
Transportation Engineering 4 (2021) 100060 

Contents lists available at ScienceDirect 

Transportation Engineering 

journal homepage: www.elsevier.com/locate/treng 

Social Life Cycle Inventory for Pavements – A Case Study of South Africa 

Sheldon A. Blaauw 

a , ∗ , James W. Maina 

a , Louis J. Grobler b 

a Department of Civil Engineering, University of Pretoria, Private Bag X20, Hatfield 0028, South Africa 
b Dinokeng Engineers, 932 St Bernard Drive, Garsfontein X10, Pretoria 38602, South Africa 

a r t i c l e i n f o 

Keywords: 

Social life cycle assessment 

Pavement sustainability 

Social sustainability 

Indicators 

a b s t r a c t 

Social consideration, assessed using a social life cycle assessment (S-LCA), is a relatively new concept that has yet 

to be standardised. Attempts at measuring social sustainability in pavement management have been made in South 

Africa, using social impact assessments (SIAs) and empowerment impact assessment models (EmpIAs). However, 

these models only focus on certain social considerations and do not incorporate holistic social sustainability in 

evaluations. The first response to these challenges is to identify and secure universal acceptance for indicators 

which measure social impacts of pavements and the broader impacts of technical and managerial choices in 

pavement infrastructure provision. These indicators may then be used to develop a situational- and location- 

specific social life cycle inventory (S-LCI). 

This study starts by identifying key social indicators in pavement infrastructure provision and proposes a 

framework for an S-LCA. Potential indicators were sourced from a large database, focusing on indicators most 

aligned with social sustainability. Indicators were assessed and scored using an adapted methodology and re- 

finement was conducted through sensitivity analyses employing Bayesian-based Monte Carlo simulations. By 

allowing weightings and scores of sub-goals and criteria to be changed, the results reflect the importance of in- 

puts from local stakeholders on the impacts of sustainability. A worked example is provided to demonstrate its 

implementation. 

The framework is envisioned to function as the first version of a living protocol that will be improved on 

through further research. Although the primary target audience is South African road authorities, the approach 

can be adapted for use in any country. 
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ntroduction 

The concept of sustainable pavement infrastructure, commonly mea-

ured using life cycle cost analyses (LCCAs), or life cycle assessments

LCAs), has in the past had the connotation of assessing whether a road

an be economically and environmentally operated and maintained over

ts design life. This concept was usually related to ensuring the road

emained a cost-effective, low carbon, operational and valuable asset.

n recent years, however, new concepts relating to inclusive and equi-

able social development and empowerment have been increasingly in-

roduced at the design, procurement, construction, operation, and main-

enance phases, with the ensuing intention to maximise social impacts. 

Social consideration, assessed using a social life cycle assessment

S-LCA), is a relatively new concept that has yet to be standardised

35 , 69 , 48] . An S-LCA is similar to an (environmental) LCA in that it gen-

rally comprises four phases: goal and scope definition, inventory analy-

is, impact assessment, and interpretation [69] . The evolution of S-LCAs

ay also be categorised into four stages, namely: the first steps towards
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-LCA development (1996-2009), the years of uncertainty (2009–2012),

he years of development (2013-2016), and the standardisation years

2017-present). Current attempts at S-LCA framework development fo-

us largely on methodological standardisation where the leading efforts

ocus on (1) selection of key indicators and (2) assessments of subcate-

ory [35] . 

In the selection of key indicators, Huarachi et al. [35] found that the

ost common method applied in literature was the development of a

arge database of possible indicators and applying social ‘hotspot’ tech-

ique. These ‘hotspots’, represented by key social indicators, describe

nit processes of a product life cycle - in this study a pavement life

ycle - which contribute substantially to the total social impact of the

roduct. 

One issue with database selection and development is that social

mpacts are often dependent on the location and, therefore, location-

pecific data needs to be collected for confident assessments. Further-

ore, as noted by Kühnen and Hahn [48] , attempts at the development

f an S-LCA tend to consider a broad range of industries and sectors, with
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ew receiving sufficient empirical attention to draw reasonable conclu-

ions. An S-LCA in the field of pavement engineering is still underdevel-

ped and lacks empirical experience. 

The first response to these challenges is to identify and secure uni-

ersal acceptance for indicators [32] which measure social impacts of

avements and the broader impacts of technical and managerial choices

n pavement infrastructure provision. These indicators will be used to

evelop a social life cycle inventory (S-LCI). A significant constraint in

he development of such an inventory is the complex nature of social

mpacts, the relationship between indicators across the three tenets of

ustainability (i.e. economic, environmental, and social), and the chang-

ng political landscape that shapes the relative weights of the indicators.

In extending the social ‘hotspot’ methodology, Castillo and Pitfield

13] present the Evaluation and Logical Approach to Sustainable Trans-

ort Indicator Compilation (ELASTIC) framework, developed for iden-

ifying and selecting a small subset of key sustainable transport indica-

ors. The framework proposes the development of a long list of poten-

ial sustainable transport indicators and systematic evaluation of each

ndicator for preliminary selection of key indicators (similar to the so-

ial ‘hotspot’) methodology. The evaluation is based on a Social Signif-

cance Index ( 𝑆 𝑆 𝑖 ) score, which uses goals and sub-goals with pre-set

mpirically derived weights. The framework further recommends the

mplementation of sensitivity analyses to select key indicators for con-

ideration. 

In agreeance on this approach, Zheng et al. [100] also put forward

he use of sensitivity analyses to incorporate uncertainty modelling dur-

ng the selection of key indicators. It is suggested that a baseline ag-

regated score, similar to the 𝑆 𝑆 𝑖 proposed in the ELASTIC framework,

e calculated for each indicator, and then apply probabilistic modelling

o determine a final aggregate score – representing the importance of

ach indicator relative to others. Additionally, Zheng et al. [100] sub-

it that these key indicators be categorised and used in the social life

ycle impact assessment phase (S-LCIA). 

The subcategory assessment method (SAM), a characterisation

ethod that evaluates subcategories to be used in the S-LCIA, was

ound to be the most common framework applied to categorise iden-

ified indicators in the literature [35] . The United Nations Environment

rogramme (UNEP) and the Society of Environmental Toxicology and

hemistry (SETAC) [5] define two types of approaches for the character-

sation of life cycle social impact assessments. For the first type, Type-1,

1 subcategories related to five main stakeholder categories (consumer,

orker, local community, society, and value chain actors) shall be con-

idered during assessments. UNEP and SETAC [5] state that failure to

onsider any of the categories or subcategories should be justified but

lso new subcategories may be included [35] . The assessment of these

ubcategories is generally conducted through qualitative performance

eference points, providing thresholds to assess the inventory phase. An

xample of such a reference point in the pavement engineering field

ay be the environmental pollution generated as a result of pavement

onstruction activities. A project that seeks to actively reduce pollution

s accorded a higher score than a project which does not have strate-

ies for pollution reduction. This example also illustrates the complex

ature of social impacts and its correlation to environmental sustain-

bility, where the increased pollution of the environment has a delayed

ut significant impact on the society, as seen through the exacerbation

f climate change. 

In applying the UNEP and SETAC SAM, it is noted that consideration

f all subcategories is not always relevant to a specific industry. An ex-

mple may be examining an S-LCA developed for the agri-food industry

y Group Ageco and sustainable consultants QUANTIS, where certain

ubcategories were omitted and new subcategories included to better

eflect the industry-specific social impacts and considerations [16] . 

For the second type of assessment, Type-2, impacts are evaluated

ccording to their impact pathways, where a key indicator is translated

nto a midpoint- and subsequently an endpoint-indicator [69] , similar

o an LCA. UNEP and SETAC [5] provide seven midpoint-indicators
2 
health, autonomy, safety, security and tranquillity, equal opportuni-

ies, participation and empowerment, and resource (capital) productiv-

ty) and three endpoint-indicators (human capital, cultural heritage and

uman well-being). 

tructure of the study 

This study aims to develop an S-LCI for pavements and provide a

asis for an S-LCA, with South Africa used as a local scenario in line

ith recommendations to ensure consideration of regional challenges

nd goals [7 , 35 , 69] . This paper structure is illustrated in Fig. 1 , and

etailed as follows: 

• First, an illustration of the existing landscape of pavement sus-

tainable assessment frameworks is presented with the relationship

among the three tenets of sustainability demonstrated; 
• Second, social parameters among the frameworks are highlighted

and used to develop a large database of possible key socially-oriented

indicators. This is achieved by applying selection criteria adapted

from the ‘SMART’ criteria [10] . The database is further supple-

mented by frameworks not specific to pavement development but

sustainability in general, such as the Sustainable Development Goals

(SDGs), and South African specific sustainable frameworks, such as

the Broad-Based Black Economic Empowerment Act (B-BBEE); 
• Third, the social ‘hotspot’ methodology is applied to the database to

determine the hotspots across the various frameworks. This method

is supplemented with an adapted 𝑆 𝑆 𝑖 [13] and represents the sys-

tematic evaluation and preliminary selection of key social indica-

tors. The adaptation is realised through the inclusion of indicator

frequency as proposed by Kühnen and Hahn [48] and Huarachi et al.

[35] incorporating ‘selection’ bias; 
• Fourth, sensitivity analyses are conducted on the adapted 𝑆 𝑆 𝑖 scores

[13] , enhanced using Bayesian-based Monte Carlo simulations to ad-

dress uncertainty [100] and represents the final selection of key so-

cial indicators for pavement infrastructure provision; 
• Fifth, the Type-1 SAM framework proposed by UNEP and SETAC

[5] is applied to characterise the key indicators into 23 subcate-

gories to be used during the S-LCIA phase. In general, the subcat-

egories proposed by the UNEP and SETAC were considered but were

adapted to better reflect the specific social impacts of pavement in-

frastructure provision. For instance, ‘delocalization and migration’

bear little relevance to pavement development or the responsibil-

ities of roads authorities. However, ‘road user and worker health

and safety’, ‘community participation’, ‘local economic development

and employment’, and ‘corruption’ are very relevant to the field of

pavement engineering, especially in South Africa, and are retained

together with various other subcategories; and 
• Sixth, the findings of the study are synthesised and discussed with

critical shortcomings in extant literature detailed. Building on this

synthesis, avenues for future research are provided. The paper is con-

cluded by highlighting the main contributions. 

elevance to international audience 

This study details the S-LCI for various categories and subcategories

i.e. inventory items) influenced by pavement infrastructure provision,

sing South Africa as a case study. The inventory utilises a large database

f international and local sustainable frameworks with a focus on trans-

ortation infrastructure development and uses socially-oriented indica-

ors as the key indicator input. Secondary indicators, such as ‘pollution’

nd ‘water use’ which are predominantly environmental indicators, or

value for money’ which is predominantly an economic indicator, are

lso included due to their direct relation to social sustainability. These

ndicators are supplemented with South African specific sustainable in-

icators, such as ‘fundamental economic transformation’, to reflect re-

ional challenges and goals. With relevant location-specific adjustments,
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Fig. 1. Research structure. 

Fig. 2. The three spheres of sustainability (adapted from [1] ). 
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his approach may be adapted and customized for any locale. This per-

pective follows the notion that sustainability is spatially dependent and

nfluenced by local boundaries [7] . 

iterature review 

Sustainability comprises three interconnected spheres that describe

he relationships between economic, environmental and social aspects

f the world we live in. When combined, they form a solid basis from

hich important decisions and actions can be made. Examples of such

ecisions include land use planning, water management systems, and

onstruction and further extend to policy and law-making. When the

oncepts of the three spheres are combined with real-world situations,

ollective success is achieved. Fig. 2 illustrates this concept. 

This study aims to assess various frameworks across the three spheres

or tenets) of sustainability related to pavement infrastructure provision,

ocusing on the social sphere, and its correlation to the economic and en-
3 
ironmental spheres through the ‘bearable’ and ‘equitable’ overlapping

ections. 

ontext and system description 

An ever-growing number of governmental institutions and non-

overnmental organisations are embracing sustainability in their busi-

ess models or product life cycles. This approach pursues the overarch-

ng goal of enhancing and balancing the economic, environmental, and

ocial impacts of living and resource use. 

In the field of S-LCA, a screening tool is believed to provide a mean-

ngful way to prioritise efforts in evaluating the social impacts of busi-

ess models or product life cycles [5] . In (environmental) LCAs, ‘default’

r industry average data are often used for common product background

rocesses that make small individual (but possibly large cumulative)

ontributions to the impacts of a product over its life cycle [6 , 8] . A

omparable method is employed in LCCAs to evaluate economic per-

ormances of alternatives. Through these evaluations, the processes or

ctivities that contribute predominantly to the total impacts are iden-

ified, and these ‘hotspots’ become priorities for data refinement and

urther improvement [6] . A similar approach of ‘hotspot’ identification

ay be useful in the early stage development and standardisation of S-

CA frameworks. In S-LCAs, these ‘hotspots’ - represented by key social

ndicators - describe the unit processes of a product life cycle, are either

 risk or an opportunity to contribute substantially to the total social

mpact of the product. 

To achieve this, a top-down approach, proposed by the UNEP and

ETAC Guidelines [5] , is implemented in this study using various ex-

sting methods (i.e. LCCAs, LCAs, performance assessments, etc.) which

ssess pavement sustainability across the three tenets (i.e. economic, en-

ironmental and social). Considering the strong correlation among the

enets, the similarities may be used as guidance in the determination of

ocial ‘hotspot’s and refined to key social indicators related to pavement

nfrastructure provision. To do so, each tool is individually assessed to

evelop a basis for applying the social ‘hotspot’ methodology. Additional

ools and techniques which are not specifically developed for pavement

valuation but commonly implemented in South Africa to measure so-

ial impacts across various industries, such as EmpIAs are also included

n this assessment. A flow chart of the process followed in developing a

atabase of potential indicators using a top-down approach, to be used

or further social ‘hotspot’ and subcategory assessments, is shown in

ig. 3 . 
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Fig. 3. Top-down approach to database development. 
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The following sections detail the main assessment specific indicators

hich have a direct relation to social sustainability. 

ife cycle cost analyses 

LCCAs are a well-established leading consideration in decision-

aking processes related to infrastructure projects and require little de-

ailed introductions. This review will rather focus on the relation be-

ween LCCAs and S-LCAs. A key economic indicator which impacts on

he social realm, used by most governmental organisations and institu-

ions, is ‘value for money’ [95] . Value for money, viewed from a public

erspective, is the most advantageous use of public funds to meet the

uality, functionality and sustainability of a product or infrastructure it

rovides. An LCCA aims to evaluate alternative design solutions and de-

ermine the solution which provides the best value for the money spent

ver the analysis period of the product or asset [24] . Numerous costs

eed to be considered in an LCCA, including initial costs (e.g. purchase,

cquisition and construction costs), fuel costs, operational, maintenance

nd rehabilitation costs, replacement costs, residual value estimates and

nance charges. Furthermore, non-monetary benefits or costs, which

o not have an objective way of assigning a dollar value to them, are

lso included as key considerations during the LCCA [71] . In the field

f pavement engineering, these non-monetary costs may include ‘edu-

ational opportunities’ for and seeking the ‘empowerment’ of, targeted

eneficiaries ensuring long-lasting ‘jobs’, among others. In addition to

value for money’ being a key socio-economic indicator, the additional

on-monetary indicators are most closely aligned with social sustain-

bility and focused on in this study. These non-monetary costs are fur-

her strongly impacted on by regional and industry-specific goals and

eflect the need to develop S-LCIs on a spatially dependent platform.

or instance, ‘fundamental economic transformation’, an indicator of

ignificant importance in South Africa and discussed in later sections,

s not necessarily relevant to other regions which do not have the same

ocio-economic objectives. 

ife cycle assessments 

An LCA is a structured methodology which enables the quantifica-

ion of impacts of infrastructure-related processes such as operational,

onstruction and maintenance to the environment over its full life cy-

le. An LCA aims to account for all processes, from the extraction of

aw materials to the point at which those materials are returned to the
4 
nvironment at the end of life, often referred to as the “cradle to grave ”

oncept [24] . 

The LCA can be further used to inform and guide decision-makers in

ndustry, governments and non-government organisations for purposes

ncluding strategic planning, goal and priority setting and product and

rocess design selection [24] . An LCA is particularly useful to determine

he ‘carbon footprint’ of pavement processes or the amount of energy

r water consumed during each process; but also allows for the mea-

urement of other sustainable aspects such as overall waste generation

57] which both impact on the environment and subsequently the so-

iety that exists within that environment. This highlights the relation

etween environmental and social sustainability. 

The forerunners of LCAs were originally developed in the 1960s and

argely focused on analysing air, land and water pollutions from solid

aste emissions. These tools were later expanded to include energy, re-

ource use and pollution with a focus on consumer products rather than

omplex infrastructure projects [31 , 36] . Between 1990 and 2000, efforts

hifted to standardising a full-fledged impact assessment method by the

nternational Organisation for Standardisation (ISO) [40] . International

ttempts have been made to standardise an LCA procedure for pave-

ent infrastructure projects, e.g. UCPRC [85] , FHWA [24] and High-

ays England [33] ; however, there are currently no governing agency-

r government-issued guidelines for South Africa. 

The LCA divides a pavement life cycle into six stages [88] , briefly

escribed below: 

• Material Production - includes all processes used in the acquisition

(e.g., mining and crude oil extraction) and processing (e.g., refining,

manufacturing and mixing) of pavement materials; 
• Design – processes that identify the structural and functional require-

ments of pavement infrastructure for specific conditions (i.e., sub-

grade, climate, traffic, existing pavement structure) together with

the determination of the pavement structural composition and ac-

companying materials; 
• Construction - includes all processes and associated equipment re-

lated to the construction of the initial pavement; 
• Use Phase – the period during which the pavement is in service,

carrying vehicles, interacting with the environment and providing

lighting and other electrical services; 
• Maintenance/rehabilitation – activities applied at various times dur-

ing the service life of the pavement; and 
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• End of life – this stage refers to the final disposition and subsequent

reuse, processing, or recycling of the pavement after it has reached

the end of its useful life. 

During each of these life cycle stages, environmental ‘hotspots’ have

lready been identified with strong empirical evidence to support the

redominant environmental impacts and their relation to the economic

nd social tenets. The main environmental indicators which impact on

ocial sustainability have universal acceptance and are not necessarily

ocation-specific. These main indicators, relevant to the field of pave-

ent engineering, may be summarised as various forms of ‘pollution’,

ncluding ‘emissions’, ‘noise’ and ‘waste’, as well as ‘energy- and water-

se’, among others. These indicators set out both immediate and delayed

ocial impacts. 

Immediate impacts such as ‘water use’, are best described through an

CA example for pavements in South Africa presented by Blaauw and

aina [8] . In this example, it is shown how an alternative pavement

tructure may save as much as 338,560 litres of water per pavement

ilometre construction. This water-saving equates to the water needs of

 typical local settlement of 2000 people for one week per kilometre

avement built according to the South African Free Basic Water Policy

23] . Even though it is understood that much of this water used for

onstruction will evaporate and return to the earth’s surface in the form

f precipitation or form part of the surface or groundwater flows, it is

 long process and local depletion of water can occur rapidly. This is

specially important in water-stressed areas and areas under threat of

ecoming drier due to climate change, which is common across most of

he arid regions in South Africa [81] . 

Additionally, apart from the well-understood environmental emis-

ions such as Carbon Dioxide which exacerbate climate change, various

ocial emissions generated in the different pavement life cycle phases

lso have direct and often immediate social impacts. Emissions from

avement infrastructure provision which predominantly affect human

ealth include SO 2 , NOx, PM and VOCs. When these emissions are

reathed in, they may cause nose, throat and airway problems, exacer-

ate asthma and in some cases cause cancer [94] . Zietsman and Khreis

101] argue that a child with asthma depends on a vehicle for trans-

ortation to a medical facility for treatment, where the vehicle spewing

oxins, exacerbates the need for such treatment in the first place. This

ighlights the need to better understand the environmental impacts of

avement infrastructure provision and their social correlations. 

erformance assessments 

Performance assessments evaluate a pavement in terms of its in-

ended design function and physical attributes required to meet that

unction [88] . Various methods are available globally to measure pave-

ent performance, which includes rutting, roughness, texture, subgrade

tiffness, deflection and visual indicators, among others, composite con-

ition rating systems, pavement bearing capacity, specified material at-

ributes (e.g. thickness, asphalt content, level of compaction, gradation)

s well as methods to compare these attributes to expected design pa-

ameters through the use of, for instance, mechanistic-empirical design

ethodologies [45] . Performance assessments of pavements are a long-

tanding evaluation method and are built into most design and specifica-

ion standards and as such, detailed descriptions are not provided in this

tudy. Rather, following a similar approach previously implemented in

valuating assessment methodologies, the focus is on the performance

ndicators most closely related to social sustainability. 

From a pavement performance perspective, the functional perfor-

ance of a pavement is most closely aligned with social sustainability.

unctional performance generally refers to the performance not related

o the pavement structure, such as providing a smooth, ‘safe’, ‘noise’ re-

ucing surface for use by both motorised and non-motorised road users

ear out. Functional performance, from a transportation perspective, ex-

ends to ‘travel time’, ‘user cost’ and ‘congestion’ as well as providing
5 
dequate ‘pedestrian facilities’ to ensure ‘accessibility’ of non-motorised

oad users and provide ‘traveller information systems’ during both con-

truction and use phases. The South African Municipal Infrastructure In-

estment Framework (MIIF7) guidelines in part simplify the functional

erformance requirements to ‘all-weather access to within 500 m of the

welling’ which may be compared to the functional performance re-

uired by the SDGs of an ‘all-seasoned road within 2 km of the dwelling’.

ustainable rating tools 

The Federal Highway Association (FHWA) defines a sustainable ap-

roach to highways as helping decision-makers make balanced choices

hich consider environmental, economic and social aspects that will

enefit current and future road users [24] . 

A sustainable rating tool (SRT) has been found to work well in this

egard, allowing for the measurement of sustainable indicators of var-

ous pavement development processes and delineating the effects to a

cale relevant to projects. An SRT generally contains a list of phases a

roject undergoes with sustainable features/goals for each phase where

pplicable. Sustainable indicators are assigned for each feature and the

roject receives a score indicating its level of sustainability [99] . An SRT

racks the three tenets of sustainability and provides performance tar-

ets against which project indicators are scored. SRTs are applied either

n self-assessment or in the verification by an independent party [30] . 

A notable rating tool is a Leadership in Energy and Environment De-

ign (LEED), which was developed by the US Green Building Council

n 1993 and is reported to be the most commonly used green build-

ng rating system globally [49] . LEED has provided the basis for, and

nspired the development of, SRTs in the transportation field [97 , 99] .

uch rating tools include Greenroads, Envision, Green Leadership in

ransportation Environmental Sustainability (GreenLITES), Infrastruc-

ure Voluntary Evaluation Sustainability Tool (INVEST), Livable And

ustainable Transportation (I-LAST), Sustainable Transportation Anal-

sis and Rating System (STARS), and the Building Environmentally

nd Economically Sustainable Transportation-Infrastructure-Highways

BE 2 ST-In-Highways) [73] . Additionally, the South African National

oads Authority SOC Ltd (SANRAL) has recently developed their SRT,

he Sustainable Roads Forum (SuRF) rating tool. 

haracterisation of sustainable rating tools 

Generally, each SRT is environmentally dominated and considers the

mpacts of pavements on the natural environment in terms of mate-

ial depletion, various forms of pollution and preservation of its natural

tate. Furthermore, water quality, affected by construction, and impacts

f project alignment to natural water sources are unanimously accepted

o be key indicators for sustainability. However, water use for construc-

ion purposes and its effects on the local community, for instance, is not

onsidered throughout. It is difficult to justify the use of large volumes

f treated water in relatively arid areas common in South Africa, where

he local population struggle to meet their own daily water needs [81] .

In the case of social impacts, SRTs tend to focus on mobility in terms

f requirements for park-and-ride lots and bus lanes and further focusing

n user safety. The SRTs do not generally consider the effect of a project

n the local community and the opportunity of employment through im-

lementation of labour-intensive construction methods as an example,

ith SuRF being the only SRT considering these indicators. Greenroads

29] and STARS [80] together with SuRF are the only three SRTs for

hich the implementation of social indicators is compulsory, with the

emaining SRTs providing indicators which address social considera-

ions but are not required to receive accreditation. 

When measuring social impacts, the target beneficiaries are typi-

ally those who will be directly empowered through sub-contracting,

emporary jobs, and education. The provision of jobs for these benefi-

iaries also tend to be limited to the construction phase and long-term

mployment opportunities are not focused on in these assessments. An
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deal socio-economic impact of pavements may be described as reach-

ng unemployed beneficiaries, providing them with jobs and educa-

ion/training opportunities to ensure sustainability of their future em-

loyment. 

The SRTs found in the literature are commonly developed for im-

lementation during the conceptual and design phases. Thus, the SRTs

ypically do not specify performance metrics to evaluate pavements,

ith only BE 2 ST [20] utilising the International Roughness Index met-

ic. Considering performance, GreenLITES [28] promotes the use of bio-

ngineering techniques (e.g. organosilanes) to enhance material prop-

rties and increase the durability of pavement structures but lacks the

unctionality to quantify the relationship between the indicator and sus-

ainable pavement performance. 

Only one rating system, Envision [39] , considers the impacts of cli-

ate change from a risk perspective and provides indicators which fo-

us on enhancing the climate resilience of pavement infrastructure in

he face of future impacts. Envision does not consider the impacts of

limate change on local communities and how pavement development

ay exacerbate those impacts. Further risks related to the community,

arket interference, etc. are not included in any of these assessments. 

SRTs are often developed using a bottom-up approach making them

patially dependent and hard to implement in different locations. They

re developed based on practices perceived to be sustainable, evaluating

nfrastructure based on outcomes rather than quantitatively measuring

mpacts of achieving those outcomes. Criteria are limited to those that

re standardised and well understood, often neglecting important crite-

ia which are difficult to measure [44] . 

A review of the various SRTs reveals that all tools support the imple-

entation of sustainable best practices. Each system, however, differs in

ts method of evaluation, whether through comparisons to base designs,

uantitative methods, the use of expert opinions in the form of third-

arty validation or self-assessments. Regardless of the methodologies,

ll systems pursue the same objective. 

ocial impact assessment 

Rights-based approaches to sustainable development have been pro-

oted since the 1990s, but little progress has been made in quantifying

he effectiveness of these approaches. An SIA is one method used to mea-

ure social sustainability, by analysing, monitoring and managing the

esirable and undesirable social consequences of planned interventions

policies, programs, projects etc.), and any social changes invoked by

hose interventions. The primary objective of an SIA is to bring about a

ore sustainable and equitable human environment [90] . The objective

f an SIA applied in South Africa is to optimise the process deliverables

n addition to the product deliverables in a way that balances the initial

nvestment premium and long-term social benefits. 

An SIA is best described as an overarching framework that encom-

asses the complex evaluation of a variety of human impacts, having

trong links with a range of sub-fields involved in the assessment [90] .

iven the multiplex nature of social considerations, it is difficult to de-

elop a generic framework robust enough to assess unknown future sit-

ations. To circumvent this problem, an SIA could be developed to be-

ome situational, location-specific and time-dependent. It is then impor-

ant to clearly define the framework boundaries in which the assessment

s to be applied. Nicaise [59] states that an SIA should be considered as

egally required and not optional, be ex-ante in nature, and require the

articipation of stakeholders for continual improvement and develop-

ent. 

From the authors’ experience, the development and application of

igh-quality SIAs are demanding, time-consuming and expensive. A bal-

nce is, therefore, needed between the investment required and the im-

ortance of the measures that are assessed [59] . The statistical data,

nalytical capacity and stakeholder participation required for a good

IA cannot be developed overnight and should be viewed as a living

ramework subject to continuous evaluation and improvement. 
6 
In South Africa, few attempts have been made to develop SIAs or

ny other empowerment models for that matter. Most worthy of note

nd applied by the Provincial Administration of the Western Cape, De-

artment of Transport and Public Works since 2000 are the B-BBEE Act

nd the EmpIA protocol developed. 

road-based black economic empowerment 

The B-BBEE Act of 2013 aims to “promote the achievement of the

onstitutional right to equality, increase the broad-based and effective

articipation of black people in the economy… and establish a national

olicy on broad-based black economic empowerment to promote the

conomic unity of the nation ” [4] . 

Key objectives of the B-BBEE Act relevant to this study are [4] : 

• “promoting economic transformation in order to enable meaningful

participation of black people in the economy; 
• achieving a substantial change in the racial composition of owner-

ship and management structures and in the skilled occupations of

existing and new enterprises; 
• increasing the extent to which communities, workers, cooperatives

and other collective enterprises own and manage existing and new

enterprises and increasing their access to economic activities, infras-

tructure and skills training; 
• increasing the extent to which black women own and manage ex-

isting and new enterprises, and increasing their access to economic

activities, infrastructure and skills training; 
• promoting investment programmes that lead to broad-based and

meaningful participation in the economy by black people in order

to achieve sustainable development and general prosperity; and 
• empowering rural and local communities by enabling access to eco-

nomic activities, land, infrastructure, ownership and skills ”. 

These objectives can generally be summarised by the overarching

bjective of initially ‘economic transformation’, later ‘radical economic

ransformation’, and more recently ‘fundamental economic transforma-

ion’. 

undamental economic transformation in infrastructure development 

‘Fundamental economic transformation’ is observed and experienced

y many as one of the leading objectives to achieve in South Africa. As an

xample, it is ranked by SANRAL in its Horizon 2030 Vision Statement

s one of their 10 long-term objectives. This objective is most practically

mplemented using the Preferential Procurement Policy Framework Act

66] and the Preferential Procurement Regulations [67] , which requires

rgans of state to award contracts based on preferential procurement

hrough assigning preference points for predominantly B-BBEE benefi-

iaries. For the majority of SANRAL projects, the relevant preference

oint system followed is detailed as follows [67] : “for contracts with

 Rand value above R50,000,000.00, a maximum of 10% points may

e allocated for specific (preference) goals, provided that the lowest ac-

eptable tenderer scores 90 points for price ”. For projects below this

hreshold, an 80/20-point system is used, and applicable to many SAN-

AL pavement projects. 

Effective implementation of these point systems allows for projects

o be considered favourably given the specific socially orientated goals

nd, if the specific goals are adhered to by the tenderer, the tenderer

ay increase their price substantially compared to a tenderer who does

ot meet the social goals. The Standard for Infrastructure Procurement

nd Delivery Management (SIPDM) states that “not less than 50% of the

oints shall be allocated to BEE goals ”. These point systems can carry a

rice premium as high as 25% [77] . Anthony [2] reports that govern-

ent procurement may account for as much as 21% of the total Gross

omestic Product of South Africa, which, if combined with a 25% price

remium, may have detrimental impacts on the economy. The long-term

ffects of such procurement are not well documented and the impacts

n ‘value for money’, a key indicator of both the World Bank and the

outh African Treasury, are yet to be understood [42] . 



S.A. Blaauw, J.W. Maina and L.J. Grobler Transportation Engineering 4 (2021) 100060 

 

t  

r  

S  

b  

o  

l  

t  

A  

g  

i  

w  

C  

i  

W

 

t  

w  

m  

f  

C  

o  

i  

p  

c  

c  

i

 

 

t  

i  

t  

A

 

v  

o  

i  

a  

m  

t  

n  

f  

n  

o  

a  

U

 

l  

s  

w  

i  

r  

[  

i  

fi  

p  

c  

u  

(  

y  

c  

n  

i  

w  

M  

t  

a  

s  

p

P

 

c  

a  

i

B

 

t  

b  

l  

c  

w  

l  

o  

i  

i  

l  

i  

t

 

t  

w  

s  

l

 

t  

c  

G  

m  

c  

t  

t  

c  

T  

r  

s  

n  

a

M

 

p  

l  

d  

b  

t  

p  

s  

u  

a  

m

A prominent risk of fundamental- or ‘radical’-economic transforma-

ion in South Africa is ‘radical economic robbery’. Radical economic

obbery is a term used by the President of South Africa during the 2020

tate of the Nation Address (SONA, 2020) to refer to the ‘so-called’

usiness forums who demand a share from any construction projects

ften located within proximity to where the members live. What has

argely fuelled the increasing risk of these business forums or ‘construc-

ion mafia’ are the misperceptions regarding beneficiaries in the South

frican public, who believe that fundamental economic transformation

ives them automatic access to contractual participation without be-

ng subjected to competitive bidding or having to contribute resources,

ork and guarantees. Large scale projects affected include the N2 Wild

oast Road Construction project and the R2.4-billion German oil storage

nvestment project in Saldanha, among countless smaller projects [12] .

estern cape empowerment impact assessment 

The EmpIA protocol developed by the Provincial Administration of

he Western Cape, Department of Transport and Public Works, in 2000,

as one of the first attempts in South Africa at measuring empower-

ent impacts of technical and managerial choices in transportation in-

rastructure projects and was applied on several projects in the Western

ape [93] . After initial implementation, the model was reviewed and

utcomes evaluated, which signified a need for a revision. This revision

ncluded consideration of employment impacts post-construction as op-

osed to only focusing on temporary employment during the design and

onstruction phases. Additionally, the need to focus on the broader con-

ept of social sustainability was observed compared to merely consider-

ng initial empowerment impacts. 

The EmpIA protocol focuses on five key social impacts, namely [93] :

1. Labour enhanced task opportunities; 

2. Local economic development opportunities; 

3. Local plant/material resources opportunities; 

4. Beneficiary identification and quantifying needs; and 

5. Skills identification and training. 

The target beneficiaries of this framework are previously disadvan-

aged individuals with a specific unemployed requirement for project

nvolvement. Beneficiaries must generally be local residents and atten-

ion is given to black women and youth as prescribed by the B-BBEE

ct. 

The protocol incorporates indicators such as jobs created per unit in-

estment, beneficiaries reached, and additional support provided. The

riginal protocol does not provide the facility to determine the increase

n project cost as a result of implementing empowerment compared to

lternatives nor does it quantify the socio-economic impact of imple-

ented initiatives. The EmpIA analysis tool [93] did indeed introduce

he indicator of allowable cost premium above which no further uneco-

omical labour absorption or local resourcing is justified. What such

rameworks lack is the ability to evaluate the long-term impacts of tech-

ical and managerial choices and determine if the premium investment

n empowerment has indeed assisted in reaching long-lasting sustain-

ble goals (such as e.g. reflected in the National Development Plan [58] ).

ncertainty in social life cycle assessments 

Costa et al. [15] state that in applying an S-LCA, the key chal-

enges include the absence of standardised inventory data, inconsistent

ystem boundaries and difficulty in developing methodological frame-

orks. Additionally, Costa et al. [15] state that the leading challenge

s a lack of fully performing uncertainty analyses, an activity strongly

ecommended by UNEP and SETAC guidelines and various researchers

15 , 62 , 98] . Zheng et al. [100] conducted a literature review on the

mplementation of uncertainty analyses in S-LCAs, particularly in the

eld of pavement engineering, and found that no studies have incor-

orated uncertainty into S-LCA frameworks. In addressing this short-

oming, Zheng et al. [100] proposed a methodology for incorporating
7 
ncertainty into pavement S-LCAs using an analytical hierarchy process

AHP) supplemented by Monte Carlo simulations for sensitivity anal-

ses. An AHP is a structures technique for organising and making de-

isions in complex environments where numerous variables or criteria

eed to be considered in prioritisation of key considerations including

ndicators. Zheng et al. [100] used the AHP to develop initial scores and

eights to be used to calculate a final sustainable score for a project.

onte Carlo simulations were then implemented on the baseline scores

o convert the sample into random scores with uniform distributions,

nd in so doing reduced uncertainty. Zheng et al. [100] were able to

uccessfully determine a final aggregated social sustainable score for a

roject with a 95% confidence level. 

robabilistic modelling 

A variety of probabilistic models are available which have been suc-

essfully implemented in the field of sustainable pavement engineering

iming to capture uncertainty within datasets. Prominently used models

nclude Bayesian analyses and Monte Carlo simulations [92] . 

ayesian analysis 

Bayesian analysis is a statistical technique which endeavours to es-

imate underlying distribution parameters based on an observed distri-

ution [26] . The method begins with a ‘prior distribution’ that has no

imitations and may even be non-Bayesian observations. The prior is

onsidered the value that a statistician would expect from the outcome

ithout having any evidence or data to support it. Data is then col-

ected from various sources (e.g. trials, experiments, field data, expert

pinions, literature, etc.) to form the observed distribution. Probability

s then calculated as the likelihood of the observed distribution, which

s a function of the underlying distribution parameters. Multiplying this

ikelihood with the prior distribution and normalising the data results

n a unit probability over all possible values known as the posterior dis-

ribution [34] . 

Bayesian analysis has been commented on to be controversial given

he validity of results depends on how valid the prior distribution is -

hich cannot be statistically assessed [68] . However, the method has

uccessfully been implemented in numerous pavement engineering re-

ated studies, especially where poor-quality data is available [92] . 

When applied in the pavement engineering field, Bayesian analyses

end to be used for risk analysis [19 , 41 , 51 , 74 , 76] , with few studies fo-

using on its implementation in sustainable evaluations. Tymo š enk and

olovach [84] applied Bayesian networks to study the sustainable ele-

ents associated with agriculture and rural development of territorial

ommunities, focusing on social and economic impacts. The study ob-

ained data through questionnaires seeking to obtain data relevant to

he study objective, of which certain factors are believed to increase the

apacity for sustainable development of the rural territory in the future.

he social status of respondents was not focused on local residents but

ather experts were consulted, which is a common trend among other

tudies [63 , 64] . The results were analysed using a simple Bayesian belief

etwork and determining the predominant factors affecting the sustain-

ble development of the communities. 

onte Carlo 

Monte Carlo simulations are computational algorithms that use re-

eated random sampling to determine numerical results and solve prob-

ems that are often deterministic, relying on data input and distribution

efinition. A great strength of Monte Carlo simulations is that they can

e used to draw data from a distribution where, for example, the only

hing known of the distribution is its density or frequency [89] . This is

articularly useful in concepts which are difficult to quantify, such as

ustainable impacts relevant to pavement infrastructure. Similar to the

se of Bayesian analyses, Monte Carlo Simulations are more commonly

pplied in risk- [52 , 56] or environmental impact-assessments [47] , and

ore recently proposed for use in S-LCA frameworks [13 , 100] . 
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Fig. 4. UNEP and SETAC methodological 

framework for S-LCA development. 
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Monte Carlo simulations are further widely used in industries such

s marketing, customer services and health care to process chance and

ncertainty, more specifically either filling gaps in data of social surveys

f population groups difficult to reach (e.g. the elderly) or developing

average’ behavioural trends of those population groups [25] . This is

specially beneficial in evaluating the uncertainty in sustainable assess-

ents where the impacts perceived most influential are uncertain. In

pplying Monte Carlo simulations, the selected distribution may signif-

cantly affect results. Commonly used distributions include lognormal

istributions for quantifying uncertainty in unit cost [83] , normal dis-

ribution for uncertainty in construction costs [82] and triangular distri-

utions in uncertainty where little information is available [96] . Zheng

t al. [100] proposed the use of uniform distributions when uncertainty

s analysed among social impacts and is the distribution selected for use

n this study. The study further aims to include Bayesian principles in

efining an expected prior obtained through the social ‘hotspot’ method-

logy and adapted baseline 𝑆 𝑆 𝑖 score. 

ethodology 

The methodological framework implemented in this study follows

he guidelines proposed by UNEP and SETAC and is structured similar to

SO 14040 [40] for the development of an LCA. As this study only aims

o develop an LCI, certain steps of the UNEP and SETAC framework are

ot performed. Fig. 4 shows the simplified UNEP and SETAC framework,

ith the steps which are implemented in this study highlighted in blue

steps 1 to 5), and the steps not performed highlighted in grey (steps 6

o 8). 

roposed methodological framework 

As standardisation has not yet been achieved to implement this gen-

ral framework, a framework consisting of seven steps for S-LCI devel-

pment is proposed in this study combining the steps most commonly

ncluded and successfully applied in the literature. This proposed frame-

ork is detailed below and illustrated in Fig. 5 . 

1. Define goal, sub-goals and scope: In extending the general LCA

framework requirements of goal and scope definition, additional

sub-goals included in the ELASTIC framework [13] are included

to create a link with the subcategories proposed by UNEP and

SETAC guidelines [5] . The sub-goals provide further decomposi-
8 
tion through the specification of selection criteria adapted from

the ‘SMART’ criteria [10] , summarised in Table 1 . 

2. Functional unit and system boundaries: The functional unit

(FU), constituting the reference unit used to measure the perfor-

mance of indicators, is often easily defined in typical LCA studies.

However, when applied to S-LCAs, it may not be as simple and

linking results to the FU is often difficult to achieve [5] . How-

ever, the UNEP and SETAC guidelines stress the importance of

creating a set of FUs and accompanied system boundaries, and

state that in situations where alternatives are to be compared,

the FU must be based on a function rather than an item or prod-

uct. System boundaries determine which unit processes along the

product life cycle are included in the system being assessed [5] . 

3. Database development: Assembling a large database of poten-

tial sustainable pavement indicators from renowned sources was

conducted following the UNEP and SETAC guidelines together

with proposed methodologies detailed in the literature. The In-

ternational Organisation for Standardisation 14040 [40] indica-

tor data quality requirements are satisfied using peer-reviewed,

local and international sources which have successfully been im-

plemented in public and private practices. ‘SMART’ criteria are

further introduced to reduce the database to relevant indicators

linked with the ELASTIC sub-goals, providing a pathway to the

subcategories proposed by UNEP and SETAC. 

4. Adapted social ‘hotspot’ methodology: This step seeks to im-

plement an adapted social ’hotspot’ assessment to determine the

‘hotspots’ across the socially-oriented database and represents the

systematic evaluation and preliminary selection of key social in-

dicators. The adaptation is achieved through applying an addi-

tional frequency scoring criterion proposed by Kühnen and Hahn

[48] and Huarachi et al. [35] incorporating ‘selection’ bias. The

frequency scoring refers to the number of times an indicator ap-

pears among datasets and is used to enhance the ELASTIC SSi

score and uncertainty analyses in following steps. 

5. Adapted social significance index: The Elastic framework is

adapted and implemented in this study predominantly to de-

termine the baseline SSi score [13] for each indicator to be

used as input for sensitivity analyses. The adaptation is realised

through including the frequency score determined from the social

‘hotspot’ assessment. 

6. Sensitivity analysis and key social indicator selection in-

corporating uncertainty: This step seeks to conduct sensitiv-
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Fig. 5. A proposed methodological framework for S-LCI development. 

Fig. 6. Heat map of common ‘hotspots’ derived from a reduced 

database. 

Table 1 

Adapted SMART indicators [10] . 

Importance Measurable Attainable Timely Interpretable Isolatable 

Indicators should be 

considered important to 

the relevant 

stakeholders. 

Each indicator should 

be measurable and 

hence requires a 

precise definition. 

The indicator must be 

attainable at a 

reasonable cost 

using an appropriate 

collection method. 

An indicator needs to 

be collected and 

reported at the right 

time to influence 

many management 

decisions. 

Indicators should be 

easily interpretable 

to the people who 

will use the data. 

Key indicators need to be 

easily isolatable and not 

create confusion through 

comparison to other 

indicators. 
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ity analyses on the baseline SSi scores obtained from the previ-

ous step and is achieved through incorporation of Bayesian-based

Monte Carlo simulations to analyse the performance of each in-

dicator under inherent uncertainty [100] . A final SSi score is de-

termined and used as a performative reference baseline for use

in the SAM analysis. 

7. Subcategory assessment method: In the final step, a Type-1

SAM is applied to the key social indicators identified from Step 6

and develop performative measures and allow for final SSi scor-

ing as proposed by Zheng et al. [100] . The final SSi score is fur-

ther aligned to the qualitative performance reference point prin-
9 
ciple proposed by UNEP and SETAC guidelines [5] . The perfor-

mative measures may be used to develop social life cycle impact

assessments and interpretation, completing the framework for an

S-LCA. 

oal, sub-goals and scope 

oal 

The proposed framework utilises and evaluates a long list of indi-

ators to identify a subset that maximises desirable qualities. As such,

he overarching vision is pre-defined [13] . The goal of this study is to
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Table 2 

Frequency of indicators derived from a reduced database. 

Social ‘Hotspots’ Frequency 

Emissions 19 

Value for Money 19 ∗ 

Climate Change 19 ∗ 

Fundamental Economic Transformation 19 ∗ 

Safety (Road User & Worker) 18 

Water use and pollution 17 

Noise 16 

Health (Road User & Worker) 16 

Community Participation 15 ∗ 

Air Quality 13 

Provision of Pedestrian Facilities 12 

Jobs 12 

Travel Time 11 

Accessibility 11 

Local Economic Development 11 

User Cost 10 

Education 9 

Energy use 8 

Pollution 8 

Provision of Traveller Information Systems 7 

Congestion 6 

Resilience 6 

Empowerment 5 

∗ ‘Hotspot’ frequency altered to reflect importance in 

South Africa 
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rovide an inventory for key sustainability indicators related to the de-

elopment and management of pavement infrastructure in South Africa

ith an emphasis on the social tenet. ISO standard 14040 [40] was used

o develop this inventory. The inventory is intended to act as a build-

ng block on which to improve and develop further life cycle invento-

ies where specific social consideration is provided to provide a holistic

ustainable life cycle assessment model for pavement infrastructure in

outh Africa. 

ub-goals 

Following the guidance of the ELASTIC methodology [13] , three

dapted specific and non-changing sub-goals are prescribed, namely: 

i. Maximise the methodological quality of indicators; 

ii. Maximise the relevance of indicators to the concept of sustainable

pavements; and 

iii. Maximise the importance of indicators to the concept of sustain-

able pavements, achieved through an adapted frequency analysis

proposed by Kühnen and Hahn [48] and Huarachi et al. [35] (this

is an additional sub-goal used to supplement the existing ELAS-

TIC framework). 

These goals allow for a narrowing of the vision but are still broad

nough to allow for evaluation of indicators using quantifiable criteria,

hown in 

cope 

The study considers a cradle-to-grave scenario for the construction,

aintenance, rehabilitation and salvaging of pavement infrastructure,

nd is representative of any pavement system in South Africa. The model

rovides key social indicators focused on health, safety, environmental,

ocio-economic and empowerment impacts of pavement infrastructure.

unctional unit and system boundaries 

The FU used for this analysis is a 7.2 m wide, 1 km long pavement

tructure. For analysis purposes, the focus will be given to the functional

erformance and direct social impact of background processes, detailed

hroughout literature, required to provide the pavement infrastructure.

he system boundaries include the following steps: 

1. Raw material extraction; 

2. Material processing and production; 

3. Construction; 

4. Use phase; 

5. Maintenance; and 

6. Demolition 

atabase development 

For the application of the proposed framework in South Africa, an

nitial long list of 1,352 sustainable transport indicators were identified

rom 25 renowned local and international sources. These sources in-

lude relevant sustainable pavement assessment frameworks described

n this study and additional assessment frameworks commonly applied

n the industry such as the Sustainable Development Goals. In applying

he adapted ‘SMART’ criteria listed in Table 1 , the database is reduced

o indicators which are socially focused. As previously discussed, envi-

onmental and economic indicators which have either direct or indirect

ocial consequences are retained, reducing the initial long list of 1,352

ndicators to 366 socially relevant indicators. These indicators are used

or further analyses during this study. A summary of the database is

hown in Appendix A , with detailed information withheld due to pro-

rietary relationships. 
10 
esults 

dapted social hotspot methodology 

As various datasets developed by numerous researchers were used

or this study, a range of words and phrases have been utilised through-

ut which ultimately have the same implication, such as ‘water quality’

nd ‘water pollution’. To obtain the social ‘hotspots’ from the reduced

atabase, a word heat map was drawn on to analyse and identify the

ords or phrases most listed. The additional frequency step proposed

y Kühnen and Hahn [48] and Huarachi et al. [35] is also applied to

hese ‘hotspots’, representing the preliminary key social indicators. It is

oted that the frequency of certain ‘hotspots’ has been altered to better

eflect their importance to the South African pavement engineering field

nd current global political landscape, through applying the principle of

survival’ or ‘selection’ bias. 

election bias 

Selection bias refers to the logical error of concentrating only on

ndicators which made it past the selection process and overlooking

hose that did not. An example of this would be considering the ‘climate

hange’ indicator, which among others, did not receive a high enough

requency score (i.e. 3) to be considered a ‘hotspot’ as it is omitted in

ost data sets used to develop this database. 

The results of the social ‘hotspot’ methodology incorporating selec-

ion bias are shown in Figure 6 , providing 23 ‘hotspots’, with the fre-

uency results detailed in Table 2 . 

dapted ELASTIC social significance index 

In preparation for sensitivity analyses and uncertainty modelling, an

dapted ELASTIC 𝑆 𝑆 𝑖 is applied to determine the baseline 𝑆 𝑆 𝑖 scores

f each indicator. This adaptation is realised by including the frequency

tep previously discussed to represent the ‘Importance’ of the indicators,

ombined with the ‘Relevance to sustainable pavements’ and ‘Method-

logical quality’ sub-goals of the ELASTIC framework. 

For the ‘Importance’ criterion, the score is calculated as the indi-

ator frequency divided by the highest indicator frequency (i.e. 19)

ormalised to a score out of 5. Secondly, the ‘Methodological quality’

ub-goal is scored on a Likert scale using the scoring matrix shown in
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Table 3 

Baseline 𝑆 𝑆 𝑖 Scores. 

Relevance to 

sustainable 

pavements 

Key Social indicators Baseline 𝑆 𝑆 𝑖 

Liveable Streets and 

Neighbourhoods 

Noise 0.92 

Air Quality 0.80 

Travel Time 0.74 

Congestion 0.65 

Resilience 0.60 

Protection of the 

Environment 

Emissions 0.94 

Water use and pollution 0.96 

Energy use 0.83 

Pollution 0.78 

Climate Change 0.91 

Equity and Social 

Inclusion 

Accessibility 0.68 

Local Economic Development 0.94 

Fundamental Economic 

Transformation 

0.87 

Community Participation 0.87 

Safety Safety (Road User & Worker) 1.14 

Health (Road User & Worker) 1.14 

Provision of Pedestrian Facilities 1.06 

Provision of Traveller Information 

Systems 

0.93 

Vibrant and Efficient 

Economy 

Jobs 0.86 

User Cost 0.94 

Value for Money 0.75 

Education 0.79 

Empowerment 0.71 
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ppendix B and sub-goal weights shown in Appendix C . The ‘Relevance

o sustainable pavements’ sub-goal is not scored for individual indica-

ors in this study and the weights determined by Castillo and Pitfield

13] , also shown in Appendix C , are applied. Indicators are then numer-

cally aggregated employing a Simple Additive Weighting (SAW) ap-

roach and an adapted 𝑆 𝑆 𝑖 score is calculated for each indicator, where

he best performing indicator is the one with the highest total weighted

um score. The 𝑆 𝑆 𝑖 is calculated as follows [13] : 

 𝑆 𝑖 = 

𝑛 ∑

𝑗=1 
𝑠 𝑎 
𝑗 
( 𝑔 𝑘 𝑤 𝑗 ) + 𝐼𝐼 for all 𝑗 = 1 , 2 , 3 , … , and 𝑘 = 1 

here: 

𝑆 𝑆 𝑖 is the overall weighted performance score of indicator 𝑎 ; 

𝑔 𝑘 is the importance weight of sub-goal 𝑘 ; 

w j is the importance weight of criterion 𝑗; 

𝑠 𝑎 
𝑗 

is the normalised outcome score for indicator 𝑎 on criteria 𝑗; and 

𝐼 𝐼 is the performance of indicator 𝑎 determined by the frequency

representing the adaptation). 

The baseline 𝑆 𝑆 𝑖 score results are shown in Table 3 . Additionally,

he ‘Relevance to sustainable development’ sub-goals are also shown in

able 3 . 

ensitivity analyses incorporating uncertainty 

The baseline 𝑆 𝑆 𝑖 scores from the previous step are used as key input

or sensitivity analyses. The ELASTIC methodology provides weightings

or each indicator sub-goal and criterion which were used to determine

he baseline scores. These weights, influenced by the goal and scope of

his framework, are further used for sensitivity analyses to determine

heir impact on key social indicator selection. This approach follows the

roposal of UNEP and SETAC guidelines [5] stating ‘it is recommended

hat S-LCA studies attempt to characterize the sensitivity of their data

ue to system boundary decisions’. 

Implementing these weightings and the baseline scores, a sensitivity

nalysis was conducted using Bayesian-based Monte Carlo simulations

n which 50,000 outcomes were modelled using a uniform distribution

100] . The model accounted for every possible scoring scenario and
11 
rovided results for the indicators which consistently performed well-

iven input changes and uncertainty. The results of the simulations are

ummarised in Table 4 . Typical results of the simulations are shown in

ppendix D . 

ubcategory assessment method 

In this study, a Type-1 SAM analysis is applied to characterise indica-

ors into relevant impact categories. In applying the Type-1 SAM anal-

sis, UNEP and SETAC guidelines require that the impact categories,

hich should correspond to the goal and scope of the study, represent

he key social issues of interest regarding the stakeholders affected. It is

oted that this approach in impact category definition may vary from

he commonly understood and accepted impact categories used in LCAs,

uch as ‘global warming’. This is largely due to a lack of sufficient expe-

ience to determine universally accepted impact categories for S-LCAs

s the cause-effect relationships are not simple enough or not known

ith enough precision for confident modelling [5] . 

In applying the Type-1 SAM analysis, relevant indicators and their

 𝑆 𝑖 scores are aggregated into subcategories according to the overall

ndicator objective related to the resulting end-category. This allows for

ach impact category to carry a certain weight determined from pre-

ious steps, which ultimately contribute to social sustainability as pro-

osed by Zheng et al. [100] . 

To determine the final aggregated score, or Social Sustainable Score

 SS s ), each impact category is scored on a Likert scale (between 1 to 5)

nd the score is multiplied by a normalised grouping weight (obtained

s the sum of the indicator weights grouped into subcategories). The

ubcategories, corresponding weights and endpoint impact categories

re shown in Table 5 . 

Using the final SS s determined in Table 5 , where a maximum of

00 points is achievable, a project’s sustainability may be evaluated

y comparing the score against a set of proposed benchmarks, shown

n Table 6 . The proposed benchmarks have been determined as ‘unsus-

ainable’, where sustainable interventions are not implemented, ‘busi-

ess as usual’, where only commonly accepted sustainable interventions

re implemented, and ‘silver, ‘gold’ and ‘evergreen’ where an increasing

mount of sustainable interventions are implemented above the norm. 

Projects may be scored either through self-assessment or third-party

alidation. 

orked example 

To demonstrate the use of the impact categories developed in this

tudy, a worked example is provided based on a case study previously

ssessed using an EmpIA [93] . This case study is firstly evaluated based

n only the social indicators utilised in the EmpIA and reevaluated in-

orporating broader social considerations as proposed in the S-LCI of

his study. 

The case study considered the construction and upgrading of 2 km of

he sidewalk and the demarcation of taxi embayment on the main access

oad to the informal part of Nkqubela, a settlement in the Western Cape.

he project aimed to increase the safety of non-motorised users and

ccess to public transport. Since the ownership of vehicles in the area is

ery low, the use of public transport is dominant. The project value was

3 million ($200,000) and emphasis had been given to empowerment

hrough labour enhancing construction methods. 

Applying the EmpIA, local beneficiaries were identified favouring

lack women, youth and disabled individuals. The beneficiaries were

dentified through community engagement and discussions with com-

unity leaders on the local needs. The literacy and training of each

eneficiary were assessed ranging from unskilled to skilled, and the ben-

ficiaries were assigned to certain construction tasks according to their

bilities. The methods of construction for each task were adapted to

ncrease labour inputs and meet the skill levels of the beneficiaries. Ad-

itional training opportunities were evaluated, and it was determined
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Table 4 

𝑆 𝑆 𝑖 -Baseline and -Monte Carlo Simulation Comparison Results. 

Social sustainable indicator 𝑆 𝑆 𝑖 - Baseline 𝑆 𝑆 𝑖 – Monte Carlo 

simulations 

Position change 

compared to baseline 

Safety (Road User & Worker) 1.14 1.03 - 

Health (Road User & Worker) 1.14 1.00 - 

Provision of Pedestrian Facilities 1.06 0.93 - 

Emissions 0.94 0.86 ↑ 

Climate Change 0.91 0.86 ↑ 

Provision of Traveller Information Systems 0.93 0.84 ↑ 

Water use and pollution 0.96 0.83 ↓
Fundamental Economic Transformation 0.94 0.81 ↓
Value for money 0.94 0.81 ↓
Community Participation 0.87 0.75 ↑ 

Local Economic Development 0.87 0.75 ↑ 

Noise 0.92 0.74 ↓
Air Quality 0.80 0.69 ↑ 

Jobs 0.86 0.69 ↓
Accessibility 0.68 0.67 ↑ 

Energy use 0.83 0.67 ↓
Pollution 0.78 0.67 - 

Travel Time 0.74 0.66 ↑ 

Congestion 0.65 0.66 ↑ 

Resilience 0.60 0.66 ↑ 

User Cost 0.75 0.66 ↓
Education 0.79 0.64 ↓
Empowerment 0.71 0.57 ↓

Table 5 

Proposed Impact Categories. 

Impact category Subcategory Score ∗ Subcategory 

weight 

∗ To what extent do you agree with the following statements (1 = strongly disagree; 5 = strongly agree) 

If the project has not made consideration for a performative measure, a score of ‘0’ is awarded. 

1 

Pollution 

A life cycle assessment has been conducted and reduction of Emissions, Waste, Energy use, and 

Water contamination has been achieved. 

4.29 

2 

Socio-economic Impact 

The project achieves Fundamental Economic Transformation through, inter alia, providing 

Educational opportunities for, and seeking the Empowerment of, targeted beneficiaries ensuring 

long-lasting Jobs. 

3.15 

3 

Safety 

There are good systems in place to ensure Health and Safety of workers, motorised and 

non-motorised road users. 

2.26 

4 

Functional Performance 

The project ensures a reduction in Travel Time, User Cost and Congestion through both 

construction and use phases. 

2.3 

5 

Functional Performance 

Adequate Pedestrian Facilities have been provided to ensure the Accessibility of non-motorised 

road users. 

1.83 

6 

Climate change 

The predicted impacts of local Climate Change have been considered and vulnerable pavement 

systems (including local communities) have been identified. Pavement Resilience has been 

increased and pavement construction and maintenance impacts on local communities decreased. 

1.74 

7 

Local economic development 

The project achieves Local Economic Development through promoting and favouring Community 

Participation and Labour Enhanced Construction Methods. 

1.71 

8 

Functional Performance 

Traveller Information Systems are provided during construction and use phases. 0.95 

9 

Financial Performance 

The project ensures good Value for Money. 0.92 

10 

Pollution 

Effort s have been made to reduce Noise during construction and use phases. 0.85 

SS s Total (100) 

Table 6 

Proposed sustainable levels for pavements in South Africa. 

Weighted score Sustainable level 

< 50 Unsustainable 

50-60 Business as usual 

60-75 Silver 

75-90 Gold 

> 90 Evergreen 
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hat increased awareness of life skills, diseases, construction health and

afety, and construction administration were areas to focus on. 

The results of implementing the EmpIA were that the project em-

loyed roughly 55 previously unemployed local beneficiaries consist-
12 
ng of unskilled, semi-skilled and skilled individuals with a composition

avouring black women, youth and disabled individuals sourced from

he local community. 30% of the project value was spent on labourer

ees by promoting labour enhancing construction methods and approxi-

ately 5% of the project value was spent on training, which included life

kill-, HIV/Aids-, construction health and safety-, and administration-

raining. Due to the project experience and additional training, the bene-

ciaries were provided with long-term empowerment, employment and

ellness. 

In formulating and designing the construction around empower-

ent, favourable results were obtained. However, certain key social is-

ues were not considered which include evaluating alternative designs

hrough a life cycle assessment to compare construction impacts. Fur-

hermore, the impacts of local climate change were not considered, nor
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Table 7 

Nkqubela construction and upgrading of baseline Social Sustainable score (Categories rearranged). 

Category Performative social sustainability measures Score ∗ Grouping 

weight 

Final 

score 

∗ To what extent do you agree with the following statements (1 = strongly disagree; 5 = strongly agree) 

If the project had not considered the performative measure, a score of ‘0’ is awarded. 

Pollution A life cycle assessment had been conducted and reduction of Emissions, Energy use and 

Water contamination had been achieved. 

0 4.29 0 

Pollution Effort s have been made to reduce Noise during construction and use phases. 3 0.85 2.55 

Climate change The predicted impacts of local Climate Change had been considered and vulnerable 

pavement systems (including local communities) had been identified. Pavement Resilience 

had been increased and pavement construction and maintenance impacts on local 

communities decreased. 

0 1.74 0 

Socio-economic 

Impact 

The project achieved Fundamental Economic Transformation through, inter alia, providing 

Educational opportunities for, and seeking the Empowerment of, Targeted Beneficiaries 

ensuring long-lasting Jobs. 

5 3.15 15.75 

Local economic 

development 

The project had achieved Local Economic Development through Community Participation, 

preferential procurement, training, contractor mentorship, etc. 

5 1.71 8.55 

Safety Full compliance with Construction Health and Safety Regulations, Road Safety Audit or 

similar road user’s safety assessment. 

5 2.26 11.3 

Functional 

Performance 

The project ensures an improvement in Stable Flow with a reduction in Travel Time 

evidenced by a traffic study. 

4 2.3 9.2 

Functional 

Performance 

Due consideration had been given to Pedestrian Facilities for Safety and Accessibility. 5 1.83 9.15 

Functional 

Performance 

Traveller Information Systems are provided during construction and use phases. 3 0.95 2.85 

Financial 

Performance 

The project ensured good Value for Money, evidenced by a cost analysis showing an 

acceptable cost premium against process deliverables. 

5 0.92 4.6 

SS s Total (100) 63.95 
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s there evidence of attention to additional traveller information systems

including safety notices) or reducing construction and use phase noise.

hese are some of the key shortcomings identified in the EmpIA which

re considered in the S-LCI proposed in this study. 

In evaluating the case study, the project is scored against the pro-

osed impact categories shown in Table 5 , initially only considering the

ndicators used in the EmpIA. This score is referred to as the baseline

 𝑆 s . The project is then reevaluated implementing additional sustain-

ble evaluations not considered in the EmpIA but listed in the S-LCI of

his study. Table 7 summarises the baseline 𝑆 𝑆 s for the case study. 

For the LCA and climate change impact categories, a score of zero

as awarded as these measures were not considered and the project re-

eives a total SS s of 63.95 points and a ‘Silver’ level of sustainability. By

onsidering the predicted local climate change impacts and settlement

ulnerabilities, as well as conducting a life cycle assessment [8] , sustain-

bility may be greatly enhanced. It has been shown that an alternative

avement design can save between 25–56% on emissions, 56% on en-

rgy use and 58% on water use in South Africa. The water savings may

e equivalent to the water requirements for 2,000 people for one week

er kilometer pavement constructed [8] . Combined with the predicted

limate change impacts of medium to high risk of heat stress, droughts,

ery hot days and flooding [102] , the life cycle savings may greatly assist

n reducing these impacts and vulnerabilities. Furthermore, an alterna-

ive design may not only present environmental and social savings but

ommonly also economic savings. An opportunity then exists to utilise

he economic savings to provide further training (e.g. sponsoring a local

eneficiary for tertiary education). 

In re-evaluating the case study applying these additional sustainable

valuations, the alternative approach may be scored using the impact

ategories proposed in Table 5 . A final SS s of 94.1 points is achieved

ith a sustainability level ‘Evergreen’. This final SS s illustrates the im-

ortance of considering a broad range of social sustainable interventions

o ensure long-term performance of the pavement and its impacts on so-

iety. 

iscussion of results 

It is important to note that the EmpIA [93] only focuses on social sus-

ainability from an empowerment perspective. The EmpIA works well to
13 
uantify the increased premium on social investment but does not con-

ider the justification of this increased premium on life cycle benefits,

ssuming that long-term positive economic impacts will be achieved. 

The model proposed in this study is qualitatively based but may be

pplied quantitatively by assessing the premium on the initial invest-

ent of the increased process deliverables (e.g. conducting an LCA) and

omparing the cost premium of design and process choices (e.g. labour

ntensive method specifications, training, contract participation goals

or local participation, etc.) to alternative options where the increased

eliverables are not considered. It is well understood that the increased

rocess deliverables are accompanied by an increased initial investment

77] . However, there is usually a long-term return on investment which

ay be quantified using standardised methods. It is proposed that an

CCA be used where the premium on initial investment is discounted

nd compared to economic growth and other economic metrics to as-

ess the sustainability of options. 

Even though both models aim to maximise social impacts of pave-

ents, the model proposed in this study considers a broader scope of

ocial sustainability compared to the EmpIA and better considers cur-

ent challenges (e.g. climate change) and common practices (e.g. LCAs).

indings and critical shortcomings 

Throughout literature, various frameworks are available to measure

he sustainability of pavement infrastructure provision, focusing on cer-

ain aspects of sustainability such as economic (i.e. LCCAs), environ-

ental (i.e. LCAs) or certain social themes (i.e. EmpIAs), with SRTs be-

ng the only standardised framework considering a broader range of

ustainability, even though SRTs are typically environmentally domi-

ated. As S-LCAs have recently been introduced to fill the gaps required

or confident assessments, standardisation of S-LCA frameworks is not

et available. In attempts at standardisation, many researchers propose

iverse and fragmented S-LCA approaches [48] , overlooking core is-

ues preventing the consolidation of information. Furthermore, many

esearchers simply derive indicators from literature without a deeper

laboration of the rationale behind the selection of certain indicators

3 , 50 , 14 , 91] . Attention is typically given to indicators which are most

ommonly used among data sets, neglecting those that might not have

ade it past the selection process but may be important. These indi-
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ators are often proposed for general use in a broad range of industries

nd sectors with few receiving sufficient empirical attention to draw rea-

onable conclusions [48 , 55 , 75] . This is extended by the lack of consid-

ration of location-specific evaluations [7] , disregarding regional chal-

enges and goals [9] . Moreover, implementing identified indicators may

e tedious when practitioners are presented with a long list of indica-

ors as compared to the alternative approach of focusing on the key

ndicators which contribute significantly to social sustainability. A cru-

ial shortcoming is found where S-LCAs are developed for a certain life

ycle phase or more commonly, a ‘cradle-to-gate’ approach, neglecting

se- and end of life-phases. This shortcoming also leads to a general lack

f risk consideration, which as detailed in this study, may significantly

mpact on social sustainability. Risk evaluation is of particular impor-

ance when socio-economic impacts are assessed and the long-term re-

urn on investment of non-monetary costs are evaluated. Furthermore,

aps in S-LCA subcategories are equally identified where researchers

ncreasingly integrate subjective experiences and perceptions (such as

takeholder satisfaction) into social performance measurements [48] ,

hich is virtually absent in the UNEP and SETAC guidelines [5] . In the

mplementation of S-LCAs, a shortcoming is observed in the approaches

f both researchers and industry, where proposed S-LCA frameworks are

pplied without refining the frameworks to the organisation’s specific

esponsibilities and sustainable objectives, making execution fractured

nd incoherent [54 , 79 , 91] . 

onclusions and recommendations 

Following a general tendency of literature, most of the studies on

ustainability entailing a life cycle perspective focused on fundamental

hemes recognised as crucial to be protected, i.e. health and safety, nat-

ral environment and resources, economic- and functional-performance

f pavements related to both motorised and non-motorised road users.

hese themes have been applied individually and in concert among the

arious frameworks detailed. However, as concluded by Reitinger et al.

70] , ‘we are faced with the paradoxical situation of avoiding harm

o the environment and human health while ignoring other aspects of

uman life and thus the aims of sustainability’, highlighting the com-

lex relationships that exist among the three tenets of sustainability. It

s, therefore, suggested that S-LCAs should complement existing frame-

orks by focusing on a broader range of social consequences, includ-

ng social well-being and various socio-economic impacts. A method to

chieve this objective is to consider direct effects to stakeholders across

he three tenets detailed by a wide range of indicators measuring the

uality of life of people on both an individual and collective level [22] .

tandardisation of S-LCA frameworks and universal acceptance of social

ndicators could present road authorities and engineers with relevant in-

ormation to better understand the important social factors during tech-

ical and managerial choices in pavement infrastructure provision. 

This research has attempted to achieve this objective by identify-

ng key socially relevant sustainability indicators related to the devel-

pment and management of pavement infrastructure, using South Africa

s a case study. Potential indicators were sourced from a large database

onsisting of several renowned international inventories and focus was

iven to the indicators most aligned with social sustainability. Indica-

ors were assessed and scored using an adapted methodology and refine-

ent was conducted through sensitivity analyses using Bayesian-based

onte Carlo simulations to reduce uncertainty. By allowing weightings

nd scores of sub-goals and criteria to be changed, the results reflect the

mportance that inputs from local stakeholders have on the impacts of

ustainability. This further demonstrates that the methodology adopted

n this paper meets the sustainable principle of context and location

pecificity. 

Through literature, certain risks (e.g. fundamental economic trans-

ormation) have also been identified which may have validity for con-

ideration when the identified key social indicators are applied to real

rojects. The typical limitations of similar social impact models, such as
14 
patial dependence and omittance of key indicators not well understood,

ave been addressed in this study. The model proposed is spatially rele-

ant to South Africa, but can easily be adapted for application in other

ountries or locales. Furthermore, all key social indicators, regardless of

he difficulty in quantification, have been considered and included in

he results with a focus on their impacts as opposed to being outcome-

ased. A worked example is provided which delineates the design and

anagerial steps which ensure high performance of social sustainabil-

ty. 

ecommendations 

As S-LCA standardisation is the main aim of researchers among the

iterature reviewed, recommendations provided in this study seek to ad-

ress the shortcomings that need to be considered during standardisa-

ion. For future research, there is a need to develop S-LCA frameworks

o specific industries and locations rather than detailing a blanket ap-

roach for social sustainable assessments. The frameworks should aim to

rovide industries and specific organisations with key information that

eeds to be absorbed, refined, and aligned with their specific sustain-

ble objectives to allow confident and long-lasting application. Through

his long-lasting application, attention should also shift to a ‘cradle-to-

rave’ approach and aim to measure the social impacts of a product or

ervice over an extended period, to identify the long-term consequences

f current sustainable interventions. This should be supplemented by

ntroducing risk-based approaches where the cause-effect relationships

f social sustainability are increasingly enhanced. 

eclaration of Competing Interest 

None 

ppendix A. Sustainable transport indicator database for South 

frica 

Source Number of 

Indicators 

The Sustainable Development Goals [86] 244 

SuRF Rating Tool (SANRAL) 10 

Greenroads [29] 61 

GreenLITES [60] 175 

INVEST [38] 33 

I-LAST [37] 153 

ENVISION [39] 64 

BE 2 ST-IN-HIGHWAYS [72] 9 

OECD Environmental Indicators [61] 64 

Developing indicators for sustainable and livable transport 

planning [53] 

41 

Framework for measuring sustainable regional development 

[46] 

38 

Alberta GPI Blueprint [65] 32 

Sustainable Transportation Performance Indicators [27] 14 

European Environment Agency core set of indicators [21] 206 

Indicators of Airport Sustainability [87] 10 

STARS Community Index [80] 83 

Sustainability Assessment Indicators [43] 30 

Broad Based Black Economic Empowerment [4] 7 

WCDTPW EmpIA [93] 5 

CSIR – SIA [18] 22 

Vanclay [90] 18 

Burdge Indicators [11] 26 

Cement Sustainability Initiative [17] 7 

Total number of Indicators 1,352 
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A

3 4 5 

Measuring technique 

available but results 

need additional 

processing to 

confidently use 

Well known measuring 

technique producing 

variable results 

Well known measuring 

technique producing 

accurate results 

Results require 

application of 

existing models and 

input of variables to 

obtain 

Results are obtainable 

but require some 

additional processing 

Results immediately 

obtainable 

Results may take up to 

a month to obtain 

Results may take up to 

a week to obtain 

Results immediately 

obtainable 

Confusion exists in 

interpretation of 

results 

Results are 

interpretable within 

reasonable variation 

of definitions 

Results easily 

interpreted 

Confusion exists in 

isolating results 

Results isolatable 

within reasonable 

variation of 

definitions 

Results easily 

isolatable 
ppendix B. Criteria scoring matrix 

Score 

Criteria 1 2 

Measurability No measuring 

technique available 

Measuring techniques 

available but not 

recognised 

Attainable Results are 

unobtainable 

Results require 

development of a 

model to obtain 

Timely Results are 

unobtainable 

Results take over a 

month to obtain 

Interpretability Results are 

uninterpretable 

No consensus exists to 

interpret results 

Isolatibility Results cannot be 

isolated 

No consensus exists to 

isolate results 
15 
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A  
ppendix C. Adapted tree diagram for sub-goal and criterion [13]
16 



S.A. Blaauw, J.W. Maina and L.J. Grobler Transportation Engineering 4 (2021) 100060 

A

R

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ppendix D. Typical results from the Monte Carlo simulatio ns 
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