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Abstract

:

The interest in sustainability in the construction industry arose in the 1990s, and current studies have created models to predict environmental aspects. Previous quantitative research to investigate environmental aspects was based on the perception of specialists. The present article proposes a methodology applicable to urban infrastructure activities in order to quantify environmental aspects by applying duration and severity criteria, using calculations founded in the scientific literature. The quantitative methodology to assess environmental aspects calculated ten aspects for six construction activities based on duration and severity criteria, eliminating the judgement of the latter criterion of earlier methodologies. The results revealed five significant environmental aspects: greenhouse gas emissions, energy use, noise pollution, water pollution, and soil pollution, due to the type of construction, which required a large amount of equipment that impacted the atmosphere, soil, and water. Possibly for the first time, urban projects can be objectively assessed based on a methodology that quantifies environmental aspects in the pre-construction phase.
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1. Introduction


Urbanization is related to three dimensions of sustainable development: economic, social, and environmental [1]. However, the difficulties in conciliating the need for economic growth with sustainability are dilemmas faced by developing countries [2]. During urban development processes worldwide, natural resources were widely used [3] due to the growth of cities with an increased demand for housing, buildings, and renovations, causing environmental impacts [4]. However, a series of environmental protection measures (certification systems, assessment methodologies, and environmental management guidelines) were proposed over the years to mitigate the adverse impacts during construction activities [5]. The supply of nature-based ecosystem services administered by humans are essential to their survival and quality of life [6]. These services are defined as contributions of ecosystems for the well-being of humanity, and economic activities and their classification are measurement aspects classified in three categories: provision, regulation, and cultural [7]. The guidelines proposed are a component of regulation.



The interest in sustainability in the construction industry arose during the 1990s [8]. The first guideline, denominated British Standards Institution (BSI) 7750, was published in 1992, in England, and the United Nations Conference on Development and Environment was held in Brazil in the same year [9]. In February 1993, the European Union presented a sustainable development program enacted by regulation (CEE) no. 1836/93 [10]. Three years later, the International Organization for Standardization (ISO) 14,001 guideline was published, based on BSI 7750, which established the requirements for implementing environmental management systems in organizations [11]. A number of studies were then conducted after these guidelines were implemented [12,13,14].



The processes to objectively identify environmental aspects evolved to prediction models, such as that which assessed the aspects of construction activities using quantitative methods that applied criteria to quantify environmental aspects through the use of a matrix model [4,5,12,13,15,16,17,18,19]. Predictive methodologies provided strategies to help the construction industry incorporate management practices that control the environmental impacts on building sites [4]. Thus, construction project managers were able to reorganize and revise construction timetables to reduce pollution and disturbance [15].



Environmental criteria are defined as elements applied to measure environmental performance level [20]. They are used to attribute significance to environmental impacts [19]; however, they should be encompassing, able to be independently verified, reproducible, and accessible [10]. Environmental criteria were used in civil construction to develop the following assessment methods: scale, probability, severity, stakeholders’ concerns, duration, and amount [12]. Building construction in densely populated urban areas requires the implementation of environmental assessment methods. The criteria related to construction activities were probability, severity, stakeholders’ concerns, duration, and amount [12,13].



Gangolells et al. [5] proposed a predictive methodology to identify and assess the environmental aspects of buildings in Europe using a matrix model, which selected the environmental criteria probability, severity, and duration. Medineckienė et al. [21] proposed a method to investigate the impacts on the health of the population and used the criteria duration, cost, severity, and amount in the numerical model. Advances were observed in studies that included stakeholders’ concerns and the degree of worker safety risk as criteria [16,17]. In 2014, a sustainability assessment tool, based on residential building criteria in Iran, was proposed to assess the different construction phases [22].



An index containing fifteen environmental sub-criteria related to severity and amount was created to measure the sustainability of building projects [23]. In 2016, a novel compound index was applied to assess the sustainability of a building, classifying construction according to its sustainability performance [24]. The quantitative methodologies of environmental aspects proposed to date have used the severity criterion subjectively via the perception of specialists [4].



Most of the studies were conducted in Anglo-American-European countries, and over time, China established a strong presence in this field [8]. In China, for example, a method was developed to identify the best construction plan aimed at minimizing environmental pollution [15,25,26], and a model to select the best construction method was described [27]. A framework denominated BEQUEST (Building Environmental Quality Evaluation for Sustainability through Time) was also created to serve as a guide for sustainable urban development projects [28]. Measurement and assessment indicators were then established for sustainable urban infrastructure [29]. A pioneering methodology was created to identify and classify the sustainability indicators [30]. A method to prioritize sustainability criteria for the urban planning process considered stakeholders’ opinions [31]. In 2016, a model was developed to assess the effectiveness of ecological indicators based on three pillars: degree of connection, coverage, and representation [32]. In relation to megaprojects, researchers devised a system of social indicators [33], analyzed sustainable impacts [34,35], and created assessments for sustainable infrastructures [3,36]. However, a systematic review of the Web of Science database found only 2.54% of the articles on the quantitative methods of environmental assessments [11]. Previous predictive methodologies that assessed environmental aspects were developed based on the perception of specialists and/or the subjective indications of authors to calculate severity criterion using Likert scales [4,5,12,13,15] and multicriteria decision methods to classify, measure, and assess environmental questions in the construction industry [37,38,39,40,41]. Multicriteria approaches also helped define integrated actions [42,43].



Some of the methodologies that identified indicators related to urban planning and construction projects were developed [30]. However, there are few studies on environmental aspects in the construction planning phase [26]. With rising population growth, the search for construction projects has increased, particularly in developing countries, with repercussions on the environment [44]. The models contributed to the sustainability of construction projects [18]. The initial stages of the projects provided alternatives that influenced economic, social, and environmental decisions [45].



This article aimed at developing a quantitative methodology to assess environmental aspects in the pre-construction phase of urban infrastructure projects using the objective criteria of duration and severity, whereby six construction activities and ten environmental aspects were evaluated. The article is divided into five sections. Section 2 presents a detailed description of the methodological model; Section 3 shows the results and model validation; and Section 4 and Section 5 contain the discussion and conclusions, respectively.




2. Materials and Methods


The creation of matrices is a basic approach that has been adopted to calculate the impacts of environmental criteria [19]. These tools have been widely used due to the facility of transforming values into interval scale, thereby enabling matrix operations [12]. As such, the set of these matrices makes it possible to quantify environmental aspects and assess their significance [13]. Thus, the matrices enabled measuring the environmental impacts in each stage and/or construction activity [5], and its wide use can be explained by the ease of application by consultants and researchers [12]. In addition, representation in the form of a matrix facilitates identifying activities and environmental aspects [4]. Due to advantages that matrix calculations may provide to the analysis of the possible environmental impacts on construction projects, this approach was adopted to develop this methodology. Thus, a matrix model was developed with two environmental criteria—severity and duration—in order to analyze ten aspects involving six urban infrastructure construction activities. Formulas validated in the scientific literature to establish the values of some environmental aspects of the severity criterion and days of activity at the building site were applied to define duration values.



The methodological framework consisted of four phases: prior analysis, identification and assessment of environmental aspects, and a numerical example based on a real case. The construction activities and environmental aspects were previously established. To identify the environmental aspects, the generating sources (construction activities) were analyzed in terms of their services. With a view to assessing the environmental aspects using the matrix model, the severity and duration criteria were calculated for the ten aspects and six construction activities, respectively, and converted into a five-point scale to enable the matrix operation. The fourth phase involved a numerical example based on a real case in order to apply the predictive methodology suggested in this study (Figure 1).



2.1. Previous Analysis


The articles on construction management and sustainability were investigated to identify which activities and/or construction processes and environmental aspects were previously considered, along with their current relationships to this proposal.



2.1.1. Activities and/or Construction Processes


The activities and/or construction processes were assessed and selected based on the scientific literature and a real case. A Work Breakdown Structure (WBS) was created based on the results of the previous phase and the activities and/or construction processes of the WBS: topographic, site clearing, earthworks, rainwater drainage system, water supply system, sewage system, electrical energy system, paving, curbing, landscaping, and construction squares.



In order to create this methodology, the most accurate levels of decomposition were adopted, as well as standardized activities of the urban development sector. In addition, the real case was a mandatory element in the selection of activities and/or construction processes to apply in the proposal, and six of the eleven stages identified in the real case contained relevant information and were selected for this methodology.




2.1.2. Environmental Aspects


The following environmental aspects were selected based on the categories identified in the literature review by Araújo et al. [11]: I1—Air emissions, I2—Water discharges, I3—Land discharges, I4—Resource and raw material use, I5—Waste, I6—Energy use, I7—Noise emissions, I8—Energy emissions, I9—Effects of biodiversity, I10—Local/Community environmental impacts, I11—Hazardous emissions, I12—Accidents/Incidents, I13—Archeological impacts.



A Relative Importance Index (RII) was created for the environmental aspects obtained for each first-degree environmental aspect using the ratio between In° and     ∑   I n ° = 1   13   I n °  , where In° is the first-degree environmental aspect and     ∑   I n ° = 1   13   I n °   is the sum of the thirteen aspects. The authors of the study selected the first seven, which are considered the most widely studied in the construction industry: I1—Air emissions, I2—Water discharges, I3—Land discharges, I4—Resource and raw material use, I5—Waste, I6—Energy use, I7—Noise emissions (Table 1).



The studies used to create the RII exhibited decompositions in nine of the thirteen environmental aspects, totaling twenty-eight second-degree environmental aspects, where, following the same pattern, a 2nd degree RII was attributed, as follows: I1-1—Air pollution, I1-2—Greenhouse gas emissions (GGE), I1-3—Total suspended particles (TPS), I1-4—Odor, I1-5—Volative organic compound emissions, I2-1—Water pollution (WP), I2-2—Water use (WU), I3-1—Soil alteration (SA), I3-2—Soil pollution (SOILP), I4-1—Resource and raw material use (RRMU), I4-2—Use of resources as energy, I4-3—Durable materials, I5-1—Construction and demolition waste (CDW), I5-2—Solid waste, I6-1—Energy use (EU), I6-2—Renewable energy uses, I7-1—Noise pollution (NP), I8-1—Vibration, I8-2—Heat, I8-3—Radiation, I9-1—Effects of biodiversity, I10-1—Transport, I10-2—Community, I10-3—Environmental impacts on neighboring areas, I11-1—Harzardous emissions, I12-1—Accidents/Incidents, I12-2—Fire, I13-1—Archeological impacts (Table 2).



To select the ten environmental aspects, the authors used those with the greatest proportions that were quantifiable and could occur in the real case used. The environmental aspect I1-1 (air pollution) was excluded for being generic. The ten aspects selected were: I1-2—Greenhouse gas emissions (GGE), I1-3—Total suspended particles (TPS); I2-1—Water pollution (WP), I2-2—Water use (WU), I3-1—Soil alteration (SA), I3-2—Soil pollution (SOILP), I4-1—Resource and raw material use (RRMU), I5-1—Construction and demolition waste (CDW), I6-1—Energy use (EU), and I7-1—Noise pollution (NP) (Table 2).





2.2. Identification of Environmental Aspects


The environmental aspects were determined, as shown in Figure 2. The generating source was identified (construction activity) by the project documents previously established in the WBS where the activities and/or construction processes of the prior analysis stage, and associated with the materials and equipment/tools used (elements of the budget and the company’s operational procedures) in order to determine the causes, develop tasks that describe the “methods” and “labor” employed (company’s operational procedures) and demonstrate the manner of execution. The information obtained was used to initiate the critical externality recognition phase, where the possible generations, emissions, and discharges to the environment were observed, taking into account all the previous flow. Finally, the environmental aspects originating in the externalities were recorded for each activity.



Reports were prepared for each activity, consisting of a description, the task, unit of measurement, and composition (material, labor, and equipment/tools), based on the composition and operational procedures recorded in the company’s quality system, externalities caused, and indication of environmental aspects.




2.3. Assessment of Significant Environmental Aspects


2.3.1. Environmental Criteria


The environmental criteria are based on the models that quantify environmental aspects. Significance was a relative concept and not defined in absolute terms; its assessment involved applying technical and judgement analysis [46]. A total of seventy environmental criteria were found in the literature, but repetitions were detected, and synonyms used due to the lack of consensual nomenclature. After being compiled, they were reduced to the following fifteen: scale, probability, severity, stakeholders’ concerns, duration, exposure, cost, amount, value of the organization, impact, state of the environment, provisioning, conception, technical problems, and risk exposure.



A Pareto chart was used to determine the environmental criteria most used in the studies [30]. The fifteen criteria were examined in order to obtain assertions applicable to the proposed methodology. Tool application indicated eight tools, two of which (severity and duration) were adopted for the following reasons: capacity to objectively quantify and easy identification in pre-construction documents. In decreasing order of frequency of the aforementioned methodologies (Figure 3), the criteria severity and duration were the first two of the fifteen criteria that exhibited purely objective data. The choice to use only severity and duration was based on the objective ability to collect data from project documents, without the need to obtain subjective information from specialists.



The life cycle of construction projects were divided into four stages: pre-construction, construction, use/maintenance, and demolition [25,38,47,48]. Each stage was subdivided into phases by different authors who studied life cycle assessment [47]. The pre-construction phase can be subdivided into the following: initiation, defining the scope, identifying resources, developing the budget, creating a timeline, and identifying risks [49], phases considered extremely important for the development of environmental impact prediction methodologies.



Assessments of civil infrastructures in the planning phase have become crucial for sustainability [36]. However, few studies have been conducted on the integration of environmental management aspects, primarily in the construction planning phase [26]. Many decisions are made in the planning phase, such as the selection of construction technologies, equipment and materials, establishment of tasks, construction site layouts, resource estimates, cost forecasts, project timelines, and identification of interactions [26].



Severity and duration are environmental criteria containing information from the initiation phase to the pre-construction planning phase. This information is more accurate in the planning phase, where the timetable and budget exhibit more reliable data (Figure 4).




2.3.2. Calculation of Environmental Criteria


The level of the environmental impact of the project was calculated by multiplying matrices “A” and “B”, where the results of environmental criteria converted into a five-point scale made it possible to execute the matrix operation. The scale was determined by the frequency range, calculated by the highest minus the lowest score, and divided by five. Interval “1” was the lowest value, and the others were the sums of the previous scores from the frequency range determined. Interval “5” was the highest values of the upper limit of Interval “4”, according to Equation (1).


  FI =   HIV − LOV  5  ;   FI   starting   from   the   lowest   value  



(1)




where:




	
FI: Interval;



	
HIV: Highest value;



	
LOV: Lowest value.








A formula was developed to calculate the environmental aspects of the project using two quantifiable environmental criteria: duration and severity, which were applied in the real urban building site of the present study. “Duration” was calculated using accurate information contained in the timetable document; “Severity” was determined based on the amounts described in the projects, budgets, and planning documents. The timetable information described in the duration of activities and budgetary, planning, and project data was used as input data, and matrix operations determined the total quantification of the environmental aspects for the real case used, as shown in the matrix Equation (2).


    (          ⋯      ⋮    M A T R I X   “ A ” 1 × 6    ⋮       L i n e : D u r a t i o n            C o l u m n s : A c t i v i t i e s         )  ∗  (          ⋯      ⋮    M A T R I X   “  B ” 6 × 10     ⋮       L i n e s : A c t i v i t i e s            C o l u m n s : A s p e c t s           )    =  [          ⋯      ⋮    M A T R I X   “  C ” 1 × 10       ⋮       L i n e s : A c t i v i t i e s            C o l u m n s : A s p e c t s      …     ]    



(2)




where:




	
MATRIX “A”: Activity duration matrix versus the predicted timetable;



	
MATRIX “B”: Severity matrix, where all the predicted environmental aspects were calculated for construction activities, considering their amounts;



	
MATRIX “C”: Total quantification of environmental aspects—shows the total score of each of the environmental aspects, considering all the construction activities in the project in question.









2.3.3. Calculating the Duration of Construction Activity


The values were obtained from the timetable in working days for six construction activities. This extended duration impacted the natural environment and/or people; for example, the use of equipment for prolonged periods increased noise pollution (NP), greenhouse gas emissions (GHG), and total suspended particles (TSPs).




2.3.4. Severity of Environmental Aspects


All six construction activities obtained severity results related to the ten environmental aspects. Some construction activities did not promote environmental aspects and/or their externalities were insignificant and were therefore considered zero. For example, the installation of precast posts for the “waste generation” environmental aspect was considered zero, as was the installation of PVC pipes in the water supply system for the “water consumption” environmental aspect.



The amount of TSPs were calculated using the methodology presented by Jung et al. [50], where fuel emissions, equipment traveling on unpaved roads, and earth loading and unloading were totaled (in grams). Emission factors were determined for the three types of emission, as suggested by the Environmental Protection Agency [51].



The fuel consumption rate of the equipment was calculated in grams (Equation (3)):


Emission rate = TSP emission factor (g/L) × consumption (L)



(3)







Rate of equipment traveling on unpaved roads, in grams and other equipment (unpaved) emission rates): (Equations (4) and (5))


Emission rate (dump truck; unpaved) = Emission fator (9.4241 g/vehicles) × km traveled



(4)






Emission rate (other equipment; unpaved) = Emission factor (0.000712 g/kg) × loads in kg



(5)







Rate of earth loading and unloading, in grams (Equation (6)):


Emission factor (0.000318 g/kg) × load in kg



(6)







Thus, the amounts of GHG were measured using the methodology suggested by Yim et al. [52], based on EPA (Environmental Protection Agency) equations [53]. First, emissions associated with construction materials were calculated and then material transport emissions, according to Equations (7) and (8), respectively:


  GHG  (  materials  )  =   ∑   i = 0  n   Q i    ×    F   i m   



(7)




where:




	
GHG (materials): The total GHG from materials (concrete; steel, and wood) in kgCO2e;



	
Qi: The amount of construction material (in m³);



	
Fi: The GHG emission factor for construction material (in kgCO2e/m³).










  GHG    (  transport  )  =   ∑   n = 1  ∞   (     (  Q i   ×   E l   ×   D i   ×   F e  )   5   )   



(8)




where:




	
GHG (transport): The total GHG emissions from fuel combustion during transport of the main construction materials (in kgCO2e);



	
Qi: Amount of construction material “i” transported by land (in m³) assuming that the maximum load per truck is 5 m³;



	
El: Diesel consumption (in L/km per truck is 0.325 L/km);



	
Di: Total distance of construction materials “i” transported by land (in km);



	
Fe: Transport emission factors of diesel-powered trucks, which is 2.62 kgCO2e/L.








To obtain noise pollution (NP) values in decibels, the results reported by Haron et al. [54] were used as well as a number of indications of sound pressure levels of equipment obtained by Lee et al. [55], according to Equations (9) and (10):


  Lp =    Lw  − 20   log   10   r   − 8 +    Δ L   



(9)




where:




	
Lp: sound pressure level in the receiver;



	
Lw: sound pressure level in the source;



	
r: distance from the source to the receiver;



	
ΔL: Variation in average sound pressure level.










   La   equ  = 10      log    10   (   10     L p 1   10     +   10     L p 2   10     + … +   10     L p n   10     )    



(10)




where:




	
La equ: combined noise pollution of the equipment;



	
Lp: sound pressure level in the receiver calculated in Equation (9).








Soil alteration (SA) caused by the urban project were calculated by the authors of the present study, who proposed a simple equation. A number of descriptive studies helped to understand the phenomenon and develop the index, such as those by Li et al. [56], Qu and Long [57], and Wu et al. [58]. This index was denominated soil alteration index (SAI), according to Equation (11):


  SAI =  (    Pa   Ta    )  ∗ 100  



(11)




where:




	
SOIL ALTERATION INDEX (SAI): relative quantification of the modification of natural soil by the project;



	
PRESERVED AREA (Pa): total preserved area in m2 (green) of the project;



	
TOTAL AREA (Ta): total area of the project.








Soil pollution (SOILP) was determined using an index developed by the authors. Adapted from Eikelboom et al. [59], 0.01% was established as the maximum soil pollution (MSP), as described in Equation (12):


  MSP =  (  0.01 % ∗ Total   amount   of   material  )  / Ta  



(12)




where:




	
Amount of material: amount of material used in mg.



	
TOTAL AREA (Ta): total area of the Project in m2.








Water pollution (WP) was based on the theories of Belayutham et al. [60] and expressed in an index suggested by the authors, denominated water pollution index (WPI), according to Equation (13):


  WPI =  [   (    Vsa   Ta    )  ∗ LR  ]  ∗ 100  



(13)




where:




	
WATER POLLUTION INDEX (WPI): Relative value of the vulnerability of project management decisions, considering the meteorological characteristics;



	
Vegetation suppression area (Vsa): some managers totally expose the area, resulting in total vegetation suppression;



	
Total area (Ta): Total area of the project in m2;



	
Local rainfall (LR): amount of rain predicted for the moment the activity is performed. For quantification, the authors used a scale between 0 and 1, relating the historical average rainfall in the region.








The calculations to measure RRMU were based on Thomas et al. [61], whereby the weighted impact coefficient of construction materials was multiplied by the amount of material, resulting in the total impact of the activity. The amount of waste produced during the construction process was excluded.



CDW was calculated based on Li et al. [62], who identified the amount of material, transformed it into a single measurement unit (in metric tons), and used the waste percentage to predict the amount of waste generated by the project. In the present study, the percentage of PVC pipe waste was extracted from an article by Mersiowsky [63]. Due to the absence of granite waste, the authors calculated the loss index according to Equation (14):


  LI    ( % )  =  (    ARM − ATM   ATM    )  ∗ 100  



(14)




where:




	
LI(%): loss index in percentage;



	
ARM: Amount of real material;



	
ATM: Amount of theoretical material.








Water use (WU) was restricted to water consumed in the production of materials and construction processes. According to Equation (15), water intensity information was obtained from Souza et al. [64] and the equation was adapted from Treloar [65]:


  AMOUNT   OF   WATER =   ∑   i = 1  ∞   (   Im    ( Kl /  m 3   )  ∗ Amt   of   material    (   m 3   )   



(15)




where:




	
AMOUNT OF WATER: total amount of water in the activity;



	
Im: water intensity of the material and/or construction process;



	
Amt of material: amount of material used.








Finally, energy use (EU) was calculated. The embedded energy of the activity is the sum of embedded energy needed to produce the material and that used in transport and/or the construction process. Based on Paulsen and Sposto [66] and the embedded energy information of Teodoro [67], the authors calculated the embedded energy of activities represented by Equations (16) and (17), respectively:


  EEmaterial =   ∑   k = 0  n   EEFi ∗ Amtmt   



(16)




where:




	
EEmaterial: embedded energy of the material;



	
EEFi: Embedded energy factor of the material in MJ/kg;



	
Amtmt: amount of material consumed in kg.










  EEtm =   ∑   k = 0  n   Ami ∗ Di ∗ EC   mt   



(17)




where:




	
Ami: amount of each material consumed in weight;



	
Di: distance traveled between the manufacturing facility and the building site.



	
EC mt: specific energy consumption during the cargo transport mode used in each leg.








The ten environmental studies were calculated for the same planning, dimensioning, and management conditions. The calculations are presented in Table 3 and Table 4, and the calculation report of severity was developed according to the methodology used in this study.





2.4. Real Case


An urban development project, located in Northeastern Brazil, in the city of Santana do Ipanema, Alagoas state at coordinates 9°23′12″ S and 37°14′33″ W, was used as a real case.



It covers an area of 300,000 m2 divided into 147,236.64 m2 blocks and subdivided into 22 blocks with 847 lots. It contains 71,945.34 m2 of green area set aside to preserve the native vegetation and 27,000 m2 to install community equipment. In addition, 53,818.02 m2 was reserved for the road network of the project, where all the infrastructures were constructed. These consisted of earthworks, a rainwater draining system, water supply system, electrical energy system, paving, and curbing.



The project was conceived by the construction company. However, basic complementary projects were undertaken by outsourced businesses without compatibility between earthworks, the rainwater drainage system, electrical energy system, and paving, all with little information and few details.



The budget was drawn up by the company’s project team using quantity and price estimates from similar projects. The timetable used followed the company’s cash flow and was developed in conjunction with the financial sector and the engineering team.



The project is located in a peripheral region (Figure 5), in a natural environment that has been little anthropized. The urban project was launched on the real estate market in April 2014, and basic sanitation was the responsibility of future residents in the form of septic tanks, due to the lack of a local sewage treatment plant.





3. Results


3.1. Duration of Construction Activities


The construction activity duration criterion was incorporated into the calculations because of the importance of the extent of disturbance and/or exposure of environmental aspects to the natural environment and to people. In this case, prolonged duration made the natural environment and/or people vulnerable. For example, the use of equipment for extended periods increased noise emissions, GHG, and TSP. Thus, the activity duration factors were obtained based on the duration of activities and the total duration of the project reported in the company’s schedule: earthworks (150 days), rainwater drainage system (120 days), drinking water supply system (210 days), electrical energy system (150 days), paving (600 days), and curbing (600 days).



The results demonstrate that the most time-consuming activities were paving and curbing, followed by the installation of the water supply system, earthworks, and the electrical energy system. The rainwater drainage system took the least time to install. This information indicates the period of disturbance and harm to human life and the environment.



To construct Matrix A, the scale was determined using the frequency range, calculated by the longest duration (600 days) minus the shortest (120 days), divided by five, resulting in 96 days. Intervals were the sum of the previous score added to the frequency range determined. The following interval scales were established: Interval“1”, less than 120 days; Interval “2”, between 120 and 216 days; Interval “3”, between 216 and 312 days; Interval “4”, between 312 and 408 days, and Interval “5”, more than 408 days.




3.2. Severity of Environmental Aspects


The real case results for the severity criterion reveal the most significant environmental aspects of the activities involved in the project. The information obtained helped project stakeholders visualize the possible environmental aspects and their amounts.



The results demonstrate coherence and synergy between the important environmental aspects. Obvious correlations can be observed from the production network of the construction industry, as follows: the use of equipment produced externalities such as air emissions, the activities performed and construction processes discharged waste into the soil and water, and the extractions/applications of construction materials generated significant losses closely related to the waste produced and raw materials used.



Table 3 and Table 4 shows the quantification results of the environmental aspects of the real case. Thus, project managers can obtain predictive information on the environmental aspects during the planning phase. These results demonstrate the impacts of construction activities and provide important information to eliminate, mitigate, or accept the environmental aspects.



The first environmental aspect calculated was TSP, where the results showed 3,438,466.01 g distributed into six construction activities. Earthworks accounted for 89.93% of the total (3,092,263.15 g), where the main emissions included the fuel and road emission rates of 1,423,580.28 and 1,504,294.27 g, respectively.



The possible negative effects were demonstrated by the GHG results, which indicated a significant emission in transport, with 279,157.83 kgCO2e, totally explained by the typification of the activity. The results of the other activities show that the highest emissions were produced in the manufacture of construction materials, such as the rainwater drainage system (384,395.35 kgCO2e), with emissions related to the material (382,347.78 kgCO2e) and transport (2047.57 kgCO2e), and curbing (372,501.98 kgCO2e), with emissions for the material (370,517.76 kgCO2e) and transport (1,984.22 kgCO2e).



For NP, the results were normal, with earthworks causing the most disturbance, reaching 70.86 dB, measured from the source (equipment) to the receiver (nearest neighbor), a distance of 50.07 m.



The result of SA was 23.98%, which is “fair”, and demonstrates opportunities to improve the project. For SOILP, the results underscore two activities (the rainwater drainage system and curbing, with 718.03 and 695.81 mg/m2, respectively), because of the type of activity and contaminating power of precast concrete. Water pollution reveals the significant possibility of environmental damage in two activities, namely, earthworks (3.59%) and paving (3.59%), both with the same results in construction methods and intervention areas in identical plots of land.



The RRMU environmental aspect obtained a result of 5.642 × 10−7. Construction activities such as paving, the rainfall drainage system, and curbing absorbed significant amounts of materials and, therefore, exerted a high degree of impact. The paving result demonstrated the influence of material consumption, with 20,445,381.12 kg of granite, where even with the second lowest environmental impact coefficient (268,542 × 10−14) obtained the highest total environmental impact (5.491 × 10−7). CDW exhibited significant numbers at a total of 70,554.59 metric tons, with earthworks accounting for 98.76% of the total waste generated (69,677.15 metric tons of soil).



With respect to WU, the total amount consumed in the project was 1,032,624.73 L, where a significant portion was related to water used in construction materials, with the highest consumption observed in paving (632,684.42 L), concentrated in extraction processes (detonation and crushing) that use water jets to eliminate soil waste and impurities (605,775.41 L). EU showed total energy consumption of 11,685,537.71 MJ, distributed into two main categories: energy used in material manufacture (8,113,352.22 Mj) and embedded energy in transport (3,572,185.49 MJ).



The scales used in Matrix B were determined by the frequency ranges for each environmental aspect, calculated by the highest minus the lowest score, divided by five. Interval “1” represented the lowest score, while the other intervals were the sum of the previous score added to the frequency range determined (Table 5).




3.3. Matrix Calculation for the Environmental Impact Level of the Project


The scores between 1 and 5 on the matrices obtained from the individual environmental criterion values acquired from duration and severity (Table 3 and Table 4) and transformed by the interval ranges established for duration and severity (Table 5) enabled the matrix operation.



Matrix “A” represents the duration criterion; the activity duration values from the company’s timetable were converted into a five-point scale, as follows: 1—not time-consuming; 2—somewhat time-consuming; 3—time-consuming; 4—very time-consuming; 5—extremely time-consuming. The use of a five-point scale enabled the classification of construction activities in terms of the deadlines established in the timeline. This was one of the questions that is part of the analysis proposed, making it possible to compare the deadlines between the construction activities assessed in the real case. In addition, the creation of Matrix “A” made it possible to evaluate the impact of environmental aspects caused by changes and adaptations to the project timeline, helping managers in the decision-making process regarding activities whose timeline could be modified.



Matrix “B” represents the severity criterion, where each environmental aspect was calculated for the six activities, using specific methods and obtained from the input data of the amounts established in the budget and project. The results were subsequently converted to a five-point scale, as follows: 1—not severe; 2—somewhat severe; 3—severe; 4—very severe; 5—extremely severe. The interval scale of the vector space of Matrix “B” represents 10 environmental aspects in its columns, and six construction activities in its lines. The use of this matrix made it possible to analyze the correlation between a construction activity and each environmental aspect, thereby facilitating the identification of which construction activities generate more or less environmental impacts.



Matrix “C” presents the results of multiplying Matrices A and B, expressing the total score of each environmental aspect according to the matrix Equation (18).


           MATRIX   “ A ”      MATRIX   “ B ”             (     2   1   2   2   5   5     )  ∗  (     5   5   5   2   1   5   1   5   2   5     2   5   4   2   5   1   1   1   1   5     2   1   4   2   1   1   1   1   1   2     1   2   4   2   1   1   1   1   1   1     2   3   2   2   1   5   5   1   5   2     2   5   1   2   5   1   1   1   1   5     )  =         MATRIX   “ C ”       (      TSP     GHG     NS     SA     SOILP     AP     RRMU     CDW     WU     EU       38     61     45     34     41     45     37     25     39     56      )      



(18)







The aspect with the largest environmental impact was GHG (61 points), followed by EU (56 points). Also obtaining high scores were AP (45 points), NP (45 points), SOILP (41 points), WU (39 points), TSP (38 points), RRMU (37 points), SA (34 points), and CDW (25 points). From these results, the managers are able to verify the total score of each environmental aspect considering all construction activities. This information enables the stakeholders to perceive that the greatest impact of this project is on Green House Gas emissions, followed by Energy Use. By verifying the input in matrices A and B, it is possible to verify that Curbing is the construction activity that is most impacting this project, enabling the managers to decide if they will modify this activity in order to lower the total score of these environmental aspects.





4. Discussion


The choice to develop a methodology for application in the pre-construction phase aimed to reduce, mitigate, or eliminate the environmental impacts, which enables a review of projects, budgets, and management of construction activities before they occur. This corroborates De Paula and Melhado [68] and Gultekin et al. [69], who reported that compliance with sustainable requirements does not depend only on technical solutions, but also on the management solutions adopted by companies in their projects. Shen et al. [39] argued that the efficacy of a viability study had a direct effect on the success of projects. Silva et al. [70] identified the need for specialists from different areas for urban planning tasks. According to Gharehbaghi et al. [71], assessments should be made with caution in order to ensure ecosystem protection against urban environmental problems.



Unlike Comello et al. [72], who conducted environmental studies on paving systems in the building sector, and Fernández-Sánchez and Rodríguez-López [30], who developed a methodology that identified opportunities and indicators applied in linear infrastructure projects, the present study proposes a predictive methodology applied to six urban infrastructure construction activities, and avoids the use of indicators, opting to calculate the environmental aspects.



A systematic review with meta-analysis [11] detected the absence of consensus in terms of the significant environmental aspects in the construction industry, with several aspects selected by different methods [5,13,15,25,28,40,48]. Guidelines differed regarding the aspects reported [10,46,73,74], with ISO 14004 [46] suggesting nine and EMAS (Eco-management and audit scheme) [10] suggesting 16 environmental aspects. As such, this study created an innovative model to improve critical, scientific, and standardized analysis in the identification of environmental aspects.



In the present study, a relative importance index was created to identify and hierarchize the most cited environmental aspects. Second-degree environmental aspects were adopted to avoid allocating them to different categories of first-degree aspects, thereby preventing repetitions. Ten environmental aspects were selected to represent the externalities of the construction industry. Similarly, Fernández-Sánchez and Rodríguez-López [30] used a relative importance index to prioritize the choice of indicators, as well as Tam et al. [40], who used pairwise comparison of the relative importance of the criterion to select and weigh sub-criteria.



The environmental criteria were chosen using a Pareto chart, with duration and severity selected as representative criteria because, according to the input data of the real case, they produce numerical information on the environmental aspects. Authors selected different environmental criteria in their studies to assess the environmental aspects [5,12,13,16,19]. EMAS [10] attributed the responsibility of establishing the criteria to the companies.



The methodology proposed here suggests that there are ideal moments in the development of the project to obtain information. For example, the scale criterion (scope) should be identified at conception, probability in the viability phase based on similar projects, severity, duration, cost, and amount at the end of the planning phase, with information on budgets, timetables and dimensioning, and stakeholders’ concern and exposure criteria in the phase of project presentation and judgement of those involved (Figure 4). Authors did not specify the ideal moment to obtain information [5,12,15].



Given the importance of the disturbance period and/or exposure to the natural environment and people, the duration criterion was selected and quantified using the total period of construction activity in days. This corroborates Chen et al. [15], who applied duration to quantify pollution and the risks generated by a construction project, and Gangolells et al. [5], who calculated the duration of environmental impacts in relation to the duration of the construction phase.



Previously, the severity criterion was assessed considering the perception of specialists by applying intervals [4,5,15]. Previous studies used only one environmental aspect—total suspended particles, heavy metal pollution, or air quality—to calculate the severity criterion [75]. Infrastructure investment decisions were based on complex environmental assessments [76]. In an innovative manner, the present study calculated the severity criterion for ten environmental aspects in six urban infrastructure construction activities, using formulas specifically applicable to each aspect, thereby eliminating the subjectivity of the judgement.



For the TSP environmental aspect, earthworks had the greatest environmental impact among the six infrastructure activities assessed. The results were consistent with the number of services and their operational emission factors. This agrees with Muleski et al. [77], who contend that road construction is one of the greatest villains in terms of environmental impacts.



The GHG results showed that the rainwater drainage system and curbing activities were polluters, due to the emissions caused by the concrete used to manufacture construction elements. However, we cannot ignore transport emissions, which, depending on the distances, may become relevant. Giesekam et al. [78], McPherson [79], and Hall [80] recognized that construction material emissions are significant sources of GHG. This environmental aspect prompted the development of sustainable materials for the construction industry in order to reduce emissions, as reported by Arıoğlu Akan et al. [81]. The design phase provided an opportunity for builders to use construction materials with lower emissions [82].



In the real case, NP exhibited values above the limits established by the Brazilian Association of Technical Guidelines [83], earthworks being the highest activity. The results depended directly on the amount of equipment forecast for this building site. Three factors influenced noise prediction: the equipment, distance to the receiver, and soundwave dispersion in the open building site. The prediction of NP in the pre-construction phase enables intervention in the construction plans in order to avoid noise above the limits established by construction guidelines, promoting reductions in this environmental aspect. This is in line with Haron et al. [54], who observed that the advantages of predicting the noise levels of construction equipment helped the real construction processes. Lee et al. [55] observed that the noise levels generated by construction equipment were essential for predictions in the construction industry processes.



In the pre-construction phase, SA was 23.98%, which was considered fair use of the soil. Given this prediction, designers could readjust the project to conserve and value natural elements. Li et al. [56] confirmed the important role of urban land use, and Qu and Long [57] underscored that any irrational use of land could have negative impacts on the environment.



The environment aspect SOILP demonstrated that the rainwater drainage system and curbing activities, when manufactured on site, increased the likelihood of chemical substances seeping into the soil. This corroborates Bossink and Brouwers [84], who reported that the elements of concrete cast on site were responsible for releasing chemical substances into the soil. Thus, the use of precast elements may mitigate and/or eliminate the environmental consequences [85].



The results of AP predict earthworks and paving activities as the highest polluters, associated with the sub-activities of vegetation suppression and soil compaction as potential risk factors for runoff, erosion, and contamination of surrounding water bodies. This agrees with Belayutham et al. [60], who underscored that conventional construction planning to meet time, cost, and quality goals produced negative consequences, such as erosion and sediment. The study of AP indicated solutions to reduce, eliminate, or mitigate this problem in operational planning, and implement temporary contention systems to block the spread of this impact. This corroborates Belayutham et al. [60], who recognized the importance of controlling erosion to reduce the risk of water pollution at the construction site.



RRMU, calculated using the methodologies described in ISO 14040 [86], ISO 14041 [87], ISO 14042 [88], and ISO 14043 [89], denominated life cycle assessment [61], showed that paving had the greatest impact due to the amount of material used. This finding is in line with Giama and Papadopoulos [90] and Hoxha et al. [91], who observed the relation between the environmental impact of construction material and the use of resources. The construction industry should opt for the rationalization, durability, and choice of materials with lower environmental impact coefficients. To that end, the choice of materials in the pre-construction phase, using pollution prevention criteria, waste reduction, and incorporated energy were essential for sustainability [91].



In the real case, CDW generated a greater volume of waste (soil) in earthworks, influenced by the topographic characteristics of the overall and earthworks projects. Gangolells et al. [92] reported that management practices help minimize waste generation. Li et al. [62] concluded that the substantial amount of waste produced compromises the sustainable development of cities. According to Fatta et al. [93], infrastructure activities were the most responsible for waste production.



Water use (WU) indicated paving as the highest consumer of this natural resource, due to the volume of construction materials used in this activity. For WU, the results of predicted water consumption demonstrated the need for new extraction processes and material manufacture as sustainable alternatives in order to decrease water consumption, such as chemical cleaning or air jets in granite production. Bardhan [94] indicated construction materials as important water consumers. According to Hoekstra et al. [95], water consumption represented important indicators to measure the sustainability of construction activities. However, McCormack et al. [96], Waidyasekara et al. [97,98], and Waylen [99] found a wide variation in the volume used at building sites, thereby producing unreliable information for intensities per unit of material.



Energy use (EU) was significant in three activities: earthworks, due to the embedded energy in soil transport, and the rainwater drainage system and curbing, due to the energy required to manufacture concrete materials. In general, energy consumption incorporated in the materials was greater when compared to its transport-related counterpart, corroborating other studies by Paulsen and Sposto [66], Teodoro [67], Treloar [65], and Treloar et al. [100], who associated the manufacture of construction materials with the increase in energy consumption. For this reason, Citherlet and Defaux [101] and Sartori and Hestnes [102] suggested the use of renewable energy to minimize the current consumption of the construction industry.



Finally, severity showed a direct relation between the amount, type of material, and activity and/or process used in the project, in addition to providing an early indication of the significant environmental aspects and enabling the management of the three dimensions of sustainability:




	(a)

	
Economic: reducing amounts and duration, improving the productivity of activities;




	(b)

	
Environmental: replacing conventional by alternative materials, as well as mitigating activities and opting for methods/processes that protect the environment;




	(c)

	
Social: minimizing disturbance in the neighborhood and producing a project less aggressive to the environment and surrounding society.









Zobel and Burman [12], Whitelaw [19], Johnston et al. [13], and Gangolells et al. [5] used matrix models for environmental assessment in their studies, while Shen et al. [39], Eom and Paek [37], Tam et al. [40], and Chen et al. [26] used multicriteria models. Analysis of the performance of environmental aspects in the present study also used a matrix model, where duration was multiplied by severity and provided the result for each environmental aspect of the project. Of the ten environmental aspects, the following five had the greatest impact: GHG, EU, AP, NP, and SOILP, due to the type of construction, which required a large amount of equipment that impacted the atmosphere, soil, and water.




5. Conclusions


A methodology applicable to urban infrastructures activities in order to quantify environmental aspects by applying duration and severity criteria is proposed. The severity criteria are calculated considering those proposed in the scientific literature. The environmental aspect with the greatest impact was greenhouse gas emissions, which obtained 61 points. Among the six construction activities evaluated by the severity criterion for this aspect, three—earthworks, rainwater drainage system, and curbing—obtained the maximum score on the interval scale. The real case exhibited paving and curbing with longer timelines, promoting high greenhouse gas emissions.



The innovative quantitative methodology to assess urban development allows the scientific field to quantify environmental aspects via the basic documents developed in the pre-construction phase, especially design, timetables, and budgets. Applying this proposal in a real urban development case was essential. According to the results obtained here, environmental aspects such as greenhouse gas emissions, energy consumption, noise pollution, and water pollution were more significant and were classified as worrisome for the typology of construction activities. In addition, it enables quantification of the entire project, encompassing the sum of the values obtained in each environmental aspect assessed, and allows comparison with similar projects for general classification. The strength of this study lies in the quantification of environmental aspects using scientific methods for numerical calculation of the results, thereby excluding the perception of specialists to determine the severity of environmental aspects.



The construction industry, specifically urban infrastructures, needs to improve its environmental performance in order to produce more sustainable building projects. This article illustrates the most important environmental aspects for better material specifications, regionalization of construction processes, and replacement of potentially impacting activities. Moreover, diagnoses of possible environmental effects before the construction phase allows early decision-making. Applying this methodology in similar projects will allow comparison between building site performance and the establishment of benchmarks for similar projects.



This methodology could be adapted to other areas of the construction industry, such as commercial construction, highway construction, megaprojects, and other infrastructures, in order to enable more sustainable projects, thereby reducing environmental impacts. To that end, it will be necessary to develop an adaptation in terms of scale and aspects compatible with the types of projects to be studied. This methodology can also be implemented by developing software that facilitates and automates its use by researchers and users who work in the construction industry. This process may broaden the use of this proposal with a reduction in the time, complexity, and costs of analyzing criteria in the pre-construction phase, in addition to enabling the creation of a benchmark able to classify the environmental performances of projects based on the type analyzed.
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Figure 1. Proposed Methodology to Assess Environmental Aspects (source: the authors). 
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Figure 2. Environmental aspect identification process (source: the authors). 
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Figure 3. Environmental criteria (source: the authors). 
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Figure 4. Degree of accuracy of pre-construction criteria (source: the authors). 
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Figure 5. Aerial photograph of the project (source: Google Earth, accessed on 21 March 2020). 
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Table 1. Relative importance index of 1st degree environmental aspects.
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	I 1
	I 2
	I 3
	I 4
	I 5
	I 6
	I 7
	I 8
	I 9
	I 10
	I 11
	I 12
	I 13





	0.18
	0.13
	0.12
	0.11
	0.11
	0.08
	0.05
	0.05
	0.05
	0.04
	0.04
	0.03
	0.01







Notes: I1—Air emissions, I2—Water discharges, I3—Land discharges, I4—Resource and raw material use, I5—Waste, I6—Energy use, I7—Noise emissions, I8—Energy emissions, I9—Effects of biodiversity, I10—Local/Community environmental impacts, I11—Hazardous emissions, I12—Accidents/Incidents, I13—Archeological impacts (Source: Adapted from Fernández-Sánchez and Rodríguez-López [30]; Tam et al. [40]).
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Table 2. Relative importance index of 2nd degree aspects.
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	I i
	I i-1
	I i-2
	I i-3
	I i-4
	I i-5





	I 1
	0.31
	0.27
	0.25
	0.12
	0.04



	I 2
	0.58
	0.42
	
	
	



	I 3
	0.64
	0.36
	
	
	



	I 4
	0.81
	0.13
	0.06
	
	



	I 5
	0.68
	0.32
	
	
	



	I 6
	0.87
	0.13
	
	
	



	I 7
	1.00
	
	
	
	



	I 8
	0.67
	0.20
	0.13
	
	



	I 9
	1.00
	
	
	
	



	I 10
	0.75
	0.17
	0.08
	
	



	I 11
	1.00
	
	
	
	



	I 12
	0.88
	0.13
	
	
	



	I 13
	1.00
	
	
	
	







Notes: I1-1—Air pollution, I1-2—Greenhouse gas emissions (GGE), I1-3—Total suspended particles (TPS), I1-4—Odor, I1-5—Volative organic compound emissions, I2-1—Water pollution (WP), I2-2—Water use (WU), I3-1—Soil alteration (SA), I3-2—Soil pollution (SOILP), I4-1—Resource and raw material use (RRMU), I4-2—Use of resources as energy, I4-3—Durable materials, I5-1—Construction and demolition waste (CDW), I5-2—Solid waste, I6-1—Energy use (EU), I6-2—Renewable energy uses, I7-1—Noise pollution (NP), I8-1—Vibration, I8-2—Heat, I8-3—Radiation, I9-1—Effects of biodiversity, I10-1—Transport, I10-2—Community, I10-3—Environmental impacts on neighboring areas, I11-1—Harzardous emissions, I12-1—Accidents/Incidents, I12-2—Fire, I13-1—Archeological impacts (Source: Adapted from Fernández-Sánchez and Rodríguez-López [30]; Tam et al. [40]).
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Table 3. Severity of Environmental Aspects.
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DESCRIPTION OF SERVICES

	
UNIT

	
AMOUNT

	
TSP

	
GHG

	
NP

	
SA

	
SOILP






	
EARTHWORKS

	
m2

	
300,000.00

	
3,092,263.15

	
g

	
279,157.83

	
kgCO2e

	
70.86

	
dB

	
23.98

	
%

	
0.00

	
mg/m2




	
RAINWATER DRAINAGE SYSTEM

	
m

	
6698.00

	
53,846.90

	
g

	
384,395.35

	
kgCO2e

	
61.46

	
dB

	
23.98

	
%

	
718.03

	
mg/m2




	
DRINKING WATER SUPPLY SYSTEM

	
m

	
6698.00

	
5,083.54

	
g

	
17,477.43

	
kgCO2e

	
61.46

	
dB

	
23.98

	
%

	
0.00

	
mg/m2




	
ELECTRICAL ENERGY SYSTEM

	
unit

	
222.00

	
1,487.95

	
g

	
59,801.02

	
kgCO2e

	
61.83

	
dB

	
23.98

	
%

	
0.00

	
mg/m2




	
PAVING

	
m2

	
53,243.18

	
262,144.07

	
g

	
143,261.11

	
kgCO2e

	
54.06

	
dB

	
23.98

	
%

	
0.00

	
mg/m2




	
CURBING

	
m

	
13,590.00

	
23,640.40

	
g

	
372,501.98

	
kgCO2e

	
51.05

	
dB

	
23.98

	
%

	
695.81

	
mg/m2
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Table 4. Severity of Environmental Aspects.
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DESCRIPTION OF SERVICES

	
UNIT

	
AMOUNT

	
AP

	
RRMU

	
CDW

	
WU

	
EU






	
EARTHWORKS

	
m2

	
300,000.00

	
3.59

	
%

	
0.00

	
total impact

	
69,677.15

	
t

	
161,454.06

	
L

	
3,241,499.60

	
MJ




	
RAINWATER DRAINAGE SYSTEM

	
m

	
6698.00

	
0.067

	
%

	
7.147 × 10−9

	
total impact

	
30.96

	
t

	
112,191.25

	
L

	
3,327,247.19

	
MJ




	
DRINKING WATER SUPPLY SYSTEM

	
m

	
6698.00

	
0.179

	
%

	
5.345 × 10−10

	
total impact

	
0.18

	
t

	
0.00

	
L

	
661,203.93

	
MJ




	
ELECTRICAL ENERGY SYSTEM

	
unit

	
222.00

	
0.00

	
%

	
4.759 × 10−10

	
total impact

	
0.00

	
t

	
17,575.00

	
L

	
543,881.90

	
MJ




	
PAVING

	
m2

	
53,243.18

	
3.59

	
%

	
5.491 × 10−7

	
total impact

	
816.28

	
t

	
632,684.42

	
L

	
687,586.83

	
MJ




	
CURBING

	
m

	
13,590.00

	
0.272

	
%

	
6.926 × 10−9

	
total impact

	
30.01

	
t

	
108,720.00

	
L

	
3,224,118.26

	
MJ








Source: the authors.
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Table 5. Interval scales–Severity.
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	TSP (g)-Intervals
	Scale
	GHG (kgCO2e)-Intervals
	Scale



	TSP < 1487.95
	1
	GHG < 17,477.43
	1



	1,487.95 < TSP < 619,642.99
	2
	17,477.43 < GHG < 90,861.01
	2



	619,642.99 < TSP < 1,237,798.03
	3
	90,861.01 < GHG < 164,244.59
	3



	1,237,798.03 < TSP < 1,855,953.07
	4
	164,244.59 < GHG < 237,628.17
	4



	TSP > 1,855,953.07
	5
	GHG > 237,628.17
	5



	NP (dB)-Intervals
	Scale
	SA (%)-Intervals
	Scale



	NP < 51.05
	1
	SA < 15
	1



	51.05 < NP < 55.01
	2
	15 < SA < 25
	2



	55.01 < NP < 58.97
	3
	25 < SA < 35
	3



	58.97 < NP < 62.93
	4
	35 < SA < 45
	4



	NP > 62.93
	5
	SA > 45
	5



	SOILP (mg/m2)-Intervals
	Scale
	AP (%)-Intervals
	Scale



	SOILP < 43.08
	1
	AP < 0.718
	1



	43.08 < SOILP < 86.16
	2
	0.718 < AP < 1.436
	2



	86.16 < SOILP < 129.24
	3
	1.436 < AP < 2.154
	3



	129.24 < SOILP < 172.32
	4
	2.154 < AP < 2.872
	4



	SOILP > 172.32
	5
	AP > 2.872
	5



	RRMU (total impact)-Intervals
	Scale
	CDW (t)-Intervals
	Scale



	RRMU < 1.098 × 10−7
	1
	CDW < 13,935.43
	1



	1.098 × 10−7<RRMU < 2.196 × 10−7
	2
	13,935.43 < CDW < 27,870.86
	2



	2.196 × 10−7<RRMU < 3.294 × 10−7
	3
	27,870.86 < CDW < 41,806.29
	3



	3.294 × 10−7 <RRMU < 4.392 × 10−7
	4
	41,806.29 < CDW < 55,741.71
	4



	RRMU > 4.392 × 10−7
	5
	CDW > 55,741.71
	5



	WU (L)-Intervals
	Scale
	EU (MJ)-Intervals
	Scale



	WU < 126,536.88
	1
	EU < 556,673.05
	1



	126,536.88 < WU < 253,073.76
	2
	556,673.05 < EU < 1,113,346.10
	2



	253,073.76 < WU < 379,610.64
	3
	1,113,346.10 < EU < 1,670,019.15
	3



	379,610.64 < WU < 506,147.52
	4
	1,670,019.15 < EU < 2,226,693.20
	4



	WU > 506,147.52
	5
	EU > 2,226,693.20
	5







Source: the authors.














© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
Generating
source:
ACTIVITY

EXTERNALITIES ENVIRONMENTAL
ASPECTS
EQUIPMENT
fTOOLS






nav.xhtml


  sustainability-12-07636


  
    		
      sustainability-12-07636
    


  




  





media/file2.png
————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

l ._|II ACTIVITIES AND/OR CONSTRUCTION .l|__,. |
) PROCESSES |"'b |

SCIENTIFIC LITERATURE

GUIDELINES AND |
REGULATICNS

| ‘;I ENVIRONMENTAL ASPECTS

SCIENTIFIC LITERATURE

IDENTIFICATION OF
ENVIRONMENTAL ASPECTS

RELATE ALL ACTIVITIES/ICONSTRUCTION PROCESSES AND ALL ENVIRONMENTAL ASPECTS

Generating

Source:

ACTIVITY
QUIPMEN

TOOLS

S TERNALITY ENVIROCNMENTAL

ASPECTS

ASSESSMENT OF ENVIRONMENTAL ASPECTS

MATRIX "B": ENVIRONMENTAL SEVERITY

a) Impact severty: Calculations of environmental aspects of
construction activities.

11 - Not time-consuming

Z - Somewhat time-consuming
J - Time-consuming

4 - Very time-consuming
5 - Extremely time-consuming et

line: Duration
Columns: Activities

v ¥
ii MATRIX "A™: DURATION MATRIX "B™: ENVIRONMENTAL SEVERITY
Interval scales — Duration Interval scales — Severity
¥ -
: i Scale - 5 points
Scale - 5 points
: MATRIX "A"1x6 1- Not severe MATRIX "B"6x10

- R savam lines: Activities

J - Severe
4 -Very severe Columns: Aspects
5 - Extremely severe

ASSESSMENT. FORMULA: (A) Duration X (B) Severity

T — T — — — T — T o o T T T T T T T o o o o o o T o T T T — — —— —— — —————————— — T — T — o o o o o o T T T — — — — ——————————— o o o o o

B o o e e e e e e e e e e e e e e e e e e e e s e s e s s s s s s s s s s s e e e e e e s s s s e e e e e s e e e e e s s s s s s e e e e e e e e s e s s s e e e e e e e s s e e e e s e e e e e e e s e e e s s s e e s s e e e
-

REAL CASE

o Application of the proposed methodology in a real case to quantify the environmental aspects for

urban infrastructure activities.





media/file5.jpg
ENVIRONMENTALCRITERIA

33y 350 SO

- EEEERES

- | onnorsions

1 o Emoua 31
03NS BULNONGLOM

o] sassansnano lovam

ol Gow
960 S3TA INOLZNYDSO.

ol RO ST

ioves
- W e

o [ N0 oo

© B Lovan 3 vz





media/file3.jpg
Generating
source:
ACTVITY

K
EXTERNALITIES ENVIRONMENTAL

AspEcTs.






media/file1.jpg





media/file7.jpg
PRECONSTRUCTION

cRmeRA

niaton phase

Concepton phase

Vit prase

ol (Reacr)

Frocsniy

Sevrty

owaion

ot

Err—

Soosre






media/file10.png





media/file9.jpg





media/file0.png





media/file8.png
PRE-CONSTRUCTION

CRITERIA

Initiation phase | Conception phase | Viability phase

Planning phase

Project phase

scale (Reach)

E

Probability

Severity

Duration

Cost

Amount

Stakeholders' concens

Exposure






media/file6.png
ENVIRONMENTAL CRITERIA

00.00%

100.00%
90.00%
80.00%
70.00%
60.00%
50.00%
40.00%
30.00%

60

50

40

30

20

20.00%

10

10.00%
0.00%

SHUSIY
HLTV3IH OL 34NSOdX3 43XHOM

SIN3180¥dd
TVYNOILVZINYOHO 0 TVOINHO3 L

“'3sSN3Y '3SN 'FONVYNILNIVIA

‘NOILNGIYLSIA 'FIHINLOVINNYIN
‘INIWNJO13A3A ‘NOILdIONOD

ONINOISINOHd

TVYLNIAWNOHIANT 3HL
40 31V1S 3HL NO NOILVINHO4NI

S3SSANISNE NO LOVdNI

(IoVII
2178Nd) S3NTVA TYNOILYZINYOHO

ADY3IN3 ANV STVIH3LYIN
40 NOILdWNSNOD ¥O/ANY LNNONY

LOVdWI
TVLINIANOY™IANT FHL ONIONVHO
OL ALTNJI4410 YO/ANV LSOO

FHNSOdX3 TVOITVAHOLYTINO 3N
TVILN3LOd d0 Tv3d

(NOILYHNA)
1OVdI 3HL 40 3ON3INVANY3d

SNY3ONOD .SH3ATOHINVLS

(3ANLINDOVYIN 10 ALIYIAIS) LOVdWNI
40 (3ONVLYOdII) ALIM3IAZS

3JON3IHAINOD0 40 ALINI8YE0™d

(NOISN3.LX3) LOVdII 40 3TvOS

--% ACCUMULATED

B OCCURENCES





