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Abstract: The depletion of natural resources is forcing researchers to explore the possibilities of new aggregates, such as recycled
concrete aggregate (RCA). In this article, the mechanical properties and the influence of the size of the direct shear box on the ob-
tained parameters were examined. The study was conducted in two apparatus: medium (120 × 120 mm) and large (250 × 250 mm).
In each of these devices, a total of 6 tests were performed: 3 for dry sample and 3 at optimum moisture content. From the results, the
conclusions described below have been drawn.
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1. INTRODUCTION

The problem of the increasing amount of con-
struction waste, such as concrete or bricks, in addition
to the simultaneous depletion of natural resources,
leads engineers and scientists to seek new alternative
aggregates [16]. The obvious and natural step is to
reuse the construction waste as a recycled concrete
aggregate (RCA). Global trend in this direction has
led to the creation of a vast body of work and many
research projects. In 2004, Norwegian scientists cre-
ated a 4-year test program designed to prove the suit-
ability of RCA as a substructure for E6 highway [1],
[2]. Meanhwile in China, the dynamic expansion of
the country has led to a significant increase in the
amount of construction waste. Thus research began on
the use of RCA as a standard road sub-base [13]. In-
tensive studies led to the publication of the first RCA
reuse standard in 2007 [4].

Increase in the use of recycled materials is accom-
panied by the extension of the research conducted on it.
Research was performed on high-strength concrete
with addition of recycled aggregates [9]. The subject
of this test has been the effect of different classes of
RCA on concrete strength [11]. Typical tests for road
substructures suitability have also been carried out:
CBR [14], permeability tests [15], compatibility, sus-
ceptibility to crushing, frost resistance and triaxial
compression test [1], [2].

2. LITERATURE REVIEW

Conducting the test in a direct shear apparatus is
a simple and fast method to find the angle of friction
and cohesion in soils. However, during this test there
arose a problem regarding the size of the box and its
effect on the results achieved. In 1938, Taylor and
Leps started working on this issue. They studied the
dried Ottawa sand in both small (76 mm) and large
(305 mm) square box. They found that the friction
angle ϕ′ obtained from the test in large apparatus is
less than about 0.5° smaller than the result obtained
with a small box [17].

Bishop dealt with the same problem. He used two
square boxes, whose dimensions were 60 mm and
305 mm. The research material was dry sand with its
porosity being between 0.36 and 0.46. The angle that
he obtained from the test in a small box was about 2°
higher than the values obtained with the use of
a large apparatus. Bishop also examined the effect of
particle size of gravel grains with a maximum size of
32 mm on the behaviour of the shear. He said that
the large grains have no significant impact on the
process [4].

Palmeria and Milligan also studied the problem of
scale effect. In their own research, they used three sizes
of boxes: 1 m cubic, rectangular 252 × 152 × 152 mm
box and square 60 × 60 × 32 mm box. The research
material was dry Leighton Buzzard silica sand, whose
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D50 was 0.65 mm. The results for all three boxes were
in the range between 49° and 50° [12].

In 2008, Bareither, Benson and Edil published ex-
tensive research concerning the scale effect in relation
to sand with various gravel content. They performed
tests on 30 samples in small (64 × 64 mm) and large
(305 × 305 mm) direct shear apparatus. In their
research, the L/D50 (L–length of the shear box) ratio
was equal from 93 to 2033. They found that in the
case of the sand with less than 30% gravel content,
the results obtained with the use of the small and
large direct shear apparatus are so similar, that in
both cases the research gave reliable values. How-
ever, in the case of sand with a different gravel
content, the size of the box should be taken into
consideration [3].

Research on the scale effect have been carried by
Cerato and Lutenegger. They examined  four types of
sands and one type of gravel. The analysis was con-
ducted on three direct shear apparatus with boxes
whose dimensions were as follows: 60 × 60 × 26.4 mm,
102 × 102 × 40.6 mm and 305 × 305 × 177,8 mm. All
samples were tested at three different densities. It was
found that with the increase in density, differences in
the results between a small and large apparatus de-
crease. The only exception was the Ottawa sand. The
results obtained for this material were the same for
all three apparatus at different densities. The authors
explained that this was due to the Ottawa sand hav-
ing the biggest L/D50 ratio [5]. Jewell and Worth
studied the effect of L/D50 ratio. They proved that for
L/D50 ≥ 50, the grain size does not cause the scale
effect [7].

Moayed and Alizadeli examined impact of silt
content of scale effect. They performed studies on
two devices, a small (60 × 60 mm) one and a me-
dium (100 × 100 mm) one. The tests included a study
on Firuzkuh sand, both pure and with the addition of

10, 20 and 30% of silt. Test was conducted on com-
pacted sand, adjusted to optimum moisture content.
On the basis of the results it was concluded that the
peak shear force decreases with the increase in box
size and silt content [10].

In 2010, the problem of scale effect in clayey
sands was investigated. A total of 45 direct shear
tests of this soil, whose density ranged from 1.67
to 1.82 g/cm3, were conducted. Shearing was car-
ried out in three square boxes with dimensions 60,
100 and 300 mm. The study clearly showed that
the increase of the box size is followed by the in-
crease in cohesion, and the decrease of the friction
angle [6].

The next step in the study of scale effect was
made by Zhou. He believed that the scale effect does
not depend only on the grain size of the test material.
Examining variability, shape, rotation, slip grains,
the average volume of the sample, the distribution
of shear stress and development of shear zones, the
author showed that the largest factor influencing
the bulk friction is the rotation of grains during the
test [18].

The complexity of the problem of scale effect in-
spired the authors of this article to test strength prop-
erties of the recycled concrete aggregate (RCA).
Taking into account previous discoveries and innova-
tions will allow us to take a reliable view at the re-
sulting parameters and seriously consider the use of
RCA as a material for construction land.

3. MATERIALS AND METHOD

The test material is crushed concrete, class
C16/20 to C30/35, coming from demolished build-
ings. Sieve analysis showed that it should be classi-

Fig. 1. Particle size distribution of test materials
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fied as medium sand (MSa), according to Eurocode 7.
Figure 1 shows the particle size distribution curve of
the test material.

The optimum water content was determined for
RCA. The standard compaction energy equal 0.59 J/cm3

and a cylinder with volume of 2.2 dm3 was used. Op-
timum moisture content was equal to 8.67 % and the
maximum dry density was equal to 1.98 g/cm3. The
results of the proctor test are shown in Fig. 2.

Fig. 2. The proctor test results
for tested recycled concrete aggregate

Direct shear test was performed in two apparatus
with square boxes: a medium one (120 × 120 mm)
and a large one (250 × 250 mm). In each of these
devices, 6 tests were carried out, 3 of them on air dry
RCA and 3 of them after reaching optimum moisture
content. Shear speed was set at 0.01 mm/min. Sam-
ple indexed as “M” has been sheared in the medium
apparatus, while “L” means that sample has been
sheared in the large device. Table 1 summarizes the
properties of the material, testing conditions and the
ratio of L/D50.

Table 1. Test conditions for RCA direct shear tests

Test No. L/D50
[–]

Water
content

[%]

Normal
stress
[kPa]

ρd
[g/cm3]

Id
[–]

M1 2.21 48,73 1.881 0.665
M2 2.01 71,38 1.883 0.667
M3 2.13 85,42 1.887 0.669
M4 8.59 50,21 1.963 0.736
M5 8.71 70,87 1.972 0.742
M6

545

8.35 84,26 1.961 0.734
L1 2.15 49.25 1.889 0.669
L2 2.02 69.14 1.882 0.662
L3 2.10 84,69 1.886 0.668
L4 8.56 49.91 1.968 0.735
L5 8.69 70.64 1.971 0.741
L6

1136

8.43 83.75 1.961 0.731

4. RESULTS

The test results are shown in Figs. 3 and 4. The
data relating to the shear stress and the horizontal
strain of the sample are presented in graphs.

In the case of both Figs. 3 and 4, the shear stresses
are higher, when tested in medium apparatus. Differ-
ences in stresses are small, ranging from 1 to 4 kPa.
Shear stress peaks in the medium box are more pro-
nounced and easier to locate which may suggest jam-
ming of the grains.

In Fig. 3, a characteristic which is very different
for a shear stress can be seen – a horizontal strain
for different values of normal stress. The shear oc-
curs at various points, which may be caused by high
angularity and roughness of the grains. However,
with the increase in moisture content, the phenome-
non disappears, and the shear process is the same
for different values of normal stress, as can be seen
in Fig. 4.

Fig. 3. Results of direct shear test in medium and large box
for sample preparation with 2% water content

Fig. 4. Results of direct shear tests in medium and large box
for sample preparation with 8% water content

Figure 5 shows the relationship between shear
stress and normal stress for all the tests. Describing
the mileage points on the basis of linear equations
made it possible to determine friction angle, as shown
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in Table 2. For both dry and wet RCA, friction angle
obtained from medium apparatus is higher by 1.2°
than values obtained from a larger device.

Fig. 5. Plot of shear stress to normal stress from direct shear tests
for medium and large box

Table 2. Calculation results for friction angle

Tests No. Moisture
[%]

Friction angle
[°]

M1, M2, M3 2.01–2.13 41.5
M4, M5, M6 8.35–8.71 39.7
L1, L2, L3 2.02–2.15 40.3
L4, L5, L6 8.43–8.69 38.5
Leighton buzzard sand [12] Air dry 49–50

5. CONCLUSIONS

This article presented the results of studies con-
ducted on recycled concrete aggregate (RCA). Test
were performed on two direct shear apparatus: me-
dium and large to examine the scale effect. The fol-
lowing conclusions were reached in this paper:
1. The compaction at optimum water content makes

the sample more homogeneous and repeatable.
2. The friction angle obtained from studies in average

direct shear apparatus was higher by 1.2° relative
to the values obtained from the larger device,
which explicitly says that the scale effect is also
present for this material.

3. The L/D50 ratio in both medium and large appara-
tus was much higher than 50, which excludes the
influence of particle size on the scale effect.

4. The authors believe that the main reason for the
difference between friction angles obtained from
different apparatus is the angularity and rough-
ness of the material’s particles. This causes the
wedging of the grains in the medium box, which

leads to higher shear stress and high friction an-
gles.

5. In addition, influence of grain rotation on the re-
sults achieved during the shearing of both large
and medium apparatus should be examined.

6. It seems reasonable to perform direct shear test of
RCA at higher than normal stress, which authors
have not done because of the apparatus’ limitations.
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