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Critical state line of copper tailings under different loading types:
mineralogy effect

RODRIGO ZORZAL VELTEN", MATHEW RICHARD COOP{, MAIKI MAFESSOLIZ,
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Mining tailings can have mineralogy distinct from natural soils due to their anthropogenic
nature. However, the effects of mineralogy on the critical state response of tailings have not yet
been studied without the influence of grading. The reasons for differences in the critical state
line (CSL) shape and position of geomaterials remain unclear, since the effects of gradation,
mineralogy, loading type, particle size, shape and fabric are not well understood. Accordingly,
this paper focuses on the effect of mineralogy on the CSL of copper tailings by evaluating two
silty-sand tailings. Although these geomaterials exhibit similar gradations, they differ substan-
tially in mineralogy. Triaxial compression tests under three degrees of compaction and four
effective confining pressure values (ranging from 50 to 400 kPa) were performed and compared
to published results under simple shear conditions. One copper tailings presented non-unique
CSLs depending on the initial fabric and loading path, while the other exhibited unique CSLs
regardless of the initial density or loading condition. The results also revealed the influence of
mineralogy on the critical state parameter M, with the micaceous tailings presenting a lower crit-
ical state friction angle than the tectosilicate-rich one.
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INTRODUCTION
The growing global demand for minerals and metals across
all sectors of the economy and industry has been responsible
for the increase in annual ore production. However, most
mines currently explored worldwide are low-grade ore depos-
its, particularly those for extraction of base metals, such as
gold, silver, copper and nickel, among others. Consequently,
the main challenge faced by the mining industry is the man-
agement of tailings, by-products from the beneficiation activ-
ities. In the coming years, a massive volume of tailings will
have to be stored and managed by mining companies
(Bowker & Chambers, 2017; Islam & Murakami, 2021).

In this context, tailings dams have been the preferred
method for storing tailings for operational and economic
reasons. Although tailings dams have been built to ensure
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that tailings are safely stored, protecting the natural environ-
ment from degradation, when they fail, the resulting effects
greatly and negatively impact the planet, the economy and
people, known as the triple bottom line (Byrne et al., 2018;
Islam & Murakami, 2021). Since the frequency of failure of
tailings storage facilities (TSFs) has been higher than that of
other infrastructure, the research interest in tailings has sub-
stantially grown, with the aim of enhancing current knowl-
edge on tailings behaviour and proposing alternatives to the
disposal of tailings in conventional dams.

The characteristics of tailings, such as their composition,
particle morphology and grading, depend on the characteris-
tics of the parent ore and can be highly variable. Specifically,
the mineralogy of the particles can greatly influence the geo-
material’s expected behaviour (Nakata et al., 2001; Nocilla
et al., 2019; Zhang et al., 2020; Consoli et al., 2024). For
instance, Bolton (1986) demonstrated that the critical state
friction angle of quartzitic sands is slightly lower than that of
feldspathic sands. In contrast, quartz- and feldspar-originated
sand presents higher shear strength than micaceous sands.

Mineralogy also exerts influence on the shape of the criti-
cal state line (CSL) in the compression plane (v-log p’).
Although the shape and position of the CSL of tailings
have usually been related to their grading (e.g. Li & Coop,
2019; Secco et al., 2026), Velten et al. (2025) found that two
copper tailings with similar gradings presented curved or
linear CSLs related to their composition. In addition,
uncommon mineralogy has been associated with the occur-
rence of ‘transitional’ behaviour (Nocilla ez al., 2006, 2019;
Coop, 2015). Transitional soils present strong forms of fab-
ric that persist after large strains, ultimately leading to a
group of semi-parallel CSLs depending on the initial fabric.

Investigation of the transitional response and the influ-
ence of mineralogy on geomaterials’ behaviour has primar-
ily been conducted for triaxial compression conditions.
However, the conditions imposed in these geotechnical
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tests are different from those often found in the field
(Wagner et al., 2023). Consequently, there is a lack of data
on the geomechanical response of tailings under different
types of loading, with a few exceptions of studies using the
hollow cylinder (e.g. Sadrekarimi, 2016; Fanni et al., 2024)
and the direct simple shear (DSS) (e.g. Riveros &
Sadrekarimi, 2021; Karim et al., 2023) apparatuses. It is
also important to mention the research conducted by
Riemer & Seed (1997), which evaluated the effect of the
level of consolidation stress, the drainage conditions and
the effective stress path on the apparent position of the
steady-state line of loose, saturated sands under triaxial
compression and simple shear loadings.

Therefore, this paper addresses the influence of mineral-
ogy and stress path on the shape, position and uniqueness
of the CSL of two silty-sand copper tailings by comparing
triaxial compression results with the simple shear data of
Velten et al. (2025). The tailings share a similar particle size
distribution while each retains distinct mineralogy. Triaxial
tests of copper tailings compacted at different initial void
ratios were conducted under confining pressures ranging
from 50 to 400 kPa to evaluate possible ‘transitional’
response, which can cause severe problems to the stability
of TSFs if not properly identified.

EXPERIMENTAL PROGRAMME

The copper tailings used in this study are the same as
those used by Velten et al. (2025), who conducted
undrained simple shear tests. Here, complementary miner-
alogical and morphological tests were conducted since the
focus of the work is the influence of microscale characteris-
tics on the macro scale response. Eighteen monotonic
drained compression triaxial tests and 17 monotonic
undrained compression triaxial tests were conducted.

Materials

Since this study focuses on evaluating the effect of miner-
alogy, the tailings are identified as CoT (copper tailings
rich in tectosilicates) and CoP (copper tailings rich in phyl-
losilicates), referring to the different minerals they present.
Fig. 1 shows the grain size distribution of both tailings and
pictures of samples for the simple shear and triaxial tests of
both geomaterials. Table 1 summarises the main physical
characteristics of each material.
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Table 1. Physical properties of copper tailings

Parameters CoT CoP

Total tailings Total tailings

Specific gravity, G 2-814 3-149
Gravel: % 0-00 0-00
Coarse sand: % 0-00 0-00
Medium sand: % 1-55 0-00
Fine sand: % 50-98 57-70
Total sand: % 52:53 5770
Silt: % 37-44 33-70
Clay: % 10-03 8-:60
Mean particle size, Dso: mm 0-082 0-082
Uniformity coefficient, C, 267 159
Coefficient of curvature, C,, 1-7 51
LL: % — —
1P: % Non-plastic Non-plastic

ASTM — USCS classification SM SM

Standard Proctor optimum 12-76 14-43
moisture content, Wop: 7o

Standard Proctor maximum 18-49 19-02
dry density, y max: kKN/m®

Modified Proctor optimum 10-40 10-25
moisture content, Wop: 70

Modified Proctor maximum 19-44 21-13
dry density, 7 max: kKN/m?

Maximum void ratio: emay 1-479 2:044

Minimum void ratio: e, 0-420 0-462

The particle size distribution was obtained by way of
sieve and sedimentation analysis according to ASTM
D6913 (ASTM, 2017a) and ASTM D7928 (ASTM, 2021a),
respectively. The specific gravity was assessed following the
ASTM D854 (ASTM, 2014) procedures, and the Atterberg
limits were evaluated according to ASTM D4318 (ASTM,
2017b). Both tailings are silty sands (SM), according to the
Unified Soil Classification System (ASTM, 2017¢). Also,
they are classified as well-graded materials (C, > 5) and
present similar gradings with an identical Dsy.

Figure 2 displays the compaction curves at standard
(ASTM, 2021b) and modified (ASTM, 2021c) efforts, in
terms of the void ratios of both tailings, which clearly offer
some insight into the arrangements and fabric produced
when compacting different materials (Wagner et al., 2025).
From Fig. 2, the difference between the modified and the
normal minimum void ratio obtained for each optimum
water content is close to 0-16 for CoP and 0-07 for CoT.
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Fig. 1. Particle size distribution of the total copper tailings samples
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Fig. 2. Compaction characteristics of copper tailings samples. Compaction curves in terms of void ratio

This result can be attributed to differences in the packing
of grains, since CoT exhibits bulky particles and CoP flat
ones, as will be discussed below. The lower void ratio of
CoT does not represent a denser state, however, which can
be further confirmed by the similar relative density values
(93% for CoT at the optimum compaction point for stand-
ard energy and 90% for CoP under the same conditions).

Mineralogical and morphological aspects. Figure 3 presents
the quantitative determination of minerals in both copper
tailings studied and their scanning electron microscopy (SEM)
analysis. The qualitative evaluation of minerals by scanning
electron microscopy (QEMSCAN) method was adopted for
this purpose, which is based on SEM analysis and a mineral
database. This analysis verified that CoT is constituted mainly
by tectosilicates (17-9% quartz and 36-7% albite/feldspar, total-
ling 54-6%). In turn, CoP is composed of tectosilicates (16-4%
quartz and 8-3% albite/feldspar, totalling 24-7%) and phyllosili-
cates (24-3% biotite — mica group — and 15-8% chlorite — chlor-
ite group, totalling 40-1%).

Geologically, the two tailings differ due to the forma-
tion processes of their parent rocks. On the one hand,
CoT derives from the beneficiation of copper ore bodies
encountered in a shear zone established in the contact
between metavolcanic sedimentary units and trondhje-
mitic and tonalitic gneisses. On the other hand, CoP is the
by-product of the processing of ore bodies that derive
from foliated (or shale aspects) rocks (Teixeira &
Lindenmayer, 2012).

As can be seen in Fig. 3, CoT mainly consists of bulky
particles with some flocs around, typical of tectosilicates,
while CoP presents flocculent (foliated) particles, typical of
phyllosilicates, with some flocs bridging bulky particles
(Chang et al., 2011). Also, CoP presents biotite particles
forming, ordering, bridging and pore-filling microstructures,

in agreement with the schematic representations of the micro-
structure of mica mixed with classical and residual soils pro-
posed by Zhang et al. (2024).

Methods

Moulding of specimens. The testing specimens were
moulded considering three different degrees of compaction
(i.e. 86, 91 and 95%) established based on the compaction
characteristics (Fig. 2) of standard Proctor effort, which is
the most common compaction energy adopted in earth-
works, especially for mining geotechnical structures. The
standard optimum moisture content was used for both tail-
ings regardless of degree of compaction (wop, = 12:76% for
CoT and w,, = 14:43% for CoP). For CoT tailings, the
moulding void ratio values were 0-736 (86S), 0-641 (91S)
and 0-572 (95S); for CoP tailings, 0-889 (86S), 0-785 (915)
and 0-710 (95S), in which 86, 91 and 95 represent the three
different degrees of compaction adopted and ‘S’ means
standard, referring to standard Proctor compaction effort.
The moist tamping technique (e.g. Frost & Park, 2003;
Corréa & Oliveira Filho, 2019) was used to prepare the
specimens for all tests.

For simple shear tests, the specimens’ dimensions,
moulding procedures and test specifications are presented
in Velten ez al. (2025) and are omitted here for the sake of
brevity. For triaxial compression tests, moist tailings layers
were deposited inside a split mould and manually tamped
to the assigned specific volume following the undercompac-
tion method (Ladd, 1978). Three layers were used in this
process, with the tops of the first and second layers scari-
fied to guarantee better adherence to the subsequent layer.
Figs 4(a) and 4(b) present photographs of dense specimens
of CoT (presenting strain localisation) and CoP, respec-
tively, at the end of drained triaxial compression tests
under an effective confining pressure of 50 kPa. From those
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Fig. 3. Qualitative and quantitative mineralogical analysis using QEMSCAN technique, with grains morphology from SEM analysis:
(a) CoT — minerals detected from darkest to lightest grey tone: quartz, albite, K feldspar, scapolite, actinolite, biotite, hastingsite, magnetite
and chalcopyrite; and (b) CoP — minerals detected from darkest to lightest grey tone: quartz, biotite, garnet, magnetite and sulfides

pictures, the uniformity of specimens moulded for the test
can be verified. The continuous line represents the location
of the base and top of the specimen, and the dashed line
represents the location of Hall effect sensors glued over the
rubber membrane surface.

It is important to highlight that significant particle
breakage is not expected to occur during the moulding
process. Velten et al. (2025) have shown that the same
tailings used here presented minimal particle breakage
during oedometric compression up to stresses much
higher than those promoted in the moulding procedure.
As discussed by Wagner et al. (2024), particle breakage
has been more directly associated with the stress state

experienced by the sample than the load frequency,
requiring much higher stress to observe a significant
change in grading.

Triaxial testing programme. Isotropically consolidated
drained (CID) and undrained (CIU) triaxial compression
tests were undertaken to assess the geomechanical response
of the two compacted copper tailings under confining pres-
sures spanning from 50 to 400 kPa. In total, 35 triaxial
compression tests were conducted, considering both mate-
rials, and these are summarised in Table 2 (CoT) and
Table 3 (CoP). The nomenclature of the tests was given by
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Fig. 3. continued

A_BC_D kPa, in which ‘A’ is the material studied (e.g.
CoT or CoP), ‘B’ refers to the type of triaxial compres-
sion test (e.g. D for drained test and U for undrained),
‘C’ refers to degree of compaction of the specimen (e.g.
95S) and ‘D’ is the initial effective confining pressure of
the test (e.g. 100 kPa).

The tests followed the recommendations of ASTM
D7181 (ASTM, 2020a) and ASTM D4767 (ASTM, 2020b)
standards. First, the specimens were submitted to a satura-
tion process composed of carbon dioxide percolation,
water percolation and incrementally increasing backpres-
sure to achieve 400 kPa (keeping the mean effective stress
equal to 20 kPa). Skempton B values were measured after
saturation and were all greater than 0-98. Then, the consol-
idation phase was conducted by incrementing the chamber
pressure up to the desired pj value.

Finally, the shearing phase was carried out using a
strain-controlled method with a rate of 4-:32 mm/h for both
tests (e.g. CID and CIU) to guarantee a better stress distri-
bution inside the specimen. Also, two Hall effect sensors
were used to evaluate the axial displacements, and one was
employed to measure the radial displacements (Clayton &
Khatrush, 1986). These sensors were fundamental to calcu-
lating axial and radial displacements in all stages of the
test. The specimen’s dimensions and moisture content at
the end of the test were measured, aiming to obtain the
void ratio through the most independent forms as possible
(Shipton & Coop, 2015). Although end-of-test soil freezing
(Reid et al., 2021; Sladen & Handford, 1987) was not used,
the measurement of the final moisture content of saturated
samples has demonstrated good agreement and sufficient
accuracy (Murthy et al., 2007; Shipton & Coop, 2015),
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(a)
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Fig. 4. Photographs of dense specimens at the end of the drained
triaxial compression test at an effective confining pressure of 50
kPa (continuous line indicates the base and top positions of the
specimen; dashed line indicates the positions of Hall effect
sensors): (a) CoT_D95S_50 kPa and (b) CoP_D95S_50 kPa.
Photographs were taken with membrane to preserve water content
determination at the end of the test

particularly when wused in conjunction with internal
measurements.

RESULTS AND DISCUSSION
Influence of mineralogy on the triaxial compression response
of copper tailings

Tables 2 and 3 summarise the main characteristics of
undrained and drained triaxial compression tests on CoT
and CoP tailings, respectively. Fig. 5(a) (drained mono-
tonic triaxial compression tests) and Fig. 5(b) (undrained
monotonic triaxial compression tests) present the results on
CoT and CoP tailings.

Under drained conditions (Fig. 5(a)), both copper tail-
ings presented a strain-hardening response to the end of the
test, except for the densest CoT specimen under the lowest
confining stress (CoT_D95S_50 kPa), which exhibited the
formation of a shear band (see Fig. 4(a)). However, CoT
exhibited a stiffer response than CoP. Except for the dens-
est specimen of CoT tailings under the lowest confining
stress (CoT_D95S_50 kPa), all tests presented contractive

Table 2. Summary of triaxial compression test data, CoT

VELTEN, COOP, MAFESSOLI, DA COSTA, LIMA, CARVALHO AND CONSOLI

volumetric strains despite their compaction degree. In addi-
tion, differences were verified for the M values obtained for
CoT (M = 1-46) and for CoP (M = 1-40). Considering that
they present similar gradation, the differences observed in
M might be associated with their considerable mineralogi-
cal differences.

On the undrained geomechanical response (Fig. 5(b)),
CoT tailings specimens exhibited a well-defined peak
strength followed by a strain-softening response in the devia-
toric stress—axial strain diagram. Considerable loss of
strength was verified for loose (86S) and medium (91S) states
at an effective confining pressure of 100 kPa, indicating the
occurrence of static liquefaction. These results are confirmed
in the excess pore pressure response for CoT copper tailings
(also shown in Fig. 5(b)) — that is, considerable positive
excess pore pressure was generated during undrained tests at
degrees of compaction of 86% (86S) and 91% (91S).
However, negative excess pore pressure values were gener-
ated for the densest specimen under 100 kPa (low) confining
stress (CoT_U95S_100 kPa). In contrast, CoP tailings speci-
mens presented a ductile response (increasing axial strain,
deviatoric stress increased — or kept about constant) with
positive pore pressure generation (as also presented in
Fig. 5(b)), and undrained instability was not observed.
These undrained responses also agree with the monotonic
geomechanical response data that Seethalakshmi & Sachan
(2020) reported for pure and micaceous sands of Sabarmati
soil. In addition, Fig. 5(c) portrays the ¢/(Mp")—dilatancy (D)
of both tailings, in which M is M.t (for CoT tailings) or
Mcop (for CoP tailings).

Figure 6 compares the response of CoT and CoP tailings
presenting similar void ratios initially and prior to shear
and under the same confining pressure. Under drained
loading conditions, small differences were obtained in the
deviatoric stress—axial strain response (Fig. 6(a)), but
the CoT specimen presented larger volumetric strains than
the CoP specimen. Under undrained loading conditions
(Fig. 6(b)), the CoP specimen presented a ductile response,
while the CoT specimen liquefied (Fig. 6(b)).

Influence of loading direction on the response of copper
tailings

Figures 7 and 8 display the stress paths for CoT and CoP
tailings, respectively. The end-of-test points are highlighted
for each material and for each type of loading studied, and

Test m: kPa Dreak: kKPa | gpear: kPa | pi: kPa qcs: kPa Ve 0o Ve Dgh
CoT_U86S_100 kPa 100 106. 110-5 34 44 0-06 1-72 1-72 1-72
CoT_UB86S_200 kPa 200 150-7 133-3 68 44 0-07 1-72 171 171
CoT_U91S_100 kPa 100 102-8 116:8 65 19 0-03 1-65 1-64 1-64
CoT_U91S_200 kPa 200 199-9 2216 359 39-1 0-03 1-64 1-63 1-63
CoT_U91S_400 kPa 400 2677 2673 76-1 94-0 0-04 1-69 1-62 1-62
CoT_U95S_50 kPa 50 183-6 269-3 156-3 227-5 -0-01 1-58 1-58 1-58
CoT_U95S_100 kPa 100 3173 4579 240-6 3523 —-0-01 1-58 1-58 1-58
CoT_U95S_200 kPa 200 346-0 4952 2163 3143 0-00 1-58 1-58 1-58
CoT_D86S_50 kPa 50 95-6 136-8 95-0 135:6 0-05 1-72 1-72 1-66
CoT_D86S_100 kPa 100 1886 2643 187-0 259-8 0-06 1-72 1-71 1-64
CoT_D86S_400 kPa 400 791-9 1169-4 786-3 1157-4 0-08 1-71 1-70 1-59
CoT_D91S_50 kPa 50 99-6 149-5 983 144-7 0-03 1-65 1-65 1-61
CoT_D91S_100 kPa 100 204-4 307-3 200-4 2974 0-02 1-65 1-64 1-60
CoT_D91S_400 kPa 400 7866 1159-2 771-1 1110-5 0-04 1-65 1-63 1-57
CoT_D95S_50 kPa 50 99-8 150-8 93-5 132-1 -0-01 1-58 1-58 1-59
CoT_D95S_100 kPa 100 192-3 274-9 190-2 2669 -0-01 1-58 1-58 1-58
CoT_D95S_400 kPa 400 7812 1143-2 767-9 1103-9 0-00 1-58 1-57 1-55
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Table 3. Summary of triaxial compression test data, CoP

Test po: kPa | piea: kKPa | gpea: kPa | pls: kPa qcs: kPa Ve 0o V¢ Dgh
CoP_U86S_50 kPa 50 39-1 41-5 13-7 264 0-09 1-87 1-85 1-85
CoP_U86S_100 kPa 100 71-6 89-5 361 684 0-08 1-84 1-80 1-80
CoP_U86S_200 kPa 200 1153 129-8 634 100-0 0-09 1-88 1-75 1-75
CoP_U91S_100 kPa 100 69-3 84-4 44-0 677 0-04 1-78 1-75 1-75
CoP_U91S_200 kPa 200 124-3 164-4 90-4 1369 0-05 176 1-71 1-71
CoP_U91S_400 kPa 400 222-0 280-0 168-2 2383 0-06 176 1-68 1-68
CoP_U95S_50 kPa 50 104-5 1547 104-2 154-5 -0-05 171 171 171
CoP_U95S_100 kPa 100 134-7 195-4 1279 183-0 -0-02 1-70 1-69 1-69
CoP_U95S_200 kPa 200 172-2 241-6 172-2 241-6 0-01 1-69 1-67 1-67
CoP_D86S_50 kPa 50 91-6 1257 90-9 123-0 0-09 1-87 1-85 1-74
CoP_D86S_100 kPa 100 196-2 290-5 196-4 290-2 0-09 1-85 1-80 1-70
CoP_D86S_400 kPa 400 735-1 1002-8 7321 995-7 0-09 1-87 1-71 1-59
CoP_D91S_50 kPa 50 89-4 1181 89-4 1181 0-01 1-77 1-77 1-72
CoP_D91S_100 kPa 100 191-0 272:6 190-7 272-2 0-04 1-82 1-75 1-65
CoP_D91S_400 kPa 400 767-5 1100-3 7667 1096-2 0-06 1-83 1-67 1-55
CoP_D95S_50 kPa 50 94-3 130-3 92:4 125'5 -0-05 171 171 1-70
CoP_D95S_100 kPa 100 1919 274-5 187-3 261-5 -0-02 1-70 1-70 1-68
CoP_D95S_400 kPa 400 7485 1038-7 741-0 1021-7 0-02 1-69 1-63 1-56

the respective CSLs are also drawn, with the proper inclina-
tion: for simple shear loading, M = 1-02 for CoT tailings
(Fig. 7(a)) and M = 0-99 for CoP tailings (Fig. 8(a)), while
for triaxial compression loading, M = 1-46 for CoT tailings
(Fig. 7(b)) and M = 1-40 for CoP (Fig. 8(b)).

Notice that the simple shear tests were conducted under
full saturation (Skempton’s B value higher than 0-95) and
with complete knowledge of the specimen’s stress state.
This was possible due to the use of a non-reinforced latex
membrane and the control of confining pressure and back-
pressure throughout the test. Further details on the simple
shear equipment used and procedures followed can be
found in Velten et al. (2025).

Equation (1) expresses the relationship between the slope
of the CSL in the stress plane, M, and the critical state fric-
tion angle, ¢, for triaxial compression conditions

6 x sin (¢y,)
3 —sin (¢)

Velten et al. (2025) reported a critical state friction angle
under simple shear conditions (6 = 0°), ¢, for CoT tailings
equal to 36-1° while from equation (1), this geomaterial
presents a triaxial compression critical state friction angle,
#ie, equal to 36-0°. In contrast, CoP tailings present @
equal to 34-8° (Velten et al., 2025) and ¢{. equal to 34-6°.

Regardless of the loading direction, the differences in the
critical state friction angle of copper tailings studied herein
are mainly related to the mineralogical composition, once
they present similar particle size and shape distribution.
Bolton (1986) reported that sands containing higher quan-
tities of phyllosilicates from the mica group present lower
hardness and, thus, lower critical state friction angle values
than quartz—feldspar sands. Nevertheless, the small differ-
ences in ¢{. and ¢ for both tailings are uncommon.
Researchers have systematically reported diverging values
for simple shear loading and triaxial compression of sands
(e.g. Wroth, 1984; Doherty & Fahey, 2011), with ¢4 values
being higher.

Moreover, the ratio between M for simple shear (M)
and triaxial compression (M) is approximately 0-7 for
both tailings, suggesting a consistent dependence of the
critical state strength on the Lode’s angle. Although the
two tailings exhibit slightly different values of M, the simi-
lar ratios indicate that mineralogical differences mainly

MO =30°) = M = Q)

affect the overall strength level rather than the shape of the
critical state surface in the deviatoric plane.

Table 4 presents the critical state stress ratio M obtained
for each geomaterial and type of loading, and consequently
the interpolation function for M in relation to the Lode’s
angle, M(0) — g(0) method, proposed by Sheng et al. (2000)
and Gajo & Muir Wood (1999). This function is expressed
in equation (2), in which M, is the critical stress ratio for
triaxial compression, 6 is the Lode angle and « is a shape
parameter:

gt 1/4
a

(1+a*) — (1 —a%) xsin30

The M(6) curves obtained for both copper tailings (CoT
and CoP) are illustrated in Fig. 9, as well as the M values
obtained for triaxial compression tests (9 = —30°) and for
simple shear tests (¢ = 0°). Using this method, it was veri-
fied that for both geomaterials the curves presented a
smooth transition between different stress paths while
maintaining the convexity of the yield surface, as discussed
by Matsuoka & Nakai (1974).

Figure 10(a) presents the CSL of CoT tailings under sim-
ple shear (Velten et al., 2025) and triaxial compression con-
ditions in the v—In p’ plane. For CoT tailings, a power-law
(curved) relationship (equation (3)) fitted the end-of-tests
points, regardless of the loading mode (i.e. simple shear or
triaxial compression). However, a single CSL could not fit
the data. For triaxial compression, a transitional response
was obtained. Thus, the CSL was dependent on the speci-
men’s initial density (Table 5): a = 1725 (86S)/1:655 (91S)/
1-618 (95S), b = 0-060 (86S)/0-040 (91S)/0-030 (95S), and
¢ = 0-40. Conversely, for simple shear loading, a power-law
(curved) CSL could fit all end-of-test data, regardless of the
specimen’s initial density (in the v—In p’ plane) (Table 5):
a=1720,b=0-121 and ¢ = 0-55.

’ C
v=a—bx (p/ )
pref

In the case of CoP tailings, Fig. 11(a) presents a unique
log-linear CSL (equation (4)) that could fit the end-of-test
points of all initial states and loading modes. These results
are also summarised in Table 5, while Table 6 presents the
regression analysis results for all (CoT and CoP) the CSLs
calculated. These data have shown that the values for the

M(0) = M x )
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Fig. 5. CoT and CoP triaxial compression tests: (a) drained tests — D: deviatoric stress—axial strain—volumetric strain; (b) undrained tests

— U: deviatoric stress—axial strain—excess pore pressure; and (c) dilatancy, D—(y7/Mc,r and nlMc,p)

coefficient of determination R* obtained were acceptable
(i.e. equal to or higher than 0-95) and the p-values calcu-
lated were lower than 0-001.

v=I+42np’ €)]

From Fig. 10(a), CoT presents ‘transitional’ behaviour
under triaxial compression loading conditions, but not for
simple shear conditions. It means that, in this case, transi-
tionality depends on the loading mode. On the other side,

CoP (Fig. 11(a)) presents a unique CSL independently of
the specimen’s initial density (i.e. fabric) and type of load-
ing. Consequently, these differences can probably be
related to mineralogical aspects and fabric instead of the
type of loading, since CoP presents higher quantities of
minerals with foliated/sheet format, for example micas,
while CoT presents higher quantities of minerals with mas-
sive rotund particles, for example quartz and feldspars.
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Fig. 6. Comparison of CoT and CoP tailings at a same void ratio prior to shearing under (a) drained and (b) undrained triaxial

compression loading

Wagner et al. (2023) studied two iron ore tailings with
different gradings, but similar mineralogy (both had
around 75% quartz), under drained and undrained triaxial
compression and extension tests, and reported non-
transitional curved CSL depending on the loading type for
both tailings. Although their dataset might have experi-
enced issues with strain localisation, the possibility of
achieving a unique CSL regardless of loading type is still
not consensual (e.g. Riemer & Seed, 1997; Fotovvat &
Sadrekarimi, 2022). Particularly for tailings, Fanni et al.
(2024) reported a unique CSL for gold tailings tested under
different loading modes with the hollow cylinder appara-
tus, and Becker et al. (2023) found a unique CSL for triax-
ial compression and extension. Here, CoP tailings
presented loading-independent CSL, while CoT does not.
These divergences in observed behaviour can be related not
only to the existence of multiple CSLs but to the

attainability of a unique CSL under conventional stresses
and strains. It is possible that, for some strong forms of
fabric, the conditions imposed in conventional tests would
not be sufficient to erase the initial fabric influence. Still,
the strains applied in laboratory tests tend to be much
higher than those expected to occur in the field. Thus,
acknowledging the unattainability of a unique CSL might
provide enhanced predictions in particular cases.
Regarding the transitional response of CoT tailings, the
exact cause of ‘transitional’ behaviour remains unknown
(Coop, 2015). However, the non-transitional behaviour
found for both copper tailings under simple shear condi-
tions suggests that this stress path could lead to a higher
destructuring of the fabric and, consequently, to a unique
CSL. Since fabric is directly linked to the particles’ shape
and composition, the differences in CoT and CoP particles
illustrated in Figs. 10(b) and 11(b), in conjunction with the

Downloaded from ftp.nowpublishers.com/jgeot/article-pdf/doi/10.1680/jgeot.25.00812/11862913/jgeot.25.00812en.pdf by guest on 19 September 2026



10 VELTEN, COOP, MAFESSOLI, DA COSTA, LIMA, CARVALHO AND CONSOLI

450
......... CoT_US6S
1l = = = cor_umis
400 CoT_U95S .’
e Shearing endpoints \\J, 4
- = = g=102p' (R* = 0:99/p-value = <0-0001) ’
350 2

Deviatoric component of stress, ¢: kPa

300 350 400 450
Mean effective stress, p': kPa

(a)

1200

Fig. 7. Stress paths at the p'—q plane for CoT tailings: (a) simple shear tests; (b) triaxial compression tests

450 -
] | e CoP_Us6S
— — — CoP_U9IS
400 CoP U958 ,
e Shearing endpoints ’
= = =4 =099 (R = 0-99/p-value = <0-0001) o
350 L

300

250

200

150

100

Deviatoric component of stress, ¢: kPa

100 150 200 250 300 350

Mean effective stress, p: kPa

(a)

g D86S
1100 e
| D9sS
- — - UséS
1000
l--- u91s 7
= =958 ’
900 . Shearing endpoints ’ ’
- 1= = = g=1-46p" (R* = 0:99/p-value = <0-0001) > £
2 800
4 o
-
~ 700 o
Wi
ﬂ 4
2600 -
o 4
=
2 500
N ]
3 4
A 00 1
300 +
200 +
100 +
0 LA A B e —
0 100 200 300 400 500 600 700 800
Mean effective stress, p": kPa
(b)
1200 o
J|— D86S
1100 — D91S g
1| —— poss
o ]| 0
|- = - vess o
900 ®  Shearing endpoints ’
1| = = = g=1-46p" (R* = 0-99/p-value = <0-0001)
nﬂ_‘ 800 —
] 4
=700
A d
7]
E 600
) 4 ’
2 .
= 500 ,
= s
& ) s
Z 400 ’
D ’,
a B Fa
300 Z
200 "
100 !
- I
0 71—
0 200 300 400 500 600 700 800

Mean effective stress, p": kPa

(b)

Fig. 8. Stress paths at the p’—¢ plane for CoP tailings: (a) simple shear tests; (b) triaxial compression tests

orientation of principal stresses in simple shear loading,
might have erased the form of fabric that was originating
the transitional behaviour.

Another notable difference between the investigated tail-
ings concerns the shape of the CSL. CoT copper tailings (a
quartz—feldspar dominated geomaterial) exhibited a curved
CSL in the v : log p’ space for both triaxial compression
and simple shear tests, whereas CoP — predominantly com-
posed of platy minerals, such as biotite and chlorite —
exhibited a loglinear CSL.

The shape of the CSL in the compression plane defines
the liquefaction susceptibility of tailings. The occurrence of
static liquefaction has been generally related to the curva-
ture of the CSL (Bedin et al., 2012; Carrera et al., 2011; Li
& Coop, 2019). Here, mineralogy has influenced the shape
of the CSL despite the loading imposed or the observation

of a transitional response. Although the CSL for simple
shear conditions of CoT tailings was not parallel to those
defined for triaxial compression, it remained curved.
Conversely, the unique CSL defined for CoP tailings was
loglinear for all loading types and initial densities.

Critical state lines: physical, geotechnical and mineralogical
comparison between the current study and others

Figure 12 and Table 7 compare geotechnical, physical
and mineralogical characteristics of the copper tailings
studied herein to those of four copper tailings, two gold
tailings and seven iron tailings investigated by Bedin ez al.
(2012), Li (2017), Li et al. (2018), Karim et al. (2023),
Wagner et al. (2023), Vergaray et al. (2023), Consoli et al.
(2024) and Velten et al. (2024). Considering only
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Table 4. Calibrated parameters for the Lode-dependent strength criterion, based on Sheng et al. (2000) and Gajo & Muir Wood (1999)

Parameters CoT CoP
Dominant mineralogy Tectosilicates (quartz and feldspar) Phyllosilicates (biotite and chlorite)
Critical state stress ratio for 1-46 1-40
triaxial compression, M.
Critical state stress ratio for 1-02 0-99
simple shear, M
M /M, 0-70 0-71
0-270 a 0286 Y/
. . 4
M(0) equation (Shen, M(0) = 1-046 % . M(0) = 1-40+ .
el 2000 1135 — 0-865 x sin (30) 1143 — 0857 x sin (30)
Predicted critical state stress 0-88 0-86
ratio for triaxial extension,
Mle
Critical state friction angle for 36-0° 34-6°
triaxial compression, ¢/,
Critical state friction angle for 36-1° 34-8°
simple shear, @
Lode angle, 0: degrees
0
15
|
q I
|
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Fig. 9. Variation of the stress ratio M with the Lode angle 6. The lines represent the interpolation using the g(¢) method proposed by
Sheng et al. (2000), calibrated with experimental data from triaxial compression (TXC) and simple shear (SS) tests

geotechnical characteristics, CoT presents gradation close
to copper-lower beach from Velten et al. (2024), while CoP
presents gradation most like gold tailings studied by Bedin
et al. (2012), iron-flotation from Consoli et al. (2024) and
iron-S1 from Wagner et al. (2023). However, under physi-
cal and mineralogical perspectives, CoT has a predomi-
nance of tectosilicate minerals (quartz and feldspar) in its
internal composition, as well as most of the tailings men-
tioned in Fig. 12 and Table 7; however, none of them has
physical and mineralogical properties comparable with
CoP.

Thus, Fig. 13 and Table 8 compare the CSLs of various
previously studied tailings and the copper tailings studied
herein. From these results, it is observed that only CoP and
iron-PO (Li, 2017) presented a linear CSL, while the others

presented curved ones. Considering that, except for
Deixing copper (Li, 2017), which is mainly composed of
nesosilicate and considered unique in this comparison, the
main minerals presented in CoP and iron-PO are phyllosili-
cates and inosilicates (amphibole group), respectively. So,
these results confirm that mineralogy is the main reason for
the CSL format, since gold tailings studied by Bedin et al.
(2012) are coarser than gold tailings studied by Li (2017)
and Li et al. (2018), but both presented curved CSLs and
similar mineralogy.

From Fig. 13(a), it was verified that CoT presented the
lower CSLs in relation to the other geomaterials, but simi-
lar curvature for the CSL obtained from triaxial compres-
sion tests. This is clearly observed from Table 8 and
Fig. 13(b), which compare the CSLs obtained only for cop-
per tailings. The location of the CSLs verified for the
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Table 5. Summary of CSLs obtained

Geomaterial | Dominant mineralogy Eq. no. | I'lA or alblc CSL shape | Transitional behaviour
CoT Tectosilicates (quartz and 3) Triaxial compression-86S: Curved Yes (TC)
feldspar) 1-725/0-060/0-40
Triaxial compression-91S:
1:655/0-040/0-40
Triaxial compression-95S:
1-618/0-030/0-40
SS: 1-720/0-121/0-55 Curved No (SS)
CoP Phyllosilicates (biotite and 4) Triaxial compression-SS: Linear No
chlorite) 2-053/0-074

Note: ‘Triaxial compression’: triaxial compression test; SS: simple shear test
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copper tailings studied herein, in relation to others, is
wholly related to internal structure and different initial
void ratios (fabric), when most researchers usually study a
single initial void ratio at the loose state. Moreover, it is
worth mentioning that the linear CSL of CoP crossed all
the CSLs compared in Fig. 13(b), which is possibly related
to its internal composition, as it is composed mainly of foli-
ated particles (phyllosilicate minerals), which permit the
rearrangement of the particles under new loading. In addi-
tion, considering that this geomaterial presented a unique
CSL independently of initial void ratio and type of loading,
it can be concluded that its mineralogical composition and
particle packing are the main reasons for that.

When comparing the CSL obtained for copper-TSF2
(Karim et al., 2023) from conventional DSS with the CSL

herein obtained from SS tests (Fig. 13(c)), it was verified
that the two curved CSLs are similar and they present the
same curvature. Although they have gradation differences,
their mineralogy is similar and mainly governed by tectosi-
licates (quartz and feldspar). In addition, considering that
this CSL obtained from conventional DSS was calculated
only using effective vertical stress, since radial stresses are
not measured in this type of apparatus, they may possibly
present close CSLs if they were obtained using either mean
effective stress or effective vertical stress.

CONCLUDING REMARKS
The influence of mineralogy and stress path on the CSL
of two copper tailings (CoT and CoP) with distinct
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Table 6. Regression analysis of the CSLs

Metric CoT CoP
Triaxial Triaxial Triaxial SS Unique
compression — 86S | compression —91S | compression — 95S
Slope (b;) 0-9650 0-9703 0-9826 1-0357 0-9504
Intercept (bo) 0-0585 0-0469 0-0269 —0-0548 0-0831
Standard error for slope 0-0715 0-0705 0-0904 0-0528 0-0423
Standard error for intercept 0-1189 0-1138 0-1425 0-0838 0-0719
Multiple R 0-9919 0-9896 0-9835 0-9873 09733
R 0-9838 0-9793 0-9672 0-9747 0-9474
Adjusted R? 09784 0-9741 0-9591 0-9722 0-9455
Standard error 0-0074 0-0044 0-0027 0-0101 0-0156
Degrees of freedom — df’ 3-0000 4-0000 4-000 10-0000 28-0000
F-statistic 182-2143 189-2746 1181156 385-0804 503-8828
p-value (F-test) 0-0009 0-0002 0-0004 < 0-0001 < 0-0001
Regression sums of squares 0-0096 0-0035 0-0008 0-0428 0-1164
Residual sums of square 0-0001 < 0-0001 < 0-0001 0-0011 0-0065
t-statistic (slope) 13-4987 13-7577 10-8681 19:6235 22-4473
p-value (z-test) 0-0009 0-0002 0-0004 < 0-0001 < 0-0001

Note: Triaxial compression: triaxial compression test; SS: simple shear test; Meaning of regression metrics: Multiple R: Return the
correlation coefficient of the data sets; R (coefficient of determination), proportion of the variance in the dependent variable explained by
the model; Adjusted R*: R? adjusted for the number of predictors; compensates for small sample sizes; Standard error: standard errors for
Y estimate; df: degrees of freedom is the number of observations minus 2; F-statistic: Tests whether the regression model explains a
significant amount of variance; p-value (F-test): Probability of observing the F-statistic if the model had no explanatory power; ¢-statistic:
Tests whether an individual coefficient (e.g. slope) differs significantly from zero; and p-value (z-test): Probability of observing the ¢-statistic

if the coefficient were actually zero

100 o _ - -~
90 — 7 7
FR

80 FEE
S | !/ l, ey !
= 70 & Tk Sl
il 1 48 ] —<—— CoT (current study)
& it ;] — & CoP (current study)
g 60+ J4 1 ==== Copper{Li,2017)
'S. 1 A, f - = = = Copper (Karim et al., 2023)
w30 4 1 = = = = Copper-upper beach (Velten er al., 2024)
g 1 "‘,’ ! - = = = Copper-lower beach (Velten er al., 2024)
S 404 et | — —  Gold(Bedin eral, 2012)
5 T , — —  Gold(Li, 2018)
g 30 g /,’ — - — lIron-UB (Li, 2017)
& | ; — + = Iron-MB (Li, 2017)

’ — = Iron-PO(Li, 2017)
20 T4 —  — Tron-flotation (Consoli er al., 2024)
L — - — lIron-slimes (Consoli ef al., 2024)
10 5 — - — Iron-S1 (Wagner er al., 2023)
S — - — [Iron-82 (Wagner er al., 2023)
0 T wzl R LR
0-001 0-010 0-100 1-000 10-000

Particle diameter, ¢: mm

Fig. 12. Particle size distribution of various tailings samples

geological origins has been examined in this paper. Both
tailings are sandy materials with similar gradings, identical
Dso and are composed of subangular particles. However,
CoT tailings are mainly composed of high-hardness miner-
als (quartz and feldspars), whereas CoP presents a predom-
inance of phyllosilicate minerals, which have lower
hardness. Conventional (drained and undrained) triaxial
compression tests and undrained simple shear tests were
compared for tailings, reflecting two different types of
loading that are usually found in common TSFs.
Therefore, considering the boundaries of the present
research, the following conclusions can be drawn.

(a) CoT presented a higher critical state friction angle due
to the presence of hard minerals in its constituent
particles (4. = 36-0° for triaxial compression and
dés = 36-1° for simple shear test) than CoP constituted

(b)

(c)

by micaceous particles (¢}, = 34-6° for triaxial
compression and ¢4, = 34-8° for simple shear test).
The mineralogical differences among the geomaterials
studied influence their liquefaction susceptibility. For
a similar void ratio, CoT tailings are more prone to
liquefy and present strain-softening with positive
pore pressure generation during undrained load-
ing, while CoP tailings present a ductile and
strain-hardening response, regardless of the type
of loading (simple shear or triaxial compression).
These differences are associated with the different
CSL shapes obtained: CoT presented a curved
CSL, and CoP presented a straight one.

In triaxial compression, CoT tailings presented a
‘transitional’ response with multiple CSLs
depending on the initial fabric, while CoP tailings
do not. The transitional response was associated
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Fig. 13. Critical state line (CSL) of various tailings samples for comparison: (a) all tailings samples; (b) only copper tailings; and (c) only

CSLs obtained from SS or DSS tests

with strong forms of fabric that could not be
completely erased under conventional triaxial
conditions. Although the exact element of fabric
causing transitionality could not be identified,
mineralogy exerted an influence on this response
since both tailings presented similar gradings and
were tested under the same conditions.

(d) Comparison of triaxial compression with published
simple shear results on the same tailings indicates
distinct responses for CoT and CoP. While CoT

presented a stress path-dependent CSL, CoP presented a

unique CSL regardless of the loading path. The

mechanism underlying this difference can be the same as
that for transitionality. Regardless of whether a unique
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CSL exists, strong forms of fabric might prevent its
attainability under conventional stresses and strains. In
this sense, the simple shear loading appears to be more
effective in destructuration. This effect can also be
observed in transitionality. Despite presenting a
transitional response in triaxial compression, CoT
presented a density-independent CSL under simple shear
loading.

The present findings demonstrate the importance of investi-
gating how mineralogy influences the fabric dependence of tail-
ings under different stress paths, providing new insights into
the cause of transitional behaviour. In this way, more research
is required using other types of loading, for example, hollow
cylinder tests with various stress paths, since TSFs can be sub-
mitted to all types of stress paths during their life cycle.
Besides, a pivotal aspect of future research will be to increase
the level of stress applied, since some TSFs and other earth-
works can often be submitted to stresses higher than 1000 kPa.
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NOTATION
a the intercept at 1 kPa of a curved critical state line
(CSL) (in the v—In p' space)
the gradient of a curved CSL (in the v—In p’ space)
the adjustment exponent of a curved CSL (in the
v—In p’ space)
e void ratio
Gs  specific gravity
M critical state stress ratio (in the p—¢q space)
Mg critical state stress ratio (in the p~¢q space) for simple
shear tests
M. critical state stress ratio (in the p~¢q space) for triaxial
compression tests
mean effective stress
p6  initial mean effective stress (just before shearing)
q deviatoric stress — triaxial test (o1 — 03)
¢ss  deviatoric component of stress — simple shear test

g = 2%\ (61— 00 + (o1 — o5 + (0 — 03)?

S

o

u  pore water pressure
w  water content
I' the intercept at 1 kPa of a straight CSL (in the
v—In p’ space)
& shear strain
n  stress ratio = ¢/p’
6 Lode’s angle
A gradient of a linear CSL (in the v—In p’ space)
a, effective horizontal stress
o, effective vertical stress
principal stresses
7 shear stress
v specific volume = 1 + ¢
¢’ effective stress friction angle
pis  critical state friction angle
#peax  Peak friction angle
y  state parameter
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