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ABSTRACT

The objective of the present study is to understand the processes influencing the colloidal
silica grout injection into porous media through experimental and numerical
investigations. Experimental studies include viscosity. measurements, grout injection into
columns and grouted sand testing. The grout viscosities are measured during gelation
under shear. Colloidal silica grout injection experiments are performed on two different
sizes of columns to understand the grouting processes as well as to generate data for
numerical simulations. The larger diameter column experiments are performed by
varying colloidal silica solution and the type of water. The smaller diameter column (slim
tube) experiment was conducted to obtain the data in the absence of fingers. The use of

dyes aided in visualizing the grout flow patterns and understanding the processes.

A numerical model is developed by non-iteratively coupling a groundwater flow
simulation model (MODFLOW) and a 3-D multi-species reactive transport model
(RT3D) and adding modules for the gelling process to simulate the chemical grouting in
porous media. A grout gelation model is developed to estimate gel viscosity as a function
of reaction time, grout concentration and shear rate. The flow field is periodically
updated by taking into account the changing effective hydraulic conductivity in each cell

as a result of non-uniform gel viscosity.

The numerical model is verified and validated against (i) an analytical solution developed
in this study, and (ii) the available numerical model results from literature, respectively.
The grout model is used to analyse the experimental data of sodium silicate grout
injection into the sand column as reported in literature. The grout model is also used to
analyse the observations made in the colloidal silica grout injection experiment

performed as part of this study.
Simulation of grout injection has shown that the shear is an important parameter not

incorporated in previous grouting models. The model captured the viscous fingers

observed in the column experiments. The model has been able to predict the

iii
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experimentally observed injection pressures in the mild slope region. The difference
between experimental observations and numerical results increased towards the end of
the simulation when the pressures increased steeply. It is hypothesized that this is due to
the absence of filtration component in the model. The macromolecules filtered out at the
pore throats contribute to the need for higher grout injection pressures. The model
provides valuable insights in identifying the complex processes such as viscosification,

shear, viscous finger formation and filtration, occurring during grouting.

v
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CHAPTER 1
INTRODUCTION

1.1 GENERAL

Grouting is a process by which a material is injected into a soil or rock formation to
change the physical characteristics of the formation (American Society of Civil
Engineers, 1997). Grouting is one of the ground modification and soil stabilization
techniques that is commonly used to increase strength. Application of grouting may also
be found in the areas of sewer and tunnel restoration. More recently, grouting has been
used for environmental containment (Moridis et al, 1999; MSE Technology
Applications, 2001; Kim and Corapcioglu, 2002a,b). Various grouting techniques in
practice include jet grouting, compaction grouting, permeation grouting, soil fracture

grouting and slurry grouting (Welsh, 1997).

Grouts are classified into particulate and chemical grouts. Particulate grouts, also called
suspension grouts, form suspension when mixed with water. The particles in particulate
grouts, when injected into soil, travel along with water until they are dropped out of
suspension (Karol, 1990). Bentonite, cement, lime and fly ash are examples of this type.
Particulate grouts cannot be injected into soils finer than medium sands with hydraulic
conductivities less than 10 m/sec (Spooner ef al., 1984). Chemical grout is defined as
any grouting material characterized by being a pure solution, ie., no particles in
suspension (Committee on Grouting 1980). The popular chemical grouts are sodium
silicate, acrylamide and acrylate (U.S. Army Corps of Engineers, 1995). Penetrability of
particulate grouts is a function of their particle size, whereas penetrability of chemical

grouts is a function of viscosity (Karol, 1990).

1.2 CHEMICAL GROUTING
Chemical grouting is defined as the process of injecting a chemically reactive solution
into soil. This reactive solution behaves as a fluid but reacts after a predetermined time to

form a solid, semi-solid or gel (US Army Corps of Engineers, 1995; American Society of
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Civil Engineers, 1997). Chemical grouts are low viscosity solutions comprised of water-
soluble polymers (such as sodium silicate, colloidal silica, polyacrylamide) and cross-
linkers (brine solution such as NaCl, CaCly). Once the polymers and cross-linkers are
mixed, the viscosity of the solution increases as the reaction progresses and eventually a
solid, semi-solid or gel is produced at the end of a predetermined reaction time referred to
as the gel time. When such grout solutions are injected into soil formations, the water is
displaced by the grout solution, which eventually form chemically and biologically inert,
impermeable, in situ barriers as a result of greatly increased viscosity (Durmusoglu and
Corapcioglu, 2000). This solid or gel reduces the hydraulic conductivity without

significantly changing the structure or volume of the soil.

The chemical grouting process depends on the principle of permeation. The grout
permeation depends on the initial viscosity of the grout as well as the viscosity during
gelation. The penetrability of various chemical grouts in different formations is shown in
Figure 1.1. Sodium silicate (SS) is the most predominantly used chemical grout in
geotechnical applications such as soil stabilization and ground improvement (Karol,
1990). Sometimes sodium silicate is grouted in conjunction with cement and/or microfine
cement (American Society of Civil Engineers, 1997). Permeation grouting can be
achieved with silicate based grouts in soils having hydraulic conductivity of 10™* m/s,
whereas soils with hydraulic conductivity of 10° m/s or less require expensive resin
based grout (Karol, 1990; Gallavresi, 1992; Bruce, 1994). Sodium silicate grouts are
considered to be the safest and the most environmentally compatible and hence they are
extensively used in the field (US Army Corps of Engineers, 1995; American Society of
Civil Engineers, 1997). Acrylamides are less viscous (and hence have better
penetrability) compared to sodium silicates and have better gelation control. However,
they are surrounded by controversy about their adverse environmental and health affects.
Acrylates have similar or better penetrability than that of acrylamides (Karol, 1990).
Though sodium silicates are safer, they have higher initial viscosity. They also exhibit
syneresis, which is the process of exudation of liquid (generally water) from set gel,
which is not stressed, due to the tightening of the grout material structure (Yonekura and
Kaga, 1992). Hence researchers in the recent past have focused on the environmentally

benign colloidal silica (CS) applications (Noll et al., 1992; Finsterle et al., 1994; Moridis
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et al., 1999; Kim and Corapcioglu, 2002a,b) due to its low viscosity on the order of

2-5 cP, absence of syneresis and better gel time control.
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Figure. 1.1: Penetrability of grouts in soils and indicative range of achievable hydraulic
conductivities (K) (adapted from Karol, 1990)

Achievable K

Chemical grouts have been used in geotechnical, construction and water sealing
applications. However, researchers have focused attention on the application of chemical
grouts for waste containment during the last two decades (May et al., 1986; Mitchell and
Rumer, 1997; Mitchell and Van Court, 1997). The use of gelling solutions is also a
common practice in the field of petroleum engineering during secondary oil recovery.
Chemical solutions are injected into the petroleum formations such that these solutions
enter high hydraulic conductivity zones and reduce their hydraulic conductivity once the
solution gels. Then the oil trapped in low hydraulic conductivity zone is flushed out

through water injection techniques. Various solution types that are used in enhanced oil
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recovery include xanthan-chromium gel system (Avery et al., 1986; Hubbard et al., 1988;
Dolan, 1989; Hejri, 1989; Hejri et al, 1989, Jousset et al, 1990),
polyacrylamide/chromium system (McCool ef al., 1988; Todd 1990; Todd ef al., 1991;
Marty et al, 1991) and colloidal silica system (Jurinak and Summers, 1991; Seright,
1992, 1993).

1.3 MOTIVATION FOR THE RESEARCH

Groundwater contamination poses serious risk to the environment and in turn to human
health. Waste containment through grout/slurry barriers has become a very important step
in waste management and site remediation programs of regulatory agencies, as the search
for more cost effective clean up téchnologies continues (Inyang, 1999). Since cleanup
technologies, when available for subsurface contaminants, can be costly and time
consuming, it is necessary to examine other possible and cheaper ways to reduce the risk
and protect human health and environment at the contaminated sites (Pearlman, 1999).
Subsurface containment barriers are an important method of limiting and/or eliminating
the movement of contaminants through the subsurface. A completely contained
contamination zone can be used as an in situ reactor vessel in which new and/or slow in-
situ remediation technologies can be tried without the usual risks associated with
unbounded treatment zones (Inyang, 1999). Unlike in situ treatment systems, in which
the treatment parameters could be altered to observe the effects, in situ containment
systems present very few opportunities for conducting sensitivity analysis for various

system parameters in the field.

Barriers may be used either as an interim or as a permanent step for containment of
wastes. There are various types of subsurface barrier technologies available commercially
(Pearlman, 1999). However, there are two main concerns: 1) barrier continuity and 2)
barrier performance. Once installed, these subsurface barriers must have a hydraulic
conductivity equal to or less than the design value (Rumer and Ryan 1995). Currently
there is no method of guaranteeing the continuity of a subsurface barrier
(Sullivan et al., 1998). Proper emplacement of a subsurface barrier is critical to ensure

overall effectiveness of the containment system. One of the main reasons for uncertainty
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in the integrity and attainment of the design hydraulic conductivity is the soil
heterogeneity. This problem can only be addressed through quantitative modeling of
performance using field parameters and adopted laboratory data that has been scaled up
temporally and spatially (Inyang, 1999). Thus, there is a need for the development of
mathematical tools to simulate the grouting phenomena, identify the critical processes
and establish their relative importance. Also, models are useful in evolving rational
design and assessing the uncertainty of barrier performance in the presence of soil
formation heterogeneities. The utility of such a mathematical model would be of great
value for a broader area of rational design of grouting than just the environmental
containment. Before designing, it is necessary to understand the physics of grout injection
into porous media and to represent the physics of gelation and other relevant processes

with the help of experimental and modeling studies.

1.4 OBJECTIVES OF THE STUDY
The main objectives of the present study are:
- To conduct laboratory-based experiments of grout injection into porous media

to understand the grouting physics.

- To develop a numerical model to simulate chemical grout injection, with
emphasis on colloidal silica grouting, and the resulting profile modification.

- To determine the interplay between the grouting processes such as gelation,
shear thinning, filtration and viscous fingering.

- To determine numerically the effect of heterogeneity on chemical grouting.

1.5 SCOPE OF THE RESEARCH

The present study is designed to advance our knowledge of the physics of chemical
grouting and the processes occurring during grout injection into porous media through
experimental investigations and numerical modeling. Colloidal silica (Bindzil 40/170
produced by M/s Eka Chemicals, USA) is chosen as a chemical grout for the present
study. Experiments are performed on colloidal silica grout injection into sand columns to
make quantitative measurements and qualitative observations to decipher the physics of

grouting. This research also aims to develop a chemical grouting model using a
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groundwater flow simulation code - MODFLOW (McDonald and Harbaugh, 1988;
Harbaugh and McDonald, 1996) and reactive transport simulation code - RT3D (Clement
and Johnson, 2003), with modifications to simulate the chemical grouting processes.
Though gelation equations related to colloidal silica have been incorporated in the code,
adaptability of the code to other gelling liquids is demonstrated by incorporating the
gelation equation of sodium silicate grout in the reaction module. The model results are
(i) verified against an analytical solution developed in this study, (ii) validated against the
results obtained from a numerical model published in the literature. The grout model is
used to analyse the experimental data of sodium silicate grout injection in a sand column
as reported in the literature. The grout model is also used to analyse the observations
made in the colloidal silica grout injection experiments performed as part of this study to

better understand the processes that govern the grouting injectivity.

1.6. ORGANIZATION OF THE DISSERTATION
The dissertation is organized into five chapters.

Chapter I presents a general introduction to the subject, motivation, objectives and scope
of the research.

Chapter II reviews the literature on chemical grouting, gelation under shear, experimental

and numerical investigations of chemical grouts and other gelling liquids.

Chapter III presents the experimental work carried out in this study.

Chapter IV presents the mathematical model development including governing equations,
solution techniques, assumptions and limitations. The chapter also presents the details on
verification and validation of the model, as well as other numerical investigations on
different processes such as gelation, mixing, grout aging, dispersion and heterogeneity.

Chapter V presents the summary, conclusions and recommendations for future research.
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CHAPTER 2
LITERATURE REVIEW

2.1 INTRODUCTION

Karol (1990) is perhaps one of the most important textbooks that covers most aspects of
chemical grouting. Littlejohn (2003) presented an excellent historical perspective on
chemical grouting. The processes occuring during the transport of gelling solutions
through porous media may be described in terms of either microscopic processes such as
aggregate size distributions, pore throat size distributions, evolution of aggregate sizes,
etc. (Todd, 1990), or macroscopic processes such as viscosification, shear thinning and
filtration (Bryant et al., 1998; Chauveteau et al., 2001). It is important to understand the
interplay of these processes within the soil and related parameters to predict grout flow
(Dwyer, 1994). The present chapter includes the literature review on the experimental
and mathematical modeling studies of chemical (colloidal silica in this case) grouting,
processes influencing the grouting process and problems encountered in attempting to

represent the physics in grout modeling.

2.2 COLLOIDAL SILICA

2.2.1 Properties

Colloidal silica (CS) is a stable dispersion of discrete particles (commonly termed as sol)
of amorphous silica (Iler, 1979). Stable in this case means that the solid particles neither
settle nor agglomerate at a significant rate. If the liquid is water, the dispersion is called
aquasol or hydrosol. The CS particles are approximately uniform and size ranges between
2-100 nm (Persoff ef al., 1999). CS is made by extracting alkali from sodium silicate
using ion exchange resin (Yonekura, 1997). The colloid, thus produced, is unstable. It is
stabilized by a negative charge on each particle by either of the two popular methods: (i)
by raising pH, or (ii) by isomorphous substitution of alumina for silica on the particle
without stabilization (Persoff et al.,, 1999). The colloids formed in this way have electric
double layer ions around the surface. Two-dimensional representation of a dehydrated

and hydroxylated colloidal silica particle is presented in Figure 2.1.
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Figure 2.1: Two-dimensional representation of a dehydrated but fully hydroxylated
colloidal silica particle. The fourth oxygen coordinated with Si is above or
below the plane of the paper (Bergna, 1994).

(Reprinted with permission from Bergna (1994), American Chemical Society through
their letter dt. August 19, 2004)

CS has been investigated for grouting use because of its low viscosity and the absence of
the syneresis problem, which occurs with sodium silicate (SS) grouts (Yonekura and
Kaga, 1992). Typically, solids content in SS grout is 40 % by wt. with a viscosity of
200 cP. Hence it needs dilution before grouting. Whereas, CS with solids content of 40 %
by wt. has viscosity around 16 cP (LUDOX series) and it is less than 15 cP for CS
formulations of Eka gel (Bindzil series). Various CS formulations available commercially
are either aqueous based or glycol (organo) based. Colloidal silica is manufactured under
LUDOX series and NYACOL series by E.I. du Pont and Nyacol Inc., under aqueous and
glycol base respectively. Eka gels (Bindzil series) produced by M/s Eka Chemicals are
aqueous based solutions. Properties of different CS formulations are summarized in
Table 2.1.
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Table 2.1: Properties of different colloidal silica formulations

Properties Ludox-SM Ludox-HS40 | Ludox-TM | Bindzil 40/170
Silica (as Si0O2), 30 39-41 50 40

% by wt.

Si02/Naz0 (by wt) 50 89-101 220 200
Particle charge Negative Negative Negative Negative
pH 10.0 9.2-99 9.0 9.5
Viscosity (cP) 5 45 37 <15
@25°C

Average particle 7 12 22 20
size (nm)

Specific surface 360 198-258 140 170
area (mz/g)

Density (g/cm’) 1.22 1.292 -1.312 1.40 1.30

Source: Iler, 1979; Grace & Co, 2003; Eka Chemicals, 2004

2.2.2 Applications

Colloidal silica gels were applied for geotechnical, environmental and enhanced oil
recovery operations during secondary recovery of petroleum applications through
experimental, in situ and modeling investigations. Jurinak and Summers (1991) were the
earliest researchers to explore CS gels in the reservoir field to control water in petroleum
recovery. They were searching for a gel system that (i) could be injected into soils having
low permeability (<1mD), (ii) had controllable gel time, (iii) was stable in typical
operating environments, (iv) was easily injectable, and (v)posed minimal safety
handling and environmental problems. They narrowed down their search to silica based
systems as these systems could satisfy the above mentioned objectives. Of these silica
systems, they finally selected colloidal silica gels over conventional sodium silicate gels
because of robust gel time control with variation in salinity and pH. They also
investigated the effect of CS grout concentration ranging from 5 to 30 % by wt. on the
reduction in hydraulic conductivity in sand packs having initial permeabilities of 1 to 3
Darcies and obtained permeabilities of 1 mD when the sand packs are treated with 4 % by
wt. colloidal silica gel solution. Liang et al. (1992) and Seright (1995) investigated the

reduction of oil, gas and water permeabilities in their efforts to develop secondary
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petroleum recovery technology using different gels including CS. Seright (1992, 1993)
also investigated the effect of rock permeability on gelation. Seright (1992) obtained
post-treated soil permeabilities of 10-30 uD when injected with 10 % by wt. colloidal

silica solution. His findings are in agreement with those of Jurinak and Summers (1991).

Yonekura (1997) presented an overview of the different silicate based gels including CS
and post-grouted soil properties such as compressive strength and durability. Yonekura
and Kaga (1992) reported the use of CS for soil stabilization. Gallagher (2000), Gallagher
and Mitchell (2002) and Liao et al. (2003) investigated the use of colloidal silica for the
mitigation of liquefaction. In a further study, Gallagher and Koch (2003) investigated the
delivery of colloidal silica to stabilize the soils from liquefaction through their sand box
model experiments and found that 1.5 to 2 pore volumes were needed to achieve the

adequate coverage.

CS has triggered the interest of researchers who had investigated its use for protecting
groundwater quality (Noll et al., 1992; Persoff et al.,, 1994, 1995; Finsterle et al., 1994,
1997; Moridis et al, 1995, 1999; Durmusoglu and Corapcioglu, 2000; Kim and
Corapcioglu, 2002a,b). Noll et al. (1992), while trying to determine the potential use of
LUDOX colloidal silica (developed by Du Pont) as an innovative remediation
technology, investigated the limits under which LUDOX sol could be gelled and would
remain gelled in situ for long periods of time. Environmental application of LUDOX is
an outgrowth of a technology developed by Cononco Inc. (especially by Jurinak and
Summers, 1991) for oil field applications. Noll et al. (1992) investigated the factors
affecting gel time, achievable degree of permeability (hydraulic conductivity) reduction,
to assess the ability to stabilize metals and elucidate the adsorptive capacity of the
LUDOX gel. Lowest gel times were achieved in the pH range of 6-7. They reported that
the sand packs treated with 5 % by wt. (~2 % by volume) LUDOX sol yielded hydraulic
conductivity of 10°-10"® m/s, which means four to five orders of reduction. Researchers
at Earth Sciences Division, Berkeley (Persoff et al, 1994, 1995; Finsterle et al., 1994,
1997; Moridis et al, 1995, 1999), while trying to develop viscous liquid barrier

technology, investigated colloidal silica applications extensively. Persoff et al. (1999)
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observed that grouts with CS concentrations of 7.4 % by wt. (3 % by volume) or more
achieved statutory requirements of hydraulic conductivity of barriers, i.e., 10° m/s. The
gel barrier formation in the unsaturated zones was investigated experimentally

(Durmusoglou and Corapcioglu, 2000) and numerically (Kim and Corapcioglu, 2002a,b).

2.3 GELATION

Iler (1979) described gelling as “a process where the particles are linked together in
branched chains that fill the whole volume of sol so that there is no increase in the
concentration of silica in any macroscopic region of the medium.” Thus, gelation or
gelling of colloidal silica involves colloidal particles linking together and forming three-
dimensional chains or networks (Iller, 1979; Bergna, 1994). A schematic diagram of
gelation and flocculation is shown in Figure 2.2. Electrolytes are added to destabilize the
stable colloids and in turn achieve gelling. Due to the formation of chains, sol medium
becomes more viscous resulting in solidification by the networks of particles. In order for
the chain of silica particles to form, silica particles with sufficiently low charge on the
surface should collide (Iler, 1979). When they collide with each other, siloxane (Si-O-Si)

bonds are formed and hold these particles together as shown in Figure 2.1.

Figure 2.2: Schematic representation of gelation and flocculation Silica
gel (a) sol, (b) gel and (c) flocculation and precipitation
(Reprinted with permission from Iler (1979). Copyright (1979) Wiley, USA)

11
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Gelling time depends on the ionic activity. No aggregation occurs if the concentration of
electrolyte is generally less than 0.1-0.2 N depending on silica concentration (Iler, 1979).
The CS solution viscosity increases due to controlled gelation process induced by the
addition of a concentrated brine solution (Persoff et al., 1999). When the CS sols are
gelled, the gel becomes more viscous and then develops rigidity. The gel fills the volume

originally occupied by the water.

2.4 GEL TIME CONTROL

Gel-time is the time from the moment reaction has started (i.e., when the brine and CS sol
are mixed) to the time that the grout solution is completely immobile. Gel-time is a
qualitatively described rather than a specific measurable state. Sydansk (1990) classifed
gelation process into 11 stages. The grout was considered to be fully gelled, when the
grout solution is completely immobile. Gallagher (2000) defined the gelation as a state at
which the marble ball in the grout containing vial takes 15 seconds to reach the bottom
when the grout containing vial was turned upside down. For the purpose of numerical
modeling, Kim and Corapcioglu (2002a) considered the grout to be fully immobile when
the viscosity reaches 10'° times the viscosity of water. Rate of gelling is proportional to
the total surface area of silica particles. Surface area is proportional to size of the
particles. As the particle size decreases, the total surface area increases. Therefore, other
factors being equal, sols having the same ratio of concentration to particle diameter gel at
about same rate (Iler, 1979). Gel formation is proportional to the hydroxyl ion
concentration and hence the pH of the solution (Iler, 1979). Figure 2.3 presents the effect
of pH and salts on the gel formation. In the case of silica with pH less than 3.5, salts
(electrolytes) have little influence on the rate of gelling. In the case of most commercial
silica bearing negative charge, with pH greater than 3.5, reaction with salts reduces the
net repulsion effect and accelerates gelling (Iler, 1979). From Figure 2.3 it may be
observed that gel formation increases for silica with pH varying between 3-5. For the
case of pH above 6, even though hydroxyl ions are available in abundance, fewer

collisions between silica particles result in a slow rate of gelation.
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In a recent study, Persoff ef al., (1999) showed that gel time was also controlled by the
concentration of silica, concentration of added brine, in addition to pH. Based on their
experiments to study the effect of dilution, Persoff er al, (1999) found that with
increasing concentration of silica and/or the concentration of brines the gelling is
achieved quickly. Faster gelling was achieved at neutral pH compared to basic pH. They
also reported that CS grouts with 19.7 % silica or more (in LUDOX SM formulations)
reached gel time target without pH adjustment. Neither strength nor hydraulic
conductivity of colloidal silica grouted samples was changed in the presence of organics
at low concentration (approximately 5 % organics such as TCE, CCly, aniline). From the
experiments where soil was added to still grout solution, the presence of soil was found to

reduce the gel time (Persoff ef al., 1999; Durmusoglu and Corapcioglu, 2000).
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Figure 2.3: Effect of pH on the gel time of the colloidal silica-water system
(Reprinted with permission from Iler (1979). Copyright (1979) Wiley, USA)

Karol (1990) studied the gel time control vis-a-vis soil layering. A schematic diagram of
the grouted soil with layers is presented in Figure 2.4. In order for the grout to enter the.
soil formation with alternate layers of high and low hydraulic conductivity, it is

advantageous to set a short gel time. The grout solution that enters the high permeable
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layers gels and reduces their hydraulic conductivity, sometimes close to or less than that
of low permeable layers. If the grout injection is continued, grout solution then enters low
conductivity layers as well. On the other hand, when only low hydraulic conductivity
soils are present, it is necessary to have a longer gel time to enable the grout to be
transported to farther locations in the formation. In any case the gel times should not be
longer than the injection time (Karol, 1990). If the grout is not gelled completely, after
injection is stopped, there is a risk of dilution due to groundwater movement either at the
outside boundary of the grout bulbs or at the contact between the grout bulbs resulting in
the formation of seams. This has an adverse effect on impermeable barrier formation than

when grouting is used for strengthening or mitigation of liquefaction purposes.

Figure 2.4: Grouting in layered soils: long gel time vs. short gel times (Karol, 1990).

2.5 CHEMICAL GROUTING MODELING

Numerical models were been developed for simulating the injection of gelling solutions
into porous media in the areas of geotechnical (Honma, 1984; Bouchelghem and Vulliet,
2001a,b; Gallagher, 2000; Gallagher and Mitchell, 2002), geoenvironmental i.e.,
environmental containment (Noll et al., 1992; Finsterle et al., 1997; Moridis ef al., 1999,
Kim and Corapcioglu, 2002a,b), and secondary oil recovery process (Sorbie et al., 1985;
Hubbard ef al., 1988; Todd, 1990). These models combined the analysis of fluid flow and

14
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mass transport of grout solution to obtain flow field and concentration distribution.
Gelation was represented as a reaction term in the transport equation. The governing
equations for the combined flow and mass transport were solved using a variety of
numerical techniques such as finite difference (Guo and Langevin, 2002), finite element
(Voss and Provost, 2002), integrated finite difference (Oldenburg and Pruess, 1995) and
finite volume (Frolkovic and Schepper, 2001) methods.

2.5.1 Flow and Transport Coupling

Solute concentration in the fluid affects the transport in porous media (Ackerer et al,
1999) in environmental problems like seawater intrusion into coastal aquifers (Pinder and
Cooper, 1970; Frind, 1982), leakages from landfills (Frind, 1982; Oostrom et al., 1992),
deep-well disposal of toxic and radioactive wastes in salt rock formations, transport of
dissolved solids in agricultural fields (Deverel and Fujii, 1988) and Henry and Elder
problems (Oldenburg and Pruess, 1995). In these cases flow and solute transport
problems were interlinked and posed non-linearity. The degree of non-linearity depends
mainly on the concentration of solutes, which also affects density and viscosity of the

fluid system.

Analysis of solute transport problems in porous media involves solving the flow problem
and then solving the transport problem using the flow field obtained from the solution of
the flow problem. However, in case of problems such as the present one, the fluid
changes its viscosity state as a function of reaction time and concentration of grout cross-
linker. The increased viscosity modifies the flow field, which in turn affects the
concentration field. Thus the flow and transport modeling of gelling solutions in porous
media is a coupled system. The coupling between flow and transport problems involves
two parts (Oldenburg and Pruess, 1995; Diersch and Kolditz, 2002). In the first stage the
velocity from the flow problem is used in the solution of the advection part of the
transport solution. The second part involves the dependence of hydrodynamic dispersion

on the velocity field, which is obtained from the flow problem solution.
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Since the literature was limited on viscous coupled systems, analogy was drawn from
density dependent coupled systems. Diersch and Kolditz (2002) stressed the importance
of non-linearity due to coupling when the fluid density is strongly dependent on
concentration and pointed out that the results could be quite contradictory depending on
degree of non-linearity. The set of problems of this category were referred to as density
dependent and/or viscosity dependent flow and transport problems. There have been
several studies on the numerical solution of density dependent systems (Frind, 1982;
Galeati et al., 1992; Oldenburg and Pruess, 1995; Kolditz et al., 1998; Ackerer ef al.,
1999; Younes et al., 1999). They differ in the way the coupling between the flow and the

transport problem is simulated and the solution techniques used.

Based on the way the flow and transport are combined, modeling studies reported so far
may be classified into fully coupled, partially coupled and decoupled approaches (Galeati
et al, 1992, Oldenburg and Pruess, 1995, Boufadel et al., 1997). In the fully coupled
systems, the flow and transport variables were solved for pressures and concentration
fields simultaneously for any given time step (Oldenburg and Pruess, 1995). In the
remaining classes of problems, flow and transport problems were solved sequentially. In
case of decoupling, the flow problem was solved once and the transport problem was
solved for the entire simulation period using the same velocity field. An implicit
assumption in this approach was that the concentration did not affect the density and
viscosity, and hence the flow field. This might be true in cases where salinity
concentration was less than 5 % (Oldenburg and Pruess, 1995) or grout concentration was
less than 2 % (Gallagher, 2000). When the density and viscosity were affected by
concentration, the flow and transport problems could be solved sequentially in a partially

coupled approach. The following stepwise procedure was followed:

. The flow problem was solved and flow field is obtained.

Using the flow field from above, the transport problem was solved.

Based on the density and viscosity variations due to changed concentration field,
a new flow field was calculated.

4. Using the new flow field, the transport problem was solved.

WD -
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There were two types of solution schemes in the partially coupled approach. First of the
two partial coupling approaches reported in the literature, referred to as iterative
coupling, is where flow and transport problems are solved sequentially. The solution
process was continued until the difference in heads and concentrations between any two
successive iterations was less than the tolerance limit. Then the solution process
proceeded to the next time step and so on. In the second approach, referred to as non-
iterative coupling, for a given time step the flow field was solved by incorporating
density and viscosity variations as a function of concentration field obtained in the
previous step. Thus, the effect of change in density and viscosity obtained in this time
step were used to solve the flow and transport problems for the next time step (Galeati et
al, 1992; Boufadel er al, 1997). The simulation progressed until the end of the

simulation period.

The studies that followed the iteratively coupled approach used Picard iterative (Younes
et al., 1999), modified Picard iterative and Newton-Raphson techniques (Oldenburg and
Pruess (1995). Some of the studies preferred Picard schemes with first order of
convergence, to Newton-Raphson scheme with second order of convergence because of
stability, even though Picard schemes call for higher computational effort (Boufadel et
al., 1997). The advantage of using the fully coupled system was its accuracy, while
simulations with no-coupling gave highly inaccurate results (Galeati et al, 1992;
Oldenburg and Pruess 1995; Boufadel et al., 1997). The iterative coupling gave reliable
results, whereas the results from non-iterative coupling were close to the ones obtained
from iteratively coupled system at significantly lower computational effort (Galeati et al.,
1992; Boufadel er al, 1997). Both fully coupled and iteratively coupled solutions
required more than one iteration, which means there was a need for excessive

computational effort.
2.5.2 Geotechnical Applications
Honma (1984) was the first one to present a mathematical model for simulating injection

and distribution of sodium silicate (SS) chemical grouting. Honma adopted what is

known as an iteratively coupled approach where the flow problem was solved first and
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then the transport problem was solved using that flow field. The simulation was repeated
until the end of injection period. The viscosity increase was represented by an
exponential equation. Honma analyzed the grouting problem in one, two and three
dimensions. Modeling results were compared to the experimental observations of SS
grout injection into a sand column and 3-D point injection. Honma observed that the
injection pressure profiles obtained from one-dimensional simulation of sodium silicate
grout injection into a sand column and the experimental observations differed
significantly. Honma concluded that the time dependent viscosity relationship did not
represent gelation in porous media and considered only a concentration dependent

viscosity function.

A recent modeling study by Gallagher (2000) focused on colloidal silica application for
passive soil stabilization. The objective was to determine the conditions under which
grout could be injected as far as possible into the soil formation in saturated groundwater
flow system as a carrier. This study used a groundwater flow simulator, MODFLOW
(McDonald and Harbaugh, 1988) and solute transport code MT3D (Zheng, 1991). In this
study, hydraulic conductivity was divided by two (i.e., initial viscosity of grout), to
incorporate the effect of grout solution viscosity. The flow field was generated only once
and used for the remaining simulation of transport of grout in the saturated groundwater
system. Hence, this modeling study may be categorized as a no coupling system. This
was based on the assumption that the decoupled approach was appropriate if the injected
grout is of very low concentration and very little change in hydraulic conductivity may be
expected. Gallagher (2000) recommended that future modeling studies include the
variations in hydraulic conductivity in the soil formation ie., in addition to inter-layer

heterogeneity in hydraulic conductivity, intra-layer heterogeneity should be incorporated.

2.5.3 Environmental Containment Applications

Noll et al., (1992) was the first study to be reported in the area of modeling of colloidal
silica (LUDOX SM Sol) for environmental containment. The study involved injection of
CS grout solution into a bench-scale sand box. Since the LUDOX did not react with the

sand and behaved like a conservative tracer, they demonstrated the possibility of using
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conventional numerical groundwater flow and transport models. They used MODFLOW
(McDonald and Harbaugh, 1988) for flow simulation and MT3D (Zheng, 1991) for grout
transport and distribution. They reported that the post-excavated grouted bulb sizes
obtained from the model and the bench-scale sand box experiment were similar, though
the results were not presented explicitly. They also reported that the grout injection
resulted in four orders of magnitude reduction in hydraulic conductivity. Although the
reported conclusions were interesting, several details on their model development were
missing. It was not clear how the viscosity effects were incorporated. Also, there was no

mention about how the changes in flow field due to viscosity change were incorporated.

Researchers at Earth Sciences Division, University of California, Berkeley, as part of
their efforts to develop Viscous Liquid Barrier (VLB) technology using colloidal silica,
modeled the colloidal silica grouting into the porous media (Finsterle et al., 1994, 1997,
Moridis et al., 1999). They developed a grouting model based on an existing numerical
simulator TOUGH2. TOUGH2 (Pruess, 1991) is a numerical simulator for non-
isothermal flows of multicomponent multiphase fluids in porous and fractured media.
The solution scheme is based on a fully coupled approach. Finsterle et al., (1994, 1997)
and Moridis et al., (1999) developed equations of state for the gelation and solidification
of grout once placed in the soil. They investigated using a specially designed CS
formulation (DP5880).

Moridis et al., (1999) compared the optimization based design, aimed at achieving design
parameters that maximize uniformity and minimize hydraulic conductivity of the barrier,
with that of the standard engineering practice. Their design based on optimization met the
functional requirements of barriers such as (1) hydraulic conductivity < 10 m/sec and
(2) barrier thickness of 1.0 m. The design based on standard engineering practice did not
achieve the above two design objectives along the entire barrier. Moridis et al. (1999)
reported that the hydraulic conductivity values obtained through numerical modeling
studies and those obtained from the post-grouted in situ values were in agreement.
However, the paper did not report the hydraulic conductivity data of grouted soil obtained
in the field.
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MSE Tech (2001) conducted a modeling study using PORFLOW simulator (ACR1i, 1994,
1999) to predict the unsaturated flow around soil grouted with CS. PORFLOW is a
general purpose simulation software for transient or steady-state multiphase flow, heat,
salinity and mass transport in multiphase, variably saturated porous or fractured media
with dynamic phase change. They used Nyacol NP 6010 CS formulation. The modeling
study indicated that the infiltration rate would be reduced from 0.3048 m/yr to
0.0017 m/yr against the design objective of 0.04 m/yr. This reduction in infiltration rate
is more than 23 times the design objective. The field investigations also revealed a
similar trend in reduction in the hydraulic conductivity, although it varied with depth

below ground.‘

More recently Kim and Corapcioglu (2002a,b) reported the modeling of colloidal silica
gel barrier formation. Their model development was based on a two-phase approach - gel
and sol phases. The gelling model that they proposed was different from the gel time
curve proposed by Finsterle et al. (1994, 1997) and Moridis et al. (1999). Kim and
Corapcioglu (2002a,b) used Nyacol 1440 colloidal silica formulation. They observed, in
general, that the increase in the total colloidal silica release yielded a better performance

i.e., higher reduction in hydraulic conductivity.

2.5.4 Secondary Recovery of Petroleum Applications

Todd (1990) reviewed the three models that were published until that time. They included
the Winfrith model (Sorbie et al, 1985), UTCHEM based model (Hortes, 1986) and
modified model based on black oil simulator, BOAST (French and Gao, 1988). Sorbie
etal. (1985) modeled the transport of a multicomponent gelling system using a
convection-dispersion equation system. Hubbard er al. (1988) investigated the transport
and gelling of xanthan-chromium system experimentally and numerically. They used the
method of lines technique of Sorbie er al. (1985) to solve the system of equations.
Hubbard et al. (1988) analyzed the results obtained on core flow experiments using the
mathematical model to understand the different processes. They had to consider strong
adsorption of xanthan gel in order to match the numerical model results with the

experimental observations. Todd (1990) and Todd et al, (1991) proposed linear
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displacement and radial models to simulate the gelation of polyacrylamide-chromium
system. They solved the pressure and mass transport equations for ten chemical species,
which were expected to control the gelation along with equations for kinetics of reaction,
rheology and filtration. Todd's model was based on the filtration (a hypothesis proposed
by McCool et al.,, 1991) of aggregates resulting in porosity reduction and hence hydraulic
conductivity reduction. The filtration is defined as a function of pre-gel cluster growth
and entanglement density of gel networks. The parameters for these processes are very

difficult to obtain in practice. The model considered the spatial variation in the grout age.

2.6 AUXILIARY EQUATIONS

2.6.1 Gelation Modeling

When colloidal silica (CS) solution mixes with a brine solution (NaCl, CaCl,, FeCls), the
viscosity of the solution increases and finally gels. The time taken from the instant brine
is added to CS solution to the time it gels is called gel time. Gel time depends on solids
(silica) concentration in the solution, pH and brine concentration. Gelation is a
complicated process. Incorporating all the kinetics including formation of chains as
proposed by Todd (1990) is very difficult and requires extensive computational power.
There have been several models to describe gelling with varied complexity. Sorbie ef al.
(1985) modeled gelation as a simplified first order reaction between polymer and cross-
linker. They calculated mass ratio of the reactant as stoichiometric ratio instead of
calculating the reaction coefficient. Hubbard et al. (1988) proposed a two-stage reaction
model for gelation of xanthan/chromium gel system. In the first stage chromium uptake
takes place and later aggregation and gelation takes place. Todd (1990) presented an in
situ gelation model based on kinetics. It included many of the process parameters
including particle size distribution. However, due to the need for several input

parameters, it is not popularly used (Finsterle et al., 1997).
There are different models proposed in the geotechnical and geoenvironmental literature
to represent the gel viscosity increase with time (Honma, 1984; Finsterle et al., 1997,

Kim and Corapciouglu, 2002a,b). When the injected solution gels, the viscosity increases

and modifies the physical and chemical characteristics of the porous formation (Finsterle
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et al., 1997). In order to avoid the unwanted reaction/interaction with in situ soil, there is
a need for a grout that is least affected by the soil physical and chemical characteristics
such as pH, salinity, efc. In such cases there is no need for modeling (geo)chemical
reactions. Kim and Corapciouglu (2002b) suggested that the soil be pre-flushed with
brine solution in order to achieve controlled gelation. If it is not possible to pre-inject
brine solution, use of surface modified CS is recommended. Moridis et al., (1999) and
Persoff et al., (1999) used specially formulated surface modified CS in their studies. The

gelation models outlined in the literature are briefly described below:

(i) Honma Model
Honma (1984) presented functional approximations for the gel time data for three
different compositions of sodium silicate and calcium chloride. The generic equation for

the ratio of the viscosity of grout to the viscosity of water (u,) can be expressed as

Hy = Hyo (1+§t) [exp{__?t_’}:l 2.1)
geltime — ¢

where u,, = initial relative viscosity (initial grout viscosity/uyaue,); { and ¢ are empirical

fitting parameters corresponding to gel time.

Three relations correspond to different gel times are presented in the following table.

Table 2.2: Viscosity relations of Honma (1984)

Gel Time (£) Relation
(Sec)
1200 p, =5.91(1+3x101 exp{ 0.773t }
1200—¢

2220 1, =227(1+22:107 1) expl ot
22201

4200 4, =1.00(01+1.8x107 1) exp{ ="
4200t
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These relations were obtained based on the measurements of viscosity during gelation of
grout in batch experiments. Honma questioned the use of time dependent viscosity for
gelation when the solution is in motion. Based on the numerical analysis using time
dependent viscosity relation, the required pressure heads for injecting grout solution at a
constant rate should have increased exponentially. However the experimental
investigations showed only a linearly varying trend. When the grout solution with a gel
time 6 minutes (in an unagitated condition) was injected into the soil column, grout could
be injected until 43 minutes. During this period Honma (1984) did not observe an
exponential rise of required grout injection pressures, instead he found an approximately
linear increase in injection pressure. Honma (1984) attributed this linear trend of injection
pressures to the delay in gelation of grout due to the combined effect of agitation caused
by motion of grout and dilution during the grout permeation through the porous media.

The dilution at the grout front was observed to be significant.

(ii) Berkeley Model
Finsterle et al. (1994, 1997), based on the viscosity measurements of Moridis et al.

(1994) during gelling, proposed a gel time curve of exponential form:

Hgel = a1 + az exp (ast) (2.2)

where i, = viscosity at a given time ¢ after gel reaction is initiated, a; a; and a3 are
fitting parameters. For a gel time of one hour, the values for parameters a; a; and a3 are

3.22x10” Pa.s, 2.82x10” Pa.s and 1.35x10° Pa.s respectively (Moridis et al, 1999).

Relative viscosity y;can be obtained by dividing 4., with the viscosity of water.

(iii) Kim and Corapciouglu Model

Kim and Corapciouglu (2002a,b) proposed a two component based (solution phase and
gel phase) kinetic gelation model. Gelation rate was expressed as a function of
concentration of CS and brine concentration. Durmusoglu and Corapcioglu (2000)

reported that the rate of increase in viscosity depends on the concentration of CS. Kim
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and Corapcioglu (2002a) proposed a gelling reaction for a closed system (i.e., no dilution

due to mixing with water) based on solution phase and gel phase of the colloidal silica as

oF,

ot |reaction

= N Fy(FyCos + FgCoq )=~k FsCe 2.3)

where r; = gelation reaction rate coefficient; Fy F, = volumetric fraction of sol and gel
phase; C,s, C.g=concentration of colloidal silica in sol and gel phases; C.,=colloidal silica

concentration.

Based on Iler's (1979) observation that the viscosity rises steeply when the developed gel
phase occupies half the volume of the solution, Kim and Corapcioglu (2002a) calculated

reaction coefficient r; as

In0.5
H=—— 2.4
—10.5Cco
where #yp; = time it takes from the initiation of the reaction to the time when gel phase

occupies half the volume of the solution.

Kim and Corapcioglu (2002a) found that temporal viscosity measurements for different
NaCl concentration fall on the same curve when plotted with respect to normalized time
(t" =t/tys). They proposed an exponential function for viscosity as a function of

normalized time.
0.01
Hgel = Mg = 0.3 [exp(0.734)]0'01 + 0.3|:exp{ 0.734 *exp (6.5t* j H (2.5)

where 1, = viscosity of gel mixture; y = viscosity of sol phase; y; at t" =0.0 corresponds
to the initial viscosity of the sol phase. The above equation holds when there was no
dilution. However, in reality, dilution does take place. In such cases, viscosity is
generated by the gel phase and was determined by the volumetric fraction of gel phase
only and not by CS concentration. The viscosity in Equation 2.5 expressed in terms of gel

phase is given as
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0.01
Hger = g —0.3[exp (0.734)] *0! +O.3[exp{0.734 (1-F, )65/t (O-S)H 2.6)

For the purpose of numerical calculations they assumed that if the gel phase viscosity

1

reaches 10'° g em™ s, it is considered to have reached complete gelation. Relative

viscosity y can be obtained by dividing 4., with the viscosity of water.

2.6.2 Effect of Shear

(i) Shear Thinning

A survey of literature on the polymer solutions which are in motion during gelation
indicated that there is a breaking in networks of molecules due to shearing action while
they flow through pores. This results in viscosities lower than those obtained when
gelling polymer solutions are in an undisturbed condition. The viscosities may be higher
than the initial viscosity of the solution. The phenomenon of reduction in viscosity when
subjected to shear was called shear thinning (Krieger and Dougherty, 1959; Cross, 1965).
Effect of shear was extensively studied in the area of polymer solutions. However, there

were no studies reported in the area of grouting.

When the sols are under gelation, there are two opposite forces acting on the system, one
is the formation of flocs, and the other is disruption by the shear forces. Thus, shearing
sets up a competition between formation of networks of chains into clusters of growing
sizes and disruption of the clusters by hydrodynamic forces (Carvalho and Djabourov,
1997). Some researchers studied the effect of shear on gelation experimentally (Raghavan
and Khan, 1995), while others studied this effect both experimentally and theoretically
(Carvalho and Djabourov, 1997).

(ii) Studies on Effect of Shear on Gelation in Porous Media
Gel treatments are not easy to control because of inadequate knowledge of physico-

chemical characteristics of the porous media. Chauveteau et al. (2000) stated that “the

physics of gelling under shear as well as the chemistry of cross-linkers in aqueous

25

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



solutions are complex and still not well understood.” They proposed two mechanisms to
explain the plugging of porous media due to gelling, viz., (i) pore throat bridging by
micro-gels formed in situ then growing in size as they move through the porous medium,
and (ii) pore throat bridging from the progressive increase in thickness of a gelled surface

layer.

Chauveteau et al. (2000) observed four successive steps during their experimental studies
on cross-linking of polymers under shear viz., induction period, pre-gel period, micro-gel
size limitation and micro-gel consolidation period. The gel time was strongly dependent
on shear at high shear rates, while it was less dependent at low rates. The rupture by the
torque exerted by shear flow determines the size of the micro-gels. The maximum shear
stress reached at the end of cross-linking did not depend on the applied shear rate in the
diffusion controlled regime. But the same increased with shear rate in the convection

regime.

Hejri (1989) and Hejri er al. (1989) investigated the effect of low shear rates i.e., frontal
velocities of 3-6 ft/day, whereas Jousset et al. (1990) examined the effect of medium and
high shear rates, i.e., frontal velocities in the ranges of 12-120 ft/day. For a given shear
rate in the low range, Hejri ef al. (1989) and Hejri et al. (1993) reported that flow
resistance was increased as permeability (expressed in L* dimensions) decreased. When
the shear rate was decreased, flow resistance was found to increase. Jousset ef al. (1990)
reported that location of the region of high flow resistance varied linearly with shear i.e.,

frontal advance rate. The magnitude of the resistance was correlated with frontal velocity.
2.6.3. Shear Gelation Models
The popular viscosity-shear rate relations used in the literature include (i) Cross model

(1965), (i1) Meter equation (Bird et al, 1987), (iii) Carreau model and Carreau-Yasuda
models (Bird ef al., 1987) and (iv) Chauveteau model (Chauveteau et al., 2000).
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@) Cross model

Cross (1965) derived the relation between viscosity (¢) and shear rate (y) as

U o=u +Ho " He (2.7

T l+ray™
where = viscosity of solution at infinite shear rate, u,= viscosity of solution at zero

shear rate, @« = a constant associated with the rupture of linkages, n. = Cross model

exponent, given as 2/3.

(ii)  Meter Equation
Another popularly used equation for expressing viscosity as a function of shear rate,

referred to as Meter equation, is given as

4=+ Ho ~ Ho (2.8)

1+(Lr?

V12

where p = empirical parameter, y;,, = shear rate at which viscosity is u, /2.

(iii) Carreau Model and Carreau-Yasuda Models

Carreau-Yasuda model is given as

(n-1)
At )] d 2.9)
Mo — Ho

where A = time constant, n = power law exponent which describes slope in u(y) curve
and d = dimensionless parameter that describes transition from zero shear rate region to
power law region. The Carreau model is obtained when y,, =0.0 and d = 2, and is given

as

(n-1)
w=uli+(r)] (2.10)
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(iv) Chauveteau Model
Chauveteau et al., (2000) expressed the shear rate dependence of the viscosities in terms

of power laws as:
U < },—(l‘mch ~Ach) 2.11)

The exponents m,, and n., are positive and depend on the shape and rigidity of the
polymeric species as well as their concentration, Value of (m., + ny) is expected to reach
a maximum of 0.7-0.8 for strongly entangled system with an excess of cross-linker giving

strong rigidity.

Essentially these models are of similar nature with minor variations. Each of these
models was applied to different gel systems. Hence, choice of these models may be made
based on the specific experimental investigations. Lopez et al. (2003) preferred the Cross
model over the Carreau-Yasuda model because it has fewer fitting parameters. However,
Lopez et al. (2003) used a form of truncated power law due to the inability of the Cross
model in providing an analytical solution to relate pressure drop to effective viscosity in a
single capillary. Using truncated power law viscosity (U5 as a function of shear rate is

given as

Hefr = max [l ; min (CY*'; )] (2.12)

where C and » are shear viscosity coefficient and exponents; u. and ug are the viscosities

at infinite shear and no shear respectively.

2.6.4 Shear Rate Models

The common approaches used in determining the shear rate were the capillary bundle
approach, network approach and oscillatory viscometer approach (Wreath er al., 1990).
The capillary bundle approach approximates that the porous media consisted of bundles
of straight non-interacted capillaries of uniform size. In this approach, for a given flow

rate, constant pressure drop takes place. However, the interconnections between pores
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and pore throats yield shear rates larger than those obtained through the capillary bundle
approach (Wreath et al., 1990). They summarized different studies that related shear rate
and apparent viscosity. In a porous medium, average macroscopic shear rate can be

defined as

y =c-L (2.13)

T

where g = Darcy velocity; &k = intrinsic permeability and ¢ =porosity. The proportionality

constant (C) is expressed in different forms.

One of the popularly used forms is

C=(3"+1)"‘1 (2.14)
4n

where 7 = exponent in the power law viscosity relation.

By combining the capillary bundle approach and power law, Cannella et al. (1988) have

defined this term as

n

3n+1)\n-1
dn

C =cc( (2.15)

where C, =shear rate coefficient. The coefficient C, is obtained by fitting the model to the
experimental observations. All the studies summarized by Wreath et al. (1990)
introduced the shear rate coefficient to match the model results with the experimental
observations. After surveying different studies, Lopez et al. (2003) reported that C “is a
function of both the bulk rheology and pore structure and that there is no theory that can
predict its value reliably.” Summarizing the literature, they reported that C varied

between 1 and 15 for different pore structures.
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2.6.5 Mixing

During its transport through a groundwater system, the grout gets diluted after mixing
with water. This was also observed by Honma (1984). Commonly used mixing rules were
(1) linear and (i1) power law mixing rules. They were given by Koval (1963), Finsterle et

al. (1994) and Kim and Corapcioglu (2002a).

Linear mixing rule:

H =Xgelaugel +(1_Xgel)ﬂw (2.16)

Power law or quarter power mixing rule:

-4
X . 1d-X_)
TP 2.17)
1/4 1/4
ugel ILIW

where X,.; = fraction of grout concentration, y;,-, = viscosity of the grout after mixing
with water due to dilution —subscripts / and p refer to linear and power law mixing rules,
Uger = Viscosity of the grout according to gel time relation (Equation (2.1), (2.2) or (2.6))
and u, = viscosity of water present in the porous media. Suitability of either of the

mixing models needs to be determined based on the laboratory experiments.

2.7 EXPERIMENTAL STUDIES OF INJECTION OF GELLING LIQUIDS INTO
POROUS MEDIA

Honma (1984), while analyzing the pressures required to inject sodium silicate grout at a

constant flow rate, found that the experimentally observed pressures are in disagreement

with those obtained from modeling studies when time dependent gelation relationships

given in Table 2.2 are used. When the grout gel viscosity expressed as a function time, a

relationship obtained from laboratory measurements of viscosity during grout gelation

under still conditions, was employed in the modeling study, the injection pressures were
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observed to increase exponentially. Honma (1984) performed experiments on sodium
silicate grout injection into a sand column and a point injection in a cube shaped sand
box. The experimental observations of injection pressures followed almost a straight line
pattern. Honma reported that it was possible to inject grout for 2580 seconds (43 minutes)
even though the gel time of the grout was only 360 seconds (six minutes). Honma
believed that the discrepancy was due to slowing in gelation caused by agitation and

turbulence of the flow.

Colloidal silica grouting into soil was investigated through column experiments
(Durmusoglu and Corapcioglu, 2000), two-dimensional tank experiments (Durmusoglu
and Corapcioglu, 2000; Gallagher, 2000) and field investigations (Moridis et al., 1995;
Persoff et al., 1995). Most of these studies aimed at studying viability of colloidal silica
injection for barrier formation. Gallagher (2000) however focused on achieving gel times

such that the grout was spread as far of possible.

In the area of enhanced oil recovery, various gel systems investigated include
polyacrylamide/Cr (McCool et al., 1988; Seright, 1992), Xanthan/Cr (Hubbard et al.,
1988; Jousset et al, 1990), polyacrylamide-aluminum citrate (Seright, 1994
Ranganathan ef al., 1997) and formaldehyde system (Seright, 1992; Bryant et al., 1998).
McCool et al. (1988), Jousset et al. (1990) and Ranganathan et al. (1997) reported the
process of filtration of micro-gels during their transport through porous media. Seright
(1995) also observed similar phenomenon of stripping of polymer and cross-linker at the
inlet section. Bryant er al. (1998) performed experiments on phenol-formaldehyde system
and concluded that one or more of the viscosification, shear thinning and filtration
processes play an important role in the injectivity of gel solutions through slim tube
(8 mm diameter) sand column experiments. They also reported that occurrence of

filtration is strongly correlated to the age of the gelants (gel constituents).

2.8 VERIFICATION AND VALIDATION OF NUMERICAL MODELS
Numerical simulation results need to be examined for their reliability and accuracy.

Verification and validation are the two main phases of model testing in order to assess the
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accuracy of the simulation results (Roache, 1994, 1998; Barron and Latypov, 1995;
Oberkampf and Trucano, 2002).

2.8.1 Verification

Verification was defined, by the Society of Computer Simulation (SCS) (Schlesinger,
1979), as “substantiation that a computerized model represents a conceptual model within
specified limits of accuracy.” In this process, results produced by the numerical
simulation code were checked to ensure that the code is approximating the governing
differential equations (Barron and Latypov, 1995; Oberkampf and Trucano, 2002). Major
sources of errors in numerical simulations were insufficient spatial and temporal
discretization and insufficient iterative convergence (Oberkampf and Trucano, 2002).
Major steps in assessing how well the numerical model approximated the differential
equations are (Barron and Latypov, 1995): grid refinement studies, comparison with

analytical solutions and benchmark numerical solutions and a posteriori error estimations.

Herbert et al. (1988), Oldenburg and Pruess (1995) and Diersch and Kloditz (2002)
investigated the importance of spatial grid resolution on the converged solution for
density dependent coupled flow-transport problems. Oldenburg and Pruess (1995) refined
the grid until the results were not found to vary any further. It is, however, not feasible to
refine grids many times and run simulations due to computational and other limitations.
In such cases the Grid Convergence Index (GCI) method suggested by Roache (1994)
and applied by Zhao et al. (2000) provided a systematic way to estimate the errors
resulting from the use of coarse grids. Oldenburg and Pruess (1995) and Ackerer et al.
(1999) implemented an adaptive time-stepping approach. Depending upon the number of
iterations it takes to reach convergence, the time step is either increased or decreased.
From the numerical experiments, Ackerer et al. (1999) suggested that, for coupled
systems, when the ratio between the time step for flow and time step for advective step
was three, simulations were efficient. Oldenburg and Pruess (1995) and Ackerer et al.
(1999) stressed the importance of convergence criteria. In case of coupled problems,
there were two different convergence criteria that one needs to consider i.e., one was for

the coupling between flow and transport equations and the other criterion was for the
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iterative solver (Ackerer et al, 1999). These studies adopted a formulation scheme
referred to as residual formulation to maintain exact mass balance at the elemental level.
Oldenburg and Pruess (1995) suggested convergence criterion of 107 for the residual of

the mass accumulation terms between any two iterations.

2.8.2 Validation

Validation, on the other hand, is “a process of determining the degree to which a model is
an accurate representation of the real world from the perspective of the intended uses of
the model” (American Institute of Aeronautics and Astronautics, 1998). During this
process, numerical model results are compared to either the field/experimental
observations or the results of an already verified and validated numerical model. The
process of validation determines the degree to which the model mimics the essential
physics of the real world problem (Barron and Latypov, 1995). Roache (1998) described
verification as “solving the equations right” and validation as “solving the right

equations.”

2.9 MODELING HETEROGENEOUS HYDRAULIC CONDUCTIVITY

Flow and transport in heterogeneous porous formation was one of the most extensively
investigated topics because spatial variability in hydraulic characteristics in geological
formation affects the evolution and the spreading of contaminants in groundwater system.
Soil heterogeneity results from natural processes that govern the formation of soil
deposits having variable stretches or layers of different soil hydraulic properties. Also,
heterogeneities result from the order of difference between horizontal and vertical
hydraulic conductivities. Even when the soil is seemingly homogeneous, there exist thin
lenses of different soil layers. Hydraulic conductivity is the main property that affects the
flow and transport processes and it was known to vary by several orders of magnitude.
The hydraulic conductivity was considered random (Freeze, 1975; Dagan, 1989; Gelhar,
1994; Hassan et al., 1998) and its variability was described in a stochastic way (Elfeki et
al., 1997). Hydrogeologists, in their stochastic analyses, considered the aquifer as one of

the possible outcomes of several possibilities or scenarios having the same statistical

33

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



properties. Each of these possibilities, called realizations, has a set of physico-chemical
characteristics (Delhomme, 1979; Dagan, 1986, Gelhar, 1986).

Stochastic modeling in geoscience, reservoir engineering and hydrology involves the
generation of synthetic geologic architecture and/or property field data, depending on the
problem dimension, running flow and/or transport simulations to get the results
(Haldorsen and Damsleth, 1990). To describe the random hydraulic conductivity, joint
probability density functions between all points in space were to be known (Hassan et al.,
1998). Starting from the reportedly first paper on describing heterogeneous hydraulic
conductivity using lognormal distribution (Law, 1944), a large volume of literature
followed this approach (e.g., Warren and Price, 1961; Freeze, 1975; Hassan et al., 1998).
The logarithm of hydraulic conductivity of the heterogeneous porous formation was
considered to be a random space function that is statistically homogeneous (Freeze, 1975;
Hassan et al., 1998). If the log transformed hydraulic conductivity followed a Gaussian
distribution, then the first two moments, mean and covariance, were sufficient to describe

the RSF (Hassan et al., 1998).

Geostatistical approaches were used for predicting hydrogeological properties. They
comprised of a collection of techniques for the analysis of spatially correlated data
(Journel and Huijbregts, 1978; American Society of Civil Engineers, 1990a,b; Lin ef al.,
2000). There were two popular geostatistical techniques: interpolation and simulation.
Interpolation techniques such as, Kriging (Journel and Huijbregts, 1978; Kitanidis, 1997),
statistically gives the Best Linear Unbiased Estimate (BLUE) at a given location or the
best estimate for a given area or volume (Hicks, 1996). Kriged values exhibit lower
variation than the actual variability (Lin ef al., 2000; Hicks, 1996). Although interpolated
maps capture the large-scale lateral variation, they were smooth and did not reflect the
realistic variability. Also, in problems such as ore estimations it was enough to know the
average estimate. However, in hydraulic conductivity distribution determination, it is
important to know not only the mean value and but also variability. In such situations,

geostatistical simulations were used to preserve the variability.
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Geostatistical simulation attempts to preserve the statistics (histogram, semi-variogram
and scattergram) of the observed data and hence realizations generated through
simulations were more realistic (Hicks, 1996; Goovaerts, 1999). Depending on whether
the simulations honoured the observed data, they were classified into conditional or
unconditional simulations. If the simulation honoured not only the statistics such as mean
and variability but also the actual data, it was called conditional simulation. In cases
where the simulations preserve only the statistics and not the observed data, it was called
unconditional simulation. Simulation tries to maintain the variability in the generated
data. Variability was incorporated by introducing the noise on to the interpolated surface.

Noise was systematically added to the interpolated surface according the model.

There were several techniques reported in the literature for generating the realizations
(Deutsch and Journel, 1998). They include turning bands method (Bras and Rodriguez-
Iturbe, 1985), spectral technique (Montoglou and Wilson, 1982; Naff et al., 1998a,b) and
sequential Gaussian simulation (Goovaerts, 1999). Goovaerts (1999) compared the space
of uncertainty generated by four of the most commonly used algorithms: Sequential
Gaussian Simulation (SGSIM), Sequential Indicator Simulation (SISIM), p-field
simulation and Simulated Annealing (SA). Goovaerts reported that SGSIM yielded the
most accurate prediction, among various algorithms, of long-term response for the
problem chosen. Goovaerts also found that SGSIM yields both large goodness statistics
and small local uncertainty. Hence it should be preferred for the generation of hydraulic

conductivity maps.

2.10 CONCLUSIONS

Chemical grouting is being investigated as an environmental containment technological
option for the two decades. Sodium silicate and polyacrylamide are the two popularly
used chemical grouts. While sodium silicate based grouts are environmentally safe, they
suffer from poor gel time control and syneresis. Polyacrylamide offers better gel time
control. But they suffer from environmental and health concerns. In the light of these
problems with sodium silicate and polyacrylamide grouts, quest for new chemical grouts
led to the identification of colloidal silica grouts. Colloidal silica was reported as a

promising alternate for sodium silicate as a chemical grout. Colloidal silica is
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environmentally benign, has better gel time control and has no syneresis problem. Hence

further investigations are needed.

Researchers in the recent past have investigated the applicability of colloidal silica based
grouts through numerical modeling and field applications. However these studies have
not reported the processes that are occurring during grout injection. Although Gallagher
(2000) investigated numerically and experimentally, the author had adopted decoupled
approach and recommended the use of coupled approach. Based on the literature review,
it was identified that the modeling studies on the injection of chemical grouts (including
sodium silicate and colloidal silica) into porous media did not consider the effect of
shear, which was known to effect gelation. The modeling studies reported in the literature
on the colloidal silica grouting did not perform experimental studies with an aim to
understand the processes that effect grout injection and generate data to validate the

modeling results.
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CHAPTER 3
EXPERIMENTAL STUDY

3.1 GENERAL

Experimental work is vital in understanding the physics and generating data to validate
models, especially in the absence of sufficient field data. Measurement of material
properties such as viscosity of grout solution and soil hydraulic characteristics is essential
not only to understand the behaviour of the grout, but also to develop the functional
relationships for use in modeling studies. This chapter presents the details of the
experimental work carried out in order to test the materials, better understand the physics
and generate data to validate the model. Based on the discussions in the previous chapter,
the important issues in chemical grouting are grout material, grout medium, gelation
characteristics, flow and transport of gelling grout and grouted soil characteristics. The
experimental work in the current chapter is focused along these issues. The chapter is
organized into sections on materials, viscosity measurements of colloidal silica in the
presence and absence of shear effect, colloidal silica grout injection into sand columns
and determination of hydraulic conductivity of grouted sand. Experimental hardware and

measurement procedures are presented in the respective sections.

3.2 MATERIALS

In this study, grout solution and grout media are the two main materials involved. The
grout medium used in this study is fine sand. The grain size distribution of the sand is
presented in Figure 3.1. The average grain size (dso) and geometric standard deviation
(og) were estimated as 0.20 mm and 1.28 respectively. Once the column was packed with
sand, the hydraulic conductivity was determined using falling head method. Soil
hydraulic conductivity ranged between 2.7 x 10* m/s and 3.3 x 10™ m/s with an average
hydraulic conductivity of 3.06 x 10 m/s. Grout solution consists of a mixture of
colloidal silica solution and NaCl solution. Bindzil 40/170 grade colloidal silica solution
(provided by M/s Eka Chemicals, USA) is used for the experimental study. The
important physico-chemical properties of Bindzil 40/170 formulation are presented in

Table 2.1. In the present study, reagent grade NaCl (BDH, USA) was used to make both
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10 % by wt. solution for mixing with colloidal silica solution and 2.5 % by wt. solution
for preflushing in all the tests. When the 10 % by wt. NaCl solution is mixed with
colloidal silica solution, the resultant grout mixture will have 2.5 % by wt. concentration
of NaCl. Thus when the grout mixture is injected into the saturated column that is
preflushed with 2.5 % by wt. NaCl solution, the diffusion of NaCl solution due to

concentration difference could be avoided.

90 F | dsp=0.20 mm
oy =128

% finer by weight .
wn
<

0 Y S
0.01 0.10 1.00

Diameter (mm)

Figure 3.1: Grain size distribution of sand used for experiments in this study

3.3 GELATION CHARACTERISTICS

When the grout polymer solution (Bindzil 40/170 colloidal silica in this case) is reacted
with a cross-linker (NaCl brine solution), the resultant solution becomes viscous and
eventually a gel, semi-solid or solid due to the formation of networks of particles linking
together. Viscosity increases with time, from the instant the colloidal silica is reacted
with brine solution, needs to be determined experimentally in order to represent the
gelation process in the model. Jansson (2003) of Eka Chemicals provided the viscosity
data obtained during gelation under no shear for three different compositions of Bindzil
40/170 and NaCl, i.e, 4:1, 5:1 and 6:1 at three different temperatures, i.e., 10, 20 and
30° C. Ratios indicate weight fractions of Bindzil 40/170 to 10 % by wt. sodium chloride
solution. The viscosity data were measured using Brookfield synchro-lectric viscometer

with LV spindles and UL adapter. The viscosity data are presented in Figure 3.2. These
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profiles indicate that gel time is dependent on concentration of polymer solution, brine
concentration and temperature. The gel time is found to increase with reduction in the
brine concentration in the final mixture. This is because the gelation is slow in ionically
less active solutions. The grout is found to gel more quickly at 30°C because of higher
ionic activity at higher temperatures. Despite varying time evolution of viscosity for
different compositions, all these solutions achieved similar final gel viscosities. Hence in
field applications, the engineer may choose a specific composition depending upon the

site and design requirements of gel time.

Bindzil 40/170: NaCl (10%)
1.LE+00

8.E-01

6.E-01

4.E-01

Viscosity (Pa.s)

2.E-01

0.E+00
0 10 20 30 40 50 60 70
Time (min)

- 4:110degC &~ 5:110degC ~— &~ 6:110 degC
—8—4:120degC —4—5:120 degC —&—6:120 degC
4:130degC ~—©~—5:130 degC ~—A-—6:130 degC

Figure 3.2: Colloidal silica grout viscosity profiles during gelation under no shear for
different compositions at different temperatures. Ratios indicate weight
fractions of Bindzil 40/170 to 10 % by wt. sodium chloride solution

3.4 GELATION UNDER SHEAR
3.4.1 Viscosity Measurements
Apparent viscosity of the grout in porous media during its flow is less than the viscosity

of the grout in an unagitated condition. This reduction in viscosity is attributed to one of
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three reasons — (i) break in the networks of particles (Carvalho and Djabourov, 1997),
(ii) flow induced order in the solution structure such as compression resulting from
elongation of polymers and/or micro-gels in the normal direction (Chauveteau et al.,
2000) or (iii) densification of gel fraction (Drabarek et al., 2002) if the gelling polymer
solution is in motion. Despite different explanations, it is generally agreed that delay in
gelation is the result of shear. The dynamic action on the solution due to motion was
represented in terms of shear rate having units [Time]". Shear rate is a function of
velocity of the flow (Lopez et al, 2003). Raghavan and Khan (1995) observed that the
viscosity of the gelling solution decreased as the shear rate increased and then recovered
easily as the shear rate decreased or ceased. They also noted that the viscosity of gel
increased suddenly, once the shear was removed. Thus it may be noted here that the
viscosity at any instant of time during gelling may be higher than the original or initial
viscosity. However, it would be less than the viscosity that the polymer would have had,

had the solution been allowed to gel in an unagitated condition, without shearing.

Of the several compositions used by Eka Chemicals as presented in the previous section,
the formulation corresponding to gel time of 600 seconds was chosen to further
investigate the effect of shear. The compositions corresponding to approximate gel time
of 600 seconds or more produce homogeneous gels. The composition corresponding to
this gel time consists of reaction of Eka gel (Bindzil 40/170) solution and 10 % by wt.
brine (NaCl) solution in the ratio of 4:1 by weight at 20° C. This composition was used in
the present experimental study for measuring viscosity evolution when the solution was
subjected to shear. The viscosity measurements were carried out by Prof. D. DeKee’s
research group at Tulane University. These measurements were made using an AR-2000
research grade rheometer manufactured by TA instruments. Concentric cylinder method
had been used to measure the viscosities. A concentric cylinder attachment with
immersed height of 42 mm, stator radius of 15 mm and rotor radius of 14 mm was used

for these measurements. The gap between the cup and the tip of the cone was 5920 pum.
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In order to understand the effect of shear on gelation, viscosities were measured at three
different shear rates of 1 s”, 50 s™ and 500 s”. The viscosity data from these three
experiments are plotted in Figure 3.3. The curves labeled as 2, 4 and 6 correspond to the
viscosity measurements at shear rates 1 s, 50 s’ and 500 s?. These shear rates
correspond to the most commonly experienced groundwater velocities. The viscosity data
corresponding to 600 seconds of gel time from Figure 3.2 are also plotted in Figure 3.3.
The latter graph clearly demonstrates the effect of shear on gelation. These profiles are
similar to the ones obtained for gelation of biopolymer under shear (Carvalho and
Djabourov, 1997) and colloidal silica (commercial grade LUDOX) gelation under shear
(Hanley et al., 1999). For a given composition, for each of the shear rates there exists a
certain maximum viscosity limit. The higher the shear rates, the lower the maximum
viscosity. Viscosity remains constant until the time close to the gelation time (induction
period as explained by Chauveteau et al., 2000) and increases steeply in a very short span
of time (pre-gel period) for the case when there is no shear. When the shear was applied,
the viscosity profiles followed the no shear viscosity profile for a while and deviated
from there to reach a maximum limit that was lower than the no shear profile. After

attaining a peak (micro-gel size limitation), the viscosity started to decrease.

Colloidal silica particles form networks until the solution reaches peak viscosity. During
this phase, networks are formed while resisting shear. After a certain stage, the peak
viscosity is as shown for each of the shear viscosity profiles in Figure 3.3. The networks
of particles cannot resist shear and undergo one of the three processes viz., break in
networks, flow induced order in solution structure or densification. As a result, the bulk
viscosity starts decreasing. The breaking of networks of colloidal silica particles into
small networks (blobs) continues until an equilibrium state between the gelation and
shear is reached. At this stage, the polymer (grout) solution viscosity is lower than the
maximum viscosity for the given shear rate. Hanley et al. (1999) reported that gel

viscosity, after reaching a peak, reduced monotonically to 10 % of the peak viscosity.
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3.4.2 Shear Gelation Model

The viscosity increase during gelation under shear needs to be incorporated in the model
in order to simulate the flow and transport of grout (gelling) solutions. As discussed in
the literature review, different models to represent gelation have been reported. Due to
the difficulty in representing the physics based reaction equation of Todd (1990) to
determine gel viscosity increase, recourse had been made to fit an empirical equation
based on laboratory data to calculate the viscosity as a function of time and concentration
(Finsterle et al., 1994; Kim and Corapciouglu, 2002a,b). The present study also followed
the same procedure and a non-linear regression equation was fit to the experimental
measurements of viscosity corresponding to three shear rates. The relation estimates the
viscosity as a function of shear and reaction time. A perusal of viscosity data during
gelation under shear shows that, for each case, there is a minimum viscosity (i.e., initial
viscosity) which is the same for all the three cases, and a maximum viscosity
corresponding to each of the shear rates. There is a smooth transition between these two
limits. These viscosity profiles resemble the moisture profiles in unsaturated zones.
Hence, an expression of the same form as the one used by van Genuchten (1980) for the

unsaturated zone moisture profiles (Equation (3.1)) was fit to the data (Equation (3.2)).

0-6, _ 1 G.)

95 =0 (1+[a)]®)’

where &= moisture content at any instant

0. = residual moisture content
6, = moisture content at saturation

w = soil water pressure head

a, b and c are the fitting parameters
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A non-linear regression expression similar to Equation (3.1) as given below was fit for

the data shown in Figure 3.3. Equation (3.1) was modified to represent the viscosity as:

lo —lo ;
g(,ugel) g(Kmin) - 1 (32)

log(ttmax) = 108(min)  (1+[ 51 (/60) 2 )3

where 4, = viscosity at any instant of time
Umax = maximum viscosity achieved for a given shear rate
Hmin = Viscosity at the beginning of the reaction
t = reaction time i.e., time since the reactants are mixed

s1, 82 and s3 are the fitting parameters for the shear viscosity relation

When the viscosity data is represented in non-dimensional form as per the left side term
of Equation (3.2), all the three viscosity profiles fall on the same curve. The above
equation was fit to the non-dimensionalised viscosity data as a function of time and the
fitting parameters were determined using least squares method. The gelation time in an
unagitated condition was 600 seconds. When the time ‘#’ was represented in seconds, the
values obtained from least squares fitting for s;, s, and s3 are 0.854, 1.775 and 10.419

respectively.

Unlike in moisture profiles where the maximum moisture content (€) in Equation (3.1) is
known (i.e., 1.0), the maximum viscosity for a given shear rate is not known. Hence an
expression for the maximum viscosity as a function of given shear rate was developed
using a linear regression on log transformed viscosity data as a first step. Maximum
viscosity (tna plotted on a log scale) as a function of the shear rate is shown in Figure

3.4 and is represented as

Limax =22.41 y 708363 (3.3)

where y= shear rate [T].

44

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



100.0

E@T - - 4 - - Experimental

& 100 ¢ Fitted

2 F

§ L0 E

; -

<>é‘ 0.1 %

= i

0.0 bbb bbb
1 10 100 1000
Shear rate (1/s)

Figure 3.4: Relation between shear rate and maximum achievable viscosity

3.5 COLUMN EXPERIMENTS

In the present study, experiments on the colloidal silica grout mixture injection into sand
columns were carried out. Normally, experiments are performed with either of the two
boundary conditions viz., (i) constant pressure head or, (ii) constant flow rate. In the case
when the grout is injected at constant pressure head, the grout fluxes through the column
are recorded. On the other hand, when the grout is injected at constant flow rate, the
pressures required to maintain the constant flux are recorded. In the present study, grout
was injected at a constant flow rate and the required injection pressures to maintain the
constant grout flow were recorded to analyse the grouting processes. The experiments
were performed on two types of columns. The first column was of 500 mm long and had
an inner diameter 30.16 mm. The experiments performed using this column were, here
onwards, referred to as column experiments. One experiment was performed on the
second column, a steel tube having a diameter of 6.5 mm, referred to as slim-tube

experiment. The details on the slim tube experiment were presented in section 3.7.
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3.5.1 Experimental Setup

A schematic diagram of the experimental setup is presented in Figure 3.5. Photograph of
the setup is presented in Figure 3.6. An acrylic transparent tube of 500 mm length and
30.16 mm diameter was filled with fine sand, whose particle size distribution was
described in section 3.2, to a height of 450 mm. Both ends of the sand are equipped with
Teflon™ screen followed by glass wool. Glass wool is placed on both the ends of the
sand to avoid any leakage of sand from the column and Teflon™ screen was used to hold
the glass wool and sand together rigidly. A spring is positioned above the Teflon™ screen
such that the sand is under compression when the top of the column is closed in order to
hold the sand in place and to avoid any possible drifting or pushing from the bottom
when the grout is injected under pressure. The top end of the column is maintained at
atmospheric pressure. A pressure gage and/or transducer fitted at the entrance of the grout
solution into the column are used to record the pressures required to inject the grout
solution at a constant rate. The pressures were expected to increase with the increase in

grout viscosity as the reaction between colloidal silica and NaCl progressed with time.

Two peristaltic pumps were used in series to inject the grout. The first pump (ismatec
MYV pump, Cole-Parmer model no. 7332-00) had the facility to pump multiple lines at a
predefined flow rate. This pump had a regulator to ensure the desired flow rates. The
second pump in the series (Cole-Parmer Masterflex pump model no. 7524-10 fitted with
PTFE tubing attachment model no. 77390-00) also regulated the flow rate. This second
pump can inject up to an injection pressure head of about 150 m, while the first pump
cannot inject at such high pressure. The capacity of the second pump to inject at higher
pressures was necessary in order to inject the grout after the gelation time (including the
delay caused by the shear effect) had elapsed. The outflow from the second pump was

connected to the bottom of the column and pressure gage attachment.

At the start of the experiments, carbon dioxide gas was injected from the bottom in order
to flush out any air, which may contain different gases leading to trapped air bubbles
inside the column (Sugita and Gillham, 1995). The higher solubility of carbon dioxide in

water aids in avoiding the risk of trapped air bubbles in the porous medium. After about
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Stopwatch Nacl Pump 1 Colloi- a Teflon tube Pump 2
dal silica

Figure 3.6: Photographs of experimental setup. a) Pumps, gage, stopwatch, b) columns
preflushed with dyed sodium chloride solution (i) experiment 1-2 and
(i1) experiment 1-3
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1800 seconds of carbon dioxide flushing, 10-15 pore volumes of deaired water was
injected into the column (Swartz and Schwartz, 1998) to fully saturate the column and
make it devoid of air bubbles. The grout solution was prepared using colloidal silica
(Bindzil 40/170 as received from the manufacturer i.e., 40% by weight of solids) and
NaCl (10 % by weight) in the weight ratio of 4:1. The NaCl concentration in the mixture
solution is 2.5 %. To minimize the dispersed grout front, the column was preflushed with
2.5 % NaCl solution, which was equivalent to the expected NaCl concentration in the
injected grout solution. The NaCl preflush was recommended (Finsterle et al, 1994;
Persoff et al.,, 1999; Kim and Corapcioglu, 2002a,b) in field operations to minimize or
avoid the unwanted reaction of colloidal silica with other salts in soil. The column was
preflushed with 2-3 pore volumes of NaCl solution to ensure that the entire column was
filled with NaCl solution. Following the NaCl preflush, a mixture of colloidal silica and
10 % by wt. of NaCl solution in the ratio of 4:1 by weight was injected into the sand
column. Time zero was assigned to the time at which the solutions were mixed. The
pressures required to inject the grout at a constant rate were measured using a pressure

gage and/or transducer with increasing passage of time.

3.5.2 Classification of Experiments

The experiments performed using the 30.16 mm diameter column, referred to as column
experiments, may be classified into three groups ie., Set-1, Set-2 and Set-3. Four
experiments were conducted under Set-1 and five experiments each were performed
under Set-2 and Set-3. The experiments categorized under Set-2 and Set-3 were
performed using the same batch of colloidal silica solution about ten months after the
Set-1 experiments. Thus, the colloidal silica solution used for the Set-2 and Set-3
experiments was produced at a significant time prior to performing these experiments.
The colloidal silica solution, with time, undergoes some changes such as reduction in
surface area of particles due to agglomeration. The grout injection pressures were
recorded using a pressure gage for the experiments under Set-1 and Set 2. A pressure
transducer with digital display was added to the system during the experiments of Set-3
and the pressures were recorded using both the pressure gage and the transducer. Both the

pressure gage and the transducer were calibrated using a dead weight tester before and
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after each test. A summary of different experiments and their conditions is presented in
Table 3.1.

Set-1 Experiments

Four experiments grouped under this set were performed based on the procedure
described in section 3.5.1. The grout solution (consisting of colloidal silica and NaCl
solution) was injected at a flow rate of 2 ml/min for the first three experiments. The flow
rate was reduced to 1.3 ml/min in the fourth experiment. Another difference between the
first three experiments and the fourth experiment was that the saturated sand column was
not preflushed with NaCl solution in the fourth experiment. Each of the first three
experiments was aimed at recording grout injection pressures, and grout distribution
patterns for comparison of numerical model results against experimental observations.
During the first experiment (referred to as Expt-1-1), performed without any dyes in the
grout solution, only pressures were recorded. The pressure readings were recorded every
60 seconds and the time interval was reduced during the last couple of hundred seconds
when the injection pressures were increasing steeply. As indicated in Table 3.1, the

experiments in this group were performed using Milli-Q water.

In order to verify the grout concentration distribution patterns, the second and third
experiments (referred to as Expt-1-2 and Expt-1-3) were performed, under the same
conditions as the first experiment, with dyed solutions that do not affect gelation. In
Expt-1-2, three different dyes viz., green, red and blue were used. The NaCl solution used
for preflush was coloured with the green dye (Figure 3.6b(i)). When the green dyed NaCl
front reached about two-thirds of the column height, the injection of colloidal silica and
processes, red dye was added to the grout solution being injected at 1760 seconds. The
injection of red dyed solution was continued until 3240 seconds and at that point in time,
the colour of the injected solution was changed to blue. Again at 5280 seconds, the blue
NaCl solution mixture (without any dye) was started. This mixture had a white colour of

colloidal silica (as seen at the bottom of the column in Figure 3.6b(i & ii)). During this
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Table 3.1: Summary of different experiments and their conditions

Experiment | Colloidal | Purpose | Pre- | Dye | Typeof | Appli- Mean
Id Silica flush Water cation | Velocity
Used Rate —
(ml/min) V=
n
Set-1 x10™* m/s
Expt-1-1 | Assoonas | Pressures | Yes No Milli-Q 2.0 1.165
received
Expt-1-2 | Assoonas | Pressures | Yes | Yes | Milli-Q 2.0 1.165
received &
Patterns
Expt-1-3 | Assoonas | Patterns | Yes | Yes | Milli-Q 2.0 1.165
received
Expt-1-4- | Assoonas | Pressures | No No Milli-Q 1.3 0.757
NPF-Slow { received
Set-2
Expt-2-3 | Aged 10 Pressures | Yes Yes Tap 2.0 1.165
months &
Patterns water
Expt-2-4 | Aged 10 | Pressures | Yes | Yes Tap 2.0 1.165
months &
Patterns water
Expt-2-5| Aged 10 | Pressures | Yes | Yes Tap 2.0 1.165
months &
Patterns water
Expt-2-7 | Aged 10 Pressures | Yes | Yes Tap 2.0 1.165
months &
Patterns water
Expt-2-8 | Aged 10 Pressures | Yes Yes Tap 2.0 1.165
months &
Patterns water
Set-3
Expt-3-0 | Aged 10 Pressures | Yes No Milli-Q 2.0 1.165
months
Expt-3-1 | Aged 10 Pressures | Yes No Milli-Q 2.0 1.165
months
Expt-3-2 | Aged 10 Pressures | Yes No Milli-Q 2.0 1.165
months
Expt-3-3 | Aged 10 Pressures | Yes No Milli-Q 2.0 1.165
months
Expt-3-5NPF | Aged 10 Pressures | No No Milli-Q 2.0 1.165
months
51

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




process, the injection pressures were recorded. In order to capture the important dyed
solution was replaced by red dyed solution. Thus, the dye sequence consisted of green
(preflushing NaCl solution), white (grout mixture without dye), red (grout mixture with

red dye), blue (grout mixture with blue dye) and red (grout mixture with red dye).

Expt-1-3 was carried out under the same conditions, essentially to understand the grout
distribution pattern inside the column but the pressures were not recorded. In this case,
the dye injection scheme was slightly changed. The column was preflushed with blue
dyed NaCl solution. Figure 3.6b(ii) shows the column preflushed with blue dyed NaCl
solution followed by white coloured colloidal silica grout solution. The injection of red
dyed grout solution was started at 3000 seconds as opposed to 1760 seconds in the earlier
test (i.e., much later than the Expt-1-2). When the ratio between the viscosities of two
different stages of grout solution was large, the observed fingers were likely to be distinct
and thinner with smaller diameter. After the experiment was over i.e.,, when the grout
front has reached the top of the sand in the column, the column was cut into four sections

in order to observe the grout patterns, mainly to investigate the finger patterns.

The last experiment in this group labeled as Expt-1-4-NPF-slow, was performed to
understand the effect of preflush on the grout injection. All the experimental conditions
were the same as the Expt-1-1 and Expt-1-3 except the flow rate and NaCl preflush. The
grout was injected at a rate of 1.3 ml/min. Unlike the other three experiments, the column
was not preflushed with 2.5 % NaCl solution. Thus this experiment had the effect of two
different components i.e., slow injection rate and absence of preflush. The details of the

results are presented in section 3.6.

Set-2 and Set-3 Experiments

As mentioned earlier, five experiments were performed in each set using aged colloidal
silica solution. All the experimental conditions were the same as the ones followed for
experiments Expt-1-1 and Expt-1-3 except the type of water used. The difference
between the experiments grouped under these categories was that de-aired tap water was

used for experiments grouped under Set-2 and milli-Q water was used for the
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experiments in Set-3. One of the five experiments grouped under Set-3 was performed
without NaCl preflush while the remaining four experiments were performed with NaCl
preflush to investigate the effect of preflush on the aged grout injection. The experiments
performed under Set-2 are labeled as Expt-2-3, Expt-2-4, Expt-2-5, Expt-2-7 and Expt-2-
8. The ones grouped under Set-3 are labeled as Expt-3-0, Expt-3-1, Expt-3-2, Expt-3-3
and Expt-3-5-NPF. As explained in the previous section, NPF refers to no preflush.

3.6 COLUMN EXPERIMENT RESULTS AND DISCUSSIONS

3.6.1 Grout Distribution Patterns

Figure 3.7a,b present the grout distribution patterns at different times for Expt-1-2. The
colour of the grout reflects grout age. The effect of small heterogeneity can be observed
at the interface between the dyed and the undyed NaCl used for preflush. Similar effects
are also observed at the interface between the dyed preflush and the undyed grout
solution. It can be noted from Figure 3.7a that the grout solution front is fairly stable

because higher viscosity solution is displacing a lower viscosity solution.

From Expt-1-2, the grout solution dyed in red was first observed at the bottom of the sand
column at 1860 seconds, ie. 100 seconds after the red dyed grout was introduced.
Therefore, the grout age is 100 seconds. The red colour zone persisted as a small patch at
the bottom after which no indication of red dyed grout solution could be found on the
surface of the column as shown in Figure 3.7a. At 2250 seconds the red coloured grout
solution is observed at 210 mm from the bottom of the sand column. This means it took
approximately 380 seconds to travel 210 mm, whereas it took 1546 seconds for the
undyed grout to travel the same distance. This is approximately a quarter of the time it
took for the undyed grout to displace the NaCl solution in the pores and reach that height.
When the grout was injected initially to displace NaCl solution, the grout travelled as a
plug flow displacing NaCl solution throughout the cross-section (i.e., high viscosity
solution displacing low viscosity solution), whereas red dyed grout injected long after the
gel time of initially injected grout solution, traveled as fingers. By the time red dyed

grout was injected, the grout in the pores had already reached gel time. At that time,
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Figure 3.7a: Grout distribution at different times in the sand column during
colloidal silica grout injection for Expt-1-2

(-900* refers to 900 seconds prior to the mixing of grout)
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Figure 3.7b: Grout distribution at different times in the sand column during
colloidal silica grout injection for Expt-1-2
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fresh grout with very small grout age, i.e., low viscosity, triggered the formation of
fingers because of the flow instability of a lower viscosity displacing higher viscosity
solution. Thus, this difference in time of travel was because the red dyed grout traveled as
fingers and reached the grout front quickly. This was confirmed when the column was cut
into pieces at different cross-sections after experiment Expt-1-3 as discussed in

subsequent paragraphs.

At 3240 seconds, the red dyed grout solution was replaced by the blue dyed solution. The
blue dyed grout also followed patterns similar to that followed by the red dyed grout
solution, i.e., the red patch observed at the bottom of column at 1860 seconds was
covered by blue dyed solution. There was no sign of blue dyed solution along the
column. The blue grout was observed on the surface at 300 mm from the bottom at 3720
seconds. Thus, it took 480 seconds for the grout to reach 300 mm in the column. If the
time (~100 seconds) it took for the grout to reach the bottom of the sand column is
subtracted from 480 seconds, the time it took for the grout to travel from the bottom of
the column to 300 mm into the column is 380 seconds. This means that blue grout was
also traveling through fingers smaller than the fingers through which the red dyed
solution travelled. The younger grout travelled approximately six times faster than the
undyed solution and about 1.5 times faster than the red dyed colloidal silica grout
mixture. After reaching the front, the red dyed and blue dyed grouts were spread

throughout the cross-section.

Based on the observations on grout arrival at different heights with time, one can attempt
to calculate the mean velocity of grout flow through the fingers. The grout injected at the
beginning had traveled as a plug flow. As mentioned earlier, it took 1546 seconds for the
grout to travel 210 mm. This corresponds to a velocity of 1.2 x 10 m/s. During the time
interval between 1860 seconds and 2250 seconds, the red dyed grout had traveled as a
finger. From the dyed grout patterns, it is observed that it took 390 seconds to travel 210
mm. The average linear velocity is calculated as 5.4 x 10 m/s. Similarly from the
observation of blue dyed grout patterns during 3240 seconds and 3720 seconds, the

average linear velocity through the finger is calculated as 7.9 x 10™ m/s. The increase in
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velocities implies that the finger size is shrinking with time. These changes reflect the
dynamic nature of the grout fingering process. It may be noted that these velocities are
average linear velocities based on first order calculations because processes such as
shape, size and tortuosity of the grout fingers are not considered in calculating these

velocities.

At the front, the younger grout displaced the already existing grout to make its way
forward. The conceptual model of the same is shown in Figure 3.8. Figure 3.9 shows this
phenomenon as observed in experiment Expt-1-3. From Figures 3.8 and 3.9, it should be
noted that the grout travelled through the finger was much younger than the grout around
the finger. Due to the mobile nature of the grout, the younger (i.e., less viscous) grout
displaced the older grout and occupied the pore space in the finger. The finger formation
and growth shown in Figure 3.8 corresponds to the grout age. The finger is behind the
grout front. The grout front indicated in the figure referred to the grout concentration. It
may be noted that the concentration of the grout behind the grout front varies between
0.9-1.0 times the injected grout concentration. However, the ages of the grout vary. The
age of the grout in the finger is significantly lower than that of the grout around the

fingers.

At 4641 seconds the blue dyed grout formed a patch to the left of the initial patch at the
bottom of the column as shown in Figure 3.7b. The blue dyed grout spread all along the
left side of the internal surface of the column and eventually formed a finger. This is an
indication that at this time, the viscosity of grout in the finger that was catering to the
flow through the column had increased sufficiently that the resistance to the flow of the
grout solution through the finger had increased substantially. Consequently, the younger
grout with blue dye developed a new finger through the weakest zone which was along
the left side internal surface (wall) of the column. Thus, the formation of new fingers
showed the dynamic nature of the grout finger development process. At 5280 seconds,
the solution had been changed to red dyed mixture. The red dyed solution also followed

the wide finger formed by the blue dyed injection on the left side of the column.
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Experiment 1-3 was performed along similar lines of experiment 1-2. However, dyed
grout solution was injected at different times. The grout distribution patterns were similar
in many ways. After the completion of experiment 1-3, the sand column was cut into five
pieces along the cross-section at 100 mm, 200 mm, 320 mm, and 440 mm from the
bottom of the sand column. Figure. 3.10 shows the formation of fingers in these cut
sections of the column. At 100 mm from the bottom of the sand column, the younger
grout (red coloured) formed as a core. The same core was found to be splitting into
different fingers of 7 mm size in the next section of the column at 200 mm. At 320 mm,
red dyed grout was found to be spreading all around the column. This was because the
grout, which traveled through the fingers, had reached gelation. As a result, the ability to
puncture through the front reduced and the grout, which had travelled through the finger,
had spreaded across the cross-section. This is evident from the cross-section (b) in
Figure 3.10. When the fingers reached near the top (~300 mm from bottom), they are
coalesced while trying to spread laterally. The grout fingers are formed due to flow
instabilities generated during the displacement of high viscous grout solution by the low
viscous grout solution. Once the fingers are formed, it is assumed that grout flow occurs
only through the fingers. In such a situation, the velocities are calculated at 100 mm and
200 mm cross-sections based on the cross-sectional areas shown in Figure 3.10(ii). The
area of the finger at 100 mm cross-section is estimated based on the measurements of
finger core dimensions as 125 mm®. Similarly, the total area of the fingers observed at
200 mm cross-section is determined to be 112 mm? The consequent average linear
velocities at these sections are calculated as 6.7 x 10* m/s and 7.4 x 10™* m/s at these two

sections, respectively.
The present section described the grouting physics with based on visual observations.
The following subsection presented the discussion on the observed pressure heads. These

grout injection pressure heads were interpreted in terms of pressures at the grout injection

point under different conditions and processes occurring the column.
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Figure 3.10: Grout distribution at different cross-sections in the grouted column showing
fingers as obtained in Expt-1-3: (i) top view along the length of the column
at different intervals (ii) cross-sectional views at various heights
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3.6.2 Grout Injection Pressures

The processes occurring during grouting were interpreted based on the grout injection
pressures. It may be observed that even though the gel time of the grout formulation was
600 seconds, it was possible to inject grout until about 4000 seconds during Expt-1-1 and
6000 seconds during Expt-1-2. This delay may be explained in terms of the processes
occurring in the grout injection column. Bryant et al., (1998) reported that the main
processes that govern the flow during injection of gelling liquids were viscosification,
shear thinning and filtration. In addition to these three, the present experiments reveal the
formation of viscous fingering, which was not reported in earlier studies. The grout
injection would be affected due to any of these processes or a combination of these
processes. Viscosity and filtration cause increase in grout injection pressures while shear
thinning and viscous fingering reduces the pressure increase for a given flow rate.
Therefore an analysis of injection pressures was essential to understand the physics of

grout injection.

The pressures required to inject grout at a constant flow rate were recorded with
increasing time and are plotted in Figure 3.11. The increase in grout injection pressure
followed a mild slope until a certain time (~3200 seconds in this case) followed by a
rather steep increase in a short duration. The two regions reflect the state of grout within
the pores and the processes that were contributing to the pressure increase. During the
time period over which the pressure profiles followed a mild increase, the grout was
slightly viscous and the increase in viscosity was low. Consequently, the pressure
increase was less. For convenience, the mild slope region may be divided into different
sections. The first section is from the time the reaction was initiated until the time equal
to gel time under no shear. The second section is the interval between the no shear gel
time to the time at which viscosity in shear gelation curve attains a peak. The pressure
increase during this time was only due to viscosity, which followed a mildly sloped
straight line. The approximately linear pressure increasing trend during this time
indicated that only viscosity might be contributing to the pressure increase. The pressure
increase during this time was mainly due to head loss in the finger(s) and grouted soil

around the finger(s). Since the grout age was still close to the gel time, the increase in

62

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



head loss through the column was due to viscosity increase only. The increase in
pressure, during the initial phase or until the onset of finger(s), was governed by the

highest viscosity at any cross-section along the column.

Once the viscous finger was formed, the majority of the flow took place through the
finger. As long as the time it took for the grout to reach from the bottom of the sand
column to the top of the finger was less than or equal to the gel time, the head loss curve
was mildly sloped. This corresponded to the role of viscosity. From 3200 seconds till the
end of the experiment, pressure increase was due to the combined effects of viscosity and
filtration. The pressures increased very steeply in a short time when the grout approached
gel state. By 3200 seconds, the finger head (front end of the finger behind the grout front)
started to gel because by this time the grout age was close to gel time. The injectability of
the grout in the porous media even at higher pressure was a clear indication that the
macromolecules or pre-gels or micro-gels were still mobile, though possessing a

relatively high viscosity.
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Figure 3.11: Pressures required to inject colloidal silica grout into sand columns
at a constant flow rate of 2 ml/min
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A fairly good match between the pressures for experiments Expt-1-1 and Expt-1-2 up to
3240 seconds showed the repeatability of experiments. After 3240 seconds, the slope of
the grout injection pressure curve for Expt-1-2 was reduced until 5580 seconds, after
which the injection pressure profile increased in slope. At 3240 seconds of the Expt-1-2,
the colloidal silica was mixed with NaCl solution having a concentration of 9.2 % by wt.
instead of 10 % by wt. The resulting grout solution had NaCl concentration of 2.3 % by
wt. instead of 2.5 % by wt., which was used in Expt-1-1. This indicates that a very small
percentage difference in NaCl solution affects the gelation process. As the pressure
increase was slowed down, the NaCl concentration in the injected solution was restored
to 10 % by wt. NaCl solution. Once the NaCl concentration was restored at 3630 seconds,
the pressures increased steeply after 4340 seconds. The experiment also demonstrated the
opportunity to correct the composition of the grout if the field engineer finds a delay in

gelation of the grout in comparison to design gel time.

Figure 3.12 shows the pressures (labeled as Expt-NPF-slow) obtained for both NaCl
preflush and no preflush cases. NPF indicates that the column was not preflushed and
slow refers to reduced grout injection rate. The grout was injected at a rate of 1.3 ml/min
as opposed to 2 ml/min in all other experiments. Since the flow rate was less, the gelation
should have been quicker because of lower shear rate. However, the pressure profile is
less steep than that obtained from Expt-11. This indicates that even though the shear rate
was less, gelation had been delayed due to the absence of preflush. Thus the grout
injection process was affected by the preflush. It is clear from the Figures 3.11 and 3.12
that a small change in NaCl concentration or a change in preflush conditions can
sufficiently affect the gelation process. We can use this fact to adjust the NaCl

concentration depending upon the gelation behaviour in the field.
Set-2 Experiments
The colloidal silica solution used for this set of experiments was the same batch solution

used for Set-1 experiments. The NaCl solution was prepared with de-aired tap water for

these experiments. Since the colloidal silica solution was about ten months older than that
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Figure 3.12: Grout injection pressures: effect of NaCl preflush

used for Set-1, vial experiments were performed to estimate the gel time. From the vial
experiments, it was found that the gel time was increased to about 1500 seconds as
opposed to 600 seconds for the grout composition used in Set-1 experiments. Thus, it
took 900 seconds longer (i.e., 2.5 times longer than the initial gel time) for the same
colloidal solution to reach gelation. The pressures measured for the Set-2 experiments
(i.e., Expt-2-3, Expt-2-4, Expt-2-5, Expt-2-7 and Expt-2-8) during the grout injection into
the sand column are presented in Figure 3.13. The figure also shows the profile obtained
from Expt-1-1 to facilitate comparison of the profiles obtained for different cases. The
required injection pressure head profiles varied significantly. The occurrence of the steep
portion of the pressure profile reflecting the matured flow patterns and the time taken to
reach 70.3 m of injection pressure are taken as the measures for comparison of different
cases. The matured flow patterns are achieved when the gelation, viscous fingering and
filtration effects were simultaneously playing their roles on the pressures at the grout
injection point. The steep increasing portion of the profiles occurred between 3200

seconds and 4000 seconds.
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Figure 3.13: Grout injection pressure profiles: effect of tap water

(Note: Expt-2-8 is discontinued due to leakage at 3360 seconds)

Even though all the experimental operating conditions were the same, these pressure
profiles seemed to differ significantly. The pressure profiles from these experiments,
however, followed the same trend as the one observed from Expt-1-1. Ideally, these steep
portions of the profiles should have occurred later than that of the Expt-1-1 because of
the use of ten months old colloidal silica solution for which gelation time was longer.
However these profiles lie on both sides of the profile of the Expt-1-1. There could be
two major factors for these variations. The first and the most important parameter that is
understood to have an affect is the salt content in the deaired tap water. Based on the
Expt-1-2 in Set-1, the grout gelation process and injection pressures are found to be very
sensitive to the small variations in salt concentration. The second factor might be the soil
stratification achieved during the packing of the sand column. Though the sand particles
were fairly uniform sized and the packing process was the same, variation in stratification
could affect the grout injection pressures. Another important aspect of these profiles is
the occurrence of the kink in the pressure profiles observed in experiments Expt-2-4,

Expt-2-5, Expt-2-6 and Expt-2-7 in the injection pressure head range of 20 m — 40 m.
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This kink might be the result of readjustment of grout blobs at higher pressures as a result

of the movement of blocked grout blobs.

Set-3 Experiments

The experiments performed under this set were similar to the conditions used in Set-2
except that milli-Q water was used for saturating the column, for preparing 2.5% by wt.
NaCl solution used for preflush and for the 10% by wt. NaCl solution used for the grout
reaction. These experiments were labeled as Expt-3-0, Expt-3-1, Expt-3-2, Expt-3-3 and
Expt-3-5-NPF (see Table 3.1). The pressure head profiles obtained from the experiments
are plotted in Figure 3.14. These pressure profiles show mildly sloped trends, unlike the

steeper slopes observed in the experiments of Set-2 and Expt-1-1.
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Figure 3.14: Grout injection pressure profiles obtained when milli-Q water is used

Regardless of the shape of the pressure head increase profile, the final pressure heads
obtained just before the front exited the sand column are lower than that of Expt-1-1. This
shows that the gelation was slower than that of Expt-1-1 because of the use of older
colloidal silica solution. The surface area, a measure of colloidal silica particles in
suspension, played an important role in the gelation. As the time since the colloidal silica

is produced to the time it is used increases, surface area of the particles reduces due to
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aggregation between the particles, which in turn leads to longer gelation or the need for

higher NaCl concentration.

Due to the absence of salts in the milli-Q water, the gel time was expected to be longer
than the gel time obtained when tap water was used. The pressure heads corresponding to
Expt-3-0 and Expt-3-1 followed the pressure head profile obtained from Expt-1-1 up to
about 3100 seconds and followed a different path after that. The final pressure from
Expt-3-1 and Expt-3-3 are coincided. The profile obtained from Expt-3-2 approached
steady state after 3500 seconds. The final pressure obtained for this experiment is the

lowest among the four experiments of Set-3.

Figure 3.14 also shows the injection pressure profile obtained from the experiment where
the column was not preflushed with NaCl solution (Expt-3-5-NPF). As expected, the final
pressure obtained from this experiment was lower than those obtained from all other
experiments even though the injection pressures during the early time was slightly higher
than those observed during the experiments Expt-3-0 and Expt-3-1. Figure 3.15 shows
the pressure profiles from Expt-1-1, Expt-1-4NPF-Slow, Expt-3-1 and Expt-3-5-NPF.
This plot shows the comparative trends of the grout injectivity under the cases of grout
solution made of fresh and older colloidal silica and the effect of NaCl preflush. Thus,
Figure 3.15 demonstrates that the increase in duration between the time of colloidal silica

production and its usage, and preflush affects the grout injectivity.

3.6.3 Grout Age - Experimental Artifact

Age of the grout that enters the bottom of the soil column effects the grout injection
process. This is the time taken for the grout to travel through the tubing before entering
the bottom of the sand column, since the reactants are pre-mixed. This age was observed
as 350 seconds when the white coloured colloidal silica grout solution (without any dye)
was injected after the preflush. When the red dyed grout solution was injected in Expt-12
(as shown in Figures 3.7a,b), the time it took from the instant colloidal silica and NaCl
solutions were mixed to the time red dyed solution reached the bottom of the sand

column was only 100 seconds, ie., grout age at the time of injection was only
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100 seconds as opposed to 350 seconds at the beginning of the experiment. This was
because when the grout was injected at the beginning, grout replaced the water in the
tubings and fittings. However, by the time the red coloured dye was injected, the grout in
the tubing and fittings started gelling and there was only a thin channel left for the fresh
grout to be injected. This is very important in the analysis in determining the initial
conditions and will be reflected in modeling. The younger grout will have lower viscosity
which affects the injectivity. If we do not consider the reduced age of the grout at the
bottom of the sand, we tend to assign higher viscosity to the grout solution at that time of

entry into the sand.
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Figure 3.15: Grout injection pressure profiles: effect of preflush

3.7 SLIM TUBE EXPERIMENT

The pressure distribution profile obtained from the column experiment described in the
previous section was complicated due to viscous fingering. In order to minimize this
complexity, the grouting problem needs to be analysed in a column without the
occurrence of the fingering process. Bryant et al. (1998) performed a similar experiment,
named it as slim tube experiment, using an 8 mm diameter tube to identify the

contribution of each of the processes such as viscosification, shear and filtration. A

69

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



column with a diameter smaller than or equal to the finger diameter was chosen to
eliminate viscous finger formation. In the present study, a slim tube experiment was
performed to better understand the physics during the grout injection into the column. A
steel tube of 6.5 mm diameter was filled with the same fine sand described in section 3.2.
The experimental setup was the same as that shown in Figure 3.5. In order to subject the
gelling grout to the same shear rate as applied in the 30.16 mm diameter tube, the flow

rate was scaled proportionate to the cross-sectional area, that is,

O O A
] . =0, 2L 3.4a
q 4 A Q=0 4 (3.4a)
Os =031 *| 83— | =2 ( 65 j2—0093 L (3.4b)
65 =016 T goie)  min \30.16 7 min

However, this flow rate is so small that there is a risk of grout being gelled even before it
reaches the bottom of the sand in the column. Hence it was determined that the colloidal
silica grout having 600 seconds gelation time needed to be injected at a rate somewhere
between 0.4 and 0.5 ml/min in order the grout front to reach somewhere between half and
two-thirds of the slim tube. Based on the measurements of the grout outflows over a
period of 5 min, grout injection rate was determined as 0.46 ml/min. The required
injection pressures were recorded every 30 seconds between 1080 and 1500 seconds and
every 15 seconds from there on in order to capture the profile of steep increase in
pressure. These pressure heads required to inject the grout as a function of time are
plotted in Figure 3.16. Also plotted on the figure are the viscosity profiles correspond to
gelation (i) under no shear (shown in solid diamonds) and (ii) when the grout was
subjected to shear (shown in solid squares). Since it was possible to inject the grout
solution until about 1200 seconds beyond the gelation time of 600 seconds, it may be
understood that there was a delay in gelation, which may be attributed to shear effect. By
the time the grout solution reaches the bottom of the sand column (slim tube), the grout
viscosity is more than 100 times that of water viscosity. Therefore, filtration could have

started affecting the grout injection. This is reflected by the change in slope of the

70

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



pressure profile either at point “A” or point “B” as shown in Figure 3.16. These results
are used, as discussed in the next chapter, to analyse the grouting process for the case

where the grout was injected into sand column that has no fingering effect.
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Figure 3.16: Grout injection pressure profiles for slim tube experiment and viscosity
profiles during no shear and shear gelation

3.8 GROUTED SAND TESTING

3.8.1 Method

Fine sand (described in section 3.2) samples grouted with colloidal silica and NaCl
solution mixture were tested for their imperviousness. Three samples consisting of
colloidal silica of 40 %, 20% and 10 % by weight were prepared. Since the grouted sand
was expected to have very low hydraulic conductivity, conventional testing might not
yield the accurate estimate of hydraulic conductivity of grouted sands. Hence the grouted
sand samples were tested using a porometer (manufactured by Porous Material Inc., NY).
The schematic diagram of the porometer test is presented in Figure 3.17. In this test, the
grout soil sample was cast in the porometer sample holder as shown in Figure 3.18. Once

the grout was set, the sample was placed in the porometer sample holder and was covered
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with the airtight cap. The test involved applying pressures from the top and forcing water
flow through the sample. The bottom of the sample holder was connected to the bottom
of the tube containing a magnetic float. The position of the float represents the pressure
head at the bottom of the sample. The pressure of 0-351.6 m (i.e., 500 psi) is graduated
with a resolution of 1 in 20,000. The volume of water flowing through the sample was

also noted.

Sample preparation involves placing the soil sample holder on top of filter paper, pouring
grout solution followed by sand. Sand was poured into the grout solution in order to fill
the pores completely with the grout and without any voids. The filter paper at the bottom
protects from draining out of grout solution and the sample holder was placed with the
rubber ring at the bottom. Then a reservoir of NaCl solution was created around the
sample holder as shown in Figure 3.18. The levels of NaCl solution outside the sample
holder and the grout mix on top of the soil sample were maintained at the same level.
This exterior NaCl solution level will avoid any draining of the grout mix. The NaCl in
the outside water will help prevent any diffusion or dilution of NaCl that exists in the
grout soil mixture within the soil sample holder. The sample was kept in this condition
until long after gel time in order to let the grout gel completely before it was fixed in the

porometer for hydraulic conductivity testing.

Once the sample holder was placed in the porometer, depending upon the flow rate
through the soil sample, the magnetic float placed in the tube moves up and down. The
applied pressure, water column heads at the bottom of the sample and the flow rates were
recorded until the difference between any consecutive observations was constant for at
least three readings. The sample preparation procedure was repeated for the cases where
the fine sand was grouted with 20 % and 10 % by wt. colloidal silica and corresponding
NaCl solutions. Hydraulic conductivities of the grouted sand for the three cases were

determined and are been given in Table 3.2.
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3.8.2 Analysis

These grouted sand hydraulic conductivity tests help not only in obtaining the estimate of
the minimum hydraulic conductivity that can be obtained corresponding to each of the
colloidal silica concentrations, but also obtaining the relation between porosity (or

porosity reduction) and hydraulic conductivity. The expression is given as

#)" (ke |
&)

where ¢, and ¢, are porosity of the original soil medium and new porosity after reduction
due to grouting respectively, k, and k, are permeability before and after grouting, x is a

fitting parameter. Porosity after grouting is estimated as

b= (9o~ ¢rs) (3.6)

where ¢, = volume fraction occupied by colloidal silica= X (opui/Psotias)y X =colloidal
silica solids concentration, s, = bulk density of the colloidal silica solution, psds =

density of colloidal silica solids.

Table 3.2: Hydraulic conductivities of sand grouted with different compositions of grout
mixture and evaluation of Equation (3.5) proposed by Clement et al. (1996)

Colloidal Porosity New Observed Observed Calculated Kops /Kear

Silica (CS)  occupied  porosity Grouted sand (K/Ky) (K/K,)
by CS ) K from Eqn (3.5)
Solids % (dhs) -4/ &, (m/s) @K, (¢/¢o)19/6 5)/(6)
by wt
D ) 3) )] (%) (6) ®
40 0.32 0.2 8.12 x10°® 3.52x10° 6.11 x10° 5.76 x10™
20 0.16 0.6 3.163 x10°  1.38x10™ 1.98 x10™! 6.93 x10™
10 0.08 0.8 5.408 x10°  2.35x10° 4.93 x10 4.76 x10™
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Clement et al. (1996) derived a similar theoretical expression relating porosity and
permeability corresponding to change in physical properties of porous media due to
microbiological colloidal accumulation in the porous media. Clement et al. (1996)
determined the power “x” in Equation (3.5) as 19/6, whereas Civian (according to Todd,
1990) determined it to be 3.

Grouted sand hydraulic conductivities measured using the porometer and estimated from
Equation (3.5) are compared as shown in Table 3.2. They differ by four orders of
magnitude. In order to understand better, the ratios of the observed and calculated values
are also tabulated in Table 3.2. It is found that there is a need for a proportionality
constant that related porosity ratios and permeability ratios for different colloidal silica
grout. This observation is based on only one type of sand. Hence it is necessary to test the
grouted sand for different types of sands before confirming the proportionality factor.
These conductivity data are useful in the model to assign the lowest hydraulic

conductivity that the soil can be achieved for a given grout concentration.

3.9 CONCLUSIONS OF EXPERIMENTAL STUDIES

The experimental work performed in this chapter may be classified into three categories,
viz., viscosity measurements, grout injection into columns and grouted sand testing. The
grout viscosity data were reported for two cases i.e., gelation under no shear and gelation
under shear. The gel times were found to be shorter as the concentrations of colloidal
silica and sodium chloride increased. The gel times were also found to reduce with the
increasing temperatures within the range of observed temperatures, ie., 10-30°C, at
which gel viscosities were measured. Gel viscosities were found to reduce with the
increase in shear rate. The increase in viscosity was minimal until the gel time
corresponding to no shear gelation and increase was steep within a short duration. After
reaching peak gel viscosities, they started to reduce. A gelation model was developed to
express viscosity as a function of shear rate and time. The shear gelation model was used

in the numerical modeling studies reported in the next chapter.
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The column experiments were performed to investigate the processes occurring during
the colloidal silica grout injection into the sand in these columns. The two different
columns used for these experiments had diameters 30.16 mm and 6.5 mm. The column
experiments performed in this chapter were grouped into three categories based on the
age of the colloidal silica solution used and the type of water used. It was possible to
inject the grout in both the cases until long after the gel time corresponding to no shear
gelation. This was a clear indication that the shear was affecting the grout injection
pressures. The viscous fingering had affected the grout injection process in the 30.16 mm
diameter column. The smaller diameter column experiment, referred to as slim tube
experiment, was aimed at obtaining the injection pressure head data in the absence of
fingering formation within the column. The grout solutions injected into the 30.16 mm
column were dyed with different colours. The visually observed dyed grout patterns
helped in understanding the processes occurring during the grout injection into the sand
column. The age of the colloidal silica solution and the type of water affected the grout

injection. The grout injection process was found to be very sensitive to the salt content.
The hydraulic conductivities of the sand filled with different grout compositions were
measured to determine the lowest achievable hydraulic conductivity for different

colloidal silica concentrations. This was useful in specifying the lowest hydraulic

conductivity for a given concentration in the modeling studies.
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CHAPTER 4
MATHEMATICAL MODEL

4.1 MODEL DESCRIPTION

Chemical grouting of colloidal silica (CS) solution into porous media was simulated by
coupling MODFLOW (McDonald and Harbaugh, 1988; Harbaugh and McDonald, 1996)
and RT3D (Clement, 1997; Clement et al., 1998; Clement and Johnson, 2003) and adding
modules for gelling and grout reaction time. MODFLOW is a three-dimensional
groundwater flow simulator used to determine the flow field. RT3D is a modular
computer code for reactive multi-species transport in 3-dimensional groundwater
aquifers. When the grout reactants are mixed, the viscosity changes with concentration of
grout and its age. In general, grout age is the time elapsed since the grout reaction is
initiated. However, grout does not age (i.e., does not cure) unless there is a minimum
grout concentration. Hence, a grout aging function, which incorporated a threshold
concentration, was incorporated to prevent spurious gelation. This was achieved by
numerically retarding gelation if the grout concentration falls below a specified minimum

concentration.

Gel viscosity was indirectly incorporated in MODFLOW by changing the hydraulic
conductivity (K) in each cell based on gel viscosity. Gel viscosity was calculated as a
function of grout reaction time (grout age), grout concentration and shear rate. The
structure of the grout model is presented as a flow chart in Figure 4.1. MODFLOW is
called from RT3D periodically to update the flow field using the changing K-field. Using
velocity fields generated by MODFLOW, transport of grout solution in the porous media
is simulated using RT3D. The velocity field is then updated at regular intervals using
MODFLOW and the computation for transport is repeated. Two modules, ie.,
GROUT_AGE and GROUT_GEL, were added to the RT3D and MODFLOW code
system. GROUT AGE, added as a reaction module under RT3D, determines and keeps
track of grout age. GROUT_GEL, incorporated as part of MODFLOW, calculates grout

viscosity as a function of grout age and grout concentration, and modifies the K-field.
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Figure 4.1: Flow chart of grouting model process -
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GROUT_ GEL module allows choosing any of the gelation models presented in Chapter 2
and 3 and also incorporates the option to include or ignore the shear effect on viscosity.
The shear effect on the colloidal silica gelation was incorporated in the GROUT GEL
module through the inclusion of shear gel viscosity equation (Equation (3.2)) developed

in Chapter 3.

A summary of governing equations, constitutive relationships, solution techniques and
other related information on the model formulation is presented in sections 4.2-4.7. The
manuals for the respective codes, MODFLOW (McDonald and Harbaugh, 1988;
Harbaugh and McDonald, 1996) and RT3D (Clement, 1997; Clement et al., 1998;
Clement and Johnson, 2003) provide further details. This chapter also presented the
modules devéloped to simulate grout aging and gelation. Following these sections, the
numerical modeling studies are presented. They are classified into (i) verification and
validation of grout simulation model and (ii) analysis of data obtained from the colloidal
silica grout injection into porous media to understand the effect of various parameters and

Processes.

The grout model was verified against an analytical solution, developed in this study to
calculate the head loss through a soil column for a constant grout injection rate assuming
that there is no dispersion. As part of validation, model results were compared against the
results obtained from the numerical model results of Honma (1984). The grout model was
used to analyse the observations on (i) the sodium silicate grout injection into a sand
column experiment of Honma (1984) and, (ii) colloidal silica grout injection experiments
carried out in this study. Numerical modeling studies were focused on issues such as the
effects of grid size, effect of decoupling, heterogeneity, longitudinal and transverse
dispersion, in addition to process related issues, viz., effect of mixing rule, effect of shear-
based gelation model and effect of minimum concentration in the grout aging function.
The modeling studies were aimed at understanding the physics of grouting, the processes

taking place and identifying the parameters.
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4.2 GOVERNING EQUATION: RT3D

The partial differential equation describing the fate and transport of contaminants of
species k in three-dimensional transient groundwater flow systems adopted in the
development of RT3D was given by Zheng and Wang (1999), Clement (1997), Clement
et al. (1998) and Clement and Johnson (2003) and is presented below:

apc*) o ack| o k k
¢6Ct =E[¢Dij7&;—}—5i—(¢wc )+qSCs +Y R, 4.1)
where ¢ = porosity of the subsurface medium, dimensionless
c* = dissolved concentration of species k, [ML"]
k = 1,2,....m aqueous phase (mobile) species
X; = Cartesian coordinate, x;=x, x,=y, x3=z, [L]
Dy = hydrodynamic dispersion coefficient tensor, [L*T™]
\Z = seepage or linear pore water velocity in the x; direction, [LT; it is

related to the specific discharge or Darcy flux (g;) through the
relationship, v; =g/ 6

t = time, [T]

qs = volumetric flow rate per unit volume of aquifer representing fluid
sources (positive) and sinks (negative), [Th

C) = concentration of the source or sink flux for species k, [ML?]

YR, =chemical reaction term, [ML>T™"]

Equation (4.1) states that for a control volume the change in the mass storage (both
dissolved and sorbed phases) at any given time is equal to the difference in the mass
inflow and outflow due to dispersion, advection, sink/source, and chemical reactions. The
first, second and third terms on the right side of Equation (4.1) describe the effect of
dispersion, advection and source/sink respectively. The last term on the right hand side of
Equation (4.1) represents general biogeochemical reactions on contaminant fate and
transport such as aqueous-solid surface reaction (sorption), first-order rate reaction or any

other user defined chemical reaction.
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4.3 GOVERNING EQUATIONS: MODFLOW
The governing differential equation (McDonald and Harbaugh, 1988; Harbaugh and

McDonald, 1996) describing groundwater flow in three-dimensions is given as

9 on) o on) of. on oh
—| Ky — |+—| Ky — |+—| K, — |+q, =S, — 4.2
&(““&] @( W@J &(z’&)qs S 42)

where K, K,, and K., = hydraulic conductivities in x, y and z directions, [LT'); k=
hydraulic head, [L]; S; = specific storage of the aquifer, [L™!, and ¢, = fluid sink/source
term (defined in Equation (4.1)).

The solute transport equation (Equation (4.1)) is related to the groundwater flow equation

through Darcy’s law

oh
q; =-—Ki5x: (4.3a)
and
w=%- (4.3b)

MODFLOW (McDonald and Harbaugh, 1988; Harbaugh and McDonald, 1996) assumes
that the principal components of the hydraulic conductivity tensor, K, K, and K, in
Equations (4.2) and (4.3) are aligned with the x, y, and z coordinate axes, i.e., there are no

Cross terms.

4.4 GELATION MODELING

Gelation is the process of formation of networks of silica particles leading to formation of
highly increased viscous material such as solid, semi-solid or gel. Gel time is the time
interval between the initial mixing of the grout components (i.e., since reaction is
activated) and the formation of the gel. Gel time can be adjusted by varying the

composition of the grout. For some grouts, like silicates, the viscosity changes gradually,
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whereas for acrylamides and colloidal silica the viscosity remains fairly constant until the
gel time is reached and then increases rapidly. Typical gel time curves may be found in
Karol (1990), Finsterle et al. (1997) and also in Figures 3.2 and 3.3.

4.4.1 Gelation Models

The viscosity increase is a function of time and concentration. The module
GROUT _GEL incorporates the option to choose any one of the gelation models for
viscosity as a function of grout age presented in Chapter 2, viz., Honma (1984) model
(given in Table 2.2), Berkeley model (Equation (2.1)) of Finsterle et al. (1994) and
Moridis et al. (1999), Equation (2.5) of Kim and Corapcioglu (2002a,b) and shear based
gelation model (Equation (3.2)) proposed in the present thesis. These are:

*
Honma Model: ty =y, (1+81) [exp {—Lt——} jl 2.1
geltime —t

Berkeley Model: Hgel = a1 + aye( %Y (2.2)

Kim and Corapcioglu Model:

0.01
Hgar = s~ 0.3exp(0.734)] ©01+ O.3{exp{ 0.734(1— F, )63/In 03 H 2.5)

Present Model for Shear Gelation

lo -lo i
8(Hger) —log(Lmin ) —1- 1 3.2)

log(#max ) — 1og(4min) - (1 + [0.854 * (l‘/60)] 10.419 )1'7754

Umin 18 1nitial viscosity, which was observed during viscosity measurements as 5.75 x 102

Pa.s. Maximum achievable gel viscosity (t.x) is expressed as a function of shear rate:

;umax=22. 41}’ -0.8863 (33)

where y = shear rate [T"']. Of the various expressions presented in Section 2.6.4, the

expression given by Lopez et al. (2003) is adopted due to its simplicity.
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(2.13)

—_c-1_
RN

The proportionality factor, C, is taken as 1.25 (Lopez et al., 2003).

The gelation model of Honma was based on the sodium silicate gelation data, while the
other three were based on colloidal silica gelation data. However, the gelation models
reported in the grouting literature did not incorporate the shear effect. Hence the present
grouting model incorporated a shear based gelation model. It is worth mentioning that
any of these models could be used. The parameters should be obtained based on fitting
the model for the corresponding data on gelation. Due to the modular structure of the

grout model code, it is possible to incorporate any other gelation model as well.

4.4.2 Mixing

Once the grout is injected, as the front moves it mixes with water or NaCl (if the porous
media is preflushed with NaCl solution). As a result, the solution gets diluted as it travels
through the soil. The mixing process reduces the concentration and hence the viscosity of
the solution. The viscosity of the diluted grout solution may be described by either a
linear or power law mixing rule (Koval, 1963; Finsterle et al, 1997; Moridis et al.,

1999). The linear and power law mixing rules are given by:

B =X gobtger + (=X ) iy (2.16)
_4
_| Keer , A Keer) 2.17)
Hp 1/4 1/4 :
ﬂgel ILtW

Based on laboratory experiments of the colloidal silica composition and numerical

investigations, the appropriate mixing rule may be determined.

4.4.3 Grout Medium Modification
During grout injection, the grout viscosity increases as explained above. When the

viscosity increases, the flow field is altered. In order to take into account this effect, the
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hydraulic conductivity of the grouted soil media at each of the cells is calculated based on
the grout viscosity. The grout viscosity is calculated using any of the gelation equations
(Equations (2.1), (2.2), (2.5) or (3.2)) in each cell, followed by mixing equation (Equation
(2.16) or (2.17)). Then, the hydraulic conductivity of the grouted soil media, Kgourea, 15

obtained as

KO

%o 4.4
(e 1) @4

K grouted =

where K, = initial hydraulic conductivity of the porous media and x,, = viscosity of water.

The flow field is updated frequently using the modified hydraulic conductivity field. The
process of injection continued until either the target grout mass is injected or the end of

the designed injection period is reached.

4.5 GROUT AGE

Equations representing grout viscosity increase during gelation require the reaction time.
Hence, the reaction time referred to as grout age needs to be tracked. The grout age was
represented as one of the species and the rate of change of grout age was implemented as
a reaction module, GROUT AGE, in RT3D. Conceptually, the rate of change of grout

age can be described as

o(grout age)
ot

This equation indicates that the grout age (or reaction time) increases at the same rate as

1. (4.5)

the simulation time. Although this equation looks logical, there is a problem of premature
gelling based on this equation. Grout age is equal to reaction time in a closed system.
However, it may be different in porous medium due to processes such as dispersion and
mixing. In reality, when the grout concentration is too low, the reaction is stalled. The
viscosity of the grout remains the same or increases very insignificantly until it gets
additional grout to make the concentration enough to continue the reaction and increase

the viscosity. Initially, soil was considered as saturated at time zero. For example, if we
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inject grout at some point in space 2.0 hrs after the injection is started at the first point,
grout injected at the current point has an age of zero. However, the water that was present
from the beginning of the simulation had an age of 2.0 hrs. The model based on Equation
(4.5) considers the age of the grout and water mixture at the current injection point as
somewhere between 0.0-2.0 hrs rather than 0.0 hrs. This results in spurious premature
gelling. In order to circumvent this, the concept of minimum concentration was

incorporated.

Experimental studies of Persoff et al. (1999) reported that when the grout concentration
was less than 7.4 % by wt, the solution did not gel. These experiments confirm the need
to incorporate the minimum grout concentration effect in the gelation model
representation. Under this concept, a criterion had been incorporated in the expression to
check if there is a minimum amount of grout before aging of solution takes place. To
incorporate minimum grout concentration, X, Equation (4.5) was modified by
incorporating a smooth transition from no gelling to initiation of gelling for the rate of

change of gel age as

o( grout age)__l_ (X )77+1 @ @6
a t - gel ﬂ * )
where f, 7 and w are fitting parameters to decide the degree of smoothness required. In
this study f, # and w are assigned as 50, 3 and 5, respectively corresponding to X, of

5 % by wt. of colloidal silica concentration.

Thus, this equation allows increase in gel age only when the concentration is higher than
Xmin. This expression yields the rate of change of grout age as 1.0, if the grout
concentration is equal to or greater than X,,;,, which means the change in grout age is
equal to the change in reaction time. If the grout concentration is less than the minimum
concentration, X,,, grout does not age or cure. For concentrations around X,
Equation (4.6) provides a smooth transition between 0.0 and 1.0. A schematic

representation of differences in the simulation time (time since reactants are mixed) and
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grout age is presented in Figure 4.2. This figure shows the grout aging as per Equations
(4.5) and (4.6). It also shows how the grout aging stalls when the grout concentration is
less than X,;,, When the grout concentration is above the minimum grout concentration,
Xmin, required for gelation to take place, there is grout aging. On the other hand, when the
grout concentration is less than X,,;,, grout age does not change. Section 4.12 presents

further discussion on X,,;, and its effect on grout injection.

—e—Eqn 1
| - = Concept used
« Xmin

c level
< ,
§ " Grout concentration 7B
& | profile P A &

i P F"V——J

" 2
- - B _..,»"
N 0|
~

L 1 1 l 1

Time Since Reactants Mixed

Figure 4.2: Conceptual plot of grout aging profile. During ¢/, grout ages/cures at the same
rate as the simulation time. However during #2, grout does not age because the
concentration is less than the minimum grout concentration (X,,) needed to
gel. Right side axis represents grout concentration. Grout ages (and hence
viscosity increases), only if the grout concentration is greater than X,,,;.

4.6 INITIAL AND BOUNDARY CONDITIONS

Solution of Equation (4.1) and (4.2) requires specification of boundary and initial
conditions. The boundary conditions may be specified values (heads or concentrations)
referred to as Dirichlet type, or specified head gradient or concentration gradient across
the boundary referred to as Neumann conditions, or a combination of both referred to as

Cauchy conditions. For transient problems, initial conditions ie., head and/or
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concentration at time ¢ = 0 are also required to be specified. These conditions may be

expressed as

Initial conditions:
hix,y,z, t) = h,(x, ¥, 2) on domain Q attime ¢t =0 4.7)
cx, ¥z, t) =co(x, 2) on domain ) attime ¢ =0 (4.8)

Boundary conditions

h(xy,zt="h along boundary I'; for >0 4.9)
cx ¥zt =cp | along boundary I'y for >0 (4.10)
oh
e =q; along boundary I, for#>0 (4.11)
J
Oh
-0 Dy P £i (%, ,2,¢) along boundary T for >0 4.12)
x .
J

where f; (%, y, z, ¢) is a known function representing dispersive flux normal to the

boundary I'.

4.7 SOLUTION TECHNIQUES

The grout model involves solution of two sets of equations. The first set includes
algebraic equations formed by finite difference discretisation of Equation (4.2) under
MODFLOW. The equation set was solved using the conjugate gradient algorithm. The
second set includes algebraic equations formed due to numerical implementation of
Equation (4.1) under RT3D. The governing equation along with constitutive equations
subjected to initial and boundary conditions in RT3D can be solved using (i) finite
difference method, (ii) particle tracking methods, and (iii) Total Variation Diminishing
(TVD) methods as implemented in the recent version of RT3D (Clement and Johnson,
2003). RT3D code, which is derived from a three-dimensional model for multi-species
mass transport of contaminants in groundwater, MT3DMS (Zheng and Wang, 1999), was

implemented with a third order TVD scheme based on the Universal Limiter for
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Transient Interpolation Modeling of the Advective Transport Equation (ULTIMATE)
algorithm. TVD methods have two advantages, viz., mass conservative and minimal
numerical dispersion. The reduction in numerical dispersion was achieved through the
implementation of the higher order methods at the expense of spurious oscillations,
which are controlled by numerical procedures referred to as flux limiters. The interface
concentrations, using the ULTIMATE scheme, were determined through a third order
polynomial interpolation of nodal concentrations, supplemented by a universal flux
limiting procedure to minimize unphysical oscillations which may occur if sharp
concentration fronts were involved (Zheng and Wang, 1999). The finite difference option
may be used with either explicit mode or implicit mode. However, TVD methods were
solved using the explicit mode. The TVD method was used to solve the advective part
only. The dispersion, source/sink and reaction components were solved using implicit
finite difference method, for which the Generalized Conjugate Gradient (GCG) solver
was used. Since the ULTIMATE scheme was implemented in explicit mode, the transport

time step size (Afyanspore) 1S subjected to a stability constraint, which is given as

R

Atyransport < (4.13)

o] o]
Ax Ay Az

where R = retardation factor, v, v, v, = velocity along x, y and z directions, and Ax, Ay
and Az are the grid sizes in the respective directions. In the present study, the retardation

factor R is assigned as 1.0.

4.8 ASSUMPTIONS
The following assumptions are made during the development of the mathematical model:
e It was assumed that there was no interaction between the soil and the injected
colloidal silica (Kim and Corapcioglu, 2002a,b).
e The gelation process was not affected by dilution, ie., even after dilution the
grout present in the solution still behaved as a pure gel for the purpose of gelation.

Its effect on the flow field, however, was governed by the diluted viscosity.
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e Porosity was assumed to be constant and is not affected by gel macromolecules.
The permeability (having L? units) was also assumed not to change due to the
presence of macromolecules of grout. The effect of grout on profile modification
was represented in terms of reduced hydraulic conductivity as explained by

Equation (4.4).
o The density of the colloidal silica was not affecting the grout injection process.

e The gelation characteristics of the grout and shear rate in a rheometer were

assumed to be the same as the ones encountered in the sand column.

o There were no geochemical reactions taking place between the colloidal silica

grout solution and the soil.

4.9 VERIFICATION

As discussed in the literature review, verification and validation are the two steps in
achieving the confidence that the model can mimic the physical system with a reasonable
accuracy. Comparison of the numerical solution against an analytical solution, which is
the starting point in many studies, is a critical step in code development (Oreskes et al.,
1994). An acceptable matching between the results obtained from analytical and
numerical solutions does not guarantee an accurate solution to the problem. It only gives
confidence that the governing equations thought to be representing the processes are
solved with a reasonable accuracy. There were no analytical solutions available in the
literature for a problem of this kind due to the complexities and non-linearities involved.
Hence, a one-dimensional analytical solution was developed for this purpose in the
present study. The following sub-section presented the development of an analytical
solution for one-dimensional grouting and comparison of the numerical model solution

against it.

89

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.9.1 Development of Analytical Solution

Testing of numerical solutions against an analytical solution is an important phase of
code verification. This process ensures confidence that the numerical code approximates
the set of governing differential equations subjected to given boundary conditions and
initial conditions. A one-dimensional analytical solution was developed in this study to
determine the required grout injection pressure with time as the grout is injected from one
end at a constant rate. Due to the complex nature of the problem, for the purpose of
developing the analytical solution it was assumed that dispersion and mixing do not
affect the grout injection process. Thus the analytical solution considered only the
advective component and the gelation. The grout injection pressures obtained from
numerical simulations were compared with those obtained from the analytical solution. In
order to compare the numerical solution results with those obtained from analytical
solution, the dispersion and mixing modules were turned off in the numerical simulation.
Thus, the comparison of the numerical solution with the analytical solution gives an idea

about the numerical dispersion caused by the numerical model.

Grout was injected at a constant flux (g) through a one-dimensional column of length (L)
as shown in Figure 4.3. Let A, and /; be initial heads on the left and right side i.e., at x
=0 and x = L, respectively. Assume that at time ¢, the grout front has reached /; into the
column. The head at x=/; is h;. There will be two regions, i.e., grouted region from x =
0.0 to /;, and ungrouted region from x = /; to L. Therefore, the head loss through the

column is the sum of the head loss through grouted and ungrouted regions.

The Darcy flux is given as

dh
=—K = 4.3
q . (4.32)

where K = hydraulic conductivity.

90

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Constant h=h, h=h

flux ¢
—Pp Grouted Region Ungrouted Region h.=0.0

x=l,

Figure 4.3: One-dimensional grouting model with constant flux on the left hand side and
constant head on the right hand side

Since hydraulic conductivity (K) will vary as the grout is injected into the column, K will

be a function of length. This may be rewritten as

cdh=—2 gy (4.14)
K(x)

where K(x) = variable hydraulic conductivity along the length.

Assume that the grout front reached a distance of /; from the left end at a given time.
Integrating the above equation from 0 to /; with heads 4, and 4; at the left and right ends

of this portion of the column respectively,

dx
— fdn= . 415
hf qOIK(x) (4.15)

(o]

As the grout reaction progresses, the grout viscosity increases. The viscosity of the grout
results in reduction in hydraulic conductivity. The hydraulic conductivity at any location,
K{(x), is related to original hydraulic conductivity and the viscosities at the beginning and

end.
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K(x) =Ko [ oo/ p(x) ] (4.16)

where K, = Initial hydraulic conductivity of the medium
My = Viscosity of water
H(x) = Variable viscosity along the length depending on time

Of the given different gelation models, the expression proposed by Finsterle et al. (1994)

for u(x) (i.e., pgy, given in Equation (2.2), was considered.
Mg = @ + a, eXp(ayt) 2.2)

The distance travelled by the grout is expressed as a product of velocity (v) and time of

travel (¢), and is expressed as

X =Vt (4.17)
However, velocity is determined from Darcy’s flux, g, as

v=q/p (4.3b)
where ¢= porosity.

. . X X
Therefore, time of travel is = — =

v(%—)'

Assuming that there is no dispersion and no mixing, the time of travel is equal to grout

(4.18)

reaction time and grout age. Substituting the expression for ‘¢’ from Equation (4.18) into

Equation (2.2) yields

(a3—)
q
,u(x)= a; +aze 4 . (4.19)
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For the purpose of analytical solution development, it was assumed that there is no time
delay between the time at which the reaction is initiated and the time at which the grout
injection is started. The grout age and the time since grout gelants were mixed were
assumed to be the same. Hence, the time of travel is equal to the time since the grout
reaction is injected. Substituting Equation (4.19) into Equation (4.16), the expression for

hydraulic conductivity as a function of distance along the column may be obtained as,

r "‘—1
as

X
K(x)=K | a1 +ase 4 . (4.20)

Substituting the expression for K(x) into Equation (4.15) gives

X
azl —
h h g
— Jdn =L [y +ae % k. (421)
ho KOo:uw
Integrating,
- -
a ll
S| <L
q
Sy —hg =L Lo+ 1%, % ~1]]. (4.22)
o Hw ¢ as

From Equation (4.18), [; = (g/#)t. Substituting /; = (g/#)t into the above equation,
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(ho -hﬂ:f——ﬂi[al(%}{%)%(e“ﬁ -1)}. (4.23)

o w

For the ungrouted region from /; fo L

g =—K £ (4.24)

Since the grout solution has not reached this section, hydraulic conductivity has not
changed in this section and it is held constant, K = K,. Substituting K(x)=K, and
integrating Equation (4.24) along the /; to L segment

hy L L
de 1
~ fdn= Iqu )=K—jq dx (4.25)
oo o
That is,
- (h- h)= -I-{‘I—[L- 1] (4.26)
q q q
hyo= —[L—ll]+hL=——[L——t]+hL. (4.27)
K, K, ¢

Substituting the above expression for 4; into Equation (4.23) and reorganizing, the total
head required at the injection end to maintain the constant flow through g the column is

obtained as

a
hy, = hy + L{L—it] + 1 [alg—t+—q——2(ea3t —1)} (4.28)
K, ¢ Koty ¢ Pa;
- - - ~ ~
Head at the Head lost in the non- Head lost in the
right end grouted region, grouted region
x=L 11 <x <L 0=x< I]
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4.9.2 Verification Against Analytical Solution

Numerical grout simulation model results were compared with the analytical solution
developed for the one-dimensional column test problem. A 500 mm long column with a
cross-sectional area of 20 mm x 10 mm, filled with sandy soil having hydraulic
conductivity 1 x 10° m/s, was selected as shown in Figure. 4.4. The domain was
discretized into 1800 grids. Grout solution (colloidal silica) was injected from the left end
(i.e., x =0) at a rate of 1 x 10® m*/s for 1500 seconds, while the head at the right end was
maintained such that 4;=0.0 m. The gel time of the grout solution was set to 900 seconds.
The parameters a; a; and a3 for the gel time curve (Equation (2.2)) adopted in this
experiment were 2 x 10° Pa.s, 1 x 10 Pa.s and 6.59 x 10” Pa.s, respectively. Since the
effect of dispersion was not incorporated in the analytical solution, the dispersion module
was turned off in the numerical model. Under these conditions, pressure heads required to

maintain the constant grout solution injection were calculated at different times.

q:
1x10% m¥/s /I\
—p 20mm Grouted Region Ungrouted Region hy=0.0

Figure 4.4: One-dimensional test case for verification of grout model against analytical
solution

For the numerical simulations, two techniques, viz., upstream finite difference and Total
Variation Diminishing (TVD) schemes were chosen. The grout entry pressure heads at
different times are plotted in Figure 4.5, one curve each for analytical solution, standard
upstream finite difference solution and TVD solution schemes. The heads at the column
entrance obtained by solving the governing equations using the TVD scheme are found to
be closer to the analytical solution results compared to those obtained for upstream finite
difference scheme. This is due to the higher dispersion in the upstream finite difference
scheme. The higher dispersion in grout concentration reduced the viscosity of the grout,
as a result it requires lesser injection pressure. This is also evident from the grout

concentration distribution plot obtained from the two methods as shown in Figure 4.6. It
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may be concluded from Figure 4.5 that the equations were properly solved by the
numerical schemes. The plot also shows that the TVD scheme produced results that are
numerically less dispersed than those of the upstream finite difference scheme. Hence,

TVD scheme was chosen for the remaining part of the numerical modeling studies.

5 3000 -

= Analytical

E 2500 | --&--TVD

o ———m

2 2000 | U/S FDM

=

= 1500

8

<= 1000 r

[0}

% 500 F

2

= 0 |
0 500 1000 1500 2000

Time (s)

Figure 4.5: Comparison of injection pressure heads required to maintain constant grout
injection rate, obtained from numerical and analytical solutions of 1-D model

e
N

o
b

Relative conc. of grout

()

0 10 20 30 40 50
Length of the column

Figure 4.6: Grout concentration distribution in the one-dimensional column using finite
difference and Total Variation Diminishing methods
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4.10 VALIDATION AGAINST HONMA MODEL

Mathematical models, especially numerical models, need a proof that they represent the
physical problem with an acceptable accuracy. The process of validation involves
representation of the physics of the processes by the appropriate equations (Roache,
1998). Usually, validation is achieved by comparing numerical simulation results with
the experimental and/or field data. Sometimes, the model results are validated against the
results obtained from other established numerical models. The present model was used to
simulate the injection of sodium silicate grout solution into a vertical column as a one-
dimensional problem of Honma (1984). The present model’s capabilities in reproducing

the modeling results obtained by Honma (1984) are demonstrated in this section.

Honma (1984) developed the grout model by solving groundwater flow and mass
transport equations by employing a standard Galerkin scheme. An upstream weighted
residual method was adopted to minimize the oscillations in the transport equation
solution. Honma considered a 2.0 m long vertical straight pipe having a diameter of
0.1 m. This vertical pipe was discretized into grids of 0.05 m. The soil and grout
properties given by Honma are presented in the Table 4.1. The grid size, soil and grout
properties used in the current investigation were the same as the ones used by Honma
(1984). The time step for the flow update had been set to 1.8 seconds and the transport
step was determined by the criterion given by Equation (4.13). This criterion ensures the

Peclet number to be less than or equal to 1.0.

The grout was injected at a pressure head of 10.34 m from the bottom and the top end
was maintained at atmospheric pressure. The concentration profiles obtained from the
present model and Honma’s model are plotted in Figure 4.7. The sodium silicate grout
concentration distributions obtained by the present model match fairly well with the ones
obtained by Honma. The concentration front obtained by the present model is slightly
ahead of Honma’s concentration profiles for early times. The difference between the
locations of the grout front obtained by Honma’s model and the present model is only
about 5 %. This is probably due to the effect of considering density variations in

Honma’s model and not considering it in the present model. The difference between the
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locations of grout front obtained from these two models vanished as the simulation time
increases. This is because the viscosity plays a dominant role in the pressure head loss, as
the gelation progresses. The concentration profiles obtained using upstream finite
difference (FDM) option in the present model more closely match the concentration
profiles obtained by Honma. However, the concentration profiles reported by Honma as
well as the ones obtained using upstream finite difference option in the present model are
more dispersed than the TVD solution obtained from the present model, which indicated
that TVD may be used to obtain solutions having relatively low numerical dispersion.
This provides a higher confidence in the ability of the present model to reproduce
published results. It may be noted that the groundwater flow equations are solved using
FDM method, regardless of whether FDM or TVD scheme was used for solving transport
equations of RT3D.

Table 4.1: Soil and grout properties used in the analysis (Honma, 1984)

Property Symbol Value Unit
Porosity o = 0.30 ---
Soil Compressibility o = 1x10” m°/kN
(fine sand) ~Qaturated Hydraulic K, = 1x107 m/sec
Conductivity
Longitudinal Dy = (.001 m
Dispersivity
Mass Density Ds = 1950 kg/m’
Grout Viscosity
equation (ratio of grout M, = 2 27(1 + 2.2x10_4t){exp{ 0.293 H
viscosity to water 2220-¢
Grout viscosity)
Relative Density Pr = 1.1
Compressibility B = 4.4x107 m/kN
Molecular Diffusion Dy = 2x107° m*/sec
Coefficient
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4.11 EFFECT OF SHEAR

Shear was known to retard gelation either due to breaking of networks of particles
(Carvalho and Djabourov, 1997) or due to compression of micro-gels or macromolecules
of grout (Hanley et al.,, 1999). One-dimensional column simulations were performed on
the model described in section 4.10 to better understand the shear effect on apparent
viscosity and the resulting pressure heads. Pressure distribution profiles inside the column
at different times are plotted in Figure 4.8 for both cases, i.e.,, (i) when the shear effect
was included in the gelation model and (ii) when it was not included. From these profiles
it is seen that when the shear was incorporated in the gelation model, the required
injection pressure heads or pressure drops are significantly smaller than those obtained

using a gelation model without shear.

2.0
1.8
16 | ° oy
14 +
% 12 }
g 1.0 |--#-- 100 s No Shear D
% 08 | —= 100s Shear '
m | --*-- 500s No Shear
0.6 }—*— 500 s Shear
0.4 | ---+--1000 s No Shear
I —»—1000 s Shear
02 |--®--1740 s No shear
0.0 —— 1740 s shear % .
1.E-02 1.E-01 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04

Pressure head in (m) of water
Figure 4.8: Pressure head profiles inside the column simulated as one-dimensional model
When the shear is incorporated, the viscosity of the grout is less than the viscosity
obtained from a no shear gelation model. This reduction in gel viscosity resulted in lower
pressure head drop. For time 100 s, the pressure profiles for both shear and no shear cases

coincide because the grout gel viscosity was not yet significantly affected by shear at this

time. However, for later times when the difference between shear and no shear gelation
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viscosities were large, the difference between the shear and no shear pressure profiles
increased with time. The pressure profiles in the ungrouted region, i.e., downstream of
the grout front or upper part of the column, fall on the same curve. Also, regardless of
which gelation model was adopted, the pressure head at the grout front and beyond, at
any instant of time, was the same for both the cases. These two were simple cross checks
for (i) numerical performance of the model and (ii) representation of the physics on shear
gelation. This does not mean that the present shear gelation model was an exact
representation of the actual behaviour of grout in porous media. Assuming the shear and
no shear gelation models were correct, the present model was able to simulate the grout

injection into the column as expected.

Another interesting observation worth mentioning is that the maximum pressure head
drop occurred near the grout front for the later times. These larger pressure drops near the
grout front are reflected by the near horizontal pressure profiles near the grout front. This
is because the grout at the front was the oldest and had the highest viscosity, which
resulted in larger pressure head drop. This zone near the grout front with maximum
viscosity determined the resulting maximum pressure drop. This is an example of how

the model is behaving in an expected manner.

4.12 EFFECT OF MINIMUM GROUT CONCENTRATION

The present model implemented a grout aging function that incorporated the minimum
concentration concept. As per the expression proposed in Equation (4.6), the grout cures,
i.e., grout ages and hence there will be increase in viscosity, only if the grout
concentration is above a specified level. The need for incorporating the grout aging
function, Equation (4.6) instead of Equation (4.5), is demonstrated through a test case.
The test case was set up using a simulation domain having dimensions 4.2 m x 2.4 m x
1.0 m. Grout was injected in three rows. Two outer rows have three injection wells each
and the centre row has two wells. Each of the injection wells on the outer row had three
grout injection points. The injection wells on the centre row and the corresponding the
injection points were located at the diagonal intersection of the outer row injection points.

Thus there were 22 injection points in total. The injection points on the outer rows were
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located in layers 4, 11 and 18. Grout was injected at each of the injection points for 1800
seconds. The domain was discretised into 0.05 m x 0.05 m x 0.05 m grids. The flow was
updated every 2 seconds. Hydraulic conductivity of the porous media was taken as
3.01 x 10”° m/s. Longitudinal and transverse dispersivities were assigned as 20 mm and
0.2 mm respectively. The grout composition was the same as the one considered in
section 3.4. Thus, Equation (3.2) could be used to represent gelation. Two types of
simulations were run. In the first case, grout aging was represented by Equation (4.5) and

in the later case grout aging was represented by Equation (4.6).

The grout concentration distribution patterns in the domain at different times for both
cases are plotted in Figure 4.9. The grout distribution plots obtained when Equation (4.5)
was used show that the grout cannot be injected at the second and third wells. However, it
was possible to inject grout at the subsequent wells when Equation (4.6) was considered.
This was seen from the vertical section plot. The grout bulbs joined together. This was
because, as stated in section 4.5, by the time the grout was injected at well 2, water in the
porous media will have an age of 1800 seconds, i.e., the time since the simulation began.
When Equation (4.5) was used, the grout mixture at well 2 will have an age between
0-1800 seconds. Instead, the age should have been zero as the grout age at the time of
injection was zero. In order to prevent aging of water, the minimum grout concentration
concept was introduced so that the fluid in the porous media does not age unless there
was enough grout for reaction to take place. The concept also helps in preventing

spurious gelation of grout at the dispersed grout front.

4.13 ANALYSIS OF SODIUM SILICATE GROUTING

Sodium silicate grout injection into a sand column, used in the experiment of
Honma (1984), was analysed through the use of the model to understand the processes.
The results of the present grouting model were compared against the experimental
observations from a column experiment of sodium silicate grouting by Honma (1984).
Honma set up the column experiment as shown in Figure 4.10 using a 165.1mm diameter
and 1828.8 mm (72 inches) long plexiglass tube. The tube was filled with 76.2 mm (3
inches) of thick filter gravel, over which fine sand was placed. The bottom 457 mm (18”)
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Figure 4.9: Comparison of grout concentration distribution showing differences when
(a) effect of Xmin is not considered and (b) Xmin is considered
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Figure 4.10: Schematic diagram of Honma's column experiment (dimensions are in mm)
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of the column was reinforced around the circumference with aluminum mesh to
withstand the high pressures expected at the injection end. The column was fitted with
two pressure gages, 90° to each other, at 152.4 mm (6 inches), 457 mm (18 inches),
762 mm (30 inches), 990.6 mm (39 inches) and 1524 mm (60 inches) from the injection
point at the bottom of the column. A 20-30 mesh screen was placed at the interface
between the gravel and sand in order to prevent the sand particles from falling into the

gravel layer.

Sodium silicate grout having initial viscosity of 15 cP and gel time of 360 seconds was
injected from the bottom of the column at a rate of 7.68 x 10" m*/s. In this experiment,
even though the sodium silicate grout had a gel time of 360 seconds, it was possible to
grout for 2580 seconds. Honma reported that this was an indication of delay in grout
gelation due to processes such as turbulence. Since the injection pressures obtained from
Honma’s model, when the time dependent viscosity was used, were too large compared
to the ones observed in the experiment, Honma suggested that (i) the time dependent
viscosity relation was not applicable, and (ii) that concentration dependent viscosity

relation be used.

The same experiment had been simulated using the present model, as a column with a
square cross-section of equivalent cross-sectional area instead of circular cross-section of
the experimental column. The column was discretised into 1000 grids, resulting in a grid
size of 1.8 mm. Based on Honma’s recommendation, the time dependent viscosity was
turned off in simulating this experiment. Only concentration based viscosity was
considered. The sodium silicate grout injection was simulated until 1740 seconds. The
flow field was updated every 17.4 seconds. Transport step was automatically adjusted by

the RT3D, based on the criteria given by Equation (4.13).
The pressures required to inject the grout at a constant flow rate of 7.68 x 10° m’/s at
different times are plotted in Figure 4.11. The experimentally observed pressures of

Honma (1984) are also superimposed on the same figure. The numerical profiles matched

the experimental values fairly well for times 420, 1440 and 1740seconds. The differences
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are larger for the intermediate times. The model over-predicted the pressure heads by 8-
50 % of the observed pressure heads at the bottom most pressure gage reading. Neither
Honma’s model nor the present model could predict the pressure profiles that match the
experimental observations using concentration-only dependent viscosity relationships.
This is an indication of inadequate representation of the gelation process. The processes
such as shear thinning involved in the grouting were not included in the Honma model.
Thus the numerical model over-predicted the pressures in the grouted region for the
intermediate times. Honma (1984) considered a linear mixing rule for the grout
concentration at the grout front. This could be one of the reasons for over-prediction of
the viscosity and hence higher heads. One should also note that the experimental column
was simulated as a one-dimensional model. As a result, viscous fingering was not
observed. Hence the column experiments and slim tube experiment, performed as part of
this study described in the Chapter 3, were simulated to understand the physics and to

investigate the effect of variation in flow and transport parameters.

--#-- 420 s - Honma
------ 420 s
— @~ 780 s - Honma
fg ——— T780s
E — -4 — 1080 s - Honma
%" s | 080 8
T — % - 1440 s - Honma
— 1440 s
—¥— 1740 s - Honma
— 1740 s ]

Pressure head in (m) of water

Figure 4.11: Comparison of injection pressure distribution at different times for sodium
silicate grouting obtained from present model and Honma's column
experiment
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4.14 SLIM TUBE EXPERIMENT SIMULATION

The slim tube experiment described in section 3.6 was simulated as a one-dimensional
square column of length 400 mm having cross-sectional area of 6.5 mm x 6.5 mm and
400 mm long. The column was discretised into a 3.25 mm grid along the length in the
vertical direction. Colloidal silica grout was injected into the column from the bottom end
at a rate of 0.58 ml/min (calculated to match the cross-sectional area). Grout gelation
relationship incorporated in the model corresponds to gel mixture having gel time of
600 seconds. Flow field was updated every two seconds and transport step was adapted
based on the lowest time step determined by the criteria given by Equation (4.13).
Injection pressure heads determined from the simulation along with experimental data are
plotted in Figure 4.12. The pressure heads based on no shear gelation model are at least
10 times the observed peak pressures. Whereas, the pressure profiles obtained using shear
gelation model fall in the same range of pressures obtained in the experiment. From the
experiment, it may be noted that it was possible to inject the grout until 1770 seconds
even though the grout gelation time was 600 seconds. These two facts indicate that there
was a delay in gelation. This delay in grout gelation was due to the effect of shear during

its gelation. Therefore, shear needs to be incorporated.

In an effort to identify the parameters that represent the pressure profile, the effect of
longitudinal dispersivity (a;) was investigated. With increasing longitudinal dispersivity,
the required grout injection pressures are found to be reducing. Various a;’s investigated
include 1 mm, 20 mm, 30 mm and 40 mm. The pressure heads corresponding to
a;=1mm are higher than the observed ones indicating that the viscosities are over-
predicted. The pressure profiles corresponding to oz = 20 mm, 30 mm and 40 mm fell in
the range of the experimental observations. For the case of a; = 20 mm, the pressure
heads are over-predicted during 1000-1500 seconds and are under-predicted from then
on. However, the profiles corresponding to a; = 30mm and 40 mm closely follow the
observed pressure curve until about 1400 seconds and the pressures are under-predicted

beyond 1400 seconds.
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Figure 4.12: Comparison of injection pressure heads obtained from the model against
slim tube experimental observations. The plot shows the pressure profiles
for shear and no shear based gelation model.

4.15 ANALYSIS OF COLLOIDAL SILICA GROUTING - ONE-DIMENSIONAL
MODELING

The colloidal silica grout injection into the sand column was simulated as a one-
dimensional model. From the slim tube simulations, the shear and longitudinal
dispersivity were found to affect the grout injection. Hence, further investigations were
carried out to compare the numerical model results with the experimental observations
for various longitudinal dispersivities. Though the one-dimensional simulations do not
represent the physics completely, they are useful in gaining a rough idea of the relative
importance of the parameters and processes. The column was simulated as a one-
dimensional domain with a square cross-section having an area equal to the cross-
sectional area of the 30.16 mm diameter column and length of 450 mm. The column was
divided into 450 grids along the length. The colloidal silica grout was injected from the
bottom end at a flow rate equal to 2 ml/min. The equivalent Darcy velocity was 4.67 x
10”° m/s. The flow field was updated every second. The model outputs include injection

pressure heads, grout age and grout concentration distributions.
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The pressure heads required to inject the colloidal silica grout into the sand column for
each case are plotted in Figure 4.13. The effect of shear was also investigated. The
pressure head profiles in Figure 4.13 may be grouped into two categories, viz., linear and
power law mixing model based results. When the linear mixing rule was employed, the
pressure head profiles deviate from the experimental curve beyond 1000 seconds.
Variation in longitudinal dispersivity seems to make no difference to the pressure profile.
The pressure head profiles corresponding to power law mixing rule fall in the range of
experimentally observed pressure heads and follow the experimental pressure profiles
more closely. This shows that the linear mixing rule over-predicted the viscosity of the
grout mixture solution diluted in water in the pores. Since the variation in longitudinal
dispersivity did not change pressure head profiles significantly, linear mixing rule was
the dominating factor. Hence, it may be concluded that linear mixing rule did not
represent colloidal silica grouting into the porous media, i.e., the power law better

represents colloidal silica grout mixing during gelation in porous media.

The effect of longitudinal dispersivity (o) was investigated through one-dimensional
simulation for different a;’s, i.e., oz = 1 mm, 10 mm, 20 mm and 40 mm. The pressure
profiles corresponding to the oz = 10 mm, 20 mm and 40 mm are approximately parallel
to each other. With the increase in longitudinal dispersivity, the predicted pressure heads
are decreased. The pressures heads are higher and lower than the experimentally
observed pressures in case of a7 =10 mm and 40 mm respectively. The injected pressure
head profile corresponding to a; =20 mm closely follows the experimental profile up to
3200 seconds and deviated from the experimental profile significantly from then on. For
lower a;’s, the grout front is less dispersed resulting in higher concentrations and higher
viscosities. The physics may be better described with oz equal to 20 mm for times until
3200 seconds.

The injection pressure heads obtained by considering no shear based gelation model are
compared to the heads obtained by using a shear based gelation model as shown in Figure

4.14. The effect of shear on grout injection was also investigated. The pressure heads

obtained by using the gelation model without shear effect are several orders larger than
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Figure 4.13: Grout injection pressure head profiles for different conditions in one-
dimensional simulation. Grout is injected at 2.0 ml/min. (P and L refer to
power-law and linear mixing rules.)
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the experimental observations. The pressure heads obtained using gelation model with
shear effect incorporated are in the same order of experimental observations. Hence it
may be concluded that the shear effect is important. The deviations indicate that the
processes included in the present grouting model are not enough to properly describe the
grouting physics beyond 3200 seconds. Similar phenomenon was also observed in the
slim tube experiment. To understand the reasons for the discrepancies between the
observed and simulated pressure heads beyond 3200 seconds and to identify the
processes that are important in the grout injection into the porous media, three-

dimensional simulations were performed.

4.16 ANALYSIS OF COLLOIDAL SILICA GROUTING - THREE-
DIMENSIONAL MODELING

A numerical model was set up to simulate grout injection into the fine sand column,
investigated experimentally in section 3.5, by representing the column in a three
dimensional domain. Since one-dimensional modeling cannot reflect the effect of fingers
observed in the experimental study, it is believed that flow and transport was three-
dimensional, though the predominant flow direction is one-dimensional. As noted by
Smith and Zhang (2001), when the finger size is smaller than the column size, the flow

and transport within the column needs to be simulated as a three-dimensional model.

From preliminary simulations it was found that a very fine grid resolution is needed to
capture the physics in terms of grout distribution in the column. Due to limitations on the
computer resources availability, smaller cross-sectional area is chosen in an effort to
adopt the finer grid resolution. Hence, the cross-sectional area of the simulation domain
was reduced to 20 mm x 20 mm as against 30.16 mm diameter of the experimental
column. The length was taken as 450 mm (which is the height of sand in the experimental
column). Grout injection rate was scaled according to the cross-sectional area ratio such
that Darcy velocity in the numerical column model was the same as in the experimental
column. It is necessary to maintain the same velocity in order to create the same shear
rate, which in turn keeps the similarity in gelation characteristics. Therefore, the grout

injection rate for numerical modeling is calculated as 1.12 ml/min instead of 2 ml/min
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adopted in the experiment. Thus, the Darcy velocity is equal to 4.67 x 10” m/s, which is
equal to the Darcy velocity corresponding to the flow rate used in the column experiment

in section 3.5.

Three dimensional numerical modeling simulations were performed to identify different
processes and parameters that represent the flow and transport of gelling colloidal silica
grout inside the sand column. These simulations include effects of grid resolution,
heterogeneity in hydraulic conductivity field, longitudinal and transverse dispersivities.
The simulations were carried out using heterogeneous hydraulic conductivity fields with
mean hydraulic conductivity of 3.01 x 10” m/s and log hydraulic conductivity variability
of 0.05. However, homogeneous hydraulic conductivity fields were used for some of the
grid resolution studies. The longitudinal and transverse dispersivities assigned were 1 mm
and 0.01 mm respectively. These values are changed in the following sections where the

effects of each of these parameters are studied.

4.16.1 Grid Resolution Studies

Numerical models simulate the continuous physical system as a discretised system. The
discretisation of the domain may have a significant effect on the results (Roache, 1994).
Prior to performing any further analysis, the dependence of grout injection process
simulation on grid resolution is investigated in this section. Recognising the importance
of grid size, Oldenburg and Pruess (1995) and Ackerer et al. (1999) have investigated the
grid resolution effects on the solution of a density dependent problem and recommended
the procedure of refining the grid until there is no difference in the results. Three grid
resolutions were used in this study. The 20 mm x 450 mm x 20 mm domain was
discretised into 8 x 90 x 8, 15 x 169 x 15 and 20 x 225 x 20 grids. These grids correspond
to cell sizesof 25 mmx Smmx 2.5mm, 1.33 mm x 2.67mm x 1.33 mmand 1 mm x 2
mm X 1 mm respectively. For convenience, these grids are referred to as 8 grid, 15 grid
and 20 grid, respectively. Simulations were performed on these three grid resolutions
using both homogeneous and heterogeneous hydraulic conductivity fields. The details on
generation of heterogeneous hydraulic conductivity fields are presented in section 4.16.2.

During the first set of simulations on different grid resolutions, hydraulic conductivity
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field was assumed to be homogeneous in order to obviate any uncertainty that might
result from the use of heterogeneous hydraulic conductivity fields. The second set of

simulations were performed using heterogeneous fields.

(i) Pressure heads

The simulation results for the three grid resolutions are presented in terms of pressure
heads at the injection end of the column and grout age distribution in the column. The
pressure heads required to inject colloidal silica grout into the column for each of the grid
resolutions are plotted in Figure 4.15a. These simulations using homogeneous hydraulic
conductivity fields showed instability around 1800 seconds for all the grid sizes. Even
though the pressure profiles stabilized after 2000 seconds, they did not show any specific
trend. These simulations using homogeneous hydraulic conductivity fields did not yield
any conclusive results. However these injection pressure head profiles showed that
simulation of the grout injection process using homogeneous field is not the appropriate
way. Hence simulations are also performed using the same grid sizes considering the
heterogeneous hydraulic conductivity fields. The pressure profiles obtained for these
three grid resolution simulations, using the heterogeneous hydraulic conductivity fields,
are plotted in Figure 4.15b. Contrary to our understanding about numerical simulations,
the simulations that use finer grid sizes further under-predict the injection pressure heads.
The pressure head profiles from all the three grid resolutions follow the experimental
observations until about 1800 seconds and deviate from each other after 1800 seconds.
None of the grid resolutions could yield the observed pressure heads beyond 3200
seconds. The pressure profile from 8 grid simulation falls on the experimental profile up
to 3200 seconds. The difference between the observed and numerical pressure heads
increases exponentially beyond 3200 seconds. Since the pressure profiles from coarse
grid are close to the finer grid solutions, grout concentration and age distribution patterns

corresponding to these simulations are investigated to understand the physics.
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Figure 4.15: Effect of grid resolution on grout injection pressures using (a) homogeneous
(b) heterogeneous hydraulic conductivity fields.
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(ii) Concentration Distribution

The grout age and the concentration distributions are also investigated for the three grid
sizes. Even though the grout flow is locally three-dimensional, the predominant flow
direction is one-dimensional. Therefore the grout concentration is likely to be uniform.
When the younger grout (having lower viscosity) displaces the older grout solution
(having higher viscosity), instabilities occur. The instabilities as reflected by grout age
distribution patterns are likely to reveal the physics of grouting. The grout age
distribution patterns inside the column are plotted in Figure 4.16. Since the grout gelation
time is 600 seconds, the grout injectivity depends on the size of the finger having grout
ages less than or equal to the gel time. Hence the distribution patterns of grout with an
age of 600 seconds and less are plotted in this figure. It may be noted that the finger size
is reduced as the grid size increases. Increase in grid size leads to higher dispersion,
which helps in forming more homogeneous grout mixture, leading to formation of thin
fingers. Higher pressure heads are needed to inject the grout at the same flow rate through
a constricted finger. The fingers formed in the 15 and 20 grid simulations yielded larger
size fingers. These large fingers formed in the 15 and 20 grid simulations resulted in
lower injection pressure heads compared to those obtained in the 8 grid simulation. If the
finger formed in the 8 grid simulations had been correct, the pattern of fingers obtained
from the 20 grid simulation would have been the same. Since fingers obtained from the
finer grid are larger than the coarser grid, the coarse grid, i.e., 8 grid discretisation, is not
adequate to capture the physics of grouting. Hence, the remaining simulations are run
using the 20 x 225 x 20 grid system in order to capture the fingers as accurately as

possible.

4.16.2 Effect of Heterogeneity

Hydraulic conductivity (K) is a very important property in analyzing the flow and
transport of contaminants through porous media. Hence, the effect of hydraulic
conductivity on the grout injection process was investigated in terms of the pressure head
profiles. Since it may not be possible to characterize the porous media to the detailed
extent required for the modeling, recourse has been made to simulate flow and transport

using simulated hydraulic conductivity fields having similar statistical characteristics.
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Figure 4.16: Effect of grid size on grout age distribution and finger
formation. The figure shows the finger formed by the areas
where the grout age is 600 seconds or less

116

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The hydraulic conductivity field of the sand in the experimental column was assumed to
be one of the several possible random scenarios, called realizations, for a given mean and
variability. The hydraulic conductivity distribution in the simulation domain of sand
column was generated using Sequential Gaussian Simulation (SGSim) algorithm for a
given mean K and different variabilities. SGSim algorithm used in this study is part of the
GSLIB suite of programs (Deutsch and Journel, 1998). SGSim generates the normal
variates between 0.0 and 1.0. The range of K is specified in terms of mean hydraulic
conductivity and variability. Commonly, based on field observations, K is considered to
follow a log-normal distribution. The variates from SGSim are normalized values of log
(K) field. These normal variates are transformed to linear scale to obtain the K
distribution for a given mean and variability. A typical data set used for the present study
is given in Table 4.2. The inputs specified in Table 4.2 include number of grids in each of
the x, y and z directions, spatial correlation, upper and lower bounds on the numbers to be
generated. Spatial correlation can be expressed in terms of exponential, spherical,
Gaussian or power variograms. The spatial correlation is represented in this study in
terms of exponential variogram for the K-field (Woodbury and Sudicky, 1991). The K of
3.01 x 10 mv/s obtained from the experiments described in section 3.2 is assigned as
mean K. Different variabilities considered include 0.0, 0.01, 0.05 and 0.2. A variability of
zero means the medium is homogeneous. A K distribution corresponding to variability of

0.05 is shown in Figure 4.17.

The required injection pressure head profiles for different variabilities are plotted in
Figure 4.18. The pressure head profiles corresponding to all the variabilities, except for
the homogeneous case, follow a monotonically increasing trend. The pressure head
profile obtained from the homogeneous K-field increased up to about 1700 seconds and
then reduced to the levels corresponding to pressure profiles obtained from
heterogeneous K-field cases. This means that the column with homogeneous K-field
behaves like a 1-D column until 1700 seconds. As a result, the required injection pressure
heads are governed by the highest viscosity of the grout, which is 2 to 3 times larger than
the apparent viscosity as reflected from the observed pressure heads. When the

differences in grout ages are large, the instabilities are triggered leading to formation of
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viscous fingers. Thus, these formed viscous fingers make the medium behave like a

heterogeneous one.

Table 4.2: Parameters used in Sequential Gaussian Simulation

o8 s ok ok sk s o s o ok ke sk ok ok ke s o ok ok ok ook ok ok ok o ook ok ok ok ok ol sk ok ok ok ok ke ke sk ook ok o sk sk ok ok ok ke sk sk ke ok

* File generated by WinGslib
* Version: 1.3.1

* Build code:
* Date:

* Time: 9:38:33 PM

332a316/1/2_4 1381
Wednesday, March 24, 2004

st e e e s o oo o ke sk ok ok ok ok oo ok s o ok s o ok oo e oo o ke s ot e e o o s oo o ok s ok s ok o e sk o o sk ok ok o

Parameters for SGSIM

3k 3 3 3k ok 3 Ak e e ik o 3k Ae Ak ok ok 3k ok 2k ok ok oo sk ok sk ok

START OF PARAMETERS:

c:\tempinter\20x225x20\20x225x20cluster.dat

120300

-100000000 100000000

0
c:\tempinter\20x225x20\sgsim.trn
0

c:\tempinter\20x225x20\histsmth.out

12
08
10
18
2

- columns for X,Y,Z vr,wt,sec.var.
-trimming limits
-transform the data (0=no, 1=yes)

- consider ref. dist (0=no, 1=yes)

- columns for vr and wt

- zmin,zmax (tail extrapolation)
-lower tail option

-upper tail option

-debug level (0-3)

c:\tempinter\20x225x20\SGS_20x225x20cluster.dbg
c:\tempinter\20x225x20\SGS_20x225x20cluster.out

1

2001
22501
2001
1440742
08

12

1

13

0

101010
000
2022520
00t
c:\tempinter\20x225x20\ydata.dat
1

20.05
20.70000
1010 10
2025000
222

-number of realizations to generate
-nx, Xxmin, xsize

-ny, ymin, ysize

-nz, zmin, zsize
-random number seed
-Min and max original data for sim

-number of simulated nodes to use

-assign data to nodes (0=no, 1=yes)

-multiple grid search (O=no, 1=yes), num
-maximum data per octant (O=not used)
-maximum search radii (hmax, hmin, vert)
-angles for search ellipsoid

-size of covariance lookup table

-kType: 0=SK,1=0K,2=LVM,3=EXDR,4=COLC

Grid Configuration

- column

-nst, nugget

-it, cc, angl, ang2, ang3
-a_hmax, a_hmin, a_vert
-it, cc, angl, ang2, ang3
-a hmax, a hmin, a vert

Spatial Correlation
Structure
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Figure 4.17: Hydraulic conductivity distribution generated using SGSim algorithm
(Log scale; variability = 0.05)
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Figure 4.18: Effect of variability on the grout injection pressures
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The distribution corresponding to a variability of 0.01 leads to minor oscillations in the
pressure profile. Although the oscillations were not very clear in three-dimensional
simulations, they were significant in the two-dimensional simulations. The smallest
variability above which the pressure head profiles are stable is identified as 0.05. Hence
all the simulations are performed using K-field with a variability of 0.05. Thus, one needs
to be careful when deriving inferences using homogeneous K-field simulations. Increase
in variability did not show any improvement in the prediction of pressure heads. Hence
two conclusions are drawn based on the simulations. Simulation of the grout injection
process using a homogeneous K-field lead to oscillations in pressure head profiles. The
instabilities subsided after a certain level of heterogeneity is introduced. Therefore, while
simulating the grout injection processes, heterogeneous K-fields may be considered even
if the soil seems to be homogeneous. Secondly, the heterogeneity beyond certain

minimum level did not show any effect on the predicted pressure head profiles.

Often it is necessary to perform simulations using more than one hydraulic conductivity
field while working with statistically generated hydraulic conductivity fields. Therefore
grout injection simulations were performed using hydraulic conductivity fields obtained
from 10 different realizations. The pressure head profiles obtained from these simulations
are plotted in Figure 4.19. Of the ten profiles, all of them are in the same range except
one. The final pressure obtained for the simulation profile that deviated from the other
grout injection profiles is about 50 % higher than the mean pressure heads obtained from
the remaining nine realizations. This shows the consistency in the results obtained from
different realizations having same statistics. The narrow spread of these pressure profiles

reflects the reliability of the predicted profiles.

4.16.3 Effect of Longitudinal Dispersivity (o)

Dispersion is known to affect the way instabilities are generated and viscous fingers are
formed. Effect of longitudinal dispersivity is investigated in this section to understand the
grout injection process and the grout distribution inside the column. Longitudinal

dispersion describes the grout mixing at the front along the mean flow direction.
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Figure 4.19: Grout injection pressure profiles obtained from different realizations for
20 x 225 x 20 grid formulation (“R” refers to realization of K-field)

Simulations were run to investigate the effect of longitudinal dispersion on grout
injectivity. Three different longitudinal dispersivities were studied include a; =1 mm,
2 mm and 10 mm. Transverse dispersivity was kept constant at 0.01 mm for all the three
cases. The required injection pressure head profiles obtained for the different longitudinal
dispersivities are plotted in Figure 4.20. The final pressure heads (at time 3940 seconds)
required to inject the grout at 1.12 ml/min corresponding to different longitudinal
dispersivities differ by about by a factor of 2/3. However, these pressures are far less than
the observed injection pressure. Two inferences can be drawn from these simulations.
The first one is that the longitudinal dispersion does not seem to affect the grouting
process significantly enough to match the observed pressure head profiles. The second
one is that there must be some other processes (such as shear) that might be so

dominating that the effect of longitudinal dispersivity is not seen.
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Figure 4.20: Effect of longitudinal dispersivity on grout injection pressures

4.16.4 Effect of Transverse Dispersivity (ar)

Transverse dispersivity reflects the mixing process in the direction perpendicular to the
mean flow direction. The effect of transverse dispersion was also investigated through
simulation for different transverse dispersivities, i.e., ar =1 mm, 0.1 mm, 0.01 mm and
1x10”° mm. In all cases oy is set to 1 mm. It is recognized that these dispersivities are
much smaller than the grid size. The smaller dispersivities are meaningful based on the
profiles and grout distribution patterns. Smith and Gillham (1999) have also adopted
similar smaller transverse dispersivities in comparison to their grid resolution. The
smaller dispersivities may be explained by the fact that, as the grout becomes more and
more viscous, its tendency to mix with either lower viscosity grout solution or water

reduces.
The required injection pressure profiles for various ar’s are plotted in Figure 4.21. Unlike
the injection pressure profiles corresponding to the variations in longitudinal dispersion

as shown in Figure 4.20, the profiles corresponding to different ar’s are widely spread

within the range of experimental observations. The pressure profile corresponding to
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ar=1.0 mm has final injection pressure much closer to the observed pressures in
comparison to the pressure heads corresponding to the other ar simulations. However, the
pressure profile for the intermediate times is completely different from the observed
pressure profile. The pressure heads are over-predicted for the intermediate times. On the
other hand, the pressure profile of the other ar’s are closer to the observed pressure
profile. In fact, the pressure profile corresponding to 0.1 mm matches the experimental
pressure heads up to about 3500 seconds out of the total experimental duration of 3940
seconds, though the final injection pressure head obtained from this simulation is about
half of the observed injection pressure. However, the pressure profile corresponding to
ar=0.01 mm deviates from the observed profile from about 1800 seconds and the
pressure heads are under-predicted. Since the pressure profile corresponding to
ar=0.1 mm seem to match the observed profile, further investigation is made to see the

grout patterns inside the column.

Pressure head in (m) of water

0 1000 2000 3000 4000 5000
Time (s)

Figure 4.21: Effect of transverse dispersivity grout injection pressures

The grout patterns corresponding to the ap= 0.1 mm are compared with the grout patterns

obtained from the simulations corresponding to ar = 0.01 mm to find the reasons that
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cause the variations in the observed pressure profiles. The higher injection pressure heads
are the reflection of higher grout viscosities. On the other hand, the smaller the value of
ar, the higher the scope for preserving the viscous fingers. As long as the viscous finger
prevails, the grout flow can find its way through this finger with less effort and hence
results in smaller pressure drops. The grout viscosity is more significantly affected by the

grout age. Hence the grout age distribution patterns are studied further.

The regions of interest in grout age distribution patterns are the areas having grout age of
600 seconds or less. Hence, distributions of grout age of 600 seconds or less at different
times are presented in Figure 4.22. The figure compares the fingers having grout age less
than or equal to 600 seconds for the cases of o= 0.1 mm and 0.01 mm. A quick glance
indicates that the regions having grout age of 600 seconds are shrinking in the case of
ar= 0.1 mm because of the higher mixing between the grout in the adjacent grids
resulting in higher grout ages. When the viscous finger disappears, the grout flow in the
column is a one-dimensional or plug flow. In such a situation, the pressure drop is
governed by the highest viscosity grout, i.e., oldest grout just behind the grout front. The
grout age distribution pattern for the o = 0.01 mm case preserves the finger. Even
though the numerical model predicts the pressure profile that matches the experimentally
observed profiles for the case of ar=0.1 mm, it does not represent the grout physics in
terms of age distribution. It is understood from these simulations that ar significantly

affects the formation and preservation of the viscous fingers and grout injectivity.

The results of the simulations presented in the different sub-sections of 4.16 for different
cases using shear gelation model did not yield the observed trends in injection pressures.
Only the simulations corresponding to different transverse dispersivities predicted the
pressure heads in the ranges of observed ones. Hence the simulations are run using
gelation model without incorporating the shear for the cases of ar = 0.01 mm and 0.1
mm. The injection pressure head profiles corresponding to these transverse dispersivities

along with the experimentally observed profiles are plotted in Figure 4.23.
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Figure 4.22: Effect of transverse dispersivity on the finger formation when
the shear effect was included
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Figure 4.23: Effect of transverse dispersivity grout injection pressures when the gelation
model is incorporated without shear

The experimental pressure profile lies between the pressure head profiles obtained for
ar = 0.01 mm and 0.1 mm. Though the pressure profile does not match the experimental
pressure heads exactly, it was clear that an intermediate transverse dispersivity might
yield the pressure heads that match the experimentally observed data. Hence, simulations
were run with ar = 0.03 mm, 0.04 mm and 0.05 mm. The pressure profile corresponding
to ar = 0.04 mm closely matches the experimental data. Then, the grout age distribution
for this case was further investigated to infer the processes occurring inside the column.
The viscous finger pattern presented in Figure 4.24 shows that the fingers were slimmer
than those predicted when the gelation model with shear, was used. These simulations
tempt us to believe that shear is not important because gelation model without shear
yielded pressure heads closer to the observed pressure heads. This is contrary to the
common observation regarding non-Newtonian behavior of gelling liquids. There are
neither experimental nor theoretical studies to support this argument. The differences in
predicted pressures for the cases when the shear is considered and when it is not
considered, may also be explained as an effect of filtration. Based on the experimental

investigations, Bryant et al. (1999) reported that filtration of macromolecules occur.
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Figure 4.24: Grout age distribution in the viscous finger for 20x225x20 grid
when shear was not included in the gelation model

127

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Filtration triggers in at an unknown stage of gelation, for which there are no studies
available. Todd (1990) incorporated the filtration effect in his model to simulate injection
of gelling liquids. The effect of turning off the shear effect is an indirect consideration of
filtration effect. When the shear effect is turned off, the model predicts higher viscosities
and consequently higher injection pressures. Experimental investigations are needed to
understand the presence and absence of shear effect during grout injection into the porous
media, especially during the stage of steep increase in injection pressure heads.
Regardless of which of these processes is important, transverse dispersivity is found to

affect the grout injection process and finger preservation.

4.17 DISCUSSION OF MODELING RESULTS

Based on the results from the slim tube experiment simulation and the one-dimensional
simulation of the column experiment, it was understood that it was important to
incorporate the effect of shear in the gelation model. However, the three-dimensional
simulations performed on different transverse dispersivities using gelation model without
shear were better able to predict the pressure heads in the ranges of experimental
observations. These two observations warrant further discussion. These simulations
provide an answer to the deviations between the predicted pressure heads in case of

shear-based gelation model and the experimental observations beyond 3200 seconds.

The grout, during gelation, forms small networks of particles, which in turn join together
to form either a single large network of particles or a few relatively smaller networks.
When the grout is subjected to shear, the large networks of particles may disintegrate into
smaller networks, before reaching an equilibrium state. The viscosity of the grout,
subjected to shear gelation, is less than the unsheared grout gel viscosity. This lower
viscosity is a reflection of the bulk fluid property. However, the viscosity of smaller
networks of grout macromolecules or blobs within the bulk fluid will have the same
viscosity as that of the non-sheared gel viscosity for a given reaction time. It was
hypothesized that during the flow through the porous medium, when the macromolecules
or blobs of grout particles grow to an extent that they are larger than the pore throat

diameter, they get trapped. This phenomenon was schematically explained in Figure 4.25.
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Figure 4.25: Schematic diagram of trapped macromolecules or micro-gels of the grout

The viscosity of these macromolecules trapped near the pore throat entrance contributes
to the increase in pressure heads. The trapped blobs cumulatively add to the need for
increasing pressure heads. Nevertheless, the bulk fluid with smaller networks or
unconnected particles still travel through the porous media in the column. This
explanation agrees with the observation made by Bryant et al. (1998) and Kim and
Corapcioglu (2002a). However, Kim and Corapcioglu (2002a) did not substantiate their

statement through either an experimental observation or a numerical investigation.
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Bryant et al. (1998) noted that the filtration might trigger in at different stages of gelation

for different polymer compositions (grouts are polymers).

The deviations between the experimental and numerical results for times prior to 3200
seconds may be due to the filtration effect. The effect of turning off shear effect is
equivalent to the filtration in a smaller scale. Hence the predicted injection pressure heads
match with the experimental pressure heads. The contribution of the difference between
the shear and no shear based gelation models in terms of pressure heads was still not
enough to predict the final pressure heads. However, this effect was good enough to
predict the pressure heads that were closer to the experimental procedures when
compared to the case when shear was considered. Therefore, filtration effect needs to be
incorporated. Thus, the present study was successful in showing the need for

incorporating the effects of shear and filtration into the gelation model.

Grout patterns were investigated further to gain confidence in the ability of the model to
simulate the grout injection into porous media. The grout concentration distribution
patterns, obtained from the simulations for the case when a shear-based gelation model
was used, were presented in Figure 4.26. These distributions at different times show
patterns that are similar to the schematic diagram presented in Figure 3.9 and the pictures
taken during the experiments. The younger grout tends to puncture into the grouted
regions. Initially it tries to enter as a thin finger and then it spreads into the lateral
directions as it takes less effort to spread laterally compared to the longitudinal direction.
When the energy required to spread laterally becomes higher than the energy required to
puncture into the porous media in the longitudinal direction, the grout tries to squeeze
higher into the porous media as reflected by the concentration distributions shown in
Figure 4.26 for different times. The pattern at the top of the column for each time shows a
bifurcation pattern of fingers, which was an indication of flow instability. First, the grout
punctures into the soil as a finger. Then an additional finger enters the soil from the
adjacent area and envelops the soil between the first finger and new finger. The grout

concentration distribution pattern showing this phenomenon was plotted in Figure 4.27.

130

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(01°¢ pue §°¢ 2m31,] UI UMOYS) JUSWIISAXS UI PIAISSQO
se doy oy 18 wroned woneoINJIq SUIMOYS TWIN[OD SN} UT UOHNQLYSIP UOHBIUSOUOD JNOID) PAIB[OWIS 97 { dINT1]

S0v6c S008¢ SO009¢ SO0CE SO008C SO00TC SO08L SOQOOST  sS00CH $ 006 S0S¢

£BIESED

C356560

LEBSHE0

¢IECLED

£898.6°0

¢90586°0
LEPIBE0

ZL22660
Q0 OFEE : 196%

131

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Xgel : 3840000
0997812

0.991437
- 0935082
0978687
0.972312

o 0.965957

s .959562

0953187

Figure 4.27: Numerically predicted grout concentration distribution showing flowering
pattern at the front
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The same phenomenon may be interpreted from the series of pictures (shown in Figure
3.9) taken during the experimental investigations. Another measure of confidence is
demonstrated through the grout pattern obtained by the simulation model and the
corresponding picture taken from the experiment is shown in Figure 4.28. Thus, the
present study is able to identify the processes involved in the grout injection into the

porous media and was able to incorporate the processes in the model.

4.18 CONCLUSIONS OF MODELING STUDIES

This chapter presented the chemical grout injection simulation model developed by
coupling MODFLOW and RT3D and adding modules to incorporate shear and no shear
based gelation process. The empirical equation developed in Chapter 3 to estimate the
viscosity as a function of shear and grout age was incorporated in the model. Hydraulic
conductivity is reduced by the ratio of viscosities of the grout and the water in order to

reflect the effect of the grout viscosity.

The grouting simulation model was verified against an analytical solution developed as
part of this study. As part of validation, the present model results were compared with (i)
the model developed by Honma (1984) for sodium silicate grout injection, and (ii) the
pressure profiles obtained from the present column experiments on sodium silicate grout
injection. The concentration profiles obtained by the present model were found to be
within 5% of those obtained by Honma. Even though the present model results matched
the Honma (1984) sodium silicate experimental pressure profiles for early time periods
and late time periods, the profiles did not match for the intermediate time periods. Also,
the present model had over-predicted pressures. These discrepancies may be attributed to
the fact that Honma’s column experiment is simulated as a one-dimensional column and,
as a result, the effect of the fingering process was not reflected in the modeling. The use
of a linear mixing rule may also have contributed to over-predicting the grout injection

pressures.
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Figure 4.28: Comparison of experimentally recorded and numerically predicted grout
concentration distribution patterns
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The present model was also used to analyse the colloidal silica grout injection into a slim
tube. The model was able to produce results that matched well with the experimental
observations up to about 1500 seconds out of 1770 seconds. These simulations revealed
that shear was an important factor that needs to be incorporated into the model and that a
major process needs to be incorporated to obtain the observed pressures for time beyond
1500 seconds.

In the next phase, the grouting model was used to analyse the observations made during
colloidal silica grout injection into a 30.16 mm diameter column. These experiments were
simulated by representing the column both as one-dimensional and three-dimensional
models. One-dimensional simulations revealed that the power law mixing rule was
appropriate to represent the colloidal silica grouting. The results obtained from the three-
dimensional simulations matched the experimental data until the last few hundred
seconds. Based on the findings from the previous sections and the present analysis, it is
apparent that viscosification, shear and viscous fingering affect the grout injectivity. The
deviation of the model results from the experimental observations at later time periods

indicate that a major process, possibly filtration, needs to be incorporated in the model.
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CHAPTER §

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

5.1 SUMMARY AND CONCLUSIONS

Colloidal silica, an environmentally benign chemical solution, is reported as a promising
alternate to sodium silicate for use as a chemical grout because of its better gel time
control and the absence of syneresis problem. The present study was carried out with an
aim to understand the processes occurring during chemical grouting into porous media,
using colloidal silica grout. To this end, a two-pronged approach has been adopted,

combining experimental investigations and numerical simulations.

The experimental work can be classified into three categories, viz, viscosity
measurements, grout injection into columns and grouted sand testing. The grout viscosity
measurements conducted during gelation under different conditions showed that the gel
viscosity is a function of reaction time, concentrations of colloidal silica and sodium
chloride, and temperature. To investigate the processes that occur during the injection of
colloidal silica grout into sand columns, two different sizes of columns were used. The
experiments performed using a 30.16 mm diameter column were grouped into three
categories based on the colloidal silica solution and the type of water used. Viscous
fingering is shown to affect the grout injectivity in the 30.16 mm diameter column. This
process has not been reported in any of the earlier chemical grouting studies. The smaller
diameter column experiment, referred to as the slim tube experiment, was conducted to
obtain the injection pressure head data in the absence of finger formation within the
column. In both cases, it was possible to inject the grout until long after the gel time
corresponding to no shear gelation. The dyed grout solutions aided in visualizing grout
flow patterns and understanding the processes that occur during the grout injection into

the sand column.

A chemical grout injection simulation model was developed by coupling MODFLOW

and RT3D, and adding modules to incorporate shear and no shear based gelation
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processes. In order to prevent spurious gelation, the concept of minimum grout
concentration was incorporated in the grout aging function. Based on the shear viscosity
measurements during gelation, an empirical equation was developed to estimate the
viscosity as a function of shear and grout reaction time. The grout simulation model was
verified against an analytical solution developed as part of this study. As part of the
validation, the present model results were compared with results from a previously
published model and experimental observations on sodium silicate grout injection into
columns. The concentration profiles obtained by the present model were found to be
within 5% of those obtained by Honma (1984). The simulation of Honma’s sodium
silicate grouting experiment resulted in pressure profiles that deviated from the
experimental observations. The present model, based on Honma’s approach and
assumptions, over-predicted the pressures at the point of injection. These discrepancies
are attributed to three different reasons. The Honma’s column experiment was simulated
as a one-dimensional column. As a result, the effect of the fingering process was not
reflected in the modeling. The use of a linear mixing rule and the absence of shear may

also have contributed to over-predicting the grout injection pressures.

The analysis of colloidal silica grout injection into sand columns through the numerical
modeling revealed that four major processes occur within the column. They are:
viscosification, shear, viscous fingering and filtration. The model was able to simulate the
first three processes with reasonable accuracy. None of the earlier studies on chemical
grouting recognized the importance of the shear effect. The present investigation has
identified the importance of shear on colloidal gelation on grout injectivity. The predicted
injection pressures deviated from the experimentally observed profiles in the region
where the experimental pressures increased steeply. This deviation is attributed to the
contribution of the filtration effect for which neither literature nor experimental data are
available. It is hypothesized that when the macromolecules/micro-gels grow to a size
larger than the pore throat size, they are filtered out. These trapped micro-gels contribute

to the need for higher grout injection pressures.
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Experimental investigations aided in deciphering the physics of grouting and assisted in
enhancing the model. These experiments revealed that the grout injection pressures are
very sensitive to salt content. A concentration difference even as low as 0.3 % slowed
down the gelation process. The reduction in surface area of colloidal silica solution with

time is found to affect the gelation time, which in turn affects grout injection process.

One-dimensional and three-dimensional simulation results helped in making some of the
specific conclusions. Power law mixing rule is able to predict the viscosity of the
colloidal silica grout at the interface between grout and water/brine. The grout flow is
found to be three-dimensional even in a column of 30.16 mm diameter. The three-
dimensional simulations are able to capture the fingering process, observed in the
experimental investigations. Hence, simulating the grout flow through a column using a
one-dimensional model will not be representative or accurate. Numerical instabilities are
observed when the simulations are performed using homogeneous hydraulic conductivity
fields. These instabilities are suppressed when the slightest heterogeneity is incorporated.
Transverse dispersivity is found to affect the gelation process, grout distribution, and the

consequent pressures required to inject the grout.

A feedback looping mechanism is needed between the numerical and experimental
studies. In order to understand the behaviour of the grout system at the internal core, the
numerical modeling is of paramount importance. This cannot be achieved by experiments

alone.

5.2 RECOMMENDATIONS

The deviations in the injection pressure heads observed between the experimental and
numerical investigations on the colloidal silica grout injection process are presumed to be
due to filtration. Hence, a detailed understanding of the effects of filtration on grout
injection is needed. In order to achieve this, the following tasks are identified to be

necessary for further study:

= Identify the stage of grout gelation when filtration starts affecting grout injection.
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= Quantify the effects of filtration.

=  Develop equations to represent the effects of filtration.

» Incorporate the filtration equations into the grout model and simulate the grout

injection process.

= Validate the grout model, incorporating the filtration effects, against the

experimental data.

Experimental investigations need to be performed either in a 3-dimensional box or in the
field to confirm the inferences made based on results from the present study, as well as

those obtained from any model which incorporates filtration equations.
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