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ABSTRACT

In order to planning the Construction and Demolition Waste (CDW) management approach on a construction
site, it is necessary to have a prior knowledge of what is being generated (qualitative analysis), the quantity
that is being generated (quantitative analysis), and what is the proper final destination assigned to this
material. This article proposes a new method to estimate CDW generation in Brazil from a qualitative and
quantitative analysis of CDW generation in worksites. For the waste characterization, it was used the
compression test with energy of Standard Proctor Test, granulometric analysis, microstructure analysis and
direct shear tests. For the quantitative data collection, the research was limited to worksites of residential or
commercial multi-story buildings, with reinforced concrete structure, which is the most common type used in
Brazil. The data on the number of waste bins removed monthly, transportation and final disposal, CDW
management costs, and constructive process were obtained from the construction companies.

Keywords: civil construction, waste management, characterization.

1. INTRODUCTION

The civil construction industry has a significant contribution to the development of the economies in
countries, especially the considerable amount of jobs created and the direct influence in all sectors that
produce raw materials, equipment, and services to supply the production process.

Despite the current state of decline of this activity in some countries, due to changes in the economic cycle,
the problems caused by such waste, or rather by its management, must be constantly considered [1].
Construction and Demolition Waste (CDW) is a major problem in urban areas [1-4]. This is due to the
substantial waste generation by construction companies, which improperly dispose the CDW, despite 90% of
it being reusable, causing many economic, social, and environmental problems.

In Brazil, civil construction accounts for about 14% of Gross Domestic Product (GDP), making it one
of the pillars of Brazilian economy and the largest generator of direct and indirect jobs in the country. The
sector is also one of the largest consumers of natural raw materials, responsible for about 20% to 50% of
natural resources consumed by society [5].

In recent years, there has been a significant increase in CDW generation because of the rapid
urbanization and large-scale construction activities in Brazil [6, 7], accompanied by instability and/or
unavailability of data and information on the waste generated in this activity. The study of CDW generation
and effects is recent in Brazil [8] leading to a lack of data in agencies and environmental organizations.
However, the emergence of legislation regarding this sector has encouraged developments and a greater
mobilization of city councils and private companies to meet the new laws in force.

Waste reduction is considered the most effective method for minimizing the production of CDW and
eliminates many of the environmental problems. However, CDW generation is inevitable and thus reuse and
recycling are optional applicable methods for reducing the volume that reaches the landfill [9, 10].

The lack of CDW management planning for all stages of construction makes it difficult for
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construction sites to maintain constant the waste management system and the possibility to improve
continuously. This causes an increased management cost and a reduced environmental performance of the
company [11, 12].

To plan CDW management on the construction site, it is required a prior knowledge of what is being
generated (qualitative data), the quantity that is being generated (quantitative data), and what is the proper
final destination to assigned to this material. Although there is research being conducted to make the
characterization of this waste, a reliable database that grants subsidies to companies in decision-
making related to the management of CDW is still to be developed.

In this context, several studies are conducted to develop methods for estimating the amount of CDW
in a worksite or in a city [13]. An estimate of CDW generation in Thailand was made using information on
building permits issued, obtaining rates of 21.38 kg/m2 for residential construction and 18.99 kg/m? for non-
residential construction [14].

Séaez et al. [1] developed an empirical model to predict waste generation on the construction site by
creation several indicators relating to the volume of waste generated (m3) and the total constructed area of the
building (m?): the total quantity of CDW generated in the worksite, types of CDW, and the quantity of CDW
generated at different stages of the worksite. The usage of two accurate indicators, along with a global
indicator commonly in use, provides a significant improvement in tools for waste quantification,
management, and planning.

A methodology was developed to provide a model that foresees the flow of CDW for new residential
buildings. The quantity of waste and its components, produced in 10 large scale projects (7,000 - 32,000
m?2 of constructed area), was periodically monitored for a limited time. The developed model foresees that
waste is generated exponentially, i.e.., smaller quantities are generated during the early stages of construction
and larger quantities are generated by the end of the project. The total quantity of waste was estimated at 0.2
m3/m?2 of usable area [15].

More recently, Méalia et al. [16] determined indicators that allowed estimating CDW generation at a
worksite, both globally and by waste flow. The CDW generation is estimated for six specific sectors: new
residential construction; new non-residential construction; residential demolition; non-residential demolition;
residential remodeling; and non-residential remodeling. The data required to develop these indicators were
found in previous studies in literature.

This article proposes a new method to estimate CDW generation in Brazil from a qualitative and
quantitative analysis of CDW generation in worksites.

2. MATERIALS AND METHODS

2.1 Qualitative data collection

CDW samples were collected in worksites that were at different construction phases for testing. Projeto
Entulho Limpo (Clean Waste Project), was directly involved in the project, guided by the Group of
Engineering Applied to the Environment (AMBITEC), from the Polytechnic School of Pernambuco. It was
possible to distinguish the stages of structure (Sample A), masonry (Sample B), finishing (Sample C), and
demolition (Sample D). The samples were directly obtained from waste bins in worksites and sent to the Soil
Mechanics Laboratory for gravimetric composition and processing by crushing, so that there would be a
reduction in the size of the grains to diameters equal to or less than 4,75mm.

In this context, the Brazilian Association of Technical Standards (ABNT) codes were followed for the
tests, as there are no specific rules for CDW. The codes used for the characterization tests were the following:
NBR 6508 [17]; NBR 6459 [18]; NBR 7180 [19] e NBR 6457 [20]. The compression tests with energy
of Standard Proctor Test were performed in accordance with NBR 7182 [21]. The CDW granulometric
analysis was performed after completion of compression with the purpose of verifying any change in CDW
particle size.

In order to investigate the CDW internal microstructure at a higher level of precision, the
microscopical analysis was conducted at LAGESE - Laboratory of Sedimentary Geology (Department of
Geology of the Federal University of Pernambuco), using a TNB-01B Opton binocular magnifying glass.
Values for CDW pH were obtained using water and potassium chloride (KCI), according to guidelines from
Methods of Soil Analysis guide, published by Brazilian Agricultural Research Corporation — EMBRAPA
[22]. For direct shear tests, the specimens were shaped in optimum moisture and a speed of 0.24 mm/min was
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used. The shear tests were performed with samples A (Structure), B (Masonry), C (Finishing), and D
(Demolition).

2.2 Quantitative data collection

During the collection of quantitative data on construction sites, a letter was sent to construction companies
requesting their participation in the development of research and data availability of waste generation for
each worksite, with the intention of correlating the levels of waste generation with technical data. The
research was limited to worksites of residential or commercial multi-story buildings, with reinforced concrete
structure, which is the most common type in Brazil. The data on the number of waste bins removed monthly,
transportation and final disposal, CDW management costs, and constructive process were obtained from the
construction companies.

As a result, data were obtained from 74 worksites. However, only 28 worksites presented a complete
database of waste generation throughout the execution of the work (foundation + structure® + finishing).
Most of the works analyzed are still at construction stage or, in the case of the older ones, do not have
complete and reliable records of waste generation. The greatest number of works was at the structure stage
(84% overall). As most of the works are still in progress, the amount of data in finishing stage was
considered low (61%). Companies did not provide quantitative demolition data.

The total number of waste bins needed to collect all the waste from a worksite was determined from
the total waste generation, considering they are able to carry a volume of 6m?3 and have unitary mass of 1.30
t/m3 [23,24,25,26], defined from the result of several surveys conducted in Brazil. In addition, percentage of
waste per class was estimated from the accounts of the waste generated in accordance to the National Council
of Environment (CONAMA) resolution n® 307/2002. A comparison was made between the total waste
generation from construction companies that were granted an ISO 14001 certification and construction
companies that were not, to analyze the influence of the Environmental Management System in waste
generation.

After identifying the number of waste bins, correlations were made between the total CDW
generation and the constructed area, time of completion of the work, and the number of floors, to obtain
indicators of waste generation.

Furthermore, to determine management costs, expenses related to transportation and final disposal of
waste were considered. Expenses related to consulting, equipment purchasing, and others were not included.

3. RESULTS AND DISCUSSIONS

3.1 Qualitative data

3.1.1 Gravimetric composition of CDW samples

The gravimetric distribution of the samples contributed to obtaining the percentages of the constituents of

each of the samples A, B, C and D, which are of structure, masonry, finishing and demolition, respectively,
as shown in Figure 1.

! For quantitative analysis, the structure phase includes masonry.
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Figure 1: Gravimetric composition of the constituents of Samples: (a) Structure; (b) masonry, (c) finishing and
(d) demolition.

Materials most found in each sample were: concrete in Sample A (structure), at 42%; brick in Sample
B (masonry), at 44%; small materials® (54%) and mortar (27%) in sample C (finishing); and mortar in
Sample D (demolition), at 25%.

3.1.2. Physical and chemical characterization

The pH analysis of CDW samples at different phases (structure, masonry, finishing and demolition) obtained
a range of 7.3 — 12.4, and the median value at 10.1. This result confirmed that the aqueous extract of CDW is
alkaline, due to the presence of lime and cement in its composition. In previous researches, a similar result
was found for soil composites using CDW applied in roads sealing [22]. Granulometric curves (Figure 2)
show that mainly granular (gravely) materials, with small quantities of silt and clay, compose the CDW
samples studied.

2 Material whose dimensions are not convenient for characterization
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Figure 2: Granulometric curves of CDW samples.

The values of the particles relative densities were 2.68 for sample A, 2.64 for samples B and C, and
2.63 for the sample D, which indicate a typically gravely material. This reason justifies that the CDW
samples did not present liquid nor plastic limits.

3.1.3. Mineralogical analysis

The fraction of CDW was analyzed with the aid of a binocular magnifying glass, where formats and
mineralogical compositions of grains were observed, as shown in Figure 3. CDW is formed by sub-
rounded (with various dimensions), poorly selected grains, sharp and porous. Quartz is the most predominant,
surrounded by a thin crust, made from construction materials that contain sand in the composition, such as
concrete and mortar. In addition, feldspar crystals were found, along with iron oxide at a high concentration.
This is due ceramic materials found in CDW, such as brick and floor tiles, and aluminum oxides and
hidroxides, of coppery-brown colour. Similar properties were obtained by WERLE et al. [27];
DESCARREGA [28] e ARAUJO [29], in mortar and concrete CDW.
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Figure 3: Mineralogical analysis: (a) Sample A — Structure; (b) Sample B — Masonry; (c) Sample C — Finishing;
(d) Sample D - Demolition.

3.1.4 Compression test

The compression curves were obtained from the Standard Proctor energy used in each of the samples. Figure
4 shows the curves and Table 1 shows the results obtained in the compression tests.
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Figure 4: Compression curves of CDW samples.
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Table 1: Values obtained in compression tests.

Sample Wot (%) pdmax (g/cm?)
A 14 1.75
B 21 1.64
C 15 1.63
D 21 157

Values referenced in Table 2 were responsible for shaping the samples for direct shear test, which
will be discussed later.

Granulometric curves obtained after the compression test were compared to curves obtained prior to
the compression process, and an insignificant change in the particle size of the materials was observed, as
shown in Figure 5. These behaviors are due to the many steps that CDW passes during the production
process, such as: generation, transportation, and disposal in testing areas [30, 31].
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Figure 5: Results of particle size: (a) Sample A — Structure; (b) Sample B — Masonry; (c) Sample C — Finishing; (d)
Sample D - Demolition.

For the resistance curves versus horizontal displacement (Figure 6), the normal voltages of 50kPa,
100 kPa, 150 kPa and 200kPa were used, in this order, and the horizontal displacement was limited to 10mm.
These resistance curves were essential for the achievement of the envelopes of resistance (Figure 7), because
the cohesion and angle of internal friction of each sample in the predefined conditions are found using these
curves.
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Figure 6: Resistance curves: (a) Sample A — Structure; (b) Sample B — Masonry; (¢) Sample C — Finishing; (d) Sample D
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Figure 7: Envelopes of resistance: (a) Sample A — Structure; (b) Sample B — Masonry; (c) Sample C — Finishing; (d)
Sample D - Demolition.

3.2 Quantitative data

The worksites were monitored from August to November, 2013. Table 2 presents a summary of monitored
worksites along with data on constructed area, duration of work, and number of floors.

From the worksites analyzed, it was found that the total waste generation is between 484 tons and
8298 tons, and a mean value of 1,304 tons. Figure 8 shows three sets of data, which relate the amount of
waste generated with the constructed area, with the number of floors and with the duration of the work in
months, separately.

Therefore, it was obtained a mean rate of CDW generation by cons}ructed area of 125 kg/mz, for a
total constructed area of 22,232 m?, within the range estimated by GUSMAO [31], which varies from 100
kg/m2 to 150 kg/m2.

Table 2: Characterization of the worksites visited.

Site Constructed area (m?) Nr. of floors Duration of work (months)
1 3,379 19 28
2 6,226 20 43
3 6,861 18 28
4 7,099 16 36
5 7,706 22 28
6 7,886 22 31
7 9,213 20 30
8 10,072 29 23
9 10,216 28 21
10 10,230 17 36
11 10,526 32 31
12 12,023 29 29
13 12,630 36 45
14 13,439 30 21
15 14,062 28 54
16 15,220 32 32
17 17,213 20 28
18 17,400 34 46
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Figure 8: CDW generation in relation to constructed area, duration of the work and number of floors.

Waste generation (t)

In addition to this indicator, which is the most used to estimate waste generation, it was obtained the
average index of CDW generation by completion of the worksite, at 70.03 t/month, for an average
completion of works in 34 months.

Furthermore, an average index of CDW generation by number of floors of 63.68 t/floor was
obtained, for an average of 31 floors in worksites of Recife. The choice of the best indicator to be used will
depend on its application and comparison with several other worksites.

In CDW management planning, it is essential to know in which extent each stage of work generates
waste, as well as the type of material that is disposed of the most, in order to be able to plan the structure of
the worksite. Figure 9 shows the CDW generation per stage of the work, considering the 28 worksites with a
complete database. Figure 10 displays the percentage of CDW generation in each phase.
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Figure 9: Waste Generation per stage of work.
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Figure 10: Percentage of CDW generation per stage of work.

Considering the data from other worksites, it was obtained the following mean rates of generation per
stage of construction: 17.20 t/month during the foundation stage, with an average duration of 6
months; 45.86 t/month during the structure (including masonry) stage, with an average duration of 11
months, and 107.93 t/month during the finishing stage, with an average duration of 15 months.

Figure 11 shows the costs of class A CDW management of 28 worksites with a complete database.
The total cost for the transportation and disposal of CDW varies from R$ 28,000.00 to R$ 485,000.00,
depending on the amount of waste bins collected and the final destination. For this calculation, only the steps
of transportation and final disposal were considered. Other expenses, such as the purchase of new materials
due to losses in the process, could not be included due to the difficulty of measurement.
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Figure 11: CDW management costs in the worksites.

Along with data from other works, was calculated the average cost of CDW management by phase of
work was calculated, using as a reference the average amount of collected waste bins and destinated at each
construction phase, as presented in Figure 12.

The average cost per m2 varies from R$ 1.63/m? to 14.17 R$/m?, being the highest the cost of works
of built area smaller than 8,000 m? (R$ 11.27/m?). Furthermore, worksites certified with 1ISO 14.001 have an
average cost of R$ 6.64/m2, while the worksites without certification have an average cost of R$12.49/m2.
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Figure 12: Cost of CDW management per stage of work.

3.3 Model for estimating waste generation

The first step to estimate waste generation of a worksite is the calculation of the total CDW generation during
the construction stage, where the manager can perform a calculation based on constructed area (m?2), duration
of work (months), or number of floors. The manager’s decision will depend on the previous estimates in
relation to the rate that best fits the worksites of the company. All parameters used in the model were
obtained in the quantitative characterization, and the definition of constructed area ranges were defined using
statistical analysis.

The calculation of the total waste generation by total constructed area is given by Equation 1:

G = (I, X A,)/1000 1)

Where: G; is the total waste generation of the worksite (t)
I, is the rate of waste generation by constructed area (kg/m2)
Ay is the total constructed area (m?2)

To choose the rate of CDW generation by construction area, it is considered that:

If At < 8,000m?, then la= 194 kg/m?;

If 8,000m2< At < 15,000m?, then Ia = 94 kg/m?;
If 15,000m2 < At <25,000m?, then la = 66 kg/m?;
If At > 25,000mz, then la= 117 kg/m2.

The calculation of the total waste generation by the time of completion of works is given by Equation

G, =Ip X P, )

Where: I is the rate of waste generation by time of completion of works (t/month);
P. is the construction period of the project (months).

It is considered that:

If Pc <30, then ID = 68 t/month;

If 30 < Pc < 35, then ID = 73 t/month;
If 35 <Pc <40, then ID = 112 t/month,;
If Pc > 40, then ID = 21 t/month.

The calculation of the total waste generation by number of floors is determined by Equation 3.
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Ge=1I, XN, ®)

Where: 1, is the rate of waste generation by the number of floors (t/floor);
N, is the number of floors.

It is considered that:

If Np < 25, then Ip= 74 t/floor;
If 25 <Np <30, then Ip = 52 t/floor;
If 30 < Np <40, then Ip = 29 t/floor;
If Np > 40, then Ip= 88 t/floor.

For the calculation of daily waste generation of the worksite, Equation 4 is used.
Gy=(G/Pc) /26 (4)
Where: Gy is the daily waste generation of the worksite (t/day)

After determining the total waste generation, the number of waste bins needed to collect all waste
generated is calculated using Equation 5.

Ne =Gy + C¢ 5)

Where: N. is the number of waste bins needed to collect all the waste of the worksite.
C. is the waste bin capacity =8.2 t

After estimating the total waste generation in the worksite, it is possible to calculate the quantity of
waste per class according to the CONAMA Resolution N° 307/2002. The percentage of waste of each class
used in the database of the system was based on the data obtained in this study and in previous studies [29,
30]. Thus, the calculation of waste generation by class is performed as presented in Equation 6:

Qcx = G¢ * Py (6)

Where: Q. is the quantity of waste generated by class X (t),
P is the percentage of waste of class X (%).

The percentage of waste of each stage of the work is obtained from Equations 7, 8, and 9.

Qfoun = (G¢ X Proun)/100 (7
Qstru = (G¢X Psery) /100 (8)
Qfini = (G¢ X Prin;) /100 )

Where: G; is the total waste generation (t);
Qsoun 18 the quantity of waste during the foundation stage (t);
Psoun IS the percentage of waste during the foundation stage (%);
Qs is the quantity of waste during the structure stage (t);
Psru IS the percentage of waste during the structure stage (%);
Qsini is quantity of waste during the finishing stage (t);
Psini is the percentage of waste during the finishing stage (%).

The system also provides, for each material, the amount (in tons) that will be generated throughout
the work, from the gravimetric composition, as presented in Equation 10.

_ (GexPmary)

Quaty = 0o (10)

100

Where: Quary is the quantity of waste regarding material (Y);
Pmary is the percentage regarding material ().
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4. CONCLUSIONS

By analyzing the results of the qualitative data, it can conclude that the physical and chemical characteristics
of CDW contributed to classifying it as a typically gravely material. Furthermore, through the mineralogical
analysis, it was observed that the contribution of the sample grains is made up of poorly selected and sub-
rounded grains, in which quartz predominates.

The compression test was essential for molding the specimens for direct shear testing, from the
optimum humidity found in each sample.

Despite the difficulty in obtaining data on waste generation in the worksites, a database with
appropriate information for the correct development of the model has been created, making it possible to
comprehend the main characteristics of the waste management of the worksites, such as: total CDW
generation; generation by stage of work (foundation, structure and finishing); CDW generation in relation to
constructed area, time of completion, and number of floors; CDW generation by class, according to
Resolution N° 307/2002 of CONAMA, and waste management costs.

By analyzing the worksites that had a complete database, that is, data of waste generation from the
foundation stage to its conclusion, was obtained an average value of 1.304 tons, and a rate of generation by
constructed area of 125 kg/m2, for an average constructed area of 22,232 m2. When comparing this
information with data from literature [31; 34-37], was found that it is very similar to the data obtained by the
researchers mentioned.

Considering that some researchers and construction companies question the efficiency the CDW
generation rate by constructed area, were evaluated other rates, such as waste generation by time of
completion of the construction work, which was of 70.03 t/month, for an average duration of 34 months, or
the generation by number of floors, which had as a result 63.68 t/floor, for an average of 31 floors.
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