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Abstract: The determination of shear strength parameters for coarse granular materials such as
rockfill and waste rocks is challenging due to their oversized particles and the minimum required
ratio of 10 between the specimen width (W) and the maximum particle size (dmax) of tested samples
for direct shear tests. To overcome this problem, a common practice is to prepare test samples by
excluding the oversized particles. This method is called the scalping scaling down technique. Making
further modifications on scalped samples to achieve a specific particle size distribution curve (PSDC)
leads to other scaling down techniques. Until now, the parallel scaling down technique has been the
most popular and most commonly applied, generally because it produces a PSDC parallel and similar
to that of field material. Recently, a critical literature review performed by the authors revealed that
the methodology used by previous researchers to validate or invalidate the scaling down techniques
in estimating the shear strength of field materials is inappropriate. The validity of scaling down
techniques remains unknown. In addition, the minimum required W/dmax ratio of 10, stipulated
in ASTM D3080/D3080M-11 for direct shear tests, is not large enough to eliminate the specimen
size effect (SSE). The authors’ recent experimental study showed that a minimum W/dmax ratio of
60 is necessary to avoid any SSE in direct shear tests. In this study, a series of direct shear tests
were performed on samples with different dmax values, prepared by applying scalping and parallel
scaling down techniques. All tested specimens had a W/dmax ratio equal to or larger than 60. The
test results of the scaled down samples with dmax values smaller than those of field samples were
used to establish a predictive equation between the effective internal friction angle (hereafter named
“friction angle”) and dmax, which was then used to predict the friction angles of the field samples.
Comparisons between the measured and predicted friction angles of field samples demonstrated that
the equations based on scalping scaling down technique correctly predicted the friction angles of
field samples, whereas the equations based on parallel scaling down technique failed to correctly
predict the friction angles of field samples. The scalping down technique has been validated, whereas
the parallel scaling down technique has been invalidated by the experimental results presented in
this study.

Keywords: direct shear tests; scaling down technique; shear strength; maximum particle size;
scalping technique; parallel technique

1. Introduction

The determination of shear strength parameters is challenging for coarse granular
materials such as rockfill and waste rocks due to their oversized particles and the minimum
required ratio of 10 between specimen width (W) and the maximum particle size (dmax) of
tested samples for direct shear tests [1]. For the convenience of laboratory tests, it is always
preferable to use specimens as small as possible. However, when the specimens are too
small, the measured shear strength can be significantly different from that of the tested
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material in field conditions. Thus, the tested specimens must be large enough to eliminate
any specimen size effect (SSE) [2–11]. The minimum required specimen volume to avoid
any SSE is called the representative element volume [12–14].

For direct shear tests, several standards have been proposed and used in practice.
Among them, the ASTM D3080/D3080M-11, hereafter called ASTM, is the most popular
and the most used worldwide [2,11,15–23]. It was published as ASTM D3080 in 1972 and
updated every eight years by the ASTM technical committees. Recently, it was temporarily
withdrawn due to over eight years passing since the last update [1]. The withdrawn
rationale has nothing to do with dmax; therefore, it can be expected that the updated ASTM
standard for direct shear tests will remain unchanged with respect to the minimum required
specimen sizes. The width (W) and thickness (T) of the tested square specimen should be:
W ≥ 50 mm; T ≥ 13 mm; W/dmax ≥ 10; T/dmax ≥ 6; W/T ≥ 2. Similar requirements can be
found in other standards [24–26].

For fine particle materials such as clay, silt and sand with a dmax smaller than or equal
to 1 mm, applying ASTM in specimen preparation is not a problem because the standard
direct shear test system is usually equipped with a square shear box 60 mm wide (i.e.,
W = 60 mm). The specimens prepared with this standard shear box automatically have a
W/dmax ratio up to 60, a value largely exceeding the ASTM’s minimum required ratio of 10.
For coarse materials such as gravel, rockfill and waste rocks, applying ASTM in specimen
preparation can become problematic. The problem is particularly prominent with rockfill
and waste rocks, which usually contain fine particles as small as silts and coarse particles as
large as boulders. Conducting laboratory tests with original field material and respecting
the ASTM’s requirements are economically impossible if technically not impossible.

To overcome this problem, a common practice is to prepare test samples by excluding
the oversized particles [10,27–40]. The method is called the scalping scaling down technique.

Scalping technique is probably the simplest and earliest method to obtain laboratory
samples having an admissible dmax from field materials [10,29,33,37,40–47]. By applying
this technique, the particle size distribution curve (PSDC) of the obtained samples can
differ from that of the field material due to the reduction in coarse particles. Some re-
searchers made use of this method when the excluded oversized particles represented 10%
to 30% [37,42,48,49].

Further modifications on scalped samples to achieve a specific PSDC have led to
other scaling down techniques. When the PSDC of the scaled down sample is modified
to be parallel to that of field material, the method is called the parallel scaling down
technique [50–52]. The PSDC of the obtained sample thus looks like a horizontal shift of
the PSDC of the field material towards the finer side in the semi-log plane of the PSDC.

The third scaling down technique, called the replacement method, consists of replacing
the oversized particles by the same mass of particles having size between 4.75 mm (No.
4 sieve) and the admissible dmax [46,53–55]. The obtained samples can have a PSDC very
different from that of the field material [2,56,57].

The fourth scaling down method, called the quadratic grain-size technique, produces a
PSDC by following an equation that has nothing to do with the PSDC of field materials [10].
The physical meaning of the proposed modification is unclear, and it will not be discussed
further in this study.

Until now, the parallel scaling down technique has been the most popular and
the most widely used [10,15,17,30–32,38,39,57–65]. This is mainly because the parallel
scaled down samples are considered to be the most faithful to the field material, due
to the similarity between the PSDC of scaled down samples and that of the field mate-
rial [10,32,39,40,50–52,58–61,65,66]. This is, however, a not valid justification. Recently, a
critical review given by Deiminiat et al. [10] has shown that it is impossible to reproduce a
PSDC strictly parallel to that of field material without adding fine particles smaller than
the minimum particle size of the field material, as shown by Sukkarak et al. [64]. Adding
finer particle material, either by grinding material or from a different source, results in
an entirely different material from the field material. Changes in particle size and shape
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associated with particle breaking during sample preparation are other aspects that do not
guarantee a faithful scaled down sample to the field material [10,58,61,63,65–70]. Therefore,
none of the four scaling down techniques can be used to produce a scaled down sample
faithful to the field material. In addition, the critical analysis of Deiminiat et al. [10] revealed
that the methodology used in previous studies [33,39,46] to validate or invalidate scaling
down techniques through direct comparisons between the effective internal friction angles
(hereafter named “friction angle” for the sake of simplicity) of field materials and those of
scaled down samples is inappropriate. The subsequent conclusion is invalid.

To correctly evaluate the reliability of a scaling down technique, a series of shear tests
should be performed on several scaled down specimens having different dmax values. A relation-
ship between the shear strength and dmax can then be established and used to predict the shear
strength of the field material by applying the extrapolation technique [15,16,19,58,59,62,63,71–73].
This methodology was followed by several researchers [74,75]. However, their direct shear
tests were performed by using a W/dmax ratio equal to or even smaller than the minimum
required value of 10 stipulated by the ASTM standard, exactly the procedure carried out
by other researchers [9,16,19–23,31,58,59,62,63,73,76]. Recently, Deiminiat et al. [10] have
shown that the minimum required W/dmax ratio of 10, stipulated by the ASTM standard,
is too small to eliminate SSEs. Deiminiat et al. [11]) further showed that the minimum
required W/dmax ratio should be around 60 to avoid any SSE. The published experimental
results obtained by using the minimum required W/dmax ratio of 10 and the subsequent
conclusions are not reliable. The validation or invalidation of scaling down techniques
shown in previous studies is questionable. Further validation or invalidation of the scaling
down techniques is necessary against reliable experimental results. To this end, a series of
direct shear tests were performed by using specimens having W/dmax ratios equal to or
larger than 60, prepared by applying the scalping and parallel scaling down techniques;
the replacement scaling down technique could not be applied because the dmax value of
the “field” material is too close to the critical value of 4.75 mm. It is important to note that
the shear strength of coarse granular materials is not only controlled by dmax, but also by
particle shapes, content of fine or gravel particles, compact or relative density, water content,
normal stress, specimen shape, etc. One methodology is to simultaneously consider all the
influencing parameters together. This is good for a specific project of design and construc-
tion, but it is not suitable in research because the test results would be a consequence of
the combined effects of several influencing factors. The results do not allow a good and
accurate understanding of the effect of each individual influencing parameter. The unique
scope of this paper is to verify the validity/invalidity of scaling down techniques associated
with variation in the dmax value; thus, the only allowed changing parameter is the dmax
value. For one given material, all other influencing parameters must be kept constant.

In this paper, some of the experimental results are presented. The test results are then
used to test the validity of the scalping and parallel scaling down techniques through the
processes of curve-fitting and prediction by extrapolation.

2. Laboratory Tests
2.1. Testing Materials

In this study, two types of waste rocks, called WR1 and WR2, were tested. Figure 1
shows a photograph of WR1 (Figure 1a) and a photograph of WR2 (Figure 1b). The two
waste rocks contained a wide range of sub-angular and sub-rounded particles. They were
used to prepare three testing materials, called M1, M2 and M3. M1 and M2 were made of
WR1 and WR2, whereas M3 was made of WR2 based on the PSDC of WR1.

The largest shear box had a square section of 300 mm by 300 mm; therefore, the largest
admissible dmax was 5 mm in order to have W/dmax ratios not smaller than 60 [11].
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Figure 1. Photos of (a) WR1 and (b) WR2. 
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To prepare the testing samples with different dmax values, a portion of waste rocks 
was first sorted with sieves of opening sizes of 5, 3.36, 2.36, 1.4, 1.19, 0.85, 0.63, 0.315, 0.16 
and 0.08 mm. Thus, all the particles larger than 5 mm were excluded. The obtained sam-
ples with dmax = 5 mm were considered as “field” materials. To avoid any confusion with 
the in situ field materials, the laboratory “field” materials are hereafter called field sam-
ples. Figure 2 shows the PSDCs of field samples of M1, M2 and M3. 
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Table 1 shows the different portions of field samples M1, M2 and M3. They were used 
as the base materials for making scaled-down samples with dmax values of 1.19, 1.4, 2.36, 
and 3.36 mm by applying the scalping and parallel scaling down techniques. 

Table 1. Portion distributions of field samples M1, M2 and M3. 
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Figure 1. Photos of (a) WR1 and (b) WR2.

To prepare the testing samples with different dmax values, a portion of waste rocks was
first sorted with sieves of opening sizes of 5, 3.36, 2.36, 1.4, 1.19, 0.85, 0.63, 0.315, 0.16 and
0.08 mm. Thus, all the particles larger than 5 mm were excluded. The obtained samples
with dmax = 5 mm were considered as “field” materials. To avoid any confusion with the
in situ field materials, the laboratory “field” materials are hereafter called field samples.
Figure 2 shows the PSDCs of field samples of M1, M2 and M3.
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Table 1 shows the different portions of field samples M1, M2 and M3. They were used
as the base materials for making scaled-down samples with dmax values of 1.19, 1.4, 2.36,
and 3.36 mm by applying the scalping and parallel scaling down techniques.

To apply the scalping scaling down technique, one can either calculate the required
mass of each range of particle size based on Table 1 to obtain a sample by controlled mixture
(hereafter called the controlled scalped sample), or directly pour field sample through a
sieve with the target dmax to obtain a sample without any control (hereafter called the
uncontrolled scalped sample). For a given admissible dmax, the scalped samples obtained
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by applying the two methods should be identical. In reality, difference can appear as the
source materials are not entirely homogeneous. In this study, controlled scalped samples
were obtained from field sample M1, whereas uncontrolled scalped samples of field sample
M2 were obtained directly from WR2. Controlled scalped samples made of field sample
M3 were obtained by again considering the PSDC of field sample M1. Figure 3 shows the
PSDC of scalped samples of M1 and M3 (Figure 3a) and those of M2 (Figure 3b); the PSDCs
of field samples M1 to M3 are also plotted on the figure.

Table 1. Portion distributions of field samples M1, M2 and M3.

Range of Particle
Size

Portion (%) Sieve Opening
Size (mm)

Passing (%)

M1 and M3 M2 M1 and M3 M2

3.36–5 mm 30.3 23.8 5 100.0 100.0
2.36–3.36 mm 22.0 18.1 3.36 69.7 76.2
1.40–2.36 mm 10.4 10.7 2.36 47.7 58.1
1.19–1.40 mm 2.9 5.2 1.4 37.3 47.4
0.85–1.19 mm 12.3 11.3 1.19 34.4 42.2
0.63–0.85 mm 8.0 9.1 0.85 22.1 30.9

0.315–0.63 mm 2.5 4.7 0.63 14.0 21.8
0.16–0.315 mm 1.8 4.5 0.315 11.5 17.1
0.08–0.16 mm 5.4 6.7 0.16 9.8 12.7

<0.08 mm 4.3 5.9 0.08 4.3 5.9
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Figure 3. PSDCs of scalped samples of field sample M1 and M3 (a) and M2 (b).

To apply the parallel scaling down technique, one has to determine the required mass
of each portion by considering the PSDC of the field sample and applying the following
equation [50]:

dp.s = dp.f /N (1)

where dp.s and dp.f are the particle sizes of the scaled down sample and field sample having
a percentage passing p, respectively; N is the scaled down ratio between the dmax values of
field and scaled down samples. The scaled down sample is thus a material obtained from
the controlled mixture, not a fully natural material.

As an example, one explains how to prepare the parallel scaled down sample having
dmax = 3.36 mm from the field sample with dmax = 5 mm. One first obtains the scaled down
ratio N = 1.488 (=5 mm/3.36 mm). Afterwards, applying this scaled down ratio to all
the ranges of particle sizes of the field sample results in new ranges of particle sizes for
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the scaled down sample, as shown in Table 2. For the calculated range of particle sizes,
which do not have matched sieves, approximation has to be made, as shown in Table 2. In
addition, fine particles in the range from 0.053 to 0.1 mm and fine particles smaller than
0.053 mm have to be added. The parallelism between the PSDCs of scaled down samples
and field samples is impossible for these fine particle parts. The same method has been
followed by several researchers [33,40,50,65,66,74]. An alternative method is addressed in
Section 4.

Table 2. Calculation and selection of particle sizes for making parallel scaled samples with
dmax = 3.36 mm for field samples M1, M2 and M3.

Range of Particle Size
of Field Material

Range of Particle Sizes of Parallel
Scaled Down Samples Portion (%)

Calculated Chosen M1 and M3 M2

3.36–5 mm 2.26–3.36 mm 2.36–3.36 mm 30.3 23.8
2.36–3.36 mm 1.60–2.26 mm 1.60–2.36 mm 22.0 18.1
1.40–2.36 mm 0.95–1.60 mm 1.0–1.60 mm 10.4 10.7
1.19–1.40 mm 0.80–0.95 mm 0.80–1.0 mm 2.9 5.2
0.85–1.19 mm 0.56–0.80 mm 0.56–0.80 mm 12.3 11.3
0.63–0.85 mm 0.42–0.56 mm 0.42–0.56 mm 8.0 9.1

0.315–0.63 mm 0.21–0.42 mm 0.21–0.42 mm 2.5 4.7
0.16–0.315 mm 0.10–0.21 mm 0.10–0.21 mm 1.8 4.5
0.08–0.16 mm 0.053–0.10 mm 0.053–0.10 mm 5.4 6.7

<0.08 mm <0.053 mm <0.053 mm 4.3 5.9

Figure 4 shows the PSDC of parallel scaled down samples made of field samples M1
and M3 (Figure 4a) and M2 (Figure 4b); the PSDCs of the field samples are also plotted on
the figure.
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Figure 4. PSDCs of the field sample and parallel samples with different dmax values for: (a) M1 and
M3; (b) M2.

2.2. Direct Shear Tests

In the geotechnical laboratory of Polytechnique Montreal, several square shear boxes
are available. Only two (the large one, with dimensions of 300 mm × 300 mm × 180 mm,
and the small one, 100 mm × 100 mm × 45 mm) have been used to have W/dmax ratios not
smaller than 60.
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As previously outlined, the scope of this study is to analyze the reliability of scaling
down techniques. It is thus very important to ensure that variations in the measured
friction angle of one given material prepared by following one scaling down technique are
only due to the variations in dmax, instead of a result due to the combined effects of several
influencing factors. The scaled down samples and the field samples should have the same
compactness (void ratio) and the same moisture content, under the same normal stresses.
All the samples were thus prepared with dry waste rocks. Another advantage associated
with dry materials is the removal of any possible influence of loading rate on the shear test
results [33,77]. The tested specimens were prepared by slowly placing the materials in the
shear boxes to determine the loosest state. The density of the loosest field sample was first
obtained by considering the volume of the large shear box of 300 mm × 300 mm × 180 mm
and the mass of the filled material at the loosest state. The specific gravity (Gs) of the sample
was measured to be equal to 2.65 by following ASTM C128 [78]. The maximum void ratio
(emax) of the loosest field sample can then be obtained. To obtain the same void ratio and
density for scaling down specimens, the required masses were calculated by using the
volume of the large shear box and the values of Gs and emax of the field sample.

Table 3 shows the tested specimens along with their specimen sizes to dmax ratios and
emax. For each sample, direct shear tests were repeated three times to obtain three values of
friction angle; each value was obtained by performing three direct shear tests with normal
stresses of 50, 100 and 150 kPa, respectively. These values are relatively small, due to
the limited capacity of air compressor on the large size specimens of 300 mm × 300 mm.
The void ratios of the tested specimens after the application of the normal stresses before
applying shear strains were estimated and are presented in Table 4. It can be seen that the
void ratios of the tested specimens decrease slightly as the applied normal stress increases
from 0 to 50 kPa. The decrease degree becomes smaller when the normal stress is further
increased from 50 to 150 kPa. When the system became stable, shear loads were applied by
using a strain rate of 0.025 mm/s (1.5 mm/min). A total number of 243 direct shear tests
were performed to complete the test program in this study.

Figure 5 shows typical shear stress–shear displacement curves obtained with the large
shear box on the field and scaled down samples of M1 (graphs on left column), M2 (graphs
in the center column) and M3 (graphs on right column). One sees that the shear stress and
displacement curves of different specimens of the same material under a given normal
stress (σn) have the same variation trend. For example, for M1 under a normal stress of
50 kPa, all the shear stress and displacement curves of field, scalped and parallel scaled
down samples exhibit a loose sand-like mechanical behavior. This indicates that the tested
samples are all very loose and their compactness states are close to each other.

Table 3. Tested specimens along with sizes to dmax ratios and emax for M1, M2 and M3.

Samples dmax (mm)
emax [79] Large Shear Box Small Shear Box

M1 M2 M3 W/dmax T/dmax W/dmax T/dmax

Field sample 5 0.59 0.70 0.68 60 36 – –

Scalping down
technique samples

3.36 0.58 0.69 0.66 89 54 – –
2.36 0.57 0.68 0.68 127 76 – –
1.4 0.60 0.67 0.65 214 129 71 32
1.19 0.60 0.66 0.67 252 151 84 38

Parallel scaling down
technique samples

3.36 0.58 0.68 0.66 89 54 – –
2.36 0.61 0.67 0.65 127 76 – –
1.4 0.60 0.68 0.68 214 129 71 32
1.19 0.62 0.67 0.66 252 151 84 38
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Table 4. Void ratio (e) of the tested specimens after the application of normal stresses (σn) before
applying shear strains.

Samples dmax
(mm)

e of M1 under σn of e of M2 under σn of e of M3 under σn of

50 kPa 100 kPa 150 kPa 50 kPa 100 kPa 150 kPa 50 kPa 100 kPa 150 kPa

Field sample 5 0.52 0.51 0.49 0.64 0.63 0.63 0.62 0.62 0.61

Scalping down
technique samples

3.36 0.50 0.49 0.48 0.65 0.62 0.62 0.60 0.60 0.60
2.36 0.49 0.48 0.48 0.64 0.61 0.61 0.63 0.63 0.62
1.4 0.52 0.51 0.50 0.63 0.60 0.61 0.60 0.60 0.59

1.19 0.52 0.50 0.50 0.63 0.60 0.60 0.62 0.61 0.61

Parallel down
technique samples

3.36 0.51 0.50 0.49 0.62 0.61 0.60 0.60 0.60 0.59
2.36 0.52 0.51 0.50 0.63 0.61 0.61 0.61 0.60 0.59
1.4 0.53 0.52 0.50 0.64 0.62 0.61 0.62 0.62 0.61

1.19 0.53 0.52 0.51 0.63 0.61 0.61 0.60 0.60 0.60
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Figure 5. Shear stress vs. shear displacement curves obtained with the large shear box on field
samples and scaled down samples with dmax value of 1.19 mm for M1 (graphs on left column), M2
(graphs in the center column) and M3 (graphs on right column).
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2.3. Experimental Results

For each sample with three shear stress–shear displacement curves obtained by direct
shear tests under three normal stresses, three peak shear strength values can be obtained.
A friction angle can then be determined by linear fitting on the three points.

Table 5 presents the friction angles of the field, scalping and parallel scaled down
samples with different dmax values for the three materials. The average friction angles
were then calculated for each sample. Notably, all the friction angles increased as dmax
increased, even though the tested waste rocks had sub-angular and sub-rounded shapes
(see Figure 1). This trend shows a typical behavior of rounded particle materials, not
angular or sub-angular materials. This aspect is further addressed in Section 4.

Table 5. Measured friction angles (ϕ) of the field and scaled down samples made of M1, M2 and M3.

Samples dmax (mm)
M1 M2 M3

ϕ (◦) Avg. ϕ (◦) ϕ (◦) Avg. ϕ (◦) ϕ (◦) Avg. ϕ (◦)

Field sample 5
39.5

39.8
38.7

38.7
38.4

38.540.1 38.6 38.3
39.8 38.9 38.7

Scalping down
technique samples

3.36
38.7

39.0
37.6

37.5
37.4

37.839.1 37.5 38.1
39.2 37.3 37.8

2.36
37.9

38.2
37.3

37.0
37.1

37.238.4 37.2 37.5
38.2 36.6 36.9

1.40
37.6

37.3
35.4

35.6
36.2

35.937.2 35.8 35.9
37.1 35.6 35.6

1.19
37.2

37.1
35.2

35.5
35.9

35.637.0 35.5 35.7
37.0 35.7 35.3

Parallel down
technique samples

3.36
39.0

38.6
37.1

37.8
37.5

37.238.7 37.9 36.8
38.0 38.5 37.2

2.36
38.7

38.0
36.2

36.6
37.3

36.738.1 36.6 36.8
37.2 37.2 36.1

1.4
37.4

37.1
35.5

36.0
36.4

36.036.9 35.8 35.7
37.1 36.8 36.0

1.19
37.0

36.3
35.4

35.9
35.9

35.536.1 35.9 35.1
35.7 36.5 35.6

3. Validation of Scaling Down Techniques

The friction angles obtained by direct shear tests on scaled down samples prepared
by applying scalping and parallel scaling down techniques are first used to establish
relationships between friction angle ϕ and dmax values.

Figure 6 shows the variation of the average friction angle as function of dmax for
samples M1 (Figure 6a), M2 (Figure 6b) and M3 (Figure 6c). The relationships established by
applying curve-fitting technique on the test results of scaled down samples are presented
in Table 6. The measured friction angles of field samples are also plotted on Figure 6,
whereas the friction angles of the field samples predicted by applying the curve-fitting
equations are presented in Table 6. From the figure, one sees that the friction angles of the
field samples can be correctly predicted by the curve-fitting equations of scalped samples,
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but fail to be predicted by the curve-fitting equations of parallel scaled down samples.
These results thus tend to indicate that the scalping scaling down technique can be used for
sample preparation in direct shear tests, whereas the parallel scaling down technique is not
appropriate for sample preparation in direct shear tests.
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Figure 6. Variations of average ϕ values as a function of dmax, obtained by direct shear tests on scaled
down and field samples (a) M1, (b) M2 and (c) M3.

Table 6. The ϕ values of field samples measured and predicted by applying the scalping and parallel
prediction equations for field samples of M1, M2 and M3.

Material
Scaling down

Technique
Curve Fitting Equations Based on the
Test Results of Scaled Down Samples R2

Friction Angle ϕ (◦) of Field Samples
(dmax = 5 mm)

Predicted Measured

M1
Scalping ϕ = 1.834718 Ln(dmax) + 36.6953 0.97 39.6

39.8Parallel ϕ = 2.045707 Ln(dmax) + 36.16165 0.86 39.4

M2
Scalping ϕ = 2.070025 Ln(dmax) + 35.05597 0.96 38.4

38.7Parallel ϕ = 1.749663 Ln(dmax) + 35.46517 0.80 38.3

M3
Scalping ϕ = 2.118069 Ln(dmax) + 35.24663 0.96 38.7

38.5Parallel ϕ = 1.488585 Ln(dmax) + 35.4078 0.86 37.8
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4. Discussion

In this paper, the reliability of scalping and parallel scaling down techniques used to
prepare samples for direct shear tests has been evaluated through experimental studies. All
the direct tests have been performed by using W/dmax ratios not smaller than 60, a value
recently established by Deiminiat et al. [11] to avoid any SSE. Equations were established by
applying a curve-fitting technique on the test results of the scaled down sample. They were
then used to predict the friction angles for field samples. The comparisons between the
measured and predicted friction angles of field samples tended to show that the scalping
technique can be used to predict the friction angle of field samples, whereas the application
of a parallel scaling down technique cannot guarantee a reliable prediction of the friction
angle of field materials. Despite these interesting results, however, the test program was
realized with several limitations. For instance, the three samples (M1, M2 and M3) were
made of two types of dry waste rocks. The direct shear tests were realized by delicately
placing the materials in shear boxes to reach the loosest state. This was to ensure that
the variations in the test results are only due to the variation in dmax value for one given
material with one chosen scaling down technique. More tests are needed where tested
samples are prepared with more materials of different source origins having different
particle shapes, initial fine and gravel contents, compactness, and moisture contents under
different ranges of normal stresses to determine whether the conclusions are generally
valid or only specifically valid for the tested (specific) materials under the tested (specific)
conditions. In addition, the differences between the dmax values of scaled down and field
samples are not very large. More experimental work is thus necessary, using larger shear
boxes with field samples having larger dmax values. The reliability of the replacement
scaling down technique can also be studied. In all cases, it is important to note that any
new tests should be performed by following the methodology presented in this paper.

In this study, the parallel scaled down samples were prepared by considering a given
percentage and reducing the ranges of particle sizes. Approximations had to be made for
the calculated sizes, which did not have any match with available sieves [33,40,50,65,66,74].
In future, the following process of preparation can be considered:

• Calculate the scaled down ratio N;
• Draw the PSDC of the scaled down sample, which is parallel to the PSDC of the field

sample in the semi-log plane;
• Determine the percentage of each available sieve.

Most previous studies showed a decreasing trend in the friction angle of sub-angular
and angular materials as dmax increased [10,15,31,32,40,58,59,62,63,74,80]; however, the
experimental results obtained with sub-angular and sub-rounded materials presented in
Table 5 and Figure 6 show an increase in the friction angles as dmax increases. This difference
is probably due to the fact that most previous experimental studies were realized by using
large confining pressures. Large shear stresses were thus necessary to shear the tested
samples. Particle crushing during the application of confining and/or shear stresses could
be an associated and pronounced phenomenon [34,38,70,81,82]. The decrease in friction
angle with increasing dmax was explained by the breakage of rock particles. The strength
of rock decreases with specimen size, known as the size effect of rock strength [83–85];
therefore, the friction angle of coarse particle materials decreases with increasing dmax
values [34]. In this study, however, the maximum value of the normal stresses was 150 kPa.
The PSDCs of tested samples before and after shear tests shown in Figure 7 clearly indicate
that there was no particle crushing or breakage during and after the application of normal
and shear stresses. Size effects of rock strength were not involved. The trend in friction
angle obtained in this study corresponded to what is usually observed in practice: at the
same compact state, sand usually has a smaller friction angle than rockfill because the
former usually has smaller dmax values than the latter.
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direct shear tests.

Finally, because scaling down techniques are not only used in direct shear tests, but also
used in triaxial compression tests, more experimental investigation is necessary, performing
triaxial compression tests with scaled down samples to test the validity of the scaling down
technique. Of course, the tested specimens used in triaxial compression tests must be large
enough to avoid any SSE [11].

5. Conclusions

In this study, the validity of scalping and parallel scaling down techniques used
to prepare samples for direct shear tests has been for the first time evaluated through
experimental work by using W/dmax ratios not smaller than 60. The test results are thus
exempt from SSE. The experimental results show that the friction angles with scaled down
samples prepared by both scalping and parallel scaling down techniques decrease as the
dmax values increase even though the particle shapes are not rounded. This variation trend is
quite different from that presented in the literature, probably due to the low normal stresses
applied in this study. In addition, the comparisons between the friction angles obtained by
measurements and those predicted by applying curve-fitting equations established on the
friction angles of scaled down samples indicate that the scalping technique can be used to
predict the friction angle of field samples, whereas the application of parallel scaling down
technique cannot guarantee a reliable prediction on the friction angle of field materials.
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