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A B S T R A C T

This paper addresses the temperature effects on the kinetics of moduli evolution with time of a silty soil treated
with quicklime. The moduli were obtained using different laboratory wave propagation test methods (UPV-
ultrasonic pulse velocity, PZT-piezoelectric transducers, EMM-ARM-elasticity modulus measurement based on
ambient response method) and unconfined cyclic compression tests with on-specimen deformation measure-
ments. This experimental work was first carried out under a reference curing temperature of 30 °C, allowing the
comparison of results obtained by the different test methods, as well as the identification of two stages on the
modulus evolutions with time. These two stages were also revealed on additional EMM-ARM tests at 20 °C and
40 °C. These stages were tentatively explained by two different chemical phenomena and described by a
mathematical model integrating two different activation energies. The findings of this work show the potential
of using EMM-ARM to estimate the activation energies helping the modelling of temperature effects on the E-
modulus evolution with time of complex soil-lime mixtures.

Introduction

The mixture of small quantities of chemical binders, such as lime,
can improve significantly the strength and stiffness of fine grained soils
to suit the engineering needs of construction projects, often resulting in
cost savings and other tangible benefits for both the project and the
owner [1–3]. This improvement effect on mechanical properties is
generally observed in two distinct stages: the first is considered to occur
over the few days immediately after mixing and the second can start
days or weeks later and can be observed over long periods of time
[4–6]. The soil treatment with lime consists of adding and mixing lime
with soil in presence of water, resulting in several physicochemical
modifications of the soil, such as: cationic exchange, flocculation, car-
bonation and pozzolanic reaction [7,8]. As result of these processes,
some modifications on the geotechnical characteristics of the soil can be
observed, as improvement in terms of plasticity, workability, shear
strength, stiffness, swelling, compressibility, durability and soil com-
paction characteristics [9–11]. During the cationic exchange, the lime
can be fixed by the available clay minerals and thus becomes unavail-
able for other reactions, as pozzolanic reactions [7]. However, if there is
an excess of lime, then other chemical reactions will occur. In parti-
cular, it can contribute to a highly alkaline pH (above 12) promoting
the release of silica and aluminates of the available clay particles [12].

These materials, also called pozzolans, are able to react with calcium
ions (pozzolanic reactions) resulting in the formation of calcium alu-
minates hydrates (CAH) and calcium silicates hydrates (CSH) which
provide higher strength and stiffness of the soil [7,8,13]. These reac-
tions are usually slow at curing temperatures of 20 °C and can occur for
a long periods of time and yield various amorphous phases (gels) [8].
However, it is noticeable that the increase of curing temperature has a
dramatic effect on these reactions, particularly at temperatures above
30 °C [7]. In fact, this effect of temperature is frequently used to ac-
celerate these reactions and to reduce the duration of some laboratory
studies, as the qualification of additives, as fly ash and other pozzolans
[14].

Despite the extensive studies concerning the soil treatment with
lime there are some issues that have not yet been thoroughly addressed,
namely the quantification of the temperature influence on the soil-lime
reactions with specific focus on their corresponding activation energies.
This quantification could be interesting to predict the in-situ evolution
of the mechanical properties, as strength and/or stiffness, of a lime
treated soil layer based on the actual temperature history and stiffness
evolution determined in laboratory at reference temperature.

This paper presents the results of a joint study of the temperature
effects on the stiffness evolution of a silt soil treated with quicklime,
performed in collaboration between the University of Minho (UM –
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Portugal) and Université Libre de Bruxelles (ULB – Belgium). The
stiffness evolution of a soil-lime mixture cured at 30 °C is assessed by
means of: wave propagation techniques, as piezoelectric sensors (PZT)
and ultrasonic pulse velocity (UPV); unconfined cyclic compression
(UCC) with local measurement of deformation and; elasticity modulus
measurement based on ambient response method (EMM-ARM). The
EMM-ARM allows the continuous measurement of the evolution of E-
modulus of a given sample, placed in a testing mould under known
support conditions [15]. It relies on naturally occurring vibrations to
excite the tested sample, infer its first resonant frequency (based on the
measurements of an accelerometer), and ultimately quantify the E-
modulus of the tested material. Even though EMM-ARM was initially
devised for concrete testing, it has been extensively applied (and vali-
dated) in the scope of stabilized soils by the research team at the Uni-
versity of Minho [16–19].

The kinetics of the stiffness evolution of the same mixture of lime
treated soil cured at temperatures of 20 °C, 30 °C and 40 °C was assessed
through EMM-ARM, in order to identify the activation energy of the
stiffness build-up.

This study is considered pioneering both in the original combination
of experimental techniques (PZT and EMM-ARM, for example), as well
as to the research findings in assessing the effect of temperature on the
kinetics of stiffness evolution of soils treated with lime.

Methods

Unconfined cyclic compression

Unconfined cyclic compression (UCC) tests, with on-specimen de-
formation measurement, were performed on cylindrical specimens with
100mm diameter and 200mm height, in order to quantify the E-
modulus. The experimental procedure was based on the previous works
of Gomes Correia [20] and Gomes Correia et al. [21,22]. The load
equipment consisted in a 50 kN hydraulic actuator, which included a
load cell. The deformations were measured by 3 displacement trans-
ducers (LVDTs) that were supported by 2 metallic rings, which were in
turn attached to the tested specimen, as illustrated by Fig. 1.

Three continuous loading/unloading cycles, with a load rate of
50 N/s, were applied at several ages of testing. The maximum load
applied was such that the maximum strain range was kept bellow
5×10−5, which is considered to be in the very small strain domain, in
accordance to existing studies with stabilized soils [23].

Wave propagation based techniques

Wave propagation techniques are frequently used for stiffness as-
sessment of stabilized soils [24,25]. In fact, the compression wave

velocity (VP) and the bulk density (ρ) can be related with the maximum
constrained modulus (M) using Eq. (1) based on the theory of wave
propagation in an infinite elastic medium. VP can be determined from
the measurement of the travel time of the wave over a known distance
between the transducers placed at each end of the specimen.

= VM ρ· p
2

(1)

In the present work, two different techniques based on the mea-
surement of compression wave propagation velocity were used: ultra-
sonic pulse velocity (UPV) and piezoelectric transducers (PZT). In both
techniques, a predefined input wave is generated by the transmitter
transducer, and then travels through the specimen, being finally re-
ceived by the receiver transducer. The time required for the wave to
propagate through the specimen is determined in the time domain by
identifying the first deflection of the wave at the receiver transducer.

Ultrasonic pulse velocity – UPV
Ultrasonic pulse velocity (UPV) measurements were performed in

cylindrical specimens with 46mm in diameter and 70mm long. The
measurement equipment comprised a unit for signal generation and
reception – the Proceq Pundit Lab [26] – connected to a personal
computer with the software Punditlink [26], together with two 54 kHz
circular transducers (transmitter/receiver). The tests were performed
with a single pulse of sinusoidal signal with an input frequency of
54 kHz and signal amplitude of 500 V. During the test, the specimen
was kept vertically with the transducers in contact at the extremities, as
can be observed in Fig. 2. Conductive gel was used to ensure maximum
coupling between the transducers and the specimen. The travel time of
the compression wave was visually evaluated in time domain by mea-
suring the instant of the first deflection of the wave.

Piezoelectric transducers – PZT
Measurements of wave propagation time were performed using ul-

trasonic piezoelectric sensors (PZT) on specimens with 36mm in dia-
meter and 71mm long. The PZT sensors used were produced in the Civil
Engineering laboratory at BATir, Université Libre de Bruxelles and
consist on a very thin square ceramic patch with about 1 cm2 where an
electric cable was conductively glued on one side, as depicted in Fig. 3.

PZT sensors were glued on the two opposite sides of the cylindrical
specimens using a two-component glue, in order to achieve a direct
wave transmission to the specimen. To obtain comparable travel times
through the different specimens the thickness of the glue layers should
be the same for every specimen. This preparation of the sensor was
achieved by the procedure presented in Fig. 4 and here described: (1)
Two steel wedges with a thickness of 1.7 mm were temporarily fixed on
a base steel plate. Then the glue was applied between these two wedges
and the PZT sensor was placed on top of it. Thin paraffin films helped
avoiding the steel wedges from becoming glued to the steel plate. (2)
After the setting of the glue, the steel wedges were carefully removed
from the plate, (3) as well as the sensor. Finally, the set composed by
the PZT patch and the bottom glue layer (Fig. 5a) was directly attached

Support ring 

Support ring 

LVDT 

Specimen 

Fig. 1. Specimen with the deformation system for unconfined cyclic compres-
sion tests.

Fig. 2. Specimen and transducers during ultrasonic pulse velocity measure-
ment.
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to the specimen and fixed/protected by covering it with an upper layer
of glue (Fig. 5b).

A waveform generator – Rigol DG2041A [27] – was used to excite
the transmitter transducer with a square pulse of 5 μs and an amplitude
of 6.9 V. A digital oscilloscope – LeCroy 44Xi [28] – was used to read
the signal of the receiver transducer. The travel time of the compression
wave was evaluated in the time domain by determining the first wave
deflection. Such determination was assisted by the Akaike Information
Criterion (AIC) method [29].

EMM-ARM

The EMM-ARM mould adopted in this work consisted of a 580mm
long polyvinyl chloride (PVC; density= 1,200 kgm−3; E-

modulus= 3.4 GPa) tube with inner diameter of 47mm and wall
thickness of 1.5 mm (Fig. 6). After compaction of the mixture inside the
mould, the extremities were closed with polystyrene caps. The mixture
density was controlled by weighing the mould/mixture set. At 40mm
from the extremities of the mould, horizontal screws were used for
support during testing, thus constituting a 500mm span beam in simply
supported conditions.

The data acquisition, resonant frequency determination and E-
modulus estimation followed the same procedure presented by Silva
et al. [25] which is briefly described below and schematically re-
presented by Fig. 7. The measurement of the time series accelerations
was made by piezoelectric accelerometers (PCB- frequency range of
0.15–1000 Hz, measurement range of± 0.5 g, sensitivity of 10 V/g,
resolution of 8 μg; 210 g of mass) fixed at mid span of the mould (as
shown in Fig. 6b), connected to a data acquisition system (NI-USB-9234
DAQ, 24-bit) and recorded by a computer with a custom-made LabView
code. The data was recorded at a sampling rate of 500 samples per
second, in sets of 300 s, acquired at intervals of 900 s (Fig. 7a). The
identification methodology for determination of the first resonant fre-
quency of the testing beam, programed with MatLab functions, fol-
lowed the Welch [30] procedure and the “peak-picking” method [31],
that consisted in: dividing the time series signal in segments of 4096
points with an overlap of 50%; applying a signal processing window
(Hanning) to the data segments; computing the autospectra of the
windowed segments using the Fast Fourier Transform (FFT); and
averaging the spectra associated with each time segment (Fig. 7b, c).
With the identification of the first resonant frequency at each instant, it
was possible to monitor its evolution with time (Fig. 7d). The resonant
frequency of the beam was related with the E-modulus of the tested
material by applying the dynamic equations of motion. For a simply
supported beam with the first flexural resonant frequency f, free span L,
uniformly distributed mass m̄, and concentrated mass mP at the mid-
span (due to the existence of the accelerometer), and assuming stiff
support conditions (infinite stiffness), the flexural stiffness of the
composite beam EI (E standing for the E-modulus and I for the second
moment of area of the composite cross-section) can be estimated using
Eq. (2) [32].

+

− = =

aL πf m aL aL πf m aL

aL πf m aL a πf m EI

2cos( )(2 ) sinh( ) cos( )(2 ) sinh( )

cosh( )(2 ) sin( ) 0, (2 ) ¯ /
P P

P

2 2

2 24 (2)

After determining the flexural stiffness of the composite beam (EI),
the E-modulus of the studied material (ESL) can be computed through
application of Eq. (3), where EM is the E-modulus of the mould material
and IM, ISL are the second moments of area of the mould and of the soil-

Fig. 3. PZT sensor with electric cable glued.

Fig. 4. Preparation of PZT sensors.

a) b)
Fig. 5. Attachment of the set PZT and glue layer to the specimen.
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lime mixture, respectively. The E-modulus versus time curve (Fig. 7e)
can be then obtained by compiling the ESL values obtained at each in-
stant.

= −E EI E I I( )/SL M M SL (3)

Evaluation of temperature effects

The method of equivalent age is widely used for estimation of the
mechanical properties of cement based mixtures, such as concrete
[33,34] and soil-cement [35]. This method takes into account the
combined effects of time and temperature on the development of me-
chanical properties (such as strength or stiffness), and it is based on an
adapted version of the Arrhenius’ Law [33,34] presented on Eq. (4),
where K is the reaction rate constant, A a proportional constant, Ea the
apparent activation energy (J/mol), T the absolute temperature (K) and
R the gas constant (8.314 J/(mol·K)).

= −K A E RTexp[ /( )]a (4)

However, the application of principles based on Arrhenius’ law to

the complex hydration reactions of binders such as cement or lime is an
approximation, as the Arrhenius law was originally devised to describe
the influence of temperature on the kinetics of simple chemical reac-
tions. That is the reason why the adopted version of the Arrhenius law
formulates the activation energy as being ‘apparent’.

A good way of defining equivalent age consists in providing an
example. Consider a given stabilised soil specimen cured for 10 days at
a temperature of 30 °C, and tested for E-modulus. The Equivalent Age of
this specimen corresponds to the age that a specimen of the same
mixture, cured at a reference temperature, usually 20 °C, would take to
attain the same E-modulus of the specimen cured at 30 °C. This
equivalent age would, of course be higher than 10 days due to the
thermal activated character of the binder hydration reactions (cement
or lime, for example). One of the most popular models for equivalent
age, based on the activation energy concepts, was proposed by
Freiesleben Hansen and Pedersen [36]. It is presented on Eq. (5), where
te is the equivalent age (days), T the curing temperature (K), Tref the
reference temperature (K), t the time period (days), and Ea and R are as
previously defined.
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Fig. 6. EMM-ARM testing beam: (a) scheme with dimensions; (b) beam during testing.
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Fig. 7. EMM-ARM data processing.
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∑= −t e tΔe
t Ea R T T
0

[( / )((1/ ) (1/ ))]ref (5)

Materials and specimens preparation

Materials

The soil used in this work consisted on a silt from Marche-Les-
Dames (MLD) region on Belgium. It is composed of 52% of silt, 18% of
clay and 30% of thin-grained sand, with a D50 (grain diameter at 50%
passing in the grain size distribution) of about 30 μm. The Atterberg
limits [37] were 20.1% for the plastic limit and 31.0% for the liquid
limit and optimum dry density of 1844 kg/m3 with an optimum water
content of 15,1% determined by Standard Proctor test [38].

The soil was treated with a quicklime CL 90-Q [39] from Lhoist
group, with the following particle size distribution: 98.9% < 0.5mm
and 84.1% < 90 μm.

Mixture proportioning and preparation

The mixture was prepared on a vertical axis mixer, with a 20 L ca-
pacity bowl, that operated with a planetary speed of 40 rpm and beater
speed of 100 rpm. The mixture procedure starts by mixing the dried soil
together with 3% of lime. The quantity of lime used was based on
previous studies performed with MLD soil-lime mixtures [5,6]. Then,
5min after turning on the mixer 19% of water is added and the mixer
operates 5 more minutes. All the quantities (%) mentioned in the pre-
vious sentences were measured in terms of mass of dried soil. The
mixture age counting starts at the instant when the water is added to
the soil-lime mixture. After completing the mixture, the bowl is covered
with plastic film in order to minimize water exchange with air, and
preparation of specimens is done as quickly as possible.

Specimen preparation

In order to monitor the stiffness evolution of the soil-lime mixture,
several specimens were prepared. The soil-lime mixture was compacted
inside moulds with internal dimensions that corresponded to the in-
tended dimensions for the specimens. All the specimens were prepared
within an interval of 1 h since the start of the mixing process. The target
wet bulk density of the mixture for all specimens was 1950 kg/m3.

Table 1 presents the geometry, number and designation of speci-
mens prepared to be used in each type of testing.

Results and discussion

Specimen densities

The bulk densities obtained for each specimen are presented in
Table 2. The maximum variation observed was less than±1.5%

when comparing to the target bulk density, which indicates a good
performance during specimen preparation.

Wave propagation based techniques (PZT and UPV)

The constrained modulus (M) values computed from the compres-
sion wave velocities measured with UPV and PZT sensors on specimens
cured at 30 °C on the first 28 days of curing are presented in Fig. 8. The
results obtained with the PZT sensors show a greater scatter than the
results obtained with UPV sensors (US specimens), which can be related
to the quality of the interface between the glue and the surface of the
specimens. In fact, some decoupling was observed between the glue and
specimens before 25 days of curing, probably due to a differential
shrinkage phenomenon at the interface between the soil and the glue.
This issue can be reduced by using a type of glue with more compatible
behaviour with soil in terms of shrinkage. Some optimisation of the
specimen dimensions should also be considered in future works in order
to reduce the interaction with the specimen boundaries.

Despite the scatter observed, and taking into account that results
were obtained in different laboratories, the results show a quite rea-
sonable agreement between the two techniques, particularly on the

Table 1
Specimens characteristics.

Type of testing Diameter (mm) Length (mm) Number of specimens Curing temperatures (°C) Designation

PZT (ULB) 36 71 3 30 PZT1, PZT2, PZT4
EMM-ARM (UM) 47 500 1 20 EMM-ARM 20

1 30 EMM-ARM 30
1 40 EMM-ARM 40

UCC (UM) 100 200 2 30 UCC1, UCC2
US (UM) 44 70 4 30 US1, US2, US3, US4

PZT: Piezoelectric transducers; EMM-ARM: Elasticity modulus measurement based on ambient response method; UCC: Unconfined cyclic compression; US: Ultrasonic
pulse velocity; (UM): Universidade do Minho; (ULB): l'Université libre de Bruxelles.

Table 2
Specimen bulk densities.

Type of testing Specimen Bulk density (kg/m3)

PZT PZT1 1955
PZT2 1967
PZT4 1962

EMM-ARM EMM-ARM 20 1953
EMM-ARM 30 1957
EMM-ARM 40 1952

UCC UCC1 1950
UCC2 1940

US US1 1977
US2 1976
US3 1944
US4 1935
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PZT3 (30ºC)
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US4 (30ºC)

Fig. 8. M-modulus computed from US and PZT sensors on specimens cured at
30 °C.
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PZT1 and the US specimens. This shows that there is a potential for
using these low cost PZT sensors to monitor the stiffness evolution of
treated soils. The results of Fig. 8 also allow to distinguish two different
stages on the evolution of the M-modulus: the first occurs in the first
12 days of curing and the second after 12 days. This 2-staged stiffness
evolution will be addressed in detail upon the interpretation of results
obtained with EMM-ARM.

EMM-ARM and UCC

Fig. 9 presents the E-modulus evolution of the soil-lime mixture in
the first 90 days of testing, under the curing temperature of 30 °C, ob-
tained through EMM-ARM and UCC. An excellent coherence is observed
between the results of EMM-ARM and UCC, which is a further con-
firmation of the reliability of EMM-ARM that has been reported/tested
before several times [19]. When observing the E-modulus evolution
obtained by EMM-ARM, it is evident that two different stages of the E-
modulus evolution exist, as it had been observed in the results obtained
with the wave based techniques shown in the previous section: the first
stage starts immediately after compaction of the mixture, with a high
rate of stiffness increase in the first hours followed by a continuous rate
decrease until about 12 days age; the second stage starts about 12 days
of age, with a new increase on the rate of stiffness up to about 37 days
of age followed by a rate decrease until the end of the testing period
around 90 days.

E-modulus evolution at temperatures of 20 °C, 30 °C and 40 °C

The E-modulus evolution of the soil-lime mixture cured at tem-
peratures of 20 °C, 30 °C and 40 °C obtained by EMM-ARM testing are
presented in Fig. 10. These results show that the increase of the curing
temperature causes a significant increase of the rate of E-modulus
evolution. As already observed for the curing temperature of 30 °C, it is
also possible to identify the existence of two distinct stages on the E-
modulus evolution curves of 20° and 40 °C. Due to the different nature
of the reactions involved in the two stages, it may be also possible that
they are probably being affected by temperature in different ways.
According to such reasoning, the description of the kinetics of E-mod-
ulus evolution in stage 1 would be described with a distinct activation
energy (Ea1) than that of the second stage (Ea2). This approach is de-
veloped in the next section by establishing a model that can be used to
describe the evolution of E-modulus according to curing temperature,
based on the equivalent age concept [36].

The two-stage kinetics evolution obtained with EMM-ARM at 20 °C
is very similar to the results reported by De Bel et al. [6] regarding the
evolution of compressive strength, that were obtained for the same
mixture at 20 °C. De Bel et al. [6] observed a first stage that extended up
to about 100 days of curing, the instant when the second stage started.

They have also tested the soil-lime at several ages with X-ray diffraction
(XRD), in order to monitor the mineral alterations and the appearance
of new components resulting from soil treatment with lime. Those XRD
tests revealed the production of calcium aluminate hydrates (CAH)
during the first stage (up to 100 days), that may partly explain the in-
crease in mechanical properties in such period. They also detected the
presence of portlandite (Ca(OH)2) and calcite (CaCO3), indicating the
presence of lime. In the second stage of evolution (> 100 days) the XRD
peaks related to calcite had lower intensity and the portlandite peaks
were no longer visible, meaning the lime had been almost completely
consumed and suggesting the further evolution of the mechanical
properties may result of different processes. One of such processes
might be the structural rearrangement of the CAH throughout the fur-
ther curing time. An alternative or concomitant explanation might rely
on the reactions of the lime with the clay fraction, which could generate
poorly crystallized CSH, and therefore having no distinct diffraction
peaks.

Modelling of experimental data
Eq. (6) can be used as a best-fit mathematical model to describe the

E-modulus (E) evolution of a curing mixture (e.g. concrete or soil-ce-
ment), as function of age (t). This equation proposed by Silva et al. [25]
results of the combination of Eq. (7) [40], that describes the evolution
of the degree of reaction/hydration as a function of time, and Eq. (8)
[34] that describes the evolution of E-modulus as a function of the
degree of reaction/hydration. In these equations, α is the degree of
hydration, α0 is the degree of hydration of the binder at the instant of
setting (for stabilized soils α0= 0 as it has initial stiffness), E1 is the
hypothetic value of E when α = 1, (αu) is the ultimate degree of hy-
dration, β is a hydration shape parameter, τ is a hydration time para-
meter and a is a constant (a= E1× αu(1/2)). In the scope of cement-
based materials, Schindler and Folliard [34] have demonstrated that
the parameters a and β are temperature independent, whereas τ is
temperature dependent. The same assumption is made in this work.

= × ⎡⎣
− × ⎤⎦E t a e( ) τ t1

2 ( / )β
(6)

= × − −E α E α α α( ) [( )/(1 )]1 0 0
1/2 (7)

= × −α t α e( ) u
τ t[ ( / ) ]β

(8)

Even though Eq. (6) is appropriated to fit the typical “S” shape
evolution found on the cement-based mixtures [15], it is definitely not
suitable to integrally describe the two sequential “S” shapes observed in
experimental E-modulus curves shown in Fig. 10. Assuming that the E-
modulus E(t) of the soil-lime mixture results of the initial E-modulus of
the mixture E0 and the combined stiffness contribution of reactions
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Fig. 9. E-modulus evolution obtained by EMM-ARM and UCC.
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Fig. 10. E-modulus evolution obtained by EMM-ARM at temperatures of 20 °C,
30 °C and 40 °C.
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initiated on stage 1 and reactions initiated on stage 2 (Er1(t) and Er2(t)
respectively), then E(t) can be described by Eq. (9). Thus, assuming that
Er1 and Er2 can be individually fitted by Eq. (6), then Eq. (9) takes the
form presented on Eq. (10), where indexes 1 and 2 identify that the
corresponding parameter is related to the reactions of stage 1 and 2,
respectively.

= + +E t E E t E t( ) ( ) ( )r r0 1 2 (9)

= + +⎡⎣
− ⎤⎦ ⎡⎣

− ⎤⎦E t E a e a e( ) r
τ t

r
τ t

0 1
1
2 ( / )

2
1
2 ( / )r

βr r
βr1 1 2 2

(10)

Table 3 presents the parameters of Eq. (10) determined by fitting
the experimental E-modulus results obtained at curing temperatures of
20 °C, 30 °C and 40 °C using the least squares method and making the
parameters a and β equal for all the different temperatures. Fig. 11
displays the values obtained with Eq. (10) and the experimental data,
showing that excellent coherences can be obtained for all tested tem-
peratures (R2 > 0.9 in all cases). It is remarkable to notice that these
coherences were attained with a single temperature dependent para-
meter for each reaction (τ 1 and τ 2).

Apparent activation energy estimation
Replacing t in Eq. (10) by the equivalent age (Eq. (5)), and separ-

ating the contribution of each reaction, it is possible to obtain Eq. (11)
that allows to express Eri (E-modulus contribution of reaction i) taking
into account the Eai (apparent activation energy of reaction i), the
temperature history and the parameters ari,τri and βri.

= =
∑⎡

⎣
⎢− ⎛

⎝
⎞
⎠

⎤

⎦
⎥

−( )
E t a e i( ) , {1, 2}ri ri

τ e t1
2 / Δri

t Eai R T Tref
βri

0
[( / )((1/ ) (1/ ))]

(11)

The values of parameters ari,τri and βri for 20 °C (293.15 K), pre-
sented in Table 3 were applied to Eq. (11), and the activation energy of
reactions (1) and (2) (Ea1 and Ea1) were estimated through the least
square method, as to match the fitted results of Er1 and Er2 for 30 °C and
40 °C (determined using parameters of Table 3).

This procedure is similar to the superposition method described by
Geoffroy [41]. The values for the apparent activation energies that
gives the best fit were Ea1= 89 929 J/mol and Ea2= 128 006 J/mol

(R2 > 0.9 in all cases). These values of Ea are much higher than those
that are usually observed in cementitious materials, which typically are
around 40 000 J/mol [42]. This means the reactions involved are more
sensitive to the curing temperatures than cement-based materials.

Through application of Eqs. (11) and (5), using the reference tem-
perature of 20 °C and respective parameters in Table 3, as well as the
above calculated activation energies, it was possible to estimate the E-
modulus evolution at temperatures of 30 °C and 40 °C. Fig. 12 shows the
comparison between the estimated values and the experimental results
demonstrating the validation of the methodology used to calculate the
two constant apparent activation energies for the two types of reactions
involved in the curing of this soil-lime mixture.

Conclusions

The stiffness evolution of a silt soil stabilized with quicklime cured
at 30 °C is initially presented on this paper, with results obtained
through 3 distinct methodologies: (i) two different wave based tech-
niques, namely PZT and UPV (piezoelectric transducers and ultrasonic
pulse velocity, respectively); (ii) UCC (unconfined cyclic compression
testing) and; (iii) EMM-ARM (Elasticity Modulus Measurement through
Ambient Response Method).

A good coherence of M-modulus values determined with PZT and
UPV sensors was observed. However, the results obtained with PZT
show a higher scatter than the results obtained with the UPV. Despite
this, PZT sensors have the advantage of their low cost, justifying further
research in the context of geomaterials.

A very good coherence was observed when comparing the EMM-
ARM results with the E-modulus determined with classical UCC testing,
at curing temperature of 30 °C, confirming the validity of EMM-ARM.

The results obtained by the different methodologies (PZT, UPV,
EMM-ARM and UCC) at 30 °C and further EMM-ARM tests at tem-
peratures of 20 °C and 40 °C, all revealed two different stages on the
stiffness evolution suggesting the existence of two different chemical
phenomena involved. Based on the previous work of De Bel et al. [6]
with same mixture is believed that the E-modulus evolution in the first
stage seems to be mostly related to the formation of calcium aluminate
hydrates (CAH). However, the E-modulus evolution in the second stage
can be more related to a structural rearrangement of CAH and the
formation of calcium silicate hydrates (CSH).

These two distinct stages involved in the evolution of E-modulus
with time suggest the existence of two apparent activation energies
(one for each process). For this purpose, an approach involving a de-
composition of a mathematical model fitted to the experimental data in
the contribution of two process was proposed. The apparent activation
energies estimated where 89 929 J/mol and 128 006 J/mol for the re-
actions initiated on stage 1 and reactions initiated on stage 2, respec-
tively. These values are higher than those found for other type of

Table 3
Parameters of the model (Eq. (10)) fitting to the experimental results.

T (°C) 20 30 40
ar1 (GPa) 2.91
βr1 0.25
ar2 (GPa) 2.15
βr2 3.13
τr1 1514.94 477.82 138.36
τr2 189.82 30.78 8.23
E0 (GPa) 0.413 0.450 0.547
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Fig. 11. Model fitting to EMM-ARM experimental results at temperatures of
20 °C, 30 °C and 40 °C.
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Fig. 12. Estimation of E-modulus evolution at temperatures of 30 °C and 40 °C
from the 20 °C data.
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cementitious materials, such as concrete, and means that the reactions
involved are much more sensitive to the curing temperature. Despite
the different kinetics observed, the results obtained, particularly at
30 °C and 40 °C, suggest that the long term E-modulus will tend to the
same value, regardless of the curing temperature.

The findings of this work show the potential of using EMM-ARM
allied to the proposed methodology for activation energy estimations,
helping to understand the curing process on stiffness kinetics of com-
plex materials as soil-lime mixtures. This can bring important benefits
in laboratory studies, were soil-lime curing is frequently accelerated by
raising temperature, and in evaluating stabilized layers in field, con-
sidering the temperature effects in stiffness predictions. Indeed, the
developed laboratory experimental procedure and interpretation is
deemed to be also applied properly in outdoor conditions where the
temperature is not constant.
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