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Decision-Aid Frameworks for Earned Value Measurement
or Assessment by the Construction Contract Engineer
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Abstract: Construction project controls is a process that is concerned with attempting to complete the contracted works within the allocated
time frame and the preagreed budget, all in accordance with the set quality standards. To this end, the earned value management (EVM)
method is recognized as a well-established technique offering an integrated approach for the efficient monitoring and controlling of the
project’s cost and schedule targets during the course of execution. That said, this research aimed at investigating several decision-aid frame-
works that can systematically guide the construction contract engineer in making the EVM tool better accustomed and suited for exercising
project control and administrating construction contracts, while making use of and benefiting from the enhanced capabilities of the technique
that are widely spread in the archived literature. To this effect, the adopted multistep methodology included (1) the verification of the degree of
importance of project controls in relation to project success, (2) the classification of the shortcomings reported to be encumbering EVM’s
employability as a project controls tool, and (3) the compilation and synthesis of the encountered improvements. The main research outcomes
further involved developing several EVM-based frameworks, which shall be of value to the engineer, through stipulating an integrated set of
methods and metrics used for (1) checking the analytical schedule-based S-curve submitted by the contractor, (2) dealing with interim pay-
ment valuations and certifications, and (3) forecasting and updating the remaining duration for the construction project on hand. Finally, the
related requirements to be met by contractors and the types of authority to be entrusted with the engineer are summarized for facilitating the
employability of the proposed frameworks, thereby potentially minimizing the likelihood of conflicts and disputes to arise between owners
and contractors on construction projects. DOI: 10.1061/(ASCE)LA.1943-4170.0000481. © 2021 American Society of Civil Engineers.

Introduction

Improving the overall project performance in terms of cost and
schedule is a key challenge in the construction industry (Orgut
et al. 2019). As such, it is argued that the failure to achieve time
and cost objectives is intrinsic in the increasingly complex environ-
ment of construction projects (Williams 2003, 2005, 2013). Never-
theless, despite years of research on progress measurement and
performance assessment, construction projects are often viewed
as unsuccessful in achieving the stakeholders’ objectives estab-
lished at the beginning of the project (Cooke-Davies 2002;
Anantatmula 2015; Omopariola et al. 2019). For instance, out of
about a thousand construction projects examined by the Construc-
tion Industry Institute (CII), 53 projects ended up satisfying their
authorized cost and time objectives, whereas nearly 70% of these
projects suffered from more than 10% deviation from their agreed
completion time and contract price (CII 2012). Moreover, a recent
study concluded that 98% of megaprojects (i.e., projects with a
budget greater than $1 billion) have to endure 80% cost overruns
and an average of 20 months of time delays (Changali et al. 2015).

With a vision to lessen such project inefficiencies, researchers in
the field of project management have identified a group of factors
contributing to the success of projects in all industries and more
importantly those in the construction industry (Ashley et al. 1987;
Wai et al. 2013; Chipulu et al. 2014; Babatunde et al. 2016). Torp
et al. (2004) performed a survey on public projects in Norway and
found that project planning and control ranked third among the de-
duced critical success factors (CSFs) for effective project perfor-
mance after project organization and contract strategy. Likewise,
Toor and Ogunlana (2009) recognized that effective project plan-
ning and control is a top critical success factor in construction proj-
ects. To this end, Demachkieh and Abdul-Malak (2018a) confirmed
the continued need for enhancing the efforts, systems, or mecha-
nisms in relation to putting in place efficient control processes for
the purpose of achieving project success.

Construction project control is a process that is concerned with
attempting to execute the contracted works within the preset time
frame and the allocated budget, all in accordance with the set qual-
ity requirements (Kerzner 2013). To this effect, the earned value
management (EVM) method is a project monitoring and control
technique used by project managers to evaluate performance and
perceive problems early enough for corrective actions to be taken,
due to its ability to consolidate cost, schedule, and technical per-
formance under the same framework (Ponz-Tienda et al. 2012;
Khamooshi and Golafshani 2014; Babar et al. 2016; Khamooshi
and Abdi 2016; Picornell et al. 2016). The EVM method was first
established by the US Department of Defense (US DoD) in the
1960s as an integral component of the cost/schedule control system
criteria (C/SCSC) (Abba 2000; Fleming and Koppelman 2003,
2006). A more detailed explanation of the origins of the EVM tool
is offered by Morin (2009) and Kwak and Anbari (2012).

Accordingly, EVM offers a consistent system of tracking, ana-
lyzing, and controlling project performance using three main
parameters, namely, the planned value (PV), the earned value (EV),
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and the actual cost (AC) (PMI 2018). As such, the PV, known as the
budgeted cost of work scheduled (BCWS), is defined as the ap-
proved budget for accomplishing the activity or work package
as of a given reporting date (Anbari 2003). Moreover, AC, previ-
ously called the actual cost of work performed (ACWP), represents
“the realized cost incurred for the work performed on an activity
during a specific time period” (PMI 2011). On the other hand, EV,
also known as the budgeted cost of work performed (BCWP), rep-
resents “the measure of the work performed, expressed in terms of
the budget authorized for that work” (PMI 2011). The American
Association of Cost Engineers (AACE) defined EV as “the peri-
odic, consistent measurement of work performed in terms of the
budget planned for that work” (Amos 2004). A comprehensive de-
scription of the basic principles and the use in practice of this tool is
broadly found in numerous publications (Anbari 2003; Fleming
and Koppelman 2006; PMI 2018).

However, several shortcomings have been increasingly reported
in the literature related to the fundamental assumptions and prac-
ticability of this tool, as recognized by main participants in a num-
ber of industries, and especially in the construction industry
(Demachkieh and Abdul-Malak 2018b). Thamhain (1998) stated
the main barriers hindering the employability of EVM in the con-
struction industry to include (1) lack of understanding of the tech-
nique, (2) use of EVM requiring a lot of effort and being time
consuming, (3) inconsistency of the technique in managerial and
business processes, and (4) high implementation cost. Moreover,
Christensen (1998) argued that the applicability of EVM necessi-
tates a cultural change within the organization, which requires time
and effort. On the other hand, West and McElroy (2001) claimed
that the EVM tool is a suitable method used for the generation of
work progress reports, and not a managerial technique, stating that
“the Earned Value Analysis shows to the project team the perfor-
mance obtained until then, and not the future forecast of the
project.” Wideman (1995) confirmed that EVM is conceptually
attractive, but demands a qualified team in order to be able to com-
prehend the technique and consequently provide reliable informa-
tion regarding the project progress. Vargas (2003) considered that
the EVM adoption in construction projects encounters many diffi-
culties, either in data collection or in the low speed of information
generation. These implementation obstacles have led to the perfor-
mance of extensive investigations dealing with ways and means
that can improve the representation, usage, and measurements of
the basic EVM sets of parameters (Kim and Reinschmidt 2010;
Naeni et al. 2014; Wood 2016; Moradi et al. 2017; Chang and
Yu 2018).

The increase in size and complexity of projects in the construc-
tion industry, in addition to the fact that the contract price,
completion time, and scope are viewed to be variable over the
course of work execution, have led to an increased complexity
of the administration of construction contracts (Adriaanse 2016).
Although the architecture/engineering (A/E) professional is not a
party to the contract, under the role of the contract engineer, this
entity is authorized to give instructions and make determinations
that are regarded as binding on the contracting parties (i.e., owner
and contractor) (Abdul-Malak and Naeem 2018). In practice, these
professionals acting as independent consultants end up playing
three distinct roles on a construction project, including (1) preparing
design drawings and specifications in their role as designers; (2) ad-
ministrating the construction contract, inspecting and controlling
the executed work, and certifying interim payment; and (3) deciding
on disputes between the contracting parties when exercising
the role of a judge (i.e., quasi-judicial roles) (Stein and Hiss
2003; Seifert 2005; Kalach et al. 2019b). While in performing
the role of designer, the A/E professional acts under the capacity

of a consultant for the owner. Abdul-Malak et al. (2020) critically
addressed the legal perspectives as to the extent of independency
and impartiality with which the A/E professional’s role as regards
contract administration and assessment of claims is fulfilled.

In light of the preceding backdrop, the work presented in this
paper has thus been motivated by the need to have clear and ration-
alized procedures that can be relied upon by construction contract
engineers when performing their duties under the construction con-
tract. More specifically, the work is concerned with making the
EVM tool better adapted and suited for exercising such functions,
while making use of and benefiting from the enhanced capabilities
of the technique that are widely spread in the archived literature.
Accordingly, this research paper is organized as follows. In the next
section, a literature review is briefly offered, covering (1) the sig-
nificance of cash flow S-curve in the construction industry, (2) the
challenges associated with delay in payment or nonpayment in con-
struction projects, and (3) the use of EVM for schedule perfor-
mance measurement and controls. The research methodology is
then detailed in a separate section, whereby each of its undertaken
stages is thoroughly discussed. Subsequently, an all-inclusive set of
frameworks is proposed with the aim of making the EVM method
better accustomed and suited for exercising project control and ad-
ministrating a construction contract by the contract engineer. After-
ward, the requirements that shall be met by the contractor and
engineer are highlighted in order to support the employability of
the integrated methods and metrics nested in the proposed frame-
works. Finally, concluding remarks are drawn, and suggestions for
practical implementation of the proposed frameworks are made.

Construction Cash Flow Projections

Cash is the most important resource in construction projects
(Askew et al. 1997; Park et al. 2005). In fact, one of the key sources
of disputes in construction projects is payment-related (Kartam and
Kartam 2001; Chan and Suen 2005; Cheung and Yiu 2006;
Kennedy 2006; Abdul-Rahman et al. 2013; Ramachandra and
Rotimi 2014). To this end, appropriate cash flow management is
vital for the completion of construction projects, while respecting
the agreed time and budget and under the pressure of producing a
satisfactory profit (Kaka 1990; Chen and Chen 2000; Görög 2009;
Samer Ezeldin and Ali 2017).

As such, releasing regular interim payments to contractors is
important in order to secure revenues for the delivery of construc-
tion projects (El-adaway et al. 2013; Samer Ezeldin and Ali 2017),
and contractors shall be fully cognizant of the provisions dealing
with interim payment applications administration with the purpose
of appropriately approaching their construction cash flow analyses
(El-adaway et al. 2013). To this effect, the construction industry has
adopted one or more ad hoc tools for cash flow management
(Khosrowshahi and Kaka 2007). Generally, under such tools, past
case projects are collected and grouped in accordance to several
criteria or attributes (e.g., contract amount, project duration and
type) into categories, and the average input parameters for each
category are used to produce a standard S-curve, regarded as the
basis for cash flow prediction for a new project classified in the
same group (Balkau 1975; Bromilow and Henderson 1977;
Miskawi 1989; Evans et al. 1996). Nevertheless, the methodical
and scientific approaches used for project cash flow prediction
models adopt the concept of S-curves based on the planned sched-
ule of activities in order to forecast a project’s cash flow curve
(Blyth and Kaka 2006; Khosrowshahi and Kaka 2007; Chao
and Chien 2010; Maravas and Pantouvakis 2012).
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According to the Guide to the Project Management Body of
Knowledge (PMI 2018), the S-curve is defined as “graphic display
of cumulative costs, labor hours or other quantities, plotted against
time.” To this end, the S-curve illustrates the cumulative progress
of a construction project from the beginning until the end, with the
horizontal axis showing the elapsed time and the vertical axis
representing the cumulative progress in dollar value or percent
complete (Chao and Chien 2009, 2010; Chao and Chen 2015).
Although the S-shape is typically relevant to all projects of several
industries, each project is considered unique, hence having an S-
curve with distinct geometric properties (e.g., the relative length
and rise of the curve, time at which the project has used half of
its total funds) (Chao and Chien 2009; San Cristóbal 2017). As
such, estimated cash flow S-curves are used by the project owners
as (1) a basis for evaluating, during the preconstruction stages, the
cash flow requirements (Chao and Chien 2009); and (2) a baseline
against which the project actual progress at any point in time can be
evaluated, with the aim of assessing the project status and meas-
uring the amount of delay, if any, in the construction stage of the
project (Cioffi 2005; Blyth and Kaka 2006; Chao and Chien 2009).
Since construction contracts normally include clauses specifying
that a delay must not surpass a certain percentage, the S-curve
is found to support the engineer in the determination of violation
of the contract and the resultant penalty (Chao and Chien 2009).

Payment Problems in the Construction Industry

The payment process is one of the most significant areas that de-
mands a full consideration by the parties involved in the execution
of the project (Hinze 2001; Abotaleb and El-adaway 2017),
whereas work progress and quality are substantially affected by de-
lays in certifying and making payments, clearing additional cost
claims, and releasing retention monies (Odeyinka et al. 2008).
To this effect, it is not an inherent or implied right of the contractor
to receive interim payments from the project owner; this is a right
that is given in the contract (Hinze 2001). The owner is not entitled
to withhold the payment of any amount certified by the engineer in
an interim payment certificate. That is, the interim payment certifi-
cate issued by the engineer is binding upon the owner, who must
make payment with respect thereof in full, irrespective of any pend-
ing claims made against the contractor (Bunni 2013). However,
although contractual clauses related to the owner’s payment obli-
gations are frequently unequivocally expressed in contracts, they
are often misunderstood and/or misemployed, resulting in claims
and disputes between the contracting parties (Ramachandra and
Rotimi 2014). As such, it is of utmost importance for contractors
to familiarize themselves with the payment-related provisions in
the construction contract (Fawzy and El-adaway 2011).

As indicated by Ramachandra and Rotimi (2014), failure of pay-
ment procedures implementation, discord on measurement and as-
sessment of completed works for interim and final payment
certificates, and matters associated with the valuation of change or-
ders are the most important reasons for disputes between the parties
to the contract (i.e., owners and contractors). Likewise, Abotaleb
and El-adaway (2017) mentioned the major payment-related chal-
lenges in the construction industry as follows: (1) delay or default
in payment of certified amounts, (2) assessment of final amount,
(3) late discharge of retention amount, (4) assessment of changes
or variation orders, (5) imperfect payment provisions, and (6) with-
holding and/or setting off monies from interim payments while
lacking a contractual base. As for the latter payment-reduction
problem, it is claimed that even though contracts include compre-
hensive clauses authorizing the engineer to withhold or set off

monies from payment applications prepared by contractors, they
do not always provide unambiguous language or the basis for ex-
ercising such reductions and for their probable compensation at a
future phase (Abotaleb and El-adaway 2017).

Assessing and Controlling the Project Schedule

Since project management is primarily concerned with forward-
looking decisions, the ability to make time and cost projections
is critical to achieving project success (Vanhoucke 2012; Batselier
and Vanhoucke 2015). Hence, project managers, particularly in the
construction industry, envisage the capability of predicting time and
cost at completion as the most important value of a project control
tool (Kim et al. 2003).Without such adequate forecasts, there can be
no basis upon which the project manager can make a proper deci-
sion, and consequently one will have to count on a project’s adapt-
ability to emergent circumstances (Caron et al. 2016).

Schedule monitoring and control is viewed as one of the most
vital components of project management that has received sub-
stantial research attention (Demachkieh and Abdul-Malak 2019c).
Project duration forecasting is vital for performing proactive
schedule performance measurement, assessment, and control,
with the purpose of realizing on-time project completion (Kim
and Reinschmidt 2010; Vanhoucke 2012; Kim and Kim 2014;
Batselier and Vanhoucke 2015). To this end, the EVM tool is ini-
tially used as a cost management and control method, and later
expanded to monitor schedule performance (Demachkieh and
Abdul-Malak 2019c). A project manager is then able to (1) mon-
itor the status and trends of project performance, (2) predict po-
tential project outcomes, and (3) guide the project under
construction so that timely control measures can be promptly
put in place (Dvir and Lechler 2004; Kim and Kim 2014).

A prominent project control topic is the exploration of
reliable and consistent project forecasting techniques (Wauters and
Vanhoucke 2014). In an EVM context, the forecast of the time esti-
mate-to-complete [ETC(t)], i.e., time needed to complete the project,
is necessary for the initiation of suitable correctivemeasures, aimed at
achieving the project objectives (Caron et al. 2016). A diversity of
innovative EVM-based techniques are presented in the current liter-
ature in order to predict the project duration at completion. These
methods can be classified into two main categories, namely, deter-
ministic and probabilistic (Barraza et al. 2004). The deterministic ap-
proaches generate point estimates of the forecasted project duration
figures, while probabilistic methods produce confidence intervals
and/or probability distributions of such figures (Batselier and
Vanhoucke 2015). In this regard, the deterministic duration forecast-
ing methods forecast the estimate-at-completion [EAC(t)] duration
depending on the most likely duration values for the project activ-
ities (Barraza et al. 2000), and therefore do not propose any knowl-
edge concerning the range of probable outcomes for attaining the
project objectives (Kim and Reinschmidt 2010). However, the prob-
abilistic methods estimate the expected project duration based on
the variability inherent in the project activities’ duration figures.
For example, simulation tools are applied for generating the stochas-
tic S-curves, which allow (1) a more objective assessment of project
performance, thus overcoming the related limitations of the determin-
istic methods; and (2) more accurate projections of EAC(t) duration
variations (Barraza et al. 2000, 2004; Barraza and Bueno 2007).

Research Scope and Methodology

The construction contract engineer assumes an important role
throughout the life cycle of any construction project. A careful
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understanding of the basis of engagement of this professional and
the formation of the corresponding agreement are then of utmost
significance for achieving successful delivery of the project on
hand (Kalach et al. 2019a). To this end, the current literature iden-
tified several challenges associated with the application of EVM in
construction projects. As such, the objective of this study is inves-
tigating several decision-aid frameworks that can systematically
guide the construction contract engineer in making the EVM tool
better accustomed and suited for exercising project control and ad-
ministrating construction contracts.

The adopted methodology is fully illustrated in Fig. 1, entailing
numerous stages. In Stage 1, a review of the relevant literature con-
cerned with project critical success factors was carried out. The out-
come of this stage provided the justification of the degree of
importance of project controls in relation to project success, thus
confirming the continued need for improving on the current prac-
tices related to putting in place effective project control processes.
In moving to Stage 2, the shortcomings and challenges reported to
be encumbering EVM’s employability as a project controls tool
were identified and classified in twomain groups, namely, to include
practical and technical barriers. Based on the classification of the
limitations that were found to hinder EVM applicability in construc-
tion projects, the encountered improvements were compiled and

synthesized, with the aim of gaining discernment on how the re-
ported EVM shortcomings may probably be overcome (Stage 3).

Stage 4 relied on three sources of information: (1) a review of
relevant standard contract conditions governing the contract engi-
neer’s authorities, responsibilities, and duties under the construc-
tion contract; (2) an examination of payment and EVM records
on three building construction project cases; and (3) a synthesis
of the enhanced capabilities of the EVM technique that are widely
spread in the archived literature (deduced from Stage 3). These
sources fed into the development of several EVM-based frame-
works, which shall be of value to the construction contract engi-
neer, as demonstrated under Stage 4. These inferred frameworks
are used by the engineer for (1) checking the analytical schedule-
based cash flow S-curve (i.e., planned value) submitted by the
contractor, (2) dealing with interim payment valuation and certif-
ication issues, and (3) forecasting and updating the remaining du-
ration for the construction project on hand. During Stage 4, two
main outcomes are generated. The first outcome pertains to the de-
velopment of an all-inclusive road map underlying the steps fol-
lowed by the engineer, serving two main purposes, including
those in respect of (1) the monitoring and control function (i.e., pur-
pose P1 in Fig. 1), and (2) the fulfillment of construction contract
administration responsibilities and roles (i.e., purpose P2 in Fig. 1).

Fig. 1. Adopted methodology.
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Finally, through stipulating an integrated set of methods and met-
rics, the second outcome points out the inputs or requirements that
are to be provided or addressed by the contractor and engineer, such
that effective EV (EEV) assessment and measurement during the
course of work execution can be carried out.

Stage 1: Project Controls as a Main CSF

The first stage in the adopted methodology explores and verifies
the significance of project controls in relation to overall project
success. An in-depth review of 65 research studies reported
on—over the last three decades—in the related existing literature
was conducted, followed by a synthesis of the factors cited as criti-
cal to the success of various types of projects (Demachkieh and
Abdul-Malak 2018a). To this effect, 15 headings, having citation
frequencies of more than 10, ended up being adopted for describing
the factors described in the reviewed studies as critical to project
success. The results revealed that the semantics used in the litera-
ture in relation to the adopted broader heading of effective project
monitoring and controls methods come with the highest frequency
(62 citations), as compared to those (ranging from 12 to 51) in re-
spect of the other generated 14 headings. Furthermore, it was found
that 53% of the reviewed studies adopting project controls as a
CSF dealt with the success of construction projects, while only
3% are concerned with research and development projects. The re-
maining studies dealing with project management and organiza-
tional projects, infrastructure projects, and all project types can
also be regarded as relevant to the construction industry. In brief,
the findings of this research stage reinforce the unceasing need for
improving the efforts, systems, or mechanisms invested in imple-
menting effective planning, monitoring, reporting, and control for
projects in all industries, and more prominently for those in the
construction industry.

Stages 2 and 3: EVM Limitations and Enhancements

The findings of Stage 2 of the performed research are concernedwith
the identification of the limitations that are argued to be hindering the
applicability of EVM as a project control tool in the construction
industry. Based on an in-depth review of 81 research studies tackling
project controls and EVM limitations, 16 headings are adopted
for describing the reported EVM limitations (Demachkieh and
Abdul-Malak 2018b). The literature-based limitations are further
classified into six broad classes of barriers, four of which are
found to be in connection with the EVM technical aspects, while
the other two are viewed to be concerned with EVM practical im-
plementation issues, offering a clear basket of hindrances reported
as preventing the use of this tool on construction projects. As de-
picted in Fig. 2, it can be deduced that the technical-related EVM
limitations, i.e., those in relation to the method’s metrics and for-
mulations, have a combined citation frequency of 88%, as com-
pared to 12% for those related to the human and process headings
(i.e., professional development and users understanding and
acceptance). To this end, it is found that the percentage of tech-
nical barriers (78%) is about four times that of practical barriers
(22%), emphasizing the critical importance of the technical short-
comings over the implementation-related ones. This explains the
main research areas tackling EVM extensions and practical appli-
cations for monitoring and controlling project cost and schedule,
in response to the much-reported EVM limitations.

Subsequently, the third stage of the research involves the iden-
tification and categorization of the main tracks along which the
encountered enhancements can be classified, synchronously with
the various classes of shortcomings that were reported in the re-
viewed published work. Fig. 2 shows the distribution of the 238
reviewed EVM improvement studies over the already-generated
six EVM limitations classes. The top two frequencies (50% and
23%) for the reported improvements (totaling 73%) are found to

Fig. 2. Percent share of improvements for each EVM limitation class.
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have been associated with the two top-ranked limitation classes,
corresponding to accuracy of metrics and methods/approaches
for analyses.

Stage 4: EV Significance for the Construction Contract
Engineer

In order to emphasize on the array of various roles and duties
that the engineer can be requested to perform in relation to the
administration of contract during the construction phase, the
hypothesized framework, shown in Fig. 3, has been developed.
It summarizes the various needs that shall be pertinently included
in, and—more prominently—observed under, the construction con-
tract, in order to permit a more informed EV measurement and as-
sessment by the project owner or the owner’s appointed engineer.
Accordingly, it consists of three main cohorts that include proposed
steps that may suitably be followed by the engineer. These involve
(1) giving or withholding consent to the contractor’s submitted
baseline schedule and any updated or revised schedules (and con-
currently the submitted time-phased PV curve), (2) deciding on the
realistic EV amount that may be considered representative of the
value of work claimed by the contractor to have been executed,
and (3) taking decisions under the construction contract for control-
ling progress and/or advising on the levying of delay damages
against delays that can be systematically evaluated as no longer
recoverable.

Consenting the Contractor’s Schedule
The construction schedule is needed by each participant involved in
the construction project. As such, it is necessary for the construc-
tion contract engineer to monitor and control the project progress
and for the owner and contractor to plan the project and construc-
tion financing obligations, respectively. The schedule depicts
the contractor’s best intent for the construction of the works, includ-
ing the contractual project planned duration, activities’ logical
sequencing restrictions, accompanied by resource and cost loading.
Moreover, both the owner and the owner’s appointed engineer plan
the required personnel during the course of construction by relying
on the requirements imposed by the schedule prepared by the con-
tractor (Booen 2000).

Succeeding the contract award and shortly after getting the no-
tice of commencement with the works, it is a common practice that
the contractor submits to the engineer a high-level preliminary
schedule for the execution of project activities intended to be
achieved in the first 90 days of the contractual or agreed project
duration (APD). Consequently, and before the end of the 90-day
period, the contractor is required to submit a full-fledged schedule,
including sufficient details for all activities that are planned to be
executed during the overall project duration. Per se, the engineer,
while not required to express explicit consent to the submitted
schedules, is nonetheless to alert the contractor of the degree to
which any of those schedules are judged to be not in compliance
with the contract provisions and requirements. That being said, the
engineer may show no disapproval to the schedule but without
undertaking obligation for it (Bunni 2013). There is no explicit
specification stipulating the review process that shall be conducted
by the engineer, even though such a process is expected to be com-
pleted within a reasonable time.

Several empirical S-curve prediction formulas and models
have been developed (Cioffi 2005; Mavrotas et al. 2005; Blyth
and Kaka 2006; Chao and Chien 2009; Chao and Chen 2015;
San Cristóbal 2017). These can be relied upon for judging the
reasonableness of the time-phased expenditures curve, which is
derived from the contractor’s submitted schedules by being impar-
tially evaluated against industry-accepted measures. Here, the

S-curve of interest is that offering the owner’s cash flow predic-
tion over the construction contract duration; that is, this curve is
produced by multiplying the work item’s unit rate or price by the
quantity of the work item that is planned to be executed in each of
the contractor’s schedule activities. To this end, the detailed in-
vestigation of the employability and forecasting accuracy of
the proposed cash flow prediction models from the viewpoint
of the project owners and their appointed engineers has been per-
formed (Demachkieh and Abdul-Malak 2019b), and a discussion
of the practical implications of the investigation findings is of-
fered in a subsequent section.

Interim Progress Payment Valuation and Certification
During project execution, the contractor is under the obligation to
submit a monthly progress report incorporating a thorough de-
scription of the work progress accompanied by a comparison be-
tween the planned (i.e., PV) and actual (i.e., EV) progress values.
The report includes sufficient particulars of any events or circum-
stances that may endanger the project completion in accordance
with the contract requirements, along with the corrective or antici-
pated actions that are or shall be implemented to overcome sched-
ule delays.

Nevertheless, there are many reasons justifying the effectuation
of the reductions that can be applied by the engineer to the sums
proposed by the contractor in a submitted interim payment certifi-
cate application (IPCA), as shown in Fig. 3. These include (1) dis-
crepancies in the measurements of executed work (i.e., quantity-
related reductions), (2) technical performance or achieved quality
of performed work (i.e., quality-related reductions), (3) predicted
possible rework in relation to the violation of the planned work
schedule (i.e., schedule-related reductions), and (4) the failure
of transferring the executed work to their respective schedule suc-
cessors or internal customers (i.e., schedule-related reductions)
(Demachkieh and Abdul-Malak 2019a).

As such, work considered by the contractor to have been
executed, as shown in an IPCA and echoed in the accompanying
updated project schedule, where both are submitted in congruence
with the monthly progress report, may be denied approval by the
construction contract engineer. Such a denial may take the form of
either withholding or setting off sums from the amounts that are to
be otherwise certified by the engineer. That being said, it is this EV
sum, so certified by the engineer as having been earned from the
work executed by the contractor up to the payment cycle in ques-
tion, that is used by the project owner and contract engineer for
assessing project progress performance.

Need for Schedule Duration Forecasting
The incompatibility between the EV amounts that are certified by
the engineer and those that are reflected in the project schedule up-
date generated by the contractor in congruence with the monthly
progress report, as given in Fig. 3, is the primary motive that
prompts the necessity for the engineer to independently calculate
an at-completion duration figure [i.e., EAC(t)], with the aim of
evaluating the project schedule performance. To this effect, several
duration forecasting methods and metrics have been identified, and
a detailed assessment of their potential practical application by the
engineer has been performed (Demachkieh and Abdul-Malak
2019c). The difference between the EAC(t) figure computed using
any of the proposed duration forecasting techniques and the APD is
taken to reflect the amount of expected delay. Consequently, in the
case where contractors are incurring delays owing to events not
entitling them to an extension of time, the contractors are then re-
quired to submit a revised schedule and an updated method state-
ment incorporating the methods to be followed for expediting
progress and completing the works in accordance with the APD.
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Failure to do so means that it could become reasonable for the
owner to entertain enforcing the recovery of delay liquidated dam-
ages (LDs), while basing such a warranted action on the EAC(t)
figure forecasted by the engineer as the likely time for completing
the works by the contractor.

Application of Models and Relevance to
Practitioners

In order to emphasize the practical significance of how the several
identified methods and metrics may be employed by the engineer,

Fig. 3. General framework underlying the EV measurement and assessment by the engineer.
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this section discusses the implementation frameworks developed
for three main outcome cohorts or tracks of the research method-
ology shown in Fig. 1. As such, these frameworks address the de-
vised practical application steps for the handling by the engineer of
(1) construction cash flow predictions using empirical S-curves,
(2) administration of interim payments valuation and certifications
(i.e., payment withholdings and setoffs), and (3) schedule perfor-
mance measurement and control (i.e., forecasting the remaining
project duration and measuring the expected project delay).

Construction Cash Flow Predictions Using Empirical
S-Curves

Application of Cash Flow Prediction Models
As previously discussed, the contractor, following the contract
award and the receipt of the notice of commencement with the
works, is usually required to submit to the engineer a baseline sched-
ule for review and probable consent. Inferred from such a schedule is
the planned value S-curve (i.e., planned progress), which is gener-
ated to determine the owner’s cash outflow requirements during the

execution of the construction works. Under the lack of clear prin-
ciples to guide the engineer as to how to conduct the review of sub-
mitted schedules and their implied cash flow S-curves, for the
purpose of issuing necessary comments or possibly leading to giving
or withholding consent, a systematic approach is presented for
evaluating and judging the reasonableness of such contractor’s gen-
erated S-curve.

In serving the contract administration purpose (P2 in Fig. 1), the
engineer is presented with three proposed steps, as follows: (1) fore-
casting the planned value S-curve using several identified relevant
methods, as illustrated in Fig. 4; (2) developing the allowable
S-curve boundaries to assist in giving or withholding consent
regarding the contractor’s S-curve, as depicted in Fig. 5; and
(3) generating the acceptable upper and lower S-curves for dealing
with the uncertainty that is integral in the contractor’s submitted
schedule throughout the construction phase and specifying the
range of variabilities in the owner’s cash outflows that may have
to be endured and thus prearranged for, as shown in Fig. 6.

To elaborate, it is proposed that the engineer can rely on the
various encountered S-curve prediction models in order to assess
the suitability or reasonableness of the planned progress curve

Fig. 4. First framework in the road map for reviewing the contractor’s PV S-curve.
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submitted by the contractor. As such, the inputs’ values shall be
predicted or inferred from the PV curve submitted by the contrac-
tor, in addition to other factors being deduced from the project brief
and the anticipated project circumstances. The engineer may need
to rectify the initial and last parts of the projected S-curve generated
using some mathematical equations in order to satisfy the boundary
conditions of (1) 0% progress at 0% time, and (2) 100% progress at
100% time, as a way to improve the fitting accuracy of the gener-
ated S-curves. Consequently, the engineer is required to measure
the reliability and accuracy of the proposed models through the
computation of the mean absolute deviation (MAD) and root-
mean-square error (RMSE) metrics, respectively. The MAD is used
for evaluating the error for the monthly estimated cash flow for
each of the encountered models. The RMSE is a commonly used
metric for quantifying performance accuracy of continuous varia-
bles by directly measuring the percentage average error. Accord-
ingly, the proposed models are deemed to be reliable if the ratio
of MAD to the contract amount is equal to or less than 3%
(Kenley and Wilson 1986; Kaka and Price 1991). Subsequently,
the forecasting accuracy of those models that have been considered

as reliable is studied, with the adopted acceptable threshold being
3% as well.

To validate the practical employability of the proposed cash
flow models and test their accuracy and reliability, a high-end res-
idential building project constructed in the Middle East has been
used. The actual data for the contractor’s cumulative expenses
(i.e., materials, labor, and indirect/overhead expenses) and ap-
proved value of performed work (as certified by the engineer) were
collected and used for generating the contractor’s cumulative
expenditures and owner’s earned value curves, respectively. In rel-
evance to the analyses carried out subsequently, it is the value of
achieved work that is taken into consideration, with such work
being that approved by the engineer for incorporation in the con-
tractor’s payment statement. As such, it is presumed that the con-
tractor’s earned value curve was exactly equivalent to the planned
value one. That is, the proclamation is that the work on this job had
actually progressed in full accordance with the contractor’s original
PV curve that must have been deduced from the consented baseline
construction schedule. In other words, the contractor’s cumulative
PV figures, which can alternatively be referred to as the expected

Fig. 5. Second framework in the road map for reviewing the contractor’s PV S-curve.
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EV amounts, are assumed to have been successively achieved in
their corresponding due times and to have as such been endorsed
for payment as exactly incorporated in the interim payment certif-
ication applications by the contractor. In order to construct the proj-
ect’s S-curves obtained from the encountered cash flow prediction
models, the various parameters of each model are inferred from the
contractor’s PV curve, and inserted in the proposed formulations
to generate five predicted project S-curves, as shown in Fig. 4.

Consequently, the MAD values are calculated, as illustrated in
Table 1. As it can be concluded, the error range of the encountered
models is (1.58%–2.01%), which is within the 3% satisfactory
threshold. Based on the outcomes of the ratio of MAD to the con-
tract amount computations, all the models are observed as reliable
in portraying the project progress for the construction project on
hand, with that developed by Mavrotas et al. (2005) being the most
reliable model.

Fig. 6. Third framework in the road map for reviewing the contractor’s PV S-curve.

Table 1. Comparison of accuracy and reliability of the proposed forecasting models

Research study MAD
MAD/contract
amounta (%)

Reliability
rank RMSE (%)

Accuracy
rank

Cioffi (2005) $121,183.4 1.92 4 2.35 2
Mavrotas et al. (2005) $99,769.1 1.58 1 2.06 1
Chao and Chien (2009) $108,164.7 1.72 2 2.34 3
Chao and Chen (2015) $116,116.7 1.84 3 2.67 5
San Cristóbal (2017) $126,253.2 2.01 5 2.44 4
aBased on the contract amount of $6,296,605.0.
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The performance of each of the models is evaluated in terms of
the RMSE, determining the closeness of fit of the developed PV S-
curve to the actual progress figures. As depicted in Table 1, all the
proposed models are on par with one another, due to the low errors
for each formula (i.e., below the 3% threshold). The contractor’s
S-curve that was constructed using the model presented by
Mavrotas et al. (2005) yielded the lowest RMSE value, and thus
it obviously outperforms the other methods in forecasting the
project progress for the construction project on hand. Subsequently,
the proposed models are then ranked by increasing RMSE values.
As deduced from Table 1, the method proposed by Mavrotas et al.
(2005) is the most accurate method for generating the project cash
flow over the other literature-proposed models, as deduced from
both MAD and RMSE results and the ranking approach.

Next, the engineer may develop an envelope, as shown in Fig. 5,
including the estimated progress S-curves that are considered to
have successively passed the reliability and accuracy criteria, with
the purpose of assessing whether the cash flow progress curve im-
plied from the contractor’s baseline schedule is well confined
within such higher and lower boundaries. This envelope is used
as a tool to support the engineer in giving or withholding consent
to the contractor’s schedule by way of checking whether the project
S-curve is realistic and reflecting sound planning throughout the
project contractual duration.

To examine the impacts of changes in project conditions on the
progress estimates, further validation of the encountered methods
is performed using a sensitivity analysis. In reference to Fig. 6, a
sensitivity analysis on the developed S-curves can be produced in
order to generate an envelope incorporating an upper limit and a
lower limit, with the aim of specifying the input value subranges
that meet a satisfactory level of prediction accuracy. Such an
envelope can be helpful in serving two main goals of (1) achieving
effective progress monitoring and control by the construction con-
tract engineer (P1 in Fig. 1), and (2) planning for project cash out-
flows by the owner. In practice, this envelope defines the lowest
and highest allowable capital absorption (defined as the upper and
lower cash flow acceptable limits at each point in time) throughout
the project construction phase stage. Consequently, regression
analysis is performed in order to develop mathematical formulas
that can best depict the prediction envelope deduced from the sen-
sitivity analysis performed regarding the models’ inputs variability.
As shown in Fig. 6, a perfect fourth-degree polynomial is found to
fit both the upper and lower curves of the progress envelope for
the construction project on hand, as deduced from the sensitivity
analysis.

Generalization Considerations
This track is intended to provide a contribution to the knowledge
and practice of assessing the reliability and accuracy of a project’s
construction planning. In this regard, a systematic and straightfor-
ward framework that can be adopted by the engineer when con-
ducting an objective assessment of the contractor’s PV S-curve
has been developed. In this regard, the proposed methodology is
considered as a generic approach for the application of the encoun-
tered cash flow prediction models. In other words, the generic steps
can be followed by the engineer for consenting to any analytical
schedule-based PV curve submitted by the contractor. Once a cash
flow prediction model (out of the five adopted ones) has satisfied
the reliability and accuracy requirements, the engineer is able to
give consent on the submitted time-phased S-curve. Then the en-
gineer may end up using all five generated S-curves from the en-
countered models, or in some circumstances, only those S-curves
generated from the models meeting the reliability and accuracy
thresholds with the purpose of developing the project-allowable

bounds (i.e., project envelope). In this regard, the envelope gener-
ated from the reliable and accurate S-curves is used as a tool for
exercising progress monitoring and control during the construction
phase. At any point in time during the course of work execution,
with actual progress figures being available, the status of the project,
at any stage, can be evaluated by examining whether the EV curve
(actual progress curve) is included within these allowable upper and
lower boundaries. By way of summarizing, the ultimate implication
of this track is intended to be one that better supports owners’ early
financial planning and more impartially evaluating the project-level
schedule-based cash flow, thus helping in the vital task of monitor-
ing and controlling the project progress.

Payment Withholdings and Setoffs

Disagreement Avoidance and Preventive Reduction Methods
Interim progress payment valuation and assessment represent an
essential contract administration function in construction projects.
To this effect, Demachkieh and Abdul-Malak (2019a) deliberated
several reasons as to why work estimated by contractors to have
been executed is refused certification by the engineer. A framework
is proposed here, as illustrated in Fig. 7, which relied on three sour-
ces of information pertaining to payment-reduction practices, in-
cluding (1) a review of the relevant standard conditions for the
construction contract issued by the International Federation of Con-
sulting Engineers (FIDIC 1999), (2) an examination of the payment
certification records on three building construction project cases
executed in the last 5 years in the Middle East and North Africa
(MENA) region, and (3) a synthesis of several techniques identified
in the related literature tackling progress measurement assessments
and EV adjustments.

The discrepancy in the measurement of work performed
(referred to as quantity-related reductions in Fig. 7), originally
by the contractor and later by the engineer, concerning the executed
work items quantities, can be regarded to be a primary reason jus-
tifying the reduction applied by the engineer to the EV sum re-
ported by the contractor in a submitted IPCA and reflected in the
updated schedule accompanying the monthly progress report. This
may cause the effectuation of withholdings pertaining to (1) differ-
ence in the method adopted for quantities measurement, (2) delay
in inspecting the executed work by the engineer, and (3) over-
stated bill of quantities (BOQ) work items in a lump-sum contract
(Demachkieh and Abdul-Malak 2019a).

As such, the measurement of work is recommended under the
reviewed FIDIC conditions to be ideally viewed as a continuous
process, which is to be jointly performed by the contractor (for
the purpose of submitting an IPCA) and by the engineer (for the
purpose of certifying the payment due to the contractor) in order to
lessen the probable discrepancy in evaluated progress/quantities
that may arise when measurements are made independently. Inte-
gral to this process is that the inspection of work by the engineer
shall be performed without unreasonable delay. However, the real-
ity in practice, as inferred from the three studied project cases, has
been found to be far from such recommended practices. Addition-
ally, the overstatement of quantities for some BOQ work items
would lead to an interim underpayment of the contractor during
construction if the BOQ is used as the basis for making periodic
payments. In this regard, the contractor would be denied the pay-
ment of the work item’s price subtotals in the IPCA in question
although no additional work is needed regarding the concerned
items, with the whole executed quantity ending up being less than
the total quantity originally estimated and listed in the BOQ. As
such, two literature-proposed methods can be embraced for more
objectively determining or measuring the work progress: the fuzzy
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EV (FEV) (Moslemi-Naeni and Salehipour 2011; Aliverdi et al.
2013; Naeni et al. 2014) and interval EV (IEV) (Forouzanpour
et al. 2016) techniques. These formulations can be adopted by
the contractor and engineer as a common basis for interim payment
application and certification purposes, thus avoiding conflicting
progress evaluations, and accordingly subjective work assessment
judgments.

Moreover, if the contractor fails to execute the works in accor-
dance with the quality requirements (referred to as quality-related
reductions in Fig. 7), the engineer may opt to temporarily reduce
the EV sum, until the contractor attends to the remedy of such
defective work according to the contract conditions. However, if
the contractor fails to conform with the instruction to remedy the
defective quantities, the engineer shall be entitled to set off the
withheld amount, and the owner may subsequently pay other en-
tities to perform the work. In case the engineer chooses to accept
the executed works or systems while not being in full compliance
with the contractual provisions, a permanent setoff is put into effect.
To this end, various methods, as shown in Fig. 7, can be considered
instrumental in evaluating the achieved quality of performed
work, namely, (1) performance-based EV (Hernández et al. 2013),
(2) quality EV (QEV) (Dodson et al. 2015), and (3) earned quality
of work performed (EQWP) (Paquin et al. 2000).

Consequently, the resulting EV sum, considered by the engi-
neer to have been cleared and whose quantities have been ac-
cepted by the contractor and engineer, may be further reduced
with respect to schedule-related criteria. That being said, if any
executed work is deemed to have been performed not in accor-
dance with the planned execution sequence as defined in the
project consented schedule, or not to have properly served other
activities of this schedule by not satisfying the underlying ration-
ale of their sequencing dependencies (i.e., internal customers), the
total EV figure shall be diminished accordingly, by using the cus-
tomer EV (CEV) (Kim et al. 2015), and the effective EV (Lipke
2004) techniques. As such, the CEV method is based on the in-
ability to transfer the executed work to an internal schedule’s cus-
tomer. For example, taking the case of two trades such as a
geotechnical contractor and a structural contractor, the structural
trade cannot start its work in the designated area until the geo-
technical contractor finishes the works. Nevertheless, if the last
part of the activity performed by the geotechnical contractor

(i.e., slope trimming and leveling) is slow in progress, this will
be ineffective in terms of EV. Consequently, Activity B, which
is an internal customer of Activity A, cannot be initiated because
the area is still unreleased by the geotechnical contractor. Hence, the
CEVof Activity A is not credited until Activity B is initiated. The
contractor, when evaluating the EV sum to be incorporated into an
IPCA, does not distinguish between the value-generating activities
(i.e., activities providing value for the internal customer) and non-
value-generating activities. Such EV amount thus may be doubted
by the engineer, who might effectuate appropriate reductions to the
contractor’s amounts included in an IPCA. On the other hand, the
effective EV method is based on the rework possibly caused by the
violation of the work’s planned execution sequence (Lipke 2004).
On the other hand, when hindrances and obstacles prevail during the
course of work execution, the contractor is usually to instruct la-
borers to execute activities out of the original planned sequence.
This is achieved at the risk of these activities not acquiring all
the necessary inputs, thereby making these activities vulnerable
to rework that is expected to undulate into consecutive activities.
In this regard, the EEV technique fosters the adherence to the
planned execution sequence for the engineer to certify the full
EV sums included by the contractor in an IPCA.

Effectuating Payment Reductions in Practice
This stage provides a framework that emphasizes a number of prac-
tices that are beneficial to preventing conflicts over the measurement
and assessment of executed work. Also included in the proposed
framework are various reasons that can be regarded as supporting
the payment reductions, either through withholding or setting off
amounts from the sums to be periodically certified by the engineer
for successive compensation by the owner to the contractor. It is de-
duced that the engineer may exercise the withholding or setting off of
certain amounts from the sums proposed by the contractor as repre-
senting the value of achieved progress supposedly earned by the
owner up to the current payment cycle. Consequently, this inherent
disagreement by the engineer (as to the actual value earned) is ex-
pected to cause a contradiction between (1) the EV deduced from the
updated schedule generated by the contractor, and (2) the EV certi-
fied by the engineer for the concerned payment cycle, as included in
the payment certificate so issued by the engineer.

Two common reasons can be viewed as explaining the effectu-
ation of reductions by the engineer, including (1) quantity-related

Fig. 7. Approaches for mitigating EV disagreements and techniques for justifying preventive EV reductions.
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reductions, and (2) quality-related reductions. Based on schedule-
related compliance criteria, The main—or, alternatively, driving—
incentives justifying the adoption of the already discussed methods
for obtaining a more representative earned value amount incorpo-
rate (1) embracing more realistic activity sequencing relationships
and constraints in the generation of the schedule, (2) allowing
a more efficient monitoring on planned work by the engineer,
and (3) reducing the risk of payment being approved for out-of-
sequence performed work, which could probably cause rework.
The outcome of this stage highlights the necessity to (1) instill col-
laboration between the various project participants; and (2) impart
transparency and impartiality into the construction processes and
methods that may be embraced for the aim of managing the issu-
ance of IPCA, with the expected consequence eventually being the
prevention of payment-related claims and disputes.

Construction Schedule Performance Measurement and
Control

Application of Duration Forecasting Methods
From a project owner’s perspective, the adjusted or approved EV
figure, which represents the value of executed work certified by the
engineer up to a certain point in time, is significant for comparison
with the PV to be accomplished by that time. In this regard, the
incompatibility between the EV sums certified by the engineer
and those alleged by the contractor in the monthly progress report,
as inferred from the accompanying construction schedule updates,
is the main reason that necessitates the engineer to independently
forecast the EAC(t) figure.

That said, the framework presented in Fig. 8 consists of the main
steps that may be followed by the engineer for measuring and

Fig. 8. Schedule performance measurement and control framework.
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controlling project schedule performance. These include (1) decid-
ing on the realistic EV figure that represents the value of accom-
plished work purportedly earned by the owner at the reporting time,
(2) computing the project remaining duration and the correspond-
ing indicators for schedule performance measurements, and (3) tak-
ing decisions in accordance with the contract for controlling project
progress and/or recommending the recovery of LDs due to delays
that are deemed unrecoverable.

After the determination of the total EV figure, the engineer may
rely on the weight EV (Zhong and Wang 2011) or the active float-
ing time (Najafi and Azimi 2016) techniques in order to eliminate
the false warning signals produced by the noncritical activities. As
such, a variety of methods have been provided to monitor schedule
performance and predict the EAC(t) figure, namely, (1) the planned
value method (PVM) (Anbari 2003), (2) the earned duration
method (EDM) (Jacob 2003; Jacob and Kane 2004), (3) the earned
schedule method (ESM) (Lipke 2003), (4) the work rate prediction
method (WRPM) (PMI 2011), (5) the earned duration management
method [EDM(t)] (Khamooshi and Golafshani 2014), and (6) the
earned time method (ETM) (Chang and Yu 2018). In reference to
Fig. 8, the formulations proposed by the duration forecasting meth-
ods permit the computation of schedule variance (SV) and/or
schedule performance index (SPI), which are used along with
the cumulative PV and EV amounts to forecast the EAC(t). Four
of the methods [i.e., ESM, EDM(t), WRPM, and ETM] do not de-
pend on SV and SPI in their main formulations, accordingly, they
cannot take advantage of the improvement offered by the weight
EVor active floating time techniques. As such, Elshaer (2013) rec-
ommends adopting activity-based sensitivity information to com-
pute computation the EAC(t) figure. The role of the engineer is
thus to choose an accurate and reliable forecasting method in order
to estimate the project remaining duration and consequently the
schedule performance measures, calculated from one of the two
methods (i.e., weight EVor active floating time), or—otherwise—
adopting activity sensitivity analysis.

The difference between the APD and any EAC(t) figure cal-
culated using any of the proposed duration forecasting methods
represents the amount of delay that the project is expected to in-
cur. If this difference is negative [i.e., EACðtÞ > APD], the engi-
neer may select one or more of the three schedule recovery
indicators, with the purpose of determining the future schedule
efficiency needed to comply with the contractual project duration,
including (1) to-complete schedule compression ratio (TCSCR)
(Kim 2014), (2) to-complete schedule performance index (TSPI)
(PMI 2011), and (3) EV improvement index (Cioffi 2006). The
application of TCSCR can assist the engineer in determining a
threshold for acceptable performance limits during the project
construction stage (Kim 2014). Moreover, the TSPI, which is
the reciprocal of TCSCR, can also be used by the engineer in or-
der to assess the achievability of the contractual planned duration
at the reporting date (PMI 2011). Last but not least, the EV im-
provement index measures the necessary increase in productivity,
using an analytic estimate for an S-curve, in order to achieve the
APD (Cioffi 2006).

At the end of each payment cycle, the engineer is confronted
with three main lines of actions, including neglect, monitor cau-
tiously, or take rapid actions. To this effect, the engineer can adopt
prompt actions when the general project performance status is be-
low a specified threshold (e.g., TCSCR < 0.85), which shall be al-
ready expressed in the contract conditions. Moreover, the engineer
may use control charts to monitor the variation in various indicators
or measures, for instance, SPI, SV, TSPI, or any other index over
time with upper and lower control limits [i.e., upper control limit
(UCL) and lower control limit (LCL)]. Accordingly, if the

computed indicator goes beyond those limits, there is usually a ne-
cessity for possible interference by the engineer. In other words, the
EAC(t), together with a computed schedule recovery indicator and
its quantified acceptable threshold or control limit, can assist the
engineer in prompting and supporting actions (i.e., enforcement
of LDs) that are warranted by the forecasted schedule performance,
systematically evaluated in line with the framework’s recom-
mended steps.

Proposed Methods Practical Applicability
This stage of the research work highlights the necessity to benefit
from the proposed integrated set of methods and metrics, with the
purpose of more accurately forecasting the project duration at com-
pletion. It provides a framework emphasizing the various require-
ments that need to be appropriately included in, and—more
importantly—observed under the construction contract, with the
intention of allowing a more judicious schedule performance meas-
urement and control by the engineer. The ultimate implication is
intended to be one that supports the traditional schedule delay
analysis by providing a methodical and objective evaluation
method for justifying an impartial initiation by project owners
of the enforcement of LDs in case of anticipated schedule delays.
By adopting such a transparent approach in aid of contemplating
the recovery of LD sums, the likelihood of claims and disputes to
arise between contracting parties (owners and contractors) is ex-
pected to be minimized. However, all of the proposed project du-
ration forecasting methods have the same objective, which is
measuring anticipated project schedule delays by forecasting the
project at-completion duration. The literature reviews of these tech-
niques when adopted as a project schedule control tool provide
slight advantages for one technique over another, based on the con-
struction project conditions. No better or best project forecasting
method was definitely proven to be appropriate to all possible cir-
cumstances for the project’s progress throughout the entire duration
life span. Hence, provided that no method is verified as being ro-
bust in terms of constantly yielding satisfying and consistent results
in each phase of the total project construction duration, the engineer
shall carefully choose the forecasting technique deemed most prac-
tically appropriate.

Analysis and Discussion

The findings of this study revealed an opportunity for developing a
set of frameworks incorporating guidelines and requirements that
shall be considered by contract administration practitioners when
deciding on or assisting in the drafting of construction contract
conditions. As such, the purpose of this section is to highlight
the related requirements to be met by contractors and the types
of authority to be entrusted with the engineer in order to facilitate
the employability of the proposed EV assessment frameworks.

Synthesis of Proposed Methods and Metrics for EV
Measurement and Assessment

In summary, it well recognized that the engineer can be requested
to act in an array of various roles or duties in relation to two main
purposes, including (1) progress monitoring and controls (P1),
and (2) administration of construction contract (P2). As shown in
Fig. 9, such roles are staged at critical milestones or gates along the
project life cycle (i.e., preconstruction and construction stages). To
this effect, this research has established that engineers, involved in
administrating construction contracts (P2), can have at their disposal
a set of mathematical formulations and metrics that can be relied
upon for (1) generating the project-level cash flow S-curve in the
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preconstruction stages, (2) dealing with progress measurement as-
sessments and EVadjustments (justifying the potential withholding
or setting off of amounts that are otherwise viewed as due by the
contractor), and (3) justifying a recommendation to the effect of
levying by the owner of LDs in case of adjudged inexcusable sched-
ule delays. Generated from the upper and lower bounds of the em-
pirical S-curves (using the sensitivity analysis and expressed in
terms of the best-fit polynomial functions), the project envelope
serves as a tool that can used by the engineer for exercising progress
monitoring and control during the course of work execution. How-
ever, as a condition precedent to the enforcement of LDs, the engi-
neer has to serve the critical task of forecasting and updating the
remaining project duration, with the purpose of frequently monitor-
ing and controlling the project performance during the construc-
tion phase.

Contractor’s and Engineer’s Requirements and
Engineer’s Entrusted Authority

In order to highlight the practical implications of how the various
frameworks and methods may be relied upon by the engineer,
Fig. 10 summarizes the related requirements to be met by both
project participants (i.e., the contractor and the engineer), in addi-
tion to the authority to be entrusted with the latter for facilitating the
employability of the proposed frameworks, based on the synthesis
presented in Fig. 9. The engineer, as depicted in Fig. 10, often ends
up playing three different duties during the course of projects ex-
ecution, including (1) evaluating the reasonableness of the contrac-
tor’s submitted baseline schedule and any updated or revised
schedules, (2) dealing with payment withholdings and/or setoffs to

the sums purported by the contractor in the submitted IPCAs, and
(3) measuring and controlling project schedule performance (fore-
casting and updating the remaining project duration).

When performing an impartial review of the schedule-based
S-curve submitted by the contractor (Duty 1 in Fig. 10), the engi-
neer, as shown in Fig. 9, is recommended to contemplate relying on
various literature-proposed formulas in order to forecast the con-
struction work S-curves for the construction project on hand
(Demachkieh and Abdul-Malak 2019b). Accordingly, the main in-
puts needed to predict the S-curve in the preconstruction stages in-
clude contract amount, duration, curve slope, time at which half of
the total costs have been spent, two values of costs and their cor-
responding occurrences, and position of inflection point. Two in-
puts (i.e., contract amount, duration) are explicitly stated in the
contract agreement. Likewise, the other four factors can be effort-
lessly deduced by the engineer, from the contract documents and
schedule submissions (accompanied by the PV S-curve) made by
the contractor. As such, the two factors, contract amount and du-
ration, are deemed to be important variables due to their capability
to mutually evaluate the project’s complexity, and therefore pos-
sibly influencing activities’ logical relationships (i.e., serial or par-
allel networks). Other input factors are readily specified by the
engineer due to their connection with the payment mechanism,
and they are normally specified in the contractual payment clauses.

During project execution, the engineer may exercise withhold-
ing or setting off certain sums from amounts presented by the con-
tractor as reflecting the value of executed work allegedly earned by
the owner at the time of progress reporting and payment certifica-
tion evaluation (Duty 2 in Fig. 10). The disagreement on the quan-
tification of executed work between the contractor and engineer is
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Fig. 9. Summary of proposed methods and metrics for EV measurement and assessment.
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the first reason leading to a discrepancy between the assessed and
certified amounts in the interim payment cycle. To this effect,
two methods can be applied for more objectively evaluating or meas-
uring the level of achieved progress: the FEVand IEV techniques. As
previously explained, the two proposed methods related to EV as-
sessment (i.e., FEV and IEV) shall be taken as mutually exclusive.
In the case where an schedule of value (SOV) for a certain work item
is specified in the contract, the IEV is then adopted as a measurement
assessment method. The decision makers (e.g., construction man-
ager, site engineer) are expected to collectively participate on behalf
of the contractor and engineer in generating an evaluation of the
achieved progress based on the stages expressed in the work item’s
SOV. The role of the engineer is then to decide on the relative
weights corresponding to each decision maker involved in the esti-
mation of the percent complete, and consequently the IEV for the
work item in question. In contrast, the FEV technique is used in
the case where an SOV for a certain work item is not provided
in the contract. Accordingly, activity progress is described or as-
sessed using linguistic terms, such as low, very high, or half, which
are then transformed into fuzzy numbers based on a membership
function assigned to each term. Subsequently, those linguistic terms
are converted to real numbers by using fuzzy-set principles. EV for-
mulations along with a specified α-cut value are then accustomed in
order to reflect fuzzy numbers. In this regard, the engineer shall en-
sure the prior stipulation of the membership function and the α-cut
value in the contract documents (e.g., general requirements of the
specifications) to enable the performance of such fuzzy-based analy-
ses. In practice, the choice of suitable value for α can depend on the
decision maker (in this case, the engineer), past experience, and/or
the work item in question. For instance, in a nuclear power plant
project, it might be advantageous to consider small membership de-
grees (i.e., cases with small possibility of occurrence) due to the high
degree of risk associated; thus α is selected to be small (Moslemi-
Naeni and Salehipour 2011).

Moreover, in order to resolve the conflict between the differing
assessments, first by the contractor and then by the engineer, for
the executed quantities for work items under progress or fully

executed, the engineer may be given the authority to legitimately
entertain allowing payment for (1) partial executed quantities for
work items for which there is a delay in carrying out inspection
by the engineer, and (2) overstated BOQ quantities, as originally es-
timated by the owner or on the owner’s behalf, in the case of a lump-
sum contract form. The risk of contractor’s overpayment arising from
such practices is alleviated by the fact that the engineer is allowed to
correct any earlier certified sums in future payment certifications. In
the first case, the engineer may certify in the IPCA the amount cor-
responding to the full quantity executed to date, including the quan-
tities that are yet to be inspected, on condition that the inspection
requests have been properly and timely made by the contractor,
and in accordance with the explicit or stipulated requirements of
the construction schedule regularly updated by the contractor. Such
a practice is likely to serve two main purposes: (1) preventing ex-
cessive construction financing costs, and (2) discouraging the engi-
neer from intentionally postponing the inspection of executed work
that is ready for examination. In the same way, when it is recognized
that the total field quantity (in contrast with the BOQ-listed quantity)
of a work item has certainly been fully finished, the engineer may be
entrusted with the authority to fully reflect the contract lump-sum
price’s subtotal related to the work item at issue in the current interim
payment certificate. To this effect, the possibility of a deceptive
understatement to the owner of the total value earned for work
executed to date can be avoided.

In addition, the failure by the contractor to deliver the executed
works in accordance with the set quality requirements during the
corresponding payment period, the engineer may resort to tempo-
rarily or permanently withholding a part of the requested interim
payment (quality-related reductions). The application of the QEV
method necessitates the sole determination of the quality criteria.
However, the use of the EQWP method, which provides a connec-
tion between the schedule’s work breakdown structure and the
quality breakdown structure, requires the engineer to quantify addi-
tional requirements, include (1) estimated contribution of each
schedule activity to its related quality criterion, (2) number of
schedule-embedded control points, (3) value function for each

Fig. 10. Requirements to be met by the contractor and engineer for EV assessment and measurement.

© ASCE 04521014-16 J. Leg. Aff. Dispute Resolut. Eng. Constr.

 J. Leg. Aff. Dispute Resolut. Eng. Constr., 2021, 13(3): 04521014 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

A
m

er
ic

an
 U

ni
ve

rs
ity

 O
f 

B
ei

ru
t o

n 
04

/1
8/

24
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.



quality criterion, and (4) relative weight of each criterion with re-
spect to the overall quality objective.

Finally, the engineer may eventually reduce the adopted EV fig-
ure due to schedule-related criteria. These have been identified to
include (1) potential rework due to performing tasks out of the
planned execution sequence, and (2) the inability to transfer the
performed work to the internal schedule’s customers. This can
be done through the employment of the EEV and CEV methods,
by decreasing the total EV sum, in the case of the former, or the EV
subtotal for related work items, in the case of the latter. To this
effect, the contractor is required to submit, upon the engineer’s re-
quest, a baseline schedule and an accompanying report specifying
the rationale behind the start-to-start relationships between activ-
ities, if any. The authority of the engineer to possibly apply
schedule-related reductions (in case of out-of-sequence activities
and/or activities not serving internal customers) better needs to
be stipulated under the contract particular conditions for the engi-
neer to be acting within the limit of the prescribed authority.

Subsequently, the engineer is recommended to rely on an inte-
grated set of methods and metrics for more reasonably forecasting
the remaining project duration and determining or recommending
whether or not the enforcement of LDs shall be effectuated (Duty
3 in Fig. 10). In order to perform the aforementioned duties (Duties
2 and 3 in Fig. 10), the engineer may instruct the contractor to sub-
mit, along with the updated construction schedule accompanying the
monthly report, the following: (1) the PV corresponding to the tasks
associated with earned schedule (ES), (2) the EV at actual reporting
time corresponding to and limited by the planned tasks, (3) achieved
progress on the activities with start-to-start relationships, and (4) a
comparison between APD and total earned duration (TED).

Finally, the engineer is required to determine the thresholds for
every schedule recovery indicator in order to evaluate the degree of
achievability of the APD. In this regard, the calculated EAC(t) fig-
ure together with the specified tolerance limits can be used as a tool
to support the engineer in determining whether or not the enforce-
ment of LDs shall be effectuated. As such, the aim of these toler-
ance limits is to produce warning signals when the monitored
project progress exceeds a specified threshold, thereby demonstrat-
ing that it is probable that the project surpasses its APD.

Concluding Remarks

The work presented in this paper first confirms the relative impor-
tance of project controls in relation to realizing overall project suc-
cess. Second, this work offers a proposed classification of the
EVM-gleaned literature-based limitations into six classes of bar-
riers, four of which are found to be related to EVM technical as-
pects, whereas the other two are found to be concerned with EVM
practical implementation issues. These outcomes are used as the
foundation for mapping the improvements encountered in the lit-
erature, as a step toward better packaging the enhanced capabilities
of the EVM technique for broadening its application by the engi-
neer on construction projects.

This paper would certainly contribute to the practice and
knowledge of construction project management by offering the en-
gineer with straightforward and systematic frameworks serving the
purposes of (1) effective project monitoring and controls; and
(2) construction contract administration. In this regard, the concep-
tualized frameworks incorporate the various requirements that need
to be suitably integrated in, and—more importantly—prescribed
under, the construction contract, in order to allow the engineer
to (1) check or review the schedule-based PV S-curve submitted
by the contractor, (2) handle decisions pertaining to interim

payment certifications, and (3) forecast the project’s expected re-
maining duration.

The study’s outcomes are intended to help in (1) determining
and assessing the owner’s initial time-phased financial plans for
the construction duration and more objectively judging the analyti-
cally based, schedule-generated cash flow estimates; (2) providing
transparent practices for dealing with interim payment valuations
and certifications; and (3) supporting the traditional schedule delay
analysis in an impartial enforcement of LDs in case of schedule
delays. The ultimate implication is intended to be one that lessens
the prospects of conflicts and disputes to arise between owners and
contractors on construction projects.
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formance based earned value as a management tool for engineering
projects. London: Intech.

Hinze, J. 2001. Construction contracts. New York: McGraw-Hill.
Jacob, D. 2003. “Forecasting project schedule completion with earned

value metrics.” Measurable News 1 (11): 7–9.
Jacob, D., and M. Kane. 2004. “Forecasting schedule completion using

earned value metrics revisited.” Measurable News 1 (11): 7.
Kaka, A. P., and A. D. Price. 1991. “Net cashflow models: Are they reli-

able?” Constr. Manage. Econ. 9 (3): 291–308. https://doi.org/10.1080
/01446199100000023.

Kaka, A. P. F. 1990. Corporate financial model for construction contrac-
tors. Ph.D. dissertation, School of Architecture, Building and Civil En-
gineering, Loughborough Univ.

Kalach, M., M.-A. Abdul-Malak, and I. Srour. 2019a. “Architect and en-
gineer’s spectrum of engagement under alternative delivery methods:
Agreement negotiation and formation implications.” J. Leg. Aff. Dispute
Resolut. Eng. Constr. 12 (1): 04519048. https://doi.org/10.1061
/(ASCE)LA.1943-4170.0000360.

Kalach, M., M.-A. Abdul-Malak, and I. Srour. 2019b. “Liability exposure
and indemnity for architecture and engineering professionals acting as
independent consultants or design subcontractors.” J. Leg. Aff. Dispute
Resolut. Eng. Constr. 11 (4): 04519019. https://doi.org/10.1061
/(ASCE)LA.1943-4170.0000306.

Kartam, N. A., and S. A. Kartam. 2001. “Risk and its management in the
Kuwaiti construction industry: A contractors’ perspective.” Int. J.
Project Manage. 19 (6): 325–335. https://doi.org/10.1016/S0263
-7863(00)00014-4.

Kenley, R., and O. D. Wilson. 1986. “A construction project cash flow
model—An idiographic approach.” Constr. Manage. Econ. 4 (3):
213–232. https://doi.org/10.1080/01446198600000017.

Kennedy, P. 2006. “Progress of statutory adjudication as a means of resolv-
ing disputes in construction in the United Kingdom.” J. Civ. Eng. Educ.
132 (3): 236–247. https://doi.org/10.1061/(ASCE)1052-3928(2006)
132:3(236).

Kerzner, H. R. 2013. Project management: A systems approach to plan-
ning, scheduling, and controlling. New York: Wiley.

Khamooshi, H., and A. Abdi. 2016. “Project duration forecasting using
earned duration management with exponential smoothing techniques.”
J. Manage. Eng. 33 (1): 04016032. https://doi.org/10.1061/(ASCE)ME
.1943-5479.0000475.

Khamooshi, H., and H. Golafshani. 2014. “EDM: Earned duration manage-
ment, a new approach to schedule performance management and meas-
urement.” Int. J. Project Manage. 32 (6): 1019–1041. https://doi.org/10
.1016/j.ijproman.2013.11.002.

Khosrowshahi, F., and A. Kaka. 2007. “A decision support model for con-
struction cash flow management.” Comput.-Aided Civ. Infrastruct. Eng.
22 (7): 527–539. https://doi.org/10.1111/j.1467-8667.2007.00508.x.

Kim, B.-C. 2014. “Dynamic control thresholds for consistent earned value
analysis and reliable early warning.” J. Manage. Eng. 31 (5): 04014077.
https://doi.org/10.1061/(ASCE)ME.1943-5479.0000309.

Kim, B.-C., and H.-J. Kim. 2014. “Sensitivity of earned value schedule
forecasting to S-curve patterns.” J. Constr. Eng. Manage. 140 (7):
04014023. https://doi.org/10.1061/(ASCE)CO.1943-7862.0000856.

Kim, B.-C., and K. F. Reinschmidt. 2010. “Probabilistic forecasting of
project duration using Kalman filter and the earned value method.”
J. Constr. Eng. Manage. 136 (8): 834–843. https://doi.org/10.1061
/(ASCE)CO.1943-7862.0000192.

Kim, E., W. G. Wells, and M. R. Duffey. 2003. “A model for effective
implementation of Earned Value Management methodology.” Int. J.
Project Manage. 21 (5): 375–382. https://doi.org/10.1016/S0263
-7863(02)00049-2.

Kim, T., Y.-W. Kim, and H. Cho. 2015. “Customer earned value: Perfor-
mance indicator from flow and value generation view.” J. Manage.
Eng. 32 (1): 04015017. https://doi.org/10.1061/(ASCE)ME.1943
-5479.0000377.

Kwak, Y. H., and F. T. Anbari. 2012. “History, practices, and future of
earned value management in government: Perspectives from NASA.”
Project Manage. J. 43 (1): 77–90. https://doi.org/10.1002/pmj.20272.

Lipke, W. 2003. “Schedule is different.” Measurable News 31 (4): 31–34.
Lipke, W. 2004. “Connecting earned value to the schedule.” Measurable

News 1 (4): 6–16.
Maravas, A., and J.-P. Pantouvakis. 2012. “Project cash flow analysis in the

presence of uncertainty in activity duration and cost.” Int. J. Project
Manage. 30 (3): 374–384. https://doi.org/10.1016/j.ijproman.2011.08
.005.

Mavrotas, G., Y. Caloghirou, and J. Koune. 2005. “A model on cash flow
forecasting and early warning for multi-project programmes: Applica-
tion to the Operational Programme for the Information Society in
Greece.” Int. J. Project Manage. 23 (2): 121–133. https://doi.org/10
.1016/j.ijproman.2004.07.009.

Miskawi, Z. 1989. “An S-curve equation for project control.” Constr. Man-
age. Econ. 7 (2): 115–124. https://doi.org/10.1080/01446198900000016.

Moradi, N., S. M. Mousavi, and B. Vahdani. 2017. “An earned value model
with risk analysis for project management under uncertain conditions.”
J. Intell. Fuzzy Syst. 32 (1): 97–113. https://doi.org/10.3233/JIFS
-151139.

Morin, J. 2009. “How it all began. The creation of earned value and the
evolution of C/SPCS and C/SCSC.” PM World Today 11 (12): 1–8.

Moslemi-Naeni, L., and A. Salehipour. 2011. “Evaluating fuzzy earned
value indices and estimates by applying alpha cuts.” Expert Syst. Appl.
38 (7): 8193–8198.

Naeni, L. M., S. Shadrokh, and A. Salehipour. 2014. “A fuzzy approach
for the earned value management.” Int. J. Project Manage. 32 (4):
709–716. https://doi.org/10.1016/j.ijproman.2013.02.002.

Najafi, A., and F. Azimi. 2016. “An extension of the earned value manage-
ment to improve the accuracy of schedule analysis results.” Iran. J.
Manage. Stud. 9 (1): 63.

Odeyinka, H. A., J. Lowe, and A. Kaka. 2008. “An evaluation of risk factors
impacting construction cash flow forecast.” J. Financ. Manage. Prop-
erty Constr. 13 (1): 5–17. https://doi.org/10.1108/13664380810882048.

Omopariola, E. D., A. Windapo, D. J. Edwards, and W. D. Thwala. 2019.
“Contractors’ perceptions of the effects of cash flow on construction
projects.” J. Eng. Des. Technol. 18 (2): 308–325.

Orgut, R. E., M. Batouli, J. Zhu, A. Mostafavi, and E. J. Jaselskis. 2019.
“Critical factors for improving reliability of project control metrics
throughout project life cycle.” J. Manage. Eng. 36 (1): 04019033.
https://doi.org/10.1061/(ASCE)ME.1943-5479.0000710.

Paquin, J. P., J. Couillard, and D. J. Ferrand. 2000. “Assessing and control-
ling the quality of a project end product: The earned quality method.”
IEEE Trans. Eng. Manage. 47 (1): 88–97. https://doi.org/10.1109/17
.820728.

Park, H. K., S. H. Han, and J. S. Russell. 2005. “Cash flow forecasting
model for general contractors using moving weights of cost categories.”
J. Manage. Eng. 21 (4): 164–172. https://doi.org/10.1061/(ASCE)0742
-597X(2005)21:4(164).

Picornell, M., E. Pellicer, C. Torres-Machí, and M. Sutrisna. 2016. “Imple-
mentation of earned value management in unit-price payment con-
tracts.” J. Manage. Eng. 33 (3): 06016001. https://doi.org/10.1061
/(ASCE)ME.1943-5479.0000500.

PMI (Project Management Institute). 2011. Practice standard for earned
value management. Newtown Square, PA: PMI.

PMI (Project Management Institute). 2018. A guide to the project manage-
ment body of knowledge (PMBOK guide). Newtown Square, PA: PMI.

Ponz-Tienda, J. L., E. Pellicer, and V. Yepes. 2012. “Complete fuzzy sched-
uling and fuzzy earned value management in construction projects.”
J. Zhejiang Univ. Sci. A 13 (1): 56–68. https://doi.org/10.1631/jzus
.A1100160.

© ASCE 04521014-19 J. Leg. Aff. Dispute Resolut. Eng. Constr.

 J. Leg. Aff. Dispute Resolut. Eng. Constr., 2021, 13(3): 04521014 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

A
m

er
ic

an
 U

ni
ve

rs
ity

 O
f 

B
ei

ru
t o

n 
04

/1
8/

24
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.

https://doi.org/10.1016/j.ijproman.2008.08.001
https://doi.org/10.1080/01446199100000023
https://doi.org/10.1080/01446199100000023
https://doi.org/10.1061/(ASCE)LA.1943-4170.0000360
https://doi.org/10.1061/(ASCE)LA.1943-4170.0000360
https://doi.org/10.1061/(ASCE)LA.1943-4170.0000306
https://doi.org/10.1061/(ASCE)LA.1943-4170.0000306
https://doi.org/10.1016/S0263-7863(00)00014-4
https://doi.org/10.1016/S0263-7863(00)00014-4
https://doi.org/10.1080/01446198600000017
https://doi.org/10.1061/(ASCE)1052-3928(2006)132:3(236)
https://doi.org/10.1061/(ASCE)1052-3928(2006)132:3(236)
https://doi.org/10.1061/(ASCE)ME.1943-5479.0000475
https://doi.org/10.1061/(ASCE)ME.1943-5479.0000475
https://doi.org/10.1016/j.ijproman.2013.11.002
https://doi.org/10.1016/j.ijproman.2013.11.002
https://doi.org/10.1111/j.1467-8667.2007.00508.x
https://doi.org/10.1061/(ASCE)ME.1943-5479.0000309
https://doi.org/10.1061/(ASCE)CO.1943-7862.0000856
https://doi.org/10.1061/(ASCE)CO.1943-7862.0000192
https://doi.org/10.1061/(ASCE)CO.1943-7862.0000192
https://doi.org/10.1016/S0263-7863(02)00049-2
https://doi.org/10.1016/S0263-7863(02)00049-2
https://doi.org/10.1061/(ASCE)ME.1943-5479.0000377
https://doi.org/10.1061/(ASCE)ME.1943-5479.0000377
https://doi.org/10.1002/pmj.20272
https://doi.org/10.1016/j.ijproman.2011.08.005
https://doi.org/10.1016/j.ijproman.2011.08.005
https://doi.org/10.1016/j.ijproman.2004.07.009
https://doi.org/10.1016/j.ijproman.2004.07.009
https://doi.org/10.1080/01446198900000016
https://doi.org/10.3233/JIFS-151139
https://doi.org/10.3233/JIFS-151139
https://doi.org/10.1016/j.ijproman.2013.02.002
https://doi.org/10.1108/13664380810882048
https://doi.org/10.1061/(ASCE)ME.1943-5479.0000710
https://doi.org/10.1109/17.820728
https://doi.org/10.1109/17.820728
https://doi.org/10.1061/(ASCE)0742-597X(2005)21:4(164)
https://doi.org/10.1061/(ASCE)0742-597X(2005)21:4(164)
https://doi.org/10.1061/(ASCE)ME.1943-5479.0000500
https://doi.org/10.1061/(ASCE)ME.1943-5479.0000500
https://doi.org/10.1631/jzus.A1100160
https://doi.org/10.1631/jzus.A1100160


Ramachandra, T., and J. O. B. Rotimi. 2014. “Mitigating payment
problems in the construction industry through analysis of construction
payment disputes.” J. Leg. Aff. Dispute Resolut. Eng. Constr. 7 (1):
A4514005. https://doi.org/10.1061/(ASCE)LA.1943-4170.0000156.

Samer Ezeldin, A., and G. G. Ali. 2017. “Cash flow optimization for
construction portfolios.” In Proc., Int. Conf. on Sustainable Infrastruc-
ture 2017, 26–37. Reston, VA: ASCE. https://doi.org/10.1061
/9780784481202.003.
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