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INTRODUCTION
Until recently almost all demolished concrete was
thrown away and there is a shortage of landfill areas.
Concrete is such an essential, mass-produced material
in the construction industry, much effort has been
made to recycle and conserve resources. Completed and
repeated recycling can be suitable for concrete, as is the
case for steel and aluminum (Noguchi and Tamura,
2001). Since concrete composes only of cementitious
materials, and the powders generated during the RA
production can be reused as cement resources, this per-
mits repeated recycling. This also enables concrete to be
recycled in a fully closed system, thus enhancing the
benefit to the environment. Concrete recycling can be
accomplished by converting them into secondary raw
materials for filling, road bases and sub bases, or ag-
gregate for the production of new concrete (Howard
Humphreys and Partners, 1994, Torring, 2000).

Aggregate occupies the major part of concrete vol-
ume which thus significantly affects concrete proper-
ties (Mindess et al., 2003, Troxell and Davis, 1968).

Three general requirements should be considered
when choosing aggregate: concrete economy, concrete
strength, and concrete durability (Troxell and Davis,
1968). As RA has a high porosity, it is more subject to
deformation and mechanically less resistant than the
cement matrix coating after sufficient hardening time
(Maso, 1996). A review on several studies (Cheung,
2003, Hassan et al., 2000, Mehta and Monteiro,
1993, Poon et al., 2003, Reusser, 1994) indicated that
compared with concrete containing natural aggregate,
recycled aggregate concrete could have at least two
thirds of the compressive strength and modulus of
elasticity, hence meeting workability and durability
standards. A major obstacle in the way of using de-
molished concrete waste as aggregate for concrete is
the cost of crushing, grading, dust controlling and
separation of undesirable constituents. Crushed recy-
cled concrete or waste concrete can be an economical
aggregate source which is difficult to find, and is also
important when waste disposal is increasingly be-
coming more costly (Mehta and Monteiro, 1993).
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RESEARCH OBJECTIVES
This paper aims to achieve the following objectives: 

1. Investigating aggregate properties using twenty
three standard tests. Eleven RA samples collected
from demolished sites and natural aggregate are
used in this study;

2. Using ten different polynomial orders to interpo-
late RA test results. The effectiveness of the inter-
polation method is determined by estimating
their fitting errors;

3. Proposing a new testing procedure for RA.

AGGREGATE TESTING
Aggregate quality is assessed by using twenty three
standard tests.

Test 1: Sieve analysis (10mm)

Test 2: Sieve analysis (20mm) 

Test 3: Oven-dried basis of particle density
(10mm)

Test 4: Oven-dried basis of particle density
(20mm)

Test 5: Saturated and surface dried basis of parti-
cle density (10mm) 

Test 6: Saturated and surface dried basis of parti-
cle density (20mm) 

Test 7: Apparent particle density (10mm)

Test 8: Apparent particle density (20mm)

Test 9: Water absorption (10mm)

Test 10: Saturated time (10mm)

Test 11: Water absorption (20mm)

Test 12: Saturated time (20mm)

Test 13: Moisture content (10mm)

Test 14: Moisture content (20mm)

Test 15: Flakiness index (10mm)

Test 16: Flakiness index (20mm)

Test 17: Elongation index (10mm)

Test 18: Elongation index (20mm)

Test 19: Ten percent fine value (TFV)

Test 20: Aggregate impact value (AIV)

Test 21: Chloride content (10mm)

Test 22: Chloride content (20mm)

Test 23: Sulphate content

British standards are used for testing these aggre-
gate properties (BS 812: Part 2, 1995, BS 812: Part
105.1, 1989, BS 812: Part 105.2, 1989, BS 812: Part
109, 1990, BS 812: Part 111, 1990, BS 812: Part
112, 1990, BS 812: Part 117, 1988, BS 882, 1992).

POLYNOMIAL REGRESSION
Interpolation using polynomial fitting or polynomial
regression is a technique which uses polynomials of
order up to 20 to fit a given set of data. This tech-
nique is well known because it is much better than
the linear regression method of simply assigning the
“line of best fit” to the data. Given a dataset in the
form of x(1), x(2),..., x(N), with values of y(1),
y(2),..., y(N), where N is the data length. The coeffi-
cients c1, c2, ..., cN of the interpolating polynomial
which can be used to “best fit” the data relate the
input x to the output y via the Vandermonde matrix
of the form (Press et al., 1994).

(1)

where the c matrix consists of polynomial coefficients.
It should be stressed that the c matrix does not always
exist; prompting that extra care must be taken when
using the technique to interpolate different datasets.
This also means that polynomial regression does not
always work for a given dataset which shows the im-
portant role of the data nature. In this case, even
though there are some abrupt changes in the dataset,
it will be shown that polynomial regression yields
positive outcomes.

Having obtained the c matrix, the interpolating
polynomial is thus given by:

yinterpolate = cNxN + cN–1x
N–1 + ... +c1x + c0, (2)

which can be used to mathematically model the given
data. It should also be noted that yinterpolate generally
resembles the shape of the fitted data. However,
sometimes, it is difficult to find all the coefficients for
a particular data set. Thus, if the method is applicable
to a set of data, then the process of studying and sim-
ulating the data becomes much easier and less time
consuming as yinterpolate can now be validly used. How-
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ever, no numerical methods can completely simulate
a given dataset, thus, there exists some marginal
curve-fitting errors which generally do not signifi-
cantly alter the results obtained by analysing yinterpolate.
Even though interpolation has been widely used in
the field of signal and image processing (Press et al.,
1994), they have not been widely used in the field of
construction material and management to process
data and to study their correlation. Thus, one of the
main aims of this paper is to show that these tech-
niques can be successfully employed to study RA and
to simplify aggregate testing procedures.

In this paper, there are twenty three tests which can
be used as outputs for the interpolation. However, the
first two tests do not have numerical results, leaving
only tests 3 to 23 applicable for polynomial regres-
sions. Results of tests 3 to 23 are used as inputs with
results of the other tests as outputs to obtain their
mathematical relationships. For example, the first
patch of interpolation uses the results of test 3 as the
inputs, thus results of tests 4 to 23 are used as the out-
puts. Consequently, the relationships between results
of test pairs 4 and 3, 5 and 3, 6 and 3 and so on until
the last pair of tests 23 and 3 are obtained. In the sec-
ond patch of interpolation, results of test 4 are used as
the inputs and results of tests 5, 6, 7 until 23 as the
outputs. The interpolation process continues until re-
sults of test 22 are taken as the inputs and results of
test 23 as the outputs, in this case, there is only one
pair of input and output in the polynomial regression
patch. At the end of the whole polynomial regression
process, using one order, there are 210 equations de-
scribing the mathematical relationships among all test
results, i.e. results of every test are interpolated with
those of every other test, and therefore it is not diffi-
cult to estimate the results of a particular test using
one of the many equations obtained from the interpo-
lation process. In this paper, ten different order poly-
nomials are used to interpolate the data, yielding
2,100 equations relating all test results. The challenge
in this case is to choose the best polynomials with the
lowest fitting errors. For example, by using results of
test 3 as the inputs and results of test 4 as the outputs,
results of test 4 can be approximately estimated by
using the results of test 3. Because there are ten differ-
ent polynomial orders, there exist ten different math-
ematical equations which can be used to estimate the

results of test 4. The same process is carried out for all
tests using all polynomial orders, yielding a total of
210 equations of different orders which can be chosen
as the best-fit polynomials because of their lowest fit-
ting errors. It is clear that the more polynomials the
interpolation process uses, the easier it is to simplify
aggregate testing procedures as there is more than one
equation relating results of particular inputs to partic-
ular outputs. The effectiveness of a polynomial is as-
sessed based on its fitting error. It is thus clear that the
smaller the error the better the estimation. 

The interpolating polynomials can be imple-
mented in MATLAB via the command polyfit. The
order of the polynomials is considered to be an im-
portant parameter as the higher the polynomial order,
the more difficult it is to avoid over-fitting as noted
earlier. However, high-order polynomial fitting can be
more effective for datasets with abrupt changes than
the lower orders. Thus, in this initial study, low and
high polynomial orders from 1 to 10 are employed to
detect all salient features in the data. For this particu-
lar dataset, polynomial orders of one to ten are used
to thoroughly study the effectiveness of polynomial
regression.

ANALYSIS
Ten series of RA samples (Samples 1 to 10) were ob-
tained from ten demolition sites with service life
ranging from ten to forty years. Sample 11 was specif-
ically collected from the Tuen Mun Area 38 Recycling
Plant which is located at the boundary between
Mainland China and Hong Kong. Tuen Mun Area
38 recycling plant is situated next to a landfill which
makes it easier to access all types of construction and
demolition waste (Tam and Le, 2007a; 2007b). Sam-
ples 1 to 11 are compared with normal aggregate
which is Sample 12. The results of 23 tests for Sam-
ples 1 to 12 are summarized in Table 1.

Since the strength of fully compacted concrete
with a given water to cement ratio is independent of
aggregate grading, sieve analysis (Tests 1 and 2) is im-
portant only if it affects fresh concrete workability
(Neville, 1995). From Table 1, Samples 1 to 12 have
met the sieve analysis requirement of being 10mm
and 20mm aggregate. 

Aggregate particle density (Tests 3 to 8) is the ratio
of the mass of a given volume of material to the mass
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of same volume of water (BS 812: Part 2, 1995). Ag-
gregate particle density usually is an essential property
for concrete mix design and also for calculating the
concrete volume produced from a certain mass of ma-
terials (Hewlett, 1998). Density of cement mortar of
around 1.0-1.6 Mg/m3 is less than that of stone par-
ticles of about 2.60 Mg/m3 (Oklahoma State Univer-
sity, 2006), the smaller the particle density, the higher
the cement mortar content adhering to the RA. From
Table 1, Samples 7 and 8 have the lowest values of
particle density, inferring the highest amount of ce-
ment mortar adhering to RA, while Sample 12 (nor-
mal aggregate) has the highest particle density. Fur-
thermore, particle densities of 20mm aggregate are
larger than those of 10mm aggregate, inferring a
higher amount of cement mortar attached to the
10mm aggregate. This also implies that the larger the
aggregate size, the smaller the amount of cement
mortar attached to its surface, yielding better aggre-
gate quality.

The overall aggregate porosity or absorption either
depends on a consistent degree of particle porosity or
represents an average value for a mixture of variously
high and low absorption materials (Hewlett, 1998).
In this study, Tests 9 to 14 are used to assess the level
of porosity and absorption of the samples. The RA
water absorption and moisture content (Samples 1 to
11) are generally higher than that of normal aggregate
(Sample 12) (see Table 1). 10mm aggregate of Sample
7 exhibits the highest water absorption rate and mois-
ture content of about 9.06 and 1.70 respectively, and
20mm aggregate from Sample 12 has the lowest water
absorption rate and moisture content of about 0.53
and 0.15 respectively. One of the most obvious attrib-
utes between RA and normal aggregate is the higher
water absorption rate and moisture content of RA,
which are affected by the amount of cement paste
sticking on the aggregate surface. Cement mortar de-
scribes the soundness of aggregate since its porosity is
higher than that of aggregate, i.e. RA with higher ab-
sorption rate tends to be worsened in strength and re-
sistance under freezing and thawing conditions [18-
20] than aggregate with a lower absorption rate. In
most samples, the water absorption rate of 20mm ag-
gregate is less than that of 10mm aggregate, inferring
that larger size aggregate may have less cement mortar
adhered to its surface, leading to a lower water ab-
sorption rate as explained in the last section.

Aggregate particle shape (Tests 15 to 18) can affect
concrete strength and workability (Hewlett, 1998).
The shape can be described in using two main princi-
pal parameters: ‘sphericity’ and ‘roundness’. Aggre-
gate particles are classified as flaky when they have a
thickness (smaller dimension) of less than 0.6 of their
mean sieve size. Aggregate particles are classified as
elongated when they have a length (greatest dimen-
sion) of more than 1.8 of their mean sieve size (BS
812: Part 105.2, 1989). BS 882 (BS 882, 1992) lim-
its the flakiness index determined in accordance with
BS 812: Part 105:1 (BS 812: Part 105.1, 1989) to
about 50 percent for uncrushed gravel and 40 percent
for crushed rock or crushed gravel, with a warning
that lower values may have to be specified for special
circumstances such as pavement wearing surfaces. All
the twelve samples in this study have a flakiness index
lower than 40%. 

In most cases, inherent aggregate strength is de-
pendent upon aggregate ‘toughness’, a property
broadly analogous to ‘impact strength’. Tests 19 and
20 are used to determine the strength and toughness
of the twelve samples. The TFV measures the aggre-
gate resistance to crushing which is applicable to both
weak and strong aggregate (BS 812: Part 111, 1990),
the larger the TFV value, the more resistant the aggre-
gate to crushing (Hewlett, 1998). The AIV relatively
measures the aggregate resistance to sudden shock or
impact, which in some aggregate is different from its
resistance to a slowly applied compressive load (BS
812: Part 112, 1990). The smaller the AIV value, the
tougher the aggregate or more impact resistant than
higher strength concrete aggregate (Hewlett, 1998).
Out of the twelve samples, Sample 12 (ordinary ag-
gregate) has the highest value of TFV and the lowest
value of AIV at about 189kN and 21% respectively;
while Sample 2 achieves the lowest value of TFV and
the highest value of AIV at about 61kN and 36% re-
spectively (see Table 1). The obvious reason is that the
cement paste attached to the RA directly affecting the
aggregate strength.

RA chloride and sulphate contents (Tests 21 to
23) are critical. Chloride contamination of RA
mainly derived from marine structures or similarly
exposed structural element is of concern which can
lead to corrosion of steel reinforcement. However, for
most RA (Samples 1 to 6 and 8 to 12), the chloride
ion contents are low and within the limit of standards
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(under 0.05%). Nevertheless, Sample 7 falls beyond
the limit with chloride contents of about 0.0976%
and 0.0902% for 10mm and 20mm aggregate respec-
tively (see Table 1). From further investigation of the
RA of Sample 7, some shell (from fine marine aggre-
gate) contents were found. The major reason may be
the use of marine water or stream water for concrete
mixing during periods of shortage of fresh water sup-
ply in the 1960s, which has been banned since 1970s.
This could have increased the chloride composition
in the sample. In general, RA has higher sulphate
content than natural aggregate. The occurrence of
sulphate-based products such as plaster as contami-
nants in demolition waste is common. Consideration
must be given to the use of sulphate resisting cement
in situation where plaster contamination is suspected
(Crentsil and Brown, 1998). However, gypsum plas-
ter is rarely used in Hong Kong where lime plaster is
more common. In fact, the highest recorded sulphate
content is about 0.0308% for Sample 1, which is still
within the standard of 1% (see Table 1). Therefore,
contamination of sulphate content is not a major
problem for RA. 

It is clear that the more tests being conducted, the
more costly aggregate testing. Thus, one of the main
aims of this paper is to reduce the number of tests
which is currently 23, out of which 21 give numerical
results, to improve aggregate testing efficiency. To
achieve that, one possible way is to accurately relate
the results of one or a number of tests to results of the
other tests using polynomial regression. Polynomial
fitting of test results (outputs) based on the results of
a particular test (inputs) can be achieved by using an
appropriate polynomial order. Generally, the higher
the polynomial order, the better the fitting. However,
it is not always the case if there are abrupt changes in
the outputs because a very high-order polynomial is
required, which is not practical if the order is larger
than the upper limit of twenty given in MATLAB.
Thus, care must be taken to choose the appropriate
polynomial order, otherwise large errors can be gener-
ated. In this paper, polynomials of orders one to ten
have been chosen to model the test results. As a result,
two thousand and one hundred equations can be gen-
erated from the interpolation process. The fitting er-
rors of all orders are given in Figure 1 to assess the ef-
fectiveness and validity of each polynomial order.
Simulation results show that the errors for tests 3 to

20 are mostly acceptable with the maximum errors
lower than the chosen error limit of 15%. 

From the results obtained in this paper, the tests
can be divided into two major groups: group 1 con-
sists of tests 3 to 20, and group two consists of tests
21 to 23. It is clear that the tests in group one are
strongly correlated. This means that the results of any
test in this group can be successfully estimated by
using the results of another test from the same group.
The error percentage of the first test group is satisfac-
tory. However, there are a small number of tests pos-
sessing errors of more than 15% with some particular
tests, which do not affect the findings of this paper
since there is more than one mathematical expression
describing them. 

It should also be noted that there are some satisfac-
tory relationships among the three tests in the second
test group (tests 21 to 23). However, most equations
in this group have large fitting errors which suggest
that they are poorly correlated.. Thus, the results of
the first test group should not be used to estimate the
results of the second test group. Thus, two tests out of
tests 3 to 23 are required instead of 21 tests being rou-
tinely conducted in the industry. In addition to tests 1
and 2, in total, there are four tests which are required
to be conducted. It should be noted that tests 1 and 2
are not applicable to the interpolation process as they
do not have numerical results. It should also be noted
that out of tests 3 to 23, the results of one of these
tests are required which provide the flexibility in con-
ducting the test depending on the conditions and

FIGURE 1. Normalised average error matrix of all tests
with orders 1 to 10.
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available equipment. Thus, the findings in this paper
offer flexibility and significant efficiency improvement
in aggregate testing. As construction sites in Hong
Kong are limited in size, eliminating redundant tests
significantly lowers cost and shortens aggregate testing
time, yielding more efficient space usage on site and
many other benefits for the construction industry. Fig-
ure 2 gives an overview on RA testing using the nor-
mal and simplified procedures.

From Figure 2, it is clear that the number of tests
is reduced from 23 to 4. Traditionally, RA samples
have to undergo all tests. By using polynomial regres-
sion to study correlation among the test results, re-
dundant tests can be identified. This means that after
performing polynomial regression, it is possible to
shorten the testing procedure. It should be noted that
even though, 4 out of 23 tests are required to study
RA properties, the selection of which tests is crucial.
Figure 2 shows two possible choices: (1) One test out
of Tests 3 to 20, and (2) One test out of Tests 21 to
23. Depending on a particular application, then par-
ticular tests in the test groups 3 to 20 and 21 to 23
are chosen.

To assess the effectiveness of the polynomial re-
gression process, fitting errors of orders one to ten are
estimated and plotted in Figure 3 and Figure 4 which
give more insight to the effectiveness of all polyno-
mial orders. 

From Figure 3 and Figure 4, it is clear that the fit-
ting errors of all orders vary uniformly among the
tests. It should also be clear that for orders one to
seven, the errors are more uniformly distributed than
those of orders eight to ten, suggesting that high-

order polynomials are not suitable for modeling the
data in this case. This is evidently reflected by having
large “harmonic” spikes in which it is clear that orders
seven and eight yield the smallest fitting errors. In ad-
dition, it is also clear that the eighth-order polyno-
mial possesses smaller fitting errors than those of the
seventh-order, suggesting that the former may be a
better choice to model the given data. However, one
major advantage of the seventh-order polynomial
over the eighth-order polynomial is that the errors of
the former are more uniformly distributed which
means that by using the seventh-order polynomial for
the interpolation process, it is possible to roughly pre-
dict the fitting errors for different test inputs. The
eighth-order polynomial possesses smaller fitting er-
rors for test inputs 3, 4, 6, 14, 15, 17, 21 and 22, and
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FIGURE 2. New procedure for testing RA.

FIGURE 3. Normalised error matrix of all tests with
orders 1 to 8.
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larger errors for test inputs 7, 8 (apparent particle
density), 10 (absorption time), 13 (moisture con-
tents) and 19 (TFV) in which for test input 7, there
is a sudden jump in the fitting error which suggests
that the eighth-order is more unstable and unpre-
dictable than the seventh-order. Further, it gave
higher fitting errors for test input 19 which is an im-
portant test and should be accurately modeled. How-
ever, it should not be forgotten that the eighth-order
polynomial does give smaller fitting errors at some
other test inputs suggesting that it is also a useful
polynomial for the interpolation process in this case.
Thus, there exists a trade-off between unpredictabil-
ity and error size at particular important tests. By
considering all aspects of the seventh- and eighth-
order polynomials, it can be suggested that the sev-
enth-order is more suitable for this dataset. Apart
from the seventh- and eighth-order polynomials,
other smaller orders give fine results but with larger
average errors. The ninth- and tenth-order polynomi-
als possess larger fitting errors and thus they should
not be employed for the interpolation process in this
case. At this point, the answer to the question raised
in Section 4 is due to the large fitting error generated
by orders 9 and 10. Thus, it is recalled that orders
seven or below should be used for the interpolation
process to study the data presented in Figure 3.

CONCLUSION
By proposing a simpler RA testing procedure, this
paper has shown that it is possible to further improve
RA quality by using the polynomial regression tech-
nique. To widely propose RA for structural applica-

tions, it is important to improve its strength and qual-
ity. By saying that, it is essential to carefully assess RA
properties such as particle density, porosity and absorp-
tion, particle shape, strength and toughness, and chem-
ical composition. Sieve analysis is also important to im-
prove concrete workability. It has been found that there
is strong correlation among some of the parameters
which can be used to simplify aggregate testing
processes. From the findings in this paper, it has been
shown that Tests 1, 2, one test out of Tests 3 to 20, and
one test out of Tests 21 to 23 are required in the new
RA testing procedure. Out of the ten polynomial or-
ders, order seven has the smallest fitting errors for the
given dataset. This paper has shown that polynomial
regression can be successfully used to process data in
the field of construction material and management.
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