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Abstract: Conducting laboratory direct shear tests on granular materials is a common practice in
geotechnical engineering. This is usually done by following the ASTM D3080/D3080M-11 (hereafter
named ASTM), which stipulates a minimum required value of 10 for specimen width (W) to the
maximum particle size (dmax) ratio. Recently, a literature review performed by the authors showed
that the minimum required W/dmax ratio given in the ASTM is not large enough to eliminate the
specimen size effect (SSE). The minimum required W/dmax ratio of ASTM needs to be revised. In
this study, a critical analysis is first made on existing data in order to identify the minimum required
W/dmax ratio. The analysis shows that more experimental data obtained on specimens having
W/dmax ratios between 10 and 50 are particularly necessary. To complete this need, a series of
direct shear tests were performed on specimens having different dmax by using three shear boxes of
different dimensions. The results show once again that the minimum required W/dmax ratio of 10,
defined in the ASTM, is not large enough to eliminate the SSE. Further analysis on these and existing
experimental results indicates that the minimum required W/dmax ratio to remove the SSE of friction
angles is about 60. These results along with the limitations of this study are discussed.

Keywords: shear strength; direct shear tests; friction angle; specimen size effect; minimum required
specimen sizes; ASTM D3080/D3080M-11

1. Introduction

The direct shear test is a very old but still regularly used method to determine the
shear strength of geomaterials [1-16]. For a given project, one usually needs to take samples
from the project site. Specimens can then be prepared in a laboratory with a small portion
of the samples. For the convenience of laboratory tests, tested specimens are preferred to
be as small as possible. However, the method imposes a shear plane through the tested
material between the upper and lower half parts of the shear box. When the specimen
size is too small, the effect of individual particles along and near the imposed shearing
plane can be amplified in terms of rotation, crushing, shearing, and dilation during direct
shear tests. The distributions of stresses and strains can be non-uniform along the shearing
plane [17-20]. The measured shear strength may be overestimated and not representative
of that of the tested material in field conditions where the volume of the tested material can
be very large [21]. The specimen size of tested material should not be too small.

Increasing the specimen size of the tested material reduces the effect of individual
large particles and boundary effects associated with the stiff shear box walls. The measured
shear strength can be closer to that of the tested material in field conditions. When the
specimen size is large enough, the measured shear strength can then become constant with
any further increase in the specimen size. The variation of shear strength as function of
specimen size is known as specimen size effect or specimen scale effect (SSE). Finding the
large enough specimen size to avoid any SSE is also known as a problem of representative
volume element size [22-24].
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Over the years, a number of studies have been published on the SSE of direct shear
tests. Most of them were realized by performing laboratory tests [8,13,14,25-34]. A few
studies have been realized through numerical modeling [35-39]. Each method has advan-
tages and limitations. With experimental investigation, the test results are direct, tangible,
and more convincing as long as the tests are properly realized. Its limitations are also obvi-
ous: shear box and specimen sizes are limited. The reliability of test results depends on the
representativeness of assumptions, implicitly or explicitly used in the result interpretation.
The accessibility to observe the movements of particles or other mechanical responses of
the tested specimen during shear tests is difficult, if not impossible [40,41]. With numerical
modeling, the stress and deformation anywhere through the modeled specimen can be
visualized. This allows an insight to the micromechanical behavior, which can, in turn, lead
to a better understanding of the macro mechanical behavior of material under direct shear
test condition. However, all the numerical models, whatever continuum or discrete with
or without meshes, are established with some discussable assumptions. Model calibra-
tions are always necessary against experimental results to obtain model parameters. The
representativeness of constitutive model or particle size distribution of granular material
used in the numerical models depends on the reliability of the experimental results used
for parameter calibration. In addition, ensuring the stability and reliability of numerical
results is another challenging issue, especially at the zones of soil-wall interfaces and high
gradient stress or deformation.

In this study, focus is given on the experimental study of SSE in direct shear tests.

2. Previous Laboratory Tests on SSE of Direct Shear Tests

In the past, a large number of experimental studies have been published on the SSE
of direct shear tests. As the objective of the present study is to identify the minimum
required specimen sizes to avoid SSE in direct tests, instead of an exhaustive literature
review, analyses are only made on a few published works.

Over the years, several standards have been proposed to specify the minimum required
ratios between the specimen sizes and maximum particle size (dmax) of tested material.
Table 1 shows a few standards commonly used in geotechnical engineering with the
specification of specimen sizes. For example, ASTM D3080/D3080M-11 [42] (hereafter
named ASTM), the most used standard for direct shear tests all over the world, requires
specimen width (W) to be at least 10 times dmax. In addition, specimen width W should not
be smaller than 50 mm. For fine particle materials such as clay, silt, and sand with dmax not
larger than 1 mm, the requirement of W > 50 mm automatically results in W/dmax > 50, a
value largely exceeding the minimum required ratio. Respecting the standard of ASTM
does not raise any problem of SSE. Problems appear when direct shear tests are needed
with coarse particle materials such as rockfill and waste rocks.

Table 1. Standards of direct shear tests regarding maximum particle size (dmax), specimen width (W)
and thickness (T).

dard Required Shear Box Size Maximum
Standar W (mm) T (mm) WIT Allowed dmax
ASTM D3080/D3080M-11 [42] >50 >13 >2 Min{T/6, W/10}
Eurocode 7 [43] Not specified Not specified Not specified T/10
AS 1289.6.2.2 [44] Not specified >12.5 Not specified T/6
60 20 3 2 mm
BS 1377-7 [45] 100 25 4 2.5 mm
305 150 2 15 mm-20 mm

Rockfill and chemically inert waste rocks are widely used to construct geotechnical
infrastructures such as rockfill dikes of hydraulic reservoirs, waste rock piles [46,47], tailings
dams [48,49], waste rock inclusions in tailings storage facilities [50-53], and waste rock
barricades in underground mines to maintain backfill slurry in mine stopes [54-57]. The
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design of these infrastructures requires the knowledge of the shear strength of rockfill
or waste works. Direct shear tests are then needed on these materials. However, rockfill
and waste rocks usually contain fine particles as small as silts and coarse particles as
large as boulders. Using a standard direct shear test box (6 cm for most cases) with field
materials and respecting the minimum required specimen sizes to dmax ratio are impossible.
Scaling down techniques are thus employed by removing oversized particles during sample
preparation to make laboratory tests possible [16,58-67]. For most cases, the dmax of the
resulting samples can still be too large compared to any available standard or nonstandard
direct shear test apparatus. The minimum required specimen size to dmax ratio of 10 [42,68]
has thus been universally used in direct shear tests [11,16,62,69-74] even though the validity
of this minimum required value of 10 has never been verified. In other words, it remains
unclear if the SSE of direct shear tests is eliminated with specimens having a width to dmax
ratio of 10.

Parsons [25] studied the SSE of a crushed quartz and Ottawa sand with a dmax
value of approximately 0.841 mm. Direct shear tests were conducted with small square
(60 mm x 60 mm), medium rectangular (120 mm x 100 mm) and large rectangular
(120 mm x 200 mm) shear boxes. Loose samples were poured in the shear boxes with
a spoon at a constant falling height. The surface of the samples was smoothed to a standard
thickness. The measured friction angles are presented in Table 2 along with the corre-
sponding values of W/dmax. For the test results with the crushed quartz, it is difficult to
evaluate if the minor diminution of friction angle is an exhibition of SSE or simply due to
the precision of measurement, sample variation or shape effect. As the smallest W/dmax
ratio of 71 is already much higher than 10, these results do not provide valuable information
on the validity of the minimum required specimen size over d,;,, ratio of ASTM. For the
test results with Ottawa sand, Table 2 indicates that the friction angle continues to change
significantly as the W/dmax ratio increases from 71 to 143. These results tend to indicate
that the minimum required ratios of ASTM are not large enough to eliminate the SSE even
at W/dmay ratio of 71. However, this conclusion may not be strong enough because the test
results may contain several uncertainties associated with the precision of measurement,
sample variation from small to large box, and shape effect.

Table 2. Variation of friction angle (¢) obtained by Parson (1936) with different specimen sizes
through direct shear tests; L is the length of shear box.

¢ ()
L (mm) X W (mm) W/dmax
Crushed Quartz Ottawa Sand
60 x 60 71 31.5 31.0
120 x 100 119 31.1 29.6
200 x 120 143 30.7 28.5

Similar tests to those of Parsons [25] have been conducted by Palmeira and Milli-
gan [28] with one single normal stress of 30 kPa on a sand with dmax = 1.2 mm by using
small square (60 mm x 60 mm x 32 mm), medium rectangular (252 mm x 152 mm X
152 mm), and large square (1000 mm x 1000 mm x 1000 mm) shear boxes. All the spec-
imens were prepared by applying a pluviation technique with a constant falling height.
The test results are shown in Table 3. One sees that the friction angles of the specimens
remain almost constant when W /dmax increases from 50 to 833, values much larger than
the minimum required W /dmay ratio of ASTM. These results tend to indicate that a W/dmax
ratio of 50 is large enough to remove the SSE, but cannot help to evaluate if the minimum
required ratios of ASTM are large enough to eliminate the SSE. In addition, it is unclear if
W /dmax = 50 is the minimum required ratio or can be smaller to remove the SSE.
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Table 3. Friction angles of a sand with dmax = 1.2 mm, obtained by direct shear tests with three shear
box sizes [28].

L (mm) x W (mm) x T (mm) W/dmax T/dmax ¢ ()
60 x 60 x 32 50 27 50.1

252 x 152 x 152 127 127 50.2

1000 x 1000 x 1000 833 833 49.4

Rathee [26] investigated the SSE on the measurement of friction angle by direct shear
tests. One tested material was made of pure gravel and another was a mixture of sand and
gravel with the same portion. A small (60 mm x 60 mm) and a large (300 mm x 300 mm)
shear box were used (the heights of the shear boxes were not provided in Rathee [26]).
For the pure gravel material, only the large shear box was used to measure the friction
angles of different samples having different dmax prepared by applying a scaling down
technique. These results cannot be used to evaluate the SSE because each sample having a
distinct value of dmax represents a distinct material. The variation of friction angle results
from combined effects associated with the variation of dmay, particle size distribution, and
specimen size to dmax ratio. The employed methodology is inappropriate to investigate the
SSE. For the sand-gravel mixture material with dmax = 6.3 mm, both the small and large
shear boxes were used by Rathee (1981) to measure the friction angle by direct shear tests.
The experimental results showed that the friction angle decreases by about 1.7° when the
W /dmax ratio increases from 10 to 48. These results clearly indicate that the SSE is not
eliminated with a W/dmax ratio of 10. The minimum required specimen size to dmax ratio
defined by ASTM is invalidated. However, as there are no results with W/dmax smaller or
larger than 48, it is unclear if the W /dmax ratio of 48 is large enough to eliminate SSE.

The influence of specimen size on friction angle was further studied by Cerato and
Lutenegger [8], who conducted direct shear tests with a small (59.9 mm x 59.9 mm X
26.4 mm), a medium (101.6 mm x 101.6 mm x 40.6 mm) and a large (304.8 mm x 304.8 mm
x 177.8 mm) shear box on a sand and a gravel with different dp,,x and relative densities.
For the specimen of gravel with dmax value of 5 mm, a known quantity of sample was
placed in each box and compacted to achieve the desired relative density. Table 4 shows
the measured friction angles of the gravel compacted to different relative densities. The
experimental results clearly indicate that the W/dmax ratios of 12 and 20 are not large
enough to remove the SSE, invalidating once again the minimum required W/dmay ratio
of 10 given in ASTM. It is, however, unclear if the W/dmax ratio of 61 is large enough to
remove the SSE.

Table 4. Friction angles of gravel having a dmax value of 5 mm with different relative densities (Dy),
obtained by direct shear tests with three shear box sizes [8].

¢ ()
W (mm) x W (mm) X T (mm) Wldmax T/dmax Dre25% Dro55% DeeB5%
59.9 x 59.9 x 26.4 12 5 42.0 445 455
101.6 x 101.6 x 40.64 20 8 36.5 41.0 43.0
304.8 x 304.8 x 177.8 61 36 34.0 40.2 42.0

Wau et al. [30] conducted direct shear tests on a sand with a dyax value of 0.42 mm with
a small square (40 x 40 x 20 mm), a medium square (120 x 120 x 120 mm), a large square
(300 x 300 x 300 mm) and a very large rectangular (800 x 500 x 600 mm) shear boxes.
The minimum W /dmax ratio is 95. Among the numerous specimens, only two have close
enough compactness and void ratio. The test results presented in Table 5 tend to indicate
that the SSE is not eliminated even at W/dmax = 95. The minimum required W/dmax = 10,
given in ASTM, is invalidated once again.
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Table 5. Friction angles of the sand samples obtained by Wu et al. [30].

W (mm) x W

Void Ratio (mm) x T (mm) W/dmax T/dmax ¢ ()
0.654 40 x 40 x 20 95 48 45.8
0.659 120 x 120 x 120 285 285 41.8

Mirzaeifar et al. [32] performed direct shear tests with a small (60 mm x 60 mm x
16 mm), a medium (100 mm x 100 mm X 30 mm), and a large (300 mm x 300 mm x
180 mm) shear box. The tested material is sand with a dmax value of 1.3 mm. Three samples
were prepared, the first one at a density of 1.5 g/cm?, the second at 1.58 g/cm?, and the
third at 1.67 g/cm?, respectively. Table 6 shows the friction angles obtained by the direct
shear tests. The results tend to indicate that the W/dmax ratio of 46 is not large enough
while a W/dmax ratio up to 77 may be necessary to remove the SSE. The minimum required
W /dax ratio of 10, stipulated by the standard of ASTM, is invalidated once again.

Table 6. Friction angles of sand at three different densities, obtained by direct shear tests with three
different size shear boxes [32].

¢ ()
W (mm) x W (mm) x T (mm)  W/dmax T/dmax at1.5 at 1.58 at 1.67
(g/cm3) (g/cm3) (g/cm?®)
60 x 60 x 16 46 12 354 37.9 39.7
100 x 100 x 30 77 23 33.3 34.5 35.2
300 x 300 x 180 231 138 32.6 34.0 34.5

Ziaie Moayed et al. [34] studied the SSE on the friction angles of silty sand with a dpax
value of 0.8 mm. The samples were prepared by mixing sand with different silt contents
(Sand, 0%; Silty sand I, 10%; Silty sand 1II, 20%; Silty sand III, 30%). Small (60 mm x 60 mm
x 24.5 mm), medium (100 mm x 100 mm x 35 mm), and large (300 mm x 300 mm X
154 mm) shear boxes were used to perform direct shear tests. Table 7 shows the friction
angles obtained by only considering the direct shear test results of Ziaie Moayed et al. [34]
with the normal stresses of 109, 163, and 218 kPa; the experimental results obtained with
the normal stresses of 327 and 436 kPa were ignored due to the lack of tests using the large
shear box with these two normal stresses. The friction angles were obtained by applying
the linear fitting technique without imposing the straight lines passing through the origin
in the shear stress—normal stress plane, resulting in apparent cohesions varying from 11 to
27 kPa with the small shear box tests and apparent cohesion ranging from —0.4 to 5 kPa
with the large shear box tests. The results of the sand and silty sand I tend to show that
the W/dmax ratio of 75 is not large enough to eliminate SSE, invalidating once again the
minimum required W/dmax ratio of 10, stipulated by the standard of ASTM. With the test
results of silty sand III, the W/dmax ratio of 75 seems to be large enough to avoid SSE. These
results do not help to validate or invalidate the minimum required W /dmay ratio of 10,
stipulated by the standard of ASTM.

More studies on the SSE of geomaterials can be found in the literature. For instance,
Dadkhah et al. [75] studied the SSE of clayey sand. The SSE was clearly showed and the
minimum required W/dmax ratio of 10 is invalidated again. However, the experimental
results are difficult to be exploited because the values of dmax Were not explicitly given
(4.75 mm in a table and 10 mm in a figure of particle size distribution curves). In addition,
it is unclear if the tested specimens were made of remoulded or unremoulded samples
and how the designated densities of specimens were achieved. These results are thus not
addressed further.
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Table 7. Friction angles of sand and silty sands, obtained by only considering the direct shear test
results of Ziaie Moayed et al. [34] with the normal stresses of 109, 163, and 218 kPa.

¢ )
W = W Widmax Tl ang1  SitySand Silty Sand  Silty Sand
I il il
60 x 60 x 24.5 75 306 439 39.7 344 30.4
100 x 100 x 35 125 438 390 314 312 310
300 x 300 x 154 375 1925 349 337 308 313

Note: For sand and silty sand II, the peak shear stresses at the three normal stresses are taken from the stress-
displacement curves to obtain the friction angles because the use of the peak shear stresses from Figure 10 of
Ziaie Moayed et al. [34] may result in negative cohesion. For silty sand I and III, no stress-displacement curves
were given in [34]. 1 Results based on Figure 5 of Ziaie Moayed et al. [34]; 2 Results based on Figure 10b of Ziaie
Moayed et al. [34]; 3 Results based on Figure 6 of Ziaie Moayed et al. [34]; 4 Results based on Figure 10d of Ziaie
Moayed et al. [34].

More recently, MotahariTabari and Shooshpasha [14] studied the SSE of a coarse grain
material in direct shear tests. Similarly to Rathee [26], the test results involve the effects of
several influencing factors such as dmay, fine and gravel contents and density. These results
can neither be included in this study.

Table 8 shows a summarization of the previous analyses on the existing experimental
results obtained to investigate the SSE. None of the existing experimental results shows
validation of the minimum required W/dmax ratio of 10 by ASTM for direct shear tests.
Rather, almost all of them show that SSE cannot be eliminated by using specimens having
a W/dmax ratio of 10. The minimum required W /dmax ratio of 10 stipulated by ASTM is
invalidated and needs to be revised.

Table 8. Summarization of the analyses on existing test data obtained to investigate the SSE.

Minimum Minimum Tested W/d ;4 Minimum
References Tested W/dmax Require W/dmax Large Enough to Remove  Required W/dmax

SSE of ASTM

Parsons [25] 71,119,143 ~71 Yes at 71 Unknown
Rathee [26] 10, 48 Unknown Not at 10 Invalidated
Cerato and Lutenegger [8] 12,20, 61 Unknown Not at 20 Invalidated
Wu et al. [30] 95, 285 Unknown Not at 95 Invalidated
Mirzaeifar et al. [32] 46,77,231 ~77 Not at 46 Invalidated
Palmeira and Milligan [28] 50, 127, 833 <50 Yes at 50 Unknown
Sand 75,125, 375 Unknown Not at 75 Invalidated
Ziaie Moayed Silty sand I 75,125, 375 Unknown Not at 75 Invalidated
etal. [34] Silty sand 1T 75,125, 375 ~125 Not at 75 Invalidated
Silty sand III 75,125,375 <75 Yes at 75 Unknown

Table 8 also shows that a W/dmax ratio of 50 is large enough based on some of the
existing data while some other results indicate that even a specimen having W /dmax ratio
as large as 75 is not large enough to remove SSE. In addition, more experimental results are
particularly necessary with specimens having W /dmax ratio between 10 and 50. With fine
particle materials, this is only possible with shear box smaller than the minimum required
specimen size of 50 mm, stipulated by the ASTM. To fill this gap, a series of direct shear
tests were performed on specimens with d,;;y in the range of 0.85 to 6 mm by using a mini
shear box of 38 mm x 38 mm x 45 mm, a small shear box of 60 mm x 60 mm x 45 mm
and a large shear box of 300 mm x 300 mm x 180 mm. The tested specimens then have a
W /dmax ratio between 10 and 353. In this paper, the experimental results of these laboratory
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tests are first presented. Minimum required W /dmax ratio is identified and proposed to
eliminate SSE.

3. Laboratory Tests
3.1. Test Apparatus

In the Geotechnical Laboratory of Polytechnique Montreal, there are a standard
(Figure 1a) and a large (Figure 1b) direct shear test system. The standard direct shear
test apparatus is equipped with a small (standard) shear box of 60 mm x 60 mm x 45 mm
while the large direct shear apparatus is equipped with a large shear box of 300 mm X
300 mm X 180 mm. A mini shear box of 38 mm x 38 mm x 45 mm was designed and
manufactured by the Geotechnical Laboratory of Polytechnique Montreal in order to test
the SSE of fine particle materials with a W/dmax ratio smaller than 50 based on the critical
review of Deiminiat et al. [76]. Figure 2 shows a picture of the three shear boxes used in this
study. The mini shear box was made to have the same external dimensions as those of the
small (standard) shear box in order for it to be compatible with the standard direct shear
test system. The testing procedure is thus mainly the same as the standard one of ASTM
with the small (standard) shear box. The only difference is in the normal stress loading
system. The lever system is removed and the normal stress is applied by the self-weight of
the loading frame and addition of dead load on the holding plate.

3.2. Materials and Testing Procedure

Keeping in mind that the scope of this study is to only analyze the SSE on the peak
internal effective friction angle (hereafter called “friction angle” for the sake of simplicity)
of granular material, it is very important to make sure that all the specimens prepared
with a given material in the mini, small, and large shear boxes have the same compactness
(density) and water content (dry).

The testing materials in this study are two types of waste rocks, called WR 1 and WR
2, respectively. These waste rocks contain sub-angular and sub-rounded particles. Figure 3
shows pictures of the original WR 1 (Figure 3a) and WR 2 (Figure 3b).

Displacement
transducer

! Displacement
" transducer

A=

i
A"

Comprecor |

(a) (b)

Figure 1. Direct shear apparatuses: (a) standard one for mini and small shear boxes; (b) large one for
large shear box.
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(b)

Figure 2. Shear boxes used in this study: (a) house-made mini square shear box (38 mm x 38 mm X
45 mm); (b) small (standard) square shear box (60 mm x 60 mm x 45 mm); (c) large square shear
boxes (300 mm x 300 mm x 180 mm).

Figure 3. Photos of original (a) WR 1 and (b) WR 2.

The two types of waste rocks were first sieved in different portions having particle
sizes ranging from 0.08-0.85 mm, 0.85-1.19 mm, 1.19-1.4 mm, 1.4-2.36 mm, 2.36-3.36 mm,
3.36-5 mm, and 5-6 mm. Mixtures were made to obtain dry samples having a dmax of 0.85,
1.19, 1.4, 2.36, 3.36, 5, and 6 mm. Details of the different portions used to make the different
mixtures are given in Table 9.
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Table 9. Portions of waste rocks used to make the different mixtures.

Ranges of Particle

Masse of Different Portions (g)

Sizes dmax = 6 mm 5 mm 3.36 mm 2.36 mm 1.4 mm 1.19 mm 0.85 mm
5to 6 mm 3618
3.36 to 5 mm 5899 6190
2.36 to 3.36 mm 4314 4432 5062
1.4 to 2.36 mm 3272 3227 2586 4663
1.19 to 1.4 mm 524 721 789 1334 2301
0.85to 1.19 mm 1326 1379 1603 2202 2220 3283
0.63 to 0.85 mm 121 125 369 327 1549 2401 6500
0.315 to 0.63 mm 370 385 291 449 710 853 1440
0.16 to 0.315 mm 345 359 408 315 539 568 590
0.08 to 0.16 mm 1063 1105 791 972 771 832 1300
<0.08 mm 2942 3060 2531 2691 2186 2324 3550

Figure 4 shows the target and obtained grain size distribution curves of samples
having different dmax. The grain size distribution curves were also used to produce seven
other materials by WR2. There are thus 14 samples prepared for the direct shear tests with
the three different shear boxes. It should also be mentioned that the scope of this paper is
to study the SSE, not the scaling-down techniques or the effect of dmax on the friction angle
of granular materials. The different dmax values are thus used here as an identification of
one material. Each dmax along with the type of waste rocks constitute a distinct material.

100

80

(o))
(@)
]

—o0—dmax = 0.85 mm
—0—dmax=1.19 mm
—A—dmax=1.4 mm

—O—dmax= 2.36 mm
—¢—dmax = 3.36 mm
——dmax=5 mm
—¥—dmax =6 mm

Percent passing
N
=]
|

N
(@)
]

0

0.01

0.1

Grain size (mm)

10

Figure 4. Grain size distribution curves of the samples with different d;;sx (same for WR 1 and WR 2).

All the specimens for the mini, small, and large shear boxes were prepared with dry
waste rocks in the loosest state in order to ensure that the variation of the test results is
only associated with the variation of specimen sizes; the effects of other influencing factors
(density, water content, particles shapes, etc.) on the test results are excluded. The specimen
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was prepared with a spoon by slowly placing waste rocks into each shear box without any
compaction. The required mass of material was calculated according to the box volume
and the desired dry density of 1450 kg/m3. After filling the box to the top edge of the
upper box, the surface of the specimen was smoothed with a brush and the rigid plate was
placed slowly to avoid any shock or compaction of the material.

Table 10 shows the shear boxes and specimen sizes to dmax ratios along with the
maximum void ratios (emax) for the two types of waste rocks. The values of emax were
estimated by following ASTM C29/C29M-17a [77]. One notes a decrease of emax with
an increased dmax value. This is straightforward to understand. As seen in Figure 4, the
materials with larger dmax have better gradations. With a well graded material, the pore or
void spaces can easily be filled with fine particles, resulting in a denser material compared
to a poorly graded material. This, along with the dense and heavy large particles associated
with a large dmax value, results in a small emax. However, it should be noted that the
scope of this study is to evaluate the SSE of direct shear tests. The value of dmax is only
an identification of the material. Focus should be put on the variation of friction angle as
function of specimen width for a given material (defined by the type of material and a dmax
value), not on the variation of physical or mechanical properties as function of dmax value.

Table 10. Shear boxes and specimen size to dmax ratios, used in the direct shear tests on the two types
of waste rocks.

38 mm X 38mm X 45mm 60 mm X 60 mm X 45 mm 300 mm x 300 mm x 180 mm
d (mm)
max WR1  WR2 Widmax T/dmax Widmax T/dmax Widmax T/dmax
0.85 0.93 0.84 45 53 71 53 353 212
1.19 0.87 0.79 32 38 50 38 252 151
14 0.84 0.73 27 32 43 32 214 129
2.36 0.88 0.75 16 19 25 19 127 76
3.36 0.85 0.74 11 13 18 13 89 54
5.0 0.80 0.77 - - 12 9 60 36
6.0 0.78 0.72 - - 10 8 50 30

From Table 10, one sees that there are no tests planned with the mini box for the
specimens with dmax of 5 and 6 mm in order to respect the minimum required specimen
size to dmax ratio of 10 defined by ASTM. All the 19 specimen sizes meet the requirement
of ASTM with W/dnax ranging from 10 to 353. Since each dmax along with the type of
waste rocks is only used as an identification of a material, the testing program contains
14 materials (made of WR 1 and WR 2) completely different from each other.

As the shear strength of each specimen is obtained by direct shear tests with three
normal stresses (50, 100, and 150 kPa), 57 direct shear tests were carried out for each type of
waste rocks. A total number of 114 direct shear tests were realized for the two types of waste
rocks. The direct shear tests were conducted by applying constant rates of 0.015 mm/s
(0.9 mm/min) and 0.025 mm/s (1.5 mm/min) for the standard and large shear apparatuses,
respectively.

3.3. Test Results

Figure 5 shows some typical shear stress and shear displacement curves obtained by
using the mini (Figure 5a), small (Figure 5b) and large (Figure 5c) shear boxes on WR 1 with
a dmax value of 0.85 mm. It can be seen that material tested with different boxes at a given
normal stress has the same mechanical behavior. For example, at a normal stress of 50 kPa,
the material tested with the mini, small, and large boxes has a mechanical behavior of loose
sand. At a normal stress of 150 kPa, the material tested with the three boxes starts to have a
mechanical behavior of dense sand. These results indirectly indicate that the specimens
prepared in the three different boxes have the same state and density. Subsequently, they
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Figure 5. Shear stress vs. shear displacement curves of WR 1 specimens with dmax value of 0.85 mm
under three normal stresses obtained with the mini (a), small (b) and large (c) shear boxes.

By taking the peak value of shear stress for each curve, one then obtains three shear
stresses at yield, each corresponding to one normal stress. The friction angle can then be
obtained by applying the linear fitting technique without imposing the straight line passing
to the origin in Mohr plane.

Table 11 shows the obtained friction angles of all the specimens with different dpax
for WR 1 and WR 2. Once again, each dmax along with the type of waste rocks can only be
considered as an identification of a material. The table thus presents the friction angles of
38 samples made of the 14 materials. It is unnecessary to analyze how the friction angles
change with the value of diax or with the type of waste rocks.

Table 11. Friction angles of the specimens obtained by extra small, small, and large shear boxes for
WR1and WR 2.

38 mm X 38§ mm X 45 mm 60 mm X 60 mm X 45 mm 300 mm X 300 mm x 180 mm

dmax
(mm)

W/dmax

¢ () ¢ () ¢ ()

T/dmax

Wid T/d Wid T/d
WR1 WR2 max ™ WR1  WR2 max ™ WR1  WR2

0.85
1.19
1.4
2.36
3.36
5
6

45
32
27
16
11

53
38
32
19
13

37.1 35.3 71 53 37 35.2 353 212 36.9 35.0
38 36.2 50 38 37.9 36.1 252 151 37.5 36.0
38.7 37.2 43 32 38.0 36.4 214 129 37.7 36.2
40.9 38.2 25 19 39.1 37.3 127 76 37.9 37.1
421 40.5 18 13 40.2 39.3 89 54 38.7 37.4
- - 12 9 414 40.1 60 36 39.5 38.4
- - 10 8 43.0 40.9 50 30 39.9 39.2

Figure 6 shows the variations of friction angles as function of W /dmax for the specimens
made of WR 1 (Figure 6a) and WR 2 (Figure 6b), respectively. From Figure 6a, it is seen that
the friction angle of the specimens with dmax = 0.85 mm remains constant as the W/dmax
ratio increases from 45 to 353. For the specimens with dmax = 1.19 mm, the friction angle
decreases by 0.1° as W/dmax increases from 32 to 50 and remains almost constant as W/ dmax
further increases to 252. For the specimens with dmax = 1.4 mm, the friction angle decreases
by 0.7° when W /dmayx increases from 27 to 43 and it remains almost constant when W/dmax
further increases from 43 to 214. These results tend to indicate that a W /dmax ratio of 43
to 50 is large enough to remove the SSE while the minimum required W/dmax ratio of 10
suggested by the ASTM is too small for eliminating the SSE.
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Figure 6. Variations of the friction angles of the specimens as a function of W/dmax for the specimens
made of (a) WR 1 and (b) WR 2.

For the specimens with dmax = 2.36 mm, the friction angle decreases by 1.8° as W/dmax
increases from 16 to 25 and then decreases by 1.2° when W/dmax further increases from
25 to 127. Similarly for the specimens with dmax = 3.36 mm, the friction angle decreases
by at least 1.9° as W/dmax increases from 11 to 18 and decreases by 1.5° as W /dmax further
increases from 18 to 89. These test results indicate that a W /dmax ratio of 18 or 25 is not
large enough to eliminate the SSE. The minimum required W /dmax ratio of 10 defined by
ASTM is invalidated again.

For the specimens with dmax = 5 mm, the friction angle decreases by 2.2° as W/dmax
increases from 12 to 60. For the specimens with dmax = 6 mm, the friction angle decreases by
3.1° as W/dmax increases from 10 to 50. These results show once again that the minimum
required W/dmax ratio of 10 defined by ASTM is not large enough to remove SSE.

All the above test results confirm what has been illustrated by Deiminiat et al. [76].
The minimum required W/dmax ratio of 10 defined in the ASTM is not validated for the fine
particle material with a dmax value of 0.85 mm due to the lack of test results with W/dx
ratio in the range of 10 to 45, but is clearly invalidated for the coarse particle materials with
dmax ranging from 3.36 to 6 mm. A W/dmay ratio of 10 is not large enough to eliminate the
SSE on the friction angles of granular materials. The minimum required W/d,x ratio of
ASTM should be revised.

Similar observations can be made on the experimental results shown in Figure 6b
for WR 2. The friction angle of the specimens with dmax = 0.85 mm remains constant as
W /dmax increases from 45 to 353. For the specimens with dmax = 1.19 mm, the friction
angle decreases by 0.2° as W/dmax increases from 32 to 50 and remains almost constant as
W /dmax further increases to 252. The friction angle of the specimens with dmax = 1.4 mm
decreases by 0.8° when W/dmax increases from 27 to 43 and remains almost constant when
W /dmax further increases from 43 to 214. For the specimens with dmax = 2.36 mm, the
friction angle decreases by 0.9° as W /dmayx increases from 16 to 25 and then decreases by
0.2° when W/ dmax further increases from 25 to 127. The friction angle of the specimens with
dmax = 3.36 mm decreases by at least 1.2° as W /dmax increases from 11 to 18 and decreases
by 1.9° as W/dmax further increases from 18 to 89. For the specimens with dpax = 5 mm, the
friction angle decreases by 1.7° as W/dmax increases from 12 to 60. The friction angle of the
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specimens with dmax = 6 mm decreases by 1.7° as W/dmax increases from 10 to 50. These
results show once again that a W/dmax ratio of 43 to 50 is large enough to eliminate the SSE
while a W/dmax ratio of 10 to 32 is too small to eliminate the SSE on the friction angles of
granular materials. The minimum required W/dmax ratio of 10 defined in the ASTM needs
to be revised [76].

4. Identification of the Minimum Required W/dmax Ratio to Eliminate SSE

With the experimental results of fine particle materials with dmax values ranging from
0.83 to 1.4 mm shown in Figure 6, a W/dmax ratio of 43 to 50 seems to be large enough to
eliminate the SSE on the friction angles of granular materials. It still remains unclear if
these ratios can be applied to the specimens with dmax values ranging from 2.36 to 6 mm to
remove the SSE.

One recalls that each dmax along with the type of waste rocks must be considered as
the identification of one material. It is thus normal to see the test result points as a cloud, as
shown in Figure 6. It is however very difficult, with such presentation, to identify a unique
value respectively for the minimum required W/dmax ratio that can be considered as large
enough to eliminate the SSE on the friction angle of granular materials.

Table 12 shows the friction angles of experimental results obtained in this study
and those of existing data, normalized by the measured friction angle of sample having
a large enough W/dmax ratio. Only a selected part of the existing data presented in
Table 8 is included and presented in the table because the normalization can only be
made on the experimental results with at least one specimen having W /dmax ratio large
enough to eliminate the SSE. The experimental results of Rathee [26] and Wu et al. [30] are
thus excluded.

Table 12. Normalized friction angles of the experimental results obtained in this study and taken
from the literature.

Id. of Material Wldnax Tldmax ¢ (°) Norm(;l lized MI;it e(r)if al Wldmax Tldmax ¢ (©) Norm(;lllzed References
45 53 37.1 1.005 45 53 35.3 1.009
g R 71 53 37.0 1.003 5 WEZ 71 53 35.2 1.006
max = U.60 mm 353 212 36.9 1 max =U.6oMm - 353 212 35.0 1
32 38 38.0 1.013 32 38 36.2 1.006
L WRL 50 38 37.9 1.011 g R fé 50 38 36.1 1.002
max = 1.17 Mm 252 151 37.5 1 max = L.I7MM - H5p 151 36.0 1
27 32 38.7 1.027 27 32 37.2 1.028
, WRE 43 32 38.0 1.008 ;. WRZ 43 32 36.4 1.006
max = 1.4 MM 214 129 37.7 1 max = LEMIM 51y 129 36.2 1 .
16 19 409 1.082 16 19 382 1.030 This study
i ‘f’g; 25 19 39.1 1.034 p WK gé 25 19 373 1.005
max = <20 MM 127 76 37.8 1 max = £00MM 157 76 37.1 1
11 13 21 1.088 11 13 405 1.083
WR1, 18 13 402 1.039 WR2, 18 13 39.3 1.051
dmax =3.36mm g 54 387 1 dmax =3.36mm g9 54 374 1
WR1, 12 9 414 1.048 WR2, 12 9 40.1 1.044
Amax =5 mm 60 36 395 1 dmax =5mm 60 36 384 1
Gravel, 12 5 20 1.235 Gravel, 12 5 445 1.107
doan = 5 mm, 20 8 36.5 1.074 doae=5mm, 20 8 41.0 1.020
Dr = 25% 61 36 34.0 1 Dr = 55% 61 36 40.2 1
Gravel, 12 5 45.5 1.083 (8]
Ao = 5 m, 20 8 43.0 1.024
Dr = 85% 61 36 20 1
Sand, 50 27 50.1 1.014 .
ey = 1.2 mm 833 833 494 1
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Regarding the direct shear tests of Palmeira and Milligan [28], the results obtained
with the rectangular shear box should be excluded in order to avoid any specimen shape
effect. The remaining results should be included because it is difficult to justify that a
specimen of 1 m by 1 m is still not large enough to eliminate the SSE with a tested material
having a dmax = 1.2 mm and a W/dmax ratio of 833.

In this study, the experimental results of Ziaie Moayed [34] have also been excluded
because their experimental results involve too many uncertainties pertaining to the SSE
of friction angles. For example, their tested materials were prepared at optimum water
contents. The very high apparent cohesions obtained with the small shear box can be well
explained by the suction associated with the unsaturated state of the sample. However,
the very small and even negative apparent cohesion obtained by the medium and large
shear boxes cannot be explained by the unsaturated state of the samples. In addition, the
shear stress—shear displacement curves clearly showed that the specimens in the small
box received more compactness, having a mechanical behavior of dense sand while the
specimens in the large box did not receive enough compactness, showing a mechanical
behavior of loose sand. The problem of compactness can further be confirmed by the
number of layers during their specimen preparation: three layers both in the small and
medium sizes of shear box, five layers in the large shear box [34].

Regarding the experimental results of Mirzaeifar et al. [32], it is noted that the desired
densities of 1.5, 1.58, and 1.67 g/cm?® were obtained by compacting the sand in 4, 6 and
8 layers, respectively. With the same number of layers in small, medium and large shear
boxes, the resulting densities could be expected very different. Their test results thus not
only involve the SSE, but also the effects of compactness or density. The experimental
results of Mirzaeifar et al. [32] should thus also be excluded in the identification of the
minimum required W /dmax ratio.

Figure 7 presents the variation of the normalized friction angles as a function of
W /dmax of the experimental results obtained in this study and taken from the literature.
It can be seen that the normalized friction angle varies from 1.12 to 1 depending on the
W /d ey ratio. The normalized friction angle decreases as W/dmax increases from 10 to a
certain value before it becomes constant when the W /d .y ratio further increases from this
critical value to a value as high as 353. The critical value of W/dmax ratio beyond which the
normalized friction remains constant is the searched minimum required W /dmax ratio to
eliminate the SSE on friction angle of granular materials.

To identify these critical values, one first draws a horizontal line at normalized friction
angles equal to 1. Eye-based best-fitted curves are then plotted to the experimental results
having the W/dmax ratio between 10 and 50. One sees that the critical W/dmax ratio should
be in the range of 50 to 70. One recommends a value of 60 for the minimum required
W /dmax ratio, identified as large enough to eliminate the SSE. This value is chosen as a
compromise between accuracy and practical convenience.
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Figure 7. Variations of the normalized friction angles as a function of W/dmayx of the experimental
results obtained in this study and taken from the literature. The minimum required specimen size is
identified as W/dmax = 60.

5. Discussions

The direct shear test is a very old but still regularly used method to determine the
shear strength of geomaterials [1-7]. Unlike triaxial compression tests, a direct shear test
imposes a sliding plane determined by upper and lower half boxes. Several shortages
can be attributed to this imposed sliding plane. By following the standard of ASTM
D3080 published in 1972, one can doubtlessly ensure higher quality of experimental results.
Nevertheless, people are aware of the limitations. ASTM D3080 has to be regularly revised
and updated every eight years. Recently, ASTM D3080/D3080M-11 [42] was temporarily
withdrawn by the ASTM technical committees due to there being an excess of eight years
since the last update. It seems that main concern of this update is related to the gap
thickness to be left. One can expect that the updated version remains unchanged with
respect to the minimum required specimen sizes. The current study is thus useful to inform
its future updates.

This experimental study leads to a recommendation of a minimum required W /dqx
ratio of 60. It is interesting to note that the same value was recommended by Wang and
Gutierrez [39], who studied the SSE of direct shear tests through 2D discrete element model-
ing and made such a recommendation based on their experience (personal communication
by email between the first author and Prof. Jianfeng Jerry Wang on 25 October 2021).

Despite the important and interesting discovery of this study, one has to point out that
this experimental study involves several limitations.

In this study, the effect of specimen width was evaluated by trying to keep other
influencing parameters constant. For one given material, all the shear tests with different
shear boxes were performed with the same compact state and moisture content. However,
due to a lack of shear boxes, the thickness of tested specimens meets the minimum required
T /dmax ratio of ASTM, but is not constant. The influence of this parameter, the gap thickness
between upper and lower half boxes as well as the specimen aspect ratio W/T were not
taken into account [39,78]. More experimental work is thus necessary not only to verify
the validity of the recommended value of the minimum required W/dmax ratio, but also to
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verify if the minimum required T/dmax ratio of ASTM is large enough to eliminate the SSE
in direct shear tests [39].

Another limitation of this work is associated with the unique consideration of spec-
imen sizes to dmax ratios. It is, however, well-known that the mechanical properties of
geomaterials are not only controlled by the size of dmax, but also by the content of dmax.
Two materials having the same dmax with different contents can behave differently. It is
thus interesting and important to take into account other influencing factors, such as the
portion of the coarsest particles, median size dsy, coefficient of uniformity, particle shapes,
contents of fine and coarse particles, and crushability of particles. It is also well-known
that the friction angle of geomaterials depends on the compactness, water content, and
confining pressure. More experimental work is necessary with more types of materials of
different sources by taking into account these different influencing factors.

Finally, more experimental work can be necessary to evaluate if the minimum required
specimen diameter over dmayx ratio of 6 specified by ASTM D4767 [79] is large enough to
eliminate SSE of triaxial compression tests by following the methodology presented in
this study:.

6. Conclusions

The minimum required specimen width to dy,,x ratio of ASTM has been revised based
on an analysis on existing data and new experimental results. The following conclusions
can be drawn:

e The experimental results confirm what has been reported in [76], who showed that
the minimum requirement of ASTM was not validated for fine particle materials due
to the lack of experimental data with W/d;x ranging from 10 to 50, but invalidated
for coarse particle materials. An update is necessary for the minimum required ratio
between specimen sizes and djay, stipulated by the ASTM D3080/D3080M [42] for
direct shear tests.

e  The minimum required W /d,,x ratio to eliminate the SSE on the shear strengths of
granular materials is identified as equal to 60.

e  For fine particle materials having a d;;; not larger than 1 mm, using the standard
shear boxes having W = 60 mm automatically results in W/d;x > 60. The obtained
friction angles can be considered as fully representative to that of the tested material
in field conditions. The ASTM D3080/D3080M-11 can thus continue to be applied
without any problem of SSE.

e  For granular materials having d;;y larger than 1 mm, applying the minimum require-
ments of ASTM D3080/D3080M-11 may result in a W/d};4y ratio much smaller than
the identified minimum required W/d,, ratio. The obtained friction angles can
be erroneous.

More experimental works are necessary, not only with shear boxes of different sizes,
but also with more materials by considering different testing conditions, including different
densities, water contents, particle shapes, normal stresses, etc.
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