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ABSTRACT

Laponite has emerged as a particularly promising material for use as a soft clay surrogate in

geotechnical modeling, as it provides a relevant range of transparency, plasticity, and overall

geotechnical behavior. This paper presents an investigation of the significant factors affecting

the transparency of laponite for its use in physical geotechnical models. Image analysis tech-

niques and complementary optical tests were conducted to gain an understanding of the fac-

tors causing changes in optical clarity. Aging time, laponite content, and rheological additive

dosage were found to be the most significant factors affecting the transparency of laponite.

Specifically, the ratio between the rheological additive dosage and laponite content (additive

mass ratio) was found to serve as a relevant index to define the material’s optical behavior, and

its use facilitated the determination of the optimum laponite and additive contents. The pres-

ence of inclusions within the internal laponite structure, such as trapped air pockets and un-

hydrated laponite crystals, identified as the key factor compromising optical clarity, could be

ultimately associated with the selection of insufficient dosages of rheological additive. Overall,

laponite was identified as a viable surrogate of natural clays suitable for models requiring com-

paratively large in-depth visualization.

Keywords

transparent clay, laponite, rheological additive, transparency, optical clarity, geotechnical model

Introduction

The use of transparent synthetic soils in laboratory testing procedures has emerged as

a nonintrusive technique for the visualization of internal displacements (e.g., Iskander
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2010). Granular transparent aggregates have included the use of amorphous silica gel (e.g., Iskander, Sadek, and Liu

2002; Toiya, Hettinga, and Losert 2007) and fused quartz (e.g., Ezzein and Bathurst 2011, 2014; Guzman, Iskander,

and Bless 2015; Ferreira and Zornberg 2015; Kong et al. 2016; Peng and Zornberg 2017, 2019; Xiang et al. 2018;

Chen et al. 2019; Yuan et al. 2020). On the other hand, transparent clay surrogates have involved the use of amor-

phous silica powder (e.g., Gill and Lehane 2001; Iskander, Liu, and Sadek 2002; Sadek, Iskander, and Liu 2002, 2003;

Liu, Iskander, and Sadek 2003; McKelvey et al. 2004; Iskander and Liu 2010; Liu and Iskander 2010; Ni, Hird, and

Guymer 2010; Black 2015; De Guzman and Alfaro 2016, 2018) and synthetic magnesium lithium phyllosilicate

(e.g., Beemer and Aubeny 2012; Wallace, Rutherford, and Zheng 2015; Ads, Iskander, and Bless 2020).

Synthetic magnesium lithium phyllosilicate (Ads, Iskander, and Bless 2020), also known as laponite, has been

reported to offer several advantages when used as transparent surrogate clay in geotechnical physical models,

including adequate ranges of plasticity, rheology, and transparency (Wallace and Rutherford 2015). The use of

laponite requires that adequate visibility extends to depths relevant to the problems being analyzed, thus ensuring

testing accuracy, precision, and resolution (White, Take, and Bolton 2003). However, several inherent character-

istics of laponite may affect its optical clarity (OC), including the laponite content, additive dosage, and inclusions

that may develop within laponite microstructure (e.g., Beemer et al. 2016). Overall, the state-of-the-art in laponite

modeling would benefit from a comprehensive quantification of the factors affecting the optical and related physi-

cal characteristics of hydrated laponite.

Previous efforts to evaluate transparency in geotechnical models have included the use of reference grid lines

(e.g., Liu and Iskander 2010), eye chart assessment methods (e.g., Ads, Iskander, and Bless 2020), digital pho-

tography methods (e.g., Black and Take 2015; Beemer et al. 2016; Nelsen 2018), and adapted optical frameworks

(Yi et al. 2018). Despite the significant insight provided by prior investigations, limited information is available on

the quantification of transparency for comparatively large models.

The focus of the research presented in this paper is on laponite as a synthetic clay material as well as on the

rheological additives used to reach a range of geotechnical properties representative of soft clays. An important

objective is to investigate and quantify relevant factors affecting the transparency of laponite used as clay surro-

gate in physical modeling. The paper includes an initial discussion on available information on laponite, followed

by a discussion on the impact of sample preparation and laponite recycling procedures. The optical and physical

properties of laponite are subsequently discussed, including fabric and possible causes of decreased transparency.

A method developed to assessing transparency is described, followed by an evaluation of the effect on transpar-

ency of the laponite content, rheological additive dosage, aging time, and depth of viewing plane.

Background on Laponite and Relevant Additives

Laponite is a synthetic smectite with structure and composition similar to those of the natural clay mineral hec-

torite (e.g., Thompson and Butterworth 1992; Ruzicka and Zaccarelli 2011). More specifically, laponite is a syn-

thetic hydrophilic layered silicate that is insoluble in water but hydrates and swells when water is readily available.

Laponite types are typically grouped into gel- and sol-forming additives, with both types having been utilized in

applications such as construction, personal care, agriculture, polymers, surface coating, and paper (Kumar,

Muralidhar, and Joshi 2008). The molecular formula of laponite (Balnois, Durand-Vidal, and Livitz 2003), which

reflects the relative proportion between the chemical components (sodium, silicon, magnesium, lithium, fluorine,

oxygen, and hydrogen), is as follows:

Na+0:7½ðSi8Mgð6−xÞLixFyÞO20ðOHÞð4−yÞ�−0:7 (1)

where:

x= relative proportion of lithium, dimensionless, and

y= relative proportion of fluorine, dimensionless.

The advantages of using laponite as a transparent clay surrogate include efficient reproducibility, purity, and

availability, rendering it suitable as a filler and thickening agent for aqueous preparations in a wide range of
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industrial applications (Thompson and Butterworth 1992). Among the available laponite types, the gel-forming

grades have been often adopted as a soft soil surrogate in geotechnical modeling. Specifically, this product is

commercially known as Laponite-RD, being simply referred to as laponite in subsequent sections of this paper.

The molecular formula of laponite powder (Laponite-RD), considering its average chemical composition (van

Olphen 1977), corresponds to relative proportions x and y in equation (1) of 0.55 and 0, respectively. That is:

Na+0.7½ðSi8Mg5.45Li0.3ÞO20ðOHÞ4�−0.7 (2)

Figure 1 illustrates different scales of the laponite structure. Laponite corresponds to a layered hydrous

magnesium silicate within the family of (2:1) phyllosilicates (Ruzicka and Zaccarelli 2011). The unit cell is com-

posed of 6 octahedral magnesium ions sandwiched between double layers of 4 tetrahedral silicon ions, as rep-

resented in figure 1A. In powder form (fig. 1B), laponite crystals share interlayer sodium ions (Na+), resulting in

highly oriented packed platelets (Ramsay, Swanton, and Bunce 1990). Laponite nanoparticles are hydrophilic and

highly influenced by the pH level of the surrounding medium.

Once dispersed in water (for pH< 11), hydration reactions begin, and laponite particles show significant

swelling (Ruzicka and Zaccarelli 2011). Release of sodium ions results in a highly negative charge on the laponite

basal faces, while a weakly positive charge develops on the rims of the disks due to protonation of the hydroxyl

groups (OH−) with hydrogen atoms of water (Tawari, Koch, and Cohen 2001; Ruzicka, Zulian, and Ruocco 2006;

Ruzicka and Zaccarelli 2011). This creates a colloidal dispersion of randomly oriented (Ramsay, Swanton, and

FIG. 1 General view and unit cells of laponite: (A) diagrammatic sketch of atomic structure; (B) laponite powder and

arrangement into stacks; and (C) laponite in liquid and hydrated forms showing details of particle arrangements.
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Bunce 1990) disk-shaped laponite particles with a thickness of∼1 nm and diameter of∼25 nm (Kumar et al. 2008;

Ruzicka and Zaccarelli 2011), which are smaller than natural clay particles (Terzaghi, Peck, and Mesri 1996;

Mitchell and Soga 2005). Such dispersion is illustrated in figure 1C (liquid form).

The workability of laponite samples for geotechnical physical modeling can be improved by reducing inter-

actions among individual laponite particles to prevent gelation during sample preparation. This includes the use

of the inorganic compound tetrasodium pyrophosphate (Na4P2O7), as firstly suggested by Beemer et al. (2016).

A laponite content of up to 13.5 % (Ads, Iskander, and Bless 2020) and 15 % (Beemer et al. 2016) has been

achieved when using sodium pyrophosphate decahydrate (Na4P2O7.10H2O, designated as SPP) as a rheological

additive. When dissolved in water, the tetravalent negatively charged pyrophosphate ions neutralize the positively

charged rims of individual laponite particles, thus decreasing the electrostatic attractions between positively

charged rims and negatively charged particle surfaces. Although this leads to decreased flocculation and reduced

shear strength, it also results in improved workability by delaying gelation.

The aqueous laponite dispersion undergoes structural evolution and aging, which is characterized by a time-

dependent increase in viscosity and modulus (Bonn et al. 1999). Electrostatic and van der Waals interactions

develop between laponite platelets (Tawari, Koch, and Cohen 2001). Hydration results in a strongly interactive

viscoelastic gel containing partially oriented platelets (Ramsay, Swanton, and Bunce 1990) due to the electrostatic

attraction between the negatively charged faces and positively charged sides of the disks (Bonn et al. 1999), also

designated as a “house of cards” structure (van Olphen 1977), which is represented in figure 1C (hydrated form).

The effective volume associated with each laponite particle is much larger than the platelet itself (Mossa, Michele,

and Sciortino 2007) because of the electrostatic screening on its surfaces.

Transparent soils have often been achieved by saturating a transparent aggregate with a pore fluid of match-

ing refractive index, thus creating a homogeneous medium to light (e.g., Iskander and Liu 2010; Yuan et al. 2020).

Commercially available laponite powder has a refractive index of 1.5000 (Wallace and Rutherford 2015), whereas

the refractive index of pure distilled water (de-aired, at 20°C) is 1.3333 (Hecht 2017). Despite the mismatch of

refractive indexes, each individual laponite platelet hydrates and swells in contact with water, so the refractive

index of the resulting dispersion (which is time-dependent) ranges from 1.3345 to 1.3365 at 20°C (Kumar et al.

2008), thus creating a transparent material after hydration.

Hydrated laponite has a cellular microstructure with interconnected voids and is composed of elongated cells

that are several orders of magnitude larger than natural clay particles (e.g., El Howayek et al. 2014; Ads, Iskander,

and Bless 2020). This structure is characterized by a thixotropic behavior that shows an elastic response at rest and

a viscoelastic or viscous response when subjected to shaking or shear loads caused by bonding breakings (Barnes

1997). When such loads end, the structure reverts to its original arrangement, also known as rebuild strength

capability. A chemical dissociation occurs when hydrated laponite meets atmospheric carbon dioxide (CO2),

which results in leaching of magnesium ions (Mg2+) into the solution (Ruzicka, Zulian, and Ruocco 2006), also

influencing the OC and geotechnical properties of aged samples.

Materials Used in the Experimental Program

SPP was the rheological additive used throughout this study. This material was produced by Acros Organics, with

a reported bulk density of 1,820 kg/m3, a refractive index of 1.4250, and solubility in water of 62 g/L at 20°C.

Laponite-RD, produced by BYK Additives and Instruments, was used as clay simulant. This material met the

following specifications: bulk density of 1,000 kg/m3; surface area of 370 m2/g, according to the Brunauer–

Emmett–Teller (BET) model; and refractive index of 1.5 at 20°C.

The chemical composition (dry basis), as reported by the supplier (BYK Additives and Instruments), con-

sisted of 59.5 % of silicon (SiO2), 27.5 % of magnesium (MgO), 2.8 % of sodium (Na2O), and 0.8 % lithium (Li2O).

The coefficients describing the relative proportion of the chemical components of laponite (x and y in equa-

tion (1)) could be defined based on the reported composition. Accordingly, fluorine content is null (coefficient

y), while the relative proportion of lithium corresponds to 0.55 (coefficient x). Therefore, the chemical
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composition of the laponite used in the present study agrees with grade RD (equation (2)), as suggested by van

Olphen (1977).

SAMPLE PREPARATION

The sample preparation methods adopted in this study are discussed next, including a brief discussion of the

rationale for their selection and the approach adopted for sample remixing.

Protocols for Sample Preparation

Previous investigations have indicated that temperature influences considerably the transparency of soil surro-

gates such as fused quartz (Ezzein and Bathurst 2011) and amorphous silica (Black and Take 2015). Likewise, the

temperature has also been reported to influence the rate of gelation of laponite (e.g., Ramsay 1986; Kumar et al.

2008). A constant temperature of 20°C was maintained in this study during sample preparation to facilitate the

repeatability of test results.

The type of water adopted in this research was distilled water (de-aired, type II), which meets the speci-

fications outlined in ASTM D1193-06(2018), Standard Specification for Reagent Water. Its reported refractive

index is 1.3333 at 20°C (Hecht 2017). It should be noted that different types of water have been used in previous

studies involving laponite, including tap water (e.g., Beemer et al. 2016; Ads, Iskander, and Bless 2020), de-aired

distilled water (e.g., Chini et al. 2015; Wallace, Rutherford, and Zheng 2015; Wallace and Rutherford 2015), and

deionized water (e.g., Ruzicka and Zacarelli 2011; Ads, Iskander, and Bless 2020), with pure sources of water being

preferred for their comparatively low percentage of impurities.

Vigorous mixing at a fixed time interval has been recommended to facilitate proper laponite hydration and

facilitate repeatability in experimental results (Ruzicka, Zulian, and Ruocco 2006; Ruzicka and Zaccarelli 2011).

Nonetheless, unhydrated laponite aggregate crystals have been identified within the internal structure of laponite

in gel form (e.g., Bonn et al. 1999; Nicolai and Cocard 2000), which has been attributed to incomplete mixing.

The boundaries formed between unhydrated crystals and hydrated laponite may result in light scattering, which

ultimately compromises OC. Different types of mixing devices have been used for laponite preparation, including

an axial flow approach, recommended by laponite’s manufacturer (BYK Additives and Instruments) to minimize

sedimentation of solids (McConville and Kessler 2019).

Figure 2 displays this mixing system adopted in this study, with figure 2A showing the axial flow equipment

and accessories used to mix the laponite aqueous solution, figure 2B depicting the 45° pitched blade turbine (with

a diameter of 50 mm), and figure 2C showing the shape factors considered for the batch tank, i.e., bottom clear-

ance (Bc), impeller diameter (Di) and thickness (w), tank diameter (Dt), and liquid height (Z). The geometric

ratios adopted in this study followed recommendations for adequate mixing of solids (Di/Dt= 1/3, w/Di= 1/5,

Z/Dt= 1, Bc/Di= 1) as reported by McConville and Kessler (2019).

The oven-dried mass of SPP and laponite (mSPP and mlap, respectively) were determined by discounting the

masses of water, as estimated by the water content values (68 % and 8.2 % for SPP and laponite, respectively).

Accordingly, the total mass of water (mw) was established considering both the distilled water added into the

mixtures and the initial SPP and laponite moisture content values. The mass values of SPP and laponite in sol-

ution were normalized as follows:

cSPP =
mSPP

mw +mSPP +mlap
:100 (3)

clap =
mlap

mw +mSPP +mlap
:100 (4)

where:

cSPP= rheological additive dosage, %,

clap= laponite content, %,

mw= total mass of water, g,
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mSPP= oven-dried mass of SPP, g, and

mlap= oven-dried mass of laponite, g.

The overhead mixer was set to a relatively high rate of rotation (2,200 rpm) to facilitate laponite hydration

and mixture homogeneity. It should be noted that the chemicals were added to the solution in air-dried con-

ditions. The batches of laponite slurry prepared in each stage had an average volume of 1.5 L, with mixing being

conducted for approximately 10 min. The SPP dosage and laponite content ranged from 0.00 % to 3.28 % and

from 1.89 % to 11.33 %, respectively.

Samples were molded immediately after mixing to minimize the influence of aging. The slurry was poured

into recipients or molds, depending on the laboratory tests to be carried out, for predefined aging periods (0.25, 1,

7, 14, and 28 days) at a constant laboratory air temperature (20°C). Individual samples were covered with

a polyethylene plastic film to minimize desiccation and evaporation before testing.

Remixing

The “house of cards” structure (fig. 1C) that characterizes laponite in hydrated form is partly lost when the sample

is subjected to shearing. However, the thixotropic nature of laponite tends to reestablish the original structure

after shearing ceases with increasing aging time. This response is particularly useful when considering the reuse of

laponite samples after testing. Even though this self-healing capability may facilitate the reuse of previously tested

samples, the impact of remixing on transparency required proper evaluation of the material obtained after im-

plementing this procedure.

The remixing procedure adopted in this study entailed the following steps: (1) pouring a thin layer with 10-mm

depth of laponite aqueous solution on top of the laponite sample to be remixed (using the same laponite content and

SPP dosage); (2) carefully introducing the impeller into the hydrated gel; (3) setting the overhead mixer to a target

mixing speed (60 rpm, or 240 rpm) that was considerably lower than the original mixing speed (2,200 rpm) to

FIG. 2

Mixing system:

(A) overhead mixer;

(B) detail of impeller; and

(C) detail of tank

dimensions.
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minimize the formation of air pockets; and (4) carefully maneuvering the impeller within the sample, ensuring ad-

equate remixing of the original material. Following remixing, samples remained covered with a polyethylene plastic

sheet until testing to avoid the development of superficial cracks (desiccation) and accumulation of impurities.

In this paper, the term “laponite sample” is used to refer to initial samples prepared by mixing laponite

powder into a solution of water and additive (i.e., first-time hydrated samples). Instead, the term “remolded

sample” is adopted to refer to a previously hydrated sample subjected to remixing.

OPTICAL AND PHYSICAL PROPERTIES

The optical and physical properties of laponite, in hydrated and powder forms, are discussed in this section.

Microstructure and Fabric

Light microscopy was used to evaluate inclusions that had been identified in the laponite microstructure (using an

Axiovert 200M Fluorescent Microscope manufactured by Zeiss). Samples of hydrated laponite prepared with

various laponite contents, and additive dosages were placed in special glass chambers tailored for these tests.

Laponite samples in hydrated and powder forms were also evaluated using scanning electron microscopy

(SEM) using a Zeiss Supra 40V Scanning Electron Microscope. An ultrathin layer of conductive paint (plati-

num/palladium coat 15-nm thick) was applied over dried samples before SEM analysis to enhance conductivity.

Figure 3 presents light microscopy and SEM test results, which are discussed next.

Figure 3A shows inclusions that were identified using light microscopy techniques (including unhydrated

laponite stacks, impurities, and air pockets), also indicating the additive mass ratio (AMR) associated with each

sample. The AMR is obtained as the ratio between the mass of additive and laponite (mSPP/mlap). The presence of

unhydrated laponite crystals revealed that a fraction of laponite crystals did not disperse in water, possibly creat-

ing a source of light scattering (Nicolai and Cocard 2000) that affects transparency. Filtration techniques have

been adopted in previous studies to decrease the presence of impurities, also contributed to reducing the amount

of unhydrated laponite crystals (e.g., Bonn et al. 1999; Nicolai and Cocard 2000), although the effect of filtration

on transparency was not evaluated in such studies.

The AMR was identified as a useful index to normalize the behavior of laponite samples in this study. In fact,

it was possible to correlate insufficient additive dosage with the presence of air pockets within the hydrated

laponite microstructure based on images collected by light microscopy. The software ImageJ was used to collect

information on the size and frequency of the air pockets, i.e., measurements of the average diameter of air pockets

(Dair) found in different samples, as shown in figure 3A.

Based on SEM analysis test results, figure 3B shows the surface morphology of oven-dried hydrated laponite

as well as a closer view revealing the superficial cracks resulting from volumetric shrinkage. The development of

shrinkage cracks is related to the chemical dissociation that occurs when laponite meets atmospheric carbon

dioxide (Ruzicka, Zulian, and Ruocco 2006), as previously discussed in this paper. Accordingly, laponite has

the capability of returning to the original structure when water is readily available because the thixotropic nature

of laponite allows it to reestablish its original structure, possibly supporting sample reuse.

The fabric of laponite powder is shown in figure 3C. The figure illustrates several aggregations of structural

units or laponite crystals. Images collected during SEM analysis were used to assess the apparent particle size

distribution and other shape characteristics of the laponite crystals. The software ImageJ was used to collect

the parameters such as the diameters of the largest and smallest circles (Dmax, and Dmin, respectively) that fit

into the identified laponite crystals. The representative diameter (DR) of each crystal was defined as follows:

DR =
Dmin + Dmax

2
(5)

where:

Dmin=minimum diameter, μm,

Dmax=maximum diameter, μm, and

DR= representative diameter, μm.
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Figure 4A presents the average diameter of air pockets observed in samples prepared using increasing values

of laponite content and different additive dosages (shown in the figure as AMR). The results in figure 4A show

that, for a given laponite content, the diameter of air pockets correlates well highly with the additive dosage.

The diameter of air pockets in samples for a given AMR was found to increase exponentially with increasing

laponite contents. The trend of the experimental data could be represented as follows:

Dair = expðk1 + k2 ×
ffiffiffiffiffiffiffi
clap

p Þ (6)

where:

Dair = diameter of the air pockets, mm, and

k1 and k2= constants, dimensionless.

Coefficient k1, as expressed in equation (6), could be assumed to have a constant value of (−7) regardless of
additive dosage and laponite content. On the other hand, coefficient k2 showed values of 3.33, 2.57, 2.04, 1.99, and

1.90 for AMR of 0, 0.01, 0.04, 0.14, and 0.27, respectively. Based on these results, laponite contents up to 4 %

provided adequate levels of workability associated with AMR above 0.01, whereas laponite content exceeding 4 %

FIG. 3

Light microscopy and

SEM results:

(A) microstructure of

hydrated samples;

(B) fabric of oven-dried

hydrated laponite; and

(C) View of laponite

powder particles.
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required larger amounts of additive to improve workability. Considering the observed relationships among

laponite contents, AMR, and workability, an optimum additive dosage was identified for different laponite con-

tents, which led to enhanced OC (see next section of this paper).

Analysis of SEM images allowed evaluation of the particle size distribution of laponite powder crystals

and unhydrated crystals, as depicted in figure 4B. The single platelet size shown in this figure is associated

with the dimensions of a microscopic single laponite platelet, reported as 25 nm by Ruzicka and Zaccarelli

(2011). An exponential function was found to fit well (R2 > 95 %, with R2 representing the coefficient of de-

termination) with data collected on laponite powder’s particle size distribution, according to the following

function:

P = expð−6.97 + 1.12
ffiffiffiffiffiffi
DR

p
Þ (7)

where:

P= percentage of particles finer than a certain diameter, %, and

DR= representative diameter, μm.

Based on equation (7), 95 % of laponite powder crystals have a representative diameter smaller than 37.5 μm,

whereas 95% of the unhydrated laponite crystals randomly distributed in the internal structure have an average

diameter smaller than 17.5 μm. This reveals that sample preparation methods could be improved further (e.g., us-

ing filtration) to prevent the presence of unhydrated crystals due to deficient additive dosage.

Absorbance and Transmittance

High-resolution spectroscopy was conducted on laponite samples using a Cary 5000 high-performance

Spectrophotometer, which works in the 220–800-nm wavelength range and can independently measure the ab-

sorbance and transmittance spectra. A sample with 5 % laponite content and 0.4 % SPP dosage was selected,

considering that these dosages resulted in air pockets of comparatively smaller diameters (fig. 4A). Figure 5

presents the spectroscopy test results.

Figure 5A presents the resulting transmittance and absorbance spectra for the sample containing 5 %

laponite content and 0.4 % SPP dosage. Transmittance levels exceeding 81.85 % were observed for wavelengths

corresponding to the spectrum of visible light (390 nm [violet] to 780 nm [red]) associated with a path length of

10 mm. Maximum transmittance levels were found to correspond to wavelengths ranging from 628 nm to 717 nm

(88 % to 90 % transmittance, respectively), which corresponds to the red-light spectra (622–780 nm, as in Hecht

2017). Absorbance levels of 0.05110 were detected for the same wavelength range.

FIG. 4 Properties associated with light microscopy and SEM results: (A) effect of AMR on air pocket diameter;

and (B) particle size distribution of laponite powder and unhydrated particles.
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It should be noted that the absorbance of a beam of collimated monochromatic radiation in a homogeneous

isotropic media can be quantified by the Beer–Lambert law when it adheres to the following relationship:

Ab = ε:cm:l = logð1=TrÞ (8)

where:

Ab= absorbance, dimensionless,

ε=molar absorptivity coefficient, L ×mol−1 × cm−1,

cm=molar solute concentration, mol/L,

l= optical path length, cm, and

Tr= transmittance, %.

Because absorbance and transmittance spectra were measured independently, it was possible to correlate

experimental results and values predicted according to equation (8). The calculated absorbance spectra correlated

strongly (R2> 99 %) with the real values measured during testing, indicating that the tested sample of hydrated

laponite followed the Beer–Lambert law. Negligible diffuse reflectance was measured by the specific module

coupled to the spectrophotometer, providing evidence that absorbance was the most relevant factor affecting

the transparency of the tested laponite sample for an optical path length of 10 mm.

Considering that both the optical path length (l= 10 mm) and the molar absorptivity coefficient (ε) are
constants (equation (8)) during testing, the absorbance of hydrated laponite is primarily dependent on the

FIG. 5

Spectroscopy results of

a sample with a laponite

content of 5 % and SPP

dosage of 0.4 %:

(A) transmittance and

absorbance spectra;

(B) illustration of

testing setup; and

(C) comparison between

gauge readings and

tracked displacements

for a sample with

100-mm depth.
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concentration of this chemical compound in solution. Thus, it can be concluded that both absorbance and trans-

mittance are dependent on laponite concentration, which ultimately impacts the resulting OC.

Laser Penetration Depth

Laser technology has been used to enhance experimental capabilities by highlighting particle positions in geo-

technical physical models involving transparent soil (e.g., Iskander 2010). However, their use may be limited by

the depth of laser penetration into laponite samples. The percentage of absorption is related to the decay of light

intensity with depth at a rate determined by the absorption coefficient, which is a function of the wavelength and

temperature (Brown and Arnold 2010). The optical penetration or absorption depth for materials that follow the

Beer–Lambert law is defined as follows:

δ = 1=kA (9)

kA =
1
l
: ln

½1 − ðR=100Þ�2
Tr=100

(10)

where:

δ= laser penetration depth, cm,

kA= absorption coefficient, cm−1,

l= optical path length, cm,

R= reflectance, %, and

Tr= transmittance, %.

A laser diode module from Coherent, model PL-501, was selected for this study. This device works at a wave-

length of 670 nm (±10 nm of tolerance), has a power rating of 500 mW, and a fan angle of 30°. Under these

conditions and considering the transmittance spectra (fig. 5A), hydrated laponite (6 % laponite and 0.06 %

SPP) presents 88.24 % transmittance and kA of 0.125 cm−1 (equation (10)) at an air temperature of 20°C. This

leads to a penetration depth of 80 mm (equation (9)). However, this estimate may not define the penetration depth

accurately, as penetration depth is also a function of factors that are not considered in equation (9).

Given the uncertainties related to the range of laser penetration depth within laponite and therefore possible

inaccuracy in collected data, additional testing was performed to quantify the magnitude of errors related to

displacement estimates. A selected sample of hydrated laponite (5 % laponite and 0.4 % SPP dosage) was placed

into an acrylic container with a square footprint of a 127-mm side length and a height of 100 mm, as shown in the

testing setup represented in figure 5B. A camera was positioned perpendicular to the reference vertical plane

located within the transparent soil sample. The computer-controlled camera was programmed to capture images

after each increment of vertical displacement, facilitating the assessment of the resulting displacement fields.

The reference plane consisted of a thin vertical layer (approximately 10 mm) of a mixture prepared with 5 %

laponite and 0.05 % SPP, which was strategically positioned at the middle length of the box to produce a speckle

pattern under laser illumination. Air pockets are inherent to this laponite content and AMR (equation (5)), thus

serving as seeding particles in this test. The MATLAB subroutine developed by Blair and Dufresne (2008) was

used to identify the position of the air pockets captured in each picture, supporting the determination of the fields

of displacements based on a sequence of pictures.

The accuracy of displacement measurements was quantified by the percent error defined as the following:

E =
δgauged − δPIV

δPIV
:100 (11)

where:

E= error, %,

δgauged= gauged displacement, mm, and

δPIV = tracked displacement, mm.
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Figure 5C shows a comparison between gauge readings and tracked displacements, providing insight into

the average magnitude of the errors associated with the testing procedures. The average percent error (equa-

tion (11)) of these tests was 0.33 %, showing that good agreement could be achieved between the experimental

data and tracked displacements.

Refraction

The refractive index of isotropic media is governed by the Lorentz–Lorentz Formula (Lorentz 2004), which relates

the refractive index of a substance to its density, absolute temperature, and wavelength. Based on the studies of

Lorentz (2004), the following equation can be used to describe the refractive index of a transparent medium

(Schiebener and Straub 1990) for a constant wavelength:

n2D − 1
n2D + 2

:
1
ρ
=α0 + α1:ρ + α2:Tm (12)

where:

nD= refractive index of the sample at the reference D-line, dimensionless,

ρ= specific gravity of the solution, g/cm3,

α0, α1, and α2= fitted coefficients, dimensionless, and

Tm= absolute temperature, K.

The refractive index of hydrated laponite samples was assessed using a digital refractometer that operates at a

constant wavelength of 589.3 nm. Refractive indexes were measured at aging times of 1, 7, 14, and 28 days at an air

temperature of 20°C. Samples involved laponite contents ranging from 3 % to 11 %, with and without rheological

additive. Test results were evaluated considering a constant wavelength as indicated in equation (12) by plotting a

graph of ðn2D − 1Þ=ðρ:ðn2D + 2ÞÞ in relation to ρ under constant air temperature (i.e., Schiebener and Straub 1990;

Kumar et al. 2008). The results are plotted in figure 6, with figure 6A showing results obtained using samples

with no rheological additive and figure 6B considering results obtained using samples with 0.4 % SPP dosage.

When considering the solutions with no rheological additive (fig. 6A), the fitted linear trend involves a

coefficient α1 of −0.1484, and an intercept (α0+ α2.Tm) of 0.3534. When a 0.4 % SPP dosage was used

(fig. 6B), coefficient α1 is −0.1376, and the intercept (α0+ α2.Tm) is 0.3424. It was not possible to differentiate

coefficients α0 and α2, as tests were conducted at a constant temperature (20°C). Even in the absence of such

FIG. 6 Refractive indexes at 20°C fitted to the extended Lorentz–Lorentz equation: (A) no rheological additive

and (B) rheological additive at a dosage of 0.4 %.
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information, experimental data clearly show a trend consistent with the findings reported by Kumar et al. (2008),

which proposed a coefficient α1 of −0.13 and an intercept (α0+ α2.Tm) of 0.3592 for laponite content ranging

from 2 % to 3.5 % and no additives, at a temperature of 20°C.

For samples with no rheological additive (fig. 6A), the refractive index ranged from 1.3346 (2 % laponite) to

1.3407 (8 % laponite). These values are in line with those reported by Kumar et al. (2008), who reported refractive

index values ranging from 1.3345 to 1.3365 for laponite contents ranging from 2.0 % to 3.5 %. Accordingly, for

samples with an SPP dosage of 0.4 % (fig. 6B), the refractive index ranged from 1.3372 to 1.3466. Given the

agreement with the Lorentz–Lorentz formula (equation (12)), it may be concluded that density represented

the most significant factor affecting the refractive index of hydrated laponite, aside from the anticipated influence

of temperature. Because laponite concentration and additive dosage are the most relevant factors impacting the

density of the sample at a constant air temperature, both laponite concentration and additive dosage had a major

influence on the resulting refractive index values. On the other hand, aging time exhibited no relevant effect on

the refractive index of hydrated laponite.

Assessment of Transparency

The testing setup used in this research component is illustrated in figure7A. Laponite in its initial liquid form was

poured into the acrylic containers to reach the required depth of visualization. These acrylic containers had in-

ternal dimensions of 127 mm in length and width and allowed depths of visualization of 100, 300, and 600 mm.

Samples were stored and coved by polyethylene film during predefined aging periods (0.25, 1, 7, 14, and 28 days)

FIG. 7

OC results of samples

tested using 100-mm

depth: (A) image

analysis testing setup;

(B) samples without

additives; (C) selected

samples with rheological

additives; and

(D) changes in OC for

different AMR.
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at a temperature of 20°C. Before testing, samples were placed over a light pad, which served as a luminous back-

ground for enhanced picture collection.

A reference image consisting of black and white stripes and additional shapes with defined edges was placed

over the light pad to enhance image quality by inhibiting variations in shades and bright areas. A Nikon D5500

Digital Single Lens Reflex (DSLR) camera with an 18-55 mm lens was used. Camera parameters were fixed at

a focal length of 55 mm, aperture of f14, shutter speed of 1/10th s (depths of visualization of 100 and 300 mm) or

1/4th s (depth of visualization of 600 mm), ISO of 100, auto white balance, and no flash.

Two-dimensional linear image correlation was used to assess differences in OC between images. The cor-

relation coefficient (R) has a value of 1 if a pair images are identical and a value of 0 if no correlation exists.

The correlation R between a reference image “X” and a given image captured during testing “Y” can be

calculated from pixel intensity array subsets of a pair of images with identical size, as follows (e.g., Spiegel and

Stephens 2011):

R =
ΣmΣn½ðXmn − X̄Þ:ðYmn − ȲÞ�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½ΣmΣnðXmn − XÞ2�:½ΣmΣnðYmn − YÞ2�

p (13)

where:

R= correlation coefficient, dimensionless,

m= row pixel location, dimensionless,

n= column pixel location, dimensionless,

X̄=mean intensity value of matrix X, dimensionless, and

Ȳ=mean intensity value of matrix Y, dimensionless.

A MATLAB subroutine was developed for the analysis of the images collected in this study. Image prepro-

cessing involved converting the original Red, Green, and Blue (RGB) pictures to grayscale by eliminating the hue

and saturation information while keeping the same luminance. Intensity values at a certain pixel location ranged

from 0 (black) to 255 (white) in grayscale pictures. Image alignment and cropping were performed to ensure

analysis of the same area in both pictures, along with the same picture resolution. When comparing the reference

image with a sample of hydrated laponite, the coefficient of linear correlation was in the range of 0 ≤ R ≤ 1,

serving as a quantitative indicator of the transparency, i.e., OC ranging from 0 % (R= 0) to 100 % (R= 1).

EFFECT OF RHEOLOGICAL ADDITIVE DOSAGE, LAPONITE CONTENT AND AGING TIME

The effects of laponite content and aging time on OC are represented in figure 7B, for samples with increasing

laponite content and no rheological additives. The overall trend shows an increasing OC with increasing aging

time and decreasing laponite content. A marked decrease in transparency was observed for samples with laponite

content above 5 % when no additive was added, a trend that can be attributed to incomplete mixing when using

comparatively high laponite dosages. Essentially, the absence of additive in solution resulted in increasing stiffness

during mixing, which translated into poor workability. Such poor workability in the early stages of the mixing

process resulted in trapped air pockets and contributed to a decreased OC. The data fitting shown in figure 7B is

further discussed in later sections of the paper.

Figure 7C presents the effect of the rheological additive on the OC of samples prepared with laponite con-

tents of 4 %, 8 %, and 11 % at different additive dosages and aging periods. Similar trends were observed for

samples with laponite contents of 5 % and 6 %, which are omitted for conciseness. It was not possible to determine

optimum AMR for laponite contents of 2 % and 3 % because of the lack of a structured internal particle arrange-

ment (e.g., Ruzicka and Zaccarelli 2011) associated with low laponite contents (less than 4.0 %). However, these

materials may have limited use as surrogates of natural clays in geotechnical models regardless of the additive

dosage.

As shown by the results in figure 7C, the use of rheological additive facilitated mixing considerably, thus

improving the OC of samples in relation to samples with no additives, in agreement with the findings of Beemer
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et al. (2016). The data displayed in this figure substantiate the existence of an additive mass rate that optimizes

OC. Specifically, the trends show an increase in OC up to a certain dosage of rheological additive, i.e., AMR of

0.015, 0.08, 0.09, 0.2, and 0.27 for laponite contents of 4 %, 5 %, 6 %, 8 %, and 11 %, respectively.

The transition in behavior associated with optimum AMR is particularly relevant from a geotechnical mod-

eling perspective, given the considerable effect of additives on transparency and the anticipated effect on geo-

technical properties. The following equation was found to be representative of experimental data (R2= 95 %),

serving to represent the relation between optimum AMR and the laponite content:

AMRopt = b1 + b2=clap (14)

where:

AMRopt= optimum AMR, dimensionless, and

b1 and b2= fitted coefficients, dimensionless.

The values assumed by the fitted coefficients b1 and b2, as indicated in equation (14), were 0.3983 and

−1.50976, respectively. Accordingly, equation (14) is valid for laponite contents equal to or larger than 4 %.

It should be noted that these values are associated with the testing conditions adopted in this research, i.e., mixing

apparatus and procedures, laboratory air temperature, and chemical components.

Considering the relevant influence of aging on transparency, an additional evaluation was conducted to

investigate the mechanisms influencing the progressive increase of OC with sample aging. For the purposes

of this evaluation, a transparent soil sample was considered to have aged 0 days (t0) right after sample preparation.

A reference picture captured from the same sample aged “t1” days allowed calculation of the correlated OC, OCt1 ,

and a second picture capture from the same sample aged “t2” days led to calculated OC, OCt2 . Considering that

t2> t1, the rate of change in OC between samples (2) and (1) was quantified as follows:

OCrate =
ΔOC
Δt

=
OCt2 − OCt1

t2 − t1
(15)

where:

ΔOC= change in OC, %,

OCrate= rate of change in OC, %/day,

OCt1 =OC for sample aged t1, %,

OCt2 =OC for sample aged t2, %,

Δt= elapsed time between readings, day, and

t1, and t2= age of a sample, day.

Considering that the OC was determined for samples aged 0.25, 1, 7, 14, and 28 days, figure 7D presents the

rates of change in OC associated with the elapsed times between readings. AMR equal to 0.00, 0.01, and 0.40 were

used in this analysis.

When considering samples with no additive, the highest rates of change in OC (fig. 7D) corresponded to the

mixture with a laponite content of 8 % and no additives (11 % improvement per day in early stages), whereas the

other samples showed rates of change in OC ranging from 5 % to 7 % per day in early stages. In contrast, rates of

change in OC declined substantially for samples aged 7 or more days (up to 1 % improvement per day) for

samples with no additives. Similar trends were observed for samples containing rheological additives, indicating

that most of the improvement in OC occurs in the early aging stages (up to 7 days). The large increase in OC after

the initial mixing can be attributed to hydration reactions that occur within a few hours after initial mixing.

Nonetheless, OC continues to increase after the laponite became fully hydrated. This time-dependent improve-

ment in transparency after hydration can be largely related to the thixotropic behavior of laponite.

Overall, the results on OC (fig. 7) show that (1) aging time, laponite content, and additive dosage play

important roles in OC because of hydration and the impact of aging; (2) increasing laponite content results

Geotechnical Testing Journal

PIEROZAN ET AL. ON LAPONITE PROPERTIES 93



in a decreasing OC, a trend that is consistent with an increasing absorbance with laponite content, as well as with

the presence secondary inclusions in the internal structure; and (3) increasing additive dosage leads to increasing

OC but only up to an optimum content, beyond which a decrease in OC is observed due to delayed aging. These

results provide the basis to predict OC of aged samples, based on laponite content and AMR, discussed as follows.

PREDICTION OF OC

An exponential function was fitted to experimental data representing the relationship between laponite content,

aging time, and AMR. The function shows a strong correlation with the experimental data (R2> 90 %) and can be

represented as follows:

OC = L1:TL2 (16)

where:

L1 and L2= fitted coefficients, dimensionless, and

T= aging time, days.

Dimensionless coefficient L1 expresses the OC in the early stages after mixing because it is not dependent

on the aging time in equation (16). The following equation was found to be representative of experimental data

(R2> 90 %), serving to represent the relation between coefficient L1 and the laponite content:

L1 = ðp1 + p2:c
2
lapÞ2 (17)

where p1 and p2= fitted coefficients, dimensionless.

On the other hand, fitting coefficient L2 incorporates the effect of aging on OC. The following function was

found to strongly correlate with the experimental data (R2> 90 %):

L2 = q1:c
q2
lap (18)

where q1 and q2= fitted coefficients, dimensionless.

Figure 8 represents the values of the dimensionless coefficients, i.e., (A) L1, and L2, and (B) p1, p2, q1, and q2,

for different laponite contents and additive mass rates.

FIG. 8

Dimensionless

coefficients used to

predict the OC of aged

samples depending on

the laponite content and

AMR, as obtained using

laponite samples with

100-mm depth: (A)

parameters L1 and L2;

and (B) parameters p1,

p2, q1, and q2.
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As figure 8B shows, cubic spline curves were fitted to represent the experimental data representing coef-

ficients p1, p2, q1, and q2. Maximum and minimum values for these coefficients can be defined when plotted

against the AMR, with all of them showing the maximum/minimum for a value of AMR of approximately

0.125, which appears to be associated with a transition from deficient to excessive additive dosages.

Figure 9A depicts the contour curves associated with parameters L1 and L2 for different laponite content and

AMR. Parameter L1, which represents the OC in early stages of aging after mixing following hydration, ranged from

20 to 90, whereas parameter L2, which accounts for the effect of time on OC related to thixotropy gains, ranged from

0.01 to 0.1. Parameters L1 and L2 presented opposite trends, denoting that although samples with lower laponite

concentrations are prone to present higher OC in early stages, the effect of aging is more pronounced by samples

with higher laponite contents. This trend is also consistent with the results presented in figure 8A.

Figure 9B depicts the combined effects of dimensionless parameters on OC of samples with 100 mm of

depth. A progressive increase in OC with aging time is evident, which is also impacted by the laponite content

and AMR.

FIG. 9

Effect of rheological

additive on OC of

samples with 100 mm

depth: (A) fitted

parameters L1 and L2,

and (B) OC for samples

aged.
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EFFECT OF DEPTH OF VIEWING PLANE

This section discusses the effect of depth of viewing plane on OC, followed by the quantification of its impact on

the accuracy of displacement tracking.

Results as summarized in figure 10, with figure 10A indicating the relation between OC, depth of viewing

plane (100, 300, and 600 mm), laponite content (ranging from 4 % to 11 %), and aging, considering a constant

additive dosage (0.4 %). The optimum AMR (equation (14)) associated with laponite contents of 4 %, 5 %, 6 %,

8 %, and 11 % are 0.021, 0.096, 0.147, 0.210, and 0.261, and tested AMR (fig. 10A) corresponded to 0.1, 0.08,

0.070, 0.05, and 0.040. Thus, samples with a laponite dosage of 4 % and 5 % roughly match the optimum AMR,

and samples with a laponite dosage of 6 %, 8 %, and 11 % laponite correspond to additive under dosage. The

poor workability resulting from deficient additive content for samples containing 6 %, 8 %, and 11 % laponite

resulted in trapped air pockets, which led to a decreased OC. On the other hand, samples with adequate additive

dosage (4 % and 5 % laponite) showed relatively high OC for depths of the viewing plane ranging from 100 to

600 mm.

Overall, the following observations can be drawn from the experimental results (fig. 10A): (1) OC increases with

decreasing depths of viewing plane, decreasing laponite contents, and increasing aging time; (2) a significant drop in

OC occurs when the additive dosage is insufficient to allow adequate mixing of the solution (samples containing 6 %,

FIG. 10 Effect of depth on OC: (A) effect of laponite contents and aging times; (B) testing setup for image analysis; and

(C) comparison between gauged readings and tracked displacements for a samplewith a laponite content of 5 %

laponite and SPP dosage of 0.4 %.
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8 % and 11 % laponite); and (3) secondary elements found in the internal structure, such as impurities, unhydrated

laponite stacks, and air pockets, have a greater effect on OC for comparatively large viewing plane depths.

Considering the good transparency for larger depths of visualization of samples with adequate additive dosage,

a sample containing 5 % laponite and 0.4 % SPP dosage and aged 7 days was used to assess the accuracy of dis-

placement tracking methods for different depths of the viewing plane (100, 300, and 600 mm). The testing setup is

shown in figure 10B. A reference image was affixed to the bottom of the acrylic containers (similarly to fig. 7A). The

testing procedure involved moving the acrylic containers horizontally while monitoring gauged displacements and

capturing pictures of the reference image following each step of horizontal displacement. Pictures were taken with

the same resolution to facilitate testing accuracy. The Particle Image Velocimetry (PIV) technique was used to track

the field of displacement vectors, following the MATLAB routine developed by Thielicke and Stamhuis (2014).

A comparison between gauged and tracked displacements is presented in figure 10C. The percent error used to

quantify the accuracy of displacements, calculated according to equation (11), resulting in errors of 0.28 %, 1.67 %,

and 6.66 % for visualization depths of 100, 300, and 600 mm, respectively. Each testing phase consisted of applying

incremental displacements on the order of 1 mm, resulting in a discrepancy between gauged and tracked displace-

ments corresponding to 0.002, 0.017, and 0.0665 mm, for depths of visualization of 100, 300, and 600 mm,

respectively. These results show that comparatively large test setups are a viable alternative for geotechnical physical

models when dealing with adequate additive dosages, especially for relatively low laponite contents.

EFFECT OF SAMPLE REMIXING

Samples aged 28 days were subjected to remixing to allow evaluation of the viability of reusing laponite samples by

quantifying its effect on transparency. The following procedure was adopted: (1) a thin layer of laponite in liquid

form with approximately 10-mm depth was poured on top of samples with the same laponite content and additive

dosage as the original sample; (2) this material was carefully remixed at different speeds (60 and 240 rpm) and left

to rest; and (3) OC was determined for the aging times of 28.25, 29, 35, 42, and 56 days. Figure 11 shows the results

of these tests, obtained after remixing at speeds of (A) 60 rpm and (B) 240 rpm.

A pronounced decrease in OC can be observed immediately after remixing (fig. 11), regardless of the laponite

content and additive dosage. As previously discussed in this paper, hydrated laponite has the capability to reestablish

the original structure after shearing with increasing aging time. This behavior was also associated with a progressive

FIG. 11 OC for aged samples with 100 mm depth after remixing using speeds of: (A) 60 rpm and (B) 240 rpm.
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increase in OC with increasing aging time, despite the initial pronounced decrease. The changes in OC (ΔOC)
between 28 days (first-time hydrated samples) and 56 days (remixed) samples were, on average, −20 % for samples

remixed at 60 rpm, and −15 % for samples remixed at 240 rpm. Sample with a laponite content of 8 % and no

additives resulted in comparatively poor OC due to trapped air pockets, indicating that additive dosage does not

only improve the workability of first-time hydrated samples but also enhances the OC of remixed samples.

Based on the results of this evaluation, the following points can be highlighted: (1) optimum AMR was

required to improve remixing capabilities; (2) remixing procedures must be meticulousness performed to avoid

trapped air pockets, regardless of remixing speed rate; and (3) a pronounced decrease in OC is expected immedi-

ately after remixing, which is partially recovered with increasing aging time. Hydration reactions could ultimately

be associated with the structural evolution of remixed hydrated laponite, contributing to the time-dependent OC

behavior. This remixing procedure produced an essentially new sample taking advantage of the hydrated laponite

capability to reestablish the original structure with increasing aging time.

Summary and Conclusion

This research focuses on generating experimental results to quantify the relevant factors that affect the trans-

parency of laponite (Laponite-RD) for use as a clay surrogate in geotechnical physical modeling. An extensive

testing program was conducted to obtain the optical and physical properties of laponite samples prepared under a

wide range of conditions. The most relevant lessons learned are as follows:

• Aging time, laponite content, and dosage of rheological additive were found to be particularly relevant
factors affecting transparency. Relationships were developed to allow the prediction of OC in terms of these
factors.

• The AMR (AMR=mSPP/mlap) was found to be a key indicator of laponite transparency, as it strongly
correlated with the workability and efficiency of laponite sample preparation procedures. Considering this
parameter, values of optimum additive dosage could be defined for a specific laponite content.

• Changes in OC are particularly significant in the early aging stages after laponite sample preparation (from
the initial mixing to 7 days [up to an 11 % increase]), which may be attributed to laponite hydration and
early stages of aging. Aged samples presented a time-dependent increase in OC that averaged a 5 % increase
over the subsequent 3 weeks.

• Relevant aspects of the time-dependent OC included quantification of maximum transmittance levels in
laponite samples, which were observed for spectra of red light (transmittance of 88 % to 90 % for wave-
lengths ranging from 628 nm to 717 nm), and the refractive index of hydrated laponite, which was found to
depend primarily on sample density and temperature.

• The reuse of laponite samples after remixing was evaluated and deemed feasible, which has important
practical implications for large-scale testing setups. Samples must be prepared with optimum AMR to en-
hance remixing capabilities, and remixing procedures must avoid the trapping of air pockets. A decrease in
OC may result upon remixing, but it was found to depend on the laponite content and additive dosage.

Overall, hydrated laponite was found to provide a viable modeling alternative to natural soils because of the

optical and physical properties presented by this material, which benefit the use of displacement tracking methods.
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