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Abstract

The technique of mass soil stabilization using alternative binders to Portland cement (PC) has been used successfully in the
past. However, knowledge gaps exist regarding the design of these binders. Ground-granulated blast furnace slag (GGBS)
has been widely used as a substitute for PC; however, it requires an alkaline activator (e.g. lime and PC) to promote
pozzolanic reaction and strength enhancement. A candidate that presents a less energy-intensive manufacturing and carbon
footprint is carbide lime (CL), a by-product of acetylene gas production, rich in Ca(OH),. The main problem with the
pozzolanic binder in the stabilization technique is its slow reaction kinetics and the long time required for laboratory-scale
investigations before in situ application. Therefore, this research presents a dosing study of a ternary binder (TB) com-
prising CL, GGBS and PC type III (CEM-III) to mass-stabilize a clayey organic soil using thermal curing as an innovative
technique to improve the feasibility of laboratory-scale investigations. The effects of binder composition and thermal
curing time on the evolution of strength, stiffness, mineralogy, and microstructure were determined. The results, supported
by a statistical analysis (ANOVA) and by a multivariate regression analysis (MRA), have shown that the new TB produced
a superior mechanical response to soil samples stabilized exclusively with CEM-III. This was evidenced by a less porous
microstructure (more reaction products) and mainly the formation of a C—A—S—-H gel, as a product of CEM-III hydration
and alkaline activation of GGBS (blended cement), whereby the CL content played a key role for the development of the
long-term pozzolanic reaction.

Keywords Carbide lime - Ground-granulated blast furnace slag - Mass stabilization - Organic clayey soil -
Thermal curing
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Due to ever-increasing rates of urbanization worldwide,

this has led to new construction on greenfield sites in areas
such as alluvial floodplains that are underlain by prob-
lematic soils, such as highly compressible organic clays.
To facilitate construction on sites characterized by such
challenging ground conditions, ground improvement is
required. Whilst there are a wide range of commercially
available ground improvement techniques, one of the most
popular techniques for treating soft clays is mass stabi-
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treated with conventional cementitious agents (mainly PC
and lime) up to a maximum depth of 5-6 m [5, 59, 88].

As the stabilized mixture presents disponible water
during the curing process, a moulding methodology was
developed that aims to simulate site conditions for mass
stabilization in the laboratory, which has since been
adopted by numerous authors [6, 9, 59, 83]. In general, this
technique consists in mixing the binder with the soil and
then inserting this mixture into cylindrical moulds with a
permeable material (e. g. geotextile) at its base. The
specimens are cured partially immersed in water using a
preload of 18 kPa to represent 1.0 m landfill composed by
granular material [54, 59].

On the other hand, in response to the global climate
emergency and the need to decarbonize the construction
industry, geotechnical and concrete/cement practitioners
alike are focused on the development of new low-carbon
alternative binder systems to traditional agents such as PC
and lime. These materials are responsible for producing up
to 10% of the world’s anthropogenic carbon dioxide
emissions, due to the energy-intensive processes involved
in their manufacture [2, 58, 101]. Hence, this serves as a
motivating factor to investigate new types or families of
cementitious agents, and especially binders that can be
produced from alternative, low value-added materials and
have longevity in supply.

The most popular category of materials for developing
as cementitious binders are industrial wastes and by-
products containing aluminosilicates in vitreous phases, i.e.
with pozzolanic properties. Some examples of these
materials are pulverized fly ash (PFA), GGBS, rice husk
ash, ground ceramic and glass waste, among others
[46, 47, 65, 85, 119]. This negates the need to use high-cost
energy-intensive processes to explore/exploit raw (geo-
logical) materials, and has the added value of enhancing
the circular economy and valorizing high-volume wastes.
Mass soil stabilization using alternative waste-based bin-
ders also aims to reduce project costs and improve envi-
ronmental credentials [59, 83, 86, 123].

Numerous studies have successfully demonstrated that
binders based on these residues can improve the perfor-
mance of stabilized soils, especially for long curing times
[45, 48, 105, 110]. However, there is a lack of research
concerning the optimization of the dosage of these
cementitious mixtures for mass soil stabilization applica-
tions [76, 125]. Furthermore, one of the challenges asso-
ciated with the development of new low-carbon alternative
waste-based binders is their slow rate of pozzolanic reac-
tions. This, in turn, makes initial laboratory investigations
of binder designs and dosages to achieve strength
requirements (as recommended by EuroSoilStab [54];
Kitazume and Terashi [78]; Forsman et al. [59] prior to on-
site implementation) impractical, considering the large
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execution time demanded by such studies. On the other
hand, Ahnberg et al. [6] reported that short-term strengths
can be reliably obtained when using OPC-based binders,
thereby justifying its inclusion (partially) when rapid
hardening development is required in mass soil
stabilization.

GGBS is a by-product of iron production that, in addi-
tion to having significant aluminosilicate content in reac-
tive phases, can also have latent or potential hydraulic
capacity, i.e. when finely ground and mixed with water, it
can set and harden [62, 95, 96]. GGBS has been widely
used in laboratory- and field-scale soil stabilization,
allowing acceptable engineering performances
[1, 32, 55, 65]. However, when GGBS is used alone it
possesses a slow hydration rate—resulting in very slow and
low strength gains [31]. Therefore, GGBS requires alkali
activation to promote the dissolution of existing alumi-
nosilicate chains within the GGBS, which releases OH-
ions and accelerates hydration and pozzolanic reactions
[90, 93]. This can be achieved through the addition of
agents such as lime (hydrated or quicklime) or even
through the portlandite content resulting from the OPC
hydration reactions [32, 68]. This in turn enables the for-
mation of new cementitious gels [113]. When the GGBS
hydrates and reacts with these alkaline agents, it commonly
produces gels such as calcium-silicate—hydrates (C—S—H)
and calcium—alumina-hydrates (C—A-H) [93]. Although
the mixing of GGBS with industrial limes (CaO or
Ca(OH),) for mass soil stabilization has been addressed in
previous work, information regarding the influence of the
dosage of this cementitious mixture on the performance of
the stabilized soil is very limited [3, 6, 54, 72].

Similarly, carbide lime (CL) is a by-product (low value-
added) of acetylene gas production, which has good affinity
for aluminosilicates and has previously been reported to
promote pozzolanic reactions [116]. This is due to the
characteristic composition of this by-product (high port-
landite content) [47, 49]. Consequently, this therefore
highlights the potential of converting CL from a waste to a
possible valuable engineering material for incorporation
within alkali-activated cementitious materials (AACMs)
for soil stabilization applications [25, 40, 43, 45-47,
85, 103, 107]. Previous studies have evaluated the use of
CL as an activator to GGBS [82, 108, 124]; however, none
have investigated its use in the mass soil stabilization
method.

This study aims to improve the state-of-the-art of
alternative binders in mass soil stabilization, by investi-
gating the technical prospects of a new ternary binder (TB)
comprising CL, GGBS and Type III-PC (i.e. CEM-III) for
stabilizing a soft organic clayey soil. This binder design
was selected to achieve initial high strength gains induced
by CEM-III, and long-term high strength development
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Fig. 1 Grain size distribution of organic clayey soil
Table 1 Physical properties of the soil under study
Properties Organic Clay Soil References/method
Specific gravity (g/cm3) 243 [9]
Clay (diameter < 0.005 mm) 48% [12]
Silt (0.002 mm < diameter < 0.075 mm) 14% [12]
Sand (0.075 mm < diameter < 4.75 mm) 37% [13]
Gravel (4.75 mm < diameter < 60 mm) 1% [13]
Site moisture content 40% [16]
Liquid limit (wz) 71% [15]
Liquid limit (w,, dried 100 °C) 49% [15]
Plastic limit (wp) 40% [15]
Plastic index (PI) 31% [15]
Organic matter content 10.5% [19]
Organic soil classification Medium-organic soil [75]
pH (portable pH meter) 4.5 [69]
pH (laboratory pH meter) 4.13 [16]
Classification HRB A-7-5(17)—Clayey soils, [10]
very bad behaviour as pavement base

Classification USCS OH (organic soil—high compressibility) [11]

promoted by CL and GGBS pozzolanic reactions. This
investigation was carried out using laboratory-scale mass
soil stabilization techniques, which also involved the use of
thermal curing through custom-built piece of apparatus for
this work. This enabled a rapid analysis of future strength
development for mass-stabilized soil mixtures, thereby

improving the feasibility of the laboratory practices prior to
in situ application. This innovative methodology was
applied to improve the rate of reactions and subjected to a
statistical assessment to obtain reliable insights into cor-
relations between ternary binder dosage, curing time,
geomechanical behaviour and physico-chemical properties.
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Fig. 2 XRD spectra for: a carbide lime (‘CL’), b ground-granulated
blast furnace slag (‘GGBS’), ¢ Type 3 Portland cement (‘CEM-III")
and d organic clayey soil (‘SOIL’). A: Alite-C3S (tricalcium silicate);
AK: akermanite; B: belite-C2S (dicalcium silicate); C: calcite; E:
ettringite; F: C4AF (tetracalcium aluminoferrite); Fh: ferrihydrite; G:
graphite; Go: goethite; Gy: gypsum; GH: gehlenite; g: gibbsite; K:
kaolinite; m: muscovite; M: Montmorillonite; P: portlandite; Q:
quartz; T: C3A (tricalcium aluminate)

2 Materials and methods
2.1 Materials
2.1.1 Soil

The soil of interest for mass stabilization in this study was
an organic clay obtained from Pelotas, in southern Brazil.
The sampling site was situated in the Santa Barbara River
basin, which is characterized by low-lying topography.
During periods of heavy rainfall, the site is prone to
flooding and results in swamp-like conditions. The particle
size distribution curve for the soil is presented in Fig. 1,
with other index properties reported in Table 1. The soil

can be classified as a medium organic, black, plastic, sandy
clay with an acid pH [16]. According to the Unified Soil
Classification System [11], the soil is an organic highly
compressible soil (OH). The soil’s low pH can be associ-
ated with its high cation exchange capacity, which is an
influential physico-chemical property that dictates the
success of the soil stabilization process [29].

The mineralogical composition of the soil was deter-
mined through X-ray diffraction (XRD), whereby the
apparatus used was a D8 ADVANCE Bruker X-ray
diffractometer with a scan angle (20) from 2° to 80°. Based
on the XRD spectra produced for the soil (Fig. 2d), the
main mineral phases identified were predominantly quartz,
along with other constituents including kaolinite and
muscovite.

2.1.2 Binder

A new TB was used for this study, comprising a high early
strength Portland cement type III (CEM-III), GGBS and
CL. According to standard ASTM C150 [17], CEM-III was
used as one component of the TB and for reference pur-
poses. As presented in Fig. 2¢c, XRD analysis determined
that the mineralogy of the CEM-III chiefly comprised alite
(C5S) and belite (C,S), along with some other minor con-
stituents including C4AF, C3A, calcite, gypsum, portlandite
and quartz. This is in agreement with spectra reported in
previous studies [63, 106, 109, 115]. The chemical com-
position of Portland cement was studied by X-ray fluo-
rescence (Table 2). The results report contents of 58.7%
Ca0, 20.1% SiO,, 5.3% Al,O3, 3.0% MgO, 3.1% Fe,0;
and 2.8% SOj; (with other oxides present in smaller per-
centages). The findings are in agreement with the average
elemental composition of fast-hardening Brazilian PC cited
by other authors [7, 36, 66, 87].

The GGBS used in this study was sourced from a blast
furnace located near the city of Vitdria, in south-eastern
Brazil. The particle morphology of the GGBS was akin to a
coarse sand. Therefore, to increase the reactivity of the
GGBS, it was subjected to milling using a ball mill with
subsequent sieving in 45 pm. XRD analysis for the GGBS
(as presented in Fig. 2b) indicated the presence of alite,
calcite, gehlenite and akermanite (in agreement with pre-
vious studies by Seo et al. [108]; Trindade et al. [118] and

Table 2 Chemical composition by X-ray fluorescence of starting materials for the ternary binder

Material 5102 Ale'; CaO MgO FezO3 T102 K20 SO; NazO C
CEM-III 20.1 53 58.7 3.0 0.1 0.2 2.8 ND* ND*
GGBS 343 12.1 41.0 7.5 0.2 0.7 0.4 1 0.2 0.1
CL 3.1 1.9 71.6 0.6 0.9 0.1 ND* 0.3 ND* ND*

*ND not detected
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Kourti et al. [80]). The GGBS possessed a crystallinity
index of 2.1%, which was determined using the amorphous
subtraction method proposed by Ruland [100] and widely
successfully used [94, 99, 117, 121]. This indicated that the
GGBS was characterized by 97.9% of amorphous phases,
which comfortably exceeds the minimum amorphous
content of 67% required by British standard EN 15167-1
[24] for use as an addition to ordinary Portland cement
(CEM-I). The composition of the GGBS was also studied
by XRF (Table 2), resulting in a composition of 41.0%
CaO, 34.3% SiO,, 12.1% Al,05, 7.5% MgO and other
elements in very small percentages (trace elements). Its
high basicity index (CaO/SiO, ratio > 1.0) indicates its
basic character.

The CL used in this study was obtained near the city of
Porto Alegre, in southern Brazil. As a result of the acet-
ylene gas production process, the resulting CL possesses a
high-water content, which consequently produces
agglomerations of powdered material. Thus, the material
was dried for 24 h at 60 °C, followed by manual crushing
using a porcelain mortar and pestle, with subsequent
sieving using a 75 pm sieve. XRD spectra for the CL (as
presented in Fig. 2a) indicates the main presence of port-
landite, along with other minority phases including calcite
and graphite. This corroborates findings previously made
by Thomé [116], Horpibulsuk et al. [70], Vichan and
Rachan [120], Saldanha et al. [102] and Lotero et al. [85].

has also been studied by other authors through XRF
[27, 85, 102], so the dominant oxide reported was CaO,
along with some other minor oxides.

2.2 Experimental design

Different parameters were investigated in the study, which
were subdivided into ‘controllable factors’, ‘constant fac-
tors’ and ‘response variables’. Table 3 summarizes these
parameters, together with their description and the study
levels adopted for each variable. In a general way, the
experimental plan evaluates the influence, of the percent-
age of substitution of CEM-III by an alternative fraction
(GGBS + CL), and the percentage of CL in each substi-
tution of CEM-III, on the mechanical performance of the
soil stabilized with TB. A central composite experimental
design (CCD) is proposed to analyse the influence of the
linearity and pure quadratic behaviour of the controllable
factors, as well as the possible effects of their interaction
on the response variables (second-order model). The CCD
couples a full factorial design (2%) of three controllable
factors (2°). Each controllable factor has low and high
levels, which were represented in corners of the cube
(Fig. 3), to assess linear effects on the response variables
(q. and Esp).

A point in the centre of the cube (central level) and six
axial points (levels on the cube faces) were also used,

The chemical composition of the CL presented in Table 2 thereby forming a star to allow more in-depth
Table 3 Summary of investigated variables
Category Parameter Description Study Level
Low  Central High
Controllable  Controllable  Percentage Per cent of mass of Portland cement was replaced by an 50 65 80 wt%
variables factors substitution of alternative fraction, composed by GGBS + CL (e.g. for wt%  wt%
CEM-III % substitution of 65 wt%, the ternary binder was
(%Substitution) composed by 65 wt% of alternative fraction and 35 wt%
of CEM-III)
CL content (%CL) Per cent of mass of alternative fraction is composed by CL  30% 50% 70%
(e. g. for %CL of 30%, the alternative fraction was
composed by 30% of CL and 70% of GGBS)
Curing time Time (in days) of specimens thermal curing 1 day 7 days 13 days
Constant Curing condition Temperature controlled 60 £ 0.5 °C
factors Binder content Percentage of binder with respect to the dry weight of the 200 kg/m®
soil
Preload Stabilized soil mixtures were subjected to preloading during 18 kPa

Response variables

Soil moisture content

Unconfined
compressive
strength

Elastic stiffness

curing to accelerate consolidation and densification to
produce higher strength gains

Percentage of water in the soil with respect to the dry soil
mass

Maximum compressive stress recorded for cured stabilized
soil samples, g, (kPa)

Young’s modulus secant measurement, Es5y, (MPa)

1.25 times liquid limit
(wr) = 87.5%

@ Springer
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Fig. 3 Experimental program treatments (central composite design—
CCD)

investigations regarding the pure square behaviour of these
factors [67]. Triplicates were designed for each point of the
cube (except for the central point cited—6 replicates),
which in turn produced a total of 48 trials for the 15 dif-
ferent points of the cube (experiment treatments). The cube
presented in Fig. 3 summarizes the mixtures or treatments
of the experimental design. Equations relating the con-
trollable factors to the response variables were defined
through a multivariate regression analysis (MRA) in order
to verify the possibility of mathematically modelling g,

Fig. 4 Storage container for moulding and curing of lab-scale
samples: a Automated sample moulding and curing box, where ‘1’
is a thermostat, ‘2’ is a heater, ‘3’ are thermometers, ‘4’ is a float
valve, ‘5’ is a water pump and ‘6’ is an overflow pipe; b Cylindrical
mould and steel cylinder for preload and ¢ lower support “cylindrical
rings”

and Eso from the proposed second-order design and thus
obtain response surfaces.

The levels adopted for the controllable factors (Table 3)
were defined based on reference studies
[1, 23, 74, 82, 95, 96, 108] and results of preliminary tests
carried out by the authors, taking into account the lack of
information on the mass stabilization of the local soil with
the wastes under study and the effect of its thermal curing.

Table 4 Binder design mixtures (or treatments) in the experimental program

Mixture [T(x)-(y)-(z) or PC(2)] Controllable factor level studied

Content (wt%) of ternary binder fractions

9%Substitution (x)  %CL (y)  Curing time — days (z) CL (wt%) GGBS (wt%) CEM-III (wt%)
T50-30-1 50 30 1 15 35 50
T50-70-1 50 70 1 35 15 50
T80-30-1 80 30 1 24 56 20
T80-70-1 80 70 1 56 24 20
T65-50-1 65 50 1 325 325 35
T50-50-7 50 50 7 25 25 50
T65-30-7 65 30 7 19.5 45.5 35
T65-70-7 65 70 7 45.5 19.5 35
T80-50-7 80 50 7 40 40 20
T65-50-7 65 50 7 32.5 32.5 35
T50-30-13 50 30 13 15 35 50
T50-70-13 50 70 13 35 15 50
T80-30-13 80 30 13 24 56 20
T80-70-13 80 70 13 56 24 20
T65-50-13 65 50 13 325 325 35
PC-1 - - 1 0 0 100
PC-7 - - 7 0 0 100
PC-13 - - 13 0 0 100

T Ternary binder-stabilized mixtures, PC Portland cement-stabilized mixtures, (x) %Substitution, (y) %CL in alternative fraction, (z) Curing

time-days

@ Springer
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Fig. 5 Unconfined compressive strength (g,) for each treatment after curing

CEM-III was replaced with GGBS + CL (alternative
fraction) by 50-80% by mass (%Substitution). The CL
content (%CL), varied between 30 and 70% within the
alternative fraction. Thermal curing times of 1, 7 and
13 days were adopted. Binder content, soil moisture and
the magnitude of preloading in the stabilized soil were
defined as constant factors (Table 3), based on the native
soil properties and the recommendations proposed by
EuroSoilStab [54]. Finally, soil samples stabilized exclu-
sively with CEM-III (in triplicate) were manufactured as
reference mixtures, cured under the same study conditions.

2.3 Specimens preparation and testing

Fifteen binder designs and three reference mixtures
(Table 4) were used to stabilize the organic clay, following
the laboratory-scale mass stabilization methodology rec-
ommended to simulate in situ conditions [5, 20, 54, 83].
First, the soil was dried and the clods were manually
broken into a uniform dry powder. Then, with the help of
an electromechanical mixer, the soil was mixed with water
to reach the design moisture for 2 min until visual homo-
geneity was obtained. The binder powder was added and
continued to be mixed (for 2 more minutes) with the wet
soil until a homogeneous mixture was achieved. The final

mixture was placed in a cylindrical mould (20 ¢cm high and
internal diameter of 4.75 cm) in 4 layers of approximately
25 mm thickness. Each layer is compacted with light
manual pressure three times for approximately 2 s (to
eliminate bubbles of liquid or air), until the estimated
specimen height of 95 mm was reached. Solid steel bars
(with a diameter of 45 mm) were used to apply a preload of
18 kPa after filling the mould, representing 1 m of granular
backfill was used as recommended by Axelsson et al. [20]
and EuroSoilStab [54].

To simulate the mass stabilization process and curing
conditions as accurately as possible, a custom-built sample
storage container was manufactured for specimen mould-
ing and curing. The container was automated through the
installation of numerous electronic and mechanical com-
ponents. A programmable thermostat (device ‘1’ in
Fig. 4a) was installed to monitor the temperature of water
in the container, which controlled the heater (device ‘2’ in
Fig. 4a) to ensure that the water temperature was main-
tained at 59.5-60.5 °C, to accelerate hydration and poz-
zolanic reactions for strength gain, according to procedures
adopted for producing precast GGBS-based concretes
[26, 50, 74]. A pair of digital thermometers (device ‘3’ in
Fig. 4a) was used to monitor the temperature of the water
at different positions within the container. To minimize the

@ Springer
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Table 5 ANOVA table for compressive strength (g,,)

Source DF Adj. SS Adj. MS P value
Linear 3 38,415,281 12,805,094 0
A: % Substitution 1 1,072,651 1,072,651 0.020
B: % CL 1 5,415,436 5,415,436 0
C: Curing time 1 31,927,195 31,927,195 0
Square 3 2,146,132 715,377 0.015
A% % Substitution*% Substitution 1 45,044 45,044 0.618
B% % CL*% CL 1 396,352 396,352 0.145
c% Curing time*Curing time 1 1,778,381 1,778,381 0.003
Interactions 3 4,021,741 1,340,580 0.001
AB: % Substitution*% CL 1 411,733 411,733 0.138
AC: % Substitution*Curing time 1 2,000,633 2,000,633 0.002
BC: % CL*Curing time 1 1,609,374 1,609,374 0.005
Error 33 5,874,469 178,014
Lack of fit 4 3,512,312 878,078 0.110
Pure error 29 2,362,156 81,454
Total 44 54,053,498
S (standard deviation) = 421.917
R? = 0.891

R? (adjusted for free degrees) = 0.855
R? (predicted) = 0.809

DF Free Degree, Adj. SS Adjusted Sum of Squares, Adj. MS Adjusted Average of Squares, R’ Coefficient of determination

effects of evaporation on lowering water levels within the
storage container, a float valve (device ‘4’ in Fig. 4a) was
installed to introduce more water into the container and
maintain a constant water level throughout the curing
period. To maintain the temperature uniform along all
points of the container, a submersible water pump (device
‘5’ in Fig. 4a) was installed to create a water flow to avoid
hot water points near the heater. Finally, an overflow pipe
(device ‘6’ in Fig. 4a) was installed as a safety measure, to
prevent water overflow should the float valve fail.

The base of the container was made of rigid acrylic, so
rings (Fig. 4c) were fixed to function as a bottom support
for the cylindrical moulds (Fig. 4b), which are equipped
with a geotextile at their base to prevent migration of the
stabilized soil mixture. These rings allow the cylindrical
moulds to be isolated at the base of the container (ap-
proximately 1/3 of the height of the ring), below which a
series of perforations were made to allow the free circu-
lation of water, through the geotextile, towards the stabi-
lized mixtures during the curing period (curing under
immersion). After the specified curing period, with the aid
of a specimen extractor, the stabilized mixtures were
extruded from the cylindrical moulds.

@ Springer

2.4 Unconfined compressive strength tests

Prior to the compression test, the faces of the specimens
were cut and/or coated to ensure a flat surface perpendic-
ular to their longitudinal axis and to maintain a height of
9.5 cm [54]. Unconfined compressive strength (UCS) tests
were performed according to ASTM D1633-17 [14] in an
automatic loading frame (equipped with a SOkN load cell),
where a strain rate of 1.14 mm/min was used. The tests
were stopped by adopting the maximum compressive stress
failure criterion. Mass-stabilized soil specimens were tes-
ted after 1, 7 and 13 curing days, as presented in Tables 3
and 4.

2.5 Secant modulus of elasticity

Geotechnical designs must be assessed in terms of their
ultimate limit state (ULS) and serviceability limit state
(SLS) to satisfy international engineering standards (e.g.
Eurocode 7). For mass soil stabilization, limit state is
governed by deformability conditions, therefore SLS is
more relevant than ULS [59, 83]. Hence, Young’s (elastic)
moduli (E5p) were measured from compressive stress—axial
strain curves generated for all mass-stabilized soil mixtures
using the secant method (i.e. for 50% of peak stress of
material (g,), in accordance with EuroSoilStab [54].
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Table 6 ANOVA table for stiffness (Esq)
Source DF Adj. SS Adj. MS P value
Linear 3 666,475 297,762 0
A: % Substitution 1 14,923 14,923 0.025
B: % CL 1 98,482 98,482 0
C: Curing time 1 553,070 553,070 0
Square 3 16,539 5,513 0.006
A% % Substitution*% Substitution 1 566 566 0.651
B% % CL*% CL 1 3,280 3,280 0.279
c% Curing time*Curing time 1 12,693 12,693 0.008
Interactions 3 75,728 25,243 0
AB: % Substitution*% CL 1 11,097 11,097 0.061
AC: % Substitution*Curing time 1 29,983 29,983 0.002
BC: % CL*Curing time 1 34,648 34,648 0.001
Error 33 89,497 2,712
Lack of fit 4 52,803 13,201 0.090
Pure error 29 36,694 1,265
Total 44 872,239
S (standard deviation) = 52.08
R? = 0.906

R? (adjusted for free degrees) = 0.874
R? (predicted) = 0.844

DF Free Degree, Adj. SS Adjusted Sum of Squares, Adj. MS Adjusted Average of Squares, R? Coefficient of determination

2.6 Microstructure and mineralogy

Selected samples of the soil stabilized with the alternative
ternary binder (HTB) and CEM-III (HCP) were subjected
to mineralogical and microstructural analyses. To avoid the
continuation of cementitious reactions of the different
binders between the sampling period and the execution of
the tests, by means of the solvent substitution technique
(using isopropanol) proposed by Scrivener et al. [106], the
hydration and pozzolanic reactions (in HCP and HTB
samples, respectively) were stopped at a predetermined
curing time and object to study, in order to preserve the
mineralogy and microstructure for the curing times under
study. The mineralogical composition of the specimens
was determined by X-ray diffractometry (XRD) by the
disoriented powder method [79] using a Bruker D8
ADVANCE X-ray diffractometer in a scanning range of
2°-80° at a step of 0.02°/40 s. In addition, for comparative
purposes, mixtures without hydration process (N-HTB and
N-HCP) were also analysed in order to identify the for-
mation and evolution of new mineralogical phases. The
microstructure of the samples was investigated by scanning
electron microscopy (SEM) with energy dispersive X-ray
analysis (EDX) using a Jeol JSM-6610LV. Sheet samples
were prepared to study the morphology and composition of
the reaction products. To maximize the quality of the SEM

images, the samples were first dried under vacuum and
metallized with gold.

3 Results and discussion
3.1 Geomechanical strength

Figure 5 summarizes the UCS test results for the different
ternary mixtures of the proposed binders [Treatments T(x)-
(v)-(2) in Fig. 5] and the results of the mixtures with CEM-
IIT as reference [Treatments PC-(z) in Fig. 5]. The findings
revealed two important considerations in the geomechani-
cal performance of the mass-stabilized soil mixtures: (1)
the importance of thermal curing time in activating poz-
zolanic reactions; and (2) the relevance of the addition of
high calcium contents in the performance of the alternative
binder. Regardless of the dosage of the constituents of the
TB, it was possible to observe the great evolution of the
UCS of the mixtures after 13 days of thermal curing
[mixtures T(x)-(y)-13 in blue colour—Fig. 5], with respect
to the mixtures after 7 days and 1 day of thermal curing
[mixtures T(x)-(y)-7 and T(x)-(y)-1 in grey and red colour,
respectively—Fig. 5].

Strength gains of 38-70 times (38x to 70x) were
observed with curing time (1-13 days) between treatments
or ternary mixtures of equal dosage. Several studies have
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Fig. 6 Secant elasticity modulus (Esg) for each treatment after curing

verified that the pozzolanic reaction rate is very low (low
initial strengths) [43, 45, 47, 50, 85]. However, the increase
in curing temperature enabled a greater amount of alumi-
nosilicates in reactive phases of the slag to react to form
cementitious compounds. This was due to the higher sol-
ubility of alkaline hydroxides (Ca(OH), from the CL) with
temperature, which rapidly increased the alkalinity of the
system and, consequently, allowed these aluminosilicates
in the slag to be released (solubilized), facilitating the
formation of cementitious gels [28, 32].

Escalante et al. [52] and Escalante-Garcla and Sharp
[53], in Portland cement pastes with GGBS additions
(30-50 wt%) observed that the amount of reacted slag
increased by up to 20% as the curing temperature increased
from 30 to 60 °C after 28 days. This was due to the poz-
zolanic reaction between GGBS and Ca(OH), produced in
the same hydration process as Portland cement. The
inclusion of temperature in the curing processes (thermal
and hydrothermal) in the study of cementitious materials
has been catalogued as a catalytic agent of the reactions
[41, 122]. In this regard, several authors have studied the
implementation of different thermal curing regimes to
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determine the maximum achievable compressive strength
in different types of binders to predict and model their
strength development at different ages when cured at
ambient conditions [4, 64, 84, 91].

On the other hand, it was observed that the TB mixtures
with higher CL contents (%CL > 50%) showed the highest
strength magnitudes, even when compared with the refer-
ence mixtures, mainly after 7 and 13 days of curing
(treatments PC-7 and PC-13, respectively—Fig. 5). The
maximum failure stress attained in the study (i.e. the
maximum unconfined (UCSy,,) Was recorded for the T80-
70-13 mixture, reaching 3710 kPa after 13 days of thermal
curing. This mixture possessed “% CL” =56 wt%,
“%GGBS = 24 wt% and "% CEM-III* = 20% (Table 4).
That is, the mixture with lower CEM-III content and higher
%CL in the alternative fraction of study. In addition, it can
be observed that T80-70-13 produced a much higher UCS
compared to its lower ~%Substitution* analogous mix
(T50-70-13) and the reference mix (PC-13), which used
only CEM-III. Similarly, after 7 days of curing, the T65-
70-7 mix ("% CL*“ =455 wt%, ”%GGBS = 19.5 wt%
and “% CEM-III” = 35%—Table 4) reached a strength of
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Fig. 7 Relationship between unconfined compressive strength (¢,) and secant elasticity modulus (Es5g)

2616.7 kPa, equivalent to 1.5x the strength of the mix that
used exclusively CEM-III (1700 kPa in treatment PC-7).
However, after 1 day of curing, the strengths of the refer-
ence mix (PC-1 in Fig. 5) tended to be higher compared to
the TB mixes [T(x)-(y)-1 mixtures in Fig. 5], evidencing
the rapid hardening characteristic of Portland clinker-based
binders and the need for their inclusion to guarantee a
minimum initial strength for practical applications of the
mass stabilization method.

Figure 6 presents the corresponding Es, measurements.
The findings showed a stiffness behaviour similar to that
previously reported for strength. The relevance of the
curing time and the addition of CL in the mechanical
development of the mixtures was highlighted. The maxi-
mum stiffness was observed in Mixture T80-70-13,
reaching 432.8 MPa, T65-50-13 (401.3 MPa) and T65-70-
7 (352,9 MPa). These mixtures had “% substitution” of
80% and 65%, “% CL” =70% and 50%, after 13 and
7 days of thermal curing, respectively. Furthermore, these
three mixtures produced higher stiffnesses compared with
the CEM-III reference mixtures (PC-13 and PC-7, respec-
tively—Fig. 6). The g, results and Esy measurements from
this study were directly correlated with each other, as
presented in Fig. 7 which presented a linear behaviour
defined by a coefficient of determination, R? = 0.97, with a
Eso/q, ratio between 100 and 200 times in agreement
EuroSoilStab [54]. This linear correlation between g, and
stiffness was also observed by Lemos et al. [83] when
using Esg, and by Consoli et al. [44] and Lotero et al. [85]

who used initial shear modulus (Gy) as the stiffness
parameter.

3.2 Statistical analysis and multivariate
regression analysis (MRA)

An analysis of variance (ANOVA) was used to statistically
evaluate the significance of the controllable factors (linear
and/or quadratic effect) and their interactions on the
response variables. The statistical significance («) adopted
for the ANOVA was 0.05 (or 5%), i.e. a 95% confidence
level. The ANOVA results for g, and Es5, are presented in
Tables 5 and 6, respectively. Equations (1) and (2) define
the g, and Es, respectively; where A is the “% Substitu-
tion”, B is the “% CL” within the alternative fraction and
C is the “Curing time”. These equations, for practical
purposes, allowed the prediction of the mechanical
response of the ternary binder across different levels of the
variables under study and therefore the construction of
response surfaces. The regression model defining the
response surfaces (Figs. 8 and 9) was validated using the
values of the coefficient of determination adjusted to the
degrees of freedom of the statistical model (R’adj). The
values of R%adj = 0.855 and R%adj = 0.874 obtained from
the MRA were notably higher than the R%adj = 0.7 rec-
ommended by Montgomery [89] for response variable
prediction purposes. Additionally, the non-significance of
the ANOVA lack of fit (P value > 0.05 in Tables 5 and 6,
respectively) determined that the quadratic model proposed
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in the experimental design (CCD) adequately fits the
experimental data.

qu(kPa) = 53 — 9.85A + 6.14B + 66C — 15.07C>
+3.21AC + 2.16BC (1)

Eso(MPa) = 21 — 1.26A + 0.648B — C — 1.27C>
+ 0.393AC + 0.3166BC (2)

The ANOVA ratified, both for g, and Es,, the great
influence of curing time on the mechanical response of the
stabilized soil, through the high values in the adjusted
mean squares (Adj. MS) of the different effects related to
this factor (factor C in Tables 5 and 6, respectively). The
response surfaces in Figs. 8a, b and 9a, b illustrated the
initial linear increase (first 7 days of curing) of the
mechanical response (for ¢, and Eso, respectively) and
subsequently an asymptotic trend for the 13 days of
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thermal curing, independently of the %Substitution and
%CL of the binder. This behaviour was validated by the
statistical significance (P value < 0.05) of both the linear
(C) and quadratic (C?) effect of the variable, showing a
strong indication that future strengths were achieved within
13 days of thermal curing. These results were of great
relevance, as the slow reaction rate of pozzolanic binders
can continue for many months or years under room tem-
perature curing conditions [104]. This hinders preliminary
investigations (design and dosing of the cementitious
agent) at laboratory scale to make practical applications of
the mass stabilization technique feasible [54, 59, 78].

The significant interaction effect of the factors “%
substitution” and “Curing time” for g, and Eso (AC
interaction in Tables 5 and 6, respectively) confirmed that
CEM-III improved the initial mechanical behaviour and,
the pozzolanic part, the long-term strength and stiffness
development. The response surfaces (Figs. 8a and 9a)
showed that after 1 day of curing, binder mixes containing
50% CEM-III resulted in average strength and stiffness
values between 1.6 and 5.3 times higher than for mixes
with 20% CEM-III, regardless of the %CL (T50-30-1/T80-
30-1 and T50-70-1/T80-70-1 ratios in Figs. 5 and 6), while
for 13 days of curing, the mixes with 20% CEM-III
resulted in ¢, and Esy values between 1.1 to 2.1 times
higher than for the mixes with 50% CEM-III (T80-30-13/
T50-30-13 and T80-70-13/T50-70-13 ratios in Figs. 5 and
6). This indicated that the addition of the alternative binder
fraction has a positive influence on long-term strength
performance, thus facilitating the reduction of the CEM-III
content in cementitious agent designs. However, its total
elimination is inadvisable for engineering scenarios where
short-term strength gains are a priority.

On the other hand, the results showed that the factor
“%CL” generated a linear growth in the mechanical
response, i.e. increasing the CL content linearly increases
the magnitude of ¢, and Es,, regardless of the percentage
of CEM-III substituted by the alternative fraction (Figs. 8c
and 9c, respectively). This could be verified by the exclu-
sive statistical significance (P value > 0.05) of their linear
effect (B), in Tables 5 and 6, respectively. However, the
need for a high calcium content within the TB was
observed to activate GGBS and maximize qu and E50 with
curing time (BC interaction effect in Tables 5 and 6), as
illustrated in Fig. 8b and 9b, respectively. This behaviour
could be explained by the acidic pH, organic content (ap-
proximately 10%) and the type of soil (clay) to be stabi-
lized, which would collectively reduce the reactivity of the
binder when mixed with the soil [21, 22, 29, 77].

Similarly, the moulding and curing methodology adop-
ted, in which the soil is saturated, and water is available
during the curing process (simulating the in situ conditions
of mass stabilization), would also justify the high CL
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requirements. A higher water content in the reaction
decreases the strength of the pozzolanic binder [60]. In
addition, a pH value > 10.5 in the soil-cement mixture is
required for the pozzolanic reaction to occur [51, 92].

3.3 Microstructure and mineralogy

The stabilized clay mixtures that produced the best
mechanical behaviour using ternary binder (HTB) and
CEM-III (HPC) were selected for microstructural and
mineralogical investigation of reaction products (treat-
ments or mixtures T80-70-13 and PC-13, respectively).
Likewise, non-hydrated samples of the same treatments of
both ternary binder (N-HTB) and CEM-III (N-HCP) were
selected, as was argued, with the objective of identifying
the formation and evolution of the reaction products at a
mature age (after thermal curing) and to investigate the
morphology and microstructure of the stabilized mixtures.

3.3.1 XRD analyses

The mineralogical phases present in the stabilized mixtures
were identified through detailed inspection of the peaks
within their respective XRD spectra via the Inorganic
Crystal Structure Database [71], which were also compared
to the spectra produced for the raw soil, the starting
materials (Fig. 2) and the non-hydrated mixtures (Fig. 10).
For the N-HTB sample, portlandite and calcite (mainly
from CL), quartz and phyllosilicates (from soil) and
alite/belite (from CEM-III) were the predominant mineral
phases observed. After the hydration and thermal curing
process (HTB mixtures), the XRD spectra suggested that
the original portlandite and alite/belite reacted to form new
reaction products, characterized by having cementitious
properties and a semi-crystalline structure and/or low
degree of ordering (broader—“flared” and low intensity
peaks) such as hydrated calcium silicate/aluminate (C—-S—
H/C-(A)-S-H), hydrotalcite, metastable amorphous cal-
cium carbonate and hydrated calcium hemicarboaluminate
(Fig. 10a), evidencing the thermodynamic instability typi-
cal of compounds in formation. The portlandite was com-
pletely consumed, indicating a high level of pozzolanic
reaction between the components of the CL and the GGBS,
thus explaining the higher strengths obtained by this binder
after thermal curing.

These reaction products were compounds resulting from
both the hydration process of CEM-III and the alkaline
activation of GGBS (pozzolanic reaction). Taylor [114]
related the majority presence of C—S—H/C—(A)-S-H) and
minority presence of metastable amorphous calcium car-
bonate and hydrotalcite in the reaction products of Portland
cement. On the other hand, Seo et al. [108] observed the
presence of hemicarbonate, hydrotalcite and C—(A)-S—-H
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Fig. 9 Secant elasticity modulus response surfaces for a Curing time
(days) versus % Substitution; b %CL versus Curing time (days); and
¢ %CL vs %Substitution

phases in slag and carbide residue mixtures. The coexis-
tence of these various reaction products in the same
cementitious matrix, synthesized through different chemi-
cal reaction mechanisms (hydration and alkaline activa-
tion), has been commonly referred to in the literature as
blended cements [111, 112].

On the other hand, for the N-HCP, the key mineral
phases observed were alite (C5S), belite (C,S), portlandite
(Ca(OH),), tetracalcium ferroaluminates (C4AF) and tri-
calcium aluminates (C3A) from CEM-III, as well as quartz
and some phyllosilicates (m, M, Fh, K in Fig. 10b) from
the soil. After the hydration and thermal curing process,
XRD spectra of the HCP sample determined that CEM-III
reacted forming mainly C—S-H/C—(A)-S—H and ettringite
phases, as similarly observed in Taylor [114] and Jennings
[73], with other minority carbonate phases of calcite and
hydrated calcium hemicarboaluminate. However, in the
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Fig. 10 XRD spectra of a ternary binder hydrated (HTB) and non-
hydrated (N-HTB) and, b Portland cement hydrated (HCP) and non-
hydrated (N-HCP) after 13 days of thermal curing. A: Alite-C3S
(tricalcium silicate); B: belite-C2S (dicalcium silicate); C: calcite; E:
ettringite; F: C4AF (tetracalcium aluminoferrite); Fh: ferrihydrite; K:
kaolinite; m: muscovite; M: Montmorillonite; P: portlandite; Q:
quartz; T: C3A (tricalcium aluminate); 1: CASH (calcium aluminate
silicate hydrate); 2: CSH (calcium silicate hydrate); 3: hydrotalcite; 4:
calcium hemicarboaluminate hydrate; 5: metastable amorphous cal-
cium carbonate

HTB mixtures a better definition and greater intensity of
the peaks or diffraction lines of the compounds was
observed. This was indicative of a greater quantity and
degree of polymerization of the gels formed in the stabi-
lized soil, which would be associated with the high mag-
nitudes of g, and Esy previously reported for the ternary
mixtures.
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3.3.2 SEM

Figure 11 presents the SEM micrographs (morphology) of
the HTB (Fig. 11a—c) and HPC (Fig. 11d-f) mixtures at
magnifications of x500, x1000 and x2000, correspond-
ing to the T80-70-13 and PC-13 treatments of the experi-
mental program, respectively. In general, the micrographs
indicated that the stabilized soil mixtures generated
homogeneous matrices due to the cementation levels after
thermal curing. However, the samples stabilized with the
ternary binder (HTB) showed a lower amount of microp-
ores and macropores. This explains the excellent mechan-
ical performance of the soil stabilized with the ternary
binder compared to the CEM-III mixtures by accelerating
the reactions with thermal curing. Porosity strongly influ-
enced strength development and is considered as a key
factor in the mechanical behaviour of artificially cemented
soils [33-39, 42-46]. These findings would be linked to the
further evolution of cementitious reaction products result-
ing from the hydration process of the CEM-III fraction and
alkaline in activation of GGBS HTB mixtures, previously
reported from XRD analyses.

The SEM micrographs presented in Fig. 12a (x3500)
identified typical C—S—-H/C—(A)-S-H) gel morphologies,
formed by the hydration of CEM-III (HPC) at a mature age
(due to thermal curing). These corresponded to structures
in the form of solidified sheets (Pt. A), interwoven “hon-
eycomb” sheets (Pt. B) and amorphous agglomerates (Pt.
C), evidencing the geliform characteristic (variable mor-
phology) of this reaction product [81, 97, 98]. EDX spectra
(e.g. E-1 and E-2 in Fig. 12b and c), respectively), taken
pointwise, showed a slight inclusion of aluminium (Al)
within the C-S—H gel (C—(A)-S-H gel) which guarantees
the rapid initial setting of CEM-III. In addition, high cal-
cium (Ca) contents, with atomic Ca/Al ratios > 1.0, define
the characteristic low degree of polymerization of these
gels (lamellar structures—formed by Q2 units) [61, 106].
On the contrary, Fig. 13a shows the formation of a C-A-S—
H gel of dense and homogeneous structure (lower poros-
ity), rich in aluminium, with Ca/Al ratios < 1.0 (spectra
E-3 and E4 in Fig. 13b and c, respectively) showing the
advanced degree of the pozzolanic reaction and structural
order in which the aluminosilicates are arranged within the
gel after thermal curing. This evidenced the effectiveness
of the curing methodology to accelerate the reactions of the
HTB mixtures and to determine their mechanical behaviour
after long curing periods.

3.4 Thermal curing analysis
Using thermal curing, the use of a TB composed of 20%

CEM-III, 56% CL and 24% GGBS (T80-70-13 treatment
in Table 4) led to the highest mechanical response in the
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study. Curing temperature (60 °C) played a key role along  Therefore, to experimentally validate the findings from
with curing time in the production of cementitious reaction  statistical analysis and to determine the role of thermal
products and in increasing strength and stiffness.  curing versus a potential curing at room temperature
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(in situ conditions), an evaluation of the development of ¢,
after the specimens were cured at a controlled temperature
of 20 °C (HTB-20 °C in Fig. 14) was proposed for this
ternary mix (T80-70-13). The previously implemented
laboratory-scale moulding and curing methodology (under
immersion) was used. This was done to simulate ambient

@ Springer

curing conditions after 1, 7, 28, 60 and 90 days. Similarly,
thermally cured specimens (HTB-60 °C in Fig. 14) were
tested at 1, 7, 13, 28 and 60 days of curing. In parallel,
these tests were replicated for the 100% CEM-III stabilized
soil mix (treatment PC-13), in order to verify and contrast
the development of its strength under the two curing
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conditions (thermal: HPC-60 °C and room temperature:
HPC-20 °C in Fig. 14).

Figure 14 shows the results of curing time versus g,
(average of three replicates), showing the importance of the
type of binder. The HTB mixtures produced higher long-
term strengths than CEM-III (HPC), as observed in the

statistical analysis, regardless of the curing regime. The ¢,
obtained for the HTB-20 °C mixtures after 90 days of
curing still did not reach the g, recorded for the equivalent
samples that had been thermally cured for 13 days (HTB-
60 °C). Furthermore, it was observed that the HTB-60 °C
mixtures practically developed their maximum strength at
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13 days of curing. This served as confirmation that thermal
curing successfully simulated the long-term strength (more
than 90 days) of the stabilized mass of a clayey organic soil
using a TB, verifying its pozzolanic behaviour, with slowly
increasing strengths when cured at room temperature
(HTB-20 °C).

The stabilized soil mixes using 100% CEM-III did not
show this behaviour, reaching the maximum strength after
approximately 28 days for a 20 °C cure (HPC-20 °C),
when compared to the thermally cured mixes (HPC-60 °C).
However, at 7 days of curing the HPC-20 °C mixes
reached about 60% of their maximum strength (high early
strength). For geotechnical purposes, the use of the TB as
an additive in the mass stabilization method was success-
ful, reaching in about 75 days the same g, as soil stabilized
with the commercial binder (CEM-III) in 28 days, when
cured at room temperature (20 °C). Similar (or even
longer) time periods are required by other techniques for
the stabilization of soft soils, such as preloading embank-
ments or vertical drains, to increase the effective stresses
and thus the strength of the soil through the consolidation
process [8]. This makes the practical application of the
mass soil stabilization method feasible through the use of
the TB under study.

4 Conclusions

From the investigations mentioned in this study, the fol-
lowing conclusions can be drawn:

e g, and Es5, of stabilized organic clay specimens were
strongly dependent of curing time, confirming the
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hypothesis that the new ternary binder proposed
requires almost 2 weeks for reactions to initiate and
strength development to be observed due to its high
pozzolana content. CEM-III composing TB success-
fully ensured short-term strength gains, thereby allow-
ing TB practical use for geotechnical field applications.
Mechanical response results for TB were considered
satisfactory in relation to reference specimens executed
in same conditions, however using a conventional
binder (Portland cement) to stabilize an organic clayey
soil.

CL content in TB had a notable influence on stabilized
specimens, producing higher values of ¢, and Esq the
higher its content, mainly when thermally cured for
longer time periods. The portlandite content of CL was
likely responsible for this behaviour, given that it
dissolves in aqueous medium and released ions (OH™)
to increase the pH and forming reaction products (i.e.
alkali activation of GGBS). Longer CL dissolution
times result in more stronger reaction products, which
increases further with time (pozzolanic reactions).
Mineralogical and microstructural analyses suggested
that ternary binder materials fully reacted to form gels
C-A-S-H, along with other new mineral phases
including hydrotalcite, metastable amorphous calcium
carbonate and hydrated calcium hemicarboaluminate,
which likely explain the impressive geomechanical
behaviour of TB. This was also confirmed by SEM
imaging, which confirmed that stabilization produced a
denser and less porous microstructure in TB specimens
compared with the CEM-III stabilized soil.

Using a thermal curing (60 °C) was an important
innovative method in mass stabilization to analyse
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longer term future strength development in the confines
of time-restricted laboratory investigation. This allows
geotechnical practitioners to better study and define the
binder design and dosage before on-site execution,
given that pozzolanic binders have slow rates of
reactions. The strength development observed for the
mass-stabilized organic clay could be described by an
asymptotic trend over the 13 days of thermal curing.
This successfully demonstrated the use of short-term
thermal curing to simulate the strength development of
TB-stabilized soil mixtures cured at room temperature
for periods exceeding 90 days.

e Further studies can be carried out in the future to verify
the influence of preload level and amount of binder in
the mechanical response of stabilized soil. Furthermore,
the environmental impact of the proposed ternary
binder can be evaluated by life cycle assessment
(LCA). Moreover, future studies could check if the
current results can be applied to different alternative
binders composed by others industrial wastes (e.g.
sugarcane bagasse ash, fly ash, rice husk ash, eggshell
lime and so on).
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