n, 1, and m, are unit vectors defining a local system
of reference attached to each facet.

Next, a vectorial constitutive law governing the behavior of the material is imposed
at the centroid of each facet. In the elastic regime, the normal and shear stresses are
proportional to the corresponding strains: ty = Eney = En(en — €X); tar = Erely, =
Er(en — €%); trp = Ere; = Er(er — €Y), where Exy = Ey, Er = aFy, Ey = effective
normal modulus, and o = shear-normal coupling parameter; and e%;, €3, € are mesoscale

eigenstrains that might arise from a variety of phenomena such as, but not limited to,

thermal expansion, shrinkage, and ASR expansion.
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For stresses and strains beyond the elastic limit, LDPM mesoscale nonlinear phenom-
ena are characterized by three mechanisms as described below.

Fracture and cohesion due to tension and tension-shear. For tensile loading (e}, > 0),

the fracturing behavior is formulated through an effective strain, e = \/e32 + a(e}2 + €32),

and stress, t = /t% + (ty +t1)?/a, which define the normal and shear stresses as
tny =ey(t/e); ty = aer,(t/e); tp = ael(t/e). The effective stress ¢ is incrementally elas-
tic (f = Epé) and must satisfy the inequality 0 < ¢ < oy(e,w) where one can define
op = 0o(w) exp [—Ho(w)(e — eg(w))/o0(w)], () = max{z, 0}, and tan(w) = e/ aer =
tnyva/tr, e = \/W, and eg(w) = o¢(w)/Ey. The post peak softening modulus
is defined as Hyo(w) = Hy(2w/m)™, where H, is the softening modulus in pure tension
(w = 7/2) expressed as H; = 2Ey/ (I;/l. — 1); l; = 2EyGy/a?; I. is the length of the tetra-
hedron edge; and G; is the mesoscale fracture energy. LDPM provides a smooth transition

between pure tension and pure shear (w = 0) with parabolic variation for strength given

by oo(w) = Utr§t<—sin(w) + y/sin?(w) + 4a cosQ(w)/rft) / [2a cos?(w)], where ry = 0, /0y
is the ratio of shear strength to tensile strength.

Compaction and pore collapse from compression. Normal stresses for compressive load-
ing (ely < 0) are computed through the inequality —o,.(e},, e}) < ty < 0, where oy is a
strain-dependent boundary function of the volumetric strain, ej,, and the deviatoric strain,
ep = ey —€j,. The volumetric strain is computed by the volume variation of the Delaunay
tetrahedra as e}, = AV/3V} and is assumed to be constant for all facets belonging to a
given tetrahedron. Beyond the elastic limit, —o. models pore collapse as a linear evo-
lution of stress for increasing volumetric strain with stiffness H, for —ej, < el = Kreoel):

Opbe = 00 + <_€*V - 6:0>HC(TDV); Hc - (HCO + Hcl)/(l + Re2 <TDV - /ic1>) + Hcl with
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H. > H.Q; 0. is the mesoscale compressive yield stress; rpy = |ep|/(el, — e) for
el, < 0 and rpy = |e})|/evo for e}, > 0, el,p = keseo , kes = 0.1 and ke, Ke2 are mate-
rial parameters. Compaction and rehardening occur beyond pore collapse (—ej, > ef)).
In this case one has o, = 01 (rpy) exp[(—e}, — e He(rpy)/oa(rpy)] and oq(rpy) =
oo + (€1 — i) He(rpv).

Friction due to compression-shear. The incremental shear stresses are computed as
i = Ep(ey, — ¢ and i, = Ep(é; — &F), where ¢ = Adp/0ty, €7 = Ndp/ot, and
A is the plastic multiplier with loading-unloading conditions gp)\ < 0 and A > 0. The
plastic potential is defined as p = m — ops(tn), where the nonlinear frictional law
for the shear strength is assumed to be ops = 05+ (1o — fioo ) on0[1 —exP(tn /o N0)] — oot N;
ono is the transitional normal stress; po and ., are the initial and final internal friction
coefficients.

Finally, the governing equations of the LDPM framework are completed through the
equilibrium equations of each individual particle.

Rate dependence of LDPM is captured by introducing a rate dependent function into
the facet strain dependent boundary function previously described in Section [4.4.1] as
on = F(w)og(w)exp [—Hp(w){e — eg(w))/oo(w)] where rate dependent function F(w) =
1+ ciasinh(é/(co/l)), see [69] for details.

Aging model

In the original LDPM publications, the mesoscale parameters Ey, oy, 7s, li, 0c0, Ono,
a, Ho/Eo, Hei/Eo, Keoy Kels Ke2y Ke3, to and fis are constant. In this study, however, the
interest is the evolution of the mechanical behavior at early age. To account for early age

effects, LDPM was recently equipped with an aging model [76].
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One can write

(3.2) Ey = E°A

(3.3) op = 0°\", 0up = 09\, ong = TR\
(3.4) Top = rog A

(3.5) L =17 (ka(l = X))+ 1)

where A is the aging degree (fully described in the next paragraph), E5°, 0{°, 055, 0%0s

0o
Tst

and [;° are the asymptotic values of the aforementioned parameters, n,, m, and k,
are material parameters. The other parameters are assumed to be age-independent. It is
worth mentioning that in the work of [76], r5; was taken as age-independent, i.e. assuming
m, = 0.

Cement hydration of mortar that causes the evolution in strength is described through
the Hygro-Thermo-Chemical (HTC) model. The model computes at any age the heat
transfer and moisture diffusion in concrete and mortar, through coupled diffusion equa-
tions involving the variation of temperature 7T, moisture h, moisture permeability Dy,
cement hydration degree a., evaporable water w, and other material properties. The rel-
evant sets of equations, namely Fick’s law, moisture permeability equation, unit volume

mass balance, sorption/desorption isotherm, Fourier’s law and enthalpy balance equation

are reported in the Appendix.
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The chemical reactions involving the four different cement clinker phases and water
are accounted for in average by computing the so-called degree of hydration a. through

the following empirical differential equation [25]:

o0
Cc

A _neae
(3.6) Q. = Aa (ad + ac> (Oz,fo — ac)e o& B(h)e” RT

where A., Ap and 7. are material parameters, a2° is the asymptotic hydration degree
that can be approximately calculated as a2® = 1.031(w/c)/(0.194 4+ (w/c)) and S(h) =
[1+ (5.5 —5.5h) 7! is an empirical function that describes the effect of moisture content,
E,. is the hydration activation energy.

Once the degree of hydration is computed, one needs to relate it to the mechanical
properties of mortar. It is well accepted that the strength evolution depends on the degree
at which the chemical reactions occurred but also the curing temperature. One can thus
introduce an internal variable A, the aging degree, that takes into account both effects
through the following equation [46]:

ny
. T, -T
3.7 A= .| Ay + Ay (0 ) ] _tmaz T2
( ) “ A i /\(ac i o “ ) (Tmaz - Tref)

for a > a and A=0for a < ap, where «q is the value of the hydration degree at which
mortar starts to get a solid consistency, Axg = (a5 — ap)~!, Ay is a material parameter,
Taz and T are the maximum temperature at which mortar can harden and the room
temperature respectively.

In terms of numerical implementation, the hygro-thermo-chemo-mechanical coupling

is performed as follows: once the geometry of the specimen is considered, a tetrahedral
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Finite Element (FE) mesh is generated. The HTC model equations are solved numeri-
cally and the state variables such as temperature, moisture content, degree of hydration
and aging degree are computed at the nodes. Then, their values are interpolated to the
nearest facet centroids by using the FE shape function associated to each tetrahedron.
Each facet now has at any time step the updated value of the aging degree, which allows

to update the mesoscale LDPM parameters through the aging equations.

Creep model: The volume fraction of cement gel produced by early age chemical
reactions and the cement gel viscoelastic strain rate are respectively defined through
via.) = (a./a®)? and ¥, where n, is a calibrated model parameter. The non aging
portion of the cement gel compliance is expressed through ®(t — to)=&In[1 + (t — t)%]
where & is a model parameter that is calibrated. The hygral and thermal effects on creep
are commonly accepted by the scientific community and Bazant et al. [9], have demon-
strated that in low relative humidity environments, the creep measured was larger due to
shrinkage that was causing a non linear increase of the generated creep strains. Also, the
worked performed by Bazant et al. in 1978 in [84] has shown that higher temperatures

can significantly increase concrete creep. The ladder observations were formulated into

one function which includes both hygral and thermal effects and is expressed as follows:

(3.8) W(t) = [0.1+ 0.9h] exp {% (Tio - %)}
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where h is the relative humidity, 7" represents the temperature in Kelvins, ¢ the time,
R the universal gas constant and (), the activation energy for the cement gel chemical

reactions to happen. The viscoelastic strain rate can now be defined as follows:

(3.9) & (1) = (0‘30 ) < /O "B, (1) — t,(r))Gédr

Qe

The unrecoverable part of the creep strain corresponds to purely viscous behavior
(plastic deformation) of concrete which is also associated with long term creep. Similarly,

the hygral and thermal effects on the viscous behavior are defined through :
(3.10) &l = &rop(t)SGo

where S denotes the microprestress obtained by solving S+ W, (t)koS?=r [Tln(h)+Th/h],
where kg, k1 and & are parameters of the model to be calibrated. Similarly to the function
U presented in the previous section, a function W, accounts for the viscous behavior change

due to hygral and thermal effects. U, can be expressed as follows:

(3.11) W,(t) = [0.1 + 0.9h(t)*] exp {% (Tio - %)}

It is worth mentioning that the free parameters kg, k1 and & are not independent.
Indeed the product kgk; will only affect the creep behavior under varying environmental
conditions (Temperature and relative humidity). However, the & parameter will always

affect the viscous behavior of concrete whether it is in the case of autogeneous creep or
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basic creep.

ASR model: The ASR model describes the gel formation and expansion at the ag-
gregate level. The model distinguishes for each aggregate particle the gel formation and
the effect of water imbibition. It is important to point out that smaller length scale pro-
cesses are averaged and only phenomenologically represented; this includes 1) the actual
chemistry of gel formation, 2) the micro-transport phenomena of ions in gel, pores and
cracks, 3) the gel transport in pores and cracks. Since the silica present in the aggregate
needs to be in contact with the surrounding water and alkali ions present in the cement
paste for the ASR gel to be formed, it can be assumed that gel formation is governed by
a diffusion process. This approach is based on the observation that the time scale of the
alkali-silica reaction is much shorter than the one of diffusion. For very small particles,
this assumption might not be accurate [62]. However, for computational cost considera-
tions, the model proposed in this study only focuses on the coarser portion of the particle
size distribution for which, indeed, the diffusion process is dominant. The effect of the
particles not directly resolved is included indirectly in the parameters of the model consti-
tutive equations. The process can be described by the following radial diffusion equation

for each spherical particle of diameter D [85]:

. We Eag Eag
(312) z = ——I{ZOGRTO RT
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where z is the diffusion front position, w, is the evaporable water defined in the Appendix
(see Equations and , k.o is a material parameter, and E,, is the gel diffusion
activation energy.

The mass of gel M, formed surrounding one aggregate is then computed as [17]:

KaPgT

3.13 M, =
( ) g 6

(D? —82?)

where p, is the density of the ASR gel, k, = min({c, — cq0)/(Ca1 — Ca0), 1) Where ¢, is
the macroscopic alkali concentration and c,; is the saturation alkali content for which the
reaction is complete. ¢, is the threshold alkali content at which no expansion is observed.
Although it was found [70, 42] that this threshold depends on several factors, including
but not limited to calcium concentration, the present study assumes, as a simplification,
Cq0 to be constant.

Once the gel is created, it is assumed to imbibe water. For a fixed temperature, the
water imbibition rate M; is characterized as a linear function of the gel mass M, as follows

131:

Eai Eai

(314) Ml = %[MgliigeRTO RT — Mz]

The bulk diffusivity of imbibed water C; includes the contribution of the cement paste, as
well as the external rim of the aggregate particle: C; = Cyoexp(Euw/(RTy) — Eaw/(RT)).
E,; and E,,, are the activation energies of respectively the imbibition capacity and the dif-
fusion process. k;o and Cjy are material parameters. d characterizes the thickness through

which water is transported from the cement paste to the surrounding of the aggregate
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where the ASR gel lies. Petrographic observations (Figure ) suggests that such a dis-
tance is in the order of a few micrometers (which is confirmed later by calibration results).
It is reasonable to assume that the water present in a generic location has approximately
the same distance to travel to reach each of the surrounding aggregate particles of the
same size. One can thus assume that 6 = aj; D where «,; is a proportionality parameter
as introduced by Alnaggar et al.[3]. One can then define C; = C;/a3, in Equation m

To accommodate the change in volume due to water imbibition, material expansion
must occur. In the simple case of two interacting particles, the expansion can be simulated
by a change in radius of both particles, which, in turn, generates a so-called imposed strain
or LDPM eigenstrain e* at the adjacent facet. By assuming negligible the LDPM shear
eigenstrains e}, and e}, only the contribution of the normal eigenstrain e}, is taken in
account. By considering d. the equivalent thickness of capillary pores surrounding the
aggregate and accessible to the gel (assumed constant and independent of D, one can
define the amount of imbibed water as (M; — M) where M} = (47p,,/3)((r + 6.)* — r3).
One can then write the increase in radius r; = [3(M; — M?)/4wp, + r3]*/3. Then, by
computing the rate of increase 7; = [M;/ (47 py)][3(M; — M?) /47 p,, +r°]2/3. Finally, the
imposed normal strain due to ASR can be defined as

i1 + Tio

(3.15) &% = l

where 7;; and r;5 are the increases in radii of the aggregate particles 1 and 2 at a distance

[ from each other.
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The hygral and thermal deformations are respectively assumed to be proportional to

the humidity and temperature rate. The corresponding strain rates can be expressed as

follow:
(3.16) et = agh
(3.17) el = agT

with «g, and ar respectively the shrinkage and thermal expansion coefficients of pro-
portionality related to concrete properties. It is worth mentioning that the shrinkage
coefficient is taken constant while in Bazant et al. [10] a new formulation of this coeffi-
cient was proposed which includes the aging of aygy,.

As explained by Alnaggar et al. [17], the additivity of strains is assumed and leads to

the following expression of the strain rate:

(3.18) e=e&l e e et el et +ef

where €* represents the effect of instantaneous elasticity and damage, €* a represents the
ASR induced strain rate; &*" and ¢” are shrinkage and thermal strain rates (respectively);

& is the viscoelastic strain rate and &/ is the purely viscous strain rate.

3.2. Numerical modeling of experimental results

This section focuses on the modeling of the experimental results relevant to concrete

mechanical properties under ASR. Table summarizes the geometries of the concrete
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samples that were tested throughout the experimental campaign. The experimental re-

sults can be subdivides into three categories:

e Material diffusional properties
e Non reactive concrete samples strength characterization

Table 3.1. Geometries and ages of Testing

Dimensions [mm?] Testing ages [days|
Compression 75X 75x75 60/120/365
3-point bending 75X75%250 60/90,/120/240,/300/365
Brazilian r=100mm h=200mm 60/120/365
Creep THXT7HXTH 365
Expansion 75x75x250 400
Shrinkage 75x75x250 365

3.2.1. Concrete Modeling

The Lattice Discrete Particle Model (LDPM) and the Hygro-Thermo-Chemical (HTC)
model are here used to simulate concrete mechanical and diffusional behaviors. A pre-
liminary definition of the material aggregate distribution is however required to achieve
accurate particle interactions modeling. In the LDPM, the particles distribution within
a given concrete volume is adjusted through the Fuller coefficient defined in Equation
[3.19] Table presents the experimental aggregate size distribution of the considered
concrete. Respectively, the maximum and minimum aggregate sizes are 19 and 4.5 mm.

Given the aggregate size distribution, one can plot the Fuller curve based on the following
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formula:

(3.19) F(d) = (d%)w

where np=1.1 and respectively d and dj represents the actual and maximum aggregate
sizes. Figure shows the LDPM calibration of the aggregate size distribution in
terms of Fuller coefficient versus aggregate diameters. The LDPM results are in excellent
agreement with the experimental observations and show that LDPM is largely capable of
modeling concrete internal structure at the aggregates level. Figures |3.2c and d respec-
tively present the LDPM mesh and particles distribution in the case of a 3-Point bending

test, i.e. 75 mm x 75 mm x 285 mm concrete samples.

a) b) c)
Sieve size — 08
Passing % Retained % Mass g 0.6
19mm  125mm 33 % & 04 _ d)
125mm  95mm 33 % 0
9.5 mm 4.5 mm 33 %

5 100 15 20
Aggregate diameter [mm]

Figure 3.2. a) Concrete aggregate size distribution. b) Fuller/sieve curve
LDPM calibration. Concrete sample ¢) Mesh and d) Particles distribution
in LDPM.

3.2.2. Shrinkage test

Concrete is commonly known to expand/shrink when subjected to hygral variations caus-
ing the gain/loss of capillary water. In order to identify concrete diffusional properties,
shrinkage tests were performed on and are presented here. Measurements of weight loss

were performed on 75 mm x 75 mm x 285 mm concrete samples drying at 55% RH and
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Reactive Concrete Non Reactive Concrete

Materials Extra Information Quantity [kg/m?] Quantity [kg/m?]|
Portland Cement Holcim St. Genevieve 420.04 420.04
Type 1
Coarse Aggregate Spratt Coarse 1078.58 -
Coarse Aggregate Lafarge Fox River - 1078.58
Sodium Hydroxide Lab Stock 4.15 4.15
Fine Aggregate Hanson Plum Run 718.46 718.46
Peebles, OH
Water Potable 176.2 176.2
Water /Cement 0.42 0.42
Superplasticizer =~ BASF Glenium 7500 3.2 3.2

Table 3.2. Mix design summary (in accordance with ASTM 192).

23° C. Initially, the samples are saturated and start losing capillary water as they are
being exposed to a lower RH environment. Also, the difference of RH between the sample

outer surfaces and its heart is the cause of tensile stresses leading to concrete cracking.

a) b) c)
§‘ 4.5 Small Samples Large Samples RH [-]
=— 4|+ Small Exp. : ; : 1.0
§ 3.5 | |—Small Sim. [0.95
— 3| | ° Large Exp. 0.90
E 2 5| |-~ Large Sim. — 88833
< — 0.
B 2 — 0.75
ol5 —0.70
Z 1 - 0.65
% 05 I: 0.60
¢ 0 0.55

200 ¢=0days =30 days =500 days ¢=0 days ¢=30 days =300 days
Time [days]

Figure 3.3. a) Shrinkage tests LDPM calibration results in terms of relative
water loss versus time. Relative humidity evolution over time in b) Small
(75x75x285 mm?) and c¢) Large (100x100x285 mm?).

Figure presents the results of the average relative weight loss measurements over-

time of six concrete samples, three small (75 mm x 75 mm x 285 mm) and 3 large (100
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Table 3.3. HTC parametric identification.

Param. Param. Defintion Calibration Method Value Units
Dy Permeability (low RH) Shrinkage test 45 x 10% kgmTh!
D, Permeability (high RH) Shrinkage test 1.45x 1072 kgm T h!
n Transition Dy to Dy Shrinkage test 2.2 -

Aa Cement hydration Calorimetric test 9x 107 h—!
Ao Cement hydration Calorimetric test 1x 1072 -
e Cement hydration Calorimetric test 8 -
P) Concrete density Density 2591 kg m~—3
kg Desorption isotherm Long term drying 0.2 -
for CSH gel water
g1 Desorption isotherm Long term drying 1.5 -

for capillary water

mm x 100 mm x 285 mm) in total. The HTC model was used to simulate concrete dry-
ing by identifying the moisture permeability parameters Dy, D; and n. Table lists
the identified parameters for this simulation along with values of other HT'C parameters
that had to be assumed based on existing literature. Figure shows great agreement
between the HT'C simulation and experimentally measured water loss results. As the dif-
fusion parameters associated with the tested concrete were identified based on the relative
weight loss of small samples only, the results obtained for the large samples constitute a
pure prediction. Respectively, Figures and and ¢ show the HTC mesh used and

the simulated RH evolution over time of the modeled concrete samples.

3.2.3. Thermal expansion

Similarly to hygral deformations, concrete can be subjected to thermal deformations that

are computed as follows:

(3.20) ey, = apT
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A one way formulation between the HTC and LDPM was established allowing for accu-

rate modeling of concrete thermal deformations.The temperature effect is assumed to be

proportional to the temperature rate as described in Equation 2.

Figure shows the calibration results of the thermal expansion, which was mea-

sured on the non reactive concrete samples that were subjected to a sudden increase in

temperature when moved from the fog rooms at 100% RH 23° C to the high temperature

curing rooms set at 38° C and 50° C. The results are presented in terms of micros-

trains versus time (in days) and are in good agreement with the experimental results for

agp=1.45%x10"% and oy, =5x10"% C~!. Figure shows the temperature profile in the

modeled LDPM concrete samples. The identified HTC parameters are summarized in

Table B.3l

o
N

400

© thermal expansion (38°C)
* thermal expansion (50 C)
» Shrinkage small samples
+ Shrinkage large samples

200 |

Microstrain [-]

-200

0

150 300
Time [Days]

450

Crack d)

- Opening

‘ [ pm] Oz [MPa]
[ 5.36 [0.253

Figure 3.4. a) Thermal expansion and shrinkage results in terms of micros-
trains versus time in days. Shrinkage concrete samples b) relative humidity
profile and ¢) crack contours d) ZZ-Stress distribution.

3.2.4. Aging results

As previously described, the parameters relevant to cement hydration in the HTC model

[25] and [45] were calibrated using the experimental data of the semi-adiabatic test.
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The aging parameters of the HTC model [46] and aging model parameters [77] were
calibrated on the basis of the test results for non-reactive samples: compression and three
point bending tests of concrete samples cured at 38°C and 50°C in fog room (100% RH).
The effect of temperature on hydration kinetics is taken in account in the calibration as

well.



Table 3.4. Aging parametric identification.
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Param. Param. definition Calibration Value Units
Eg° Asymp. Elastic Modulus 3 point bending tests 115 GPa
ft/‘x’ Asymp. Tensile Strength 3 point bending tests 7.5 MPa
[5° Asymp. Characteristic Length 3 point bending tests 200 mm

os/oy *°  Asymp. Shear Strength Ratio Compression tests 3.8 -
Ng Stress Aging Coeff. 3 point bending tests  2.47 -
Mg Shear Strength Ratio Aging Coeft. Compression tests 2 -
kq Characteristic Length Aging Coeff. 3 point bending tests  2.45 -
ny Aging Temperature Exponent Mechanical testing af 0.8 -

38 °C and 50°C
Lo Literature [1] 0.2 -
ONO Literature [1] 600  MPa
T Literature [1] 240  MPa

H,/E2® Literature [3] 0.3 -

H./E® Literature [3] 0.1 -
Keo Literature [3] 4 -

E,/E2® Literature [3] 1 -

Figure|3.5shows the calibration results of the calorimetric test in terms of temperature

versus time. The measured temperature rise can be explained by the well known exother-

mic reaction of hydration occurring in concrete which governs strengthening. Figure
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Figure 3.5. a)Calorimetric test results in terms of temperature (Celsius)
versus time. b) Self-desiccation test results in terms of Relative Humidity
versus time.

presents the self desiccation results which is here non existent. The identified parameters
for these two tests are reported in Table (3.3

The previously introduced calibration and modeling of the calorimetric experimental
results now allows for the calibration of the aging model as hydration parameters are
identified. The calibration of the aging model was based on the three point bending and
compression test results of the non reactive samples for both temperature 38°C and 50
°C. The three point bending test was used to calibrate three material parameters, the
tensile strength o; (peak), the elastic modulus E (elastic/inital loading part) and the
characteristic length [;. The compression tests results were used for the calibration of
the shear strength ratio o,/0; parameter. The calibration of concrete elastic properties
is more accurate when based on the 3PBT as the test is performed CMOD control and
thus more precise. Other LDPM material parameters that could not be identified based
on those two tests were assumed from the existing literature and are given in Table

as well. The aging degree rate A is calculated in the HTC model based on the hydration
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and governs the evolution of concrete mechanical properties over time under various en-
vironmental conditions. As introduced by Wan et al. [76], the aging degree formulation
includes relative humidity and temperature effects. As the considered samples were cured
in saturated conditions, no hygral effect on the aging degree could be calibrated. On the

other hand, the thermal effect on aging n, was calibrated based on the results obtained

for the two curing temperature 38 °C and 50 °C.

a) b) Initial AD 30 days 200 days 300 days
X -
o
o
é”o.s
en
£
en
B e))
0
0 100

Time [ Days]

Figure 3.6. a) AD evolution versus time and b) AD LDPM contour in com-
pression samples at different ages

Figure shows the aging degree evolution which characterizes in the M-LDPM,
concrete strengthening rate. One can notice a zero AD initially corresponding to the

casting of concrete followed by an expected rapid gain of strength within the first 30

days. The AD contours in Figure ) display the AD evolution at different stages of
concrete aging presenting naturally an increasing aging degree as the concrete samples
age.

Figure a b and ¢ show the results of the aging degree calibration for the three point

bending and compression tests for age 58, 158 and 393 days at 38°C. The parameter ng
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Figure 3.7. Results of uniaxial compression test calibration in terms of
stress versus strain for reactive samples at the age of a) 30, b) 120 and
¢) 365 days at 38°C and d) 30 e) 120 and f) 365 days at 50°C.

given in each plot window represents the number of samples tested. The grey shade
represents the experimental scatter and characterizes the upper and lower limit of the
experimental results. The comparison of the results is presented in terms of load versus
Crack Mouth Opening Displacement (CMOD) and the simulations are in great agreement
with the experimental results.

Similarly, Figure 3.8/ a b and ¢ show the results of the aging degree calibration for the
three point bending and compression tests for age 58, 158 and 393 days at 50°C.

After one year, the concrete samples cured at 38°C and 50°C respectively experience an
increase of approximately 21% and 10% of their compressive strengths due to aging. This

observation suggests that for higher curing temperatures, concrete samples are subjected
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to less aging and concrete strengthening becomes less important than at lower temper-

atures (i.e. the results at 38°C). Similarly, the elastic modulus Ey and tensile strength

o, increase with time due to aging although less important at higher temperatures. Last

but not least, the characteristic length [; decreases with time, this observation correlates

well with the idea that as concrete strengthens, it becomes less ductile and hence the

characteristic length decreases which translates in stiffer softening (post peak behavior)

for the 3-Point bending test results.

The identified LDPM and aging parameters are summarized in Table [3.4] The typical

crack contours obtained with the M-LDPM for non reactive samples is given in Figures

for a) the compression test and b) 3 point bending test. The crack pattern was
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found consistent throughout the whole year of testing in the simulation results similarly
to what has been observed in the experiments. In compression, mostly vertical cracks
are generated due to the stress application in the vertical direction which prevents the
development of horizontal cracks. For the 3 point bending test, a vertical crack initiated

from the notch propagates upward which agrees with experimental observations.

a) b) Total crack opening [mm]
@ I 0.3
\s\ ‘,_.
Compression sample 3-Point Bending sample I 0.001

Figure 3.9. Typical crack contour observed in non reactive a) Compression
and b) 3-point bending test simulation results

3.2.5. Creep Results

This section discusses the creep theory, calibration and prediction results.

It is worth mentioning that the previously identified material parameters are maintained
and that in this section, the creep parameters only were calibrated. In the numerical
simulations, the concrete samples are assumed to slide against the loading plates similarly
to the experiments. The used friction coefficient is 0.18. To calibrate the creep parameters,

5 types of creep tests were conducted:

e Autogeneous creep on samples loaded at 28 days of age: AC28
e Autogeneous creep on samples loaded at 90 days of age: AC90

e Drying creep at 23°C/50%RH of samples loaded at 28 days of age:DC2350
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e Drying creep at 38°C/100%RH of samples loaded at 28 days of age:DC38100

e Drying creep at 50°C/100%RH of samples loaded at 28 days of age:DC50100

The short term visco-elasticity & and long term viscosity & were calibrated on the
AC28 group of experiments. While & was mainly used to calibrate the early creep be-
havior, & was the parameter that was fixed based on the long term creep deformation
as explained in Section 1.2.3. The aging visco-elasticity parameter n, affects the aging
component of creep and is hence calibrated using the AC90 set of data as the samples
were loaded at later age (concrete samples loaded at 90 days) which provides information
directly related to the parameter n, of interest. The thermal and hygral effect which are
related to kg, k1 and &5 were calibrated using the experimental data where the concrete
samples were subjected to creep under different environmental conditions. The set of
data relevant to drying creep at 23°C/50%RH, 23°C/38%RH and 50°C/100%RH. This
calibration allows a full use of the experimental results as it exploits all different test
conditions, from the age of loading to the effect of temperature and relative humidity on
creep.

By following the procedure described above, one can identify the creep parameters
§=2x10"1N"1m?, £&,=20x10"12N"tm?, n,=-4, ko=6.0x10"°N2m4s~!,

k1=bx10"N"'m2degK~! and &=10"1N"1m?.

3.2.6. Expansion Calibration

It is worth mentioning that during the ASR parameters calibration, all calibrated models
(i.e. shrinkage, creep and aging) are used with no further adjustments to the parameters.

The thermal expansion was directly subtracted to the expansion experimental results to
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Figure 3.10. Concrete creep test results calibration in terms of microstrain
versus a) time and b) log-time for drying samples at C50% RH/23°C and
sealed loaded samples at 28 and 90 days of age. Concrete creep test results

calibration in terms of microstrain versus ¢) time and d) log-time for samples
subjected to 38°C/100% and 50°C/100% environmental conditions.

reduce the computational cost in the surrounding of this study. The M-LDPM which
consists in the LDPM itself and its models aims at predicting ASR damages on concrete
mechanical properties based on an ASR parameters identification performed on concrete
expansions only. The samples experimental environmental conditions consisting in curing
concrete at 100% RH 38°C and 50°C are replicated in the set of results presented in Figure
3.11l The M-LDPM is here used to model the ASR expansion at both temperatures
38°C and 50°C. As introduced in Section 1.2.4, ASR is modeled through two distinct

processes which are the gel formation and water absorption. As the tests are performed
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at constant temperature, k; was the only parameter calibrated to account for full reaction
time. Also, the experimental results display a lower asymptotical longitudinal expansion
at higher temperature 50°C than at 38°C . The parameter J. represents the equivalent
porosity thickness and governs in the simulation the initial portion of the longitudinal
expansion as it characterizes the diffusion process of alkali ions through the porosity
thickness. The amplitude of the longitudinal expansion, on the other hand, is mainly
governed by C?. In the experiments, sodium hydroxide was added to increase the kinetics
of ASR and included in the simulations by setting c¢,=5.125kg/m?. Parameters such as
the gel composition and silica content could not be inferred directly from the experiments
and were assumed based on previous work [2]. The activation energies Ey;, E,, and Euq
relevant to thermal effect on ASR were calibrated on the experimental results considering

both experimental temperatures.

a) 8000~ (o) IR — }
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Figure 3.11. Free expansion calibration results in terms microstrains versus
a) time and b) log of time. ¢) LDPM crack contours obtained for modeled
concrete under free expansion due to ASR.

Last but not least, one could note in the experimental creep test results, no significant

difference in terms of creep between the non reactive and reactive set of samples. This
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observation suggests that the ASR gel formation has a negligible contribution to the
longitudinal expansion, otherwise, one would notice a significant difference in terms of
creep between the two batches. The preceding comment hence suggests that most of the
deformation observed in free expansion is likely due to cracking and not the ASR gel

expansion which remains minimal as observed by Alnaggar et Al [17] .

3.3. Prediction Results and Discussion

Figure displays the results of uniaxial compression test calibration in terms of
stress versus strain for reactive samples tested at the ages of 30, 120 and 365 days at
38°C/100%RH and 30, 120 and 365 days at 50°C/100%RH. Similarly to the experimen-
tal results, the predicted compressive strength evolution of the reactive samples does
not evolve much when analyzed separately which would suggest little ASR effect with-
out considerations of reference batch (non reactive samples). ASR damages on concrete
mechanical properties are not directly measurable through a loss of strength but rather
through an inhibition of strength gain (aging) at both temperatures. The M-LDPM cor-
rectly predicts for the reactive batch a compressive strength evolution nearly constant
throughout one year by coupling aging that contributes to concrete strength build up
and ASR damages which leads to ”strength loss”. As expected, at higher temperature
50°C more damages are observed on the long term although the asymptotic expansion is
smaller which suggests that ASR damage rate plays an important role in concrete strength
evolution.

Figure presents the results of 3 point bending test calibration in terms of load

versus CMOD for reactive samples at the age of 30, 120 and 365 days at 38°C and 30,
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120 and 365 days at 50°C. The analysis proposed for the compressive strengh evolution

under ASR remain valid for the 3 point bending test results but in this specific type of

test, further explanations are needed.
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Figure 3.12. Results of uniaxial compression test calibration in terms of
stress versus strain for reactive samples at the age of a) 30, b) 120 and c)

365 days at 38°C and d) 30 e) 120 and f) 365 days at 50°C.

Bazant et al. [8] as well as |2] have demonstrated that creep could mitigate ASR

damages which led to an era of new model capable of realistically predict ASR effects

on concrete strength as shown in Figures and Figure presents the crack

distributions obtained for a compression and 3 point bending test reactive concrete sam-

ples prior to loading with and without creep. The purpose of this annex analysis is to

understand how can creep qualitatively mitigate ASR damages thanks to the M-LDPM

which fully couples the main phyisical phenomenons at stake. Through Figure the
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Figure 3.13. Results of 3 point bending test calibration in terms of load
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Figure 3.14. Crack contour comparison for a) Compression and b) 3 point
bending test samples at 120 days 50°C with and without creep.
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model shows that creep contributes to the redistribution of ASR damages leading to less

distributed cracks and smaller maximal crack openings.
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Figure 3.15. Comparison of a) Compression and b) 3 point bending test
results at 120 days 50°C with and without creep.

Figure presents the quantitative results of compression and 3 point bending test
on ASR affected samples at the age of 120 days at 100% RH, 50°C respectively in terms
of stress versus strain and load versus CMOD. The 3 point bending test results given
on Figure [3.15b, show that the coupling of creep and ASR is necessary to accurately
predict the experimental results and achieve realistic modeling. Also, as explained above,
the crack contour results display more damages in the concrete samples when creep is not
activated leading to a weaker material and a peak load 20% lower in the case of the 3 point
bending test. It is worth mentioning that in compression, the crack distribution prior to
concrete loading does not affect the results much as most of these cracks are being closed
during the loading phase of the compression test. In tension (i.e. 3 point bending test),
where tensile properties are more solicited, the crack distribution prior to loading matters
more as crack localization is more susceptible to take place. In the 3 point bending test, as
opposed to the compression test, the supports providing the reaction force are not facing
the loading zone, hence, the cracks will not close during the loading phase this means

that any initiated crack located above the notch constitute an opportunity for damage
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localization which results in a much lower strength. The presented results demonstrate
the superior capability of the model to not only predict accurately the strength loss due
to ASR by mean of a realistic coupling between the ASR and creep model. The M-LDPM
successfully capture ASR mitigation through creep in addition to providing its user with

realistic crack patterns demonstrating how can creep help reduce ASR damages.

3.4. Concluding remarks

The M-LDPM successfully models concrete strength build up due to aging which
translate into an increase of the mechanical properties (ie. compressive strength, tensile
strength, fracture energy). Also higher temperature is associated with a higher aging
rate and lower asymptotic strength. The numerical model captures also temperature ef-
fects on the longitudinal expansion due to both thermal and ASR expansions very well.
Higher temperature led to a higher initial expansion rate in the presence of ASR but to
a lower asymptotic expansion. As far as ASR impact on concrete mechanical properties,
the experimental results suggested that ASR has more impact in tension which is simu-
lated accurately with the LDPM (ie. 3 point bending and Brazilian tests). Significant

damages are still observable in compression although they remains smaller than in tension.

Last but not least, M-LDPM ASR damages predictions are excellent when the creep
and ASR models are coupled. Creep inhibits the cracks formation due to ASR and
reduces damage localization. The mitigation of ASR damages is essential to properly
simulate concrete tensile properties and their evolution in time under ASR. With the

combination of the aging, creep and ASR models, the M-LDPM can capture concrete
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aging (strengthening) as well as ASR impact on concrete strength degradation. Indeed,
to estimate damages caused by ASR at a given age, one should look at the difference
in strengths between two samples of the same age with one non reactive (subjected to
aging only) and the other one reactive (subjected to aging and ASR). Failing to do so,
one would underestimate by much ASR damages on concrete strength evolution. The
proper combination of the different models in the M-LDPM are specifically what allows
for superior modeling and predictive capabilities of concrete mechanical properties and

their evolution.



89

CHAPTER 4

Full Coupling Between Diffusion and Mechanical Analysis in a

Discrete Model

4.1. Introduction

Many concrete structures suffer from high relative humidity environments which are
the source of multiple deterioration mechanisms such as corrosion, chloride and sulfate
attacks, Alkali-Silica reaction and freeze/thaw cycles. For materials such as concrete,
moisture is a double edged sword. Water plays a major role when it comes to concrete
cement hydration [13), 44), 37]. This vital mechanism to concrete early age strength-
ening [57, 58, [82] also participate to cracks prevention in reinforced concrete structures
[67]. However, failure of concrete leads to the presentation of fractures. Well known in the
field of structural engineering and infrastructure materials, fractures behave like hydraulic
conductors which increase significantly permeability and happen to be easy pathways for
water reach and corrode [53] the reinforcements. As corrosion progresses, the integrity
of reinforced concrete structures becomes debatable and developing coupled models that
can characterize fracture-flow behavior in cementitious materials is essential to accurately
assess the durability of such structures [59), [71], [75].

Friedrich-Karl Benra et al. [12] and A. Villani [74] developed continuous models that
simulate the interactions between fluid and structure based on the classical Navier-stokes

equation for the fluid flow modeling. Based on a continuous approach, these models
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simulate material deformations but cannot model crack initiation nor propagation. Such
models are not suitable for fracture-flow analyses in concrete structures as crack effect
needs to be a feature of the model for better accuracy of the analysis.

Peter Grassl [30] proposed a hybrid discrete continuum modeling of fracture-flow in con-
crete. The present work describes recent developments of a discrete model for coupled
fracture- flow analyses of cementitious materials. The Lattice Discrete Particle Model
(LDPM) mesostructure is used to construct the edges (the elements of the ow lattice)
which are along the triangular facets of the mesostructure, where the polyhedral cells
are in contact. This creates a dual lattice model, fracture analyses are performed on
the structural lattice, whereas flow analyses are performed on the flow lattice. In order
to couple the fracture and flow analyses, the amount of crack opening of each structural
element which exhibiting fracture, is used to evaluate the permeability increase of the sur-
rounding flow lattice elements, in accordance with theory or experimental observations.
The capabilities of this model are demonstrated by simulating experimental data relevant
to water diffusion in cracked concrete. For example, the Lattice Discrete Particle Model
(LDPM), a three-dimensional meso-scale discrete model, was developed by Dr. Cusatis et
al. to simulate the mechanical behavior of concrete at the mesostructural level. LDPM is
capable of characterizing strain localization, distributed cracking in tension and compres-
sion, and to reproduce well post-peak softening behavior. However, in classical complex
engineering cases, one-way approaches can be limiting to accurately describe phenomena
such as the interaction between fluid and structure, which actually plays a major role
when it comes to durability. One alternative to successfully characterize and model the

mechanics and moisture diffusion is to adopt the two-way coupling. This approach shows
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great potential for multi-physics applications where mechanical and diffusion equations
cannot be solved independently. For example, in concrete constructions, crack forma-
tion is a common occurrence, which allows for water ingress and transport of multiple
aggressive chemical compounds. This greatly affects the strength of reinforced concrete
structures as water, carbon dioxide and other chemicals penetrate to reach and corrode
the steel reinforcement. Due to the flexibility of extended LDPM framework, two way-
coupling analysis between diffusion and mechanics can successfully be performed. The
two-way coupling requires edge elements in the diffusion problem. In the diffusion do-
main, each edge element can access information from its adjacent LDPM facets, such as
crack opening. The solution process of the two-way coupling is similar to the one-way
coupling. The only difference is that, whenever diffusion is being solved, first update the
diffusion problem using the information from the mechanical process, which is done at

the element level.
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4.2. Experimental Protocol

The purpose of the experiment is to explore the effect of cracking and the self-healing
agent Penetron on concrete permeability under a controlled drying environment. The
adopted approach in this section for the experimental set up was inspired by the pre-
sented work in Effect of Cracking on Drying Permeability and Diffusivity of Concrete
where reinforced C-shaped beams specimens are deformed by a tie rod on the tensile face
to produce evenly distributed cracks. In this study, the effects of cracks and the self
healing agents are first analyzed separately and then together. The experimental results
will provide the reader with an appreciation of cracking effects on concrete permeability

as well as Penetron self healing capacity to counter act cracking effects.

4.2.1. Self-Healing admixture: Penetron

Figure 4.1. a) Penetron admixture b) Reinforcement placement in C-shaped
samples

Studies such as [60] have recently explored the possible advantages associated with a

self healing admixture added into concrete mixes. Their advantage lays in the fact that
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reinforced concrete can directly be damage by water ingress that is capable of corroding
and to significantly reduce the strength of of the internal steel skeleton. Although the
reinforcements strength loss can be assumed to be a function of the level of oxidation,
concrete structures have seen their durability reduced of 40 years due to natural corrosion
only [73]. This concern has motivated scientists to develop new methods including self
healing concrete development to avoid structures failure due to deterioration mechanisms
(i.e. corrosion or even Alkali-Silica Reaction (ASR)). Penetron integral concrete capillary
waterproofing system has been used for more than 30 years to waterproof worldwide
concrete structures.

Penetron admix is a non toxic cementitious admixture and is largely used in projects
involving potable water. This chemical has the particularity to assist in the hydration
process acting as a catalyst to unhydrated cement particles. 1% OF Penetron Admix is
used by weight of cement at the time of batching. The activating chemical reacts with
water, calcium hydroxide and aluminum naturally present to build a web of insoluble
crystals. The ladder fills the capillarities acting as a sealing. The sealant crystals have
the capacity to seal to fill up voids up to 0.4 mm and prevent any water to penetrate
where Penetron Admix has reacted. The advantages associated with Penetron Admix are
NUMerous:

1) Concrete strengthening in compression and tension
2) No internal stresses due to vapor pressure as air is still allowed to pass through the
crystalline formations

3) Waterproofing feature
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4) Permanent benefits

Initial research findings on Penetron have demonstrated that the crystal production is
related to the amount of moisture available for Penetron admix to react. The self healing
features of Penetron are convenient for concrete protection as moisture can actually harm
reinforcements’ strength of concrete structures. However, in presence of Penetron this

moisture can actually be used to improve the material density.

4.2.2. Samples preparation

A total of twelve C-shaped beams samples were prepared for testing. Additionally, six
75 mm x 150 mm (radius x diameter) cylinders and 75 mm x 75 mm x 280 mm notched
beams specimens were prepared to characterize the mechanical properties of the casted

concrete. Table summarizes the samples repartition for this experimental campaign.

Table 4.1. Sample batches description

# Samples | Rebars | Load | Self-Healing
Batch A 3 No No No
Batch B 3 No No Yes
Batch C 3 Yes Yes No
Batch D 3 Yes Yes Yes

Concrete is known to be strong in compression but relatively weak in tension. Indeed,
concrete tensile capacity can reach less than a tenth of its compressive strength. One
way to contain cracks generated due to tension and to avoid damage localization is to
reinforce concrete with steel in the tension area. This method was here used to obtain

uniformly distributed cracks on the lower face of the C-shaped samples. Naturally, the
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samples that were meant to be cracked only were reinforced. For this purpose, two sizes
of rebars were here used to prepare the reinforced samples: No 3 (6.4 mm diameter) with
a yielding strength of 500 GPa covered in 12.7 mm of concrete. An ordinary rebar bender
was used to achieve the reinforcement design presented in Figure 4.1l Stirrups were also
introduced into the side arms or each C-Shaped beam to strengthen the loaded zone and

avoid any unwanted failure.

To ensure that the components of concrete are combined into a homogeneous mixture,
the dry elements are first mixed together in the electric concrete mixer which is covered
with a plastic film to avoid cement particles loss due to the circular motion. Then the
water is poured to bind the homogeneous dry mix. The followed mix design is presented

in Table [1.2

Table 4.2. Concrete mix design

. Aggregates
Material Cement | Water 1750 mm 19195 1nm [ 19.5-10 Sand
Proportions 1 0.5 1 0.5 0.5 2

In preparation of the loading phase, plastic tubes were casted inside the concrete arms
to allow for the threaded bar to go through and set up the loading system. The freshly
casted concrete samples were disposed with wet burlaps on top for 24 hours prior to de-
molding. Once removed from the molds, the C-shaped beams are cured for 28 days at

100% RH 23°.

The loading system consisted in a high strength tie rod of 11 mm diameter. Hollowed

steel disks of 30 mm diameters were placed on both end of the tie rod to distribute the
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load on the external faces of the lateral arms. The load was applied by generating an
inward displacement of the lateral arms of the C-shaped beam by screwing nuts on the
ends. A multi gage length comparator was used to control the tie rod elongation, in
other words the horizontal force applied on the sample arms. The samples were loaded
up to 15 kN which on the long term led to the tie rod deformation due to creep. To
prevent this phenomena from altering the applied force and hence the crack opening, the
tie rod was replaced periodically. The later was replaced at age 1 month, 2 months and 4
months. As the sample was sustaining the load for a longer time, its plastic deformation
was leading to less force in the tie rod, as a result, after 4 months, the load applied was

checked every month and adjusted when necessary to maintain the crack opening constant.

Figure 4.2. Results comparison in terms of Relative weight loss versus Time
for the a) Intact and cracked beams, b) Intact beams with and without
Penetron Admix and ¢) Cracked beams with and without Penetron Admix.
Results comparison in terms of Relative weight loss versus logarithm of the
time for the d) Intact and cracked beams, e) Intact beams with and without
Penetron Admix and f) Cracked beams with and without Penetron Admix.

The surface of the sample in tension is relatively small in comparison to the other
undamaged surfaces. One solution to overcome this problem is to seal the lateral arms,

this way, the moisture loss happens principally through that cracked face which enhances
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the observation of crack effects. The sealant used was a mix of high strength epoxy to
additionally reinforce the lateral arms with paraffin oil, known to be a great sealant. The
beams were sealed loaded and sealed at day 26 of curing to allow for the sample to resat-

urate due to potential early drying during the loading process.

After 28 days, the C-shaped samples are placed in a controlled drying environment at
23°C and 55% RH. The control of the RH is achieved by using saturated salt solutions.
Plastic boxes with a capacity of hosting 3 C-shaped beams each are filled up to 5 mm
with water after what the magnesium nitrate is added in excess to maintain the relative
humidity equilibrium at 55%. RH and temperature Sensirion sensors were used to get
direct readings of the ambient conditions of the samples.

As the saturated concrete samples (100% RH) are placed in the box set at a lower RH
(100% vs 50%), the C-shaped beams start losing water by evaporation on from the middle
section of the samples. The rate of water evaporation is linked to the permeability of the
material and can be estimated by measuring the relative weight loss over time. The ladder

corresponds to the mass of water lost over time due to drying.

4.3. Results and Discussion

As shown on Figure b the loaded samples display evenly distributed cracks as
expected. The crack openings were measured thanks to a crack opening ruler by visual
estimation. The results relevant to the C-shaped beams weight loss are presented in [4.3]

Each curve is the average of the results of 3 specimens.
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Figure a) and d) respectively show the results of the relative water loss versus
time and logarithm of time for the intact and cracked samples. One can observe that at
early stages of drying, a noticeable difference in terms of water loss is seen. Naturally, the
cracked C-shaped samples show a faster drying which translates into a more important
water loss. The samples with cracks display and increase of 66% of their moisture loss in
comparison to the intact samples.

Figure b) and e) respectively show the results of the relative water loss versus
time and logarithm of time for the self healing and non self healing samples. In this
particular case, the results suggest that the self healing additive allows a slight recov-
ery /improvement of the permeability of less than 7% in terms of relative weight loss.
Such a small recovery can be justified by the fact that at this stage the intact samples
are subjected to shrinkage and as a results display micro-cracks that can slightly affect
the measured relative weight loss. This observation also emphasizes on the efficiency
of Penetron admix to reduce shrinkage damages by either strengthening of the material
or actual self healing of the generated micro-cracks. Further investigation on Penetron
Admix would allow to determine whether this recovery in terms of water loss is due to
concrete strengthening thanks to Penetron or whether shrinkage damages occur and are
afterwards healed by self healing mechanism.

Figure 4.3|¢) and f) respectively show the results of the relative water loss versus time
and logarithm of time for the self healing and non self healing cracked samples. In the
presence of cracks, one can appreciate the significant contribution of the self-healing ad-
ditive. Its capacity to reduce drying by counteracting cracks effects on permeability takes

place within the first 100 hours as suggested by the results. Indeed, initially (time=0),
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Figure 4.3. Results comparison in terms of Relative weight loss versus Time
for the a) Intact and cracked beams, b) Intact beams with and without
Penetron Admix and c¢) Cracked beams with and without Penetron Admix.
Results comparison in terms of Relative weight loss versus logarithm of the
time for the d) Intact and cracked beams, e) Intact beams with and without
Penetron Admix and f) Cracked beams with and without Penetron Admix.

the C-shaped samples are in saturated conditions (100%RH) and the excess of water
available reacts with the self healing admixture and increase the crystals productions in
the empty pores of concrete. This chemical reaction as explained in [|, results in water
proofing features that decreases the moisture evaporation rate. Penetron admix allowed
for a recovery of approximately 33% in terms of relative water loss. The comparison of
the results in Figure a), c¢), d) and f) suggest that Penetron admix reduces by half

cracks effects on concrete permeability in the surroundings of this experimental program.
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Figure 4.4. (a) Generation of a Flow Lattice Element (FLE) connect the
tetpoints belonging to two adjacent tetrahedra in 2D domain. (b) 2D rep-
resentation of a FLE network for simulating ow along the material domain
and the dual lattice system. (c) Generation of a Flow Lattice Element
(FLE) connect the tetpoints 3D domain. (d) the cracked triangle face and
the illustration of normal crack opening

4.4. Two way coupling model formulation

4.4.1. Two Way Coupling Topology

Concrete is known to have a granular structure because its main component are aggre-
gates. As finer elements such as cement, sand and water are mixed together with the
larger aggregates, a cementitious matrix forms and binds the agglomerated aggregates to
build concrete. From a modeling perspective, this granular structure can be accurately
replicated and used as a foundation for the subsequent modeling of any physical phe-

nomena. Typically, concrete aggregates size vary from 2 to 20 mm diameter. LDPM is
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capable of replicating the aggregate size heterogeneity in concrete through a discretization
of the material volume into a granular lattice system of randomly distributed aggregates
represented as polyhedral cells. For finer material, coarse graining approximation have
given excellent results [18], but in this thesis the LDPM is used model concrete internal
granular structure by explicitly modeling aggregates and their relative interactions.

To build a 3D diffusion network in concrete, 1D transport lattices initially generated
by the LDPM are here used as direction vectors for the fluid flow. The LDPM cell
system provides a geometrical characterization of the concrete solid portion and is used
for the description of the mechanical behavior at mesoscopic scale. Based on this internal
modeled structure, a 3D diffusion network is build to model fluid flow at the mesoscopic
scale as well.

Figure 4.4] presents a tetrahedron generated in the Delaunay tetrahedralization based
on the mesh generation described in the and shown in Figure [4.5h. Figure [4.4] provides
a 2d representation of the ladder. The 1D flow lattice elements establish the direct con-
nection between points inside two adjacent tetrahedra also vertices of the corresponding
polyhedral cells. Figures provides a 2D and 3D representation of the flow lattice ele-
ments. Each tetrahedron communicates with four other tetrahedrons creating a total of 5
interconnected tetrahedrons with transport lattices where the fluid flow occurs. It should
be underlined that this moisture flow lattice system gives a realistic flow of moisture as
the ladder mostly occurs where concrete cracks, in other words at the aggregate inter-
face. Similarly, the fluid transport occurs between tetrahedra across the entire modeled

concrete volume. Figure illustrates the external cells of the mechanical lattice and



102

the transport network associated with it. Last but not least, the isothermal mass trans-
fer from a drying porous surface across a constant air has been extensively and modeled
through a boundary layer that includes the effect of advection and diffusion. The ladder
allows for a modeling of the diffusional behavior that is realistic with comparison to the
actual happening diffusion phenomena. The boundarry layer is modeled through a thin
layer of elements orthogonal to the concrete external surface where the boundary condi-
tions are applied.

By interacting with the mechanical lattice, the transport lattice can be used to simulate
a coupled fluid flow associated with a certain deformation and cracking. The described
model has shown superior capability in simulating similar mechanical and diffusional
(moisture and heat) behaviors for material with similar internal structures such as rocks,

mortar or limestones.

4.4.2. Fluid flow through uncracked material

On the one hand, the fluid flow across the uncracked portion of the material is modeled
with the Hygro-Thermo Chemical model. As the uncracked material represents more than
95 percent of the tet face area, precise and reliable modeling of the fluid and temperature
transport and distribution within the material internal structure becomes essential. As
needed, the model is capable of accurately provide the fields of Temperature 7', relative
humidity ~ and cement hydration degree . spatially and temporally based on material
paramters and simulation boundary conditions.

Based on a Fick’s law, the moisture transport under isothermal conditions can be

written as J = —Dy,(h,T)Vh where J is the flux of water mass per unit time and the
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moisture permeability has the following functional form Dy (h,T) = Dy[1 + (D1/Dy —
1)(1—h)"] "' exp(E,a/(RTy) — E.a/(RT)). Dy, Dy and n are material parameters, whereas
Ty is the reference room temperature, F,q is the diffusivity activation energy and R is
the universal gas constant. By writing the mass balance per unit volume of mortar,
i.e. equating the rate of water content w to the divergence of the flux of water mass
per unit time J, and considering that the water content is divided in evaporable w, and
non-evaporable w, water: w = w, + w,, on can obtain:

Owe Oh _ Jwe .
oh Ot O

(4.1) V(D Vh) — — i, =0

The sorption/desorption isotherm defining the evaporable water as a function of relative
humidity is introduced by distinguishing the evaporable water present in the C-S-H gel

w9 and in the capillary pores w”: w, = w? + w through the following functional

forms:

(4.2) wde = ke o[l — eflo(glago,ac)h]

(4 3) cap wO - 01880&60 - kf}gacc[l _ e—lo(glagO_ac)]
: WP =

e [610(g1o¢g°—ac) _ 1][610(91a2°—ac)h _ ]_]—1

where ¢ is the cement content, wg is the initial water content, k7, and g, are material
parameters. One can note that at saturation, h = 1, thus w., = wy — 0.188a.c. This
expression is further used when the ASR model will be introduced.

Concerning energy conservation law, a Fourier’s law is considered for the heat conduction

q = — MVT where q is the heat flux, and Ay is the heat conductivity (defined for
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T < 100°C). By considering the rate of heat of hydration reaction generated per unit
volume Q. as a linear function of the rate of the degree of hydration d,., one can write
the enthalpy balance equation as:

T -
(4.4) V- (ArVT) — ch%—t + a.cQr =0

where @2" is the latent heat of hydration reaction per unit of hydrated mass, assumed
constant for a given mortar, p and cr are respectively the density and the isobaric heat
capacity of mortar.

For concrete mixes, the reaction of free water with unhydrated cement particles causes
an early age chemical reaction of cement hydration. The hydrating particle generate
Calcium-Silicate-Hydrates (CSH) which contribute significantly in strengthening and im-
proving the stiffness of concrete. The hydration degree «. is what characterizes cement
hydration and represents the fraction of cement fully reacted with water. Its evolution

over time can be described as follows:

(4.5) G, =

oo
aC

A e meac/oZ o~ E/R(T=To) [ 4
1+ (55 — 5.5h0)° (_ - O‘C> (ac” —ac)
where 7., A, and A., are material parameters.
The validity of the equations described above is revocable for temperatures exceeding
90°C'.
By considering two adjacent tetrahedra p,pyp.ps and p.pypcpe and the triangle p,pype
shared by both of them, one can notice that the connection between the tet-points T, and
T, of each of those tetrahedra constitutes the flow lattice element that crosses the triangle

PaPpPe- The pyramidal sub-domains p,pyp.T, and p.pyp.1} are associated with the edge
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element e,;,.V, and Vj, are respectively the volumes associated with the pyramids p,pyp.T,

and p.ppp.1, and are computed as follows:

A, fL,
(4.6) V, = /
3
and
A, fL,
(@) v = g

where A,=n’fA is the projection of the original area A of face p,psp. on the plan or-
thogonal to the flow lattice element. Also, n is the normal vector to the face p,pspe, fap
is the fraction distance of L (distance between T, and T}, such as L,=f,L and L,=f,L.
One can naturally define, L=L, + L, and f, + f,=1. This same approach leads to similar
equations in terms of volumes V,=f,V and V,=f,VV where V represents the total volume
of both pyramids p,pyp.T, and p.pyp.Ts, in other words V=V, + V,. For the subsequent
discussion and derivation, the mass balance is considered for V, and V.

A discrete approach was here followed for the governing equation formulation of the
fluid flow to insure consistency between the mechanical and moisture transport formu-

lations. By considering the volume V,, M? . the fluid mass contained in the uncracked

unc’

a

volume of V, and Q.

the fluid flux through the face p,pyp., one can write the mass

balance as follows:

(4.8) Me = Q°

unc unc
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M denotes the fluid mass rate in the volume V,, and includes the effect of the internal

source term and can be expressed:

) ) A, L (0w, Oh
a _ b _ n e .

where —F), is the water consumption 2.

The fluid flux through the a given volume V, has been formulated, calibrated and
validated in [45], where the Darcy’s law is used to describe moisture diffusion. Hence,

one can write:

(4.10) o = A,z e

unc unc L

where D), represents the local material permeability, hr and h, respectively the relative
humidities at nodes F and a. Because of the element size, it is correct to approximate the

relative humidity gradient by the finite difference of the ladder taken at the two nodes F

b

wne for the uncracked volume

and a. The same approach is adopted to obtain the flux @)

Vi:

(4.11) b A,DP he = ho

unc unc L

where similarly, h; represents the relative humidity at the node b. By definition of the

flux, the flux through V, is equal to the flux coming out of the volume V;. More generally
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hy — h,
(412> Z?‘LC = fmc == ch = AnDeqb—
L
where
fa fb
(4.13) D, = D + DZnC

The final governing equation can be written :

(414 pe hr—ha _ AL (8w§8ha

L 3 oh Ot

(4 15) A Db hp — hb . AnL (8@02 8hb

L 3 \on ot
4.4.3. Fluid flow through cracked material
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Figure 4.5. (a) 3D discrete meshes for mechanical and transport analysis
(b) Power law representation of fluid estimation in crack versus relative
humidity and (c¢) Poiseuille flow along the cracked surfaces.

Mass of water in the cracks. To include the effect of crack on the material permeabil-

ity, the fluid mass contained in the cracks and its flux through the cracked surfaces are
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introduced in the two way coupling mass balance equation formulation. By considering the
edge elements £ and the six facets associated with it Af,, A%, , A%s, A%, A}, and Al
Respectively, the crack openings wf,,, w%, and w4;; are associated with aperture of the
facets A%y, Afy , Afs. Similarly, the crack openings why, why and wh 4 are associated with
aperture of the facets A%, A}, , A%,;. The fluid mass stored in the cracks can be written
M]‘?C = psVe, where the cracked volume can be expressed as follows: ve = Z?leAﬁwNi.
The direct coupling between the mechanical model and moisture transport model lays
in the information of the local crack opening wy; of the i'h facet which is updated by
the mechanical model. The total mass of fluid M/ stored in the volume V, is computed
by adding the one contained in the cracked material to the one contained in the crack

material. Hence, it is correct to write:

(4.16) M§ = M a

unc crck

One can write the derivative of total mass of fluid rate as follows:

(4.17) e

cracked — 3

on ot T v an o o0

sz/<au%§@ Ve 96(h) Oh Wf)

Similarly for the volume Vj:

(418) Mcbracked = 3

+ 5T ()5

AuL (Owedh V2 0(h) Oh V.
oh ot Vb Oh Ot
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The fluid flow through the cracked material is modeled using Poiseuille flow as depicted
on Figure . To establish the fluid mass balance in the crack per unit time (Q.), a
pressure p and crack of width w are considered. In this chapter, the single phase flow and
full saturation conditions are assumed. As far as the fluid, the classical assumptions of
laminar flow at any point and Newtonian fluid slightly compressible are supposed valid.
More generally, the mass flux is a measurement of the amount of mass passing in or out
of a control volume. The fluid flow rate through a control volume is then calculated by

integrating the velocity field over the crossed surface S and expressed as follows:

(4.19)
A L (0w, 0h Ve 9d(h)Oh\ A, A,L v,
( v — + — M_> = _Dcraclced(hm - ha) - (Fh + pgb(h) )

3 \on ot v’ on ot L 3 Ve

Similarly for the volume Vj:

(4.20)
A,L (awea_h v 9¢(h) E)h) 4,

3 \on ot vt on ot T

b
A, L c
Dcracked(hm - hb) - 3 (Fh + /O(b(h‘)_)

a 3 a,,3 b _ 3 b,,,3
where I3 7, [pwy and 17 =7 lwg.

By considering the mass balance, one can express the equivalent permeability D, and

Dr.

(hy — ha) b (Mo — hun)
4.21 Dy——=-D} —8n—~
(4:21) e e

(Tb — Ta) (Tm — Ta)
4.22 Dp—mm=D%———~
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/b
a/b o PPsatIg/b a/b _ pha/blg Psat
where DHcracked - Dh + 124 DTcracked - 12u ds% ’
Implementation

The new mass conservation law is coupled with the energy conservation law Equation

[4.4] and can be written as follows:

* ATLL ) * & * ﬁ _Qx AnL
(4.23) M*ZEEByh + D *Bh + D} "BT = 5" 27
Where, the mass matrix is:
ow, dp(h) [V VP
4.24 M* =2 = 4+ =
(4.24) on P Tan \ve v
the source matrix is defined by:
(4.25) S* = —2F), — po(h) Ve + Vcb
: - h—P Ve Vb
The humidity permeability matrix is given by:
4.26 D; = L
( : ) h — fa _ f
Dt T, 2Pgult

Similarly the thermal permeability matrix is defined as follows:

. 1
(4.27) Dy = 7 =
phald Psqt phblé’ Pgat
12 dT T2p  dT
The humidity vector
hq

(4.28) h =
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The humidity rate vector

. ha
(4.29) h = _
hy,
The Temperature vector
T,
(4.30) T =
T
The fraction vector
Ja
(4.31) f =
o
The B matrix
1 -1
(4.32) B=
-1 1
The By matrix
Ja 0O
(4.33) B, =
0 fo

The source terms are averaged over the volumes V, and Vj, for the purpose of simplifying
the implementation. Crank-Nicolson algorithm method is here used to obtain the numeri-

cal solution of fluid flow governing equations. The mass balance at the edge element scale
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is reiterated for each edge element of the entire mesh constituting a representative global
response to the given flow problem.

Depending on the aperture of the crack, fluids can be found there under three different
states: solid, liquid or gas. Estimating accurately the portion of each water state in a
crack is challenging as few resources are available on the topic. In this paper, the mass

of water is calculated through a power law function of the relative humidity as follows:

(4.34) Mme = kppuwAch”

me = pp(h)V. and h = L

Psat

where A, is the edge area of cracked material; p,, represents the fluid density; &, and
n are parameters to calibrate. Figure displays a plot of power law function (n = 2)
versus the relative humidity h. As expected, if the relative humidity is equal to zero, the
mass of water available in the crack will be equal to zero as well. While, if the relative
humidity is equal to one, the mass of water in the crack will be maximum as well. The

relative humidity is implemented a function of the pressure p as follows:

p
4.35 h=
( ) psat(T)

5044
4.36 wat(T) = exp (20438 — — 2
(4:36) Pear(T) = exp ( T+ 273.15)

where p,,; represents the pressure at saturation and 7T is the temperature in Kelvins.
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4.4.4. Model verification
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Figure 4.6. a) LDPM mesh. b) Transport lattice mesh. ¢) Sample geometry.
d) Velocity and relative humidity profile for cracked concrete samples drying
on one face. e) Plot of relative humidity versus the square root of time
for 3 samples submitted to 3 constant strains and drying on one face at
50 percent relative humidity. d) Velocity and relative humidity profile for
sealed cracked concrete samples. f) Plot of relative humidity versus the
square root of time for 3 samples submitted to 5 constant strains under
sealed conditions.

Verification 1 : Crack effect on permeability.

Some preliminary results reported in Figure demonstrate the capability of the

two way coupling to capture efficiently the effect of cracks on humidity and temperature
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diffusion. The performed work consists of the simulation of a 160x160x160 mm?® cube
specimen where the diffusion parameter Dj used in equation 3 is set to zero to isolate the
effect of cracks on drying. As far as boundary conditions, one lateral surface of the cube
was exposed to a 50% relative humidity and the other sides were sealed to generate a
uniaxial moisture diffusion. To generate horizontal cracks, the specimens were submitted
to a constant vertical strain prior to drying. Three cases were considered involving the
application of three different vertical strains on the specimen. As shown on Figure
after cracking, the moisture permeability increases significantly. The results show that for
smaller strains (smaller cracks) the drying process is slower than for larger strains which
is consistent with what was expected. The sensitivity study on the parameters that are
to be calibrated is still ongoing and further results will be presented in the next progress
report.

Verification 2 : Volume change effect on relative humidity. The third verification con-

sisted in qualitatively evaluating the relative humidity evolution in a sealed concrete sam-
ple subjected to different levels of cracking. Generating cracks in the sample was achieve
by applying a linear displacement (constant strain) on one face of the cubic sample. The
relative humidity profile and plot of of relative humidity versus t'/? suggest that cracking
induces a drop of the average relative humidity in the sample. This result is expected as
by increasing the volume, the pressure within this given volume decreases automatically
in sealed conditions. Also, equation 8 expresses the linear relationship between the rela-
tive humidity and pressure which explains how the model captures the relative humidity

sensitivity to volume change (cracking).
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Table 4.3. Mortar mix design.

Cement Sand Water

W/C
(kg/m®) (kg/m®) (kg/m?®) "'/
500 1650 300 0.6

4.4.5. Model Validation

The two way coupling framework is validated through experimental results demonstrat-
ing of crack effects on concrete permeability. Zhang et Al [81] used neutron imaging to
successfully study the process of water penetration into cracked steel reinforced concrete.
Neutron radiography is an effective method to qualitatively appreciate the process of wa-

3 mortar

ter penetration into cracked and uncracked concrete. The 100 x 100 x 300 mm
samples were prepared according to Table and reinforced with 8 mm diameter stir-
rups. The cracked samples were prepared by 3 point bending loading to generate a single
crack. The samples are cured for 14 days prior to the 4 days in the oven drying phase.
Once the samples are completely dried, the lateral surfaces are sealed with silicon to im-
pose 1D (vertical) moisture diffusion. Once ready, the samples are placed in an aluminum
tray filled with water in contact with the lower face of the concrete sample. The top face

is exposed to air as depicted on Figures at 50% RH. At this point the water

travels through the crack and diffuses upward.
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Figure 4.7. a) Uncracked concrete sample mechanical modeling. b) Un-
cracked concrete samples saturation experimental conditions. Modeled and
Experimental observed relative humidity profiles in uncracked concrete sam-
ples at ¢) t,ppy=0 hours d) t.,,=0 hours e) t;ppy=24 hours f) t.,,=24
hours g) t;,ppp=72 hours and h) ¢.,,=72 hours.
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Figure 4.8. a) Cracked concrete sample mechanical modeling. b) Cracked
concrete samples saturation experimental conditions. Modeled and Exper-
imental observed relative humidity profiles in cracked concrete samples at
¢) tLppm=0 hours d) t.,,=0 hours e) t;pprr=24 hours f) t.,,=24 hours g)
trppym=72 hours and h) ¢.,,=72 hours.
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Figure 4.9. Numerical calibrations results of the resaturation process in the
case of a) Uncracked and a) Cracked concrete samples respectively in terms
of depth versus water content and water content versus depth.

Figure [4.7 presents the experimental set up for water sorption as well as a qualitative
comparison of the LDPM and experimental results. As expected at 0 hours the samples
are completely dry as shown on Figure c) and d). With time, water penetrates upward
which increases locally the water as depicted on Figures[4.7|e) and f) at 24 hours and g)
and h) at 72 hours. Quantitatively, the water content evolution in the uncracked concrete
sample is presented in Figure a). To simulate the water content, the quantity w, of the
HTC model was considered as it describes the evaporable water present in the sample. The
model calibration was performed by fixing the permeability parameters Dy, D; and n.
The LDPM results are in good agreement with the experimental results and show the
model superior capability in modeling water penetration of dried concrete samples. The
rate of water absorbtion is indeed directly related to the cited parameters as they govern
concrete.

Figure presents the experimental set up for water sorption as well as a qualitative

comparison of the LDPM and experimental results. As expected at 0 hours the samples
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are completely dry as shown on Figure c¢) and d). With time, water penetrates upward
which increases locally the water as depicted on Figures e) and f) at 15 minutes and
g) and h) at 2 hours. Quantitatively, the water content evolution in the cracked concrete
sample is presented in Figure b). To simulate the water content, the same quantity w,
of the HTC model was considered in addition to the water found in the cracked described
in equation 3.14.The model calibration was performed by maintaining the previously
identified permeability parameters Dy, D; and n and fixing the crack effect through k¢.
The LDPM results are in good agreement with the experimental results and show the
model superior capability in modeling water penetration of dried concrete samples. The
rate of water absorbtion is indeed directly related to the cited parameters as they govern
concrete.

It is worth mentioning that the LDPM is capable of modeling the effect of crack and
crack size on permeablitiy. As presented in the results of Figure b, the presence of
a crack increases locally the permeability which can be identified by a faster moisture
saturation process. As the crack is larger at the very bottom of the sample, the local
permeability field increases similarly to the experimental results. Indeed, one can observe
at t=5 min that the bottom of the crack shows complete saturation. As water penetrates
upward, the aperture of the crack opening decreases leading to a slower saturation process
(saturation visible only at t= 2 hours). Last but not least, for both cases, uncracked and
cracked sample, the LDPM simulates remarquably well the relative humidity profile in the
concrete sample which matches well the experimental moisture distribution at different

steps of the saturation process.
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4.5. Concluding remarks

Evenly distributed cracks were achieved on the C-shaped beams specimen to study
their effect on concrete permeability. A s expected, the presence of cracks increases sig-
nificantly the material permeability which in a drying situation as presented translates
in a more important water loss over time. Penetron admix allows for a 33% recovery
in terms of water loss. The introduced two way coupling formulation is developed and
adopted to model permeability behavior in both intact and fractured concrete. The dual
lattice formulation allows for an accurate analysis of damaged construction materials and
captures the local variations of permeability through the full coupling of mechanical and
transport behavior. The M-LDPM is capable of modeling the mechanical behavior of any
granular material (i.e. concrete, mortar...) as well as the local changes in permeability
potentially engendered due to fracturing of concrete.The accuracy of the model in cap-
turing local variations in terms of crack opening and fluid mass transport are achieved
through modeling at the granular scale and as a result of the material heterogeneity. As
expected, in the presence of cracks, the model realistically predicts the local increase in
permeability which also correlates with the aperture. As expected for larger cracks, the
process occurs faster than in the case of smaller cracks as observed in the experiments.
This study does not include any viscosity study, however It is worth mentioning that
the parameter p governs the transported fluid viscosity. An increase in viscosity would
theoretically translate in a slower fluid transport as for a decreasing ., Dj Equation
decreases as well. last but not least, the obtained results confirm that the model captures

well the short and long term evolutions of moisture transport.
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CHAPTER 5

Fiber effect modeling in UHPC

5.1. Introduction

This investigation focuses on modeling the effect of various steel fibers types on the
mechanical response of an ultra-high-performance concrete (UHPC). The Lattice Discrete
Particle Model (LDPM) is a meso scale model capable of simulating concrete mechanical
behavior and will be introduced further in this paper. The set of fibers considered includes,
ZP305, Nycon type V, OL 10 mm and OL 6 mm fibers. Fiber shape and size had little
impact on quasi-static properties in compression but had a significant impact on quasi-
static tensile properties and dynamic penetration resistance in the LDPM-F prediction and
experimental results. The benefits offered by the smaller fibers occurred prior to reaching
the ultimate load carrying capacity. Once the ultimate strength was reached, larger fibers
were more effective at bridging larger cracks. Smaller fibers provided improved penetration
resistance.

Concrete is the most widely used material in the construction of civil engineering
structures such as bridges, offshore, and high rise structures. Ultra-high Performance
Concrete (UHPC) belongs to this new generation of concretes characterized by superior
strengths. UHPC is composed of high cementitious materials content, fine aggregates,
superplasticizer, a low water to cement ratio and sometimes fibers. The use of fibers has

shown a moderate increase of compressive strength and significant increase of compressive
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post peak load carrying capacity. Regarding tensile behavior, tremendous increase in
ductility has been reported by Wille et al.[78]. The final UHPC composition optimized
formula considering both performance and cost has not been proposed yet but promising
studies are being conducted by Zemei et al.[T9] particularly and other research groups.

Numerous factors can significantly affect UHPC mechanical properties as shown in
the work of [56), [39]. Among these factors, we list the fiber content, distribution, size and
shape, as well as sample size and shape [40]. [5] focused on the effects of casting methods
on flexural strength by pouring the fiber reinforced UHPC mixture in three different ways.
The results showed that higher strength could be achieved for panels casted by pouring
the cementitious mixture at the center of the molds resulting in fibers oriented in the plane
normal to the loading direction. Last but not least, a new promising concept studied by
Kim et al.[41], commonly known under the name of "fiber blending” was developed and
consists in combining macro and micro fiber effects. As explained further in this paper,
fiber size matters as smaller fibers will enhance strength performance while longer fibers
will improve the ductility.

The objective of the present study is to characterize the effect of steel fiber size and
shape in Ultra-High Performance Concrete (UHPC), a class of concrete defined by its
exceptionally high strength (170 to 250 MPa compressive strength) and durability. Four
different fiber types are considered in the experimental program performed at ERDC: the
Bekaert ZP-305, Nycon Type V, Bekaert OL.2/10mm and Bekaert OL .16/6mm [24]. The
main objective of the work performed at Northwestern University is to simulate several
mechanical quasi-static and dynamic tests performed on UHPC using the four fiber types

[24]. The Lattice Discrete Particle Model (LDPM) was calibrated and validated by fully
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identifying the parameters of the fiber bond law. The Direct Tension Test (DTT) was
performed on UHPC dog bone samples with randomly distributed fiber and samples with
oriented fibers. Fiber orientation is one of LDPM-F features and is explained further in
the discussion.

Penetration and perforation tests have always been challenging to model. Continuum
approaches are very limiting to simulate a fracture based test where capturing the stable
transition between continuum and discrete reveals itself to be challenging. Also, modeling
the heterogeneity of concrete with a continuum model requires additional work, often
contributing to the high increase of computational cost. Discrete approaches are in this
situation more natural and provide results that are in good agreement with the available
experimental results. The LDPM-F showed great capability in predicting accurately the
damage and kinetic energy absorbed in square cross section (304.8x304.8 mm?) UHPC
fiber reinforced slabs during the penetration and perforation tests. The slabs were cast
with four different thicknesses : 25.4 mm, 50.8 mm, 63.5 mm and 76.2 mm. Each panel
was impacted with a Fragment Simulating Projectile (FSP) that had an impact velocity of
1067 m/s. The purpose of this experimental campaign was to investigate the limit between
perforation and penetration for a given initial velocity (1067 m/s here) by varying the
thickness of the slabs from 25.5 mm to 76.2 mm. Another way to look at the campaign
consists in considering that the dynamic tests aimed at finding which panel thickness has

a ballistic limit of 1067m/s.
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5.2. Discrete numerical modeling

5.2.1. Matrix definition

This section presents the numerical modeling of quasi-static experimental UHPC mechan-
ical testing, performed by the United States Army Engineer Research and Development
Center (ERDC). The simulated experimental results involve compression tests, 4 point
bending tests and Direct Tension Tests (DTT) for dog bone samples cast in molds and wa-
ter jetted from UHPC slabs. The interest in considering two casting methods comes from
the fact that when UHPC is poured in molds, fibers tend to orient in the direction of load-
ing. This orientation provides additional resistance reflected in higher tensile strengths.
One common alternative consists in casting larger volumes of UHPC to minimize fibers
orientations and extract dog bone samples from it. The modeling of the experimental tests
in Figure presents the UHPC sample geometries and applied boundary conditions.
Table 1 summarizes the compositions of plain UHPC (no fibers) and UHPC-Fiber
reinforced that are then used in LDPM-F to generate a representative mesh. The model
mesostructure considers one type of aggregate that includes silica, flour, and sand. To
approximate the internal structure of UHPC, a coarse-grained approximation technique
is used to reduce the computational cost. Typically, in UHPC, the maximum aggregate
size varies around 0.6 mm, however the LDPM-F simulations consider respectively a
minimum and maximum aggregate size of 2 mm and 4 mm (coarse graining approximation
introduced by Smith et al. [66]). [24] presents the different fiber types that have been

used in the experiments and that were simulated with the LDPM-F. The geometrical



125

Table 5.1. CTB mixture proportion.

Material Proportion by Weight
Cement 1.00

Silica Fume 0.389

Silica Flour 0.277

Silica Sand 0.967
HRWRA 0.0171

Water 0.208

Steel Fibers 0.310

Table 5.2. Fibers description and paramters in LDPM-F.

Fiber Type ZP305 Nycon OL 6 mm | OL 10 mm
Length [mm)] 20 29 6 10
Cross section Circular | Rectangular | Circular Circular
Diameter [mm] 0.5 - 0.16 0.2
Volume fraction [%] | 3.15 8.9 3.15 3.15

70 [MPa] 11.5 3.5 10 10

Gg4 [N/m] 100 0 50 30

B -0.05 -0.3 -0.02 -0.04

and mechanical features summarized in Table are then given to the model to realistically

simulate the contribution of each fiber.

5.2.2. Modeling of fibers

LDPM-F approximates the geometry of each fiber by generating a straight cylindrical
fiber that is characterized by its radius r and length [. The fiber shape effect on the
mechanical properties of UHPC is implicitly included in the fiber-matrix interaction law
definition and will be discussed further in the paper. For the ZP306, OL0.2/10mm, and
0L0.16/6mm, the LDPM-F and actual fibers geometries are identical and the actual
fiber geometry can explicitly be modeled using the LDPM-F. However, the Nycon type V

has a rectangular cross-section that cannot be modeled using straight cylindrical fibers.
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Random Oriented

Figure 5.1. LDPM-F a) Random and b) Oriented fibers distribution.

Originally, the LDPM-F simulates fiber effects by modeling the concrete-fiber surface of
contact ruled by the calibrated fiber-matrix interaction law. As far as the modeling of the
Nycon type V, the radius of the LDPM-F fiber was calculated so that the LDPM-F fiber
outer surface equals the actual fiber outer surface. Considering all of the above, a new
volume of fibers vy had to be computed to account for the volume difference between the
actual and modeled fibers. By using the new volume of fibers vy for the simulations, the

experimental and modeled samples contained the same number of fibers.

)

Figure 5.2. a) Nycon type V actual and b) Modeled LDPM-F fibers geometries.
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msr?

5.1  —
(5.1) Vg = Vg

where vy is the LDPM-F equivalent volume fraction of fibers, vy designates the experi-
mental volume fraction (3.15%). ¢, w and s represent respectively the thickness, width and
shortest spacing between two peaks of actual Nycon type V fibers. Also, d = \/m
where h is the vertical distance between an upper and lower peak.

Table 3 displays the information given as inputs to LDPM-F for each fiber type. Nycon
type V reinforced UHPC samples generated in LDPM had a volume fraction that is 2.76

times larger than the actual fiber volume fraction.

5.3. LDPM calibration and validation

5.3.1. Calibration

[66] calibrated the UHPC matrix based on the results of quasi-static mechanical tests
conducted on plain UHPC by Scott et al. [24] in 2013.

Figure presents the comparison between the experimental and LDPM-F simulation
results of the uniaxial unconfined compression test on ZP305 reinforced UHPC.

Two sets of simulations were carried out to compare the strengths of the old (used in
2013 for parametric identification by Smith et al. [66]) and latest UHPC (2016). The
results were used to evaluate whether the material parameters associated with the latest
UHPC needed to be adjusted or not. In the set of experiments conducted by Smith
et al.[66], plain UHPC showed a higher compressive strength than the UHPC ZP305

reinforced presented in the latest report by Scott et al. [24]. This observation remains
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Figure 5.3. Compression test comparison between experiments and LDPM-
F modeling results based on the 2013 parametric identification.

valid for the four point bending tests. As expected, the experimental observations are
confirmed by the LDPM-F results. This preliminary work led to the conclusions that
the UHPC matrix parameters needed to be calibrated based on the experimental work
modeled in this paper. The only material parameter that was calibrated was the facet
tensile strength o; which will be taken equal to 3 MPa (versus 4 MPa in [66]) for the set
of LDPM-F simulations presented in this paper.

Calibrating LDPM-F parameters consisted in identifying the model parameters gov-
erning the fiber-matrix law interaction for each fiber type. The three main governing
parameters are G4, 7o and (3, which respectively correspond to the bond fracture energy
between the fiber and the matrix, the bond frictional stress of the embedded segment of
the fiber and the slip hardening-softening parameter.

Generally, as a fiber is being pulled out of concrete, its initial friction resistance is a
function the debonding fracture energy G, and frictional resistance (5 and 7y). However,

once a fiber has debonded, its resistance depends on its frictional resistance only.
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Table 5.3. LDPM parameters for simulations.

LDPM parameter Value
Compressive yielding stress 500 MPa
Initial hardening modulus ratio 0.36
Densification ratio 2.5
Transitional strain ratio 2
Shear strength ratio 17
Initial friction 0.5
Softening exponent 0.2
Deviatoric strain threshold ratio 2
Deviatoric damage parameter 1
Asymptotic friction 0
Transitional stress 300 MPa
Tensile strength 3 MPa
Tensile characteristic length 150 mm
Maximum aggregate size 4 mm

Ideally, the fiber-matrix interaction law is calibrated on the single fiber pullout test.
This experimental campaign did not involve any single pull out test, hence, the fiber-
matrix interaction law parameters are identified on the Direct Tension Test (DTT) ex-
perimental results using data of samples cast in molds (Oriented fibers).

The direct tension tests were modeled as doghbone-shaped specimens with a middle
gauge length of 80 mm and a constant rectangular cross section of 30x30mm?. Two rigid
steel plates are defined at the top and bottom ends of the sample to apply boundary
conditions. The plates are modeled with hexahedron solid elements, having triangular
mesh surfaces, and tied to the LDPM surface nodes through master and slave constraints.
All translational (ux; uy; uz) and rotational (rx; ry; rz) degrees of freedom are restrained
excluding the vertical translation (uy) at the top of the specimen where a uniform constant
displacement of 5 mm/s is imposed as shown on Figure . In the LDPM-F| a preferential

orientation scale factor Sy is used to control how strong the orientation of the fibers is.
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Figure 5.4. Boundary conditions and surface nodes for the a) Dog Bone
Test b) Uniaxial compression and c¢) 4-point bending test.

For Sy=1 there is no preferential direction while for S, = 22, a fiber is 22 times more
likely to be oriented in the given direction than to a direction orthogonal to it.

The bond strength and debonding fracture energy parameters are selected to match
the tensile strengths given in the experiments, while the pull out hardening parameter is
calibrated using the post-peak response of the stress vs strain curves. Figure displays
the results of the experimental and calibration of the DT'T for each fiber type in terms of
stress versus strain.

In the previous set of identified parameters by Smith et al. [66], the debonding fracture

energy G4 was taken equal to 0 Nm ~! for the ZP305 fibers. The impact on the mechanical
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Figure 5.5. Stress versus strain curves of Direct Tension Test on dog bone
samples cast in molds calibration with the LDPM-F for a) ZP305 b) Nycon
¢) OL6 and d) OL10 type of fibers.

properties associated with the debonding fracture energy can only be appreciated when
very small strains (small crack openings) intervene. As one can see on Figure , the
characteristic size of the crack opening depends on the test design as the stress distribution
will also vary. The order of magnitude of crack openings in the direct tension and 4 point
bending tests are respectively 0.1 mm and 0.4 mm. Hence, a four point bending test
will show less sensitivity to G4 than a DTT performed on a dog bone sample will. The

calibration of the DTT explains why non-zero fracture energies were needed to achieve

proper calibration of the model.



132

LDPM-F has successfully been calibrated on the DTT for oriented fiber reinforced
UHPC specimens. Table 5 summarizes the calibrated parameters for each fiber type for

the LDPM-F simulations.

5.3.2. LPDM-F validation

This section introduces how the LDPM-F is validated and demonstrates a superior ca-
pability in accurately predicting the mechanical responses of UHPC-Fiber reinforced for
the four fiber types. All model predictions were performed without further change to the
previously calibrated LDPM-F parameters, and their results compared to experimental
data were not utilized during the parametric identification.

Fracture Test. Figure [5.6] shows the results comparison of 4 point bending test exper-

iments and simulations in terms of load versus mid-span deflection. The UHPC samples
are 150x150x450mm? prisms, each one reinforced with one type of fiber. In the /7 impact
of steel fiber size and shape on the mechanical properties of UHPC/ report by Scott et
al. [24], no information was given concerning fiber orientation. Hence, for the modeling,
both fiber orientations were considered providing a representative range of responses lim-
ited by the lower limit modeled with randomly distributed fibers and upper limit where
the fibers are oriented. Simulations with randomly distributed fibers show, as expected,
lower strengths than the experimental results for the 4 types of fibers. On the contrary,
the predictions with preferential fiber orientation match very well the experimental data
for all fiber types suggesting a possible fiber alignments in UHPC beams. Last but not
least, the model not only predicts well the peaks and softening regimes of the four point

bending tests, but it also captures well the UHPC stiffness (loading phase).
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Figure 5.6. Force versus middle-span deflection of 4-point bending test re-
sults prediction and validation with the LDPM-F for a) ZP305 b) Nycon c)
OL6 and d) OL10 type of fibers.

Direct tension Test.

This section presents a comparison of the results of the direct tension test on dog
bone samples watter jetted from a 127x127x533mm?® UHPC slabs. The predictions ob-
tained from the LDPM-F and the UHPC experimental results reinforced with randomly
distributed fibers (water jetted samples) are displayed in Figure . LDPM-F success-
fully captures the peak strengths for the four fiber types. As one can see on Figure [5.5],
the DTT performed on OL6 reinforced UHPC dog bone samples experimentally and nu-
merically show a tensile strength of 16MPa with oriented fibers. In the case of randomly
distributed fibers, the experimental data also display the same tensile strength (16MPa).

As described by Scott et al. [24], for the OL6 fiber, although the dog bone samples have
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Figure 5.7. LDPM-F crack contours results for the a) Four point bending
b) Compression ¢) Direct tension and d) Perforation test of a plain UHPC
e) Perforation test of fiber reinforced UHPC and f) Crater generated by the
penetration test of fiber reinforced UHPC.

been extracted from larger UHPC slabs, some fiber orientation in the direction of loading
has been noticed by the experimentalist team explaining why the tensile strength in the
experiments is higher than what the model predicts. This unexpected experimental fiber
alignment is the precise reason why an accurate model needs to be developed. Indeed,
when accurate models are combined with experimental work, they can be used to under-
line unexpected experimental results or even extrapolate additional results by modeling
different tests.

Compression test.

This part discusses a comparison between the experimental (compressive strengths)
and numerical results for uniaxial compression tests performed on 100x200 mm? cylinders
of UHPC-Fiber reinforced. The simulation results are plotted in terms of stress versus

strain in Figure [5.9. As expected, the fibers have very little effect on the compressive
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Figure 5.8. Stress versus strain curves of Direct Tension Test on water jetted

dog bone samples prediction and validation with the LDPM-F for a) ZP305
b) Nycon ¢) OL6 and d) OL10.

strength of UHPC. The matrix mechanical properties are however influential on the com-
pressive response. LDPM-F predicts the strength increase associated with the use of
Nycon, OL6 and OL10 fibers very well. As expected, the softening from the LDPM-F
simulations show a more ductile behavior due to the contribution of fibers.

Additional observations. Figure displays the experimental failure modes observed

for the uniaxial compression and dog bone test. In addition to capturing the fibers effect
on mechanical properties of UHPC, the LDPM-F shows in Figure superior capability
in mimicking the failure modes for both tests. In the case of uniaxial compression, one can

observe vertical and diagonal cracks, which conform to what one can observe in typical
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Figure 5.9. Stress versus strain curves of compression test results prediction
and validation with the LDPM-F for a) ZP305 b) Nycon ¢) OL6 and d)
OL10.

compression test. In the case of the dog bone test, one can see in the simulations the
development of cracks in the plane orthogonal to the direction of loading. This observation

is consistent with the observed experimental mode of failure as well.

5.4. Dynamic simulations : Penetration and perforation tests

5.4.1. Dynamic simulations modeling

The projectile mesh was created using the LDPM mesh as shown on Figure [5.10f The
projectile was simulated using high strength steel with an elastic modulus of 200 GPa. In
the LDPM modeling, the bullet has no displacement constraints and is only subjected to
an initial velocity vy of 1067 m/s. Concerning the panel, all edge nodes are fixed with no

possibility of translation nor rotation as explained by Smith et al. [66].
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b)

Figure 5.10. Fragment Simulating Penetration (FSP) a) Photography and
b) LDPM mesh.

5.4.2. Dynamic testing results and discussion

Vo »
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Figure 5.11. Dynamic test design.

The numerical results are in good agreement with the experimental results as the
damage states and responses of the panels were consistent for the four fiber types. Figure
shows the the comparison of the bullet average residual velocity between experimen-
tal result and LDPM simulations. The LDPM-F was used to extrapolate the intial part

of the curve tail by simulating the perforation of a 12.7 mm thick panel and considering
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that for a panel of 0 mm thickness the exit velocity equals the initial velocity vy. For
each fiber type, five different thicknesses were considered for the panels. Similarly to the
experimental observations, the numerical results show less than three percent (versus five
percent in experiment) difference. The LDPM-F can accurately capture the quasi-static
and dynamic behaviors with one single set of calibrated parameters only. Considering the
four fiber types and thicknesses, the LDPM-F simulations predict the experimental resid-
ual velocities with a maximum error of eight percent for the OL 10 fibers and minimum

error of six percent for the OL 6 fibers.
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Figure 5.12. Residual velocity vs slab thickness results prediction and vali-
dation with the LDPM-F for a) ZP305 b) Nycon ¢) OL6 and d) OL10.
Loss weight due to the damage ranged from 0.75 to 5.5 percent in the experiments
and from 0.8 to 4.9 percent in LDPM-F modeling. The model predicts the experimental
relative weight losses with a maximum average error on the four thicknesses of 1.75 percent

for the OL 10 fibers and minimum average error of 1.4 percent for the Nycon fibers. The
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LDPM consistently predicts lower weight losses for the slabs reinforced with OL 6, which
actually is the smallest fiber among all four. This observation is also consistent with
what was observed experimentally. The model is able to capture that, for a higher fiber
density, less material fractures or spalls. The overall conclusion that can be drawn from
the consistency of the observations is that the OL 6 fibers are the most efficient among all
four fiber types as they display the lowest residual velocities and weight losses. The OL 6
fibers combine two key advantages, the first is to efficiently absorb the kinetic energy of
the impacting bullet (lower exit velocity) and the second is to localize the damage (lower
weight loss). Also the OL6 provided the highest strength in compression and tension
during the quasi-static experimental campaign. The latter confirms that the performance

of the OLG6 is the best among the 4 presented fiber types.
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Figure 5.13. Relative weight loss vs fiber types results prediction and vali-
dation with LDPM-F for a) 25.4 mm b) 50.8 mm c¢) 63.5 mm and d) 76.2
mm thick slab.
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5.4.3. Qualitative appreciations

Additional simulations considering the modeling of perforation and penetration tests on
plain UHPC slabs were also performed. As expected, the damage distribution is more
important when fibers are used while on the contrary plain UHPC displays localized dam-
ages significantly as depicted in Figure and e. The LDPM-F even mimics the damage
distribution that were observed experimentally as presented in Figure [5.7d. As far as the
50.8 mm thick panels perforation, the damage distribution observed in the experiments
and simulations is identical, however the FSP perforates the panel in the experiments
while it only penetrates in the LDPM simulations. Recent findings demonstrated that
when concrete is subjected to large strain, shear resistance is negatively impacted. In
his experimental work, [80] tested reinforced concrete beams, designed an anti-symmetric
loading system to generate and measure shear stresses and strains. The concrete beams
subjected to larger strains were additionally reinforced in shear to eventually prevent pre-
mature failure of the sample. However, although the concrete beams were over reinforced,
their shear strengths were equivalent to one observed in less reinforced in shear samples.
The single difference between these two samples is the imposed strain which is larger for
the more reinforced samples. This observation confirms that for larger strains concrete
is weaker in shear. By definition, dynamic testing involves large strain rates and strains
which explains why the model slightly overestimates the shear resistance of fiber rein-
forced UHPC slabs. To numerically capture this shear reduction effect, researchers have
developed numerical approaches based on a parametric identification and calibration of
an introduced shear reduction parametric function as presented in the study performed

by Mihaylov et al. [48]. As the work related to shear reduction factor in LDPM is still
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ongoing, results without the shear reduction factor are presented in this paper. For all the
other panel thicknesses, the LDPM-F predictions and experimental results are in good
agreement. Last but not least, the experimental 63.5 mm thick panels displayed a crater
on the exit face due to the FSP penetration generating a damage wave propagation to-

wards the exit face. The LDPM captures this phenomenon well as depicted on Figure
BT

5.5. Concluding remarks

The LDPM-F is capable of simulating the impacts of steel fiber size and shape on the
mechanical properties of Fiber Reinforced Ultra-High Performance Concrete (FRUHPC)
by first calibrating the parameters of the fiber-matrix law on quasi-statics Direct Ten-
sion Test experiments (cast in molds). Since, the compressive strength of this batch is
lower than the previous one [66], the uniaxial compression test performed on ZP305 rein-
forced UHPC specimen is necessary to recalibrate the new matrix mechanical properties.
LDPM-F has demonstrated a superior capability in predicting the experimental mechan-
ical responses in the cases of 4-point bending test, uniaxial compression, DTT (water
jetted samples), perforation and penetration tests for all fiber types. Also, LDPM-F suc-
cessfully simulates the effect of fiber orientations (DTT and 4-point bending test). Last
but not least, the LDPM-F captures and predicts accurately the crack pattern observed

on experimental UHPC samples.
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APPENDIX A

The Lattice Discrete Particle Model-Fibers formulation

Fiber reinforcing is always used in UHPC to increase toughness (energy absorption ca-
pability) and ductility. Within LDPM, fibers are explicitly modeled by generating spatial
distributions mimicking the ones found in real specimens. From a geometric point of view
the physical fibers can be described using few parameters, in the case of straight fibers:
volume fraction, V¥, length, L;, and equivalent diameter, dy. Each fiber is modeled using
a sequence of one or more segments linked together. Single segments are sufficient for
generating straight fibers. Multiple segments are necessary for generating tortuous fibers.
These geometric parameters are used for generating random fibers inside a control volume.
For cast fiber-reinforced concrete specimens, the control volume is assumed to be equal to
the volume of the concrete part. In this case, fiber location and orientation are affected in
the vicinity of the boundary.On the contrary, formachined or cored specimens, the control
volume is assumed to be larger than the actual specimen so that fibers intersecting the
external surface of the specimens are treated as cut. The portion of a cut fiber inside the
specimen is shorter than the length of original fiber, and this affects themechanical char-
acteristics of the fibereconcrete interaction near the specimen boundaries. The following
algorithm is used for generating random fibers whose number inside a given control volume
V can be computed as N = 4V;V/(Lyrd3). The first scenario details the case of uniformly
distributed fibers. For each fiber, a random point with uniform probability in space inside

the control volume is selected as the initial point of the fiber. An initial random direction
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is then computed by (1) generating, in a unit cubic volume, a series of additional random
points with a uniform probability in space, (2) rejecting all points outside a unit sphere,
and (3) accepting the first point occurring inside the unit sphere. The vector connecting
the fiber origin to this point inside the unit sphere identifies an unbiased spatial direction.
The computed direction is used to initialize the fiber. If the fiber consists of multiple
segments to simulate fiber tortuosity, then the direction of each additional segment is
modified using the following logic. A random direction, w is computed as done previ-
ously, followed by the normal n to the current fiber direction u; as boldn = m/[m], where
m = w — (w.uy)u;. A proportional component is then added to the tortuosity factor t by
vo=u; +tn, and the new fiber direction u, is normalized using us= vy /[vy]. For t= 0, the
fiber continues straight in the initial direction. If the fiber exits from the control volume
V, the fiber is discarded. In some cases, fiber orientation is not random but has a bias
towards a preferential direction. This bias is obtained by a scaling factor, s, for a stated
preferential direction. For s = 1, there is no preferential alignment, while a generic value
of s makes alignment s times more likely for the preferential fiber orientation. The most
appropriate scaling factor must be chosen through comparisons between numerical and
experimental specimens. The random fiber generation algorithm is adjusted to include
preferentially oriented fibers after the spatially random direction is computed. The dot
product ¢ =nd of random n and preferential orientation d is computed. The random
direction is then extended along the preferential direction and normalized to compute the
random fiber direction by v =n+(s—1)cd and n = v = |v|. Figs. 4a and ¢ show generated
fiber distributions without and with preferential orientation. In the spirit of the discrete

multi-scale physical character of LDPM, the occurrences of fiber-facet intersections are
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determined by actually computing the locations where fibers cross inter-cell facets. This
computation can require significant resources for large models in terms of both time and
memory. For this reason, an efficient bin-sorting algorithm was developed for computing
these intersections. For each intersection, the lengths of the fiber on both sides of the facet
and the angle at which the fiber intersects the facet are also computed. These parameters
are saved in the facet data structure and used during the simulation for computing the
fiber effect. The modeling of fiber reinforcement in CORTUF is then completed with the
simulation of fibereconcrete interaction, which requires the formulation of a local force
versus slippage constitutive equation simulating fine-scale failure phenomena occurring at
the interface between fibers and embedding concrete matrix. The LDPM-F formulation
[88,89] of such a law, adopted in this study and summarized in Appendix A2, includes
the description of the following failure mechanisms, (1) fiber/matrix debonding, (2) fiber
frictional pull-out, (3) local matrix failure due to stress concentration at the point of exit
of fibers from the matrix (micro-spalling), (4) pull-out strength increase due to additional
frictional effects caused by change of direction of fiber during cracking (snubbing), (5)
fiber rupture, (6) fiber strength reduction due to localized plastic deformations, and (7)
fiber yielding due to local fiber bending. In addition to these failure mechanisms, there is
evidence for CORTUF concrete that splitting failure, i.e., a sudden and dynamic propa-
gation of a crack in a plane containing the fiber axis, might contribute significantly to the
overall tensile resistance in tension of the material. Let us consider a straight segment
of a fiber subject to tension. At the interface between the fiber and the surrounding
concrete, shear stresses develop, which in turn lead to inclined principal stress directions.

When the maximum principal stress exceeds the tensile strength, radial cracks initiate,
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and the concrete matrix surrounding the fiber is forced to transfer load through an in-
clined compression field, see Fig. 1c. The component of this inclined field acting to the
axis of the fiber results in an expansive pressure on the surrounding concrete of magnitude
p = Prtana/(ndsL.). The angle a depends on both the geometric characteristics of the
fiber and the remote stress state. From this pressure, the maximum circumferential tensile
stress acting at the fiber/matrix interface (see Fig. 1c) can be computed approximately

as

Fct/di 41

(A1) o =p
o Ak /d3 —1

where cf is the distance between the fiber axis and the closest external surface of the

specimen. By introducing the expression for p into Eq. (5), setting the failure condition,

max

oy = oy , and solving for the fiber force, one can calculate the splitting force for c;/dy
il
(A 2) Psplit _ 71—deeo-Z( Fci/d? +1 ~ WdeeO':

' f tana ) 4c/di —1 tan o

where o} can be assumed to coincide with the tensile strength of the matrix or the
composite, depending on fiber concentration and level of fiber interaction. At this point, a
few observations are in order. (1) The splitting mechanism highlighted below is typically
observed in reinforced concrete members [102] when concrete rebars are not provided with
proper confinement through either enough concrete cover or transverse reinforcement. It

is worth pointing out that, in regular concrete, rebars have diameter sizes of the same
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order of the aggregate particles; the same situation arises in CORTUF concrete where
fiber diameters have similar characteristic sizes of material heterogeneities. Based on this
analogy, it seems logical to observe in CORTUF failure mechanisms that are similar to
the ones of reinforced concrete and that are not observed in standard fiber-reinforced
concrete. (2) Splitting failure is expected to be negligible in the case of fiber reinforce-
ment with low stiffness and high Poisson’s ratio compared to the one of concrete (e.g.,
for Polyvinyl Alcohol, PVA, fibers), because such properties prevent the build-up of a
significant expansive pressure. (3) If bond resistance is limited, bond failure occurs before
the inclined cracks can develop. As such, straight fibers are less prone to induce splitting

failure than hooked and bent fibers.
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