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The placement of plastic fines such as bentonite into pore spaces of granular soil deposits is one of the effec-
tive methods to control the seepage problem. For such an application, bentonite needs to be delivered into
soils in forms of concentrated suspensions without disturbing the original soil matrix using low injection
pressures (permeation grouting). However, the low penetrability of the concentrated suspensions through
soils limits their practical applicability for large-scale seepage control in the field. In order to increase the
penetration distance, the initial mobility of the suspensions should be increased; however, the suspensions
need to maintain their thixotropic nature to reduce the washout probability of the suspensions from the
treated soils over time. The objective of this study is to investigate the rheological properties of concentrat-
ed bentonite suspensions, modified with sodium pyrophosphate (SPP), for evaluating a possible application
of the modified suspensions in seepage control through permeation grouting. In this paper, yield stress and
apparent viscosity of the SPP modified bentonite suspensions measured by the stress ramp technique are
presented. Bentonite suspensions with the clay contents of 5, 7.5, 10, and 12% (by total weight of suspen-
sion; W/B (weight ratio of water (W) and bentonite (B)) = 19, 12.3, 9, and 7.3) were tested at various
SPP concentrations (0 to 7% byweight of dry bentonite). Moreover, the time-dependent behavior of the sus-
pensions was evaluated through measuring the yield stress at various resting times (0 to 45 days). The re-
sults show that the initial yield stresses are reduced to approximately zero and apparent viscosities
decrease approximately 70–90% with the addition of 2, 3, and 4% SPP for the 7.5, 10, and 12% suspensions,
respectively. The reduced yield stresses increase gradually with resting times, reaching approximately 90 to
180% of the yield stresses of the unmodified suspensions after 45 days. However, the required resting times
for full recovery of yield stress increase with the increase of percentage of SPP used.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Over the past years, a majority of levee failures in the United States
have been induced by under-seepage through granular foundation soils
underneath the top soil on which the levees were built, causing signifi-
cant losses of lives and properties (Chrzastowski et al., 1994; Seed et al.,
2008). One of the effective methods to mitigate this phenomenon is to
treat the granular foundation soils with plastic fines such as bentonite.
Hwang et al. (2011) reported that the permeation of bentonite suspen-
sions reduced the saturated hydraulic conductivity of Ottawa sand 3 to
5 orders of magnitude. This implies that the bentonite grouting could
be an effective method to control seepage through granular soils once
bentonite suspensions are placed in the pores of the soils. For such an ap-
plication, bentonite needs to be delivered into soils in forms of concen-
trated suspensions by permeation (permeation grouting). However, the
application of the concentrated suspensions (exceeding 5% by weight)
in seepage control is limited due to their low penetrability through
soils. Therefore, the suspensions should be liquefied to increase their
penetration distance. On the other hand, the increased mobility needs
to be temporary, and the suspensions should start gelling rapidly over
time to achieve the resistance to ground water flow and settling after
permeation.

Previous researchers have widely studied the effect of the various
ionic additives on bentonite suspensions (Tchillingarian, 1952; Jessen
and Turan, 1961; Gonzalez andMartin-Vivaldi, 1963; Abend and Lagaly,
2000; Penner and Lagaly, 2001). Recently, Chegbeleh et al. (2009)
reported that a significant amount of ethanol (30 to 50% by weight of
bentonite) could liquefy the concentrated bentonite suspensions (6 to
14% by weight of total suspension). While the various ionic additives
tend to increase the initial mobility of bentonite suspensions, the
time-dependent behavior of the treated suspensions depends on the
type of the additive. Bentonite suspensions treated with sodium
hydroxide produced substantially high mobility (low yield stress and
viscosity) compared to the untreated suspensions after 24 h (Gonzalez
and Martin-Vivaldi, 1963). Tchillingarian (1952) observed complete
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Table 1
Properties of Wyoming bentonite (CP-200).

PL 38% CECa 91 meq/100 g
LL 440% Specific surface areab 712 m2/g
Gs 2.7 pH 9.3
Initial water content 8.3% Swelling capacity 8 ml/g

a Methylene blue adsorption test.
b Calculated the method suggested by Santamarina et al. (2002).
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flocculation in clay suspensions treated with a polyphosphate (sodium
hexametaphosphate) compared to the complete deflocculation in clay
suspensions treated with sodium hydroxide after 3 days.

The 3-D network structures in bentonite suspensions, either a card-
house (van Olphen, 1977) or band-like structure (Norrish, 1954; Weiss
and Frank, 1961), are continuous and integrated under appropriate so-
lution conditions (pH, type, and concentration of electrolyte). Cryo-SEM
micrographs (Morris and Źbik, 2009) revealed that the network struc-
tures in smectite suspensions consisted of aggregated individual parti-
cle platelets arranged in a combination of sandwiched edge-edge
aggregates of the stacks. The inter-aggregate bonds contribute to form
the 3-D networks in the suspensions and control themobility of the sus-
pensions. The inter-aggregate bonds are brokenwhen the applied stress
is beyond yield stress. Since these types of bonds are partially reversible,
most of these bonds are gradually recovered over time (Nguyen and
Boger, 1985). However, the network structures and time-dependent
rheological behavior of the bentonite suspensions treatedwith ionic ad-
ditives are not well documented in the literature.

The objective of this study is to investigate the rheological properties
of concentrated bentonite suspensions modified with an ionic additive,
sodium pyrophosphate (SPP), for evaluating a possible application of
the modified suspensions in seepage control by permeation grouting.
This study presents the rheological properties of the SPP modified ben-
tonite suspensions, focusing on their time-dependent behavior. The SPP
was selected to control the mobility of the concentrated bentonite sus-
pensions because, contrasting to sodium hydroxide and sodium silicate,
the SPP displays pronounced dispersing capability (Tchillingarian,
1952; Penner and Lagaly, 2001) and may allow gradual decrease in
mobility with time; both of which are desirable properties for the pro-
posed application. The flow behavior of the bentonite suspensions is
characterized by the yield stress and apparent viscosity. Specifically,
yield stress is utilized to illustrate the time-dependent behavior of the
modified bentonite suspensions because yield stress provides informa-
tion on the strength of the flocculated 3-D network structures and a
phase transition from liquid-like to solid-like behavior of the suspensions
(Goh et al., 2011; Jeong, 2013). The yield stress is also a critical grouting
design parameter to evaluate propagation distance and post-grouting
stability of grouts (Cambefort, 1977; Gustafson and Stille, 1996;
Axelsson, 2006; Liu and Neretnieks, 2006; Axelsson and Gustafson,
2007; Axelsson et al., 2009). Similar to yield stress, beyond a threshold
shear rate, the apparent viscosity starts being degraded such that the be-
havior of the bentonite suspension transits from solid-like to liquid-like.
Moreover, the apparent viscosity of bentonite suspensions is directly re-
lated to the performance of grouting works (Yoon and El Mohtar,
2013b). A kinetic model is applied to evaluate the rate of time-
dependent increase in 3-D networks of bentonite suspensions. Environ-
mental Scanning Electron Microscope (ESEM) studies are presented to
qualitatively investigate the change in the 3-D networks of the SPPmod-
ified bentonite suspensions with resting time.

2. Materials and methods

2.1. Materials

Wyoming sodium-bentonite (CP-200, CETCO, Wyoming, USA) was
used in this study. The particles have aplaty shapewith an average diam-
eter usually less than 1–2 μm(Mitchell, 1993; Luckham and Rossi, 1999).
The raw bentonite initially included large-sized impurities (N75 μm);
therefore, the bentonite was screened through a No. 200 sieve (opening
size of 75 μm) tominimize the impurities and their effects on the results
(Abend and Lagaly, 2000; Clarke, 2008). This process produced approxi-
mately 95 wt.% of particles less than 25 μm and 50 wt.% of particles less
than 1 μm (ASTMD422). While the presence of some additional impuri-
ties such as sodium carbonate could interferewith SPP (Alther, 1987), no
further purification or gradation was applied to simulate practical mass
production of material for field applications.
The pH measurements of the unmodified suspensions immediately
aftermixingwith de-ionizedwater show a consistent alkalinity of the av-
erage of 9.3with the standard deviation and coefficient of variation (COV)
of 0.3 and 0.03, respectively. While the rheological behavior of bentonite
suspensions can be affected by pH of the suspensions, Kelessidis et al.
(2007) reported that there was little difference of pH values between
the moment of mixing and full hydration (approximately 16 h) for con-
centrated bentonite suspensions (6.42% by weight) having pH values be-
yond the natural pH (approximately 9.0). Therefore, the time-dependent
pH was not measured in this study. In order to determine the cation ex-
change capacity and specific surface area, methylene blue (MB) adsorp-
tion technique was used (Yukselen and Kaya, 2008). The specific surface
area was calculated based on the method suggested by Santamarina
et al. (2002). The chemical formula and molecular weight of methylene
blue used are C16H18CIN3S.3H2O and 373.90, respectively. The surface
area covered by a methylene blue molecule is assumed to be 130 Ả2.
The properties of the sieved bentonite are summarized in Table 1.

Chemical analysis (Table 2) was performed using Philips/FEI XL30
ESEM (FEI Company, Hillsboro, OR, USA) equipped with energy diffrac-
tion analysis of X-ray (EDX) to characterize the chemical composition of
the sieved bentonite powder. A Gaseous Secondary Electron (GSE) de-
tector was utilized with frame and spot mode of the EDX. The Na/Ca
molar ratio is 1.9.

Commercially available Sodium pyrophosphate decahydrate
(Na4P2O7·10H2O, purity ≥ 99%, Sigma-Aldrich, St. Louis, MO, USA)
was used in the present study. Specific gravity and molecular
weight of SPP are 1.8 and 446.06, respectively. A 5% SPP solution
was prepared in advance and the appropriate amount of the solu-
tion was added to the water and bentonite. The pH of 5% solution
measured using a JENCO 60 pH meter is 9.5. Deionized water, with
constant ionic concentration of 2 × 10−5 mM, was used for prepar-
ing all the bentonite suspensions and SPP solution.
2.2. Methods

2.2.1. Sample preparation
Yield stress of bentonite suspensions was measured at various ben-

tonite contents (5, 7.5, 10, and 12%) and SPP (0 to 7%) concentrations,
and resting times (0 to 45 days). The samples were prepared based on
the method described in Yoon and El Mohtar (2013c). The clay fraction
of bentonite suspension is determined as theweight ratio of dry benton-
ite to the total weight of the suspension and the concentration of SPP is
calculated as the weight ratio of SPP to the dry bentonite. For fresh sus-
pensions, the screened bentonite powder was placed in a mixing cup
and thoroughly mixed with de-ionized water and a designated amount
of 5% SPP solution using a high shearmixer (Hamilton Beach 950 spindle
mixer) for 15 min. For samples rested for extended periods of time, the
suspensions were stored in the cups specifically manufactured for this
study. Mineral oil was added on top of the bentonite suspensions to re-
duce any evaporation from the samples, and then the cups were tightly
sealed and stored in the cabinet that was free of vibration. The mineral
oil was removed using an eyedropper and the surface was slightly
trimmed with a straight edge prior to shearing to ensure complete re-
moval of the oil.



Table 2
Chemical analysis of Wyoming bentonite (CP-200), wt.%.

O 53.05 K 0.52
Na 2.27 Ca 1.2
Mg 1.52 Ti 0.15
Al 9.07 Cr 0.11
Si 28.77 Mn 0.2
P 0.46 Fe 2.31
S 0.43 Total 100
Cl 0.09 Na/Ca 1.9
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2.2.2. Rheological test
A PhysicaMCR301 rheometer (Anton Paar, Granz, Austria)was used

in this study. Vane geometry was utilized to measure the yield stress
and apparent viscosity. The vane used has six blades, each with a thick-
ness of 1mmand a lengthof 16mm. The vane radius is 11mm, resulting
in a 3.46mmgapbetween the cup and the vane. The cupsmanufactured
for long-term resting of samples are 80 mm in length and 29mm in in-
ternal diameter. The volume of each sample was maintained at 37 ml,
which allowed the vane to penetrate approximately twice its length in
the suspension. All tests were performed at 22 ± 0.3 °C.

Stress ramp method was used in this study (Yoon and El Mohtar,
2013a, 2013b). In the technique, a constant level of stress (1 or 3 Pa/
step) is maintained for 12 s and the rotation is recorded at the end of
the interval before increasing the stress to the next level. The samples
were allowed to rest for 2 min after inserting the vane to provide a con-
sistent initial condition by allowing partial recovery of structures dis-
turbed during the insertion. No pre-shearing is applied when
investigating the time-dependent change in yield stress from the initial
mixing state.

The shear stress (τ)–strain (γ) responsewasmonitored during tests.
Initially, the shear stresses increase linearly with increasing strain up to
a critical shear stress point after which a significant increase in strain is
observedwithmarginal increase in stress. This critical shear stress point
is identified as the yield stress; all yield stresses in this studywere deter-
mined based on a log τ–log γ plot (Yoon and El Mohtar, 2013a). The
time-dependent yield stressmeasurementswere performed at different
resting times of 0.5, 1, 24, 48, 120, 240, 480, and 1080 h.While sedimen-
tation of bentonite particles can affect the time-dependent yield stress
measurements due to such a long time scale, Yoon (2011) reported
that there was no distinct sedimentation of bentonite particles up to
1080 h (45 days). The apparent viscosity values at a high shear rate
(200 s−1) were selected in this study. This shear rate is high enough
to compare to expected shear rates during permeation and just low
enough for the measurements not to be biased by experimental inertia
effects; these effects were particularly observed in suspensions with
low bentonite contents and/or high SPP concentrations.
2.2.3. ESEM study
The Philips/FEI XL30 ESEM equipment (FEI Company, Hillsboro, OR,

USA) was used to examine the network structures in bentonite suspen-
sions with and without SPP. In contrast to the conventional (SEM)
equipment, the equipment does not require high vacuum in the speci-
men chamber; this allowed testing samples under conditionsmore sim-
ilar to those in which the sample exists in nature. In this study, a water
pressure of 3.9 Torr and the brightness of field emission gun (FEG) of
20 kV were used. After closing the chamber, a vacuum of 9 × 10
−5 mBar is applied; the desired accelerating voltage and SE detector
are then selected, followed by turning on the filament. Once an image
appears, the contrast and brightness are corrected. The 7.5% (1% SPP)
suspension was selected for this test over 12% (3% SPP) suspension to
observe themicrostructures from the close to the initial state. Although
the 7.5% suspension is expected to gain lower yield stress with time
than 12% suspension, the initial structure of the 7.5% bentonite suspen-
sion could not be observed due to the time delay betweenmixing, sam-
ple preparation and capturing the ESEM pictures. Therefore, the ESEM
pictures presented in this study only reflect the relative amount of net-
works in bentonite suspensions at different resting times.

3. Modeling of yield stress build-up with time

The time-dependent yield stress is useful to evaluate post-grouting
performance. Previous research (Cambefort, 1977; Axelsson, 2006; Liu
and Neretnieks, 2006) showed that the minimum pressure to mobilize
a grout inside the pore spaces was proportional to the yield stress of
the injected grout. In the proposed application, the pressure tomobilize
the placed grout is equal to the external hydraulic stress in the field
(Bendahmane et al., 2008). Nguyen and Boger (1985) developed a
structural model based on the first order chemical reaction to investi-
gate the recovery of bauxite residue suspensions. Heymann et al.
(1996) proposed a similar model for build-up of yield stress in news-
print ink after shearing. Moreover, Leong (1988) proposed a structural
recovery model (Eq. (1)) for brown coal suspensions based on the
Smoluchowski coagulation theory. In this study, the Leong (1988)
model was selected to characterize the effect of SPP on the rate of
yield stress build-up with time. This model was chosen because it:
(1) is based on the network structures in suspensions, (2) has been val-
idated with Na-montmorillonite-based clay suspensions (de Krester
and Boger, 2001), and (3) utilizes one simple parameter to characterize
the rate of the yield stress build-up. In thismodeling, the yield stress at a
given resting time (τy (t)) is estimated using the yield stress at infinite
time (τy∞) and the recovery rate parameter, Kr. However, this model
does not capture the increase in yield stresses at short resting times
since the model utilizes the second order kinetics, and the predicted
values are less accurate for the long resting times because τy∞ used in
the model must be obtained at a finite time (de Krester and Boger,
2001). The regression analyses utilized by de Krester and Boger
(2001) produced significant errors in estimating yield stresses at infi-
nite times due to highly non-linear relationship between 1/τy and 1/t.
To overcome this limitation, a root mean square error method was uti-
lized in this study to match the experimental data to the model.

τy tð Þ ¼ τy
∞ 1−

1− τy
∞
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where,

τy(t) Yield stress at time t
τy∞ Yield stress at time t → ∞
τy0 Yield stress at time t = 0
Kr Recovery rate constant (1/time).

4. Results and discussion

4.1. Effect of SPP on initial yield stress and apparent viscosity

Yield stress of 7.5, 10, and 12% suspensions decreases significantly
from 27.9, 137.5, and 457.1 Pa to approximately zero with the addition
of 2, 3, and 4% SPP, respectively (Figure 1a), implying that the mobility
of the suspensions can be significantly improved with a very small
amount of SPP (1 to 4% by dry weight of bentonite). At the same 1%
SPP concentration, the 7.5% suspension displays approximately 90% re-
duction in yield stress compared to 50% reduction for the 12% suspen-
sion. The addition of more SPP, beyond an optimal threshold, shows a
minimal effect on yield stress. For suspensions that do not exhibit a
yield stress, the minimum stress ramp step of 1 Pa is assigned as the
yield stress. Such suspensions show a linear stress (τ)–strain (γ)



(a)

(b)

Fig. 1. (a) Yield stress of 7.5, 10, and 12% bentonite suspensions with various SPP concen-
trations (0 to 7%)measured immediately after mixing, and (b) stress–strain curves for the
suspensionswith andwithout yield stress (12% bentonite suspensionswith 0 and 4% SPP).

(a)

(b)

Fig. 2.Apparent viscosity of (a) 5, 7.5, 10, and 12% bentonite suspensions, and (b) 12% ben-
tonite suspensions with 0, 1, 2, and 3% SPP concentrations.

Fig. 3.Apparent viscosity of 7.5, 10, and 12% suspensionswith SPP concentration (0 to 7%)
at shear rate of 200 s−1.
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curve compared to the bi-linear stress (τ)–strain (γ) curve for suspen-
sions having a yield stress (Figure 1b).

This reduction in yield stress is attributed to the fact that the
addition of SPP disrupts the formation of the inter-aggregate bonds (a
condensed 3-D network in the concentrated bentonite suspensions
which produce a gel state with high yield stress), leading to a liquid
state with low to no yield. The phosphate anions are adsorbed on the
edge of bentonite particles (or replace the structural hydroxide at the
edge), increasing the overall negative surface charge of the particles.
This creates a well-developed diffused double layer (Levy et al., 1991)
and increases the repulsion forces between the particles, resulting in
decreased attractive edge (−) and face (−) (EF) contacts. These repul-
sive forces reduce the amount of inter-aggregate bonds and, therefore,
reducing the 3-D networks in the suspensions (Abend and Lagaly,
2000; Penner and Lagaly, 2001). Once the SPP content is high enough
to disrupt the formation of the inter-aggregate bonds (e.g., 2% SPP for
7.5% suspensions), adding more SPP has a minimal effect on the initial
yield stress. Suspensions having higher bentonite fractions exhibit
more inter-aggregate bonds than the diluted ones and thus, require
more SPP to lower the yield stress.

The change in apparent viscosity with shear rate for different ben-
tonite fractions is shown in Fig. 2a. The apparent viscosity increases
with bentonite fraction and decreases with shear rate. Since the stress
ramp technique is a stress-controlled test, apparent viscosity of the di-
luted suspensions (and those with high SPP concentrations) could not
be measured at low shear rates. While the 12% suspensions at low SPP
concentrations (0, 1, and 2%) show viscoelastic responses, an almost
purely viscous behavior is observed at the high SPP concentration
(3%), indicating that this suspension exhibits more liquid-like behavior
(Figure 2b).
The apparent viscosity with various SPP concentrations at a shear
rate of 200 s−1 is shown in Fig. 3. The apparent viscosity of the 7.5, 10,
and 12% suspensions is reduced by approximately 66, 86, and 90% by
adding 2, 3, and 4% SPP, respectively. The rate of reduction tends to con-
verge as SPP increases because the apparent viscosity becomes a func-
tion of the delaminated particle fractions. Therefore, the effect of the
SPP on apparent viscosity is limited.

4.2. Time-dependent behavior

The 12% suspensions are mainly utilized to explain the time-
dependent rheological behavior of the modified suspensions in this
study, while the 7.5, 10, and 12% suspensions are all practically applicable



(a)

(b)

Fig. 4. Flow curves for (a) 12% bentonite suspensions, and (b) 12% bentonite suspensions
with 3% SPP at the resting time of 0 to 45 days.

(a)

(b)

Fig. 5.Yield stress evolution for (a) 5, 7.5, 10, and 12%, and (b) 12% suspensionswith 0, 1, 2,
and 3% SPP at 0 to 45 days.
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depending on design considerations. The flow curves for the unmodified
andmodified 12% suspensions (Figure 4) at different resting times reveal
that the unmodified suspensions show the viscoelastic behavior for all the
resting times (gradual increase in shear ratewith shear stress followed by
a sudden increase in shear rate when the applied stress exceeds yield
stress). However, the modified suspensions display a transition from al-
most pure viscous (no yield stress) to viscoelastic behavior as time
elapses. The flow behavior of the modified suspensions changes rapidly
even after short resting times (0.5 and 1 h). After approximately 24 h,
themodified suspensions show a similar response to the unmodified sus-
pensions. With the increase in resting time, network structures build up,
changing the flow behavior from purely viscous to viscoelastic and pro-
ducing a yield stress. The yield stress increaseswith resting time, implying
that SPP only retards the formation of yield stresses in the bentonite sus-
pensions by delaying the formation of the 3-D networks.

The time-dependent behavior of bentonite suspensions is more
clearly shown by investigating the evolution of yield stress at different
resting times (Figure 5). Each of the data points shown on the plot is
an average of at least three independentmeasurements on three differ-
ent samples. On average, the COV (coefficient of variation) is 0.02–0.32,
showing a higher COV at short resting times. The yield stress for the 5,
7.5, 10, and 12% suspensions gradually increases from 3.4, 27.9, 135.6,
and 457.1 Pa to 40.4, 155.9, 497.7, and 549.5 Pa, respectively, after
45 days (Figure 5a). All suspensions show a linear increase in yield
stress with time on a log–log scale (implying a decreasing rate of yield
stress buildup with time). The suspensions also show a high increase
in yield stress at short resting times, and then the increase in yield stress
diminishes as time elapses. The yield stress of themodified suspensions
increases with resting time, approaching yield stresses comparable to
those of the unmodified bentonite suspension (Figure 5b). The time
required, for the yield stresses of the modified suspensions to catch up
the yield stresses of the unmodified suspensions, increases with an in-
crease in SPP concentration (5 days for 1% SPP, 20 days for 2% SPP, and
greater than 45 days for 3% SPP).

The thixotropy ratio (the ratio of the yield stress at a given resting
time to that at a zero resting time) for the different bentonite fractions
(Figure 6a) reveals that the thixotropy ratio for the diluted suspensions
is larger than that for the concentrated suspensions. Note that the yield
stresses of the diluted suspensions are smaller than those of the concen-
trated suspensions, as shown in Fig. 5a. The time-dependent variation of
the thixotropy ratio for the 12% suspensions modified with various SPP
concentrations shows that the thixotropy ratio in modified suspensions
becomesmuch larger than those in the unmodified suspensions (Figure
6b). This variation in thixotropy ratio is mostly due to the lower initial
yield stress values for the modified suspension while the long-term
yield stresses of both, modified and unmodified, are relatively similar.

The increase in the thixotropy ratio depends on the amount of added
SPP. Nguyen and Boger (1985) observed a steep recovery of yield stress
in bauxite residue suspensions, whichwasmeasured from the equilibri-
um (fully hydrated) condition (N20 h mixing). These results imply that
the Brownian motion affects the initial rapid increase in yield stress. As
time elapses, the Brownian motion of particles becomes suppressed by
the development of network structures. The dependence of the thixot-
ropy ratio on the dispersion concentration also supports that the
Brownian motion affects the thixotropy ratio. The increase in the
Brownian motion in modified suspensions leads to higher thixotropy
ratio due to limited initial network structures. The increase of network
structure buildup continues until all the particles assume a minimum
free energy (Luckham and Rossi, 1999).



(a)

(b)

Fig. 6. Thixotropy ratio for (a) 5, 7.5, 10, and 12%, and (b) 12% suspensionswith 0, 1, 2, and
3% SPP.

(a)

(b)

Fig. 7. (a). Yield stress (YS) and thixotropy ratio (TR) of 7.5% bentonite suspensions (fresh
and hydrated condition at 0 to 48 h), and (b) yield stress and thixotropy ratio at various
resting times (0 to 48 h) with two different mixing methods: 1) addition of SPP during
preparation and 2) addition of SPP after hydration of bentonite suspensions for 24 h (for
the comparison purposes, thixotropy ratio of the hydrated 7.5% suspensions is shown as
well).
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4.3. Effect of hydration on time-dependent behavior

Hydration of bentonite affects the time-dependent behavior of
bentonite suspensions, and is important in the proposed application
because the mixing method should be determined based on two
criteria: 1) significant reduction in the initial flow properties and 2)
fast recovery of the reduced properties, especially yield stress. Clem
(1985) also reported that the gelling characteristic of bentonite suspen-
sions changed with the presence of the pre-hydration stage in sample
preparation. The modified suspensions were prepared by two mixing
methods: 1) adding the SPP with the bentonite and water during the
initial suspension preparation (the method used through this study),
and 2) adding the SPP to the bentonite suspensions after 24 h of pre-
hydration and mixing them at a high shear rate of 500 s−1 for 1 min
prior to resting for the desired time (0 to 48 h). This high shear mixing
after 24 h is assumed to provide similar conditions as the sample prep-
aration mixing while maintaining the full hydration of the bentonite;
the resting time for the hydrated specimens is measured from the end
of the high shearing stage to the testing time. The comparison of yield
stresses from fresh and hydrated 7.5% suspensions shows that the
yield stresses of the hydrated suspensions are approximately 10–20%
lower than those of the fresh suspensions (Figure 7a). Moreover, the
thixotropy ratios in the hydrated suspensions are slightly lower than
those of the fresh suspensions, indicating that the recovery is also affect-
ed by the degree of the bentonite hydration. For the modified suspen-
sions, the initial yield stresses do not significantly vary with the
mixing methods (Figure 7b); the pre-hydrated suspensions show a
lower increase in yield stress with resting time (lower thixotropy
ratio). However, the thixotropy ratio of both modified suspensions is
still greater than that of the unmodified hydrated suspension.
For the hydrated bentonite, the adsorption of water molecules
between the inter-layers of the clay platelets (the hydration of the
exchangeable cations, e.g., Ca2+, Fe3+…) increases and the attractive
forces between the separate platelets are weakened leading to swelling,
and thus, a more dispersed suspension (Madsen and Müller-Vonmoos,
1989; Luckham and Rossi, 1999). This swelling produces higher repul-
sive forces and weak structures formed by themore delaminated plate-
lets. The weak structures are easy to separate under shearing, reducing
the yield stress at pre-shearing condition. The degree of separation of
bentonite particles highly depends on the amount of cations in benton-
ite such as calcium and iron ions; bentonite withmore ions experiences
less separation (Lutz, 1939;Madsen andMüller-Vonmoos, 1989).With-
out the addition of the SPP, yield stress of bentonite suspension
increases with resting time (at rest condition) and decreases (at pre-
shearing condition) until hydration (approximately 24 h) stops (Goh
et al., 2011). When SPP is added to the hydrated bentonite suspensions,
the repulsive forces between the separate platelets increase, leading to a
slower buildup of the yield stress.

4.4. Modeling results

The recovery rate parameter (Kr) and the predicted yield stresses at
infinite time (τy∞) obtained from this analysis are summarized in Table 3.
The recovery rate constant increases as bentonite fraction increases and
decreaseswith an increase in SPP. Increasing the SPP concentration for a
given suspension resulted in increasing the characteristic recovery time
(1/Kr). The comparison of themodel with experimental data of 12% sus-
pensions with 0 to 3% of SPP (Figure 8) reveals that the model can cap-
ture the overall behavior well. However, discrepancies still existed at



Table 3
Recovery rate constant (Kr) and predicted yield stresses at infinite time (τy∞).

Parameters Kr (1/h) Predicted τy∞ (Pa)

Suspension
concentration (%)

5 7.5 10 12 5 7.5 10 12

SPP concentration (%) 0 0.011 0.018 0.019 0.020 38 148 459 1024
1 N/A 0.009 0.012 0.013 N/A 257 708 1225
2 N/A N/A 0.009 0.011 N/A N/A 550 1071
3 N/A N/A N/A 0.007 N/A N/A N/A 876

N/A indicates “Not Available” because they are not tested.
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short resting times due to the limitation of the Leong (1988) model
mentioned above. The yield stress at the infinite time increases with a
small percentage of SPP and decreases with the increase in the SPP.
This is the result of balancing act between two phenomena: 1) the
reduced initial network structure with the addition of the SPP and
2) the hydrolysis of SPP that increases the cation concentration in the
suspensions (Michaels, 1958). The second phenomenon is more pro-
nounced in the diluted suspensions, resulting in a faster buildup of the
network compared to pure bentonite suspensions and strengthens the
bonds between particles by suppressing the diffuse double layer.
4.5. ESEM results

Fig. 9a, b, and c are ESEM pictures for the modified 7.5% bentonite
suspensions (with 1% SPP) at different resting times (2, 20, and
216 h). The images show the low amount of network structures shortly
after mixing; the 3-D network structure becomes more dominant with
time in conjunction with the yield stress buildup as measured from
the rheological tests. Fig. 9d shows a more prominent 3-D network
structure for an unmodified 7.5% suspension after 20 h resting time.
The modified suspensions display band-like networks, which produced
large flakes and stronger gels (Norrish, 1954; Callaghan and Ottewill,
1974; Duran et al., 2000; Tombácz and Szerkeres, 2004) as compared
to the thinner platelets in the unmodified suspension. Kelessidis et al.
(2007) observed the similar structures in 6.43% unmodified bentonite
suspension. Yoon (2011) reported that the hydraulic conductivities of
the Sand–Bentonite Mixtures (SBM) mixed with the modified suspen-
sionswere slightly higher than that of SBMmixedwith unmodified sus-
pension; this might be explained by the different microstructures of
both gels. However, the differences were less than 25%, which is still
within the acceptable range of variability in hydraulic conductivitymea-
surements (ASTM D5856). Therefore, the effect of the gel microstruc-
ture on hydraulic conductivity of grouted soils is considered to be
minimal.
Fig. 8. Leongmodelfittedwith experimental data: 12% bentonite suspensionswith 0 to 3%
SPP.
5. Conclusion

The yield stress and apparent viscosity of the modified bentonite
suspensions were measured using vane geometry. The addition of a
small amount of sodiumpyrophosphate (1 to 4%) is found to significant-
ly reduce the yield stress and apparent viscosity of bentonite suspen-
sions. However, this reduction tends to converge after a threshold
percentage of SPP (2, 3, and 4% for 7.5, 10, and 12% bentonite suspen-
sions, respectively), indicating that an excessive amount of SPP may
not be effective in further reducing the yield stress and apparent
viscosity.

The reduced yield stress and apparent viscosity are recovered grad-
uallywith resting time. The results show that the hydration of bentonite
affects the time-dependent increase in yield stress and thixotropy ratio.
The Brownian motion of particles also affects the thixotropy ratio. The
concentrated suspensions produce a lower thixotropy ratio than the
diluted ones; similarly, larger percentages of SPP show a higher thixotro-
py ratio at a given resting time. This is possibly because the constrained
Brownian motion in the concentrated suspensions produces low thixot-
ropy ratios. On the other hand, the SPP modified suspensions, which
show a high degree of Brownian motion due to the reduction of inter-
aggregate bonds (3-D networks), produce a higher thixotropy ratio
than the unmodified suspensions.

The recovery rate constant of bentonite suspensions was determined
based on the Leong model (1988). The recovery rate constant increases
with bentonite concentration and decreases with SPP concentration, in-
dicating that the suspensions having high Brownian motion (low ben-
tonite concentration and/or high percentage of SPP) have a slower rate
of yield stress buildup than the suspensions having low Brownian mo-
tion (high bentonite concentration or low percentage of SPP). The
model could capture the overall time-dependent buildup of yield stress
in the bentonite suspensions by estimating yield stresses at infinite
time from measured data.

In practice, the modified suspensions are injected into soils at low
pressures so that the reduction in yield stress is beneficial to increase
the penetration distance of grouts. The groutability andmaximumpene-
tration distance of particulate grouts (e.g., cement-based suspensions)
through porousmedia are inversely proportional to the apparent viscos-
ity and yield stress of the grout; therefore, the 7.5, 10, and 12% suspen-
sions with 2, 3, and 4% SPP concentrations are practically applicable
due to the low apparent viscosity and yield stress. In addition, grouts
with lower apparent viscosities will produce lower injection pressures
at a given constant rate of injection and reduce the chances of fracturing.
Although the SPP is more expensive than other ionic additives, the cost
of the proposed SPP percentages is less than 0.3% of the total cost of
grouting.

Once the suspensions are injected into the pore space, the yield
stress increases over time, thus improving its stability against the exter-
nal groundwater flow. In order to obtain fast recovery of the reduced
yield stress, it is recommended to add the SPPwithwater and bentonite
while the suspension is being prepared. A long-term performance of
grouts after being injected into the soil pores can be estimated using
the Leong model (1988). However, a complete analysis of the stability
of the bentonite groutswithin the porousmedia should account for var-
ious factors such as yield stress and apparent viscosity of grouts, soil pa-
rameters of the target deposits, and change in hydraulic shear stress
exerted by the groundwaterflow (e.g., sudden increase of hydraulic gra-
dient in levees during floods). The time-dependent nature of the ben-
tonite suspension also impacts on pumping and workability. Since the
increase in yield stress and viscosity of bentonite suspensions is mini-
mal under continuous shearing, its impact on pumping and workability
can be minimized through continuous mixing of the suspensions up to
pumping time.

These observations support a possible application of the SPP modi-
fied bentonite suspensions for seepage control using permeation
grouting by (1) increasing penetration distance due to initial reduction



Fig. 9. ESEM pictures of 3-D network in 7.5% bentonite suspensions: (a) 2 h, (b) 20 h, (c) 216 h after mixing (with 1% SPP), and (d) 20 h after mixing (with 0% SPP).
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in apparent viscosity and yield stress and (2) reducing the possibility of
washout due to the time-dependent increase in yield stress. However, it
should be noted that the proposed method should be carefully applied
where environmental issues are a major concern. Although no environ-
mental fate and toxicity of the SPP have been reported, the dosage of the
SPP may impact on the surrounding environment such as eutrophica-
tion of water that promotes algae growth.
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