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Abstract

Cement-bentonite (CB) mixtures, compacted soil-lime (SL), and compacted soil-
lime-fly-ash (SLFA) mixtures are frequently used materials in environmental
engineering. The properties of these materials change over time due to chemical
reactions between the binder, soil, and/or water. The acceptance criteria for these
materials are usually defined by specific property values, such as permeability,
stiffness, and shear strength, measured at certain curing times. The small-strain
shear modulus, Gy, can be non-destructively measured using the Bender Element
(BE) method. The present paper illustrates the trend of Gy in CB, SL, and SLFA
mixtures over curing time until 60 to 90 days. In addition, the hydraulic
conductivity, k, was also measured. Three different CB mixtures, one SL mixture,
and one SLFA mixture were examined. It was observed that the Gy for the CB
mixtures increased as the curing time progressed, while the & decreased noticeably.
The ratio of cement to water in CBs seemed to play a key role in determining the
Gy, while other factors, like the use of additives, also significantly affected the £.
For SL and SLFA mixtures, the Gy was found to rise with curing time, showing a
pattern reflecting the advancement of pozzolanic reactions between the soil and
binders, and the permeability correspondingly decreased within one order of
magnitude.

Keywords

Cement/cementitious materials, lime, fly ash, permeability, small-strain stiffness

List of notations

BE  Bender elements

o CB permeability reduction coefficient
CB  Cement-Bentonite mixture

SLFA Compacted Soil-Lime-Fly-Ash mixture
SL Compacted Soil-Lime mixture

FA  Flyash

f Frequency of the transmitted wave

ket Hydraulic conductivity at a reference time #ref,
OPC Ordinary Portland Cement

tpp Peak-to-peak travel time in BE testing
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tref Reference time

fr Resonant frequency of the BE-specimen system
k Saturated hydraulic conductivity
Vs Shear wave velocity

Go,2s4 Small-strain shear modulus at 28 days of curing
Go Small-strain shear modulus or small-strain stiffness
Lyt Tip-to-tip distance between the bender elements.

A Wavelength of the transmitted signal

1. INTRODUCTION

Porous materials comprised of cement (e.g., water-cement-bentonite blends or "CB"
mixtures, Jefferis, 1981) and soil modified by binders find frequently use in geo-
environmental engineering. They are crucial in projects like cut-off walls, landfill sloping
sidewalls (e.g., cement-soil mixture, Bellezza and Fratalocchi, 2006), and in the
reutilisation and/or stabilization of excavated earth (e.g., soil-lime mixtures, TRB, 1987;
Beetham et al., 2014; Di Sante et al., 2020). Beyond the customary cement-based and
lime-based materials, the current requirements for sustainable geotechnical methods have
pushed researchers to find solutions that incorporate industrial waste and byproducts. This
has resulted in a rising interest in the exploration of soil improvement methods leveraging
innovative and environmentally sound substances (Devi et al., 2020). Fly ash (FA) is one
of these effective byproducts utilized to enhance soil characteristics (Noaman et al.,
2022). FA is a material that exhibits pozzolanic properties; its function is greatly
enhanced in an alkaline medium, meaning it's usually combined with soil in conjunction
with an activating agent (e.g., sodium hydroxide or lime, Costa et al., 2023).

A shared feature of these materials is that some of their characteristics (like
stiffness, shear strength, and water permeability) change over time due to pozzolanic

reactions, even without any chemical interactions. In lab or field research, as well as
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during quality checks and assurance processes, it is important to consider how these
properties change with time. This knowledge is useful for deciding when to conduct tests,
evaluating how hydration reactions progress, and determining if the material meets the
required standards at a specific time.

A mechanical factor that indicates the qualities of the porous material is the small-
strain shear modulus, Gy. This parameter is related to the stiffness of the soil structure and
is expected to change as pozzolanic reactions take place with curing time. Additionally,
changes to the microscopic and macroscopic structure of the porous materials caused by
chemicals (for instance, the formation of expansive ettringite and the cracking of cement
materials when in the presence of dissolved sulphate anions) should be revealed through
a change in Gy. In laboratory assessments, Go can be accurately measured without
damaging the sample by using the Bender Elements (BE) technique, which allows the
same sample to be tested throughout the entire curing stage.

BE testing has recently been applied to observe the increase in stiffness of porous
cement-based materials made from various combinations of cement, lime, and fly ash.
Verastegui Flores et al. (2013) monitored the small-strain shear modulus and hydraulic
conductivity (k) of a CB specimen subjected to water or sodium sulfate permeation
through BE tests. While permeating with water, Gy increased, and k gradually reduced
over time due to hydration of cement. Conversely, after extended exposure to sulphates,
a decline in Gy and a progressive rise in k were observed, indicating deterioration of the
cementitious matrix, leading to a reduction in strength and the formation of a network of
interconnected cracks that impacted the k. Li et al. (2019) employed BE to examine how
curing times, type of cementitious material (which included Ordinary Portland Cement,
OPC, and slag), and the rate of slag substitution influenced the shear wave velocity Vs of

slag-cement-bentonite blends (S-CB). The findings revealed that Vs (along with Go) for
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S-CB increased with age and proportion of cementitious components while showing a
decrease with higher slag substitution levels. Additionally, it was noted that the trend over
time for the normalized modulus (Go/Go,2s4), where Gy, 2sq refers to the measurement taken
at 28 days, was more influenced by the rate of slag substitution than by the overall amount
of cementitious material.

Puppala et al. (2005) examined the Gy of expansive clays that were treated with
lime and cement for a deep mixing project. Puppala et al. (2006) observed the changes in
stiffness of sulphate-rich soils treated with cement and lime through BE tests, and noted
a considerable rise in Go with curing time, attributed to the addition of binders. Wang et
al. (2017) developed an innovative approach to measure Gy by comparing the received
BE signals of shear waves (S-waves) and compressional waves (P-waves) and applied the
developed method on a plastic silt treated with 2% quicklime. Verastegui Flores et al.
(2010) employed BE testing and standard unconfined compression testing to track the
progress of hardening in clay treated with cement over time. Their findings indicated that
both Gy and the strength of cement-treated samples increase logarithmically with time.
For various cement types, both the Gy and compressive strength were normalized with
respect to values determined of 28 days, and a similar trend of increase was observed.

The small-strain shear modulus typically increases upon incorporation of FA into
soil. Some studies have investigated soil-FA blends with various FA amounts and found
that Go, assessed through the BE test, increased with FA content and curing time (Ingale
et al., 2019) particularly in case of addition of cement (Piriyakul, 2014; Petcherdchoo et
al., 2023). Additional factors that enhance the small-strain stiffness in soil-FA blends
include the confining pressure, relative compaction, and the frequency of the applied

waveform (Ram and Mohanty, 2021). Notable increases in shear wave velocity were
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observed with further addition of polymers like Polyethylene Oxide and Chitosan to the
soil-FA blend (Kang, 2015).

This paper summarizes selected findings from a current research program
investigating the engineering characteristics of geomaterials utilized in environmental
projects. Specifically, the paper focus is on employing the BE method to track the changes
in the small-strain shear modulus of cement-bentonite (CB), soil-lime (SL) and soil-lime-
fly ash (SLFA) mixtures. The primary aim was to establish an optimized testing approach
for cement-based materials, adapted to the continuous evolution of the properties of
concern over time. The following geo-materials were examined: a) three CB mixtures
with varying formulations, reflecting a spectrum from low to high quality mixture; b) one
SL mixture, incorporating a lime amount typically used in practice (3% quicklime); c)
one SLFA combination that includes 2% fly ash (as the pozzolanic agent) and 2% lime
(as the activating component). BE assessments were associated with permeability
evaluations, either on the same specimen or on different ones, to jointly analyze the
changes in hydraulic and stiffness characteristics. Lastly, scanning electron microscopy
(SEM) analysis of the microstructure of the treated soils was conducted to further enhance

the understanding of the experimental findings.

2. MATERIALS

2.1 Cement-bentonite (CB) mixtures

The study utilized two types of bentonites (one calcium: Ca-bentonite and one sodium:
Na-bentonite), a simulated I1I/B type cement made of 30% OPC and 70% blast furnace
slag and Ancona (Italy) tap water. A polymeric liquid additive (LAVIODIS®, Laviosa
S.p.A, Italy) was incorporated into CB2 and CB3. The chemical composition of the

additive is undisclosed. The only information available to the authors is that the additive
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is a liquid water-soluble dispersant based on a particular proprietary polymer. It appears
as an orange-yellow liquid with a slight organic odour. According to the specification
sheet of the product, the main function of the additive is to improve the workability and

the stability of the mixture.

2.2 Soil-Lime (SL) mixture

A highly plastic inorganic clay (Liquid Limit=57%, Plasticity Index=33%, classified as
group a clayey soil of high plasticity-CH in the Unified Soil classification System, ASTM
D2487,2017), denoted as MSC was used as the base for the soil-lime (SL) mixture (refer
to Table 1). The lime utilized is a fine calcic quicklime, designated as CL80-Q (UNI EN
459-1, 2010), which entirely passes through the ASTM 200 sieve (75 um opening).

Table 1. Main properties of the soils used in this study

Property SGT soil MSC soil

Sand (%) ® 3 3

Fine (%)* 97 97

Clay (<2pm,%)? 39 52
Liquid limit (%) 40 57
Plasticity index (%) 20 33

ICL ® — %CaO 2 1.5

2 ASTM D422 (2014)

b [CL~=initial consumption of lime (ASTM D6276, 2019)

23 Soil-lime-fly ash (SLFA) mixture

The soil for the soil-lime-fly ash (SLFA), identified as SGT, consists of clay of low
plasticity (classified as clayey soil of low plasticity-CL group in the Unified Soil
Classification System , ASTM D2487, 2017); the primary properties of both SGT and

MSC soils are detailed in Table 2. The lime utilized is the same as that for the preparation
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of the SL mixture. The fly ash (FA) utilized is a highly pozzolanic product (provided by
General Admixtures S.p.A., Italy). The unit weight of FA solids is 22 kN/m?. When used
in a SLFA composite, the lime function is the activator of the FA, which represents the
pozzolanic precursor. Microstructural investigation and chemical analyses the FA
(scanning electron microscopic, SEM, observations - Figure 1 and Energy Dispersive X-
Ray Spectroscopy, EDS) allowed identifying the main elements (45% silicon, 23%
aluminum 10% iron, 10% calcium, 4% potassium by weight, excluding oxygen). The
mineralogical composition (by means X-Ray diffraction analyses) includes quartz,

calcium oxide and mullite (Als.s6 Sii.44 O9.72) as main components.

2 EHT = 20,00 kV Signal A =SEZ Meg = 1000 KX
— WD = 78 mm Apedture Size » 30.00

Figure 1. SEM image of the FA (Magnification:10000x)

3 METHODS

3.1 Sample preparation

The CB mixtures were prepared by dusting powdered bentonite into water (CB1) or into
water pre-mixed with the additive (CB2 and CB3) using a high-speed shear mixer set at
1000 revolutions per minute (rpm) for 15 minutes. The bentonite slurry was left to fully
hydrate for 24 hours. Subsequently, cement was incorporated into the bentonite slurry
while agitating the slurry at a speed of 1500 rpm. Mixing was continued at the same speed

for additional 5 minutes after ending the addition of cement. The quantity of mixture
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produced for each batch enabled the determination of Marsh viscosity, unit weight (y),
and bleeding. The freshly made mixtures were poured into cylindrical split plastic moulds
of the same dimensions as the test specimens (diameter=10.0 cm, length=6.0 -7.0 cm).
The moulds containing the test specimens were submerged in water to facilitate curing
and to avoid drying out. After a minimum curing duration of 7 days, the hardened
specimens were removed from the moulds for further testing.

The SL specimens were prepared with a lime rate of 3% of the soil dry mass. First,
the air-dried soil was broken down, and moisture (tap water) was added until the target
water content (26%). Lime was then mixed with the wet soil to achieve an even
distribution. The resulting mixture was compacted in accordance with the Standard
Proctor procedure (ASTM D698, 2021) in three separate layers. The sample used to assess
Go had a void ratio of 0.74 and an initial saturation degree of 93%. The compacted
specimens were kept in a sealed plastic container and placed at a controlled temperature
of 22 £ 2°C, only removed briefly from the container for BE testing. To reduce water loss
during the curing phase and the testing process, the specimens were fully coated in
paraffin, leaving only the BE slots exposed, immediately after compaction. The specimen
was repeatedly weighed throughout the curing duration, with evaporation resulting in a
mass of under 1%. Following the same method (excluding the paraffin coating), another
specimen was prepared for testing permeability.

The SLFA mixture was prepared by mixing the dry binders, using quantities
equivalent to 2% of the dry weight of the soil for both lime and FA, and subsequently the
binders with the soil previously moistened at target water content, w, of 20%. The
resulting SLFA mixture was then compacted following the Standard Proctor as per ASTM
D698 (2021). For the measurement of the Gy, a specimen with a void ratio of 0.5 and an

initial saturation degree of 95% was selected. The BE testing was conducted under
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unconfined conditions. To prevent moisture loss, the specimen was covered with a latex
membrane. A different specimen was prepared using the same method for testing the

permeability.

3.2 BE apparatus and testing
BE testing was carried out in general accordance with the ASTM Standard D8295 (2019).
A sine pulse signal with an amplitude of 10 V was produced using a function generator
(Aim TTI TG5011A), which was triggered with a period that allowed sufficient time for
the damping of the BE response prior to the subsequent pulse. The signals, both sent and
received, were captured using a digital oscilloscope (Picoscope 6, Pico Technology LTD,
UK). The time for shear wave travel was calculated using the time domain method (Peak-
to-peak). Signals covering the frequency range from 0.5 kHz to 50 kHz were generated.

For testing CB mixtures, the slots for inserting the BE were obtained using a thin
plastic sheet matching the size of the transducer; this sheet was pressed into the fresh,
relatively soft mixture and removed before BE testing commenced. Care was taken to
ensure that the slots on opposite sides of the samples were properly aligned. After a curing
period of 7 days in water, the specimen was placed into a triaxial cell to apply a confining
stress while keeping the saturation condition. The pedestal and top cap of triaxial cell are
provided with BE (Controls, Italy). A confining effective stress of 35 kPa was applied to
the specimen and maintained for the entire duration of the test. The BE testing took place
at specified curing times.

The BE tests for the SL and SLFA mixtures was conducted on unconfined
specimens, an approach frequently utilized for stabilized soils (e.g. Puppala et al., 2006;
Tang et al., 2011; Wang et al., 2017; Wang et al., 2020). A narrow slot was cut shortly

after compaction on the two opposite bases of the compacted cylindrical specimens to

10
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enable the insertion of the BE; care was taken to ensure proper alignment. To perform the
measurement, the specimen was positioned horizontally on a custom-made wooden
holder. The first measurement was taken two hours following the compaction of the
sample and extraction from the mold; subsequent readings were taken at specified curing

times up to 81 days.

33 Permeability tests

Concerning CB mixtures, k, was assessed using the same triaxial cell apparatus (i.e.
flexible wall permeameter) by alternating permeation stages and BE testing. For SL and
SLFA mixtures, the compacted samples were kept in sealed plastic bags until they were
moved to flexible wall permeameters, within one week of curing. The specimens
underwent consolidation under an isotropic effective stress of 35 kPa, and were permeated
with tap water for a minimum of 28 days of curing. In the case of SL and SLFA mixtures,
the consolidation phase is preceded by three saturation steps of 30 minutes each, in order
to gradually increase the confining and the pore pressures to reach the selected effective
stress. The 35kPa stress level was chosen to simulate the confinement conditions of BE
testing, which occurred without confinement, while still ensuring proper contact between
the specimen and the latex membrane. Tap water was selected as the permeating fluid
rather than deionized or distilled water to reflect the typical operational conditions found
at construction sites. Additionally, it is important to note that the presence of lime results
in the porewater composition of lime-treated soils being primarily influenced by
hydroxide dissociation and the resulting exchange of adsorbed cations for calcium.
Hence, utilizing distilled or tap water as the permeating fluid should not lead to significant
differences in the permeability of the materials. Following the & tests, Scanning Electron

Microscope (SEM) analyses were conducted using VEGA3 — TESCAN (Czech Republic)

11
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and FESEMSUPRA40-ZEISS (Germany), after the samples underwent air dewatering

and gilding by means of an Emitech K550 sputter coater.

4 RESULTS AND DISCUSSION

4.1 BE testing: signal interpretation

Figure 2 illustrates an example of results of BE measurement conducted on the CB
mixture. The travel time was determined as the peak-to-peak time difference (#-p)
between the input and received wave (Fig 2). The Gy of the sample at the specified curing

time was therefore calculated as:

ool
M

where p= specimen density and L =tip-to-tip distance between the BE elements. Multiple
frequencies, f, of the emitted signal were systematically used to identify the clearest
signal. For CB2, both the transmitted and received signals diminished in strength over
time, complicating the determination of the travel time (Figure 2b). The specific cause of
this phenomenon, likely linked to a defect in the electronics, was not identified.
Nevertheless, the readable signals were considered.

For each measurements, the ratio of L to the wavelength, A (calculated as V/f), was
consistently evaluated to ensure that 2 < L/ A <9, thereby ensuring the output signal's
clarity, meaning it was not masked by the dominance of the near-field effect (Sanchez

Salinero et al., 1986; Arulnathan et al., 1998; Arroyo et al., 2003; Wang et al., 2007).

12
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300  Figure 2. Examples or transmitted and received signals during BE testing of CB
301  mixtures.

302

303 4.2  CB Mixtures

304 4.2.1 CB mixtures properties

305 Three different CB mixtures were prepared in this study. The main physical properties
306  obtained for the three mixtures are detailed in Table 2.

307

308  Table 2. Main physical properties of the tested CB mixtures

Mixture Bentonite Cement Additive

Marsh Funnel Bleeding

Test (ASTM (ASTM

Type  Amount  c¢/w* D6910) yP C232)
[-] [-] (g [-] [7o] [s] [[kN/m’] [o]
CB1 Ca 65 0.27 - 35 11.6 6.5
CB2 Na 60 0.27 0.2 46 11.8 <1
CB3 Na 60 0.22 0.2 53 11.8 <1

309  */w=water-cement ratio ; °y = unit weight

310  The cement-to-water ratio and the bentonite type were varied to evaluate their impact on

311 the Gy of the mixture. Since CB mixtures have been extensively studied (e.g. Fratalocchi

13
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et al., 2022), the impact of factors such as cement type, cement content, bentonite type
etc. on their hydraulic and mechanical behaviour is well recognized. Therefore, the CB
mixtures prepared in this study may be considered to encompass the possible range of
behaviours expected in the field. In particular, CB1 aimed at representing a low-quality
mixture (Ca-bentonite, no additive), while CB2 and CB3 simulated higher quality

mixtures (Na-bentonite, with additive).

4.2.2 Govs. curing time

In Figure 3, the Go modulus of the three CB mixtures considered in in this study is plotted
for curing times ranging from 14 to 60 days. For CB2, only limited data are available due
to the previously mentioned problems with weak signals. The Gy values for all CB
mixtures showed an increase with curing time, beyond the 28-day conventional period
utilized for assessing the properties of cementitious materials. This growth in Gy with
curing times correlates with enhanced stiffness of the solid skeleton resulting from cement
hydration products, such as C-S-H. The relationship between Go and curing time is well
represented by a logarithmic law (Verastegui Flores et al., 2010), particularly for CB1
and CB3, as illustrated in Figure 2. The data for CB2 show greater variability but remain
on average close to those for CB1. The main differences between CB1 and CB2 lie in the
type of bentonite used and the inclusion of additives; however, both had identical
quantities of cementitious materials (the sum of cement and slag), which seems to be the
key factor in influencing the small strain stiffness of the CBs material under the specified
testing conditions. Indeed, CB3 with a lower ¢/w ratio (c/w=0.22) compared to CB1 and

CB2 (c/w=0.27) had significantly lower Gy values.

14
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Figure 3. Gy versus curing time for the CB mixtures investigated. Dotted lines are

the best-fit curves of experimental data for CB 1 and CB 2

The Gy values obtained in this study vary significantly from those documented in
the literature concerning CB mixtures of comparable composition. For instance,
Verastegui Flores and Di Emidio (2013) obtained Gy2s + =150 MPa for a CB mixture
consisting of 4% sodium bentonite, 16% I1I/B cement (containing 66-80% slag), and 80%
water by weight. In this study Gy,2ss= 38 MPa was obtained for CB3, which contains 5%
sodium bentonite, 17% cementitious materials (70% slag), and 78% water by weight.
Additionally, Li et al. (2019) reported Go,2s« = 0.25 MPa for a CB mixture that comprised
15% cementitious material (30% OPC and 70% slag). The substantial variation in values
across different investigations involving relatively similar mixtures of the same age
implies that the measured Go of CB mixtures is profoundly influenced by the testing

conditions (e.g., the stress state) and by the type and quality of the components used.

4.2.3 Hydraulic conductivity vs curing time

Figure 3 illustrates the (saturated) hydraulic conductivity of the three CB mixtures vs.

15
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curing time (measured in days from when the mixtures were prepared) specifically during
the curing period from 14 to 60 days. It is widely recognized that the k£ of CB mixtures
declines over time due to of cement hydration (Fratalocchi and Pasqualini, 1998). The
relationship between the saturated & of CB mixtures and the curing period, ¢, can be
effectively represented by a power law model (Fratalocchi and Pasqualini, 1998; ICE,

1999):

k(nzzkmf(zﬁ-J
”f @

where k:.r = k at a reference time, t.r, and o = the & reduction coefficient.

The fitting parameters in Equation 2 tend to vary at shorter curing times but
generally stabilize after approximately 40 to 60 days. In Figure 4, the experimental data
of k vs curing time and the fitting curves based on Equation 2, (assuming t.r=14 days) are
shown. The resulting Equation for each mixture is also shown. Throughout the time frame
examined, the & values for CB1 and CB2 differed by around two orders of magnitude.
This difference primarily stems from the additive's influence and to some extent from the
type of bentonite used, given that both mixtures had identical total cement content and a
slag substitution rate of 70%. Despite the total porosity of the mixtures being nearly
identical, the lower &k value for CB1 can be attributed to differences in size and distribution
of the conductive pores, likely influenced at the initial slurry phase by the effects of the
additive and sodium bentonite, which contribute to a more dispersed arrangement of
cement particles compared to CB2. Conversely, the a coefficients for CB1 and CB2 are
quite similar, largely due to the cement-to-water ratio in both mixtures, which is the same
(0.27). The observed difference in k between the two mixtures is expected to continue
even with extended curing durations, as indicated by the k(#) Equations in Figure 3. While

CB2 and CB3 display comparable k.t values at t equals 14 days, their a values differ,
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Figure 4. Hydraulic conductivity vs. curing time of the three CB mixtures
investigated. Dotted lines are the best fit curve of experimental data according to

Equation 2.

When analysing the results in Figure 3 and Figure 4, while CB1 and CB2 show
comparable values of Go, their k values vary significantly, differing by two orders of
magnitude. As a result, establishing one single relationship between Go, &, and curing
time for CB mixtures is not feasible. Nevertheless, observing the Go of a specific CB
mixture along with its permeability could offer a more thorough understanding of the
material's behaviour, which is essential for design considerations. A notable variation
from the anticipated pattern in Go, such as an abrupt drop or an absence of increase at
shorter curing times, could serve, along with £, as a signal or warning for inconsistencies
in the properties of the mixture or in lab procedures. On the contrary, the present data
indicated that, for a specific curing time, the Go values are greater for the CB mixture that
has a higher ratio cement-to-water ratio. Thus, Go could be utilized as a marker for cement

content in CB mixtures of equivalent age, for a given cement type.
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4.3 SL and SLFA mixtures
4.3.1 Go versus curing time
The relationship between Go and curing time for lime-treated soil is illustrated in Figure
5. As expected, there is a growing trend with curing time, that can be effectively captured
by a logarithmic function of time. The early curing phase (0-10 days) is zoomed in Figure
5. For the SL mixtures the starting Go value of 21 MPa corresponds to the compacted,
untreated MSC soil. At t=2 days, Go showed a significant increase relative to untreated
soil, reaching 679 MPa at 10 days of curing; thereafter, a more gradual increase was noted,
with a maximum value of 1127 MPa at 81 days. This pattern primarily results from cation
exchange, induced by the Ca®* cations released from dissociation of calcium hydroxide,
and the consequent immediate flocculation of soil particles, which accounts for the initial
slight increase in stiffness relative to untreated soil during at early curing times (0-2 days).
The notable rise in Gy after 2 days of curing (refer to the expanded graph) reflects
the dominance of pozzolanic reactions compared to cation exchange. The increase in Go
from 2 days to 81 days of curing can be attributed to the cementation processes in the
sample, resulting from the ongoing pozzolanic reactions. The findings align with other
research (for example, Wang et al. 2020; Liu et al. 2021) on lime-treated soils, where a
two-phase increase pattern of the Go modulus was consistently observed. Additionally,
the correlation between the Gy trend and both short-term and long-term reactions between
soil and lime has recently been reinforced by concurrent observation of porewater

chemistry (Di Sante et al. 2022).
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Figure 5. Go vs. curing time for the SL mixture investigated.

Investigating the behaviour of Gy for the SLFA mixture with curing time (Figure
6), a clear upward trend of the parameter with curing time is evident. Moreover, a
logarithmic relationship effectively represents the obtained experimental results
(R?=0.95). The early curing phase (0-10 days) is zoomed in Figure 6, where a rapid rise
to 124 MPa shortly (1.5 hours) after compaction can be observed, assuming Go of the
compacted untreated soil (15 MPa) as the initial point. Following the initial sharp
increase, a more gradual increase to approximately 324 MPa was noted within 10 days of
curing. Between 10 to 90 days, Go displayed minimal variation, maintaining a value of

about 350 MPa at 90 days.
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Figure 6. Gy vs. curing time for the SLFA mixture investigated.

To understand this trend, it is important to recognize that the rapid hydration of
calcium oxide (quicklime), leads to the formation of calcium hydroxide, or hydrated lime.
This process is subsequently followed by the dissociation of calcium hydroxide in
porewater, resulting in both an increase in pH levels and interaction with the cations
adsorbed on clay particle surfaces. In an alkaline setting, the reactivity of fly ash is
maximized, prompting the rapid formation of pozzolanic compounds. Consequently,
there is a notable and immediate rise in Gy, driven by both the aggregation of clay particles
and the rapid generation of pozzolanic products. If the subsequent changes in Gy are
ascribed to the progression of pozzolanic reactions, it can be generally concluded that
these reactions are completed within the first 10 days of curing.

A factor that can enhance the clarity of the signal during BE testing is the frequency
of the emitted wave; specifically, changing the frequency led to a significant variation the

ratio Ly/A. Furthermore, the ratio Li/A diminished as the curing period increased for a
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specific frequency, which is consistent with the rise in stiffness (i.e., V) associated with
curing. According to Lee and Santamarina (2005), the clarity of the signal received is
maximized when the frequency of the transmitted wave closely matches the resonant
frequency of the soil-BE system, noting that increased soil stiffness results in a higher
resonant frequency, fr. In this study, fr was determined for both SL and SLFA mixtures
using Lissajous forms, yielding the fr values depicted in Figure 7, which are shown as a
function of curing time. For both the SL and SLFA mixtures, the resonant frequency rises

with the increase in curing time.
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Figure 7 Resonance frequency fr of the SL and SLFA specimens as a function of

curing time

4.3.2 Hydraulic conductivity versus curing time

Figures 8 and 9 illustrate the hydraulic conductivity with curing time for the SL and SLFA
mixtures, respectively. The & of the untreated compacted soil (measured on a different
sample under similar confining pressure) is provided as a comparison for both materials.

It can be noted that the inclusion of binders significantly increased £ when compared to

21



464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

the untreated compacted soil. Specifically, for the SL mixture, the initial
k=4x10" m/s, showing an increase of over three orders of magnitude when compared to
the untreated soil (k = 6-8x107'! m/s). For the SLFA mixture, the k value after two days
of curing was 9.2x10°® m/s, whereas the untreated compacted soil had k value of 1.8x10
? m/s. This rise in k is caused by dissociation of lime and the release of calcium cations
into the pore water, promoting cation exchange and causing clay particles to agglomerate
into larger clusters, thereby creating conductive pores among these aggregates (TRB,
1987).

For the SLFA mixture, the increase in k£ values relative to the untreated soil was less
pronounced than that observed in the SL mixture, by roughly two orders of magnitude.
This is likely attributable to two primary reasons: 1) the SGT soil contains a smaller clay
content (refer to Table 1), which results in a higher £ compared to the compacted untreated
MSC soil; thus, the soil exhibits reduced sensitivity to cation exchange and flocculation
following lime treatment; 2) the amount of lime used in the SLFA mixture is lower than
that used in the SL mixture.

In the long term, a slight decrease in k was observed to 1x10”7 m/s for SL and to
1.3x10° m/s for the SLFA, respectively. The slow decline in k can be attributed to the
formation of amorphous pozzolanic reaction products, that partially fill the inter-
aggregate voids (Wild et al.,1987). In brief, the pattern of £ during the curing interval
examined essentially confirms the long-term development phase of soil-binder
interactions suggested by the Gy trend; particularly for the SLFA mixture, the most
significant reduction takes place during the initial ten days of curing, consistently with

the Gy trend that was observed.
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Figure 8. Hydraulic conductivity versus curing time for the SL mixtures
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for comparison.

— 1,E-06
E
< 1E-07 *e |

- pozzolanic reaction I
.; 1E-08 ation exchange/ *
[T Flocculation

=]
.g untreated soil

o 1E-09

Q
L

s 1E-10

[
©
£

1,E-11
0 5 10 15 20 25 30

Curing time, t (days)

Figure 9. Hydraulic conductivity versus curing time for the SLFA mixtures
investigated. The hydraulic conductivity of the compacted untreated soil is shown

for comparison.

4.3.3 Microstructural investigation

In Figure 10, Scanning Electron Microscope images of both the untreated soil (Figure
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10a) and the SL mixture after the permeability test (Figure 10b) are presented. The
addition of lime promotes the formation of aggregates, leading to a more open soil
structure in the treated sample compared to the untreated one. Figure 10b clearly shows
the existence of crystalline (needle-shaped) and amorphous gel-like pozzolanic materials
(spongy aspect) spread throughout the sample, reflecting the progress of long-term
reactions. The bonding action of these products enhances the stiffness of the soil-lime
mixture, which is reflected by the upward trend observed in Go.

In Figure 11, a comparison between compacted untreated soil (Figure 11a) and
compacted treated SLFA mixture (Figure 11b) is shown. The treated sample exhibits an
uneven distribution of pozzolanic substances. Within the SLFA mixture (Figure 11b), two
distinct forms of fly ash can be observed: one type consists of reacted fly ash with a
textured surface, while the other type comprises smooth, unreacted spherical particles.
Due to coating by amorphous pozzolanic materials (Fraay et al., 1989; Chindaprasir et al.
2007) reacted fly ash particles shows a rough texture. On the other hand, unreacted
particles act merely as a filler, enhancing the packing density of the mixture. Crystalline
acicular C-S-H formations can be identified in the sample, resulting from the reaction
between lime and silica present in the soil fine fraction. These crystalline formations,
found in both the SL mixture and the SLFA mixture connect the walls of inter-aggregate
pores, effectively bonding the soil particles and thus contributing to increased stiffness,

as indicated by the outcomes of the BE test.

24



528
529
530

532
533

534
535
536

537

538

539

540

541

542

543

544

[ 10 EHT = 15.00 kv Signal A = InLens Mag= 200KX | WD: 13.23 mm semHvi 2006V | )00 100]
'_' SEM MAG: 2.00 kx HiVac 20 pm
[ SM: RESOLUTION

Figui‘é 10. SEM images of (a) untreated soil (b) SL mixture at the end of permeability
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Figure 11. SEM images of (a) untreated soil (b) SLFA mixture (C=crystalline

pozzolanic products; R=rough-surface FA particle; S=smooth-surface FA particle)

4.3.3 Practical implications

Considering the results presented in the previous sections, it is possible to state that Gy is
a promising parameter to monitor the development of cementation (i.e. pozzolanic)
reactions in amended soils. The use of BE for the measurement of the small-strain
stiffness, a relatively simple and cost-effective method, can reduce the number of both
laboratory tests to be performed in the design phase of the mixture and the in-situ quality
control tests. In fact, traditional geotechnical tests such as oedometric, triaxial or
unconfined compression tests could be carried out only for those mix designs able to

ensure a minimum Gy values at specified curing times, thus avoiding the investigation of
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several mix design combinations. Referring to the in-situ phase, the construction quality
controls can be more efficiently programmes based on the Gy trend with curing time; in
this way, economic and practical efforts can be concentrated in testing the performance

of the mixture in the proper curing period.

5 CONCLUSIONS

The paper demonstrates the application of the Bender Element (BE) method to monitor
the changes in the small-strain shear modulus, Gy, throughout the curing period from 0 to
90 days post-preparation in cement-bentonite, compacted soil-lime, and compacted soil-
lime-fly ash mixtures, all frequently utilized in geo-environmental projects. Three distinct
CB mixtures, one SL and one SLFA mixture were evaluated. The hydraulic conductivity
of these geo-materials was also assessed throughout the same curing interval by means of
permeability tests.

In the application of BE testing to geo-materials that display time-related properties,
it is in general recommended to apply multiple frequencies, f, for the transmitted signal
at a specific curing time to determine the most effective signal. To achieve accurate
measurement of Gy, it was essential in this study to maintain the ratio of Ly (tip-to-tip of
the BE distance) to the wavelength, A within the range 2 < L#t/A < 9, which facilitated
clear signal readability.

The results obtained indicated that the Go values for the CB mixtures increased as
curing time progressed, while k£ showed a notable reduction. The quality of the bentonite
and the presence of additives were the controlling factor on k of the CB mixtures, given
a specific cement content. The ratio of cement to water in the CB mixtures controlled the
Gy for differing dosages utilizing the same ingredients. Furthermore, the quality and/or

source of the components used in the CB mixtures significantly influenced the results, as
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evidenced by the considerable difference in Gy values for CB mixtures of identical age
and comparably similar compositions reported in this study and existing literature. The
small-strain shear modulus for SL and SLFA mixtures exhibited an increase with curing
duration, a trend linked to the chemical interactions of soil and lime and the resultant
formation of hydration products, which was corroborated by post-test SEM imaging
conducted on the specimens. The trend of hydraulic conductivity of SL and SLFA
mixtures displayed a similar pattern (immediate increase with respect to the untreated soil
due to cation exchange-induced flocculation, followed by moderate reduction with time)
which can be ascribed to the same processes (formation of cementitious products) that led

to the increase in Go.
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List of figure captions
Figure 1. SEM images of the FA (Magnification:1000x)

Figure 2. Examples or transmitted and received signals during BE testing of CB
mixtures.

Figure 3. Go versus curing time for the CB mixtures investigated. Dashed lines are
the best-fit curves of experimental data for CB 1 and CB 2

Figure 4. Hydraulic conductivity vs. curing time of the three CB mixtures
investigated. Dashed lines are the best fit curve of experimental data according to
Equation2.

Figure 5. Go vs. curing time for the SL mixture investigated.
Figure 6. Gy vs. curing time for the SLFA mixture investigated.

Figure 7 Resonant frequency fr of the SL and SLFA specimens as a function of
curing time

Figure 8. Hydraulic conductivity versus curing time for the SL mixtures
investigated. The hydraulic conductivity of the compacted untreated soil is shown
for comparison.

Figure 9. Hydraulic conductivity versus curing time for the SLFA mixtures
investigated. The hydraulic conductivity of the compacted untreated soil is shown
for comparison.

Figure 10. SEM images of (a) untreated soil (b) SL mixture at the end of permeability
test (C=crystalline pozzolanic products; G=Gel-form pozzolanic products).

Figure 11. SEM images of (a) untreated soil (b) SLFA mixture (C=crystalline
pozzolanic products;R=rough-surface FA particle; S=smooth-surface FA particle
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LIST OF TABLE CAPTIONS

Table 1 Main properties of the soils used in this study

Table 2. Main physical properties of the tested CB mixtures
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