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ABSTRACT

Rheological, Chemical and Mechanical Properties of Cementitious Materials with
Nanoclays and Diutan Gum

Siwei Ma

Cement has three sequential states in most applications: fluid, setting and hardened. This thesis focuses on
the effect of nanoclays and diutan gum on rheological, chemical and mechanical properties corresponding

to the three states.

Water transport properties are critically important in many applications, such as oil well cementing and 3D
concrete printing. The effect of nanoclays and diutan gum on water transport properties of cement pastes
were investigated. Bleeding, water retention under suction pressure, and evaporation under air flow were
measured. The nanoclay was found to reduce bleeding but had no effect on water retention or evaporation.
The diutan gum was found to reduce bleeding, improve water retention, and decrease evaporation loss. The
rheological properties of the pastes and their interstitial solution were also characterized to resolve the
mechanisms underlying the water transport behaviors. Good correlation between the measured rheological

parameters and water transport properties was found.

In addition to water retention, the static yield stress build-up plays a major role in the successful oil well
cementing and 3D concrete printing. Linear models are commonly used to describe the early structural
build-up of cement-based materials. However, some studies have shown that there exists a faster non-linear

phase before the linear phase. A simple non-linear thixotropy model is presented to describe the structural



build-up process. It was quantified using static yield stress and storage modulus, which are measured
through the stress growth protocol and small amplitude oscillatory shear (SAOS) tests, respectively. The
effect of pre-shear, rest condition and nanoclay and diutan gum on the build-up behavior are studied. The
results showed distinctly different trends between static yield stress and storage modulus. This may be
attributed to the two different structures of fresh cement pastes, i.e. floc structures and C-S-H structures,

measured by the stress growth protocol and SAOS test, respectively.

Phase characterization of cement paste was performed through synchrotron x-ray diffraction technique.
This allowed for real-time, in-situ measurements of x-ray diffraction patterns to be obtained, and
subsequently the continuous formation and decomposition of select phases over time (up to 8 hours). Phases
of interest included alite, ferrite, portlandite, ettringite, monosulfate, and jaffeite (crystalline form of
calcium silicate hydrate). The effects of elevated temperatures at elevated pressure, as well as the effect of
nanomaterial addition were investigated. Rate of conversion of ettringite to monosulfate increased with
increasing temperature, and monosulfate became unstable when temperatures reached 85°C. The
synchrotron x-ray diffraction setup appeared to have captured the seeding effect of nano-sized attapulgite
clays at 0.5% addition by mass of cement, where acceleration in the rate of formation of portlandite and

jaffeite was observed.

Finally, the investigated system was upscaled from cement paste to cement mortar incorporating the fly ash
and the slag. The effect of the nanoclays on the mechanical properties was evaluated in comparison with
the carbon nanotube. Compressive strength and tensile strength were evaluated. Results indicated that
although the nanoclays are utilized primarily as a rheological modifier, they can also enhance mechanical

properties.
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CHAPTER ONE

1. INTRODUCTION

1.1. BACKGROUND

Cementitious materials can be considered as both old and new. The Romans used hydraulic cement as a
binding material with aggregates (rock, ceramic tile, and brick rubble) to build structures like the Pantheon
dome, aqueducts, and pier, which still stand today [1], as shown in Figure 1. However, the technology
behind the hydraulic cement was lost for hundreds of years in the dark ages. It can also be considered as a
new material since the “modern” Portland cement was invented in England in the mid-19th century. Now,
cement has been one of the most widely used infrastructural materials in the world, of which about 4100
million metric tons are produced per year. With the progress in cement science and technology, the
properties of cementitious materials (e.g., strength, ductility, durability, and flowability) can be tailored and

enhanced to meet different application purposes, such as oil well cementing and 3D concrete printing.



Figure 1. Ancient Roman concrete in marine environment. (PHOTO CREDIT: J. P. Oleson)

Portland cement is made from various raw materials containing primarily lime oxide (C), silica dioxide (S)
alumina oxide (A) and iron oxide (F). These materials interact with each other during the production process
and form a series of complex compounds, which mainly include tricalcium silicate (CsS), dicalcium silicate
(C2S), tricalcium aluminate (CsA), and tetracalcium aluminoferrite (C4AF). Note that the chemical

composition is traditionally written in shorthanded oxide notation, as shown in parentheses.

The classification of cement usually depends on its mineralogical composition and particle size. In ASTM
C150/C150M Standard Specification for Portland Cement, it has designated five types of Portland cement,
designated Types I-V. Type | is a general use cement. American Petroleum Institute specification 10A
categorize oil well cement, which is used in the petroleum industry, as eight classes (Class A through Class
H). Among them, API Classes A, B, and C cement are comparable to ASTM Types |, 11, and 11l cement
respectively which could be used in wells with depths up to 1800 m while Class G and H cement are usually

specified for deeper oil wells.



The cement hardens when reacted with water. This process, called cement hydration, is a complicated
exothermal process involving several different chemical reactions, such as C-S-H and ettringite formation,
ettringite and monosulfate transformation. The overall progress of hydration without regard to the action of
individual chemical reactions can be monitored by calorimetry, as shown in Figure 2. The calorimetry plot
of hydration over time indicates four periods. The first stage is initial dissolution of solids and ettringite
(Aft) formation that begins immediately upon wetting. The second stage is called the dormant period. The
third stage is called the acceleration period. The rate-controlling step of hydration during this period is
related to the heterogeneous nucleation and growth of C-S—H. The last stage is the deceleration period in

which a diffusion process controls the rate of hydration.
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4 e e - - = | _______________ |_ —
0.0012 4 Chapter3 &4 Chapter 6
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Figure 2. Representative hydration curves. The lower dashed line shows the four periods of cement

hydration. The upper dashed line demonstrates the time range of each chapter of this dissertation.

1.2.  MOTIVATION: OIL WELL CEMENTING



Cementing plays a critical role in the process of oil-well completion. Cement is pumped down the inside of
the liner as a slurry and forced to come back up to fill the annular space between the liner and the borehole,
as shown in Figure 3. The objective of cementing is to provide structural support and zonal isolation, which
prevent gas migration between geological formations and prevent the escape of fluid to the surface. The
failure of zonal isolation would cause loss of product, costly remedial jobs, and catastrophic blowouts like

the deepwater horizon oil spill disaster [2].

PIPE

CEMENT

ONE-WAY [
VALVE

Figure 3. Cementing process: cement is pumped down through a one-way valve and fills the space

between pipe and borehole [3].

The failure of zonal isolation may be attributed to several reasons, including lost circulation, fluid loss, and
high temperature/pressure. In oil well cementing, loss of circulation occurs when drilling fluid or cement

slurry flows into weak geological formations instead of returning up the annulus. The formation where



circulating fluid can be lost is called the thief zone. It has been shown that thixotropic cement slurries are
effective for solving this issue [4]. After loss of circulation is detected, these slurries are prepared and
pumped downhole to seal the formation. During pumping, its structure continuously breaks down, allowing
it to flow. However, once it enters the thief zone, the velocity of the leading-edge decreases and the structure
begins to recover. The resistance of the slurry to flow increases as its structure builds up, effectively
plugging the thief zone. As a major factor for successful plugging is the rate of structural build-up, it is
necessary to measure the relevant properties through suitable rheological methods and develop kinetics
models to predict the build-up behavior immediately after the cessation of flow, especially during the first

few minutes.

Fluid loss is another factor which could lead to cement failure. When oil well cement slurry is placed under
pressure across a permeable rock formation, the water may be extracted by the rock formation [5]. This
phenomenon may lead to the excessive difficulty in cementing work due to the increases in slurry viscosity.
Water movement in a fresh suspension can result from suction pressure from the substrate, usually
described as “water retention.” Water retention behavior has been recognized as a critical factor for
successful oil well cementing. It necessitates the evaluation of water retention of the thixotropic cement

slurry and understanding the mechanism behind it.

The extreme oil well condition can also jeopardize the oil well cementing operation. For deep-water
applications, downhole temperatures and depths can reach (and exceed) 180 °C and 6000 m, respectively.
There is also hydrostatic pressure and pumping pressure being exerted onto the material, which can reach
up to 150 MPa. The premature loss of fluidity may make the bore unusable, and excessive delays in setting
add to the cost of the operations. It is necessary to understand the phase evolution of the cement slurry

during and after placement under down-hole conditions, as this has implications on the eventual sealing



ability of the cement sheath. Therefore, it is necessary to perform characterization under elevated pressure

and temperature conditions.

1.3. MOTIVATION: 3D CONCRETE PRINTING

Additive manufacturing, generally known as 3D printing, was successfully applied in a large variety of
domains, including industrial tooling and medical, in the last two decades. Its application in the construction
industry was firstly introduced by Khoshnevis [6,7] using cement-based materials as the printing material

and has since been developed steadily in recent years [8-10].

Unlike most extrusion-based 3D printing processes, in which materials are immediately solidified upon
deposition, cement-based filaments are still in its fresh state [10]. For instance, the study [11] estimated that
an interlayer time gap would be 19 min for a 108-square-meter house at a printing speed of 60 mm/s, which
means the printed cement-based materials are in the fresh state far before the typical initial setting time of
3 -5 hours. This highlights the importance of rheology, namely the control of shape stability and structural

build-up rate of printed cement-based materials immediately after deposition.

The elimination of formwork is recognized as the major breakthrough of cement-based 3D printing. The
absence of formwork can expand aesthetic freedom and reduce materials, labor and time, as the construction
of formwork represents 35 — 60% of the overall cost of concrete construction [12]. However, for layer-
based additive manufacturing, the freeform components exhibit relatively large exposed surface areas,
which are susceptible to rapid evaporation of water. This can adversely affect material stability (i.e., the

ability to stay homogeneous), hinder hydration and induce plastic shrinkage, ultimately impairing the



ultimate strength and durability of the printed structure. The surface moisture and bleeding rate of the fresh
concrete are critical factors for the inter-layer strength of 3D printed elements [13]. Sanjayan et al. [13]
demonstrated that moderate bleed water could be desirable in 3D concrete printing through improving
surface moisture, which is the competition between bleeding and evaporation, thus increasing the inter-
layer bond strength. Evaporation drying could be a major challenge for 3D concrete printing, which has no
formwork to protect the material. Thus, this emerging technique requires a better understanding of water

transport behavior.

1.4. MOTIVATION: VISCOSITY MODIFYING ADMIXTURES (VMAS)

To address the issues mentioned above in oil well cementing and 3D concrete printing, the usual practice
of incorporating admixtures can be applied, which can manipulate the rheology and microstructure of the
material. One class of admixtures that can be used are viscosity modifying admixtures (VMAS) [14], also
known in the literature as viscosity enhancing admixtures (VEAS) [15] and stabilizing agents (STASs) [16].
In this dissertation, they are referred to as VMASs. They can be classified as inorganic VMAS, such as clays

and colloidal silica, and organic VMASs, such as starch, cellulose ether, and gums.

1.4.1. NANOCLAYS

Attapulgite/palygorskite, a so-called “special clay,” is a magnesium alumino silicate clay with the
theoretical formula of SisMgsO20(OH)2(H20)s - 4H,O [17]. The preferred name according to the
International Nomenclature Committee is palygorskite, although the name attapulgite is better known

commercially [18]. It can be referred to as a nanoclay due to its dimension, 1.75 um in length and 30 nm in



diameter [19]. A highly purified form of the attapulgite/palygorskite/nanoclay was the clay chosen for the

study.

As clays have high water sorption capacity, they have been used as absorbents for grease, oil, water, and
chemicals since the 1930s [20]. One widespread use, for instance, is as an absorbent for cat litter. The
attapulgite clays can absorb cat waste effectively and prevent odors and bacterial degradation for several
days [18]. The characteristic structure of nanoclay provides a significant amount of pore space and permits
the absorption of water and other organic materials both on the exterior surface and also in the open channels

of the nanoclay crystals [21].

As attapulgite can improve the colloidal and thixotropic properties of suspensions, another larger use is as
a VMA in paints, suspension fertilizers, oil well drilling and cosmetics. These clays have also been used in
the construction industry for applications such as slip-form paving, reducing formwork pressure of self-
consolidating concrete, and more recently 3D concrete printing [7,11,22,23]. Attapulgite clays can
significantly increase the yield stress and shape stability of fresh cementitious materials [24-26]. The
studies [27,28] have shown that clays can increase the flocculation strength and floc size, which can explain
the increase in yield stress over time [25,26]. Other researchers [24,29] have found clays to have detrimental
effects on structural evolution, as captured through SAOS tests. Thus, the mechanisms underlying the clay's

effect on structural build-up is still not fully understood.

Although primarily used asa VMA, it is necessary to investigate the effect of the clays on other performance
properties at the addition levels of interest. In this dissertation, the phase evolution under elevated
temperature and pressure, resistivity, compressive strength, tensile strength will also be investigated in

addition to the rheological and water absorption properties.
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1.4.2. DIUTAN GUM

Bio admixture has the long history of being used in building materials. For example, in his famous
encyclopedia “De architectura libri decem,” Vitruvius (84-10 B.C.) described the use of biopolymers such

as proteins for set retardation of gypsum and dried blood for air-entrainment [30].

Polysaccharide is a class of widely used bio admixture in building materials. They have almost universal
occurrence in a living organism. For example, starch is the storage polysaccharide produced by most green
plants, and the structural component of plants are formed primarily from cellulose. Polysaccharides are
polymeric carbohydrate molecules composed of long chains of monosaccharides (also called simple sugars,
the most basic units of carbohydrates). The types of linkages and monosaccharide units, as well as the
existence of side groups, are the main affecting parameters on the solubility, viscosity and gelation

properties.

The recent development of cementitious materials requires modifying the rheological properties of the
cement mix. For instance, 3D printed concrete calls for low viscosity during pumping and high yield stress
after deposition. To achieve this goal, polysaccharides show promise due to their interesting
physicochemical features regarding thickening, stabilizing, binding and gelation. Some researchers

identified four different working mechanisms of polysaccharides in cement pastes (Figure 4) [31]:

a) Water binding: polysaccharides are high hydrophilic. Their effective volume would increase in
suspension due to the polysaccharide’s ability to fix part of the mixing water. It will increase the

viscosity of the solution and further increase the macroscopic viscosity of the cement paste.



b) Polymer association and entanglement: at high concentrations, the chains of polysaccharides can
entangle and increase the apparent viscosity of the suspension.

c) Depletion: non-adsorbed polymers are depleted from a “volume exclusion shell” around larger
particles. The concentration difference leads to an increase in the osmotic pressure in the system,
which brings the particles together. This could be at the origin of yield stress generated by the
polymer in the system.

d) Bridging flocculation: the anionic and long-chain polysaccharides could adsorb on the cement
particle surfaces and connect two or more cement particles together. This would increase the yield

stress of cement pastes.

Polymer solvation and swelling Polymer association and entanglement
o 1w &
&y — .
o =
Depletion flocculation Bridging flocculation
@ =
] = )
Cement |  Cement | — Cement
o k particle H particle | ® Cement | particle
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& =B

Figure 4. Working mechanisms of polysarccharides according to M. Palacios and R.J. Flatt [31].

Diutan gum is a high molecular weight, soluble, microbial and anionic polysaccharide produced
by Sphingomonas bacteria in an aerobic, submerged fermentation [30]. Diutan gum consists of a repeat unit
with  B-1,3-d-glucopyranosyl, -1,4-d-glucuronopyranosyl, B-1,4-d-glucopyranosyl, and o-1,4-I-

rhamnopyranosyl, and a two-saccharide L-rhamnopyranosyl side-chain attached to the (1 — 4) linked
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glucopyranosyl residue, as shown in Figure 5. Xu et al. [32] suggest a double helical molecular
conformation of diutan gum. Carboxyl groups located on the backbone of the helix can stabilize the double
helix, as well as promote associations between backbones. The interactions between the side chains located

in the core of the helix modify the geometry of a double helix.

glucose glucuronate glucose rhamnose

CH,OH

oo
CH;

OH OH

M'=Na, K, / Ca, /2 Mg

OH OH OH OH

rhamnose rhamnose
— 3) B-D-Glep-(1-4)-B-D-GlepA-(1-4)-B-D-Glep-(1—4)-co-L-Rhap-(1—
3
1
1
co-L-Rhap-(1—4) eo-L-Rhap

Figure 5. The molecular structure of diutan gum [33].

The adsorption is typically studied by adding the polymer to the cement paste, and after a period,
filtering/centrifuging the system. The adsorbed amount is calculated by the difference between the
concentration of polymer in the filtrate and its concentration before contact with cement. [33] finds that
diutan gum has greater adsorption compared with hydroxypropyl methyl cellulose, which may be attributed
to the anionic character of diutan gum, i.e., by the presence of the carboxylic acid functions on their
molecular backbone, which is fully ionized at high pH. However, [34] revealed that welan gum, which

behaves similarly with diutan gum because of the structural similarity, does not adsorb on the cement at all.
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As a second-generation VMAS in the concrete construction industry, diutan gum’s working mechanism and

its interaction with cement particles still remain elusive.

1.5. ORGANIZATION

Chapter One provided the background and motivation of the work. Chapter Two gives a literature review
of the study related to the present work. This includes the discussions of solid and liquid states of cement
paste, the rheological parameters and existing experimental methods to characterize these two states, and
synchrotron x-ray diffraction. Chapter Three studies the relationship between rheological properties and
water transport properties in cement paste. Chapter Four proposes a non-linear build-up model to quantify
the evolution of static yield stress and storage modulus. Chapter Five presents the phase evolution by
using synchrotron XRD. Chapter Six determines the hardened properties of blended cement systems. And

Chapter seven presents a summary of the key conclusions and possible topics of future work.
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CHAPTER TWO

2. LITERATURE REVIEW

2.1. WATER TRANSPORT PROPERTIES

2.1.1. BLEEDING

Bleeding is the phenomena that water accumulates on the surface of the cement paste. The accumulated
bleed water, expressed as a percentage of the net mixing water, is described in ASTM C232/C232M [1]. In
the cement paste, there exist three forces that act simultaneously in a fresh cement paste, if we neglect

cement hydration:

a) Brownian motion is the random motion of fine particle suspended in a fluid resulting from their
collision with the fast-moving molecules in the fluid.

b) Colloidal attractive force: Van der Waals interactions were shown to dominate all other colloidal
interactions in the case of cement pastes [2].

c) Gravity force.

Thus, [3] suggested the criterion of the appearance of the bleeding in cement pastes:

a) Brownian motion dominates attractive colloidal forces: In most types of cement, Brownian effects
only play a minor role compared with the attractive colloidal interactions between cement grains.
However, if Brownian motion dominates attractive colloidal forces at high admixture concentration,

the cement paste would be very unstable, and the high degree of bleeding would occur.
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b) Gravity dominates attractive colloidal forces: the gravity force which overcomes the resistance of
colloidal force would drive the cement particle to settle. The cement system displays bleeding.
c) Colloidal attractive forces dominate gravity. The gravity force is not high enough to break the

colloidal interactions network. The cement paste is stable, and there will be no bleeding.

If bleeding occurs, it can be considered as a self-weight consolidation process, i.e., the upward displacement
of water through a compressible dense network of interacting cement grains instead of the settlement of
individual cement grains in a dilute system. The consolidation process is controlled by the viscosity of the
interstitial solution and the permeability of the porous medium, in this case formed by cement particles, as

illustrated by Darcy’s law for a consolidation process, i.e., fluid flow through porous media [4].

Tan et al. [5] derived a small-strain analytical solution based on self-weight consolidation process theory
without considering the effect of hydration. Later, they proposed a finite-strain model which can account
for the effect of hydration on bleeding [6]. Morris et al. [7] presented the linear finite- and small-strain
analytical solutions of bleeding and found that the fitting by these two methods was virtually
indistinguishable in the case of cement paste. By using the small-strain model, Ghourchian et al. [4] showed

the bleeding test can be used as a simple method for measuring the permeability.

Bleeding water accumulates either through progressive consolidation of the solid skeleton, termed “normal
bleeding,” or through the formation of channels, which is usually characterized by a sudden increase in
bleeding rate leading to a convex-shaped bleeding-time curve, termed “channeled bleeding” [5]. The effect
of channels on the compressive strength is found to be negligible as the area of such channels is small

compared to the total area as shown in Figure 6[8].
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Figure 6. Bleeding channels (pointed with arrows) occurs in the concrete pile [8].

2.1.2. WATER RETENTION

Water movement in a fresh suspension can result from suction pressure from the substrate, usually
described as “water retention.” For instance, when oil well cement slurry is placed under pressure across a
permeable rock formation, the water may be extracted by the rock formation [9]. Water retention is also an
important parameter to dry mix mortar which are mainly used for laying stones and bricks as adhesives
[10]. When mortar is applied on a substrate, such as bricks and plaster, water may be absorbed by the

substrate. The inadequate water retention capacity links to the deteriorated mortar- substrate bonding.

Two standard methods are used to measure the water retention capacity as follows:
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2.1.2.1. STANDARD DIN 18555-7

In Standard DIN 18555-7 [11], the freshly-mixed mortar is in contact with filter paper. The suction behavior
of an absorptive substrate is simulated by the filter paper. A good linear correlation is found with the use
of filter paper and plaster as a dry porous substrate [12]. Thus, this method is reliable in simulating the
actual water migration process that occurs through the interface between a fresh cement paste and a dry

porous substrate. The absorbed water in filter papers is recorded.

200 mm

b

12 mm

)

Figure 7. The arrangement of DIN 18555-7 (1: two plastic plates, 2: conical plastic ring, 3: mortar, 4:

filter paper, 5: nonwoven tissue) [11].

2.1.2.2. ASTM C1506 STANDARD

In ASTM C1506 standard [13], the suction force is provided by a vacuum instead of a filter paper. The dish
is filled with mortar, which is connected to a vacuum by a funnel. The sample is exposed to a vacuum of

50 mm of mercury for 15min. Loss of mixing water mass is recorded.

By comparison of these two methods, Patural et al. [14] showed that they are comparable as both methods

gave rather close results. The degree of water retention can be calculated by the following equation for both

standards:
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where W represents the initial mass of mixing water, W1 is the loss of mixing water mass.

. 48 holes
-o 42 holes
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Differential mercury
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Figure 8. The arrangement of ASTM C1506 standard apparatus [13].

2.1.3. EVAPORATION

The water evaporation on the explored surface of concrete is accelerated under conditions such as high
temperature, low relative humidity, high wind velocity and solar radiation. Lura et al. [15] explained the

mechanisms governing the drying behavior of cementitious materials utilizing the drying model of gels

presented by [16]:
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Figure 9. The phases of drying of cementitious materials [15].

First, there is evaporation of accumulated bleed water, where the rate of evaporation is the same as that of
bulk water. ACI 305R-96, “Hot Weather Concreting” [17] gives a nomograph to predict the evaporation
rate of bleeding water as a function of temperature, humidity and wind velocity. Paul J. Uno [18] clarified
the background of ACI 305R-96 nomograph and offered an alternative nomograph and various formulas to

predict an evaporation rate of surface water.

The second phase is a constant rate period where air-liquid menisci and capillary pressure develop in the

top layers and compress the solid skeleton, resulting in the pore fluid surfacing and evaporating.

In the final phase, the capillary pressure can no longer compress the solid skeleton and water is drawn from
the inside of the specimen. The evaporation rate decreases significantly. A critical point is defined as the
boundary between second phase and final phase which marks the time point when the menisci fall below
the surface of the specimen. The menisci provide the high internal stress caused by capillary tension. The

plastic shrinkage cracking is most likely to occur at this critical point. Ghourchian [19] found that hydration
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is the dominant factor in controlling the plastic shrinkage cracking. The reactive cement material with high

bulk modulus increasing rate is less prone to plastic shrinkage cracking.

2.2. STATICYIELD STRESS OF FRESH CEMENT PASTE

Rheology is the science of the deformation and flow of materials, both solids and liquids. Fresh state cement
paste acts like a solid when the applied stress is smaller than a certain value (called yield stress) and behaves
as a liquid when the stress is larger than the yield stress. In particular, the static yield stress marks the
transition from the solid to the liquid regime. To understand the solid regime of cement paste and determine
the static yield stress is critical for rheological characterization and application. For example, if the yield
stress of an oil well cement slurry has not developed sufficiently to resist gas pressure from the surrounding

well formation, the gas could penetrate the cement slurry and compromise oil well completion.
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Figure 10. Shear stress as a function of shear strain of a cement paste sample
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As shown in Figure 10, the shear stress progressively develops to a static yield stress value and then decays

to an equilibrium value, which is representative of steady-state flow. The static yield stress marks a

transition between solid-like and liquid-like behavior. Another far less visible feature is the high elastic

modulus on the first few tenths of % strain, as shown in the red box in Figure 10. As shown in a previous

study [35], there exist two “structures” with different scales in cement pastes that can be attributed to the

origin of yield stress. They will be described briefly here:

1.

2.

The static yield stress of cement paste is governed by particle force and particle arrangement from a
first principle analysis of static yield stress as proposed by R.J. Flatt and P. Bowen [36]. The particle
forces include repulsive electrostatic forces, van der Waals forces, and Brownian force. Repulsive
electrostatic forces alone are generally insufficient alone to prevent agglomeration due to van der Waals
forces [37]. Brownian effects only play a minor role in the case of cement pastes [38]. Thus, Van der
Waals interactions were shown to dominate all other colloidal interactions. Moreover, distinguishing
the particle forces and discussion of particle arrangement is out of the scope of this study. We can
describe yield stress increase as a general flocculation process, which is in accordance with other
publications [39,40]. The static yield stress increases at rest due to flocculation, and apparent viscosity
decreases under shear flow due to de-flocculation [40].

As shown in the red box in Figure 10, the high elastic modulus on the first few tenths of % strain
indicates a rigid interaction which is different with the colloidal interaction. The feature can be
associated with calcium silicate hydrate (C-S-H) “bridges” at the pseudo contact zones between cement

particles [35,41].

Various methods have been developed to measure the static yield stress from rheological methods to

conventional field tests.
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2.2.1. VICAT NEEDLE TEST

300 g (Axial)

v

<— \Vicat Needle

Skin Resistance
of Needle (Shear)

Cement Paste

Resistance of
Cement Paste

Figure 11. A schematic illustration of the Vicat Test [42].

The Vicat needle test consists in letting a loaded needle (300 g, 1 mm in diameter) penetrate a hydrating
sample and measuring the depth of penetration. Repeated tests can be performed at different positions until

the sample is too hard for the needle to penetrate it.

The test is usually used to determine the setting time of cement materials. The start and end of the setting
are defined by standard penetration depths, which are 25 mm for the Vicat initial time of setting and 0 mm
for the final time of setting. If the shearing is static, some researchers linked the depth information with

“yield capacity” by using the equation [42]:

F

To = 27trh+21r2 (1)
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where: F is the axial force exerted by the needle, and r and h (mm) are the radius and depth of penetration

of the needle, respectively.

If the flow is static, the calculated yield stress does not depend on the needle mass. However, Sleiman et al.
[43] found the different mass of needles provide different “static yield stress” results. By comparison with
static yield stress results by using vane geometry, the discrepancy further highlights assumptions are not
suitable for fresh state cement paste. In the Vicat test, the speed of needle penetrates the cement paste could
be very high — the shear rate can be as high as 600 1/s. In this case, the flow cannot be considered as static.
Another concern is the end effect where flow under the needle is very complicated. The assumption that

shear radius is the same as needle radius may not be true.

2.2.2. MODIFIED VICAT TEST

To overcome the drawback of the Vicat test, the static Vicat test was proposed [43]. A needle is rigidly
attached below a fixed support and is immersed into the cement paste. The apparent mass of the needle is
recorded. The apparent mass M(t) can be deduced from the static equilibrium of the needle in the cement

paste:

M(t) = (Fgravity — Fbuoyancy — Fshear)/g 2

The static yield stress at the surface of the needle can be deduced from this apparent mass evolution using

the following relation:

AM(t
o) = (=2 —1p) (3)
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Where r and h (mm) are the radius and depth of penetration of the needle, respectively. g is gravitational

acceleration. p is the material density. AM is the mass variation induced by needle immersion.

This measurement method can successively evaluate the static yield stress evolution during the dormant
period [43]. The static yield stress agrees with the results obtained by conventional rheometry method. The
modified Vicat test was, therefore, an interesting alternative to conventional rheometry as it remains cheap

and straightforward.

—e
-
-~

v

Figure 12. Static equilibrium of the immersed object in a fluid [44]. The other immersed objects can be a

needle, steel rebar and plate [45].

2.2.3. DIRECT SHEAR TEST
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The direct shear test is widely used in geotechnical applications to determine the soil mechanics parameters,
i.e., cohesion (C) and angle of internal friction (¢) in accordance with ASTM D3080 [46]. Assaad et al. [47]
assess the feasibility of this test to evaluate static yield stress of cement paste and found that the value of
cohesion resembles the value of static yield stress determined using the rheological method ranging from

kPa to just a few Pa. The cohesion (C) is a parameter similar in nature to the static yield stress (70).

A direct shear test apparatus shearing box is comprised of two separate halves filled with compacted cement
paste. In this test, two halves are made to slide along each other at a certain constant velocity. The cement
paste distorts along with a linearly increasing shearing force up to a maximum value, then a non-linear
decay towards a steady state region. The shearing plane occurs in the middle of the material itself along a
pre-defined interface represented by the horizontal surface area of the shearing box. The cohesion (or the

static yield stress) is calculated by dividing the shear force by the specimen’s cross-section area.

Normal load
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load tests, i.¢. the specimen is cut ofl flush with the upper plate.

Figure 13. A schematic illustration of the direct shear test [47].
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In literature, the direct shear test has often been employed to test highly cohesive pastes due to ease of
sample preparation and absence of the artifacts, such as shear localization and wall slip, compared to
conventional shear-driven rheometers [48]. Thus, this technique can be readily adopted to evaluate the yield
stress of 3D printed concrete [49]. Lu et al. [50] used the direct shear test to verify a constitutive model

developed for predicting yield stress of cementitious materials.

2.2.4. UNIAXIAL UNCONFINED COMPRESSION TEST

Uniaxial unconfined compression test (ASTM D2166 [51]) is another widely used geotechnical method,
which can be adopted to determine the static yield stress of cementitious materials. In the test, the cement
sample is filled into a steel cylindrical mold. After consolidating, the sample is carefully demolded. During
the test, a constant axial load is applied until sample failure, and the maximum compressive stress (tc) is
recorded. tc obtained from uniaxial unconfined compression test is also called green strength [28].
Researchers utilized uniaxial unconfined compression test to evaluate the shape stability of cement-based
extruded materials [52]. If the height-diameter ratio is high enough to guarantee a diagonal shear failure
plane to form, the static yield stress (t0) is calculated as one-half of the measured maximum compressive

stress [53].
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Figure 14. Uniaxial unconfined compression test of fresh state cement mortar [52].

Such measurements are only feasible with highly cohesive materials that can resist the deformation under
its self-weight and self-stand in a vertical position. Thus, the uniaxial unconfined compression test can be
used to evaluate the static yield stress of 3D printed concrete [49], including strength development (or
structural build-up/thixotropy) over time [49,53]. The rate of strength development measured by this
method has been found to be equal to the results of the direct shear test [49]. Assaad et al. [53] evaluated
the effect of cement content, the w/c, and the addition of VMA or silica fume on the yielding behavior of

cementitious paste through uniaxial unconfined compression tests.

2.2.5. RHEOLOGICAL TEST: CREEP TESTS
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Creep test is usually considered the most accurate method to determine the static yield stress as it is
independent of applied shear rate/stress rate. In creep test, a shear stress is applied instantaneously to the

material, then maintained constant for a period.

For thixotropic materials like cement paste, if the applied stress is below the critical value, the fluid does
not flow, and viscosity can be considered as infinity. If the applied stress is above a critical value, even
relatively slightly, the viscosity decreases to a low steady-state value. This phenomenon is called “viscosity

bifurcation,” or “avalanche behavior” [54].
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Figure 15. Viscosity bifurcation of cement pastes under creep at various shear stress [25].

For a small increase in stress from below to beyond the static yield stress (10), the shear rate increase from
zero to a finite value apparently larger than a “critical shear rate” (Y). Creep test can also identify a critical

strain (ycr) defined as maximum deformation reachable in the solid regime.
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2.2.6. RHEOLOGICAL TEST: STRESS GROWTH TEST

We perform stress growth measurements by applying deformation at a sufficient low constant shear rate.
The shear stress progressively develops to a maximum value and then decays to an equilibrium value, as
shown in Figure 10. The static yield stress is defined as the peak shear stress value [55]. It gives the profile
of the solid regime. The peak stress value is considered as static yield stress and the strain corresponding
to yield stress can be considered as “critical strain” (ycr). The peak defined by the maximum measured stress
value depends on the shear rate applied [56]. However, as it is easier to practice than the creep test, it is
often employed as a reference test to give an approximation of the yield stress that enables the comparison

with other testing methods.

In order to capture the time dependence of the static yield stress, this test has to be repeated many times for
various resting time, with each experiment providing only a single point of the static yield stress vs. time
relationship. As this method is destructive, we should prepare a new sample for each yield stress
measurement. As a more rapid and nonperturbative method would be preferred, the elastic modulus method

measurement method, which is also called small amplitude oscillatory shear (SAQOS) test, is implemented.

2.2.7. SMALL AMPLITUDE OSCILLATORY SHEAR (SAOS)

In the solid regime, cement paste behaves like a viscoelastic material. In order to evaluate the viscous and
elastic behaviors separately, an oscillatory strain (y = yo sin(ot) = yo sin(2zft)) is applied and the stress

response is recorded. If the strain is sufficiently low so that the particles in the suspension remain close to
each other, the microstructure is not disturbed, and the material can recover elastically. In this case, when

cement is probed in its linear regime, the stress response is of the form:
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T =yo[G’ sin(wt) + G*’cos(wt)] 4)

where G’ is the storage modulus, G”’ is the loss modulus. o iS maximum strain amplitude, t is time, o is

angular frequency in rad/s, and f is the frequency in Hz.

As an initial step, a strain sweep is conducted to determine the linear viscoelastic domain (LVED), where
within the LVED the storage modulus G’ is independent of the applied shear strain amplitude. Frequency
must also be considered to find the LVED. If the frequency is too high, the structure cannot recover, and

the measured LVED will be inaccurate. Therefore a frequency sweep is performed, as well.
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Figure 16. (a) G’ and G” vs. strain measured in a dense colloidal suspension during a strain sweep; (b) G’
and G” vs. frequency in the linear regime, measured in the same suspension during a frequency sweep

oscillatory experiment [57].

If the tested material remains in the LVED, the oscillatory test can be considered as a non-destructive
method. Note that in many thixotropic systems such as bentonite suspensions and mustard, measurement

of storage modulus through SAOS shows quantitatively similar evolution as that of static yield stress

29



[58]. Thus, as a less time consuming, non-perturbing test, it can be considered as a desirable approach to
characterize stress-bearing ability over time for these thixotropic systems. However, its validity in the

cement paste system needs to be further verified, especially with the addition of VMAS in the system.

2.3. DYNAMIC YIELD STRESS OF FRESH CEMENT PASTE

Static yield stress, which marks the transition from the solid to the liquid regime, is the minimum stress that
should be overcome to initiate flow from rest. Dynamic yield stress, which corresponds to the transition
from the liquid to the solid regime, marks the maximum stress needed to terminate flow. Typically, the
static yield stress will be larger than the dynamic yield stress, since the flow induces the disturbance of the
sample and the structure breaks down [59]. Qian et al. [60] attributed the discrepancy between dynamic and
static yield stress to thixotropy by measuring dynamic yield stress and static yield stress of mortars through

constant applied angular velocity and creep recovery, respectively.

Fourmentin et al. [59,61] gave a simple way to distinguish the static and dynamic yield stress by using the
flow curve. During the increasing ramp, as shown in the upward arrow in Figure 17, the stress reaches a
stress plateau that corresponds to the transition between the solid and the liquid regime: it may be considered
as the “static” yield stress of the material. Since the cement paste is thixotropic, the apparent viscosity
decreases with the flow duration during the decreasing ramp. It leads to the lower stress compared with the
increasing curve. Finally, the decreasing curve ends by a stress plateau, which may be considered as the

“dynamic” yield stress.

30



—y
(=]
T
L

Shear stress (Pa)
"\
»]

e
<

10° 107 107 10° 10 10°
Shear rate (s

Figure 17. Apparent flow curve obtained from a shear rate sweep for a cement paste [61].

Various methods have been developed to measure the dynamic yield stress from rheological methods to

conventional field tests.

2.3.1. SLUMP TEST

The slump test (ASTM C-143) is the most commonly used method to evaluate the workability of
cementitious materials. In the slump test, the conical shaped mold is filled with a fresh mix. Then, the mold
is lifted and the material flows. The decreased height of material after lifting the mold is defined as slump

(Figure 18).
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Figure 18. Slump test. The cone is filled with concrete and then lifted. The decreased height of material

after lifting the mold is defined as slump [62].

Slump test is a “stoppage test,” where if the shear stress in the sample is lower than the dynamic yield stress,
the flow stops and the sample retains its shape. Thus, the final shape of the sample is directly related to the
dynamic yield stress. Several published studies have shown the strong correlation between slump value and
the dynamic yield stress by using different conical geometries from Abrams cone to mini-cone [62-64]. By
using the analytical approach, Roussel et al. [63] found that it is possible to determine the yield stress (z;)
using the slump test if there is a large or a small slump (note that this analysis does not take in account the

thixotropic effect of cementitious materials) :

_ 225pgQ?

If H<<R, 7y = TTErD (5)
If H>>R, 7, = Co20E (6)

Where R and H are the final radius and height of the sample. p is the material density. g is the gravitational

acceleration. Q is sample volume. HO is the initial sample height. S is the slump value.
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Tregger et al. [65] found that equation (5) underestimates the dynamic yield stress of highly flowable
cement paste that is formulated from typical SCC mixtures. The discrepancies between theory and
experiment may be due to the difference between the rheological protocol and actual shearing experienced

by the material during the slump test.

2.3.2. INCLINED PLANE TEST

There are two ways to carry out the inclined plane test. The first one can be categorized as “initiation test”
in which one progressively lifts the plane up to the critical slope for which a flow is observed. The shear
stress at the critical slope is linked to static yield stress. Khayat et al. [66] used the inclined plane test to
evaluate the static yield stress of self-consolidating concrete. However, the determination of this critical

slope is delicate and would certainly lead to large experimental errors [67].

Figure 19. An inclined plane test on a clay suspension sample [54].
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The second way can be categorized as “stoppage test.” The material flows on the inclined plane at a given
slope. Then, the flow stops if the shear stress in the sample is lower than the dynamic yield stress. The

dynamic yield stress can then be calculated by using the equation:
To=p-g-h-sina (7

where p is the sample density, g is the gravitational acceleration, h is the characteristic height of the spread

sample and a is the angle of the plane.

2.3.3. RHEOLOGICAL TEST: FLOW CURVE TEST

Flow curve, the relationship between the shear stress and shear rate, is the most common measurement to
determine the dynamic yield stress of fresh state cement materials. Several tests, such as a linear/stepwise

increase and decrease of shear rate/shear stress, can be applied to obtain the flow curve. A typical flow

curve is shown in Figure 20.
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Figure 20. A typical flow curve with Bingham model.

Various rheological models can be chosen to describe the flow curve results. The Bingham, Herschel—-
Bulkley and modified Bingham models (Figure 21) are commonly used for cement-based materials. The

dynamic yield stress is the intercept with the vertical axis (when the shear rate is zero).

T="To +Np1¥ 8
T=1+Ky" 9)
T="To+My+cy? (10)

where 7 is shear stress, y is sthe hear rate, 10 is dynamic yield stress, and npl is plastic viscosity. n is power

function for the shear rate. c is consistency parameter.
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Figure 21. Bingham, Herschel-Bulkley and modified Bingham model applied to the same rheological

result [68].
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2.3.4. RHEOLOGICAL TEST: TACK TEST

In this test, the top plate was displaced at a constant velocity, and the normal pulling force was
recorded[69][70]. Figure 22 shows a representative normal force evolution measured by the tack test. The
maximum normal force (Fmax) is the adhesive strength, which is due to viscous dissipation and static
cohesion. Some publications [70,71] have established the relationship between maximum normal force with
a dynamic yield stress and plastic viscosity in squeeze flow. If the pulling velocity is sufficiently low, the

plastic viscosity item can be dismissed. Then the expression becomes:

h
To = % (11)

where Fmax is the maximum normal force, R is the radius of mortar sample, hn, is the plate distance at the

maximum normal force Fmax, and V is the pulling velocity of the plate.
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Figure 22. Typical normal force evolution obtained during the tack test.
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2.4. VISCOSITY OF FRESH CEMENT PASTE

Concrete has been referred to as “liquid stone” [72]. Before setting and hardening, concrete acts like liquid,
which can flow through pumping and tremie to fill a mold or formwork. Self-consolidating concrete was
first developed in 1988 in Japan [73]. It is a highly flowable concrete that eliminates the need to apply any

external vibration during casting.

Apparent viscosity is defined as the ratio between shear stress and shear rate. It is a measurement of the
flowability that is related to the construction process, such as the time needed to empty a truck or fill a
given formwork [74]. Another rheological parameter, which is used to describe flowability, is plastic
viscosity. Plastic viscosity is the slope of the shear stress-shear rate relationship as described by the
Bingham model. Plastic viscosity represents the viscosity of a cement paste when extrapolated to infinite
shear rate based on the mathematics of the Bingham model. The relationship between apparent viscosity

and plastic viscosity is as follows:

n="np +T/¥ (12)

24.1. SLUMP FLOW

The slump flow test is performed to measure the workability of highly flowable cement materials. Similar
to the slump test, the cone is filled with concrete. Then, the cone is lifted. The diameter of the spreading
concrete is measured in accordance to ASTM C 1611 [75]. As shown in section 2.3.1., the final diameter
of the spread cementitious material is largely dependent on the yield stress instead of viscosity. Tregger et

al. [65] found that the time it takes for the flow to reach the final diameter is related to the ratio between
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the viscosity and yield stress. They further proposed an expression for determining the plastic viscosity

based on the dynamic yield stress and time to final diameter:
Np1 = To (6.41 X T — 1.94) x 103 (13)

Where 1 is plastic viscosity, 1o is dynamic yield stress, Tf is the time to final diameter.

2.4.2. RHEOLOGICAL TEST: CONSTANT SHEAR RATE

When we apply a constant shear rate on thixotropic materials, the viscosity would exhibit a decay and then
eventually reach a constant value, which is called equilibrium apparent viscosity. From low shear rate to
high shear rate, the microstructure is stronger than the steady state at a high shear rate, so the instantaneous
stress is higher than the equilibrium value at the high shear rate. The shear stress will increase to a peak
value and then decrease due to “structural breakdown” to an equilibrium state. From high shear rate to low
shear rate, the microstructure is weaker than the steady state at a low shear rate, so the instantaneous stress
is lower than the equilibrium value at the low shear rate. It takes time for “structural buildup” and for the

shear stress to increase to a new equilibrium value.

Tattersall described cement “structural breakdown” by an exponential expression in 1954 [76]. Cheng and
Evans [77] proposed an empirical thixotropy model to describe both “structural breakdown” and “structural
buildup” behaviors. Based on the same assumptions as Cheng and Evans, Roussel [39] presented a model

to quantify the thixotropic effect of cement paste, as shown in Figure 23.
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Figure 23. Evolution of the shear stress in term of time in the step-wise shear rate test [39].

2.5. SYNCHROTRON X-RAY DIFFRACTION

X-rays, which are electromagnetic waves, interact only with charged elementary particles - electrons and
protons. Proton has the same charge as an electron, but its mass is 1836 times greater than electron mass.
Therefore, X-rays interact mainly with electrons in atoms. When X-rays strike electrons, they make the
electrons move. The movement of these charges re-radiates waves with the same frequency. These re-
emitted wave fields interfere with each other either constructively or destructively, producing a diffraction

pattern on a detector, determined by Bragg's law:
2dsinf=n\ (14)

where d is the spacing between diffracting planes, 0 is the incident angle, n is any integer, and A is the

wavelength of the incident X-rays.
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By measuring the angle (0) where these bright spots (a diffraction pattern) occur on a detector as shown in
Figure 24, the atomic spacing (d) can be determined by Bragg's law. The brightness of these spots is related
to the amount of the crystalline phase. Diffraction data are usually presented as a diffractogram, in which
the diffracted intensity or "brightness"” is shown as a function either of the scattering angle 26 or as a

function of the atomic spacing (d).

Figure 24. XRD pattern of fresh state cement sample

X-ray diffraction is a strong tool for identifying the crystalline phase in cementitious materials. However,
to probe the crystalline phase change during first few hours of hydration, X-ray diffraction results captured
by a conventional Bragg-Brentano diffractometer (Figure 25) require the additional sample preparation
procedure and hydration arrest, which would lead to decomposition or alternation of hydrated aluminate
phases. To avoid this issue, transmission geometry (Figure 25) in sealed sample tubes could be used to
obtain X-ray diffraction diagrams from the pastes without drying and grinding of the samples. However, it

is limited by the attenuation of the beam passing through the sample. This is a particularly severe problem
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for the relatively long wavelength X-rays used in laboratory diffractometers. Even with only about 0.2 mm

sample thickness, X-ray transmission efficiency was probably only ~10%, leading to long data acquisition

times [78].
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Figure 25. Bragg-Brentano geometry (left) and transmission geometry (right).

The direct observation of rapid crystalline phase changes in dense cement pastes on the time scale of

seconds has only now become possible through the use of high-energy X-rays from synchrotron sources.

In synchrotron radiation, electrons are accelerated to extremely high speeds, injected in the synchrotron

ring to move in a large circle. As the electrons pass through magnets around the ring, they lose energy in

the form of light, emitted as a narrow pencil directed forward. The high spatial resolution, high data

collection speed, and high sample penetration allow the in-situ hydration studies of a “bulk” cement sample.
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CHAPTER THREE

3. EVALUATION OF WATER TRANSPORT OF FRESH CEMENT PASTES

3.1. INTRODUCTION

Water transport property is the ability of water to move through the matrix of porous materials in response
to a gradient of pressure. In concrete practice, water transport covers several different behaviors including

bleeding, evaporation, and water loss from the fresh cement mixture into the substrate.

Bleeding describes the phenomena when water rises or bleeds to the surface once the fresh concrete is
placed. Free water escapes from cement particle flocs and flows out due to a density difference between the
water and cement grains. [79] summarized the criteria for the occurrence of bleeding. If colloidal attractive
forces dominate gravity, there will be no bleeding. If gravity dominates colloidal attractive forces, bleeding
occurs. The bleeding process is controlled by the viscosity of the interstitial solution and the permeability
of the porous medium, in this case formed by cement particles, as illustrated by Darcy’s law for a

consolidation process, i.e. fluid flow through porous media [80].

In most cases, bleeding is considered to be undesirable. Excessive bleeding weakens the bond between the
cement matrix and the subsurface of aggregates, which induces a nonuniformity in strength [81]. This has
a major impact on the long-term durability of concrete. However, concrete mixtures with an inherent low
rate of bleeding or low quantity of bleed water are susceptible to plastic shrinkage, which appears in
concretes with large, exposed surface areas, such as decks, pavements, and floors. Sanjayan et al. [13]
demonstrated that moderate bleed water could be desirable in 3D concrete printing through improving

surface moisture, which is the competition between bleeding and evaporation, thus increasing the inter-
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layer bond strength. Evaporation drying could be a major challenge for 3D concrete printing, which has no

formwork to protect the material.

The present work aims to evaluate the water transport behavior and rheological properties of cement pastes
incorporating nanoclay and diutan gum through measurements of bleeding, water retention, water loss to

evaporation and steady-state shear rheology.

3.2. MATERIALS AND METHODS

3.2.1. MATERIALS

The cement used was a Type | Portland cement and its chemical and mineralogical compositions are

reported in Table 1. The Blaine fineness is 402 m?/kg. Distilled water was used in all mixes.

Chemical Loss on
SiOz A|203 Fezos Cao MgO 803
Oxide ignition
Cement (%) 19.27 4.68 3.51 63 3.21 2.72 2.09

Table 1. Chemical composition of Type | Portland Cement.

Two VMAS were investigated — a clay and a gum. A highly purified form of the mineral attapulgite, or
palygorskite, was the clay chosen for the study. Attapulgite/palygorskite is a magnesium alumino silicate
clay with the theoretical formula of SisMgsO20(OH)2(H20)4 - 4H,0 [20]. The preferred name according to

the International Nomenclature Committee is palygorskite, although the name attapulgite is better known
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commercially [18]. It is needle-like in structure — 1.75 um in length and 30 nm in diameter [19]. Therefore,
it can be referred to as a nanoclay. To disperse the nanoclay, it was blended with water in a Waring blender

for 3 min to produce a suspension.

A commercially available diutan gum gel whose solid content is 1% by mass was the gum chosen for this
study. The commercial gel is formulated to likely include superplasticizers. Diutan gum is a polysaccharide
produced by Sphingomonas bacteria in fermentation [30]. It has high molecular weight and anionic charges.
It could bind positively charged cement particles to increase viscosity, which is utilized for various

applications in the construction industry and the petroleum industry [82].

All cement pastes were prepared using a hand mixer at a speed of 540 rpm. Cement pastes with nanoclay
were prepared by adding the cement to the nanoclay suspension, then mixing for 3 min. Cement pastes with
diutan gum were prepared by adding cement to water, mixing for 1.5 min, adding diutan gum gel, then
mixing for another 1.5 min. Thus, the pastes prepared with the nanoclay and the diutan gum both had a total
paste mixing time of 3 min. Pastes were prepared with a water-to-cement (W/C) ratio of 0.34, 0.44 or 0.6,

depending on the test.

3.2.2. WATER TRANSPORT MEASUREMENTS

3.2.2.1. BLEEDING EXPERIMENTS

Just after mixing, pastes were poured into test tubes 29.4 mm in diameter and placed on a surface free of

any vibration. After placement, the tube was sealed to prevent any water evaporation. The bleed water was
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then extracted with a pipet at 20 min intervals during the first 60 min, then at 60 min intervals for the
remainder of the test. To avoid disturbing the fresh suspension, a new sample was prepared for each time

interval. Tested pastes had a W/C ratio of 0.6.

3.2.2.2. WATER RETENTION EXPERIMENTS

A modified version of the filter paper method (DIN 18 555-7 [83]) was used to estimate the water retention
capacity of the cement paste. [84] validated that the filter paper method is reliable in simulating the actual
water migration process that occurs through the interface between a fresh cement paste and a dry porous
substrate. A plastic ring (inner diameter 37.4 mm, height 5.7 mm) was placed on top of a stack of creped,
fast flow filter paper (Grade 415, VWR, USA) — the schematic is shown in Figure 26. Fresh cement paste
was cast into the ring and left there for 20 min. Then, the ring and cement paste were carefully removed
from the filter paper. The water retention capacity was calculated from the mass difference of the filter

papers before and after the test, as follows:
Water retention (%) = (1-Wans/Wo) x100 (15)

where Was is the water absorbed by the filter paper and W is the mixing water in the cement paste sample.

Tested pastes had a W/C ratio of 0.34.

37.40 mm

= N 1 2
: g Y
i 2l

Figure 26. Test setup for determining the water retention of freshly-mixed cement pastes (1. Cement

paste, 2. Plastic ring, 3. Cap to prevent evaporation, 4. Filter papers)
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3.2.2.3. EVAPORATION WATER LOSS

A container (height of 47.5 mm, the diameter of 63 mm) was filled with cement paste, placed on a balance,
and the mass loss was continuously measured. A commercial fan was positioned approximately 1 m from
the setup. The condition was set to 25°C and 10% relative humidity. The mass loss data was smoothed by
applying the Savitzky-Golay method of polynomial order 2 and points of window 20 by Origin software

[85]. Tested pastes had a W/C ratio of 0.34, 0.44, and 0.6.

3.2.3. RHEOLOGICAL MEASUREMENTS

3.2.3.1. APPARENT VISCOSITY AND YIELD STRESS OF CEMENT PASTES

Shear rheological tests were performed in a stress-controlled rotational rheometer (HAAKE MARS I,
Thermo Fisher Scientific, USA) with a 4-blade vane geometry set at a constant temperature of 25°C. The
dimensions were as follows: vane diameter 22 mm, outer cup diameter 26.4 mm, and depth 16 mm. The

surface of the outer cylinder was covered with 150-grit adhesive sandpaper to prevent slip.

As fresh cement pastes are thixotropic, it was necessary to pre-shear the pastes to ensure that all samples
were at a reproducible reference state (i.e. equilibrium) at the start of each test. To obtain the static yield
stress, the stress growth protocol was performed, where deformation was applied at a constant shear rate of
0.1 1/s. The shear stress progressively develops to a maximum value and then decays to an equilibrium

value. The static yield stress is defined as the peak shear stress value [55]. As this method is destructive,
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we prepared a new sample for each yield stress measurement. And the equilibrium value obtained during

the pre-shear was taken to be the apparent viscosity. Tested pastes had a W/C ratio of 0.34 and 0.6.

3.2.3.2. INTERSTITIAL SOLUTION VISCOSITY

The cement paste pore solution was extracted using a centrifugation approach. Within 10 min after initial
cement water contact, prepared cement paste was loaded into vials (36 mL paste in 1.5 mL vial) and
centrifuged for 5 min at 4650 rpm. Then, the supernatant was collected, transferred to new vials, then
centrifuged again for 5 min at 14500 rpm. The apparent viscosity of the final interstitial solution was tested
by a rheometer with a parallel plate setup (diameter 17.5 mm). A logarithmic, increasing shear rate ramp
from 1 1/s to 100 1/s was applied over 1000 s. Although a relatively long testing time was applied, inertial
effects on the measured viscosity at low shear rates cannot be eliminated in the case of low viscosity
polymer solutions (Figure 27) [86]. Theoretically, the shear rate does not have any effect if the solution
behaves as a Newtonian fluid. At high diutan gum dosages, the viscosity value starts to depend on the shear
rate as shear thinning occurs. In our case, at a relatively high dosage of 4%, the interstitial solution viscosity
decays to equilibrium at 100 1/s. Therefore 100 1/s was selected to obtain the apparent viscosity of the

studied polymer solution.
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Figure 27. The representative viscosity of diutan gum in solution for various dosages in the polymer as a

function of the shear rate. W/C=0.34.

In all the tests, at least three samples per mixture were tested, and the average was taken to be the

representative value. Error bars are included in all plots.

3.3.  RESULTS AND DISCUSSION
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3.3.1. BLEEDING AND RHEOLOGICAL PROPERTIES (W/C=0.6)
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Figure 28. Bleeding behavior with different nanoclay addition. W/C=0.6.

Bleeding evolution was monitored for fresh cement pastes modified with different additions of nanoclay
and diutan gum. Results of bleeding were correlated with those of static yield stress. Bleeding water
accumulates either through progressive consolidation of the solid skeleton, termed “normal bleeding,” or
through the formation of channels, which is usually characterized by a sudden increase in bleeding rate

leading to a convex-shaped bleeding-time curve, termed “channeled bleeding” [87].

As shown in Figure 28, the plain cement paste and nanoclay modified cement paste shared similar bleeding
features as normal bleeding — the bleeding rate is initially constant, followed by a period of diminishing

rate before reaching equilibrium. In this case, bleeding can be considered as the process of self-weight
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consolidation [87]. The permeability of cement pastes can be derived from the bleeding rate during the

constant rate period utilizing Darcy’s law:
K =Q po/AgAp (16)

where K is the permeability of cement paste, Q is the water accumulation rate on the sample surface, A is
the cross section of the test tube, pois the viscosity of the interstitial fluid, Ap is the density difference
between the particles and the liquid, and g is gravitational acceleration. Please note that this equation
assumes that the inter-particle forces and other physical-chemical forces are independent of sample depth.
As shown in Figure 29, the nanoclay does not have any notable effect on the viscosity of the interstitial

fluid. Therefore rate of bleeding depends only on the permeability of the cement paste.
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Figure 29. Effect of nanoclay on apparent viscosity of the interstitial solution.

The calculated permeability is shown in Figure 30. [27,28] suggested nanoclay can increase flocculation
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strength and floc size, which may be attributed to the highly charged particle behavior. The nanoclay carries
a negative charge on the faces and a positive charge on the ends [88]. Nanoclays tend to associate with each
other by electrical attraction between positively charged edges and negatively charged surfaces, or absorb
on oppositely charged surfaces of cement particles (i.e. CsS is positively charged in cement suspensions
[89]). Also, the fine size and high specific surface area of nanoparticles can provide more contact points
and make the suspension structure more interconnected. The resultant structure has higher particle
interactions (number and intensity), thereby lowering the permeability (Figure 30). This also leads to an
increase in static yield stress, as shown in Figure 31, which is in agreement with previous work [25,90]. To

add, clays have been found to refine the microstructure of hardened cement-based systems, as well [91,92].
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Figure 30. Permeability of cement pastes in bleeding test as a function of nanoclay dosage. W/C=0.6.
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Figure 31. The static yield stress of cement pastes as a function of nanoclay dosage.

In addition to slowing the rate of bleeding, nanoclay addition caused the pastes to reach equilibrium earlier,
i.e., 0.5% nanoclay paste reached equilibrium approx. 20 min earlier than plain cement (Figure 28).
Bleeding stops when local gravitational forces due to the density difference between cement and water are
compensated by the particle interactions, which increases with the local solid volume fraction. Due to its
high specific surface area and surface charges, nanoclays induce stronger particle interactions, increase rate
of thixotropic rebuilding, and introduce seeding effects, all of which will reduce the difference between

local gravitational forces and particle interactions [93,94].
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Figure 32. Bleeding behavior with different diutan gum dosages. W/C=0.6.

As shown in Figure 32, in contrast to the monotonic decrease observed with the addition of nanoclay (Figure
28), the diutan gum exhibited a more complex behavior. At a small addition (0.75%), the equilibrium
bleeding level increased slightly. Beyond a critical concentration, the addition of diutan gum started to
alleviate bleeding until there was no visible bleeding at 4% dosage (not plotted). At concentrations of 0 and
0.75%, the bleeding can be considered as “normal bleeding.” At concentrations of 1.5% and 2.5% the
bleeding initially progressed at a constant bleeding rate before a sudden increase occurred, after which
equilibrium was eventually reached, resulting in a convex bleeding-time curve. This marks channel
formation in the cement paste [95,96]. During bleeding, the interstitial solution flows upward and induces
a viscous drag force on the cement particles. [96] suggested the viscous drag force causes a progressive
local reorganization of the cement paste system. This reorganization leads to the formation of preferred
water extraction channels. Research exploring the polysaccharide effect on interstitial solution viscosity
suggests the existence of an “overlapping concentration” [14,86,97]. Below the overlapping concentration,

individual polymer molecules exist in pore solutions as isolated coils. Above the overlapping concentration,
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an exponential rise in viscosity is found as the coils begin to come into contact with one another. This is
observed in Figure 33, which shows the viscosity of the interstitial solution of pastes modified with diutan
gum. Here, the overlapping concentration is between 0.75% and 1.5%, above which the viscosity increases

significantly.
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Figure 33. Effect of diutan gum on apparent viscosity of interstitial solution.

The permeability of diutan gum can be calculated by utilizing the bleeding rate during the constant bleeding

period. The permeability values are plotted in Figure 34.
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Figure 34. Permeability of cement pastes in bleeding test as a function of diutan gum dosage. As the
interstitial solutions start to show shear thinning behaviors at high diutan gum dosages, the permeability
can only be estimated approximately by equilibrium viscosity value as marked by open symbols.

W/C=0.6.
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Figure 35. The static yield stress of cement pastes as a function of diutan gum dosage.

Below the overlapping concentration, the permeability increased from 1.23x10* m? to 1.38x10"** m? and
static yield stress decreased from 6.6 Pa to 6.33 Pa with 0.75% diutan gum addition compared to plain
cement paste. This indicates less particle interaction in the structure of the cement paste (number and

intensity) with isolated coils existing in the pore solution.

Above the overlapping concentration, at a concentration of 1.5%, the static yield stress increased and the
permeability of the cement paste decreased dramatically due to interpenetration and entanglement of the
polymer coils. As the concentration was increased further, the addition of diutan gum led to differing effects
— a decrease of static yield stress with decrease in permeability. At 4%, the decrease in static yield stress
was even more pronounced and there was no apparent bleeding. Thus, the absence of bleeding cannot be

attributed to increased colloidal interparticle forces to resist gravity. Besides, the high interstitial solution
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viscosity can only slow down the bleeding rate according to Darcy’s law, not prevent it (assuming before
set). There is another key factor that is responsible for the absence of bleeding. [98,99] reported that the
polysaccharide aggregates that form above the overlapping concentration could induce jamming and
obstruct flow through the cement paste suspension. The flow can be fully stopped if the concentration of
polymer aggregates reaches a critical level [98,99]. Thus, the absence of bleeding may be attributed to

diutan gum aggregates, which block the water flow path completely.

3.3.2. WATER RETENTION AND RHEOLOGICAL PROPERTIES (W/C=0.34)
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Figure 36. Water retention as a function of nanoclays dosage. Water-cement ratio is 0.34.

The water retention of fresh cement pastes modified with different additions of nanoclay and diutan gum

was monitored. Results of water retention are correlated with those of paste and interstitial solution
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viscosity. As clays have high water sorption capacity, they have been used as absorbents for grease, oil,
water, and chemicals since the 1930s [20]. The characteristic structure of nanoclay provides a significant
amount of pore space and permits the absorption of water and other organic materials both on the exterior
surface and also in the open channels of the nanoclay crystals [21]. At 0.5% addition, assuming a nanoclay
water sorption capacity of 200% by mass, from [100], the water retention should be approx. 3% higher than
that of plain cement paste. However, as shown in Figure 36, water retention is independent of nanoclay
dosage. A potential explanation is that the water sorption capacity in [100] was measured using plain water.
When incorporated in cement pastes, as in the present study, the ions in the interstitial solution could modify

the surface properties of the nanoclay [101], resulting in the deviation of the water sorption capacity.
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Figure 37. Equilibrium apparent viscosity of different nanoclay dosages under pre-shearing.

The relationship between the rheological properties of cementitious materials and their capacity to retain
water has been widely studied [102]. Water retention capacity of cement-based materials is commonly
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explained through mortar viscosity [102,103]. By comparing apparent viscosity (Figure 37) and water
retention (Figure 36) of nanoclay modified cement pastes, the two parameters do not have the same
tendency — apparent viscosity increases while water retention stays the same with nanoclay addition.
However, water retention and viscosity of the interstitial solution (see Figure 29) have the same tendency,

where neither parameter changes with nanoclay addition.

Although the nanoclay decreases the interstitial fluid mobility in the cement sample, as discussed in section
3.3, it does not affect the water transport in water retention tests, as shown in Figure 36. In both tests, water
moves through the porous matrix of the cement paste in response to a gradient of pressure: local gravity
forces induced by the density difference between cement and water in the bleeding test and suction force
introduced by the filter paper in the water retention test. However, Darcy’s law cannot be applied to the
water retention results because the paste undergoes drying (approx. 25% of water is pulled from the cement
paste by the filter paper) and Darcy’s law requires the paste to be saturated. In this case, the influence of

permeability on water loss is complex and needs further investigation.
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Figure 38. Water retention as a function of diutan gum dosage. Water-cement ratio is 0.34.

Like nanoclay, results clearly show that the water retention (Figure 38) and viscosity (Figure 39) of cement
pastes with diutan gum do not show similar tendencies. Therefore paste viscosity is insufficient to explain
water retention. Instead, some studies have shown that increase in interstitial solution viscosity correlated
well with increase in water retention [104]. This is consistent with what we observed in pastes with both
nanoclay and diutan gum addition (Figure 33 and Figure 38, respectively). Moreover, some studies
highlighted the formation of polymer aggregates as the origin of higher interstitial solution viscosity and
higher water retention [86,98]. To better understand the behavior of diutan gum in cement mixes, we

examined the rheological results with different diutan gum concentration.
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Figure 39. Equilibrium apparent viscosity of different diutan gum dosage under pre-shearing.

Below the overlapping concentration, there was a decrease in equilibrium apparent viscosity, as shown in
Figure 39. The lower final equilibrium apparent viscosity may be due to the alignment of polymer
molecules. However, a sharp increase in the equilibrium viscosity occurs at 4% addition. As discussed
previously, higher polymer additions led to increased interstitial solution viscosity (Figure 33), indicating
that polymer aggregates form at these concentrations [14,97-99]. It is hypothesized that the polymer
aggregates existing in interstitial solutions may bridge with cement particles to form a strong polymer-
cement network that is difficult to break down by shearing, resulting in an increase in apparent viscosity

(Figure 39) and static yield stress (Figure 35).

In comparing W/C ratio 0.34 and 0.6, if we look at the static yield stress results, the addition of diutan
gum had differing effects: a remarkable increase with W/C ratio 0.34 and a significant drop with W/C
ratio 0.6. As mentioned above, the former may be attributed to the formation of a strong polymer-cement
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network, which cannot be broken down under applied shear. In the latter case, as the system is more
diluted, the diutan gum aggregates may form but are not strong enough to resist the shearing.
Furthermore, the formed aggregates can increase the distance between cement particles, which will lead

to a decay of colloidal force.

3.3.3. EVAPORATION WATER LOSS (W/C=0.34 AND 0.6)
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Figure 40. Specific mass change with different W/C ratios.

The effects of W/C ratio and the addition of nanoclay and diutan gum on the rate of evaporation of fresh
cement pastes were investigated. Lura et al. [105] explain the mechanisms governing the drying behavior
of cementitious materials utilizing the drying model of gels presented by [106]. First, there is evaporation
of accumulated bleed water, where the rate of evaporation is the same as that of bulk water. The second

phase is a constant rate period where air-liquid menisci and capillary pressure develop in the top layers and
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compress the solid skeleton, resulting in the pore fluid surfacing and evaporating. In the final phase, the
capillary pressure can no longer compress the solid skeleton and water is drawn from the inside of the

specimen. The evaporation rate decreases significantly.

Figure 36 shows the effect of W/C ratio on evaporation water loss. Immediately after placement, at
WI/C=0.44 and 0.6 water accumulated on top of the sample because the bleeding rate was faster than the
evaporation rate (shown in the inset in Figure 36). Thus, after the sample was exposed to air flow, the rate
of water loss from the cement paste was close to the rate of free evaporation of water. Once the bleed water
dried out (for example, the sample dried out at around 190 min at W/C=0.6), water loss continued at a
constant rate as water was pushed to the surface and the sample experienced compression due to the
formation of air-liquid menisci. The rate of constant evaporation period was independent of the W/C ratio,
and the bleed water did not affect the evaporation rate. However, the lower W/C ratio shortened the duration
of the constant rate period. One possible explanation is that a higher W/C ratio causes a higher degree of
dilution of cement in the suspension, which may result in a lower rate of hydration and reduced/retarded
heat of cement hydration in early ages [107]. This test is insufficient to fully understand the role of
admixtures on evaporation loss, and thus motivates further study implementing techniques, e.g. neutron

diffraction, to track water movement.
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Figure 41. Evaporation with nanoclay and diutan gum. W/C=0.34.

As shown in Figure 41, the nanoclay did not have a notable influence on evaporation water loss at W/C =
0.34. From the above results and analysis (section 3.3), the nanoclay provides more particle interactions
(number and intensity), higher flocculation strength and more contact points. However, due to the relatively
high pressure gradient applied to the samples, these interactions do not resist water loss due to evaporation.
The diutan gum sample had the same evaporation rate as the plain cement in the first hour. But after that, it
showed a faster deviation from the linear evaporation period and went on to exhibit a lower evaporation
rate. [108] demonstrates the formation of fibrillose films on the surface of evaporation samples. The
rheological results indicated the formation of a strong polymer-cement network, which may at least partially

explain the reduction in evaporation rate. Similar trends were seen at W/C = 0.6.

The absence of bleeding water with both nanoclay or diutan gum addition did not curb water loss due to
evaporation. In addition, considering the retarding effect of diutan gum on hydration [90], it would have
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longer evaporation water loss time before setting. Therefore for practical purposes, neither nanoclay nor
diutan gum provided resistance to plastic shrinkage. Therefore other methods are needed for mitigation in

3D concrete printing, e.g., curing agents.

3.4.  CONCLUSIONS

This study evaluated the effect of attapulgite/palygorskite clay and diutan gum on the rheological and water

transport properties of cement pastes. The key findings are as follows:

1. A monotonic decrease in bleeding was observed with the addition of nanoclay. Cement paste with
nanoclay has higher particle interactions, thereby lowering permeability and increasing static
yield stress.

2. Below a critical concentration, bleeding increased with increasing dosage of diutan gum. Above a
critical level, the cement system exhibited a decrease in bleeding. The addition of diutan gum led
to differing effects on yield stress and permeability, which marks the formation of diutan gum
aggregates that could block the water flow path and mitigate bleeding.

3. Within the range studied, water retention was independent of nanoclay addition. Results of water
retention correlated well with those of interstitial solution viscosity. Diutan gum results
highlighted the formation of polymer aggregates as the origin of higher interstitial solution
viscosity and higher water retention capacity.

4. The rate of constant evaporation period was independent of W/C ratio, and bleed water was not
found to affect evaporation rate.

5. The nanoclay did not have a notable influence on evaporation water loss. Although diutan gum

showed slightly lower evaporation rates, in practical terms neither nanoclay nor diutan gum
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provided resistance to plastic shrinkage. Therefore, other methods will be needed to ensure proper

curing for 3D concrete printing, e.g., curing agents.
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CHAPTER FOUR

4. EVALUATION OF STRUCTURAL BUILD-UP OF FRESH CEMENT

PASTES

41. INTRODUCTION

In oil well cementing, loss of circulation occurs when drilling fluid or cement slurry flows into weak
geological formations instead of returning up the annulus. The formation where circulating fluid can be lost
is called the thief zone. It has been shown that thixotropic cement slurries are effective for solving this issue
[4]. After loss of circulation is detected, these slurries are prepared and pumped downhole to seal the
formation. During pumping, its structure continuously breaks down, allowing it to flow. But once it enters
the thief zone, the velocity of the leading-edge decreases and the structure begins to recover. The resistance
of the slurry to flow increases as its structure builds up, effectively plugging the thief zone. A major factor
for successful plugging is the rate of structural build-up immediately after the cessation of flow, especially
during the first few minutes. Although linear models are commonly used to describe the early structural
build-up, the behavior during the first few minutes is either not reported [109] or faster than the linear

portion [35,39,110]. In this study, a simple non-linear thixotropic model is proposed.

Depending on the depth of the thief zone, thixotropic cement systems will experience different shear
durations during pumping. Also, it is known that when pumping stops, there is residual stress that remains
in the system [58]. Thus, it is also critical to know how shear time and residual stress during resting

influence the behavior of structural build-up in fresh cementitious systems.
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Two parameters, static yield stress measured by stress growth and elastic modulus measured by small
amplitude oscillatory shear (SAOS), are widely used to characterize the structural build-up of cement
slurries in the petroleum industry [4]. In contrast with a protocol like stress growth, in which rotational
shear breaks down the structure of the material, SAOS is a non-perturbing test as the applied oscillatory
strain amplitude is very low. This also makes SAOS less time consuming and simpler to run. [111] pointed
out the similarity between elastic modulus and static yield stress development with time of plain cement
paste and cement paste with high-range water-reducing admixture. However, Roussel et al. [35] suggest
that these two parameter of standard cement paste may find different structural origins. Therefore it is
necessary to examine both the static yield stress and elastic modulus evolution of different types of cement
pastes, such as those modified with viscosity modifying admixtures, to elucidate the various origins of
structural build-up. More evidence of discrepancy between static yield stress and elastic modulus evolution

is presented in this study.

In the present study, we first present a simple thixotropy model to describe the non-linear structural build-
up of static yield stress and storage modulus, measured by a stress growth protocol and SAQOS, respectively.
We utilize this model to examine how pre-shear and rest condition (time and stress applied) affect the
structure of fresh cement paste. Then, the effects of two VMASs (nanoclay and diutan gum) on the structural

build-up are compared.

4.2. MATERIALS AND METHODS

4.2.1. MATERIAL PROPERTIES

The cement used is a Class H oil well cement and its chemical and mineralogical compositions are reported

in Table 2. The Blaine fineness is 323 m?/kg. Distilled water is used in all mixes.
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Loss of

Ignition, % C/IS CIA Cs$S% CS% CA% C,AFR%

SiO;%  AlLO3% Fe,05% SO3% CaO0,% MgO,%

Compound

22.0 2.8 4.4 2.8 64.4 2.6 1.0 29 230 620 16.3 0 13.4
Amount

Table 2. Chemical composition of Class H oil well cement.

Two VMAs are investigated — a clay and a gum. A commercially available, highly purified form of the
mineral attapulgite, or palygorskite, is the clay chosen for the study. It is needle-like in structure — 1.75 um
in length and 30 nm in diameter [112]. Therefore, it can be referred to as nanoclay. To disperse the nanoclay,
it is blended with water in a Waring blender for 3 min to produce a suspension. A commercially available
diutan gum gel whose solid content is 1% by mass is the gum chosen for this study. Diutan gum is a high
molecular weight, microbial and anionic polysaccharide produced by aerobic fermentation. Diutan gum has
two-rhamnose side chains and its molecular weight is about 2.88 to 5.18 million Daltons [113]. The mix
compositions are given in Table 3. Mix compositions of pastes.. Pastes with 0.3% nanoclay powder and
2.5% diutan gum gel addition by mass of cement (labeled NC and DG) are tested. The solid volume fraction

is kept constant for all mixes.

Distilled water ~ Nanoclay Diutan gum gel Solid volume fraction
Mix Cement (g)

(9) (@) (9) (%)
Cement 50 17 0 0 48.29
NC 49.82 17 0.15 0 48.29
DG 50 15.75 0 1.25 48.32

Table 3. Mix compositions of pastes.
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All cement pastes are prepared using a hand mixer at a speed of 540 rpm. Cement pastes with nanoclay are
prepared by adding the cement to the nanoclay suspension, then mixing for 3 min. Cement paste with diutan
gum is prepared by adding cement to water, mixing for 1.5 min, adding diutan gum gel, then mixing for
another 1.5 min. So the pastes prepared with the nanoclay and the diutan gum both have a total paste mixing

time of 3 min.

After mixing, the pastes are covered with plastic film to prevent evaporation and left to rest at temperature
25 * 3 °C for 95 min to make sure they are under the dormant period when tested. Before loading the sample
into the rheometer for testing, the pastes are mixed with a hand mixer for 1 min to ensure a homogeneous

state.

4.2.2. TESTING PROCEDURES

4.2.2.1. HEAT OF HYDRATION

The rate of hydration of pastes are measured in an isothermal calorimeter (TAM Air, Thermometric AB,
Sweden) by monitoring the heat flow generated at a constant temperature of 25°C. For each sample,
approximately 5 g of paste is added to a glass bottle and placed in the calorimeter. The signal takes 45 min
to stabilize, thus the main peak due to dissolution is not completely captured. Each sample is replicated

three times and the final hydration graphs are based on the average.

4.2.2.2. RHEOLOGICAL MEASUREMENTS

4.2.2.2.1. Equipment and geometry
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Shear rheological tests are performed in a stress-controlled rotational rheometer (HAAKE MARS I,
Thermo Fisher Scientific, USA) with a 4-blade vane geometry set at a constant temperature of 25°C. The
dimensions are as follows: vane diameter is 22 mm, outer cup diameter is 26.4 mm and depth is 16 mm.
The surface of the outer cylinder is covered with 150-grit adhesive sandpaper to prevent slip. All the

measurements are performed at least three times to ensure the reproducibility of the results.

To obtain shear stress T and shear strain rate y from applied torque and measured angular velocity of the

vane, respectively, the following geometric mean relationships are used:

. 2RpR.Q
Y R2R2

A7)

T AT (18)

- 2HR,?
where Ry is the radius of the vane, Rc is the radius of the cup, and Q is the angular velocity of the vane in
Equation 17; T is the applied torque, H is the depth of the vane, and A is the calibrated stress factor (A =

0.69) in Equation 18.

4.2.2.2.2. Pre-shearing and resting protocols

As fresh cementitious materials are thixotropic, it is necessary to pre-shear the pastes to ensure that all
samples are at a reproducible reference state at the start of each test. As shown in Figure 44, at 260 1/s the
apparent viscosity reaches equilibrium at 1500 s. Different pre-shear times at 260 1/s are investigated and
discussed in Section 4.1. Various shear stresses applied during resting are studied and discussed in Section

4.2.

4.2.2.2.3. Static yield stress test
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To obtain the evolution of static yield stress, we perform stress growth measurements by applying
deformation at a constant shear rate of 0.1 1/s. The shear stress progressively develops to a maximum value
and then decays to an equilibrium value, as shown in Figure 42. The static yield stress is defined as the peak

shear stress value [55]. As this method is destructive, we prepare a new sample for each yield stress

measurement.
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Figure 42. Typical shear stress vs strain when shearing a cement paste at a constant shear rate 0.1 1/s.

4.2.2.2.4. Small amplitude oscillatory shear (SAOS) test

To obtain the evolution of storage modulus, we perform SAOS time sweep measurements. The details of
the method can be found elsewhere [114]. As an initial step, a strain sweep is conducted to determine the
linear viscoelastic domain (LVED) where within the LVED the storage modulus G’ is independent of

applied shear strain amplitude, as shown in Figure 43. In a similar manner, a frequency sweep is performed
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to determine the LVED, as well. Based on the sweeps, an angular frequency of 1 Hz and strain value of

0.0001 are chosen for the applied strain to measure storage modulus evolution.
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Figure 43. Storage modulus as a function of shear strain at angular frequency 1 Hz.

43. SIMPLE THIXOTROPY MODEL

Cheng and Evans [77] proposed an empirical thixotropy model to describe the time dependency of

thixotropic materials. It consists of a kinetics model and a constitutive equation. The kinetics model

describes the rate of change of structural parameter A, and the constitutive equation expresses the

rheological behavior for a given A.

Based on the same framework as Cheng and Evans [77], our proposed kinetics model is controlled by a

general relaxation process that reflects restoration of an equilibrium state from a non-equilibrium condition.
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In the relaxation process, the rate of approach of equilibrium is proportional to the distance from equilibrium

[118],

oL 1

5 = 6 ( X'Xequil) (19)

where Aequil is the structure at equilibrium and 6 is the relaxation time. The solution of this equation is

A=hequit(Ro-hequie™” (20)
Note that A is a dimensionless parameter that varies between zero (fully broken down state) and unity (fully
interconnected state). The structural parameter A represents the degree of “structure” in a thixotropic system.
As shown in a previous study [35], there exist two “structures” with different scales in cement pastes. They
will be described briefly here:

1. Macroscopically, the static yield stress increases at rest due to flocculation and apparent viscosity
decreases under shear flow due to de-flocculation [40]. If we neglect the effects of hydration, static
yield stress is governed by particle force and particle arrangement from a first principle analysis of
static yield stress, as proposed by R.J. Flatt and P. Bowen [36]. Distinguishing the origin of the
exact origin of build-up of static yield stress is beyond the scope of this study. Thus, we described
yield stress increase as a general flocculation process, which is in accordance with other
publications [39,40]. Anocs represents the degree of flocculation in cement paste in this case.

2. Microscopically, at the strain limit of the LVED (an order of a few 10*), the relative movement of
two neighboring cement particles has a range of a couple nm. The increase in strain beyond the
LVED results in a significant drop in storage modulus, which can be associated to the breakage of
links between cement particles that are a few nm [35]. [35] suggests that these links are calcium
silicate hydrated (C-S-H) “bridges” at the pseudo contact zones [41]. So, we assume that the applied
SAOS with a strain amplitude of 0.0001 probes the evolution of C-S-H nucleation. Ac.s-+ represents

the degree of C-S-H network in cement paste in this case.
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Previous research [39,110] has shown that both static yield stress and storage modulus increase more
rapidly at first and then increase linearly with resting time. So, the constitutive equations can be written as
a function of static yield stress and storage modulus, respectively, as follows:

T:TOJFC}”ﬂochrAthixt (2 1)
G'=Go+ec.g-tGrigiat (22)

where 1o is initial static yield stress, G is initial storage modulus, ¢ corresponds to the fully developed A
(A=1) condition, Amix is the rate of linear evolution of static yield stress and Giigia is the rate of linear
evolution of storage modulus. Good fitting with the model would support the existence of the two structures

and corresponding kinetics and allow quantify the effect of pre-shear and VMA addition on each.

44. RESULTS AND DISCUSSIONS

44.1. EFFECT OF PRE-SHEAR

As pre-shear starts, we assume that A decreases from unity to zero following equation (23):

Mies=e ™ (23)
We assume Auix is negligible as the process is controlled by de-flocculation. Then, apparent viscosity
evolution under constant shear rate can then be fitted from equation (24):

=N 0+ce't/ 9 (24)
Figure 44 shows viscosity evolution of cement paste described by parameters m0=0.33, ¢=0.51, and
0=322.58. Residual Asiocs Values at the end of each pre-shear time are shown in Table 4. As expected, shorter

pre-shear time leaves a more intact structure. In the following section we will discuss how pre-shear and

the corresponding Asocs €ffects the evolution of static yield stress and storage modulus.
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Figure 44. Apparent viscosity evolution of cement paste.

Pre-shear time (s) 60 600 1500

}\,ﬂocs_residual 0.83 0.16 0.01

Table 4. Residual structural parameter A with different pre-shear times.

4.4.1.1. Effect of pre-shear on structural build-up obtained by static yield stress tests

During rest, Asiocs Will recover back from Asiocs_resiaual t0 1 following equation (25):
Mioes=1(Miocs residuat=1)e™” (25)
The thixotropy model then becomes:
=15 (1 (Mtocs. residual=1)€™0)FApixt (26)
Figure 45 shows the experimental results for static yield stress evolution with the model fitting. And Table

5 presents the model parameters. Good fitting with the thixotropy model supports that there are two kinetics
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of structural build-up at rest: structure evolves rapidly at first and then increases linearly. This is with the
exception of the paste subjected to 60 s, which is linear throughout. After this relatively short shearing time,
compared to 600 s and 1500 s, most of the floc structure remains unbroken (Afiocs resiauai=0.83, Table 3). As
Mflocs_residual 18 SO close to 1, Asioes €vOlution is difficult to detect and only the linear portion of the static yield

stress evolution is captured.
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Figure 45. Evolution of static yield stress with different pre-shear durations.

Pre-shear conditions  Aiocs_residual 10 (Pa) Relaxation time 0 (t) c (Pa) Atnix (Pa/s)
260 1/s-60 s 0.83 72.63 - - 0.038
260 1/s-600 s 0.16 4411 116.96 15.64 0.023
260 1/s-1500 s 0.01 33.34 204.92 15.86 0.020

Table 5. Thixotropic parameters of static yield stress tests with different pre-shear durations.
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Figure 46 presents the static yield stress at t = 0 and Auix as a function of Afiocs_resiqual. AS €Xpected, higher

Mlocs_residual, COrresponding to shorter pre-shear and a more intact floc structure, leads to higher initial stress.
Also, lower Aiocs resiqual 1€2dS to lower Auwix, indicating the Kinetics of rebuilding are relatively slow when
the sample is subjected to a longer shearing time. Similar re-flocculation behavior has been observed by
others in clay suspensions by monitoring floc size using scanning laser microscopy [116], where longer

shearing time slowed the recovery of floc size.
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Figure 46. Static yield stress at t=0 and Aswix in dependence of residual A.

4.4.1.2. Effect of pre-shear on structural build-up obtained by saos tests

Figure 47 shows the experimental results for storage modulus evolution with the model fitting. And Table
6 presents the model parameters. Here we assume that the initial storage modulus Go’G'j is zero and Ac.s.

H_residual 1S Z€ro for all pre-shear durations and the thixotropy model becomes,
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G=c (1-e")+Gyyggt (27)
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Figure 47. Evolution of storage modulus with different pre-shear durations.

Pre-shear conditions Relaxation time 6 (t) c (Pa) Grigia (Pa/s) L (1/s)
260 1/s-60 s 377.36 34788.23 17.95 0.00052
260 1/s-600 s 286.53 42449.35 21.79 0.00051

260 1/s-1500 s 386.10 45477.02 22.31 0.00049

Table 6.Thixotropic parameters of SAOS tests with different pre-shear durations.

From other works [35,110], there exists two structuration kinetics due to C-S-H nucleation evolution: a

short-term percolation that occurs within a few hundred seconds and then afterwards a long-term
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rigidification phase. The percolation process is mainly characterized by a relaxation process of Ac-sH

(parameter c and 0). The rigidification evolves linearly with time, which is characterized by Grigig.

We first note that the rigidity of the percolated C-S-H “bridge” network (parameter c) is higher for 600 s
and 1500 s compared with 60 s (Table 6). Longer shearing time leads to a decrease in the average floc size
and an increase in floc number [27]. Furthermore, the spacing between agglomerates is a function of the
solid volume fraction and size of the agglomerates. At a certain solid volume fraction, smaller particle size
means smaller interparticle spacing [117,118]. Under longer shearing time, it would be possible for there
to be more pseudo-contact points, which would provide more preferential sites for C-S-H nucleation and
lead to a more percolated C-S-H network (parameter c). The difference in parameter ¢ between 600 s and
1500 s is relatively moderate along with the relatively moderate decrease in the average floc size and an

increase in floc number which is represented by residual Asigcs

Moreover, to analyze the linear evolution with different shear durations, we define the linear evolution
index L: L=Grigis/c. L may be considered as an parameter that reflects the growth rate of C-S-H, which
translates to either strengthening of the bond at each contact point or increase in the number of contact
points in the formed percolated network. As shown in Table 5, although Gyigia increases along with ¢, L
values are nearly the same with different shear durations. The relationship between Gyigis and c verifies the
claim [35] that the origin of the linear evolution can be tied to the rigidification of the percolated network

due to hydration.

Finally, in many thixotropic systems such as bentonite suspensions and mustard, measurement of storage
modulus through SAOS shows quantitatively similar evolution as that of static yield stress [58]. Thus, as a
less time consuming, non-perturbing test, it can be considered as a desirable approach to characterize stress-

bearing ability over time for these thixotropic systems. However, for cement pastes, storage modulus has
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quite different time evolutions compared to static yield stress in response to pre-shear due to the two

different “structures” in the paste, as was discussed in Section 3.

4.4.2. EFFECT OF SHEAR STRESS DURING RESTING

To get reproducible results, zero stress is applied during rest. Note that it is very different to apply a zero
shear rate after a pre-shear: as various residual stresses will remain in the paste at zero shear rate, the starting
value of each static yield stress test will not be the same. So, the initial condition of the test will be ill-
defined [119]. However, the stress is non-zero during resting in many applications. For example, in oil well
cementing and concrete pumping, which are driven by a piston and thereby shear rate controlled, the stress
at flow cessation is likely to be near the dynamic yield stress. If the static yield stress is dependent of the
stress applied during resting, there will be a discrepancy between the stress needed to reinitiate flow and
the static yield stress measured through rheometric methods performed after zero stress. Therefore, we
applied different stresses during rest to examine its effect on static yield stress. Before performing the static

yield stress measurement, we initialize the stress to 0 Pa for 5 s.

Figure 48 shows the results of static yield stress at different applied shear stress levels during rest for cement
paste. It is similar to what is observed in other thixotropic materials [58], where the static yield stress is
strongly dependent on the shear stress applied during rest. As shown in Figure 49, the peaks in the response
occur at progressively higher stress and lower strain, indicating a stiffer structure is formed, as increasing
stress is applied. It is likely due to the jamming introduced by shear stress [58]. In practice, the residual
stress that remains in the material as flow stops would increase its static yield stress, thus increasing the
stress needed to reinitiate flow. So, to accurately characterize the build-up behavior for various practical
applications, such as cement pumping, extrusion and casting, by rheometric method, attention should be

directed to the rest condition, i.e. stress controlled or shear rate controlled.
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Figure 48. Influence of different shear stress levels on static yield stress at 20 min resting.
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Figure 49. Stress vs. strain in static yield stress test with different shear stress applied during rest.
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4.4.3. EFFECT OF VMAS

Here we compare the effect of clay and diutan gum on apparent viscosity, static yield stress and storage
modulus evolution at various addition levels. We then discuss the differing mechanisms underlying the

influence each of these VMASs have on these rheological parameters.

Figure 50 compares the apparent viscosity evolution of cement pastes modified with nanoclay and diutan
gum against plain cement paste during pre-shear. It is apparent that unlike the control paste and paste with
diutan gum, the paste modified with nanoclay shows two equilibrium states. The apparent viscosity reaches
its first equilibrium state around 60 s, as shown in the inset of Figure 46. Then, the structure breaks down
further and viscosity decays to its second equilibrium value around 600 s. The effect of nanoclay on
thixotropic behavior at the first equilibrium state has been investigated in other studies [24,29,93,120],
where the viscosity of the paste modified with nanoclay is higher than that of plain cement. However, as
shear continues, the viscosity decays further and reaches the second equilibrium value, which approaches
that of plain cement. The nanoclay carries a negative charge on the faces and a positive charge on the ends
[88]. Nanoclay tends to associate with each other by electrical attraction between positively charged edges
and negatively charged surfaces, or absorbed on oppositely charged surfaces of cement particles (i.e. C3S
is positively charged in cement suspension [89]). This resultant structure leads to a higher initial viscosity,
while under strong pre-shearing the viscosity decreases as the structure breaks down. As the nanoclay
particles progressively separate and align in the direction of flow [121], the electrical repulsion between the
negatively charged surfaces keeps them separate and thus further enhances shear thinning behavior. The
second equilibrium state will be the focus of the study in this section to allow for comparison of structural

build-up characteristics between mixes from the same initial apparent viscosity.
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Figure 50. Apparent viscosity evolution of cement pastes with VMAs.

Figure 51 compares equilibrium apparent viscosity of pre-shear and static yield stress right after pre-shear
between cement pastes modified with nanoclay and diutan gum. It is shown in Figure 51 (a) that with an
increase in addition of nanoclay, apparent viscosity remains relatively constant while static yield stress
increases. These results (Figure 50 and Figure 51) indicate that the addition of clays can lead to high shear
thinning behavior and rapid structural rebuilding, making it an ideal thixotropy modifier. Further, the

increase in structural rebuilding, i.e. static yield stress, can be controlled by addition level.
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Figure 51. Apparent viscosity and yield stress as a function of nanoclay (a) and diutan gum (b) dosages.

In contrast to nanoclay, diutan gum shows quite a different trend. As shown in Figure 51 (b), below a critical

concentration the static yield stress and apparent viscosity of the paste decreases with increasing dosage of
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diutan gum. This behavior may be attributed to the alignment of molecules under high shear rate. Above a
critical concentration, the cement system exhibits an increase in static yield stress and viscosity. This feature
is also observed in polysaccharide solutions [97,122]. The existence of the critical concentration is likely
due to the overlapping of polymer coils. Above this concentration, the polymer coils start to interpenetrate
and entangle to form a new network of attractive interactions and, thus, the viscosity of the pore solution
increases. This effectively increases the static yield stress and viscosity of the cement paste. This hypothesis

will be examined in the following analysis.

Figure 52 and Table 7 report the static yield stress over time exhibited by each of the paste systems. It is
apparent that the evolution differs significantly between the two VMAs. Compared to the plain paste, both
nanoclay and diutan gum lead to an increase in static yield stress. The increase of static yield stress by the
nanoclay can be mainly attributed to the initial yield stress (o) jump, as shown in Figure 52, while Auix IS
only slightly higher, as shown in Table 7. This is in accordance with the literature [100], where nanoclay
shows an immediate effect on thixotropy and a relatively moderate growth over time. On the other hand,
diutan gum results in a much more pronounced increase in Amix. This remarkable time-dependent enhancing
effect on structural build-up may be linked to the nature of interactions between particles in pastes

containing diutan gum, which will be further discussed below.
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Figure 52. Evolution of static yield stress with different VMASs.

Mix Pre-shear conditions 10 (Pa) Relaxation time 0 (t) c (Pa) Athix (Pa/s)
Cement 260 1/5-1500 s 33.34 204.92 15.86 0.020

NC 260 1/s-600 s 60.22 106.04 14.79 0.034

DG 260 1/s-600 s 73.98 238.10 42.12 0.151

Table 7. Thixotropic parameters of static yield stress tests with VMAs.

To better understand the interactions underlying structural build-up, we will look at shear stress evolution
under shear, storage modulus and hydration kinetics presented in Figure 53, Figure 54, and Figure 55,
respectively. Figure 53 shows the shear stress evolution of the pastes when subjected to an intermediate
strain rate of 0.1 1/s at resting time 240 s. Firstly discussing diutan gum, it is shown that the stress within
LVED associated with the breakage of the hydrates formed between flocculated cement grains becomes

undetectable by the addition of diutan gum. This is in good agreement with the SAOS results, as shown in
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Figure 54 (inset), in which G’ of paste with diutan gum is smaller than the reference cement paste by two
orders of magnitude. This suggests that diutan gum has a negative effect on the contribution of hydrate
nucleation between cement particles and subsequently the mechanical behavior of the fresh suspension at
low strains. In Figure 55, the heat flow results also show the retarding effect on hydration of diutan gum,

namely in extending the dormant period.
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Figure 53. An example of stress vs. strain in static yield stress test for the reference cement paste and a

paste containing nanoclay and diutan gum.
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Figure 54. Evolution of storage modulus with different VMAs.
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Also note that the weak elastic network exists immediately after pre-shear as phase angle remains at a low
level at the beginning of resting, as shown in Figure 54 (inset). In the strain sweep measurements, cement
paste with diutan gum showed relatively high critical shear strain. This may indicate the enhanced particle—
particle distance by the addition of diutan gum. The nucleation of hydrates is known to occur at pseudo-
contact points between cement particles. Increasing the particle distance will slow down the nucleation of
hydration by decreasing the number of pseudo-contract points. This supports that diutan gum can hinder
nucleation of hydrates and contribute to the decrease in mechanical behavior at low strains. The critical
strain of flow onset with diutan gum is approximately 0.7, as shown in Figure 53, which is a surprisingly
high value for a mineral suspension. As proposed by [123], this peak is therefore tied to the formation of a
new network of attractive interactions in the system able to support both high stresses and high stretching.
This new interaction, likely as the result of interpenetration and entanglement of absorbed diutan gum
molecules on cement particles, would be the source of rapid build-up of static yield stress, as shown in

Figure 52.

The effect of the nanoclay is quite different. As shown in Figure 53, the paste with NC experiences
maximum shear stress at a strain of approx. 0.05, which is comparable to that of the control paste. And at
smaller strain of the order of a few 10, within the LVED, the paste with NC has lower stress throughout.
This is consistent with the storage modulus results, as shown in Figure 54, where the paste with NC exhibits
lower G’ than the control paste. Table 8 presents the model parameters for storage modulus evolution. The
addition of nanoclay decreases relaxation time compared to the control paste, indicating that the nanoclay
accelerates the percolation process. On the other hand, it decreases the storage modulus of the percolated
structure and decelerates the rate of rigidification, as indicated by a lower c value and a lower Giigiq Value,
respectively. In work by Conte and Chaouche, it has been shown that the nanoclay increases storage
modulus [11]. And in previous work, it has been shown that paste with NC exhibits higher storage modulus
initially but then it falls below the control cement paste over time [10]. The lower G’ value measured in the
present study may be attributed to the relatively longer pre-shear period compared to the other studies,
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which led to significant shear thinning due to deflocculation and/or breaking of C-S-H bridges. The
relatively long shearing time was to ensure that we fulfill the assumption of the thixotropic model for the
SAOS test, i.e. Grigia and AcsH residual are zero. Given that the mechanism of the nanoclays on the fresh state
microstructure is not clear, their effect on storage modulus is also unclear and needs further investigation.
However, it is shown in Table 8 that the linear evolution index L is the same with and without nanoclay.
As this process is controlled by hydration rate, this is in good agreement with the results of isothermal
calorimetry, where heat flow is almost the same in pastes with and without nanoclay within the time of

interest, as shown in Figure 55. Similar effects have been observed in other work [24].

Mix Pre-shear conditions Relaxation time 6 (t) c (Pa) Grigia (Pa/s) L (1/s)
Cement 260 1/s-1500 s 386.10 45477.02 22.31 0.000491
NC 260 1/5-600 s 266.67 21238.99 10.50 0.000494

Table 8. Thixotropic parameters of SAOS tests with VMAs.

For the practice of increasing the static yield stress evolution rate of cement paste, hydration accelerators
can be used to achieve the same goal as VMAs by accelerating C-S-H formation. High temperatures, which
strongly accelerate hydration, can also increase the rate of static yield stress evolution [124]. However, in
these cases the increase in static yield stress may compromise workability. With VMAs, static yield stress
and storage modulus are de-coupled, which means they enhance thixotropy without promoting any

irreversible C-S-H bonds.

45. CONCLUSIONS

This study used two methods to monitor the structural build-up of cement-based materials, specifically
through static yield stress and storage modulus measured through a stress growth protocol and SAQS,
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respectively. Structural build-up is studied using a simple thixotropy model that describes the early non-

linear behavior. Based on the results of this study, the following conclusions can be made:

1. We proposed a simple thixotropy model that exhibits good fitting with the experiment results of
static yield stress and SAOS tests, which supports the assumption of the existence of the two
structures (i.e. general floc and C-S-H nucleation) and corresponding kinetics. This model was used
to quantify the effect of different pre-shearing times and VMA additions on the build-up of these
two structures.

2. A longer pre-shearing time, associated with a more deflocculated structure, led to a lower initial
static yield stress and decelerated the kinetics of rebuilding of static yield stress. At the same time,
longer pre-shearing time led to higher storage modulus values, indicating a more percolated C-S-
H network.

3. The shear stress applied during resting strongly influenced the static yield stress, likely due to
jamming, where static yield stress increased with the stress applied during resting. Thus, this is
important to consider when characterizing static yield stress evolution for specific applications, e.g.
cementing, formwork pressure, and 3D printing.

4. Although both the nanoclay and the diutan gum were found to decrease storage modulus and
increase static yield stress, overall, compared to the control paste starting from the same apparent
viscosity, they had different effects on structural build-up kinetics. This was attributed to the
differing mechanisms between the two VMAs.

5. Although both floc structure and C-S-H structure in cement paste develops over time, their
responses to pre-shear condition and addition of VMAs are quite different. It highlights the
necessity of using static yield stress test for monitoring the evolution of stress-bearing ability of

cementitious materials, not just SAOS.
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CHAPTER FIVE

S. EVALUATION OF PHASE EVOLUTION OF CEMENT PASTE

5.1. INTRODUCTION

For the application of oil well cementing, it is necessary to understand the phase evolution of the cement
slurry during and after placement under down-hole conditions, as this has implications on the eventual
sealing ability of the cement sheath. For deep-water applications, downhole temperatures and depths can
reach (and exceed) 350 °F [180 °C] and 20000 ft [6000 m], respectively. There is also hydrostatic pressure
and pumping pressure being exerted onto the material, which can reach up to 22 ksi [150 MPa]. Therefore
it is necessary to perform characterization under elevated pressure and temperature conditions. As this
presents a significant experimental challenge, especially in-situ and real-time, information on phase
development of oil well cement slurries at such conditions is still lacking. Synchrotron x-ray diffraction
(XRD) has been employed in several studies on cement-based systems to characterize the early stages of
hydration [125-127], the influence of additives on select phases [128,129], and alternate cements [130—
132]. Some studies have investigated oil well cement slurries with different mix designs and additives,
including silica, retarding agents, calcium chloride, and white cement, at different temperatures and
pressures [133-137]. Further, researchers have demonstrated the coupled effect of pressure and temperature
on cement hydration Kinetics and phase evolution. Jupe et al. [138] examined phase evolution at 0 ksi — 8.7
ksi [60 MPa], < 176°F [80°C]; Pang et al. [139,140] implemented isotherma calorimetry analysis to study

hydration kinetics under pressure < 7.5 ksi [51.7 MPa] and temperature < 140°F [60°C].

Numerous studies have demonstrated the potential of nanomaterials to enhance various properties of

cement-based systems, including mechanical, rheological, and durability, as summarized in this review
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paper [141]. As understanding of the effects and mechanisms of nanomaterials on the performance and
microstructural properties of cement-based materials increases, researchers have begun to explore its use
in specialized applications. These applications include nanosilica for impermeable coating [142], titanium
dioxide nanoparticles for self-cleaning [143], Carbon nanotubes for self-sensing [144—-146], and nanoclays
as rheological modifiers [24,28,120]. It is possible to utilize nanomaterials for oil well cementing
applications in order to tailor the flow and setting properties during the cementing process and reduce
permeability to enhance sealing ability. In order to explore the suitability of nanomaterials in oil well
cements, information on their impact on the phase evolution at elevated temperatures and pressures is
needed. It is well accepted that nanomaterials have seeding effects that accelerate and promote the hydration
of cement [147-149]. How this seeding effect influences the phase evolution at elevated pressure and

temperature conditions has not been investigated thus far and was the focus of the present study.

In the present study, a deformation-DIA (D-DIA) apparatus was utilized that allowed XRD to be performed
at temperatures up to 300°F [149°C] and pressures reaching up to approximately 15 ksi [100 MPa], for
structural characterization. Fresh cement slurry was placed in the D-DIA with a synchrotron XRD setup
and scanned every few minutes, thereby allowing real-time, in-situ measurements up to and shortly beyond
setting. From the XRD patterns, the formation and decomposition of select crystalline phases were tracked
over time, namely alite (CsS), tetracalcium alumino ferrite (C.AF), portlandite (CH), ettringite,
monosulfate, and jaffeite. The influence of temperature and addition of nanomaterial on the evolution of
various phases was investigated. Nano-sized attapulgite clay was investigated in this study considering the

potential benefits it can introduce to the cementing process as a rheological modifier.

5.2. RESEARCH SIGNIFICANCE
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Information on the phase evolution of oil well cement systems at elevated pressures and temperatures is
still lacking due to experimental challenges in characterization. But this information is critical to improve
the cementing process in terms of efficiency and safety during these operations. Also, to explore the
potential use of nanomaterials to enhance cementing performance, characterization on the effect of seeding
on the microstructural properties of the setting oil well cement slurry is needed. This study implements a
synchrotron-based D-DIA setup that can capture the changes in the phase evolution at early age (shortly
after mixing) due to elevated pressures and temperatures that simulate downhole conditions, as well as

nanomaterial addition.

5.3. EXPERIMENTAL PROCEDURE

5.3.3. MATERIALS

Class A oil well cement (OWC) and tap water were used in all mixes. Class A OWC is considered ordinary
grade, where the chemical composition is comparable to that of American Society for Testing and Materials
(ASTM) Type | Portland cement [4]. The Blaine Fineness is 314 m?/kg as measured through ASTM

Standard Method C 204. And its chemical composition is presented in Table 9.

Si02,% 20.1
Al,03,% 4.5
Fe203,% 4.9
SO3,% 2.3
Ca0 ,% 63
MgO ,% 25
Na.O ,% /
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K20,% /

Loss of Ignition,% 0.51
Total 97.3
C3S,% 60
CA% 4
C4AF + 2C:A% 22

Table 9. Chemical composition of Class A oil well cement

Highly-purified attapulgite clays were added to select mixes at 0.5% by mass of cement. They are
commercially available clays that are chemically exfoliated from bulk attapulgite to remove all impurities
[19]. When dispersed, they are needle-like with an average length of 69.0 pin [1.75 um] and diameter of
.118 pin [3 nm]. Therefore it can be considered a nanomaterial and will be referred to as “nanoclay” herein.
In separate studies, these clays have been demonstrated to greatly enhance the level of thixotropy of cements
and concretes for specialized applications [23,26,150]. Thixotropic slurries that exhibit high flowability
during pumping but then rapidly gel at rest can be beneficial for oil well cementing applications. Such
properties would enable the material to effectively resist gas penetration from the adjacent formations
during the cementing process. This period between the placement and setting of the cement sheath, known
as transition time, is considered to be one of the states when the well is most vulnerable to gas migration
[2]. Although primarily used as a rheological modifier, it is necessary to investigate the effect of the clays
on other performance properties at the addition levels of interest. Previous studies have investigated
compressive strength [151] and shrinkage [152]. In the present study, the focus is on phase evolution under

elevated temperature and pressure.

Cement pastes were prepared by hand-stirring for 3 minutes in a 25 mL [25 cm?®] beaker with a metal
spatula. When nanoclay was added, it was first blended with the mixing water in a Waring blender for 2

minutes then added as a suspension to the cement.
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5.3.4. HIGH-PRESSURE, HIGH-TEMPERATURE SYNCHROTRON XRD SETUP

Monochromatic synchrotron XRD tests were performed at the Advanced Photon Source (APS) in Argonne
National Laboratory (ANL) on bending magnet beamline 13-BM-D (GeoSoilEnvironCARS) in a
deformation-DIA (D-DIA) apparatus. The D-DIA allowed for elevated pressures and temperatures to be
applied to the sample during testing. A brief description of the experimental setup will be given here but

the details can be found elsewhere [153,154].

The fresh slurry was loaded into the D-DIA within a cubic assembly, the schematic of which is shown in
Figure 56. After mixing, the slurry was cast ina 0.12 in x 0.12 in [3 mm x 3 mm] PEEK cylindrical capsule.
The capsule was vertically centered in the cubic assembly with PEEK plugs placed above and below. A
layer of sodium chloride was added within to serve as a pressure marker. A graphite heater surrounded the
capsule and plugs, through which electrical resistive heating was applied. In all test runs pressure was

applied first, followed by temperature.
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Figure 56. Schematic of the cubic sample cell assembly. Both the cube and the inner plugs are made of
PEEK.

Figure 57. Sample loading in the D-DIA. The cube (with thermocouple wires protruding to the right) in
the center is the assembly, in which the sample was located. Some of the square-tipped anvils can also be
seen.
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Pressure was introduced through a hydraulic press. Load was applied by a uniaxial hydraulic ram to the D-
DIA, within which six anvils were configured to convert the uniaxial load into three orthogonal directions,
thereby applying equal load to each face of the cubic assembly (Figure 57), achieving quasi-hydrostatic
pressure. A constant load of 11 tons was maintained for all samples. Calibration was performed using the
sodium chloride pressure marker to obtain a measure of the pressure experienced by the slurry sample. For
each run, sodium chloride’s lattice constant was obtained from its XRD patterns. The pressure was then
determined from the lattice parameter of sodium chloride using Brown’s equation of state [155]. Pressure
can increase with temperature as the sample undergoes thermal expansion, or pressure can decrease with
temperature as the material surrounding the sample, i.e. PEEK capsule, softens and relaxes. Therefore
pressure marker measurements were taken in the middle and at the end of each run. Average marker
readings indicated that the pressure of the sample was within 15 ksi [100 MPa] for all tests, with a standard
deviation of 6.3 ksi [43.4 MPa]. Due to this uncertainty, effect of pressure was not the focus of this paper.

Development of the experimental setup to improve pressure control is ongoing.

Heat was introduced to the sample by applying an electrical power through the top and bottom anvils. Once
sufficient contact was made during loading, current passed through the graphite heater in the assembly and
effectively heated the sample. Calibration was performed to obtain a relationship between applied power
and temperature of the sample, where the latter was measured through thermocouples. In all subsequent

tests, temperature was calculated based on the calibration.

From initial cement and water contact, it took approximately one hour to load the assembly into the D-DIA
and reach the targeted temperature and pressure levels. Once these levels were met, continuous XRD scans
using a MAR165 charge-couple area detector (approximately once every 200 s) were performed on the
sample up to around 8 hours. Due to limitations beamline access and relatively long duration of each test

run, one sample per mix and temperature was tested.
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5.3.5. ISOTHERMAL CALORIMETRY

Rate of hydration was measured through isothermal calorimetry based on ASTM Standard Method C 1679
- 14. 0.18 oz (5 g) of cement paste, prepared using the same mixing protocol as the synchrotron XRD test,
was cast in glass vials and loaded in the calorimeter (TA Instruments TAM Air) set at target temperature.
The sample was loaded into the calorimeter at the same age at which heat was introduced to reach the target
temperature during the synchrotron XRD tests — approximately 1 h after initial cement and water contact.
As the heating rate was relatively fast in the synchrotron XRD test, within 5 min, it was assumed that the
temperature history was consistent between the two test setups. Isothermal calorimetry was performed at
atmospheric pressure and temperatures of 140 and 185°F [60 and 85°C]). At least three specimens were

tested per mix and temperature condition, and the average was taken to be the representative value.

5.3.6. DATA ANALYSIS

The wavelength of x-ray used in this work was 0.3097 A (E = 40.00 keV) and the incident beam was
collimated to 0.3 x 0.3 mm. The raw images were converted to intensity versus d-spacing using FIT2D
[156]. In selecting diffraction peaks for phase identification, the main criterion was that there was no
significant overlap with other peaks. The d-spacing range between approximately 4.8 A to 11 A, which
include all phases of interest, was chosen. The peaks that were used are presented in Table 10. The area of
a single peak from each phase of interest was estimated by curve fitting with a mixture of Gaussian and
Lorentzian functions. This integrated intensity (peak area) represents the amount of the phase as detected
by the x-ray beam. The rapid time-resolved XRD pattern is presented in Figure 58 to show how the relative
amounts of each phase vary during hydration. The high brilliance of the x-ray source at APS allowed for
XRD patterns to be collected at a fine time resolution (approximately every 200 s). Also, since the slurry

sample was loaded into the setup while in the fresh state, it was effectively cured in the D-DIA. Therefore
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it was possible to track the crystalline phases in-situ and in real-time from very early ages to beyond setting.

Scans were performed on each sample for approximately 8 hours.

Phase Selected peak (hkl) d-spacing (A ) ICDD card no.
CsS 201 5.93 42-551

C.AF 001 ~7.25 30-226
Portlandite 001 4.9 4-733
Ettringite 100 or 110 9.72 0r5.61 41-1451
Monosulfate 006 4.78 42-62

Jaffeite 100 8.69 77-0960
Katoite 211 5.05 77-1713

Table 10. Diffraction Peaks Used in the Data Analysis

Portlandite

Katoite

8.88 7.1 5.92 5.07
d-Scale (&)

Figure 58. XRD patterns collected over 8 hours.

5.4. EXPERIMENTAL RESULTS AND DISCUSSION
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5.4.1. EFFECT OF TEMPERATURE

XRD patterns of the samples were collected at temperatures of 140, 185, and 300°F [60, 85, and 149°C].
The effect of temperature on the presence of various phases in plain OWC pastes will be discussed here.
All plots, including calorimetry results, were zeroed to the time shortly after the target temperature was
met, approximately 1 hour after initial cement-water contact for all mixes. It is assumed that any changes
in hydration may be considered negligible prior to this point. Generally, the XRD results capture the
consumption of C3S, ferrite, and gypsum, the conversion from ettringite to monosulfate, and the formation

of portlandite and jaffeite.

Figure 59 shows the evolution of phases CsS, ferrite, and gypsum at 140°F [60°C], each of which decrease
over time due to the progression of hydration. The curves for these phases were very similar at 185°F [85°C]
and so are not presented here. The decrease in gypsum was detectable from the beginning and a slight
plateau was observed, in agreement with other studies [136,157], around 60 min. This deceleration is
attributed to a layer on the surface of unhydrated cement grains that initially prevents the ingress of
dissolved sulfates. The plateau was then followed by a rapid decrease until gypsum was completely

consumed by 125 min. Although no significant differences in CsS, ferrite, and gypsum were observed as
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an effect of increasing the temperature from 140°F [60°C] to 185°F [85°C], there was an apparent change

in phases ettringite and monosulfate.
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Figure 59. Evolution of C3S, ferrite, gypsum in plain OWC at 140°F [60°C].

The evolution of ettringite, monosulfate, and portlandite at 140°F [60°C] and 185°F [85°C] are presented in
Figure 60 and Figure 61, respectively. Synchrotron XRD tests were supplemented with isothermal
calorimetry tests, where the heat of hydration curves are superimposed with the XRD results, and will be
discussed later. As shown in Figure 60, at 140°F [60°C] the decline of ettringite occurred simultaneously
with the formation of monosulfate over time, up to 450 min, which marks the transformation of phase
ettringite to phase monosulfate. This conversion did not begin immediately after gypsum was exhausted, in
agreement with the observations of Jupe et al. [137]. This indicates that after the disappearance of solid
gypsum, there was still SO4* left in the sample. Monosulfate then remained stable until the end of the
experiment. In comparison, at 185°F [85°C] (Figure 61), ettringite-monosulfate conversion occurred much

more sharply, between 150 and 200 min, whereas at 140°F [60°C] it occurred over a period of approximately

103



300 min. The kinetics of ettringite decomposition and monosulfate formation are highly dependent on
temperature and pressure [158]. Then, the intensity of monosulfate decreased, which is associated with the

destabilization of monosulfate at 185°F [85°C].

>1.0 410
@

c

2

c

é 0.8 -08 5
Q — o
5 —a— Ettringite s
% 0.6 - —e— Monosulfate, 706 T
5 —a— Portlandite §
2 Heat Flow =
£ 0.4 04 ¢
e =
] o
N pa
©

£ 0.2+ 0.2

o

z

0.0 T T T T T T T T T T T 0.0
0 100 200 300 400 500 600

Time (Min)

Figure 60. Evolution of ettringite, monosulfate, and portlandite in plain OWC at 140°F [60°C],

superimposed with heat of hydration curve.
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Figure 61. Evolution of ettringite, monosulfate, and portlandite in plain OWC at 185°F [85°C],

superimposed with heat of hydration curve.

The occurrence of this conversion between ettringite to monosulfate is detectable through isothermal
calorimetry, as well. Heat of hydration curves can exhibit two peaks. The first peak indicates silicate
reaction, where the main products are C-S-H and CH. The second peak indicates aluminate reaction, namely
conversion from ettringite to monosulfate. Therefore, the rate of conversion detected by XRD can be
correlated to the second peak observed by calorimetry. At 185°F [85°C], shown in Figure 61, the second
peak is very prominent and occurs at approximately the same time as the ettringite-monosulfate
transformation measured by XRD. On the other hand, at 140°F [60°C], shown in Figure 60, there is no
apparent second peak. Instead, there is a decrease in rate of deceleration, or a shoulder, that follows the first
peak. This agrees with the XRD results, as the transformation from ettringite to monosulfate was found to
occur much more gradually than it does at 185°F [85°C]. It should be noted that the difference in the duration

and occurrence of the conversion may be attributed to the difference in pressures and heating rates between
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the two test setups. Still, correlations were observable and the agreement between the XRD results and

calorimetry results was good.

At 300°F [149°C], ettringite and monosulfate were not detectable. This is because their formation and
decomposition occurred very rapidly during the heating period, as shown in Figure 62. There was also the
appearance of phase katoite, which has been reported to result from the decomposition of monosulfate
[159]. The integrated peak intensities of jaffeite, ferrite, portlandite, and CsS at 300°F [149°C] are presented
in Figure 63. The accelerating effect of temperature on alite consumption was much greater at 300°F
[149°C] than at 140 and 185°F [60 and 85°C]. Also, a marked difference from the other two temperature
conditions was the presence of jaffeite. The dramatic decline of alite occurred simultaneously with the
formation of jaffeite, which continued steadily over time. Jaffeite is a crystalline form of calcium silicate
hydrate (C-S-H), which has lower mechanical strength and higher permeability than amorphous C-S-H, and
its formation is generally considered to be unfavorable [160]. However, it is possible to mitigate with silica

addition [133].
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Figure 62. XRD patterns of plain OWC before and after heating to 300°F [149°C]. 1. Ettringite, 2.

Gypsum, 3. Katoite.
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Figure 63. Evolution of jaffeite, ferrite, portlandite, and C3S in plain OWC at 300°F [149°C].

5.4.2. EFFECT OF NANO-ADDITION

OWC slurries with 0.5% addition of nanoclay by mass of cement were tested at temperatures of 140 and
300°F [60 and 149°C]. At 140°F [60°C], no measurable effect by the nanoclay was observed. This may
have been due to the poorly defined peaks in the XRD patterns for the phases of interest, which made it
difficult to observe any subtle differences. Figure 64 shows the heat of hydration curves of the cement
pastes with and without clay at this temperature. The age and time of loading of the paste samples were
kept consistent — loaded 15 min after mixing — to capture the effect of the clays. Comparing the two
curves, slight differences can be observed — the first peak and subsequent shoulder are higher and occur

sooner for the paste with clay than the control by approximately 15 min. The synchrotron XRD results
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showed that the ettringite-monosulfate conversion occurred at the same rate. The acceleration in rate of
hydration in the paste with clay this is captured through isothermal calorimetry would not have been
detectable in the XRD results. However, it does provide evidence that the clays are introducing a seeding

effect, although more investigation is needed to confirm.
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Figure 64. Heat of hydration curves at 140°F [60°C] in OWC with 0 and 0.5% nanoclay addition.
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Figure 65. Formation of portlandite at 300°F [149°C] in OWC with 0 and 0.5% nanoclay addition.
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Figure 66. Formation of jaffeite at 300°F [149°C] in OWC with 0 and 0.5% nanoclay addition.
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Jaffeite, which formed at 300°F [149°C], had a very well defined peak and the relative amounts were readily
computed. The integrated peak intensities of portlandite and jaffeite at 300°F [149°C] are shown in Figure
65 and Figure 66, respectively, comparing slurries with and without nanoclay. As shown in Figure 65, the
nanoclay led to a higher rate of portlandite formation very early on, indicating that it had an accelerating
effect on hydration. Similarly, the XRD results presented in Figure 66 show that the nanoclay accelerated
the formation of jaffeite. This may potentially be attributed to a seeding effect. As aforementioned, the
formation of jaffeite is not desirable and the addition of silica may mitigate its formation - these ternary

systems will be the topic of future work.

5.5. FURTHER RESEARCH

A limitation of the setup used in this study was the uncertainty in the pressure exerted on the slurry sample.
Continued developmental work on the setup is planned to improve pressure control. Also, slurries
incorporating silica, other classes of OWC, and other types of nanomaterials would be of interest, to see if
the formation of jaffeite that is caused by the nanomaterial addition can be mitigated to improve mechanical

properties.

5.6. CONCLUSIONS

This study investigated the influence of temperature and addition of nano-sized attapulgite clay on the phase
evolution of Class A OWC slurries. From the synchrotron XRD and isothermal calorimetry tests, the

following conclusions can be drawn:

The synchrotron XRD test setup effectively captures the consumption of CsS, ferrite, and gypsum, the
conversion from ettringite to monosulfate, and the formation of portlandite and jaffeite of fresh cement
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slurries. Increasing temperature from 140°F [60°C] to 300°F [149°C] leads to acceleration in portlandite
formation and ettringite-monosulfate conversion. At 300°F [149°C] the formation of jaffeite occurs.

The ettringite-monosulfate conversion at 140 [60°C] and 300°F [149°C] in the XRD results agreed well
with the appearance of the second peak in heat of hydration curves measured by isothermal calorimetry.
Discrepancies between the results can be attributed to the difference in pressure and heating rate between

the two test setups.

The nanoclays lead to measurable acceleration in jaffeite and portlandite formation at 300°F [149°C]. This
can potentially be due to a seeding effect, which is commonly observed when incorporating nanomaterials
into cementitious systems. As jaffeite is undesirable, leading to increase in permeability, this is an important
mix design consideration when incorporating attapulgite clays or other nanomaterials for oil well cementing
applications. Incorporating silica to mitigate jaffeite formation and promote amorphous C-S-H growth in

systems modified with nanomaterials warrants investigation.
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CHAPTER SIX

6. EVALUATION OF HARDENED PROPERTIES OF BLENDED CEMENT

MORTARS

6.1. INTRODUCTION

The heterogeneity of concrete exists at all length scales, from the macro- to nanoscale. Nanomaterials can
be used to modify the structure at the nanoscale to enhance the performance of cementitious materials at
the macroscale. Given their significantly high specific surface area, nanomaterials exhibit remarkable
changes in surface energy, surface morphology, chemical reactivity and mechanical properties. The novel
properties of nanomaterials have roused considerable interest in nanomodification of cementitious materials

in both the fresh and hardened states [141].

Nano-sized highly purified palygorskite clays, which are commonly used as a rheological modifier, can
significantly increase the yield stress and shape stability of fresh state cementitious materials [24,25,90],
which has been found to effectively reduce formwork pressure [23]. Studies have found that palygorskite
clays improve the flocculation strength and floc size, which can explain the increase in yield stress [27,28].
And many other early-age properties have been investigated, including flowability [26], thixotropy [100]
and chemical phase change [94]. However, the data on hardened properties are scarce, especially in the

presence of dispersants.

Carbon nanotubes (CNTSs) exhibit significantly enhanced mechanical properties, i.e. Young’s modulus on

the order of TPa and tensile strength on the order of GPa, as well as unique electrical and chemical
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properties [141]. To leverage these properties, numerous studies have demonstrated the ability of CNTSs to
act as nano-reinforcement and enhance the mechanical properties of cement composites when effectively
dispersed in the matrix [161-164]. However, very few studies exist in the literature regarding the effect of
CNTs on the fresh state properties, especially in cementitious materials containing supplementary

cementitious materials (SCMs).

Due to the complexity of SCMs with respect to chemical composition and physical properties, including
specific gravity, particle size distribution and specific surface area, the results of SCMs on the rheology of
fresh cement-based materials are inconsistent [165-173]. For example, Some studies [172,174] reported an
increase in viscosity with fly ash while others show it leads to a decrease [165,168]. Given the prevalence

of SCMs, there is a need to investigate the effect of these novel additives on blended systems.

This performance-based study aims to examine the effect of palygorskite clays and CNTs on the rheological
and hardened properties of two different systems — a unitary cement mortar and a ternary mortar prepared
with cement, fly ash and blast furnace slag. Moreover, the combined effect of palygorskite clays and CNTs
was also studied to explore the potential of enhancing the various performance properties of cementitious

materials through the addition of nanomaterials with different desired functions.

6.2. MATERIALS

Type | Portland Cement was used in all mixes. Type F fly ash and Grade 120 Blast furnace slag were used
as SCMs to partially replace the cement. The chemical compositions are shown in Table 11. The particle
size distribution of the binders is shown in Figure 67.The total specific surface area (SSA) of cement, FA

and slag were 775, 794 and 1213 m?/kg, respectively. D10, D50 and D90 are the particle size value where
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10%, 50% and 90% of the particles are finer. They are 3.72, 18.82, and 45.17 um for cement; 3.62, 20.60,
and 111.18 pum for fly ash; and 2.41, 10.75, and 25.11 um for slag. It could be seen that slag is finer than
cement in both higher SSA and lower D10, D50 and D90 values. Fly ash has similar SSA and D10 as

cement; however larger D90, indicating that fly ash has some large size particles.

Chemical Oxide Type | Cement (%) Type F Fly Ash (%)
SiO; 19.2 47.2

Al>,O3 5.0 234

Fe,0s 3.4 16.6

Ca0O 62.4 4

MgO 3.9 -

SOs 2.7 1.3

Free Lime 1.0 -

Loss on ignition 2.6 2.1

CO; 1.9 -

Table 11. Chemical composition of Type | Portland Cement and Type F Fly Ash.
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Figure 67. Particle size distributions of the cement, fly ash and blast furnace slag.

The effect of fly ash and blast furnace slag on 28 day compressive strength was evaluated in preliminary
tests. The results of blended mortars with binders composed of 50% cement and different dosages of fly
ash and/or blast furnace slag are shown in Figure 68. The control mix with 100% cement content is
represented by the horizontal dotted line. As expected, fly ash reduced strength due to delayed pozzolanic
reaction and dilution, while slag enhanced strength due to increased reactivity [175]. The grade of blast
furnace slags were determined by their slag activity index, SP/Px100%, where P is compressive strength
of portland-cement mortar cubes and SP is the compressive strength of mortar cubes made with the same
mass of a blend that is 50 % slag cement and 50 % portland cement by mass [176]. The slag activity index
of the slag in this study is 115 which can be classified as Grade 120 according to ASTM C989 [176]. To
compare the effect of the nanomaterials on the two systems, cement versus blended, the strength of the base
mix was fixed between the two. Figure 68 shows that the mix with 25% fly ash and 25% blast furnace slag
replacement exhibited 28 day strength that was comparable to that of the 100% cement mortar, thus was

selected for this study.
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Figure 68. 28 day compressive strength results of blended mortars with binders composed of 50% cement

and different dosages of fly ash and/or slag. Dashed line represents 100% cement mortar.

A commercially available, multiwalled carbon nanotube with a carbon purity of 90% was selected in order
to explore materials that would be more cost-effective and suitable for large-scale application. The average
diameter is 9.5 nm and the average length is 1.5 um. The dosage of 0.01% CNTs by mass of cement was
used in this study based on the results of previous work by other researchers [162,177,178]. To disperse the
CNTs (dry, as received) they were combined in mixing water with a polycarboxylate-based superplasticizer
at a dispersant-to-CNT mass ratio of 5, based on the results of a separate study [161]. The mixture was
ultrasonicated in a high intensity ultrasonic processor for 1 hour at 40% amplitude. The power of the

processor is 500 Watts. To avoid overheating and evaporation of water during ultrasonication, the metal
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beaker containing the mixture was partially immersed in an ice bath.
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The clay was a highly purified form of palygorskite, or attapulgite. It has a specific gravity of 2.29 and is

needle-like in structure (average length = 1.75 pum, average diameter = 30 nm). Based on previous work

[23,93], 0.3% of palygorskite clays by mass of cement was used. To disperse the clays, they were blended

in water in a Waring blender for 2 min to produce a stable suspension.

Mixes (CCe)ment zslz (Sslz;\g Surfactant S;r:g?unbes EIZI ;’3(();5:5)6
P (CNT)

100C_0 100 0 0 0.05 0 0
100C_0.01CNT 100 0 0 0.05 0.01 0
100C_0.3PAL 100 0 0 0.05 0 0.3
100C_0.01CNT_0.3PAL 100 0 0 0.05 0.01 0.3
50C25F25S_0 50 25 25 0.05 0 0
50C25F25S_0.01CNT 50 25 25 0.05 0.01 0
50C25F25S_0.3PAL 50 25 25 0.05 0 0.3
50C25F25S_0.01CNT_0.3PAL 50 25 25 0.05 0.01 0.3

Table 12. Mix proportions of all the samples (wt.% of binder).

The mix designs are presented in Table 12. All mortars had a water-to-binder (w/b) = 0.5 and sand-to-

binder (s/b) = 2 for rheological, electrical and compressive measurements. All pastes had a w/b ratio = 0.43

for tensile tests. The mixing protocols are summarized in Table 13.
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Table 13. Mixing

protocols Mixing methods

Mixing procedures

0.3PAL

0.01CNT_0.3PAL

Rheological properties

measurements Mixing by hand

Mix sand and binder materials (i.e. cement, fly ash and slag) for 1min

Add agqueous
surfactant solution
containing all mixing
water, mix for 6 min

Add aqueous
surfactant-CNTs
solution containing
half of mixing water,
mix for 3 min

Add aqueous
surfactant solution
containing half of
mixing water, mix for
3 min

Add aqueous
surfactant-CNTs
solution containing
half of mixing water,
mix for 3 min

Add the remaining
water, mix for 3 min

Add palygorskite
clays suspension with
the remaining mixing
water, mix for 3 min

Add palygorskite
clays suspension with
the remaining mixing
water, mix for 3 min

Hardened properties Mixing by a Hobart
measurements mixer

Mix sand and binder materials (i.e. cement, fly ash and slag) at low speed of 139 rpm for 1 min

Add agqueous
surfactant solution
containing all mixing
water, mix for 2 min
at low speed

Add aqueous
surfactant-CNTs
solution containing
half of mixing water,
mix for 1 min at low

Add aqueous
surfactant solution
containing half of
mixing water, mix for
1 min at low speed

Add agqueous
surfactant-CNTs
solution containing
half of mixing water,
mix for 1 min at low
speed

Add the remaining
water, mix for 1 min
at low speed

Add palygorskite
clays suspension with
the remaining mixing
water, mix for 1 min
at low speed

Add palygorskite
clays suspension with
the remaining mixing
water, mix for 1 min
at low speed

Scrape the bowl, mix at medium speed of 285 rpm for 8 min
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6.3. PRELIMINARY WORK ON WORKABILITY OF BLENDED CEMENT
MORTARS

6.3.1. MEASUREMENT OF RHEOLOGICAL PROPERTIES

All rheological characterization was performed on a temperature-controlled, stress-controlled rotational
rheometer with a parallel-plate geometry. The top plate was 60 mm in diameter and the base plate was set
at a constant temperature of 25°C. To prevent slip, 120-grit adhesive sandpaper was applied to both surfaces.
To load the sample for testing, first the fresh mortar sample was placed on the base plate. Then the top plate
was vertically displaced to squeeze the sample until the targeted initial gap height of 4 mm was reached.

Once the initial gap was reached, excess sample was trimmed away.

The rheological test started with a pre-shear of 50 1/s for 120 s to ensure that all the samples were at a
reproducible reference state. The sample was left to rest for 120 s to allow for stress relaxation before i) a
linear shear ramp to obtain a flow curve and ii) tack test to obtain normal force evolution were applied. The

protocol is summarized in Figure 69 and would be explained in detail below.
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Figure 69. Rheological properties protocol.

6.3.2. RHEOLOGICAL PROPERTIES

The results of plastic viscosity and yield stress are presented in Figure 70, and the results of static cohesion
are presented in Figure 71.
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Figure 70. Effect of palygorskite clays and CNTs on the rheological properties of cement mortar and
ternary mortar with 25% fly ash and 25% slag replacement of cement: (a) plastic viscosity and (b) yield

stress.
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Figure 71. Effect of palygorskite clays and CNTs on the static cohesion of cement mortar and ternary

mortar with 25% fly ash and 25% slag replacement of cement.

It is worth pointing out that the replacement of cement with fly ash and blast furnace slag does not have a
notable effect on plastic viscosity, yield stress and static cohesion compared to the control cement mortar.
Several factors potentially increase the rheological parameters: i) the lower specific gravity of fly ash and
slag leads to a higher solid volume fraction of the mixture at a constant water-solid ratio on a mass basis
[179]; ii) higher specific surface area improves the particle packing and reduces the inter-particle spacing
[165,180]; iii) the angular geometry of slag enhances the friction between particles [165,167]; iv) SCMs
can absorb superplasticizer and increase demand to maintain the same workability [166]. On the other hand,
some factors decrease the rheological parameters: i) fly ash and blast furnace slag, which have lower
hydraulic activity, dilute the active cement composition [170,174]; ii) coarse fly ash lowers the particle
density and reduces particle connections [180]; iii) the spherical shape of fly ash reduces friction among

particles, which is referred to as a “ball bearing” effect [169,172]. Our results show the overall effect of

122



these factors introduced by the SCMs is not notable, i.e. comparable to the control mortar. But CNTs and
palygorskite clays have substantially different effects on each of the two systems, i.e. 100C and

50C255F25S, which would be discussed herein.

Starting with the effect of palygorskite clays, they increase the yield stress and static cohesion, which is
consistent with other work [26,28,100,120]. As the palygorskite clays carry a negative charge on the faces
and a positive charge on the ends [88], they tend to bond with each other by electrical attraction between
opposite charges. Palygorskite clay’s negatively charged surface can also associate with the surface of C3S
which is positively charged in cement suspensions [181]. However, the increasing effect is more apparent
in the cement mortar than the ternary mortar - 81% vs 29% for yield stress and 30% and 27% for static
cohesion in 100C and 50C25F25S, respectively. Similarly, for plastic viscosity, as shown in Figure 70 a),
the addition of palygorskite clays reduce the plastic viscosity more significantly in the ternary mortar
compared to the cement mortar — 46% versus 22%, respectively. This demonstrates that the palygorskite
clays have the same effect on both systems but to different degrees, which would be important to consider
in mix design. On the other hand, it was observed that the CNTs have opposing effects on each of the
measured rheological parameters between the two systems. As shown in Figure 70 and Figure 71, for plastic
viscosity, yield stress and static cohesion, CNTs lead to higher values in the cement mortars but lower
values in the ternary mortars. It is unclear why the CNTs have these opposing effects and requires further
investigation. But similarly to the palygorskite clays, it highlights the importance of considering the binder
system when utilizing additives with exceptional surface properties like CNTs, which can have complex
physical and chemical effects. Although base mixes may exhibit similar rheological parameters, the
addition of CNTs combined with chemical admixtures can lead to differing effects on the resultant rheology

depending on the mix constituents.
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It should be noted that in all the studied cement systems, palygorskite clays increase yield stress and static
cohesion but decrease plastic viscosity. The presence of superplasticizer combined with palygorskite clays
in our mixtures can partially explain this. Some self-consolidating concrete applications require opposing
effects on yield stress and plastic viscosity to get high workability during casting and low formwork
pressure at rest. For this reason, a combination of superplasticizers and viscosity modifying admixtures
(VMAS) is commonly used [31]. In this study, we found that combining superplasticizer and palygorskite
clays can also achieve this goal - higher yield stress but lower plastic viscosity compared to the reference

mortar.

Finally, combining palygorskite clays and CNTs shows a superimposing effect. When CNTs and clays have
the same effect, i.e. increasing or decreasing, the combination amplifies the effect. When CNTSs and clays
have opposing effects, the gains offset the losses. This may indicate that no significant interaction occurs

between the CNTs and clays in the fresh state.

It is interesting to note that yield stress results have a direct correlation with static cohesion in all studied
systems. Some publications [70,71] have established the relationship between static cohesion with yield

stress and plastic viscosity in squeeze flow, as illustrated in equation 28,

__2mR37, 3mnpR*V

F
max 3h, Zhp

(28)

where Frax is the static cohesion, R is the radius of mortar sample, hn, is the plate distance at the maximum

normal force Fmax, and V is the pulling velocity of the plate.
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In equation 29, the first term on the right-hand side is related to yield stress while the second one is related
to plastic viscosity. In this study, since the pulling velocity of the plate is very low, 10 um/s, the contribution

of the second term is trivial (0.09%). Thus, the equation 29 becomes

_2mR37y

Fmax - 3hm, (29)

The static cohesion values measured directly by the tack test are compared against those derived from yield
stress in Figure 72. They follow the same trend in both 100C and 50C25F25S but the values measured
directly by the tack test were higher (1.87 times), which is in agreement with other work [70,71]. This can
be attributed to a pinning effect related to the flow history [182] and that the static cohesion includes the

weight of the sample whereas the yield stress does not [183].
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Figure 72. Static cohesion of different blended systems measured directly by tack test and calculated

using yield stress in the flow curve.
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6.4. HARDENED PROPERTIES OF BLENDED CEMENT MORTAR

6.4.1. MEASUREMENT METHODS OF HARDENED PROPERTIES

6.4.1.1. ELECTRICAL RESISTIVITY

The bulk electrical resistivity was measured using an electrical resistivity meter (RCON, Giatec, Canada),
where two plate electrodes were placed on each end of the sample. The uniaxial measurements were
performed at a single frequency of 1 kHz. The conductive gel was applied to ensure good electrical contact

between the electrodes and specimen. The schematic of the setup is shown in Figure 73.

The mortar test specimens were cast in 50.8 mm cubic molds, demolded after 24 hours and cured in 100%
relative humidity for 7 or 28 days. After wet curing the samples were air dried at a relative humidity of 50

+ 4% for 24 hours prior to testing.

Plastic sample holder

Conductive gel

Cubic mortar sample &Y \Y4

Plastic sample holder

Figure 73. A schematic of electrical resistivity meter.
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6.4.1.2. COMPRESSIVE STRENGTH

Following the electrical resistivity tests, compressive strength tests were conducted on the same samples.

The loading rate was set as 890 N/s according to the procedure recommended by ASTM C109 [184].

6.4.1.3. TENSILE STRENGTH

Direct tensile strength was evaluated by performing the direct tension tests in accordance with AASHTO
T132[185] on doghbone-shaped paste samples with a 25.4 mm x 25.4 mm tapered cross-section. The loading

rate was set at 5 mm/min.

In all the tests, at least three samples per mixture were tested and the average was taken to be the

representative value. Error bars are included in all plots.

6.4.2. RESULTS OF HARDENED PROPERTIES

In addition to the fresh state, the influence of the palygorskite clay and CNT on the hardened state properties

of the cement and blended systems were measured and the results are discussed herein.

6.4.2.1. COMPRESSIVE STRENGTH
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Figure 74. Compressive strength of a) cement mortar (100C) and b) fly ash-blast furnace slag-cement

mortar (50C25F25S).

Figure 74 shows the 7 and 28 day compressive strength results of cement and blended mortar systems

modified with palygorskite clays and CNTSs. Figure 74 a) shows that at 7 days both the palygorskite clays
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and CNTs increase the compressive strength of 100% cement mortar. At 28 days, the increase is more
pronounced, where the CNTSs, palygorskite clays, and the combination increase strength by 15, 17, and
24%), respectively, compared to the control. In contrast, as shown in Figure 74 b), the increase in the 28 day
strength of the blended mortar is less significant at 3, 10, and 5% with the addition of CNTSs, palygorskite
clays and combination, respectively. As shown in cement mortar results, the CNTs and palygorskite clays
enhancing effect increased along with the hydration. The poorer enhancing effect of blended mortar may
attribute to the lower hydraulic activity of fly ash which dilutes the active cement composition. In general,
similar to what was observed in the rheological results, the combination of the nanoadditives had a

superimposing effect.

CNTs have been shown to modify the microstructure of cement paste. In a study by Konsta-Gdoutos et all,
nanoindentation results showed that CNTs caused a shift in the distribution of phases to decrease porosity
and increase the frequency of high stiffness calcium silicate hydrate (CSH) [178]. Further, Gdoutos et al.
found that CNTs can improve the fracture and mechanical properties of cement mortars [186]. Therefore,
the enhancing effect by the CNTs on the 100% cement mortar system captured in the present study agrees
with the findings of other work. However, the same enhancing effect is not captured in the blended systems.
The reason for this is unclear, and there is much less literature on the influence of CNTSs in systems

incorporating SCMs [187]. It should be the topic of future work.

Palygorskite clay is added to cement-based materials primarily to modify their rheology. However, results
indicate that it can improve the mechanical properties, as well, especially at later ages. Results of Figure 74
a) show that the palygorskite clay and CNT have comparable effects on 28 day strength. Further, in Figure
74 b) it is shown that in the blended system, the palygorskite clay leads to a greater increase in 28 day

strength than the CNT. This may be attributed to the clay acting as an effective rheological modifier to
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improve suspension stability by enhancing segregation resistance [188], which would ultimately improve
mechanical performance. . In addition, due to the hydrophilic nature of the palygorskite clay, they are

expected to be more readily dispersible than CNTs.

6.4.2.2. ELECTRICAL RESISTIVITY
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Figure 75. Electrical resistivity of a) cement mortar (100C) and b) fly ash-blast furnace slag-cement

mortar (50C25F25S).

The results of electrical resistivity in the cement and blended systems are shown in Figure 75. It is apparent

that the blended systems (Figure 75 a)) exhibit higher resistivity than the cement systems (Figure 75 b)).
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Resistivity measurements of concrete depends on many factors, including the composition of the binder
phases, the composition of the liquid phase and connectivity (or tortuosity) of the pore network [189]. In
particular, hydroxide concentration is critical to the resistivity [190]. Therefore the higher overall resistivity
of the blended systems may be partially attributed to the low alkali and hydroxide concentrations resulting
from the incorporation of fly ash and slag. Due to the dependence of resistivity on binder composition, it is
not possible to directly compare the cement samples against the blended samples. However, we can
determine the influence of the nanomaterials on resistivity in the two groups of samples separately to gain
some insight on how they refine pore structure, as well as to make correlations to compressive strength

results.

Under unsealed conditions, water can evaporate out of the cement matrix. And degree of water loss would
depend on the pore structure. An open, unpercolated microstructure would undergo high moisture loss,
while a closed, highly percolated microstructure would undergo limited moisture loss. Water is
characterized by a high conductivity, especially relative to cements, which are inherently insulating.
Therefore, upon drying, a highly percolated microstructure, i.e. low permeability, would lead to low
resistivity, and vice versa. The palygorskite clay and CNT both slightly decrease resistivity in both cement
and blended systems, which may indicate the nanomaterials are refining pore structure. In fact, there is
good agreement between the compressive strength and electrical conductivity results. Comparing the two
sets of results, i.e. Figure 74 and Figure 75, similar inverse correlation trends can be observed — higher

strength is associated with lower resistivity, and vice versa.

6.4.2.3. TENSILE STRENGTH
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Figure 76. Direct tensile strength results at 28 days.

The 28 days direct tensile strength results are shown in Figure 76. The CNTs are found to increase tensile
strength overall. However, a more pronounced effect is observed in the blended system than the cement —
approximately 19% increase compared to the control. This is in contrast to their effect on compressive
strength, where the enhancing effect of the CNTs was greater in the cement system than in the blended
(Figure 74). This discrepancy may be partially attributed to the differing effect CNTs have on paste versus
mortar systems, where the tensile strength test was performed on paste and the compressive strength test
on mortar [186]. Also, the CNTs can modify the phase distribution of the matrix [178] but also can be
having a reinforcing effect [191,192]. These mechanisms can lead to differences in performance under

compression versus tension.

The palygorskite clays lead to a substantial increase in tensile strength in the cement system, approximately

33% compared to the control, and less so in the blended system. This, again, may be attributed to effective
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dispersion and improved suspension stability, which would enhance the matrix properties. In fact, a similar

trend was observed in the compressive strength results (Figure 74).

Looking at the effect of combining palygorskite clays and CNTSs, theref is an increase in the cement system
of 36% compared to the control. This is likely tied to the influence of the palygorskite clay, where the
tensile strengths of 100C_0.3PAL and 100C_0.3PAL_0.01CNT are comparable. On the other hand, there
is a slight decrease in tensile strength in the ternary system (50C25F25S_0.01CNT_0.3PAL) compared to
the control (50C25F25S). This suggests that the palygorskite clays are hindering the reinforcing effect of
the CNTs, possibly through disrupting the bonding. More work is needed to better understand the

underlying mechanism.

6.4.3. SUMMARY

Figure 77 shows a summary of the rheological and hardened properties in the studied mixtures. Figure 77
presented the effect of CNT and clays (PAL) addition in two mortar systems: cement mortar in (a) and fly
ash-blast furnace slag-cement mortar in (b). The parameters such as yield stress, plastic viscosity, static
cohesion, tensile and compressive strength are compared before CNT/PAL addition (100% in magnitude)
and after CNT/PAL addition. Except for the plastic viscosity, all the measured parameters (i.e. yield stress,
static cohesion, compressive strength at 28 days and tensile strength at 28 days) were found to be highest
for the combination of palygorskite clay and CNTSs in the cement mortar compared with the control. It
indicates some degree of synergy, as shown in green in Figure 77 a), where the mix combining palygorskite
clay and CNTs envelop the other mixes. In comparison, there does not seem to be any apparent synergy in

the blended system, as shown in Figure 77 b).
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properties a) cement mortar (100C) and b) fly ash-blast furnace slag-cement mortar (50C25F25S).
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6.5.

CONCLUSIONS

This study evaluated the effect of palygorskite clays and CNTs on the rheological and hardened properties

of cement pastes and mortars incorporating fly ash and blast furnace slag. Results indicate the following

conclusions:

1.

4.

Shear rheological and tack test results show that although the cement system and ternary system
exhibited similar rheological parameters, i.e. yield stress, plastic viscosity and static cohesion, the
introduction of additives had differing effects on each system. Palygorskite clays led to a more
substantial i) increase in yield stress and static cohesion and ii) decrease in plastic viscosity in the
cement system compared to the ternary system. CNTs increased all measured rheological

parameters in the cement mortars and decreased them in the ternary mortars.

The rheological results highlight the importance of considering the binder system when utilizing
additives with exceptional surface properties like CNTs and palygorskite clays. Although base
mixes may exhibit similar rheological parameters, the incorporation of additives combined with
chemical admixtures can lead to differing effects on the resultant rheology depending on the mix

constituents.

Combining CNTs and palygorskite clays led to a superimposed effect on the rheological

parameters, suggesting little interaction between the two additives in the fresh state.

Although palygorskite clays are utilized primarily to modify rheology, they can improve
mechanical properties. In this study their effect was found to be comparable to or greater than that
of the CNTSs. This can be partially attributed to enhanced suspension stability and dispersibility of

the palygorskite clays.
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CHAPTER SEVEN

7. CONCLUSIONS AND FUTURE WORK

This chapter summarizes the main findings of this study by separating them into the following four sections:
(1) the relationship between rheological and water transport properties of cement pastes; (2) a new non-
linear thixotropy model is presented to describe the structural build-up process; (3) Synchrotron x-ray
diffraction method of evaluating phase evolution at elevated temperature/pressure; (4) hardened properties

of blended cement system.

7.1. THE RELATIONSHIP BETWEEN RHEOLOGICAL AND WATER

TRANSPORT PROPERTIES OF CEMENT PASTES

The influence of nanoclay and diutan gum on bleeding has different working mechanisms. Nanoclay
addition lowers the bleeding level and slows down the rate of bleeding due to the stronger particle
interactions and denser cement filter cake it forms. This also leads to an increase in static yield stress. In
contrast to nanoclay’s effect on particle interaction, the diutan gum’s effect on bleeding is more complex
and may be attributed to three different mechanisms: (1) particle interaction: Above a critical concentration,
at a concentration of 1.5%, diutan gum increases the static yield stress and decreases the bleeding level
dramatically. (2) Above the critical concentration, an exponential rise in interstitial solution viscosity is
found. The viscous drag force causes a progressive local reorganization of the cement paste system which
leads to a sudden increase in bleeding rate. (3) At 4% concentration, although a decrease occurs in static
yield, there is no apparent bleeding. The absence of bleeding may be attributed to diutan gum aggregates,

which block the water flow path completely.
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The influence of nanoclay and diutan gum on water retention was evaluated. Although clays have high
water sorption capacity (nanoclay water sorption capacity of 200% by mass), water retention was
independent of nanoclay addition. Diutan gum results highlighted the formation of polymer aggregates as
the origin of higher interstitial solution viscosity and higher water retention capacity. Moreover, Darcy’s
law cannot be applied to the water retention results because the paste undergoes drying (approx. 25% of
water is pulled from the cement paste by the filter paper) and Darcy’s law requires the paste to be saturated.
Furthermore, we found that water retention correlates well with those of interstitial solution viscosity and

have the different tendency with apparent viscosity.

The influence of nanoclay and diutan gum on evaporation was determined. The rate of constant
evaporation period was independent of W/C ratio, and bleed water was not found to affect evaporation rate.
The nanoclay did not have a notable influence on evaporation water loss. Although diutan gum showed
slightly lower evaporation rates, in practical terms, neither nanoclay nor diutan gum provided resistance to

plastic shrinkage.

Future work

This section investigated the effect of nanoclay and diutan gum on water transport properties and identify
the relationship between rheological and water transport properties of cement pastes. More work should be

done in these fields:

1. Water movement in response to a gradient of pressure is complex and needs further investigation.

Neutron imaging is a powerful method for quantifying water transport inside cement paste. It can
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7.2.

be used for clarifying the diutan gum and nanoclay effect on the water retention test and help in the
interpretation of water retention results from standard water retention tests.

The formwork free 3D printed concrete would suffer from rapid evaporation of water. The
excessive water loss would affect surface moisture of 3D printed concrete. The inter-layer strength
of 3D printed concrete should be evaluated by controlling the water transport properties, i.e.,
evaporation, bleeding and water retention.

This study found neither nanoclay nor diutan gum provided resistance to plastic shrinkage.
Therefore, other methods will be needed to ensure proper curing for 3D concrete printing, e.g.,

curing agents.

A NEW NON-LINEAR THIXOTROPY MODEL IS PRESENTED TO DESCRIBE

THE STRUCTURAL BUILD-UP PROCESS

A simple thixotropy model was proposed. The new non-linear model exhibits good fitting with the

experiment results of static yield stress and SAOS tests, which supports the assumption of the existence of

the two structures (i.e., general floc and C-S-H nucleation) and corresponding Kinetics.

T=ToTCAlocs T Athixt (30)

G'=Go+ehcs ntGrigiat (31)

where 10 is initial static yield stress, G'j is initial storage modulus, ¢ corresponds to the fully developed A

(A=1) condition, Athix is the rate of linear evolution of static yield stress and Grigid is the rate of linear

evolution of storage modulus. This model was used to quantify the effect of different pre-shearing times

and VMA additions on the build-up of these two structures.
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Pre-shearing time leads to a different response regarding static yield stress and storage modulus. A
longer pre-shearing time, associated with a more deflocculated structure, led to a lower initial static yield
stress and decelerated the kinetics of rebuilding of static yield stress. At the same time, longer pre-shearing

time led to higher storage modulus values, indicating a more percolated C-S-H network.

The results showed the necessity of using static yield stress test for monitoring the evolution of stress-
bearing ability. SAOS, as a less time consuming, non-perturbing test, it can be considered as a desirable
approach to characterize stress-bearing ability over time for these thixotropic systems. However, for cement
pastes, storage modulus has entirely different time evolutions compared to static yield stress due to the two
different “structures” in the paste. It highlights the necessity of using static yield stress test for monitoring

the evolution of stress-bearing ability of cementitious materials, not just SAOS.

The shear stress applied during resting strongly influenced the static yield stress. The study proposed
that anisotropic microstructures, which are induced by pre-shearing flow, is held by the stress during
resting. Hence, jamming at a given sustained stress may induce a change in the microstructure, which was
evident by the linear increase in static yield stress with increasing sustained stress levels. Thus, this is
important to consider when characterizing static yield stress evolution for specific applications, e.g.,

cementing, formwork pressure, and 3D printing.

Nanoclay and diutan gum have a different effect on the attractive interactions of cement particles.
Although both nanoclay and diutan gum were found to decrease storage modulus and increase static yield
stress, overall, compared to the control paste starting from the same apparent viscosity, they had different
effects on structural build-up Kinetics. This was attributed to the differing mechanisms between the two

VMA:S.
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Future work

This section demonstrated the validity of the non-linear build-up model and found that the shear stress

applied during resting strongly influenced the static yield stress. There are many avenues for future work:

1. Since superplasticizers and hydration accelerate have great influence on the rheological properties,
such as yield stress, viscosity, and thixotropy, the influence of these admixtures is to be explored
by utilizing the non-linear model.

2. The static yield stress is strongly dependent on the sustained stress applied to the cement paste
during rest. In 3D concrete printing, as the layer of fresh concrete filament is deposited, the
influence of its self-weight (and weight of the subsequent layer above it) on the printed structures

would be investigated.

7.3.  SYNCHROTRON XRD METHOD OF EVALUATING PHASE EVOLUTION AT

ELEVATED TEMPERATURE/PRESSURE

A cubic cell was developed for the test at high temperature and pressure. The cubic assembly
consists of a PEEK cylindrical capsule, plugs, a layer of sodium chloride as pressure marker and a
graphite heater. In the experiment, the slurry was cast in a PEEK cylindrical capsule. The capsule was
vertically centered in the cubic assembly with PEEK plugs placed above and below. A layer of sodium
chloride was added within to serve as a pressure marker. A graphite heater surrounded the capsule and
plugs, through which electrical resistive heating was applied. In all test runs pressure was applied first,

followed by temperature.
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The influence of temperature on phase change was captured. The synchrotron XRD test setup
effectively captures the consumption of C3S, ferrite, and gypsum, the conversion from ettringite to
monosulfate, and the formation of portlandite and jaffeite of fresh cement slurries. Increasing temperature
from 60°C to 149°C leads to an acceleration in portlandite formation and ettringite-monosulfate conversion.

At 149°C the formation of jaffeite occurs.

The seeding effect of nanoclay is observed. The nanoclays lead to a measurable acceleration in jaffeite
and portlandite formation at 149°C. This can potentially be due to a seeding effect, which is commonly

observed when incorporating nanomaterials into cementitious systems.

Future work

This study investigated the influence of temperature and addition of nano-sized attapulgite clay on the phase

evolution of oil well cement slurries. The following work should be done in the future:

1. As jaffeite is undesirable, leading to increasing in permeability, this is an important mix design
consideration when incorporating attapulgite clays or other nanomaterials for oil well cementing
applications. The method of mitigating jaffeite formation and promote amorphous C-S-H growth
in systems would be explored.

2. The influence of pressure on the rheological properties of cement slurry should be investigated to

give a comprehensive understanding of the effect of VMAS under the extreme oil well conditions.

7.4. HARDENED PROPERTIES OF BLENDED CEMENT SYSTEM

Results indicate that although the nanoclays are utilized primarily to modify rheology, they can also
enhance mechanical properties. Nanoclays led to an increase in yield stress and static cohesion and
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decrease in plastic viscosity in the blended cement systems. For compressive and tensile strength, the
nanoclays effect was found to be comparable to or greater than that of the CNTs. This can be partially

attributed to enhanced suspension stability and dispersibility of the nanoclays.
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