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Abstract

Good pre-construction planning efforts are a vital part of the effective management and delivery of construction projects. In order
to prepare more accurate schedules and cost calculations, realistic productivity rates to improve precision are needed. The use of
simulation for modelling the elements of construction processes can assist with this aspiration. The application of hybrid simulation
approaches is particularly appropriate as they can capture complicated behaviour, uncertainties, and dependencies. This paper
discusses the use of one such approach combining discrete-event simulation (DES) and system dynamics (SD) to determine more
accurate productivity rates. The DES component models the operations with the workflow of the tasks performed. Its input consists
of the task elements with their durations and resource information. The factors that influence the productivity rates are taken into
account with the help of the SD component. Input for this part of the model includes the factors as well as considerations of their
interrelationships and effects. In this work, a case study of such input data for masonry works — for brick- and blockwork — is
presented. It shows the input data and its integration in the DES-SD approach for modellers to determine more realistic productivity
rates.
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1. Introduction

The construction sector contributes significantly to the world’s economy; however, its productivity lags behind other
sectors [1]. One of the contributing factors is the present shortage of skilled workers [2]-[4]. Because of this, more
careful and accurate planning of construction operations is required. Therefore, it is important to have more realistic
productivity rates and resource usage information, which can lead to more precise schedules and cost calculations.

Factors that influence labour productivity rates can be divided into two categories: the first contains those factors that
only arise during the construction execution phase (for example, the weather), while the second category, which this
research focuses upon, includes those that are known in advance, in the planning phase. For instance, in masonry
construction, characteristics of walls and workers belong in the latter group. The specifications of the wall sections can
be obtained from design drawings, while the characteristics of the workers are likely known by their supervisors and
the contractors.

This paper describes the input data needed for a DES-SD hybrid simulation model that could be used for obtaining
better productivity rates. This includes the tasks of block and bricklaying processes for the DES component and the
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above-mentioned factors for the SD part. Before these are explained in more detail, the next section gives an overview
of the studies on factors influencing productivity; it is then shown how simulation can be used in productivity research.
Finally, the directions for further development of the model are set.

2. Factors influencing productivity

Studies on productivity comprise a substantial portion of construction research [5-6]. Much of these efforts have
attempted to identify the factors that influence productivity, especially labour productivity, and group these into various
categories. This is usually achieved in two ways. One is a synthesis of existing literature via systematic reviews as
done, for instance, by Hasan et. al [2], who listed the factors according to countries and looked for common mentions.
Another example is the work of Yi et al. [6], which describes the factors affecting labour productivity at industry,
project and activity levels. The other option is to use survey research to uncover and prioritise the most important
factors amongst those sourced via existing knowledge. See, for example, Naoum’s [7] work, which considers 46 factors
grouped into five categories (pre-construction, during construction, management, organisational, motivational and
social). Several papers contain lengthy lists of factors, for instance, Dai et al. [8] identified 83 (at project level, grouped
into the following categories: supervisor direction, communication, safety, tools and consumables, materials,
engineering drawing management, labour, foreman, superintendent, project management, construction equipment),
while Tsehayae and Robinson Fayek [9] instead collected 169 factors (grouped according to levels: activity, project,
organisational, provincial, national, global). Some studies concentrate on a single country [10]-[13], while others
compare and contrast their findings across several countries [14]-[16]. Numerous studies concentrate on the effects of
individual factors on productivity such as the influence of project management [17], change orders [18-19], overtime
[20], and the introduction of BIM [21].

In cases where surveys are used to determine the most important influencing factors, the results are likely to be affected
by the sampling strategies employed and the groups of stakeholders responding. Hasan et al. [2] recommended to
include various stakeholders. Kazaz et al. [22] and Dai et al. [8] presented the perspective of the craftsmen, while
Alinaitwe et al. [10], Hanna et al. [20], Hickson and Ellis [13], and Proverbs et al. [14] compiled their lists from the
contractors’ point of view. Additionally, Ailabouni et al. [11] and Tsehayae and Robinson Fayek [9] asked both
aforementioned groups: craftsmen and contractors. EI-Gohary and Aziz [12] included clients, contractors, and
consultants, as well.

There are research projects that focus on one specific work package, with masonry works being one of them. Anand
and Ramamurthy [23] measured the productivity rates of the construction of different brick and block sample walls.
Due to these observations taking place in a laboratory setting, such results can be used for establishing baseline rates,
which are not affected by the factors typically involved in live construction site production. However, the various
factors attributed to the workers can still influence the rates.

Thomas and Sakarcan [24] proposed the factor model to calculate productivity rates for masonry works. According to
their model, factors (work type, physical elements, construction methods, design requirements, and squad size) were
added to the base unit rate as coefficients. The values of the factors were obtained by collecting the daily outputs of
several construction projects [24]. In a previous study [25], weather was also accounted for.

Thomas and Zavrski [26] found that the work content (i.e. complexity of design) was an essential influencing factor,
as well; thus, a difficulty scale for masonry works was proposed. However, this only works at the project level. Thomas
and Sudhakumar [27] suggested a multiple regression model to quantify the effects of influencing factors. Their list of
factors included weather parameters, overtime, number of workers, and the aforementioned work content scale. Factors
describing the complexity of the work are also part of Sanders and Thomas’ [25], Thomas and Zavrski’s [26] and
Thomas and Sudhakumar’s [27] models. However, in those models they characterised the entire project. This study
considers the characteristics of the individual wall sections in order to obtain more precise productivity rates.

Olomolaiye [16] studied the effects of motivation and the workers’ skills on productivity. He defined skill as a
combination of experience, training, and natural ability. The conclusion of his study was that the effect of skills was
greater on productivity than that of motivation [16]. Sweis et al. [15] also included skills in their list of productivity
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influencing factors. There skills contained training, work ethics, and motivation. This study also considers the effects
of the characteristics of the bricklayers, i.e. their abilities and experience, on labour productivity rates.

Finding the most important factors affecting productivity may be difficult due to many factors acting simultaneously;
therefore, defining individual effects may prove challenging. The combined effect of several factors is possibly not
equal to the sum of the effect of each one acting alone, owing to their interrelations and dependencies [28]. The use of
simulation can be helpful in determining the individual and combined effects of the factors.

3. Use of simulation for productivity studies

Simulation can be useful when experimenting on the real-world system would be too expensive, or risky. Therefore,
simulation is suitable for analysing construction processes to answer questions about productivity. In the following,
examples are shown for the application of basic simulation methods (discrete-event simulation, system dynamics, and
agent-based modelling) and hybrid simulation approaches in productivity studies. Hybrid simulation approaches are
the combinations of basic simulation methods with each other or with, for instance, fuzzy logic (FL).

Mawdesley and Al-Jibouri [29] attempted to identify the most important factors affecting productivity, their
interrelationships and quantified effects through surveys filled in by construction experts. The developed SD model
was used to evaluate different strategies and concluded that management should concentrate on planning and control.
The concept of Nasirzadeh and Nojedehi’s [30] model is similar, as well as the set of project-level influencing factors.
Palikhe et al. [31] used SD to determine the most important factors affecting productivity in Nepal. Choi and Bae [32]
also applied SD to integrate the effect of various continuous factors into their static estimation model. Olomolaiye [16]
used SD to find the critical tasks of the process of bricklaying.

Both Al-Tabbaa and Rustom [33] and Han and Halpin [34] recommended the use of probabilistic over deterministic
models and applied DES. The former researchers’ model aimed to provide planners with activity and project durations
with the help of DES using historic duration data and current site conditions. The latter researchers used DES to
increase the amount of data input into a multiple regression model while taking a limited number of influencing factors
into account.

Agent-based modelling (ABM) was applied by Watkins et al. [35]to analyse how the efficiency of the workers changes
due to site congestion. Two different agents were defined: tasks and workers. The latter ones are characterised by their
skill levels.

Alvanchi et al. [36] proposed the combination of DES and SD as the former is suitable for modelling the operation
level, while the latter can contain context level variables; thus, allowing the creation of a more accurate model of
construction operations. Alzraiee et al. [37] applied the same hybrid simulation approach to get productivity rates. The
factors affecting these rates were considered with the SD component.

AbouRizk and Sawhney [38] developed a DES-FL hybrid system which provided the users with beta distribution
functions of the activity durations to be applied in schedules. The input data included the selected factors, the likelihood
of their occurrence, and their adverse effects. The last two were given in linguistic terms. The estimated minimum and
maximum durations also had to be given. The result depended on how accurate information the user could provide.

Nojedehi and Nasirzadeh [39] presented an SD-FL hybrid model, which can be used for determining whether a certain
managerial decision will, in fact, increase productivity. The SD part contained the factors influencing productivity,
while their effects were quantified with the help of the FL component. Robinson Fayek and Tsehayae [40]
recommended the application of hybrid FL approaches for the same reason. However, it was noted that the nature of
FL limited the number of influencing factors; therefore, sub-factors were required to be introduced.

Khanzadi et al. [41] suggested an SD-ABM hybrid simulation approach to improve productivity. The SD component
contained the influencing factors, while the ABM part had groups of workers as agents and was used to model site
congestion.
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Since the objective of this research is to create a model that will provide productivity rates while also considering
factors affecting productivity in masonry works, a hybrid simulation approach has been selected. One component is
DES because this will give the durations and resource usage data needed. The other is SD for its ability to show the
interrelationships of the factors that influence labour productivity. The structure of the model is explained in a
previously published paper [42]. The next section describes the input data necessary for each component.

4. Input for simulation
4.1. Input for the SD component

The SD component of the model comprises of the factors affecting labour productivity rates of masonry works with
their interrelations marked and their effects on the productivity rates expressed. It is worth noting that a vast number
of factors can be considered; however, this research project concentrates on the information available in the planning
phase of a project. At this stage, data on the wall sections and bricklayers are accessible. These can be further divided
into sub-groups as shown in Figure 1.

WALLS - WORKERS

PRODUCTIVITY

experience

Figure 1. Factors affecting labour productivity rates of masonry works

The sub-groups contain the factors that make up the SD component of the model. For example, the difficulty sub-
group includes the factors that determine how complicated it is to construct a given wall section. These are, for instance,
the number of openings, cut bricks/blocks, and movement joints. The specification sub-group involves the pointing
type and the type of bond required by the design. Figure 2 shows two possible bonding arrangements: the more common
and simpler stretcher bond and the more complicated Flemish bond. The construction of simpler walls is generally
faster.
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Figure 2. Left: stretcher bond, right: Flemish bond (Orsolya Bokor ©)

The sub-groups associated with the workers are listed on the right side in Figure 1. For example, the skills sub-group
includes factors such as the workers’ abilities to work independently, without continuous supervision, and their own
technical knowledge.

4.2. Input for the DES component

For the DES component of the model the main input are the tasks of the masonry construction process. The workflow
of building a block wall is shown in Figure 3. The process starts with the preparation when labourers make ready stacks
of blocks, place mortar boards on a number of these, and distribute mortar on them. The next activity is marking the
location of the wall section to be built. This is either done by the foreman or by the bricklayers themselves. Laying the
base course is crucial. After that the bricklayers build corners at each end of the section, and continuously check the
laid blocks with tape measures and spirit levels. The blocks in-between can be laid to the line stretched between the
corners. Once they reach scaffolding height, meaning that they can no longer work from the ground, the scaffolding
needs to be assembled. Before that, pointing (i.e. tidying up of the joints) is performed and the surface is brushed. After
the scaffolding is erected, the work continues in the same way as before until the wall section is finished. When the
maximum height is reached, the last step is the final round of pointing.

scaffolding

. . blocks in-
preparation |—* setting out [ corners —
between

pointing

Scaffolding
height

pointing

Figure 3. Workflow of blockwork

Another important type of input for the DES component is resource. There are various resources needed for performing
the tasks, however, this research focuses on human resources. There are two such labour resources: bricklayers and
labourers. Bricklayers start with the setting out, work until the scaffolding needs to be erected by the scaffolders, and
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then return, and stay until the end. Labourers are present throughout the whole process as they are responsible for
unloading and distributing materials, which are mostly building blocks and mortar but different sorts of ties and
movement joints are also needed. Generally, bricklayers work in squads of two or three depending on the length of the
wall section with one labourer helping them.

The final group of input for the DES is the task duration. These are the interface variables providing the connection
between the model’s two components as their value is affected by the SD part.

5. Conclusion

The planning phase of a construction project is important. Accurate productivity rates and resource usage information
are essential at this stage. Hybrid simulation approaches can be used for obtaining these. After selecting the most
appropriate approach and determining the structure of the model, the input data need to be collected [42]. This is a
crucial step as the output will only be as good as the input. To help with this phase of model development, this paper
presents the necessary input data for a DES-SD hybrid model which is intended for providing planners with more
realistic productivity rates of masonry works.

For the SD component, the list of factors that affect productivity rates needs to be compiled. In this case, it consists of
the characteristics of the wall sections and the bricklayers. The interrelationships amongst the factors and their effects
are also included in the input data for the SD part. For the DES component representing the workflow, the tasks with
their durations and resource requirements comprise the input data. The task durations serve as the interaction points
between the two components of the model. Their values are influenced by the SD component.

After the input data are available, the next step is to create the model and run the simulation [42]. Based on initial
results, it needs to be refined, then verified and validated with data from real-life projects.

In the future, it needs to be explored whether other hybrid simulation approaches could also be used for the purpose of
obtaining more accurate productivity rates. The results of this and the new models should be compared to determine
the most suitable one. Moreover, further groups of influencing factors could be input into the model.
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