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Abstract: Contractors engaged in a number of concurrent projects are rarely able to complete all works relying
only on in-house resources. This is due to these resources’ limited availability and missing qualifications.
The subcontractor selection process is time-consuming and complex, which is why it is often carried out
whilst the general contractor (GC) is already executing the works. The selection of subcontractors affects the
time, cost and quality of the works, and requires decision support tools that help analyse constraints of project
milestones and due dates set in the main contracts. Traditional tendering procedures, even when restricted to
a selected group of reliable subcontractors, do not allow for the modification of submitted bids to adapt them
to the GC’s needs. The paper proposes a mathematical model to support subcontracting work packages and
negotiations with subcontractors. It is intended to be used after the subcontractor pre-qualification procedure.
The model allows for the analysis of alternative bids and the negotiation of discounts when awarding a larger
number of packages to the same subcontractor. The proposed approach focuses on minimising the total
cost of delivering work packages over a predefined period of analysis and, at the same time, ensuring high
utilization levels of in-house resources (a requirement set using a minimum value of works to be delivered
by in-house crews). The purpose of the proposed model is to allocate resources and to schedule packages
planned for a specified planning horizon.

Keywords: subcontractors selection, construction processes scheduling, resources allocation, mathe-
matical modelling, supporting general construction decisions
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1. Introduction

Any construction project is a natural generator of decision problems. Managers and
engineers may devise a number of solutions to each of them. The selection of the solutions to
be implemented involves finding the best trade-off between the conflicting criteria of cost, time,
and quality under constraints of the project budget, project documentation, and specification.

Contractors typically run several projects at a time, concurrently bidding for new jobs
as opportunities arise, answering calls for tenders from both public and private clients [1,2].
As supply of skilled crew, expert staff, and specialized plant is limited, the commercial success
(or even a mere survival in the competitive market) relies heavily on the contractor’s ability to
juggle with in-house and subcontracted resources [3]. This means allocating scarce and costly
assets to numerous tasks that belong to projects in the contractor’s portfolio [4].

The general contactor’s own crews can naturally carry out only the tasks that, first,
correspond to their qualifications, and second, are scheduled respecting their availability.
Keeping enough employees (in terms of both the number and specialization) to conduct
any work the general contractor (GC) would potentially get would result in resource under-
utilization [5]. For these reasons, subcontracting is used not only to provide missing in-house
skills and equipment, but also to solve the problem of overallocation of in-house resources [6].
If justified by market conditions, contractors use subcontracting to survive the volatility of the
economic cycles by avoiding long-term commitment of maintaining permanent employees [7].

The decision if to subcontract must be justified in terms of cost. For instance, small local
companies may offer competitive prices due to low overheads, and specialized subcontractors
of plant-intensive operations relieve the GC from the burden of ownership cost of rarely used
equipment. Thoughtful packaging of subcontracted work speeds up delivery and cuts cost [8],
and some construction companies prefer to outsource most of the work, limiting their activities
to project management, e.g. coordinating work, ordering equipment and materials, monitoring
progress and settling accounts for the project [9].

The GC enters into a contract with the client for the completion of all works within the project,
taking full responsibility for the quality, timely delivery and safety of all works, regardless of
them being physically executed by in-house or subcontracted resources. Therefore, the success
of a project largely depends on selecting reliable and, at the same time, affordable subcontractors.

An analysis of the work conducted to date has shown that the issue of subcontractor
selection is typically considered in relation to individual construction projects, and that the
merits of subcontracting are often analysed in isolation, without taking into account the
possibility of deploying the GC’s own crews. In this paper a mathematical model has been
proposed to assist general contractors in selecting subcontractors. The model considers costs and
availability of both in-house and subcontracted resources, and the possibility to get better rates
on subcontracted work if more packages are entrusted to the same subcontractor. The results
of analyses based on this model are intended to assist GC in negotiating with subcontractors.
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2. Methods, procedures and criteria
of subcontractors selection

Under the Polish Civil Code [10], a contract (e.g. between a general contractor and
a subcontractor) may be concluded through the acceptance of an offer, negotiation, auction or
tender. These procedures apply to contracts not subject to the Public Procurement Law [11].
Project managers use the same formal requirements when drawing up procedures for selecting
contractors for work packages [12]. Open tendering (used frequently in public procurement) is
considered to ensure the greatest competition and obtain the best bids. However, due to time
constraints and the burden of analysing a large number of bids, the general contractors often
reduce the pool of bidders [13] and send invitation for tenders only to “trusted subcontractors”
they have already cooperated with [8] or who have previously passed a pre-qualification
procedure. A subcontractor hired without being screened for financial standing, reliability and
capacities poses danger: their failure typically means serious disruption in a project [6].

Many general contractors cultivate long-term relationships with subcontractors, managing
their order books with a focus on their partners’ resources. This allows them to take on
construction projects of an increasingly large and complex nature [14]. Building trust in the GC’s
supply chain has a positive effect on cost, time and quality of projects and is certainly an element
of competitive advantage [15]. The cooperation extends beyond a particular projects, and
partners formulate a joint policy on acquiring contracts by relying on each other’s capacities [16].

As the GC subcontracts high-value works, sometimes the entire scope of the project,
the selection of suitable subcontractors is crucial to the success [17]. Therefore, in the case
of starting cooperation with a new subcontractor, the decision is not based solely on the
subcontractor’s tender price; the subcontractor must demonstrate ability to deliver on time
and to the desired standard [18, 19]. A track record on experience with similar works, good
reputation, evidence on capacity and good financial standing, and declaration on availability
belong to the key input the selection decision [20,21]. Selecting suitable subcontractors is
a complex multicriterial problem [9, 22].

Defining criteria of subcontractor selection has been a frequent topic of research [23],
a list of most frequently applied ones can be found, among others, in [6,21]. In general, the
lists of criteria are long, which reduces the relative impact of a particular criterion on the
final decision. There is also no consensus among researchers and practitioners as to which
criteria should be applied in practice [24]. El-Khalek et al. [9] having surveyed opinions of 120
randomly selected contractors, provided a list of statistically most significant criteria. A similar
ranking, based on the Relative Importance Index (RII) was prepared in Taruna et al. [25].
Nevertheless, such rankings, though providing non-identical lists of candidate criteria, provide
some guidance for the practitioners preparing subcontractor pre- qualification procedures,
shortlisting subcontractors invited for tender or deciding on tender adjudication method.

As for the methods of ranking and selection, a variety of multicriteria analysis methods were
presented in the literature, from the simplest Weighted Sums (as applied for defining eligibility
ratings [26]), the classic Analytical Hierarchy Process [27], Analitic Network Process [28],
TOPSIS [29], to customized and modified combinations of the existing methods. Among others,
acombination of AHP and PROMETHEE has been proposed by [6]). Cheng et al. [30] developed
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an evolutionary fuzzy hybrid neural network (EFHNN) to asses subcontractor performance.
Ulubeyli and Kazaz [13] proposed a fuzzy multi-criteria decision making method and developed
it into a computer application (CoSMo) to support the prequalification process. Arslan et al. [20]
developed a web-based subcontractor evaluation system WEBSES using time, quality, cost and
adequacy measures. A different approach was adopted by Luu and Shee [21] who used Case
Base Reasoning to find patterns in actual subcontractor selection decisions of past projects.

The models and methods for pre-qualifying and selecting subcontractors presented in the
literature are often complex and require a large amount of information on potential bidders.
Even those described as serving actual selection (incorporating a subcontractor in the project
team), and not just shortlisting, do not consider the expected impact of selecting a particular
subcontractor on the time, cost and quality of the entire project [31].

Most models just assume that the subcontractors are going to be available precisely
whenever the GC needs them. From GW’s perspective, setting these dates at the stage of
deciding on a subcontractor is a complex issue. The dates are determined on the basis of
a provisional schedule drawn up for the project completion date. This means, the schedule
might have been prepared without allocating teams and subcontractors to carry out specific
tasks, at the GC’s risk. Therefore, the commencement dates the GC specifies while searching for
subcontractors are expressed as estimated time windows. Preparing their tenders, subcontractors
take into account the feasibility of completing them within the time windows set by the GC,
consideration given to their other commitments.

The reference schedule evolves as updated by data from subcontractor bids gradually
gathered and accepted. Data from subcontractors’ bids can also be used to optimise the schedule
— to identify a set of resources that promises the lowest cost and the highest utilization of the
GC’s in-house crews while meeting deadlines set by the main contract between the client and
the GC. The literature presents some optimisation models intended for analyses of this kind —
a bi-criteria optimisation of schedules (or time-cost trade-off analysis) capable of analysing
options of resource allocation. For instance, Hyari and El-Rayes [32] proposed multi-objective
genetic algorithms to solve the trade-off problem between project duration and crew continuity
for repetitive construction problems. Hegazy and Wassef [33] analysed the time-cost trade-off
for various crew options with different durations and costs of work execution.

Tserng and Lin [34] integrated the problem of subcontractor selection with scheduling. They
developed a web-based decision support system (Accelerated Subcontracting And Procuring,
ASAP) that enables the analysis of trade-offs between risk and profit for different combinations
of subcontractors. Biruk et al. [35] proposed a mathematical model for selecting subcontractors
whose availability is defined by time windows. Subcontractors’ bids include the time and cost of
completing the contracted work packages. The mixed integer-binary linear programming model
enables the performance of time/cost trade-off analysis. Jaskowski [36] developed a model for
solving the problem of bi-criteria optimisation of the structure of a project execution system,
which can be used to select the best options for process execution methods and as a basis for de-
ciding whether to engage subcontractors. The model was solved using a metaheuristic algorithm.

The models of the subcontractor selection problem presented in the literature seem to
neglect the fact that subcontractors may offer lower prices if they are entrusted a larger number
of work packages, or if they can count on a regular, or even continuous work for a particular
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general contractor. Attempts to consider such a practical aspect of subcontracting were limited to
the perspective of an individual projects. A proposal for modelling the issue of commissioning
a larger number of work packages belonging to a number of projects by the same GC was
presented by Afshar et al. [31]. They considered the possibility of recruiting subcontractors
on a full-time basis, but did not analyse if the work could be alternatively entrusted to in-house
crews. This model did not considered effects of potential financial incentives to speed up
delivery of packages — such incentives would require analysing options of bids.

In practice, GCs explore any cost-saving option and negotiate the terms of subcontracts.
Their procurement includes the following steps: packaging works and specifying requirements
per package, preparing a shortlist of potential subcontractors based on case-relevant criteria,
issuing invitations to tender, evaluating bids, negotiations, and finally concluding subcontracts
on the basis of the best and final offers [12]. Negotiations provide the opportunity for adjusting
contract conditions, including the price [37] in search for trade-offs acceptable by both parties.
For instance, the GC may ask the subcontractor to reduce prices in exchange for entrusting
them with a larger number of packages: the subcontractor would benefit from the economies
of scale and supplementing their order portfolio with larger order. Since the negotiating parties
strive for maximizing their own profits, the process might be lengthy. Negotiations involve
analysing how proposed terms would affect the project outcomes — from the point of the GC,
the project duration, budget, and quality. To formulate proposals and assess subcontractor
counterproposals, the GC needs more than experience: analysis can be accelerated using
reliable decision-support tools.

3. Assumptions and problem description

The proposed approach is intended to assist the general contractor at the stage of analysing
bids for work packages received from previously approved subcontractors. Allocation of
in-house and subcontracted crews to work packages of all projects of the GC’s portfolio is
crucial for operational management and preparing schedules that meet project milestone dates
agreed with clients. It is not possible to prepare detailed project schedules or determine the costs
without allocating resources. Assuming that subcontractor selection process is time-consuming
and cannot be completed before the GC’s tenders for the clients are due, the GC relies on own
estimates of the time and cost of their project to determine the tender price and the timeframe
for the execution of the packages.

Let us assume that, within a predefined planning horizon [0, H], the GC is to deliver
a set of work packages V = {1,2,...,n}. These belong to projects commissioned by different
clients, and represent processes that belong to different projects. Let E C V X V be a relation
defining the precedence between packages across the portfolio. They arise from the logic of
works within each project (intra-project relationships) and the time windows for packages if
set as milestones (inter-project relationships); they do not involve any resource availability
constraints. Therefore, the scope of works within the portfolio and their sequence can be
represented by a directed, acyclic and consistent unigraph G = (V, E) with no loops, with
a single dummy start and a single dummy finish node.
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Each package can be constrained by a time window for execution that results from
programmes of particular projects as agreed with clients. Such time window for package i is
described by two dates: the earliest possible start of the package es;, and the latest allowable
finish / f; to meet contractual milestones. These dates are crucial input for the subcontractors —
on their basis, the subs verify their resource availability and decide whether to bid for a package.

Each process (work package) i € V will be delivered by one resource of set C;. The elements
of this set are subcontractors who, having passed the pre-qualification procedure, submitted
a bid for this package, plus the GC’s own crews capable of completing this package. The set
of all subcontractors interested in any of the packages is SC, and the GC’s own crews form
another set, GCC.

Letus assume that the GC encourages the subcontractors to present alternative bids (variants)
that cover different sets of packages, and not just a one. The bids submitted by subcontractors
s € C; N SC declare the duration ¢; s,,, and the price k; s ,, for work package i € V according
to variant w € W, ; (W ; is a set of variants — alternative bids submitted by subcontractor s that
include package 7). To compare with subcontractor bids, the GC calculates the duration #; .
and cost k; . of delivering this package using capable in-house resources ¢ € C; N GCC.

The decision on allocating a particular subcontractor to a particular package is modelled
using binary variables x; s € {0, 1}. Its value is 1 if package 7 is entrusted to subcontractor s
on the basis variant w of their bid; otherwise, itis set to 0. Similarly, binary variable y; . € {0, 1}
models the decision to allocate an in-house crew to a particular process: it equals 1 if package i
is to be delivered by crew c, and 0 if otherwise.

The unknown start and finish dates of package i are denoted by s; and f;, respectively. —
The duration (#;) and cost (k;) of each package depend on the resource assigned to it.

If resource k € C; N C; is selected to deliver a pair of processes (i, j), it cannot deliver
them at the same time. To model this constrain, a binary variable, P; ; i, is introduced; it
equals 1 if package i precedes package j if both executed by the same resource k.

While analysing the selection of packages to be awarded to a given subcontractor, the GC is
likely to focus on subcontractor prices. We assume that the GC might want to negotiate a price
discount of dy (expressed as a part of the bid price) if the number of packages the subcontractor s
wins exceed a predefined number of N Py, and would like to analyse how a hypothetical discount
would affect configuration of resources and thus the schedule and budget. Experimenting with
various values of dsy would help set targets for price negotiations. Therefore, another binary
variable Dy is introduced. It equals 1 if there is a basis for considering a discount (i.e. number
of packages for a subcontractors s is greater than N P;), and 0 otherwise.

4. The model

The mathematical model includes an objective function and constraints expressed as linear
relationships between decision variables. It also takes into account parameters — constant values
describing, among other things, work completion times, costs, etc. — determined on the basis
of, for example, subcontractors’ bids. The following notations of the model parameters are
used in the mathematical formulation:
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ti,s,w

ki,s,w

ti,c
ki,c
NPy

the planning horizon,

the set of work packages (processes) within the project portfolio,

the number of work packages,

the set of pairs of packages related by direct precedence relationships,

the graph representing the scope of works scheduled for the entire planning horizon,
the earliest possible start of package i,

the latest acceptable finish of package i,

the set of resources competent to deliver package i € V,

the set of all subcontractors that bid for any package,

the set of all in-house crews,

the set of variants of delivering package i by subcontractor s (i.e. the set of bids
presented by subcontractor s that include package i),

the duration of package i if entrusted to subcontractor s according to variant of their
bid w € Wy,

the cost (price to be paid by GC) of package i if entrusted to subcontractor s according
to variant of their bid w € W ;,

the duration of package i if entrusted to in-house crew c,

the cost of package i if entrusted to in-house crew c,

the number of work packages that involves a price discount offered by the subcontrac-
tor s,

the rate of desired discount to be the target of price negotiation between the GC and
a subcontractor s if the number of his work packages is greater than NPy,

the minimum value of packages to be delivered by in-house crews within the planning
horizon,

a sufficiently large number.

The decision variables assuming non-negative values:

the start date of package 7,

the start date of package i delivered by resource r,

the finish date of package i,

the duration of package i,

the cost of package i,

a binary variable that models the decision to entrust package i to subcontractor s
according to variant w of their bid,

an auxiliary binary variable that models the decision to entrust package i to subcon-
tractor s according to variant w of their bid with the discount,

a binary variable that models the decision to entrust package i to in-house crew c,

a binary variable that models the sequence of package i and j if both delivered by
the same resource r,

a binary variable that models the fact of granting the discount related with entrusting
more than NP packages to subcontractor s,

an auxiliary binary variable representing the discount rate offered by subcontractor s.
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A subcontractor delivers a package of works according to a particular variant of their bid,
therefore:

@.1) > xiew <1, Vi€V, VseSCNC

WeWt,i

Each package can be allocated only one resource, either a subcontractor or an in-house
crew:

4.2) DD xewt ) vie=1, Viev

seSCNC; weWs ; ceGCCNC;

The duration of a particular package depends on who delivers it and is calculated as follows:

4.3) ti = Z Z Lisw " Xis,w t Z tic* Yie, YI€EV

seSCNC; weW ; ceGCCNC;

Packages must be delivered within their allowable time windows to assure that no project
due dates are exceeded:

4.4) si>es;, fi<lf;, VieV
Packages are assumed to be delivered in a continuous manner, thus:
4.5) fi—si<t, VieV

The package start dates depend on the logic of works defined by the graph modelling
the relationships within the GC’s portfolio of projects:

(4.6) si+t; <s;, V(,j)€E

If resource r is allocated to a pair of packages (i, j), these packages cannot be executed
simultaneously, therefore:

4.7) > Xipwt DL Xprw S14Pij P, VreCinGinSC
WEWr’i WEW,«,J'

4.8) Yir +YVjr < 1+Pi,j,r+Pj,i,r, Vr e C,'ﬂCjﬂGCC

(49) Pi,j,r +Pj,i,r < 1, Vr e Ci N Cj, Vl,] eV

The sequence of packages (i, j) delivered by resource k and defined using binary vari-
able P; ; , affects their start and finish dates. In the case of the resource being a subcontractor,
the package dates are calculated as follows:

(4.10) Sir+ Z Lirw Xirw < Sir +M(1 - Pi,j,r)a VreCin Cj NnSC, Vl,j eV

WEWV,,'

@11 siy <85, VreCinSC,VieV
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4.12) Siy <M- Z Xiyaws YreCinSC,VieV
WEWr’,'
4.13) sipzsi=M-[1= > xi,w|, VreGnsSc, viev
WEWr,i

Similar formulas are used for determining start and finish dates of a process entrusted
to an in-house crew:

4.14) Sir+lir - Yir Ssj,r+M(1_Pi,j,r), VI"GCiijﬂGCC, Vl,JEV

(4.15) Siy <5i VreCinGCC, YieV
(4.16) Siyg <M -yi,, ¥YreC,nGCC,VieV
(4.17) sip2si-M-(1-y.,), VreCinGCC,VieV

If resource r is not involved in execution of package i, s; , equals 0.
Decision to entrust more than N P packages to subcontractor s implies a discount:

(4.18) Z Z Xisw = NPs—M(1-Dy), VseCinSC,VieV
ieVweWs;
(4.19) DU D Xiew SNPy+M-Dy, VseCinSC, VieV
ieVweWs;

The binary variable representing the discount dd (its values being either O or dg) can be
introduced using the following formulas:

(4.20) ddy <d,, VseSC
421 dd, < M-D;, VseSC
4.22) ddy >dy—M-(1-Dy), VseSC

Since dd; — in this form — is a decision variable, using it as a multiplier to reduce
subcontractors’ tender prices in the formula for calculating the cost of works would result
in the formula being non-linear. For this reason, additional binary variables are introduced
dx; s.w € {0, 1}; they equal 1 if package i goes to subcontractor s according to bid variant w
modified by the discount, and 0 otherwise. The values of these variables are determined on the
basis of the following formulas:

(4.23) dxigyw < 1—dy-Ds, Vs€CinSC, YieV, Ywe W,
(4.24) dxigw <M -Xi g0, VYs€CiNSC, VieV, Ywe Wy,
(4.25)  dxigw>1—-dg-Dy—M-(1=x;4,), ¥se€C;nSC,VieV, Ywe W,

The cost of a package can be thus expressed as:

4260  ki= > kiswedigwt Y. KicYie Vi€V

seSCNC; weW, ceGCCNC;
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The general contractor strives to maximise profits not only by reducing the costs of
subcontracted work, but also by keeping in-house resources occupied. This objective can
be incorporated into the model in various ways (for instance, by introducing conditions to
minimize idle time of in-house crews and minimize the value of subcontracted work). In this
model, the assumption is that the capacity utilization levels of in-house crews over the planning
horizon should not drop below levels observed previous periods, A, with the utilization level
being expressed by the value of output attributable to in-house crews:

(4.27) DD ki viezA
ieVceGCCNC;

The objective function minimizes the total cost of delivering all packages:

(4.28) minkK : K = Z k;
eV

The mathematical model of the subcontractor allocation and package scheduling problem
encompasses the objective function Eq. (4.28), constraints Egs. (4.1)—(4.19) and Eqs. (4.23)—
(4.27), and conditions on the decision variables being non-negative. By introducing additional
constraints and auxiliary variables, the model is brought to a linear form. As such, it can be
solved using standard solvers. It can be incorporated into a computerized decision support
system, enabling easy modification of parameters (including the discount rate, the number
of packages ordered, at which the discount will be negotiated, etc.) and an assessment of
the impact of decisions on the cost of completing the portfolio of projects. Considering the
complexity of the problem and the large number of parameters, such system would facilitate
the general contractor’s negotiation process and updating schedules.

Operation of the model should be illustrated using a numerical example. However, the
problem is relatively complex, and a clear presentation of inputs and outputs would significantly
exceed the editorial constraints on the maximum volume of the paper. Consequently, the
authors have elected to provide only a comprehensive description of the model itself.

5. Conclusions

Traditional scheduling systems based on the Critical Path Method frequently fail to support
allocation of resources. However, the way the limited resources are managed determines project
completion time and cost. This issue is particularly significant for the general contractor, who
simultaneously undertakes a number of projects disposing of a particular pool of in-house
resources with limited capacities. Subcontracting is a common practice worldwide. However,
selecting subcontractors is a complex and risky task as decisions in this respect affect the
timeliness, quality, and cost of the work — and thus the success or failure of the general contractor.

Subcontracting decisions affect also the utilization and costs of in-house resources.
Therefore, the GC must consider a number of factors: apart from the obvious eligibility
(determined by experience, capabilities, financial standing etc.) of potential subcontractors
and their price expectations, the general contractor must also find a satisfactory combination
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of multiple subcontractors, and mind the demand for work of in-house crews. This is a
complex task calling for support with reliable analytical tools, facilitating concurrent analysis
of schedules and cost estimates.

The decision support methods presented in the recent literature typically separate the
subcontractor selection from scheduling, and do not take into account the simultaneous
execution of several contracts. The mathematical model of the problem of allocating resources
to work packages of the entire portfolio of orders, presented in this article, assumes that the
potential subcontractors offer different prices and durations of packages depending on the
combination of their services the GC can choose from. The model provides data necessary
for the construction of work schedules and financial plans. By manipulating the model’s
parameters, the planner can assess the impact of decisions made during the negotiation stage
on the cost of executing the order portfolio.

Unlike previous studies, the developed model allows for the analysis of a construction
company’s entire order portfolio and assists the GC in deciding whether to outsource specific
work packages, thereby ensuring maximum utilization of in-house crews and timely completion
of orders at minimal cost. The model in the form presented in the paper is just a mathematical
formulation based on a set of assumptions that do originate from the construction practice, but
certainly do not cover all aspects of the problem, which are worth considering in the decision-
making process, but which require more complex mathematical formulations. Therefore,
further work is needed to refine it — in the first place, to consider financial losses associated
with idle time of in-house and subcontracted resources. Future work includes developing
an algorithm and building a user-friendly computer application to facilitate subcontractor
selection for project portfolios.

Acknowledgements

This work was funded under the grant "Subvention for Science" (MEiN), project no.
FJ-KIPB, FJ-KDiM, FD-20/IL-4/005, FD-20/IL-4/026.

References

[1] S.Biruk, P. Jaskowski, and M. Maciaszczyk, “Conceptual framework of a simulation-based manpower planning
method for construction enterprises”, Sustainability, vol. 14, no. 9, art. no. 5341, 2022, doi: 10.3390/su14095341.
[2] P.Jaskowski, S. Biruk, and M. Krzeminski, “Modeling the problem of sequencing projects in the contractor’s port-
folio of orders”, Archives of Civil Engineering, vol. 68, no. 3, pp. 307-322, 2022, doi: 10.24425/ace.2022.141887.
[3] S.T.Ng,Z.Tang,and E. Palaneeswaran, “Factors contributing to the success of equipment-intensive subcontractors
in construction”, International Journal of Project Management, vol. 27, no. 7, pp. 736-744, 2009, doi:
10.1016/j.ijproman.2008.09.006.
[4] T. Kasprowicz, “Methods of allocation of task teams to the planned works”, Archives of Civil Engineering,
vol. 65, no. 2, pp. 91-105, 2019, doi: 10.2478/ace-2019-0021.
[5] F.W.H. Yik and J.H.K. Lai, “Multilayer subcontracting of specialist works in buildings in Hong Kong”, Interna-
tional Journal of Project Management, vol. 26, no. 4, pp. 399-407, 2008, doi: 10.1016/j.ijproman.2007.05.009.
G. Polat, “Subcontractor selection using the integration of the AHP and Promethee methods”, Journal of Civil
Engineering and Management, vol. 22, no. 8, pp. 1042-1054, 2016, doi: 10.3846/13923730.2014.948910.
A.H. Abdullahi, “Review of subcontracting practice in the construction industry”, Journal of Environmental
Sciences and Resources Management, vol. 6, no. 1, pp. 23-33, 2014.

[6

=

[7

—


https://doi.org/10.3390/su14095341
https://doi.org/10.24425/ace.2022.141887
https://doi.org/10.1016/j.ijproman.2008.09.006
https://doi.org/10.2478/ace-2019-0021
https://doi.org/10.1016/j.ijproman.2007.05.009
https://doi.org/10.3846/13923730.2014.948910

134

P. JASKOWSKI, S. BIRUK, M. KRZEMINSKI

(8]

[91

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

R.M. Choudhry, J.W. Hinze, M. Arshad, and H.F. Gabriel, “Subcontracting practices in the construction industry
of Pakistan”, Journal of Construction Engineering and Management, vol. 138, no. 12, pp. 1353-1359, 2012,
doi: 10.1061/(ASCE)CO.1943-7862.0000562.

H.A. El-khalek, R.F. Aziz, and E.S. Morgan, “Identification of construction subcontractor prequalification
evaluation criteria and their impact on project success”, Alexandria Engineering Journal, vol. 58, no. 1,
pp. 217-223, 2019, doi: 10.1016/j.2¢j.2018.11.010.

The Act of 23 April 1964 — Civil Code, Journal of Laws of 2025, item 1071, as amended (in Polish).

Act of 11 September 2019 — Public Procurement Law, Journal of Laws of 2024, item 1320, as amended (in
Polish).

R.-J. Dzeng and P.-R. Wang, “C-negotiation game: An educational game model for construction procurement
and negotiation”, Automation in Construction, vol. 75, pp. 10-21, 2017, doi: 10.1016/j.autcon.2016.11.010.

S. Ulubeyli and A. Kazaz, “Fuzzy multi-criteria decision making model for subcontractor selection in international
construction projects”, Technological and Economic Development of Economy, vol. 22, no. 2, pp. 210-234,
2015, doi: 10.3846/20294913.2014.984363.

Y.-H. Chiang, “Subcontracting and its ramifications: A survey of the building industry in Hong Kong”, Interna-
tional Journal of Project Management, vol. 27, no. 1, pp. 80-88, 2009, doi: 10.1016/j.ijproman.2008.01.005.
H. Ness and S.A. Haugland, “The evolution of governance mechanisms and negotiation strategies in fixed-
duration interfirm relationships”, Journal of Business Research, vol. 58, no. 9, pp. 1226-1239, 2005, doi:
10.1016/j.jbusres.2003.08.013.

A. Hartmann and J. Caerteling, “Subcontractor procurement in construction: the interplay of price and
trust”, Supply Chain Management: An International Journal, vol. 15, no. 5, pp. 354-362, 2010, doi:
10.1108/13598541011068288.

R. Makkinga, R. de Graaf, and H. Voordijk, "Successful verification of subcontracted work in the construction
industry," Systems Engineering, vol. 21, no. 2, pp. 131-140, 2018, doi: 10.1002/sys.21425.

B.N. Bingol, D. Arditi, and G. Polat, “A performance-based subcontractor selection model”, Journal of
Construction Engineering and Management, vol. 150, no. 8, 2024, doi: 10.1061/JCEMD4.COENG-14216.

S. Rohadi, W. Hartono, D. Handayani, and A.D. Putranto, “Review of subcontractor selection criteria in construc-
tion services using Analytic Network Process (ANP) — Benefit Cost Risk (BCR)”, Indonesian Interdisciplinary
Journal of Sharia Economics (I11JSE), vol. 8, no. 1, pp. 1836-1859, 2025, doi: 10.31538/iijse.v8i1.5835.

G. Arslan, S. Kivrak, M.T. Birgonul, and I. Dikmen, “Improving sub- contractor selection process in construction
projects: Web-based sub- contractor evaluation system (WEBSES)”, Automation in Construction, vol. 17, no. 4,
pp. 480-488, 2008, doi: 10.1016/j.autcon.2007.08.004.

D.T. Luu and W. Sher, “Construction tender subcontractor selection using case- based reasoning”, Construction
Economics and Building, vol. 6, no. 2, pp. 32-43, 2012, doi: 10.5130/AJCEB.v6i2.2982.

B.N. Bingol, D. Arditi, and G. Polat, “Subcontractor selection for a construction project: optimal plan”, Journal
of Construction Engineering and Management, vol. 151, no. 12, 2025, doi: 10.1061/JCEMD4.COENG-16409.
M.M. Marzouk, A.A. El Kherbawy, and M. Khalifa, “Factors influencing sub- contractors selection in construction
projects”, HBRC Journal, vol. 9, no. 2, pp. 150-158, 2013, doi: 10.1016/j.hbrcj.2013.05.001.

R. Favié, G. Maas, and G. Abdalla, “The best criteria for the selection of contractors in the Dutch construction
industry!”, in Proceedings of the CME25: Construction Management and Economics: Past, Present and Future,
Reading (UK), July 2007, W. Hughes, Ed. University of Reading, 2007, pp. 315-321.

D. Taruna, R. Bhatt, and J.J. Bhavsar, "Methodology for ranking of factors affecting selection of subcontractor
for construction contractors of Gujarat”, International Journal of Engineering Trends and Technology (1JETT),
vol. 32, no. 1, pp. 19-25, 2016, doi: 10.14445/2231538 1/TJETT-V32P204.

J. Mbachu, “Conceptual framework for the assessment of subcontractors’ eligibility and performance in the
construction industry”, Construction Management and Economics, vol. 26, no. 5, pp. 471-484, 2008, doi:
10.1080/01446190801918730.

J. Piasny and J. Pastawski, “Selection of subcontractors as the quality improvement tool in housing construction”,
Procedia Engineering, vol. 122, pp. 274-281, 2015, doi: 10.1016/j.proeng.2015.10.036.

A.A. Al-Subaie, M.N. Faisal, B. Aouni, and L.B. Sabir, “ISO 21500 and the sustainability focused ANP-BOCR
framework for subcontractor selection in megaprojects”, Project Management Journal, vol. 54, no. 5, pp. 474-490,
2023, doi: 10.1177/87569728231152419.


https://doi.org/10.1061/(ASCE)CO.1943-7862.0000562
https://doi.org/10.1016/j.aej.2018.11.010
https://doi.org/10.1016/j.autcon.2016.11.010
https://doi.org/10.3846/20294913.2014.984363
https://doi.org/10.1016/j.ijproman.2008.01.005
https://doi.org/10.1016/j.jbusres.2003.08.013
https://doi.org/10.1108/13598541011068288
https://doi.org/10.1002/sys.21425
https://doi.org/10.1061/JCEMD4.COENG-14216
https://www.sciencedirect.com/science/article/pii/S1110016818302187
https://doi.org/10.1016/j.autcon.2007.08.004
https://doi.org/10.5130/AJCEB.v6i2.2982
https://doi.org/10.1061/JCEMD4.COENG-16409
https://doi.org/10.1016/j.hbrcj.2013.05.001
https://doi.org/10.14445/22315381/IJETT-V32P204
https://doi.org/10.1080/01446190801918730
https://doi.org/10.1016/j.proeng.2015.10.036
https://doi.org/10.1177/87569728231152419

DECISION SUPPORT FOR SUBCONTRACTOR SELECTION AND ALLOCATION.. .. 135

[29] C. Gao, H. Elzarka, H. Yan, D. Chakraborty, and C. Zhou, “A hybrid TOPSIS- structure Entropy weight group
subcontractor selection model for large construction companies”, Buildings, vol. 13, no. 6, art. no. 1535, 2023,
doi: 10.3390/buildings13061535.

[30] M.-Y. Cheng, H.-C. Tsai, and E. Sudjono, “Evaluating subcontractor performance using evolutionary fuzzy
hybrid neural network”, International Journal of Project Management, vol. 29, no. 3, pp. 349-356, 2011, doi:
10.1016/j.ijproman.2010.03.005.

[31] M.R. Afshar, V. Shahhosseini, and M.H. Sebt, “Optimal sub-contractor selection and allocation in a multiple
construction project: Project portfolio planning in practice”, Journal of the Operational Research Society, vol. 73,
no. 2, pp. 351-364, 2015, doi: 10.1080/01605682.2020.1835450.

[32] K. Hyari and K. El-Rayes, “Optimal planning and scheduling for repetitive construction projects”, Journal of
Management in Engineering, vol. 22, no. 1, pp. 11-19, 2006, doi: 10.1061/(ASCE)0742-597X(2006)22:1(11).

[33] T. Hegazy and N. Wassef, “Cost optimization in projects with repetitive nonserial activities”, Journal of
Construction Engineering and Management, vol. 127, no. 3, pp. 183-191, 2001, doi: 10.1061/(ASCE)0733-
9364(2001)127:3(183).

[34] H.P. Tserng and P.H. Lin, “An accelerated subcontracting and procuring model for construction projects”,
Automation in Construction, vol. 11, no. 1, pp. 105-125, 2002, doi: 10.1016/S0926-5805(01)00056-5.

[35] S.Biruk, P. Jaskowski, and M. Krzeminski, “Model of construction subcontractors selection with time windows for
their availability”, Archives of Civil Engineering, vol. 65, no. 4, pp. 295-307, 2019, doi: 10.2478/ace-2019-0061.

[36] P.Jaskowski, “Designing the structure of a construction project operating system using evolutionary algorithm”,
Archives of Civil Engineering, vol. 54, no. 2, pp. 371-394, 2008.

[37] S.-S. Leu, P.V.H. Son, and P.T.H. Nhung, “Development of recursive decision making model in bilat-
eral construction procurement negotiation”, Automation in Construction, vol. 53, pp. 131-140, 2015, doi:
10.1016/j.autcon.2015.03.016.

Wspomaganie doboru podwykonawcéw przy realizacji zlecen
przedsi¢biorstwa budowlanego

Stowa kluczowe: obér podwykonawcéw, harmonogramowanie proceséw budowlanych, alokacja
zasobéw, modelowanie matematyczne, wspomaganie decyzji generalnego wyko-
nawcy

Streszczenie:

Przedsigbiorstwa budowlane zaangazowane w realizacj¢ jednoczesnie kilku przedsigwzigé budowla-
nych na rzecz réznych inwestoréw nie sa w stanie samodzielnie realizowac catego zakresu robét. Wynika
to zaréwno z ograniczen w dostgpnosci wlasnych brygad, jak i braku wykwalifikowanej specjalistycznej
kadry roboczej. Proces selekcji podwykonawcéw jest czasochtonny i ztozony, dlatego jest czesto prze-
prowadzany w trakcie realizacji zlecei przez generalnego wykonawce (GW). Dobdr podwykonawcéw
wplywa na czas, koszt oraz jakos¢ realizacji robdt i wymaga wspomagania narzgdziami pozwalajagcymi na
uwzglednienie ograniczenl w zakresie terminéw dyrektywnych wykonania pakietéw rob6t oraz terminéw
ustalonych w kontraktach. Klasyczne procedury przetargowe, nawet ograniczone do wybranego kregu
rzetelnych podwykonawcéw, nie pozwalaja na modyfikacje ztozonych ofert, w celu dostosowania ich do
potrzeb GW. W artykule zaproponowano model matematyczny wspomagajacy proces podejmowania
decyzji o zlecaniu pakietéw robét i przeprowadzania negocjacji z podwykonawcami, po przeprowadzeniu
procedury prekwalifikacji podwykonawcéw. Uwzgledniono w nim mozliwo$¢ analizy wariantowych ofert
oraz negocjowania upustu przy powierzaniu jednemu podwykonawcy wickszej liczby pakietéw robot.
Zaproponowane podej$cie pozwala na minimalizacje kosztu realizacji zlecen przez przedsi¢biorstwo
w przyjetym okresie planowania, ale jednoczes$nie zapewnia wysoki stopiell wykorzystania wlasnego
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potencjatu wykonawczego, tak aby zapewni¢ front robét dla zatrudnionych brygad roboczych poprzez
ustalenie minimalnej wartoSci robdt realizowanych wlasnymi sitami. Opracowany model pozwala na
alokacje zasobéw GW oraz okreSlenie harmonogramu robdét dla ustalonego horyzontu planowania.
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