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Abstract3

Obtaining high-quality samples from tailings storage facilities (TSFs) remains a key challenge in4

tailings engineering. Although samplers such as Dames & Moore (DM) and Gel Push have been5

evaluated for natural soils, their performance in mine tailings remains less documented. This study6

evaluates the quality of tailings samples recovered using DM, Gel Push, and Shelby samplers at three7

TSFs, with direct DM–Gel Push comparisons available at one site. The evaluation combines CPTu8

data, field shear-wave velocity measurements, laboratory index testing, CRS oedometer tests, bender9

element tests, controlled disturbance tests on reconstituted specimens, and a qualitative scoring10

scheme based on tube-level condition, extruded specimen condition, X-ray specimen condition,11

and prepared specimen condition. Commonly used strain-based consolidation criteria, including12

reconsolidation volumetric strain and normalized void-ratio change, did not separate the imposed13

disturbance levels in the tested tailings and showed limited agreement with qualitative scores from14

retrieved samples. In contrast, recompression-based metrics from consolidation tests provided clearer15

trends and were more consistent with qualitative scores. Thresholds from previous studies did not16

transfer directly to the tested tailings, indicating that material-specific properties can influence17

sample-quality criteria. Laboratory-to-field Vs,1 ratios provided an independent assessment that was18

generally consistent with the consolidation-based and qualitative scores, although material variability19

within a sample could affect interpretation. For the materials tested, DM and Gel Push samplers20

generally recovered higher-quality specimens than Shelby tubes, with the DM sampler showing21

slightly better performance than Gel Push in the available comparisons, although the dataset for22

such comparisons is limited. Overall, the results support using multiple complementary indicators23

to evaluate sample quality in mine tailings and emphasize that criteria developed for natural soils24

should be applied carefully and only as reference values.25
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1. Introduction28

Tailings sampling is routine in investigations of tailings storage facilities (TSFs), yet29

studies assessing the quality of recovered samples remain scarce. Most prior evaluations of30

sampling quality have focused on natural soils (e.g., Umehara et al. (2015); Da Fonseca et al.31

(2019); DeGroot et al. (2020); Stringer et al. (2015); Landon et al. (2007); Lim et al. (2019)),32

whereas sample-quality evaluations in mine tailings remain limited (e.g., Jamiolkowski and33

Masella (2015)). Among previous efforts in natural soils, Umehara et al. (2015) compared34

conventional thin-wall tube (TB) and Gel-Push–Rotary (GP-Tr) sampling and reported that35

GP-Tr outperformed tube sampling in non-plastic soils with moderate fines content (FC =36

12–24%). Da Fonseca et al. (2019) evaluated Mazier, Gel-Push–Static (GP-S), and Dames37

& Moore (DM) samplers and found that GP-S and DM generally recovered higher-quality38

samples than the Mazier sampler in clean sands, silty sands, and sandy silts. DeGroot et al.39

(2020) investigated low-plasticity silty soils in Halden, Norway, and showed that specimens40

recovered using the GP-S sampler exhibited behavior indicative of lower disturbance than41

those obtained with the geometrically poor NGI-54 sampler, which was intentionally included42

as a reference for poor-quality sampling. In the same study, the Gregory undisturbed43

sampler (GUS) produced one-dimensional compression curves similar to those obtained from44

Sherbrooke block samples, suggesting high sample quality. The DM sampler yielded more45

compressible consolidation responses relative to the block and GUS samples, suggesting46

somewhat greater disturbance, but the assessments were only qualitative.Other studies47

comparing block, fixed-piston, and free-piston samplers have shown that fixed-piston systems48

generally recover higher-quality soft-soil samples than Shelby or free-piston tubes (Landon49

et al. (2007); Lim et al. (2019)).50

GP and DM samplers have been used in Christchurch to recover natural sands, silty51

sands, and silty soils for liquefaction-related laboratory testing following the Canterbury52

earthquake sequence (Stringer et al. (2015); Taylor et al. (2013a); Taylor et al. (2013b)).53

Across this body of work, GP-S, GP-Tr, and DM systems were considered. GP-S recovered54

high-quality silty sand and silty soil samples at selected sites, whereas GP-Tr trials in clean55
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sands indicated significant disturbance during sampling and/or transportation. For silty clay56

materials, GP-S and DM samples yielded similar cyclic resistance, suggesting comparable57

sample quality (Stringer et al. (2015)).58

In contrast to the extensive body of work on natural soils, evaluations of sampler59

performance for mine tailings remain limited. One notable example is the investigations at60

the Żelazny tailings deposit, where Gel-Push–Rotary (GP-Tr) sampling produced shear-wave61

velocity ratios between 80–100% of field values, suggesting good sample quality in silty and62

silty-sand tailings (Jamiolkowski and Masella (2015)). The gap in limited efforts on mine63

tailings is significant given the distinct mechanical characteristics of tailings, which often64

exhibit different scaling of mechanical properties such as strength and dilatancy relative to65

natural soils (Macedo and Vergaray (2022)).66

Among quantitative approaches, sampler performance has commonly been assessed using67

shear-wave velocity-based indicators and consolidation-based sample-quality metrics.With68

respect to shear-wave velocity (Vs), it is common practice to normalize Vs to an equivalent69

reference stress to account for overburden effects. The stress-corrected parameter Vs,1 is70

typically defined as Vs,1 = Vs (Pa/σ
′
v0)

n (Robertson et al. (1992); Andrus and Stokoe (2000)),71

where the exponent is material dependent. Ratios of field to laboratory Vs,1 have been used72

to infer the degree of disturbance (Jamiolkowski (2012); Fioravante et al. (2012); Sasitharan73

et al. (1994)).74

Consolidation-based disturbance indices originated with Terzaghi et al. (1996), who75

proposed that greater volumetric strain upon reconsolidation to in-situ stress indicates76

greater disturbance. This approach is most appropriate for high-plasticity soils(Hight and77

Leroueil (2003)). Lunne et al. (1997) later proposed the normalized void ratio change,78

∆e/e0, recognizing that identical volumetric strains may correspond to different disturbance79

levels depending on initial void ratio. DeJong et al. (2018) highlighted limitations of this80

criterion for non-clay materials, noting that ∆e/e0 may decrease in intermediate low-plasticity81

soils due to differences in compressibility, shallow stress states, or low overconsolidation82

ratio, without necessarily indicating good sample quality. Recognizing these limitations,83

DeJong et al. (2018) proposed evaluating disturbance using a work-based metric derived84
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Table 1: Sample quality evaluation methods typically used in practice

Methods Indicator Limitations

Vs based

V s1 based (e.g., Jami-
olkowski (2012))

Ratio of field and laboratory
estimated Vs1

• Potential sampling densification
effects not accounted for.
• Stress dependence may be site-
specific.

Consolidation based

Terzaghi et al. (1996) Volumetric strain upon recon-
solidation to field stress.

• Highly susceptible to material-
specific compressibility and stress
effects in low/moderate plasticity
soils (DeJong et al. (2018)).

Lunne et al. (1997) Void ratio change upon recon-
solidation to field stress nor-
malized by initial void ratio.

• Highly susceptible to com-
pressibility and stress effects in
low/moderate plasticity soils (De-
Jong et al. (2018)).

DeJong et al. (2018) Ratio of work-based metrics
during recompression and vir-
gin loading

• Reduced performance in low-
OCR and low-plasticity soils
• Uncertain generalizability of pro-
posed sample quality thresholds
(e.g., to mine tailings)

from consolidation tests. Similarly, Karlsrud and Hernandez-Martinez (2013) introduced85

slope-based indicators obtained directly from consolidation curves. These approaches can86

be interpreted within a work-based framework (DeJong et al. (2018)). In general, although87

sampling quality thresholds exist (e.g., DeJong et al. (2018), Lunne et al. (1997)), their88

applicability to mine tailings remains uncertain. Table 1 summarizes evaluation methods89

commonly used in practice and their limitations. .90

In this study, we evaluate the quality of mine-tailings samples recovered using Gel-Push,91

DM, and Shelby samplers at three TSFs. Gel-Push was used at all three sites, whereas92

DM and Shelby samplers were used at selected sites for comparison. We first characterize93

the sites using cone penetration testing with pore pressure measurements (CPTu) and94

4



field shear-wave velocity measurements, and then describe the sampling systems, field95

procedures, sample handling, and laboratory preparation protocols. We next discuss different96

methods for interpreting sampling disturbance from consolidation tests and evaluate them97

using reconstituted tailings specimens subjected to controlled disturbance levels. We then98

apply selected metrics to the recovered tailings samples and evaluate the resulting sampler-99

performance trends against an independent qualitative rating based on visual observations,100

X-ray imaging, tube condition, and specimen preparation quality. Separately, we also assess101

sample quality using field and laboratory shear-wave velocity measurements. Finally, we102

discuss the implications of these findings for selecting and evaluating sampling methods in103

mine tailings.104

2. Geotechnical Conditions of Investigated TSFs and Sampling105

2.1. Geotechnical conditions106

The geotechnical conditions at the investigated TSFs were defined through CPTu, com-107

plemented by measurements of shear (V s) and body (V p) wave velocities, and boreholes for108

sample recovery.109

Figure 1 presents the CPTu responses near the sampling location at TSF-1. The data are110

shown below 12.0 m, which corresponds to the depth below which tailings were deposited.111

Tip resistance (qt) ranges from 1-10 Mpa, sleeve friction (fs) varies from 50–200 kPa, except112

between 14-20 m and below 40m where it is lower than 50 kPa. Pore pressure (u2) is generally113

lower than 300 kPa up to 40 kPa, and at deeper locations it can reach 1500 kPa. The114

soil behavior index defined by Robertson (2016), Ic, varies from 2.8 to 3.6, indicating soil115

behaviors from transitional to clay-like. V s ranges from 230–400 m/s, and V p ranges from116

650-1000 m/s, suggesting partial saturation. Friction ratio (Fr) generally ranges from 1.5 to117

4.0.% with a trend to decrease below 35-40 m, suggesting a transition from high compressible118

slimes to less compressible old tailings. Qtn generally falls between 2 and 30, placing the119

material in the contractive zone of the Robertson (2016) chart. The normalized pore pressure,120

Bq, is 0.15 between 14 and 20 m, suggesting a local increase in saturation, and 0.4 below121

40 m depth.122

5



Figure 1: CPT parameters and soil behavior type (Robertson-2016) for site 1, the markers on the Ic chart
indicate sampling depth and sampler used.
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Figure 2: CPT parameters and soil behavior type (Robertson-2016) for site 2, the markers on the Ic chart
indicate sampling depth and sampler used.
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Figure 3: CPT parameters and soil behavior type (Robertson-2016) for site 3, the markers on the Ic chart
indicate sampling depth and sampler used.
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Figure 2 shows the CPTu responses near the sampling location at TSF-2. qt is higher123

in the first 14m (2 to 8Mpa) corresponding to underflow tailings, and lower (generally <3124

Mpa) at deeper locations, consistent with a transition to slimes. This is also consistent with125

the lower Ic (2.0 to 3.0) in the first 14m compared to the larger values (3.0-3.2) at deeper126

locations. fs also shows higher values (30-100 kPa) in the first 14 m compared to the deeper127

layers, where fs is generally below 50 kPa except for a localized layer at 33m. u2 starts128

increasing at about 12.0 m, where the water table is located. . Qtn is generally between 10129

and 100 on the first 14 m and then below 10 for deeper locations, indicating a transition130

to a more contractive response with increasing depth in the Robertson (2016) CPTu chart.131

Fr is generally between 1% and 4% with significant variations at some depths, indicating132

compressible materials with layering. Bq is generally between 0.3 and 0.6 below the water133

table, consistent with fine-grained materials. There are some layers (e.g., 33 m, 38m) where134

Bq drops to zero, suggesting interlayering with coarse layers. V s ranges from 200–300 m/s,135

and V p is around 450 m/s up to 20 meters, suggesting partial saturation .At deeper depths,136

V p ranges from 1450- 2050 m/s, indicating full saturation.137

Figure 3 shows the CPTu responses near the sampling location at TSF-3. The first 10138

m corresponds to sandy tailings with qt of 4MPa, fs of 40 kPa, null u2, an Ic between 2.0139

and 2.6, Fr of about 0.5, and null Bq. The CPTu indicates a transition to intermediate and140

clayey materials below 10 m (Ic between 2.8 and 3.2) with qt less than 3 MPa to 40m and qt141

between 3 and 10 MPa at deeper depths. fs also increases below 40 m from values that are142

less than 40 kPa to values up to 200 kPa at deeper parts in the profile. Below 10 m, Qtn is143

lower than 10 and Fr varies between 1% and 6% with larger values and fluctuations at the144

deeper part of the profile below 40m. Bq is generally between 0.3 and 0.5, with higher values145

from 10 to 40m. This information collectively suggests a clayey contractive response with the146

presence of sensitive materials between 10 and 40 m, and a predominant clayey contractive147

response at deeper depths. The V s shows a general increase with depth, ranging from 150148

m/s to 400 m/s. V p increasing from 300-800 m/s up to 25 m depth, suggesting partial149

saturation. Below 30 m, V p is generally higher than 1500 m/s, indicating full saturation.150
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2.2. Sampling151

Sampling depths are superimposed on the Ic profiles in Figures 1, 2, and 3 for the three152

TSF sites. For the Gel-Push system, most samples were recovered using the GP-S sampler,153

except for the second-from-the-top sample at TSF3, which was collected using a GP-Tr154

sampler. TSF2 considered sampling with all sampler types. At TSF1 and TSF2, sampling155

targeted predominantly fine-grained slimes, whereas at TSF3, sampling focused mainly on156

coarse-grained tailings. Tables A1, A2, and figure A1 in Appendix A summarize the main157

features of the considered samplers; a brief summary with relevant references is provided158

next.159

The DM hydraulic fixed-piston sampler (Figure A1(a)) follows the Osterberg-type hy-160

draulically activated fixed piston principle. The device incorporates several refinements,161

including a 450 mm-long thin-walled smooth brass liner with a constant inside diameter,162

a 60° external cutting edge angle, and a low area ratio. A neoprene skirt seal at the tran-163

sition between the pressure cylinder and liner enhances sealing. The smooth brass liner164

reduces soil–wall interface friction during penetration, while the skirt seal prevents entry165

of disturbed material from the borehole base and helps maintain suction during retrieval.166

Sampling proceeds in three stages: borehole preparation, hydraulic advancement of the liner167

at controlled pressure to full penetration (450 mm), and extraction after a short dwell period.168

Bray and Sancio (2006),Viana da Fonseca and Pineda (2017), and Viana da Fonseca et al.169

(2019) provide more details on the DM sampler and its operation.170

The GP-S system (Figure A1 (b)) uses hydraulic pressure to advance the sampling system171

and incorporates three pistons: a stationary piston, a piston that advances the sampling172

tube, and a piston that activates the core catcher. During sampling, the stationary piston173

remains at the borehole base, while the advancing piston drives the shoe, sampling tube,174

and liner downward. A key modification relative to conventional Osterberg samplers is the175

hydraulically activated core catcher, which retains the specimen during withdrawal and176

dispenses a viscous polymer solution to coat the sample surface. The polymer is driven177

downward by the advancing piston, flows through the annulus between the sampling and178

liner tubes, and coats the specimen through the core-catcher fins, while excess polymer is179
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vented through a pressure control valve. Upon reaching full penetration, hydraulic flow180

is redirected to activate the core catcher, which extends its fins to constrict and secure181

the sample. Mori and Sakai (2016) provides additional details on the GP-S sampler. The182

GP-Tr sampler (Figure A1(c) ) is a rotary triple-tube system that employs polymer-assisted183

lubrication. The outer barrel rotates to advance the sampler, while a non-rotating inner184

liner captures the specimen. A free piston, initially seated near the cutting shoe within the185

liner, is displaced upward as soil enters the tube, driving a viscous polymer into the annulus186

between the liner and the inner barrel. The polymer is discharged near the cutting shoe to187

coat the specimen and reduce interface friction, while excess polymer is vented through a188

pressure-control valve to prevent polymer infiltration into the soil. The sampler is advanced189

under controlled rotation and penetration rate, and the specimen is retained within the liner190

by the combined action of the cutting shoe geometry and free-piston system during retrieval.191

Additional details are provided by Mori and Sakai (2016). Sampling with Shelby tubes was192

conducted in accordance with ASTM D1587/D1587M-15 using a standard Shelby tube.193

Following sampling, the sample tubes were sealed, placed upright in a specially designed194

box, and then carefully transported by car from the testing sites to Georgia Tech laboratories,195

where a majority of the soils were tested. The samples handling and transportation followed196

the recommendations by Stringer et al. (2020) and Bray et al. (2016).197

2.3. Handling of Samples in the Laboratory198

Upon arrival at the laboratory, sample tubes were inventoried and extruded in accordance199

with the procedures recommended by Bray et al. (2016) for DM and Stringer et al. (2015),200

Stringer et al. (2020) for Gel-Push (GP) samplers.Tubes were unsealed and mounted in the201

extrusion frame while preserving their original vertical orientation. The extrusion system202

(Figure 4a, 4b, 4c) followed the recommendations by Stringer et al. (2015) . The assembly203

was rigidly wall-mounted and comprised a hydraulically driven piston, a rigid top plate,204

intermediate support plates, and support collars to ensure vertical alignment and uniform205

load transfer. A guiding collar was installed at the tube head to facilitate a clean horizontal206

cut using a sharp knife or wire. GP samples were extruded at full, sequentially obtaining the207
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Figure 4: Laboratory handling of samplers- (a) Components of the extruder assembly, (b) Support collar
placed under top plate to resist extrusion force and ensure alignment, (c) Guiding collar on top of the sampler
to facilitate horizontal cutting of sample, (d) Cutting of a DM tube before extrusion (e) Wrapping of sample
following extrusion, (f) Storage of sample in a moist box, (g) Sample preparation for testing
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desired specimen height, as described in Stringer et al. (2015). The DM tubes were sectioned208

into shorter lengths before extrusion to reduce wall friction following Bray et al. (2016),209

(Figure 4d). The DM tube was clamped to a rigid, vibration-free surface using collars, and210

the cutting location was supported on both sides to limit shear-induced deformation before211

cutting with a sharp metal cutter. After this process, samples were extruded.212

For all samplers, material near the top and bottom of each tube was discarded due213

to anticipated disturbance from sealing and extrusion, and was used primarily for index214

testing. After extrusion, specimens were either sealed with cling film to minimize moisture215

loss (Fig. 4e) and stored on a raised platen within a humidified container (Fig. 4f), or216

tested immediately (Fig. 4g). These handling procedures align with the recommendations of217

Stringer et al. (2015) and Stringer et al. (2020).218

3. Testing Program219

The testing program comprised grain-size analysis, Atterberg limit tests, moisture content220

measurements, constant rate of strain (CRS) oedometer tests, and bender element mea-221

surements on recovered samples. In addition, CRS tests were performed on reconstituted222

specimens targeting different levels of disturbance. Appendix B- Table B1 summarizes the223

testing program.224

Figure 5 summarizes key properties, including grain-size distribution, fines content,225

plasticity index (PI), and initial void ratio, across sites and sampling methods. As noted226

earlier, sampling at TSF-1 and TSF-2 targeted finer soils than at TSF-3, as reflected in227

the grain-size distributions, which show coarser materials at TSF-3. The fines content and228

PI data are consistent with this trend. The samples from TSF-3 collected from the first229

10 m were non-plastic and are plotted as PI = 0. Excluding these, PI values are generally230

consistent across sites and samplers, ranging between 7 and 15. One exception is a DM231

sample from TSF-2. The top half has a PI of 15, similar to other materials retrieved from232

the site, while the bottom half has higher fines content (FC = 100%) and a PI of 25.233

Initial void ratios for most samples range from 0.70 to 0.90. A notable exception is a234

GP-Tr sample from TSF-3 , which exhibits a higher void ratio. Prior to presenting the235
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Figure 5: Tested material properties of different sites (TSF-1, TSF-2, and TSF-3) (a) Grain size analysis (b)
Plasticity index (c) Initial void ratio (d) Fines Content. Markers represent sampler tube type, and Similar
color represents similar sampler tube

consolidation and bender element results for recovered and reconsituted samples, the basis236

for disturbance assessment is discussed in the next section.237

4. Methods for Evaluating Sample Disturbance238

Sampling disturbance was evaluated using multiple complementary metrics. The intent239

was not to assume that any single metric provides an absolute measure of sample quality in240

mine tailings, because most existing criteria were developed for natural clays or low-plasticity241

silty soils. Instead, the metrics were used comparatively to assess whether they provide242

consistent trends for: (1) laboratory specimens subjected to controlled disturbance levels,243
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and (2) field samples recovered using different samplers. The metrics considered include244

reconsolidation strain indices (Terzaghi et al., 1996; Lunne et al., 1997), compression-index245

ratios (DeJong et al., 2018), work-based indices (DeJong et al., 2018), oedometer-based246

modulus indicators (Karlsrud and Hernandez-Martinez, 2013), void-index-based indicators247

(Cai et al., 2026), and exploratory swelling recompression metrics. Recommended disturbance248

thresholds for the considered metrics were also used, but only as reference values because249

they were not developed for tailings. The following subsections define the consolidation-based250

metrics; the basis for the shear-wave velocity metrics was presented in the Introduction.251

4.1. Reconsolidation strain and normalized void-ratio change252

Reconsolidation-based metrics were computed from CRS oedometer tests by evaluating the253

deformation required to reload each specimen to the estimated in-situ vertical effective stress,254

σ′
v0. The reconsolidation volumetric strain, ϵv,r (Terzaghi et al. (1996)), was calculated as the255

vertical strain accumulated during loading from the seating stress to σ′
v0. The normalized256

void-ratio change (Lunne et al. (1997)) was also computed as ∆e/e0 = (ei−eσ′
v0
)/e0, where ei257

is the void ratio at the beginning of reconsolidation, eσ′
v0

is the void ratio after reconsolidation258

to σ′
v0, and e0 is the reference initial void ratio.259

4.2. Compression-index ratios260

The compression-index ratio, Cr,i/Cc, used by DeJong et al. (2018), was considered to261

quantify changes in the shape of the consolidation response. The initial recompression index,262

Cr,i, is defined as the slope of the first-loading recompression segment in e − log σ′
v space,263

measured from the seating stress to σ′
v0, unless otherwise noted. The virgin compression index,264

Cc, was measured over a post-yield stress interval representative of normally consolidated265

compression. According to DeJong et al. (2018), disturbance increases as Cr,i/Cc increases.266

Cr,i/Cc.267

4.3. Work-based recompression index268

Following DeJong et al. (2018) one-dimensional work per unit volume was computed as269

W =
∫
σ′
v dϵv directly from the consolidation curves, and used to estimate the Crw,i/Ccw270
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ratio defined by DeJong et al. (2018), where Crw,i is the work-based initial recompression271

index and Ccw is the work-based virgin compression index. See DeJong et al. (2018) for272

additional details on these metrics. Stress intervals similar to those used for Cr,i and Cc were273

used in the estimations. Disturbance increases as Crw,i/Ccw increases; this metric provides274

a stress–strain-work-based measure of recompression behavior, rather than relying only on275

slopes in e− log σ′
v space (DeJong et al. (2018)).276

4.4. Oedometer modulus-shape indicator277

The oedometer modulus-shape indicator, M0/ML, follows the sample-quality interpre-278

tation proposed by Karlsrud and Hernandez-Martinez (2013). The tangent constrained279

modulus is calculated from a consolidation curve as M = dσ′
v/dϵv. Two characteristic values280

are identified. The maximum initial reloading modulus, M0, defined during loading toward281

the yield region, after the initial seating portion of the curve. The minimum modulus, ML,282

defined as the minimum tangent modulus reached after the modulus decreases during yielding283

and before it increases again along the virgin compression range. The ratio M0/ML is used as284

an indicator of disturbance, with higher values associated with lower disturbance. Karlsrud285

and Hernandez-Martinez (2013) provides additional details.286

4.5. Void-index-based indicator287

The void-index-based indicators follow the framework proposed by Cai et al. (2026). The288

void index was defined by Burland (1990) as Iv = (e− e∗100)/(e
∗
100 − e∗1000), where e∗100 and289

e∗1000 are reference void ratios on the intrinsic compression line at vertical effective stresses of290

100 and 1000 kPa, respectively. For natural soils, Cai et al. (2026) defined the disturbance291

indicator as Ds = (∆Iv1 +∆Iv2)/Iv0, where ∆Iv1 = Iv0 − Iv1 captures the reduction in void292

index during reconsolidation to σ′
v0, and ∆Iv2 is the distance between the compression curve293

and the sedimentation compression line at a reference stress of 1000 kPa and Iv0 is the void294

index at the start of the consolidation test Cai et al. (2026). For reconstituted soils, they295

proposed the alternative metric Dre = ∆Iv1/Iv0. See Cai et al. (2026) for additional details.296
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4.6. Exploratory swelling recompression metrics297

In addition to the established metrics described above, two exploratory metrics were298

evaluated to assess whether the swelling response provides a useful reference for interpreting299

recompression behavior in the mine tailings we tested. The motivation for these metrics is300

discussed later in the "Discussion" section. The swelling index, Cs, was measured during301

unloading following virgin compression. The first exploratory metric is the angular difference302

between the initial recompression and swelling paths in e− log σ′
v space, defined as ∆θ =303

tan−1(Cr,i)− tan−1(Cs). Larger positive values of ∆θ indicate a greater difference between304

the recompression and swelling path slopes. The metric is therefore interpreted as a geometric305

slope-deviation index. The second exploratory metric is Cr,i/Cs, which compares the initial306

recompression slope with the swelling slope rather than with the virgin compression slope.307

The metrics described above emphasize different aspects of disturbance. Reconsolidation308

strain and ∆e/e0 quantify volume change during reloading to σ′
v0. Compression index309

and work-based ratios characterize the relative recompression response. The M0/ML ratio310

captures the shape of the tangent modulus curve. Void-index metrics attempt to account311

for intrinsic compressibility. The exploratory Cs metrics evaluate whether the swelling312

response provides an additional material-specific reference for interpreting recompression,313

and he Vs ratio metric discussed in the introduction provides an independent small-strain314

stiffness comparison. Because these metrics are material- and protocol-dependent, they were315

interpreted collectively rather than independently. Their performance is first evaluated by316

comparing their trends with controlled disturbance levels in reconstituted specimens, which317

is discussed next.318

5. Simulation of Disturbance and Assessments319

The simulation of sampling-induced disturbance was conducted using CRS consolidation320

tests, following procedures similar to those of DeJong et al. (2018). Specimens were prepared321

using slurry deposition with the tailings previously described, characterized by a plasticity322

index (PI) of 7–15 . The strain rate was selected in accordance with ASTM D4186-06. Three323
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Figure 6: (a) LD specimen after the test (b) MD specimen- trimming and placing inside a smaller ring (c)
HD specimen upon freezing (d) HD specimen upon thawing

18



disturbance levels were considered: low disturbance (LD), moderate disturbance (MD), and324

high disturbance (HD).325

The LD condition represents sampling under minimal disturbance. Specimens were326

trimmed, placed in a 63.5-mm-diameter oedometer ring, saturated, and loaded to the virgin327

compression line. After confirming entry into the virgin compression region, the specimen was328

allowed to creep for at least 2 hours at a constant vertical effective stress, σ′
v0. The specimen329

was then unloaded to a low stress level (10–20 kPa) and subsequently reloaded along the virgin330

compression line. The recompression slope, Cr, was determined from this reloading path.331

The specimen was further loaded to σ′vu, followed by a second unloading stage to evaluate332

the swelling index, Cs. The MD condition represents a disturbance induced by extrusion and333

specimen preparation (e.g., trimming). As in the LD procedure, a stress history was first334

established at σ′
v0 on the virgin compression line, followed by unloading. The specimen was335

then extruded, trimmed, and placed into a smaller oedometer ring (50.8 mm diameter), after336

which it was saturated and reloaded into the virgin recompression line. Cr was obtained337

from this reloading path. The sample was then further loaded to σ′
vu, with a subsequent338

unloading stage used to estimate Cs. This MD condition is analogous to the best-practice339

disturbance (BPD) condition described in DeJong et al. (2018). The HD condition represents340

severe disturbance. After establishing the stress history at σ′
v0, the specimen was unloaded,341

extruded, wrapped, frozen for 24 hours, and subsequently thawed in air for 24 hours. In342

addition to extrusion and handling effects, this procedure introduces disturbance due to343

freeze–thaw cycling. To enhance the visible disturbance while minimizing moisture loss,344

specimens were wrapped and lightly sprayed with water before freezing. The freezing of345

pore water and external moisture produced pronounced additional disturbance. Subsequent346

testing followed the same procedure as for the MD condition. Figure 6a illustrates an LD347

specimen after testing. The disturbance induced by MD trimming is shown in Figure 6b,348

while the disturbances induced by HD freezing and thawing are illustrated in Figures 6c and349

6d.350

Figure 7 illustrates the performance of the disturbance metrics for the reconstituted351

specimens subjected to controlled disturbance levels. Figures 7a and 7b show the results352
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obtained using the strain-based criteria of Terzaghi et al. (1996) and Lunne et al. (1997).353

Both metrics show substantial overlap among LD, MD, and HD specimens and do not clearly354

separate the imposed disturbance levels. This result is consistent with DeJong et al. (2018),355

who showed that strain-based metrics, including volumetric strain upon reconsolidation and356

∆e/e0, do not reliably quantify disturbance in intermediate natural soils. These results357

indicate that strain-based criteria alone are insufficient for classifying disturbance in the358

tailings considered in this study.359

Figure 7c presents the performance of the work-based quality metric Crw,i/Ccw proposed360

by DeJong et al. (2018), whereas Figure 7d shows the corresponding results for the slope-361

based metric Cr,i/Cc. Both metrics provide better separation of the imposed disturbance362

levels than the strain-based criteria. DeJong et al. (2018) suggested that common threshold363

values could be applied to Crw,i/Ccw and Cr,i/Cc. However, the present results show that364

the two metrics do not yield equivalent thresholds, particularly for separating MD and HD365

specimens. For instance, a threshold of about 0.5 would separate the MD from HD tests366

better in the case of Crw,i/Ccw. In addition, the threshold of 0.15 proposed by DeJong et al.367

(2018), expected to provide a separation between LD and MD specimens, does not apply for368

the tested tailings; thresholds on the order of 0.25–0.30 and 0.20–0.25 are more representative369

for Crw,i/Ccw and Cr,i/Cc, respectively. This suggests that universal thresholds should not370

be assumed; instead, threshold values may be material dependent and, in this case, may be371

affected by differences in compressibility between the present tailings and the natural silts372

examined by DeJong et al. (2018), as discussed later (see "Discussion" section). Also, the373

Crw,i/Ccw and Cr,i/Cc metrics are clearer in separating LD from MD specimens than MD374

from HD specimens. This observation is consistent with DeJong et al. (2018), who reported375

similar limitations for natural soils with PI < 15, a range also representative of the materials376

examined in this study.377

Figures 7e and 7f illustrate the performance of the exploratory swelling–recompression378

metrics ∆θ and Cr,i/Cs, respectively. Both metrics separate the induced disturbance levels379

reasonably well for the tests considered. For ∆θ, values below 0.5 correspond to LD380

specimens, values between 0.5 and 2.0 correspond to MD specimens, and values greater than381
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2.0 correspond to HD specimens. For Cr,i/Cs, values below 1.3 generally correspond to LD382

specimens, values between 1.3 and 2.3 correspond to MD specimens, and values greater than383

2.3 correspond to HD specimens.384

Figure 7g shows the results for the M0/ML metric. The characteristic tangent-modulus385

response used to define M0 and ML was identifiable only for the LD specimens (Appendix386

C Figure C1). For visualization, the MD and HD specimens are plotted with M0/ML = 1,387

representing the absence of a distinct peak–minimum modulus response. The M0/ML criterion388

was proposed by Karlsrud and Hernandez-Martinez (2013) for structured Norwegian clays,389

for which high-quality block samples typically exhibit a pronounced contrast between the390

initial reloading modulus and the post-yield minimum modulus. Therefore, the threshold391

values proposed for these clays should not be assumed to apply directly to other materials.392

For the tailings tested herein, the LD specimens generally show M0/ML values greater393

than approximately 1.5, differing from the M0/ML > 2.0 threshold proposed by Karlsrud394

and Hernandez-Martinez (2013) for very good to excellent clay samples. Overall, for the395

examined tailings, M0/ML provides a qualitative indication of the LD response but has396

limited applicability to assessing MD and HD specimens.397

Figure 7h presents the results obtained using the void-index-based metric Dre proposed398

by Cai et al. (2026). The metric was evaluated following the recommendations of Cai et al.399

(2026), which adopt the void-index normalization of Burland (1990). The Dre metric did not400

clearly separate LD, MD, and HD specimens. This may be because Dre relies on an intrinsic401

compression framework originally formulated for clays; therefore, its applicability to mine402

tailings may require material-specific calibration, which is beyond the scope of this study. In403

addition, Dre is based only on the change in void index during reconsolidation to the reference404

stress state and therefore retains the pre-yield focus of conventional reconsolidation-based405

metrics. Although Cai et al. (2026) showed that Dre was useful for a Shanghai soil, this406

material is a low-compressibility clay with a significant PI (17), which may partly explain407

the reduced performance observed in this study.408
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Figure 7: Evaluation of induced disturbance by methodical rating criteria with the thresholds (a) Terzaghi
et al. (1996): Volumetric strain (%) (b) Lunne et al. (1997): ∆e/e0 (c) DeJong et al. (2018): Crw,i/Ccw (d)
DeJong et al. (2018): Cr,i/Cc (e) Proposed ∆θ (degrees) (f) Proposed Cr,i/Cs (g) Karlsrud and Hernandez-
Martinez (2013): M0/ML (h) Cai et al. (2026): Dre 22



6. Quantitative versus Qualitative Assessment of Retrieved Samples409

The metrics that provided useful separation among the LD, MD, and HD specimens in the410

controlled disturbance tests were used to assess the quality of retrieved field samples. These411

metrics include Cr,i/Cc, Crw,i/Ccw, ∆θ, and Cr,i/Cs. ϵv,r, and ∆e/e0, were also considered412

because of their common use in tailings engineering. In addition, a qualitative visual-based413

scoring scheme was developed to assess the condition of the retrieved samples and to compare414

these ratings with the quantitative metrics.415

The qualitative scoring scheme combines observations from four stages : tube-level416

condition, extruded specimen condition, X-ray specimen condition, and prepared specimen417

condition. Tube-level condition was assessed from the condition of the tube and recovered418

sample during unpacking, unsealing, and extrusion. Extruded specimen condition was419

assessed from visual observations of the specific specimen selected for testing after extrusion420

and sectioning. X-ray specimen condition was assessed from the portion of the X-ray image421

corresponding to the tested specimen. Prepared specimen condition was assessed from issues422

observed during trimming, placement in the test device, and final specimen preparation. For423

each category, one of three ratings was assigned: good, moderate, or poor, corresponding424

to scores of 3, 2, and 1, respectively. Table 2 summarizes the scoring criteria used in the425

qualitative assessment.426

For each test specimen, the four category scores were averaged to obtain an overall quality427

score. When multiple specimens were obtained from the same tube, the tube-level condition428

score was kept constant, whereas the other category scores were assigned independently for429

each specimen. Figure 8 presents representative examples of specimens with good, moderate,430

and poor overall quality scores. Specific category ratings are also shown for illustration.431
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Table 2: Description of qualitative sample-quality scoring criteria.

Parameter Description Basis for scoring Quality assignment

Tube-level

condition

Condition of the tube and

recovered sample observed

during unpacking, unsealing,

and extrusion. This score is

assigned once per tube and

kept constant for specimens

obtained from the same tube.

Sealing condition, sliding of

the core during unsealing or

extrusion, low recovery, overall

sample issues, visible

disturbance observed during

extrusion while the sample is

still in the tube.

Good = 3: no issues observed.

Moderate = 2: one or two issues

observed and not expected to strongly

affect the specimens.

Poor = 1: more than two issues

observed, or one severe issue such as

significant visible disturbance of the

tube, significant sample issues etc.

Extruded

specimen

condition

External condition of the

specific specimen selected for

testing after extrusion and

sectioning and before final

trimming or placement in the

test device.

Visible cracks, shear marks,

piston marks, soft or squishy

zones, dried/excess gel,

chipping, spalling, or other

externally visible defects on

the extruded specimen.

Good = 3: no visible defects observed.

Moderate = 2: minor or localized

chipping, dents that do not

significantly extended in the selected

specimen.

Poor = 1: severe or continuous defects,

including major cracks, heavy shear

marks, spalling, chipping etc.

X-ray specimen

condition

Internal condition of the

specific portion of the X-ray

image corresponding to the

specimen selected for testing.

Magnitude, continuity, and

number of internal defects,

including boundary shear

marks, cracks, dents, voids, or

disturbed zones visible in the

X-ray image.

Good = 3: no internal defects

observed in the selected region.

Moderate = 2: isolated, minor, or

localized defects not expected to

dominate the test specimen.

Poor = 1: multiple, severe, or

continuous defects affecting the

selected region.

Prepared

specimen

condition

Condition of the specimen

after final trimming1,

placement in the oedometer

ring or bender element setup,

and preparation immediately

prior to testing.

Damage introduced or

observed during specimen

trimming, transfer, seating,

ring placement, surface

leveling, bender-element

preparation, or final setup.

Good = 3: no preparation-related

issues observed.

Moderate = 2: minor surface

disturbance, small gaps, localized

trimming marks, or limited

spalling/chipping.

Poor = 1: significant

preparation-related disturbance,

including major spalling, severe

chippings, crackings,large boundary

gaps, or severe disturbance during

placement etc..
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Figure 9 compares the quantitative metrics defined in the previous section with the432

qualitative score introduced herein for Gel Push, DM, and Shelby samples across all sites. For433

Cr,i/Cc, Crw,i/Ccw, ∆θ, and Cr,i/Cs, the LD, MD, and HD scenarios and metric thresholds434

discussed previously are used to define “Very good,” “Good to moderate,” and “Poor” categories,435

respectively. The quantitative metric thresholds are not intended to be universal; rather,436

they are used as reference values to help interpret the quality of the recovered samples. For437

ϵv,r and ∆e/e0, the quality categories commonly used in practice were adopted.438

Figures 9e and 9f show that the correlation between the qualitative scores and the strain-439

based metrics, ϵv,r and ∆e/e0, is poor. These metrics do not vary systematically with the440

qualitative scores and classify most samples as poor to very poor, even when the qualitative441

scores are high. This result is consistent with the limited performance of ϵv,r and ∆e/e0442

observed in the controlled disturbance tests and with the limitations of these metrics reported443

for low- to moderate-plasticity natural soils (e.g., DeJong et al., 2018).444

The other metrics, Cr,i/Cc, Crw,i/Ccw, ∆θ, and Cr,i/Cs, show a comparable performance445

and clearer relationship with the qualitative score: lower metric values generally correspond446

to higher qualitative scores. Based on the global R2 values, ∆θ shows a slightly better447

performance and overall agreement with the qualitative score, followed by Crw,i/Ccw and448

Cr,i/Cc, whereas Cr,i/Cs shows slightly weaker agreement. These metrics consistently identify449

the two Shelby samples recovered from TSF-1 at approximately 29 m as the lowest-quality450

samples (highest metric values), which is consistent with their qualitative score of 1. The451

thresholds discussed in the previous section classify these Shelby samples as poor, except for452

Cr,i/Cc, which places them in the moderate category.453

The same metrics also consistently identify the DM samples from TSF-2 at approximately454

18 m (qualitative score 2.3) and 25 m (qualitative score 2.5), the GP sample from TSF-455

2 at approximately 24 m (qualitative score 2.5), and the GP-Tr sample from TSF-3 at456

approximately 5.5 m (qualitative score 2.5) as among the highest-quality samples, consistent457

1Bender specimens obtained from DM samplers were tested without prior trimming. Therefore, preparation
quality was assessed based on any issues observed while installing the membrane, O-rings, and other test
components.
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Figure 8: Examples of: (a) a good tube-level condition: a DM sample collected from TSF-2 at a depth
of 24.99 m; (b) a good extruded specimen condition: a bender specimen retrieved from a GP sampler; (c)
a good X-ray condition: an X-ray image of an oedometer specimen retrieved from a GP sampler; (d) a
good prepared specimen condition: an oedometer specimen retrieved from a DM sampler; (e) a moderate
tube-level condition: a GP sample collected from TSF-2 at a depth of 23.77 m with only noted issue of sliding
between unsealing and placement in the extrusion assembly (f) a moderate extruded specimen condition: an
oedometer specimen with dried gel marks on its surface, retrieved from a GP sampler; (g) a moderate X-ray
condition: an X-ray image of an oedometer specimen showing several small boundary shear marks, retrieved
from a DM sampler; (h) a moderate prepared specimen condition: an oedometer specimen showing surface
chipping during trimming, retrieved from a Shelby sampler; (i) a poor tube-level condition: a GP sample
collected from TSF-1 at a depth of 43.89 m, with no sealing, sliding issues, and overall bad quality of the
retrieved specimens; (j) a poor extruded specimen condition: an oedometer specimen with heavy shear marks,
retrieved from a GP sampler; (k) a poor X-ray condition: an X-ray image of an oedometer specimen showing
a heavy shear/crack mark and several small boundary shear marks, retrieved from a Shelby sampler; and
(l) a poor prepared specimen condition: a bender specimen showing heavy preparation marks and spalling
across the sample due to the challenging material condition, retrieved from a Shelby sampler.
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with their relatively high qualitative scores. The remaining DM and GP samples have metric458

values and qualitative scores that fall in between, with most classified as “Good to moderate”.459

The two remaining Shelby samples from TSF-1 (qualitative score 2.0) and TSF-3 (qualitative460

score 1.5) show quantitative metrics comparable to those of remaining GP samples, but461

indicate a lower quality (higher values for the metrics) than the remaining DM samples.462

Notably, the GP-Tr samples collected from approximately 5.5 m at TSF-3 (qualitative463

scores of 2.5 and 3.0), which were composed predominantly of sandy material, consistently464

plot near the lower bound of the metric values observed for the Gel Push samples. This465

suggests comparatively high quality relative to most Gel Push samples, except for the GP-s466

sample from TSF-2 at approximately 24 m, which shows comparable values. The GP-Tr467

sample was transported frozen, which may have helped preserve sample quality; however, no468

definitive conclusion can be drawn because this was the only sample with these characteristics.469

TSF-2 is the only site where multiple DM and Gel Push samples were collected; therefore,470

it enables direct comparisons that may be obscured in the aggregate analysis across all sites.471

Figure 10 presents the quantitative quality metrics for TSF-2 samples recovered using GP-s472

and DM samplers, considering Cr,i/Cc, Crw,i/Ccw, ∆θ, and Cr,i/Cs. At depths of 17–19 m,473

all criteria consistently indicate lower metric values, and therefore higher sample quality, for474

the DM sampler. At depths of 23–25 m, the pattern is less distinct. The metrics are generally475

only slightly lower for DM than for GP-s, suggesting slightly better DM performance, except476

for Crw,i/Ccw, which indicates slightly better performance for GP-s. The deeper DM sample477

at approximately 34 m has no corresponding GP-s sample. This sample exhibits metric478

values comparable to the lowest values (i.e., highest quality) estimated for the GP-s samples.479

An additional sample-quality evaluation was conducted by comparing stress-normalized480

shear-wave velocities, Vs,1, measured in the field and in the laboratory. Specifically, the481

laboratory-to-field Vs,1 ratio was used. Field Vs,1 values were estimated as discussed in the482

“Introduction“ section, using the CPTu-based shear-wave velocity measurements presented in483

the “Geotechnical Conditions” section . Laboratory Vs,1 values were estimated from bender484

element tests by measuring shear-wave velocity at different mean effective stresses. Appendix485

D figure D1 provides the bender element data and interpretation. Figure 11 shows the486
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Figure 9: Quantitative metrics vs Qualitative scores of retrieved specimens by (a) ∆θ (degrees), (b) Cr,i/Cs,
(c) DeJong et al. (2018): Crw,i/Ccw (d) DeJong et al. (2018): Cr,i/Cc (e) Terzaghi et al. (1996): Volumetric
strain (%) (f) Lunne et al. (1997): ∆e/e0

28



Figure 10: Depth vs quantitative scores of retrieved specimens in TSF-2 by (a) ∆θ (degrees), (b) Cr,i/Cs, (c)
DeJong et al. (2018): Crw,i/Ccw (d) DeJong et al. (2018): Cr,i/Cc
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Figure 11: Vs1 based sample quality evaluation: (a) Vs1 ratio against qualitative score and (b) site-wise Vs1

ratio for different samplers

laboratory-to-field Vs,1 ratios for Gel Push, DM, and Shelby samples from the different sites.487

Qualitative scores, based on the same framework used for the consolidation specimens, were488

also assigned to the samples for which bender element measurements were performed.489

Samples with Vs,1 ratios below approximately 0.85 generally correspond to lower qualitative490

scores. For example, samples from the Shelby tube recovered at TSF-1 at approximately491

29 m, which showed the lowest quality in the consolidation-based assessment, have Vs,1 ratios492

between approximately 0.75 and 0.85 and qualitative scores lower than 1.5. Therefore, the493

consolidation and bender element results are consistent in identifying low sample quality494

for this Shelby tube. Additional low-ratio cases include samples from TSF-3 for which only495

bender element tests were performed, including a GP-S sample at approximately 2.4 m and496

a Shelby sample at approximately 3.4 m. These specimens have Vs,1 ratios on the order of497

0.8 and qualitative scores lower than 2.0. Overall, for the tested samples, Vs,1 ratios below498

approximately 0.85 are generally associated with qualitative scores lower than 2.0, suggesting499

lower sample quality.500

30



Figure 12: DM sampler collected from TSF-2 at depth 34.99 meter showing (a) different material properties
for two different specimens (ID 0 and 3); (b) difference in measured shear wave velocity for those specimens
at different confing stresses

31



Samples with Vs,1 ratios close to 1.0 generally correspond to higher-qualitative scores. For501

example, Bender element specimens from DM tubes for which consolidation tests showed low502

metric values, and therefore higher inferred quality, at approximately 18 m and 24 m exhibit503

Vs,1 ratios between approximately 1.00 and 1.05. The specimens with Vs,1 ratios closest to 1.0504

have qualitative scores greater than 2.5, whereas the specimen with a Vs,1 ratio of 1.05 has a505

qualitative score of 2.0. Similarly, specimens from Gel Push tubes for which consolidation506

tests showed low metric values, including the GP-s tube from TSF-2 at approximately 24 m507

and the GP-Tr tube from TSF-3 at approximately 5.5 m, exhibit Vs,1 ratios near 1.0 for508

the TSF-2 samples and between approximately 0.90 and 1.0 for the TSF-3 samples. The509

corresponding qualitative scores are greater than 2.5. Thus, the Vs-based assessment is510

generally consistent with the consolidation-based assessment in identifying higher-quality511

samples as those with high qualitative scores, laboratory-to-field Vs,1 ratios close to 1.0, and512

low consolidation-based metric values.513

Other samples show intermediate responses. For example, the Vs,1 ratios for samples from514

Gel Push tubes at TSF-1 at approximately 44 m and TSF-2 at approximately 17 m range515

from approximately 0.85 to 0.93, whereas samples from the same tubes were classified by516

consolidation-based metrics as ranging from “good to moderate” to “poor.” These values are517

consistent with lower performance relative to the samples identified as having higher quality.518

A similar observation applies to a sample from a Shelby tube at TSF-3 at approximately519

49 m, which has a Vs,1 ratio of approximately 1.13, whereas a sample from the same tube520

shows consolidation-based metrics in the “good to moderate” range and close to the “poor”521

category.522

An interesting case is the DM tube collected from TSF-2 at approximately 34 m. Two523

bender element tests on samples recovered from this tube produced Vs,1 ratios of approx-524

imately 0.80 and 0.95, whereas the qualitative scores for both bender specimens are 3.0525

and the consolidation-based metrics for a sample from the same tube indicate a “good to526

moderate” condition. This may suggest an inconsistency between the lower Vs,1 ratio and527

its corresponding qualitative score. A closer inspection indicates a material change within528

the tube figure 12a).The material in the upper half of the tube has a PI of approximately529
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15 and corresponds to the first bender specimen, whereas the material in the lower half has530

a PI of approximately 25 and corresponds to the second bender specimen. This transition531

is consistent with the shear-wave velocities measured at different mean effective stresses532

figure 12b), which show lower velocities, and therefore lower Vs,1, for the higher-plasticity533

specimen. In contrast, the field shear-wave velocity profile does not resolve this material534

transition and effectively smooths the measured velocity over the interval. This produces a535

lower laboratory-to-field Vs,1 ratio for the higher-plasticity material and could be misinter-536

preted as lower sample quality. This case highlights the need for careful interpretation of537

laboratory-to-field Vs,1 ratios.538

7. Discussion539

7.1. Exploratory disturbance metrics in consolidation tests540

In the previous assessments, two exploratory swelling recompression metrics, ∆θ and541

Cr,i/Cs, were considered to evaluate sample disturbance. Here, we discuss the motivation542

for these metrics. Figure 13a illustrates the conceptual basis. Consider an initially normally543

consolidated material at void ratio e0 and vertical effective stress σ′
v0. Path 0–1 represents an544

ideal sampling scenario, in which stress relief occurs along the swelling/unloading line, and545

no additional disturbance is imposed. After ideal sampling, the remaining effective stress is546

mainly associated with suction or negative pore pressure . In intermediate soils, including547

low-plasticity tailings, the capacity to retain negative pore pressure after stress relief may548

be lower than in plastic clays (Zapata et al. (2000); Sadrekarimi and Zehforoosh (2025)).549

Therefore, ideal unloading may move the specimen to a low-stress, highly overconsolidated550

state that may lie on the dense/dilative side of the critical state line (CSL). This high-OCR551

idealization is consistent with DeJong et al. (2018), who used OCR values of up to about 5552

to reproduce near-ideal sampling conditions in low-plasticity silty soils.553

Path 1–2 represents one possible manifestation of additional disturbance during non-ideal554

sampling. In a subsequent consolidation test, the specimen recompresses from the disturbed555

state toward the normally consolidated line. The upward shift to state 2 implies a greater556
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Figure 13: Evaluation of disturbance in intermediate soil

departure between disturbed recompression and ideal rebound to return the specimen toward557

the pre-disturbance yield or virgin-compression state, consistent with the broader work-based558

interpretation of sampling disturbance discussed by Becker et al. (2011) and DeJong et al.559

(2018).560

In this context, sampling disturbance may be reflected by a recompression path that devi-561

ates from the ideal swelling/rebound path. This deviation can be represented geometrically562

by the difference between the slopes of the recompression and swelling paths in e− log σ′
v563

space. The ∆θ index is defined as:564

∆θ = θr − θs

= tan−1(Cr)− tan−1(Cs),

where Cr and Cs are the recompression and swelling indices, respectively. Larger positive565

values of ∆θ indicate a greater departure of the recompression path from the ideal swelling566

path and are interpreted as greater sampling-induced disturbance.567
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Figure 13b provides an alternative geometric interpretation of disturbance. The area568

enclosed by ABD is interpreted as a geometric proxy for the additional recompression demand569

associated with the upward shift of the path caused by sampling-induced disturbance. To570

evaluate this disturbance relative to an ideal sampling condition, an ideal unloading path571

over the same stress interval is required. This reference path, denoted as BE, represents the572

ideal swelling/rebound response. The area ABE therefore provides a geometric reference573

associated with ideal unloading over the same stress interval.574

If the curved paths are approximated by straight-line segments over the interval AB, the575

ratio of the triangular areas can be written as576

∆ABD

∆ABE
=

0.5ABAD

0.5ABAE

=
∆ed
∆eu

,

where ∆ed is the void-ratio change associated with the disturbed recompression path577

over the selected stress interval, and ∆eu is the void-ratio change associated with ideal578

unloading/rebound over the same interval. This expression resembles Lunne’s ∆e/e0 criterion,579

but it differs from it because the denominator is not the initial void ratio, but the ideal580

rebound void ratio change over the selected stress interval. Because both quantities are581

evaluated over the same log-stress interval, this ratio can also be expressed using secant582

slopes as583

∆e0
∆eu

=
∆e0/AB

∆eu/AB

=
Cr

Cs

,

where Cr and Cs are the recompression and swelling indices interpreted over the cor-584

responding stress interval. The two interpretations shown in Figure 13 therefore motivate585

related but distinct exploratory metrics: ∆θ captures the angular departure between the586

recompression and swelling paths, whereas Cr,i/Cs follows from a slope-ratio interpretation.587

These interpretations rely on simplifying assumptions; therefore, the resulting metrics should588
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Figure 14: Comparison of (a) Cr,i/Cc against PI, and (b) distribution of Cc with DeJong et al. (2018)
presented data

be considered only exploratory.589

7.2. Compressibility and quality thresholds590

The controlled disturbance tests showed that the quality thresholds recommended by591

DeJong et al. (2018) for natural silts differ from those identified in this study for the examined592

mine tailings. To investigate this difference, Figure14a compares selected data from DeJong593

et al. (2018) for silty soils with the tested tailings for specimens with plasticity indices between594

7 and 17, which is comparable to the range of the materials tested herein. For the purposes of595

this discussion, the comparison focuses on high-quality specimens and Cr,i/Cc. The threshold596

of 0.15 recommended by DeJong et al. (2018) is consistent with the high-quality range of597

their data; however, it does not apply to the tested tailings, for which a threshold in the598

order of 0.20–0.25 appears more representative.599

A closer comparison of the datasets suggests that this difference may be related, at least600

in part, to differences in material compressibility. Figure14b shows that the tailings tested601

in this study have generally higher Cc values than the natural silts evaluated by DeJong602

et al. (2018). For the tested tailings, the mean Cc is approximately 0.21, with most values603

ranging from 0.16 to 0.24. In contrast, most of the DeJong et al. (2018) data have Cc values604

lower than 0.14, with a mean value of approximately 0.13 and only a few specimens reaching605
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values comparable to those of the tested tailings. Because Cr,i/Cc is already normalized606

by Cc, this comparison should not be interpreted as showing that Cc alone controls the607

threshold. Rather, Cc is used here as an indicator of broader differences in compressibility608

and mineralogy that may influence the thresholds. Although uncertainties remain, these609

comparisons suggest that material-specific properties can influence the threshold values used610

to interpret sample-quality metrics. Additional future work is needed in this direction.611

8. Conclusions612

This study evaluated the quality of mine-tailings samples recovered using DM, Gel Push,613

and Shelby samplers at three TSFs. Gel Push was used at all three sites, whereas DM and614

Shelby samplers were used at selected sites for comparison. Samples from TSF-2 provided the615

basis for direct comparison between DM and Gel Push samplers. Geotechnical conditions were616

characterized using CPTu tests with shear-wave velocity measurements and laboratory index617

testing. The sample-quality evaluation combined CRS oedometer tests, bender element tests,618

controlled disturbance tests on reconstituted specimens, and a qualitative scoring scheme619

based on tube-level condition, extruded specimen condition, X-ray specimen condition, and620

prepared specimen condition.621

The controlled disturbance tests showed that commonly used strain-based consolidation622

criteria, including ϵv,r, and ∆e/e0, did not separate the imposed disturbance levels for the623

tested tailings. These metrics also showed limited agreement with qualitative scores for624

retrieved field samples and tended to classify many specimens as poor to very poor, even625

when other evidence indicated better sample condition. These results, consistent with626

previous studies on natural silts, indicate that strain-based criteria alone are not sufficient627

for evaluating sample disturbance in the tailings considered in this study.628

In contrast, Crw,i/Ccw, Cr,i/Cc, ∆θ, and Cr,i/Cs provided more informative trends. These629

metrics separated the controlled disturbance levels more clearly than ϵv,r and ∆e/e0 and were630

generally consistent with qualitative scores for field-retrieved specimens. The M0/ML metric631

was useful only as a qualitative indicator of the LD response, showing a limited applicability632

for assessing MD and HD specimens. The void-index-based metric Dre also did not clearly633
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separate the imposed disturbance levels, suggesting that void-index frameworks developed634

primarily for clays may require additional calibration before being applied to mine tailings.635

Threshold values proposed in previous studies for Crw,i/Ccw and Cr,i/Cc did not transfer636

directly to the tested tailings. This result suggests that disturbance thresholds developed637

for natural soils should not be assumed to be directly transferable to mine tailings. Instead,638

threshold values appear to be material dependent and should be interpreted in relation to639

material properties. An initial comparison with published data suggests that compressibility640

may influence threshold values, although additional work is needed to evaluate this effect more641

broadly. Given these uncertainties, multiple quantitative metrics should be used collectively642

and interpreted in a referential manner. For the tested tailings, lower values of Crw,i/Ccw,643

Cr,i/Cc, ∆θ, and Cr,i/Cs generally indicate higher sample quality.644

The laboratory-to-field Vs,1 ratio provided an independent assessment that was generally645

consistent with the consolidation-based metrics. Ratios below approximately 0.85 were646

generally associated with lower qualitative scores, whereas ratios close to 1.0 generally647

corresponded to higher qualitative scores and lower consolidation-based disturbance metrics648

(higher quality) for specimens from the same tube. However, the results also showed that Vs,1649

ratios can be affected by material variability within the sampled interval. For example, one650

DM tube from TSF-2 showed that changes in the plasticity index and shear-wave velocity651

within the tube can produce laboratory-to-field Vs,1 ratios that may be misinterpreted as652

lower sample quality.653

For the materials evaluated, DM and Gel Push samplers generally recovered higher-quality654

specimens than Shelby tubes. Shelby samples from TSF-1 at approximately 29 m were655

consistently identified as low quality by qualitative scores, consolidation-based metrics, and656

Vs,1 ratios. In contrast, DM samples from TSF-2 and selected GP-S and GP-Tr samples657

showed comparatively higher quality. Comparisons at TSF-2 between DM and Gel Push658

samples suggest that DM performed better than Gel Push at depths of approximately659

17–19 m, whereas the difference between DM and GP-S was less distinct at approximately660

23–25 m, with slightly better performance for DM depending on the metric considered.661

Overall, the results support the use of multiple complementary indicators for evaluating662
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sample quality in mine tailings. Qualitative scores, consolidation-based metrics, and shear-663

wave velocity-based measurements capture different aspects of sampling disturbance, and no664

single metric should be used in isolation. The findings highlight the need for material-specific665

interpretation of disturbance metrics in tailings, particularly when applying criteria originally666

developed for natural clays or silts. The Crw,i/Ccw, Cr,i/Cc, ∆θ, and Cr,i/Cs metrics provided667

useful interpretations for the tested tailings and offer a promising basis for future calibration668

using additional tailings materials and sampling protocols.669
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