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Abstract

The application of building rubble collected from damaged and demolished structures is an important issue in every country. After
crushing and screening, this material could serve as recycled aggregate in concrete. A series of experiments using recycled aggregate of
various compositions from building rubble was conducted. The test results show that the building rubble could be transformed into useful
recycled aggregate through proper processing. Using unwashed recycled aggregate in concrete will affect its strength. The effect will be more
obvious at lower water/cement ratios. When the recycled aggregate was washed, these negative effects were greatly improved. This is
especially true for the flexural strength of the recycled concrete. The recycled coarse aggregate is the weakest phase at a low water/cement
ratio. This effect will dominate the strength of recycled concrete. This mechanism does not occur in recycled mortar. The quantity of recycled

fine aggregate will govern the mortar strength.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The possible effects of recycled aggregate upon concrete
properties such as workability, strength and durability have
been discussed in several papers [1—3]. In most of the
literature, the main concerns were the variations in recycled
aggregate properties caused by the native waste paste and
their effects upon the concrete properties [4—6]. Most
buildings in Asia were constructed of reinforced concrete
accompanied with brick and tile materials. Thus, building
rubble collected from damaged structures includes bricks
and tile as well as waste concrete. The effects of brick and
tile particles on the properties of recycled concrete are less
well known in the literature.

This research investigated recycled aggregates made
from building rubble, containing waste concrete, bricks
and tiles. A series of tests was carried out to investigate
the effects of recycled aggregates containing various com-
positions on the mechanical properties of the recycled
concrete. The effect of recycled fine aggregate upon the
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mechanical properties of recycled concrete is also dis-
cussed.

2. Experimental program

Building rubble collected from damaged structures con-
tains waste concrete, tiles, bricks, steel, wood, plastic, paper
and other substances. Among these substances, wood,
plastic and paper impurities seriously affect the strength of
recycled concrete. Fortunately, the impurities present in
building rubble have far less effect after recycling treatment,
as shown in Fig. 1. After proper treatment, only waste
concrete, bricks, tiles and a few impurities are left in the
building rubble. In this research, two groups of recycled
aggregate from different regions in Taiwan were selected for
testing.

2.1. Aggregate property

The basic properties of recycled and natural aggregates
were tested first. The tested properties included gradation,
fineness modulus and aggregate particle shape. The proce-
dures and test methods were in accordance with ASTM
specifications.
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Fig. 1. The production of recycled aggregate.

2.2. Recycled concrete

The compressive strength, flexural strength and modulus
of elasticity of recycled concrete and normal concrete were
tested for comparison. The test methods followed ASTM
specifications. Specimens were cured in a curing room and
then taken out to air dry 1 day before the tests. Specimens
used in the tests for compressive strength were ¢$100 x 200
mm. Specimens for the flexural tests were 100 x 100 x 360
mm.

2.2.1. The brick and tile content effect

To evaluate the properties of concrete made with various
recycled aggregate compositions, five groups of recycled
concrete made with washed recycled aggregate (without any
recycled sand, wood, plastic, paper or other impurities), with
the same water/cement ratio of 0.5, were adapted for testing.
In these five groups, the bricks and tiles content in the
recycled aggregate were the only variables. The weight
proportions of brick and tile particles in the recycled aggre-
gates were 0%, 17%, 33%, 50% and 67%. They were
numbered RO, R17, R33, R50 and R67, respectively. Addi-
tionally, concrete made of natural aggregate with the same
water/cement ratio (numbered as N-0.5) served as the control
batch. The test results from RO, R17, R33, R50 and R67 were
compared with the results from N-0.5.

2.2.2. Recycled aggregate property effect

Natural aggregate, washed recycled aggregate and
unwashed recycled aggregate (with recycled sand and other
impurities) were used for casting concrete specimens. These

Table 1
Concrete mixture proportions

Normal concrete (kg/m®)

Natural coarse
aggregate

Mixture ~ Water Cement Natural fine
aggregate

N-0.5 190 380 637 1123

Recycled concrete (kg/m®)

Mixture ~ Water Cement Natural fine
aggregate

Recycled aggregate

Waste Bricks
concrete and tiles
RO 190 380 637 969 0
R17 808 161
R33 646 323
R50 485 485
R67 323 646

mixtures had different water/cement ratios of 0.38, 0.46,
0.56, 0.67 and 0.80. Accordingly, they were labeled N-0.38,
AR-0.38, AS-0.38 and BS-0.38, where A and B indicate the
source of the recycled aggregate, N is natural aggregate, R is
washed recycled aggregate, S is unwashed raw recycled
aggregate and 0.38 represents the water/cement ratio. As
raw recycled aggregate contains less fine aggregate, the fine
aggregate insufficiency was made up using an equal volume
of natural sand. The mixture proportions are shown in
Tables 1 and 2.

2.3. Recycled mortar

To evaluate the effect of recycled fine aggregate on the
properties of the recycled mortar, freshly mixed recycled

Table 2

Recycled concrete mixture proportions (kg/m®)

Mixture Water/ Water Cement Natural Natural Recycled
cement fine coarse aggregate
ratio aggregate aggregate

N-0.38  0.38 198 520 579 1042 0

N-0.46  0.46 430 654

N-0.58  0.50 339 729

N-0.67  0.67 294 767

N-0.80  0.80 249 805

AR-0.38 0.38 198 520 579 0 906

AR-0.46 0.46 430 654 (Group A)

AR-0.58 0.50 339 729

AR-0.67 0.67 294 767

AR-0.80 0.80 249 804

AS-0.38 0.38 198 520 388 0 1066 (160)*

AS-0.46 0.46 430 463 (Group A)

AS-0.58 0.50 339 538

AS-0.67 0.67 294 576

AS-0.80 0.80 249 614

BS-0.38 0.38 198 520 145 0 1281 (374)

BS-0.46 0.46 430 220 (Group B)

BS-0.58 0.50 339 295

BS-0.67 0.67 294 333

BS-0.80 0.80 249 371

? The number inside the parentheses is the quantity of recycled fine
aggregate.
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concrete was sieved using a #4 mesh and the separated
mortar was cast in 50 x 50 x 50 mm molds. The specimens
were labeled MN (mortar was sieved from N series con-
crete), MA (recycled mortar was sieved from AS series
concrete) and MB (recycled mortar was sieved from BS
series concrete). The compression test method used fol-
lowed ASTM specifications.

3. Results and discussions
3.1. Properties of recycled aggregate

The sieve analysis results for recycled aggregate groups A
and B are shown in Fig. 2. The volume fractions of fine
aggregate in the two groups were about 30% and 15%,
respectively. The grading curves for these two aggregate
groups are basically similar. This implies that using the same
crusher with the same maximum aggregate size will produce
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Fig. 2. Gradating curves for recycled aggregate.
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Fig. 3. Compositions of recycled aggregate.

similar recycled aggregate gradation. The recycled aggregate
grades also satisfied the aggregate requirements used for
concrete.

Fig. 3 shows the analyzed results for the Groups A and B
compositions. In Group A, waste concrete was the main
component with a weight fraction of about 68%. Bricks
comprised about 19%, with tiles comprising about 13%. The
other impurities, such as gypsum and clay, totaled about
0.45%. Waste concrete was also the main component in
Group B and comprised about 75%. Bricks comprised about
20%, with tiles making up about 4%. Other impurities
comprised about 0.42%. Although the impurity quantity
was small, a weak zone could be produced in the recycled
concrete and affect its mechanical properties. From these
test results, it is apparent that recycled aggregate collected
from building rubble in Taiwan is composed primarily of
waste concrete, bricks and tiles.

The basic property test results for recycled aggregate and
natural aggregate are summarized in Tables 3 and 4. It can be
found in the tables that the SSD specific gravity of recycled
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Table 3 Table 5
Natural aggregate properties Particle shape analysis for recycled aggregate
Properties Coarse aggregate Fine aggregate Aggregate type a/c ab/c a/b
SSD specific gravity 2.63 2.62 Waste concrete Group A 2.26 36.0 1.41
SSD absorption capacity (%) 1.17 1.04 Group B 2.25 345 1.40
Dry-rodded unit weight (kg/m3 ) 1533 - Brick Group A 2.32 43.2 1.42
FM - 2.95 Group B 2.29 42.3 1.38
Tile Group A 2.87 54.1 1.50
Group B 2.45 53.4 1.51
coarse aggregate is about 2.28, which is 13% less than that of gﬁ:ﬁl d rock i ;';g :Z‘g i;‘;
natural coarse aggregate. The dry-rodded unit weight (from Note.
1241 to 1252 kg/m?) is also lighter than that of natural coarse '
aggregate. The absorption ranges from 5.04% to 7.54%, 4
which is much higher than that for natural aggregate. This is
due to the greater porosity of recycled aggregate, which is < >
composed of tiles, bricks and waste concrete with some a
mortar. Similar to recycled coarse aggregate, recycled fine b
A

aggregate also has smaller SSD specific gravity of 2.19—
2.26, about 15% less than that of natural fine aggregate, with
a larger absorption of 7.22—10.37%. The fineness modulus
of recycled fine aggregate ranges from 2.61 to 2.68, similar
to that for natural fine aggregate.

The particle shape analysis of recycled aggregate is
shown in Table 5. It is obvious that the recycled aggregate
has similar particle shape as the crushed rock used in normal
concrete. Both the recycled coarse aggregate and the
recycled fine aggregate meet the standard requirements for
aggregate used in concrete.

3.2. Effect of brick and tile content on recycle concrete

The mechanical properties of the five groups of recycled
concrete made with various recycled coarse aggregate com-
positions (without any recycled sands) are shown in Figs. 4—
6. The test results show that the compressive strength of
concrete made with recycled coarse aggregate containing
brick and tile particles is about 75—85% that of normal
concrete. The greater the brick and tile content, the lower the
compressive strength of the recycled concrete (Fig. 4).
However, within a 10% variation of the compressive strength
(75-85%), it means that recycled aggregate may contains
brick and tile particles up to a certain amount (up to 67%).

Table 4
Recycled aggregate properties

Coarse aggregate Fine aggregate

Group A

SSD specific gravity 2.28 2.19
SSD absorption capacity (%) 7.54 10.37
Dry-rodded unit weight (kg/m®) 1241.4 -
FM - 2.61
Group B

SSD specific gravity 2.29 2.26
SSD absorption capacity (%) 5.04 7.22
Dry-rodded unit weight (kg/m®) 1252.3 -
FM - 2.68

a: the long axis of aggregate; b: the midterm axis of aggregate; c: the short
axis of aggregate.

Because these materials possess basic strength, their impact
upon the compressive strength of recycled concrete is
relatively limited.

It can be seen from Fig. 5 that the flexural strength of
recycled concrete is about 78—91% that of normal concrete.
There is no major difference among the flexural strength of
recycled concrete mixes containing various amounts of
brick and tile. Similar to the previous compressive and
flexural strength results, the modulus of elasticity for
recycled concrete, as shown in Fig. 6, was about 70—80%
that of normal concrete. This indicates that the brick and tile
content in recycled aggregate does not significantly affect
the E values of recycled concrete.

From the results, it can be concluded that brick and tile
particles will have some impact upon the mechanical
properties of recycled concrete. Using brick and tile par-
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Fig. 4. Compressive strength of concrete.
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Fig. 5. Flexural strength of concrete.

ticles in recycled aggregate is acceptable in recycled con-
crete production when the brick and tile content in recycled
aggregate is lower than 67%.

3.3. Mechanical properties of recycled concrete

The mechanical properties of recycled concrete and
normal concrete with different water/cement ratios are
shown in Figs. 7 and 8. At lower water/cement ratios, the
compressive strength of AR series recycled concrete can
reach more than 70% that of normal concrete. The other
series AS and BS recycled concrete can reach only about
60%. For higher water/cement ratios, the compressive
strength of AR, AS and BS series can reach about 90%,
75% and 75% that of normal concrete, respectively. The AR
series has higher strength than the AS and BS series. This is
due to the effects of washed recycled aggregate. The impur-
ities, powder and harmful materials on the aggregate surfaces
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Fig. 6. Concrete modulus of elasticity.
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Fig. 7. Compressive strength of recycled concrete.

are washed away, resulting in a better bond effect. Fig. 8
shows that the compressive strength ratio of recycled con-
crete to normal concrete decreases at low water/cement
ratios. The main reason is that the strength of the paste
greatly increases at low water/cement ratios. According to
the composite material theory, the recycled aggregate
becomes a weak material and its bearing capacity is smaller,
thus leading to a decrease in concrete strength. This behavior
is similar to that of lightweight aggregate concrete [7].

The concrete flexural strength test results, as indicated in
Figs. 9 and 10, show that the flexural strengths of the AR
series were higher than that for the AS and BS series
regardless of the water/cement ratio. Under the same
water/cement ratio, the flexural strength for the entire AR
series reached about 90% that for normal concrete. The
flexural strength of the AR series could be even higher than
that for normal concrete (for water/cement ratio>0.67). This
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Fig. 9. Flexural strength of recycled concrete.

phenomenon is possible because under high water/cement
ratio conditions the interface between the aggregate and the
paste becomes a weak interface. The wash process cleans
the recycled aggregate surface, thus leading to enhancement
of the bond between the aggregate and the paste.

The flexural strengths of the AS and BS series were
much lower. This tendency was more obvious at lower
water/cement ratios. For water/cement ratios under 0.5, the
flexural strengths of the AS and BS series reached only 75%
of that for normal concrete. With a higher water/cement
ratio (>0.67), the flexural strengths of both the AS and the
BS series can reached up to about 90% of that for normal
concrete.

Fig. 11 shows the concrete modulus of elasticity test
results. The results reveal that the E value for recycled
concrete can reach about 70% that for normal concrete at
various water/cement ratios. The differences in the £ value
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Fig. 10. Comparison of flexural strength of concrete.
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Fig. 11. Modulus of elasticity of recycled concrete.

for recycled concrete mixes using various recycled aggre-
gates were also not obvious.

3.4. Strength behavior of recycle mortar

Figs. 12 and 13 show the series MN (mortar with 100%
normal sand), MA (recycled sand volume fraction is about
30%) and MB (recycled sand volume fraction is about 65%)
recycled mortar test results. These results (Fig. 12) show that
the compressive strength—water/cement ratio relationships
in the three series exhibit a similar tendency. Under the same
water/cement ratios, the strength of the MA and MB series
was lower than that for the MN series. From Fig. 13, the
strength of the MA and MB recycled mortar was about 80%
and 65% that for MN series, respectively, when the water/
cement ratio was changed from 0.38 to 0.8. This percentage
reduction does not change with the water/cement ratio in the
mortar. However, the quantity of recycled fine aggregate in
the mix will govern the percentage reduction in the mortar
strength. As the recycled fine aggregate content is increased,
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Fig. 12. Compressive strength of recycled mortar.
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the percentage reduction in mortar strength increases. This
result differs greatly from the recycled coarse aggregate
effect on recycled concrete. Comparing the recycled coarse
aggregate in concrete phenomenon with the recycled fine
aggregate in mortar phenomenon, the recycled coarse ag-
gregate is the weakest phase under a low water/cement ratio.
This effect will dominate the strength of recycled concrete.
This mechanism does not occur in recycled mortar because
the recycled fine aggregate has only smaller particles. The
quantity of recycled fine aggregate will in turn govern the
percentage reduction in the mortar strength.

3.5. Strength comparison of recycle concrete and normal
concrete

Compressive strength test results from the recycled and
normal concrete made from same mortar and same water/
cement ratio are illustrated in Fig. 14. Fig. 14 shows that the
compressive strength of normal concrete is higher than that
of recycled concrete, especially at lower water/cement
ratios. At a water/cement ratio of 0.38, the mortar strength
can reach to 92 MPa, while the compressive strength for
normal and recycled concrete are only 54.1 and 38.3 MPa,
respectively. This indicates that a lower water/cement ratio
will produce a higher strength mortar. The strength for this
mortar can be even higher than that for concrete. The
recycled coarse aggregate is the weak phase in the concrete.
The compressive strength of recycled concrete is relatively
confined by the lower strength of the recycled coarse
aggregate. Conversely, the compressive strength difference
between recycled concrete and normal concrete at higher
water/cement ratios is much less. Both compressive
strengths are similar, while the mortar strengths are between
36.1 and 56.6 MPa. The mortar controls the failure mode for
recycled concrete. The strength of the recycled coarse
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aggregate has little effect on the strength of recycled
concrete. This implies that the strength of recycled concrete
is dominated by the strength of the mortar. This means that
high-strength recycled concrete might be achieved through
using high-strength mortar (low water/cement ratio) with an
increase in cement. However, this is not an economical
mixture proportion.

4. Conclusions

From the test results and discussions, the following
conclusions are drawn:

1. Building rubble could be transformed into useful
recycled aggregate through proper processing. The mech-
anical properties of tested recycled concrete were generally
worse than those of normal concrete. The effect of brick and
tile contents (0—67%) on the mechanical properties of
recycled concrete is relatively limited.

2. Using unwashed recycled aggregate in concrete will
affect its strength. The effect will be more obvious at lower
water/cement ratios. At a water/cement ratio of 0.38, the
compressive strength of recycled concrete remains only
60% that of normal concrete. However, the strength ratio
can be increased to more than 75% when the water/cement
ratio is greater than 0.60.

3. The modulus of elasticity for recycled concrete was
only about 70% that of normal concrete. Changing the
water/cement ratio or brick and tile content in recycled
aggregate does not have a significant effect on the modulus
of elasticity values.

4. Under the same mixture proportions, the mechanical
properties of recycled concrete were worse than that for
normal concrete. When the recycled aggregate was washed,
these negative effects were greatly improved. This is espe-
cially true for the flexural strength of the recycled concrete.

5. Adding recycled fine aggregate in the mortar will
decrease the mortar strength. The quantity of recycled fine
aggregate in the mortar is more effective than the water/
cement ratio in governing the percentage reduction in
strength for recycled mortar. This is totally different from
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the behavior of recycled coarse aggregate in recycled
concrete.

6. At higher water/cement ratios (lower strength of
mortar), the compressive strength of recycled concrete is
similar to that of normal concrete. At lower water/cement
ratios (higher strength of mortar), the compressive strength
of recycled concrete is much lower than that of normal
concrete. High-strength recycled concrete might be achieved
through using high-strength mortar with an increase in
cement. However, this is not an economical mixture pro-
portion.
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