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Abstract: The aim of this study is to build a mathematical model of the productivity of construction
workers. It does so by selecting 17 factors that influence the productivity of construction workers
and categorising them into five groups. For the mathematical description of the factors, fuzzy logic
was used. A formula for calculating the work productivity of construction workers is proposed.
The novelty of the approach proposed by the authors is rooted in the consideration of various factors
that have the potential to influence the productivity of construction workers. To present the way
the formula operates, a single assessment of ceiling formwork was undertaken. The verification
of a model confirmed its capability of analyzing, evaluating, and predicting the productivity of
construction workers with satisfying accuracy.
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1. Introduction

The construction of buildings is related to the execution of various types of tasks, which require
different material expenditures and efforts from workers, who should possess a variety of skills.
The type of construction work performed, and the characteristics of the workers strongly influence the
time spent on performing a particular task. An additional problem is the interaction of the environment
and various other factors characterized by instability (e.g., changing weather conditions). In terms of
environmental factors, the authors consider all identifiable elements in the environment, e.g., physical,
economic, technological etc., that affect the productivity of construction workers. Construction labour
is one of the main resources, so labour productivity, as well as completeness and correctness of the
executive project, plays a key role in predicting the time and cost of construction activities [1-3].

In the literature on the subject, the term “productivity” is defined in different ways. In construction,
productivity is usually taken to mean labour productivity [4]. Most researchers defined labour
productivity as a relationship between human hours and work accomplished [5]. Hwang and Soh [6]
as well as Yi and Chan [7] defined labor productivity as the relationship between the output produced
and the inputs used during the production process period. Moselhi and Khan [5] as well as Nguyen
and Nguyen [8] defined labor productivity as a ratio of output to input while producing a product. In
economic science, the ratio is usually expressed as a percentage, e.g., 100% productivity means that
the person is working as per the standard, while a higher score means that he or she is working more
efficiently, that is, producing more units than those specified in the standard. This definition will be
used in the model proposed.

The aim of this paper is to report the results of studies on the development of a mathematical
model capable of analyzing, evaluating, and predicting the productivity of construction workers.
The novelty of the approach proposed by the authors roots in taking into account various factors
that have the potential to influence productivity of construction workers. The goal was to develop a
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model that binds together a number of multidisciplinary factors as the input, with productivity of a
worker, or a gang of workers, assigned to a specific construction work as the output. Other studies, in
comparison, usually focus on groups of factors that derive from one or at least two disciplines. In the
course of the research, various factors affecting the productivity of construction workers have been
analyzed and introduced to the model. As a tool, which was implemented for the formal description
of relationships between values of different factors and productivity of workers, fuzzy logic was used.
The studies resulted in the formulation of a mathematical relationship, which is a core of a developed
model. Verification of the model confirmed its capability of analyzing, evaluating, and predicting
productivity of construction workers with satisfying accuracy.

2. Literature Review

Numerous researchers have attempted to develop models for predicting construction labour
productivity. Methodologies that exist in construction labour productivity research area can be
categorised as follows: (1) qualitative research methods, (2) quantitative research methods and (3)
mixed method approaches, which involve a combination of qualitative and quantitative approaches [9].
Another classification of construction labour productivity is based on the research focus of each study,
which can be: (1) archival study, (2) empirical research, and (3) simulation methodology. Many
models apply advanced mathematical methods. These modeling techniques encompass statistical
and regression models, expert systems, artificial intelligence, and simulation. Regression-based
models have been used to study earthmoving productivity [10], masonry productivity [11,12] and
pile construction productivity [13]. Examples of employing expert systems for productivity modeling
include the system developed by Fayek and Oduba [14] as well as El- Rayes and Mosehli [15]. Such
techniques as the artificial neural network have also been involved [13,16,17].

Choy and Ruwanpura [18] applied situation-based simulation models for predicting construction
productivity. Hanna et al. [19] applied stepwise regression model to estimate the impact of changes on
labor productivity in mechanical projects. Graham and Smith [20] gathered past productivity data
regarding concrete supply and onsite delivery to create a predictive model by applying case-based
reasoning (CBR) principles. Huang et al. [21] used the CYCLONE modeling methodology to estimate
the productivity of formwork operations.

Despite the development of a considerable number of models, many of them reveal certain
drawbacks which hinder the correct assessment of labour productivity under particular conditions.
The models are usually developed and verified for the selected scope of construction works. Moreover,
they include only a few selected factors affecting the productivity level. Also, the complicated
mathematical methods used in a number of models often discourage potential users in applying the
models in practice.

Another issue that contributes to the complexity of productivity estimation is the existence of
numerous productivity-influencing factors. Productivity rates can fluctuate considerably due to the
influence of these factors.

Over the years, there has been a significant shift towards a study of working time and productivity
of workers. Ergonomics and interruptions at work were the key areas of workplace organization science.
Over time, issues such as the importance of employee wages began to be noticed. Contemporary
research on working time in construction tends to pay increasing attention to areas not directly
related to professional activity. Many studies conducted around the world have concentrated on the
development of a model of rest time [22]. The results show the positive impact of adequate time spent
at home on the efficiency of the work of construction workers. Excessive time spent with family, as
well as a dearth of it, results in reduced productivity. Very similar conclusions can be drawn from the
Australian work-life-balance (WLB) model, which aims to balance the time spent working with the
private life of construction workers [23]. Another approach analyzing the impact of absenteeism on
performance is presented by the model of Ahn et al. [24] who take into account the social problems
of workers.
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Weather conditions have a huge impact on construction activities. Many studies have modelled
the influence of temperature and air humidity, as well as that of extreme weather conditions, on the
productivity of construction workers [25,26].

Among the factors related to the psychophysical condition of employees, those related to their state
of health are considered important [27]. Another aspect is the proper replenishment of bodily energy, as
well as the regeneration of strength during physical work in the construction industry [28]. It turns out
that the appropriate length of rest time increases the performance of the workforce. Researchers in South
Africa have determined the importance of stress on performance [29]. Unsurprisingly, the results show
that stress negatively affects work productivity; thus, this study focused on determining the specific
values of the impact. Workplaces should also provide acoustic comfort, because high noise levels are
tiring and can, in addition, cause hearing loss, which leads to reduced productivity. Supervision of the
construction site also depends on the length of the work shift [30]. Performance can be increased by
setting the appropriate wage, as well as by providing bonuses and rewards. According to research [31],
financial consideration plays the biggest role in motivating employees to increase performance. The day
of the week is not without significance for the effect on productivity as it was found there is a dip in
the productivity of constructions on Mondays, Fridays, and Saturdays [30].

Previous research presents various classifications of factors influencing the labour productivity
of construction workers [32,33]. However, these studies do not take into account a large number of
factors affecting the working time of construction workers and are primarily limited to factors involved
in performance-related scheduling [34-37].

3. Materials and Methods

3.1. Factors Affecting Labour Productivity

To construct a model to measure the productivity of construction workers, on the basis of an
analysis of the literature, 17 factors were selected and categorized into five groups (Table 1). These
factors are most often cited in the literature [5,16,22,23,25,26,28] as having a fundamental impact on
the productivity of construction workers. They are also characterized by universality, i.e., they have an
impact in all types of construction work and are not characteristic only for a selected group of works.
The main reason for choosing these factors was the possibility to examine them in the current research.

Table 1. Classification of the factors affecting labour productivity.

Factor Group Factors Study

Time spent outside work

worker’s absence
time spent with the family (WLB)

Hsie (2009) [22]; Ahn et al. (2013) [24]
Townsend (2012) [23]

air temperature

Moselhi and Khan (2012) [5]; Lee et al.

Weather conditions wind (2009) [25]; Zhao et al. (2009) [26]
precipitation
stress Bowen et al. (2013) [29]
fatigue Bowen et al. (2013) [29]
Psychophysical conditions health Helmer (1996) [27]
age Helmer (1996) [27]
recovery Chan et al. (2012) [28]
ergonomics

Organization and
management of the worker

noise

duration of work shift

salary

organization of work and workstations

Malara (2014) [30]; Plebankiewicz et al.
(2015) [31]

Remaining factors

day of the week
adaptation to new operating conditions
or a new technology

Malara (2014) [30]
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When analysing the factors in Table 1, it should be noted that some of them belong to the group of
“Human Resources” (time spent outside work, psychophysical conditions), while the others belong
to the group which can be called “Project Condition”. As a result, all these factors can be used to
determine only the productivity of an individual worker. When determining the productivity of the
entire team, factors from the “human resource” group cannot be considered.

The factor to which attention should be paid and which was not included in Table 1 is experience.
This issue is exceedingly complex, because it includes many so-called soft skills that are acquired with
age and life experience. This means that the factor “employee’s age” also includes aspects related to
experience, and therefore it has not been subjected to a separate analysis in this work.

3.2. Parameterization of the Factors

One of the problems in constructing a mathematical model depicting the dependence of the
productivity of construction workers on various factors is the number and variety of units by which
these factors can be determined. Having reviewed solutions for similar mathematical depictions, fuzzy
set theory proved the most effective, as it is a frequently used tool in these types of problems [38,39].
Fuzzy sets effectively allow one to change the values of variables with different units into numerical
parameters belonging to the range <0, 1>. Taking into account the descriptions of the factors available
in the literature, membership functions were proposed for each of them. Each of the factors was
analyzed separately and the effect was to develop a membership function, which in the near way
reflects its impact on productivity. The method of analyzing individual factors can be found in [30]. To
illustrate the course of the analysis, this paper presents its details regarding only one factor, which is
the age of the worker.

Studies [40,41] prove that the best working age is 2627 years due to the optimal physical
conditions (biologically the best age). However, one cannot approach this data uncritically and treat
this age as the most conducive to achieving the highest productivity. The same research also shows
that, in the European Union, the employment of 26-year-olds is at a similar level as 45-year-olds
and in this age frame is permanent. It is only over 45 years of age that employers are reluctant to
hire workers due to their lower productivity. It should be noted that there exists a large amount of
help from the European Union countries in the activation of employees in the pre-retirement age. In
individual countries (including Poland), the costs of hiring older employees are reduced, and there
is the possibility of subsidies and reimbursement of training costs for these employees. However,
according to employers, this does not compensate for the declining productivity of workers. The range
of 45-55 years is assumed as the age of a strong decrease in employee productivity. After reaching the
upper value of the range, no clear decreases in physical activity until the employee reaches retirement
age are observed. The relatively constant productivity of worker aged 26-45 depends on the gradual
replacement of physical strength by experience. In the case of manual work conducted by construction
workers, the accepted limit terminating optimal performance at the age of 45 is justified. The above
analysis concerns manual workers, because in the case of administrative or mental tasks lower physical
fitness does not play such a significant role.

The above description of the worker’s age factor is best illustrated by the trapezoidal function
of belonging to the high productivity sets (Figure 1), with the values of characteristic parameters:
a = 16 years of age (the lower limit of employability of workers allowed by the Polish law), b = 26 years,
¢ = 45 years and d = 55 years. Thus, the full formula of the membership function for the factor takes
the form of Equation (1).
0dlax <16 and x > 55

136 for 16 < x < 26
X for45 < x <55
1 for1l6 <x <45

a(x) = 1)

Figure 1 depicts its graphic interpretation.
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Figure 1. Graphic interpretation of the fuzzy value of the membership function to the high productivity
sets for the worker’s age factor.

e  The membership functions of the following factors are captured as linguistic values: ergonomics
of equipment and tools; wage; organization of work and work stations; stress; fatigue of the
employee; and health. The membership function is:

Very good (0.8; 0.9; 1.0; 1.0);
Good (0.6; 0.7; 0.8; 0.9)
Average (0.3, 0.4; 0.6; 0.7);
Weak (0.1;0.2; 0.3; 0.4)

Bad (0.0; 0.0; 0.1; 0.2)

e  For the factor: noise, the membership function is described in Equation (2).

1 for x < 52dB
pa(x) =9 85482 for 524B < x < 854B @)
0 for x > 85dB

where dB stands for decibels.
e  For the factor: duration of work shift, the membership function is described in Equation (3).

0 for x < 6hand x > 12h
x—6h
_ ) T for6h < x <7.5h
Ha(x) 123}’{"]‘01’ 9h <x < 12h
1 for7.5h <x <9h

®)

where h is hours worked.
e  For the factor: regeneration of strength, the membership function is described in Equation (4).

0 for TofO/T < 6% and Tfo/T > 30%

Tfo/T_6 %o o 0,
5 or6% <T < 14%

ta(TroT) = 300/08—/%f0,f forT )
—5—for 20% < Tro /7 < 30%
1 for14% < Tfo/T < 20%

T
where: T is time available; Ty, is time to rest; and T,/ 7 = %100%
e  For the factor: precipitation, the membership function is described in Equation (5).
1for x = Omm
pa(x) =3 1952 for Omm < x < 10mm )

0 for 10mm < x
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e  For the factor: wind, the membership function is described in Equation (6).

1 forx =0m/s
pa(x) ={ 1% for Om/s < x < 10m/s (6)
0 for10m/s < x

e  For the factor: air temperature, the membership function is described in Equation (7).

0 forx <4°C

& for4°C < x < 16°C
pa(x) =19 1 forx=16°C

BCX for 16°C < x < 28°C

0 for28°C <x

@)

e  For the factor ‘worker’s absence,” the membership function is described in Equation (8).

0 forx =0r—d
pa(x) =4 sforlr—d<x<5r—d

®)
1 forx>5r—d

where: r — d represents workdays.
e  For the factor: adaptation to new working conditions, the membership function is described in

Equation (9).
0 forx=1r—d
ua(x) =3 =l for2r—d <x<15r—d

©)
1 forx>16r—d

The shape of the membership function is presented in Figure 2.

08 +
\ | \/ | 06 +

|
I 06 +
— — 04 +— 04 / \
'4| ‘f I,‘ ‘1‘ “. 02 +—4 021 ‘
Vo \ 0 +—t ) ¢
. ‘7 1‘ - , ) —— 048 w4 858 12048 oh 6h 7% Sh 1 2h:
(@) (b) (c)
1
Ty 3
06
04
0
] ; ; §
O% 6% 1% 20%  30%  ,50% | '
(d) (e) ®)
(8) (h) @)

Figure 2. Shapes of the membership functions for factors: (a) with the membership functions described
as linguistic values; (b) noise; (c) duration of the work shift; (d) regeneration of strength; (e) precipitation;
(f) wind; (g) air temperature; (h) worker’s absence; (i) adaptation to new working conditions.



Buildings 2019, 9, 240 7 of 14

e  For the factor ‘time spent with family,” the membership function is described in Equation (10).

| 1 forx < 5r—d/week
Halx) = { 0 for x > 6r —d/week (10)

e  For the factor ‘day of the week,” the membership function is described in Equation (11).

0.38 for x = “Monday”

0.87 for x = “Tuesday”

1 for x = “Wednesday”

= 11
Halx) 0.88 for x = “Thursday” ()
0.84 for x = “Friday”

0 for x = “Saturday”

More on the characterization of the factors and the justification of their proposed membership
functions can be found in [30,31].

3.3. Impact of Identified Factors on Work Productivity of Construction Workers

The next step in the study was to determine the impact of the identified factors on worker
productivity. The results of the survey were used to determine this. The survey covered a total of 142
respondents, comprising both supervisors (66 people) and construction workers (76 people). A survey
for supervisory staff was available on the website of the Institute of Construction Management of the
Faculty of Civil Engineering, Cracow University of Technology from April 16, 2014, to June 30, 2014.
The largest group of respondents included construction engineers, craftsmen, and masters, while the
smallest group involved contract managers, directors, board members, and construction company
owners. Most of the subjects had worked in their current positions for 3—6 years, but it is difficult to
indicate their employment timespan clearly. The greatest number of respondents worked in companies
employing 10-249 workers; however, when workers for subcontracting companies were included,
the dominant group was the one with 100-499 people. The most represented groups were small and
medium-sized companies.

As part of the follow-up survey, surveys were also conducted among construction workers; 76
anonymous paper-based questionnaires were collected. The research was conducted in the second
half of 2014. The workers, who were employed at several construction sites in Cracow, worked as
specialists in a variety of tasks, ranging from earthworks to finishing. The largest group was specialists,
which included carpenters, reinforcers, and bricklayers. The respondents had typically worked in their
positions for 3-6 years. Most of them declared a work experience of 3-7 years in the construction
sector. By determining the average number of the employed workers in the company, excluding
subcontractors, the largest group was one with up to nine employees. If subcontractors were included,
most responses had a range from 20 to 99 employees.

In the survey, the respondents evaluated the degree of influence of each of 15 factors on a 1-5 scale.
Ratings are assigned numeric values by the following key: 1—insignificant factor; 2—factor of small
significance; 3—factor of average significance; 4—significant factor; and 5—strongly significant factor.

After aggregating all the surveys, it was found that for none of the factors was the mean score of
the responses less than three, indicating the generally average significance of the factors; therefore,
the respondents confirmed that all the factors included in the survey had influence on construction
workers’ productivity. The results are presented in Table 2.
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Table 2. Assigning average survey values to the factors identified.

Factor Number Factor Name Average Value
C Ergonomics 4.01
) Noise 3.65
c3 Duration of work shift 3.20
Cy Salary 451
Cs5 Organization of the workstations 417
Cq Stress 3.38
c7 Fatigue 418
cg Health 4.27
C9 Age of the worker 3.83
1o Recovery of strength 3.09
c11 Precipitation 3.49
C12 Air temperature 3.49
C13 Wind 3.49
Cl4 Time spent with the family 3.16
C15 Worker’s absence 3.16
C16 Day of the week 3.65
c17 Adaptation to new operating conditions 3.73

Such an assignment becomes the basis for further inference concerning the degree of influence
that individual factors have on the productivity of construction workers.

As the collected survey results proved statistically significant, a basic set of degree of influence
coefficients was created. The analysis of responses allowed four characteristic groups to be specified.
Of all the factors, the lowest mean evaluation was given to c3, cjo, c14, and cj5. Their values are
included in the range <3.09, ..., 3.20>. Due to the small differences between the means for these
factors, they were categorized into one group: those with the lowest influence on the construction
workers’ productivity. The next group included the factors ¢, ¢, c9, 11, €12, €13, €16, and c17, whose
means fit the range <3.38, ... , 3.83>. This group comprises factors described as having an average
influence on the productivity of construction workers. Yet another group was based on mean values of
responses in the range <4.01, ... , 4.27>, and included the factors cj, cs5, c7, and cg. These were called
factors that had a large degree of influence on construction workers’ productivity. The last factor, cy4,
was assigned to the group with a very high degree of influence on the productivity of construction
workers, as the mean value of the responses was the highest. All the values were assigned on the basis
of the assumptions of the Likert scale. The results of the survey were such that the set of factors having
a very small degree of influence on workers’ productivity remained empty.

The next step, aimed at the simplification of the work productivity model, involved the assignment
of weight coefficients to the particular groups. This was conducted on the basis of fuzzy set theory.
The singleton sharpened form of the Likert scale was used, which allowed the assigning of values from
the set <0, 0.25, 0.5, 0.75, 1> to individual groups of factors. Since there were no factors with a very
small degree of influence on workers’ productivity, the subsequent analysis excluded this group. A
full assignment is presented in Table 3.
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Table 3. The division of the degree of factor influence on individual groups.

Group Name—Influence

on Work Performance of Low Average High (Important) Very High (Very
. Important)
Construction Workers
Factors assigned €3, €10, C14, C15 €2, 6, ©9, €11/ 1,5, Cy, Cg Cy
€12, €13, €16, C17
Weight coefficient 0.25 0.5 0.75 1

The analysis of factors influencing construction workers revealed that four of them required a
separate approach: ergonomics, air temperature, wind, and precipitation.

3.4. Formula for Determining the Productivity of Construction Workers by Considering the Influencing Factors

To obtain a formula capturing the productivity of construction workers, each factor labelled ¢y, ¢y,
..., ¢1y was described using two variables. According to Table 2, each of the factors was assigned a
function p4(c), where ce<cy, ¢, ..., c17> and the function value of u4(c) €<0,1>. The other variable
was the weight coefficient w, for which the values w(c)€<0.25,0.5,0.75,1> are predefined in Table 4,
where ce<cy, ¢, ..., ¢17>. Summing up, all the factors were described in terms of pairs of numbers,
which are the results of the previously specified functions and w(c).

A formula for calculating the work productivity of construction workers, as defined by the Wp
function in formula (12), was proposed.

17 &) - wlc; y
wp = [(Zi=bal l)( )( )y 105 (12)
i=1 WCi

where: Wp refers to labour productivity; u(c;) refers to the value of the membership function of the
set of high productivities for the i-th factor; w(c;) refers to the value of the function of the degree of the
impact of the i-th factor on labour productivity, and the y—coefficient correcting the interval width of
the possible occurrences of the Wp function values.

In formula (12), the value of the quotient of the sum in each case is in the interval <0, ..., 1>;
hence, the necessity arises to move the center of the interval by 0.5 so that for the average quotient
value, interpreted as average productivity, the result obtained is equal to 1, implying 100% productivity,
or the accomplishment of the assumed standard. The exponential form of the function is related to the
possibility of adjusting the width of the interval of possible results. Example intervals <z, ... , zp>,
depending on the value of the power of y, are presented in Table 4. Value z; is the minimum theoretical
value of the function Wp, while z; is the maximum.

Table 4. Examples of interval values dependent on exponent y.

y 0 0.25 0.5 0.75 1 2 3 4 5
z1 1 084 071 0.59 0.5 025 013 0.06 0.03
V43 1 111 122 136 1.5 225 338 506 759

For the power exponent in the formula for Wp, accepting the value of 0 does not make sense,
due to the previously known results of the value of the function. Seeking a range for y > 5 is also
illogical, due to the extremely large dispersion of results; for y = 5, the theoretical possible performance
at high values of 14(c;) can exceed 700%, which is doubtful, if not impossible. Choosing the width of
the productivity range depends on the nature of the worker’s activity and his or her sensitivity to the
changing factors. Simple and repetitive tasks have less sensitivity to the variability of factors, while
complicated and atypical tasks are less predictable. Therefore, determining the appropriate value of
the exponent y is vital for obtaining reliable results. It is proposed that its value should be determined
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by using the standard deviation of the test sample. This assumption is based primarily on the lack of
sensitivity of the model to the change of exponent y. The basic assumption is the alignment of the
standard deviation of the actual results with the theoretical results. It is therefore possible to present
the assumption using formula (13):

ow = (01)? (13)

where: o,—standard deviation of the actual results; o,—standard deviation of the theoretical results,
y—expected exponent of formula (1).
To find the expected exponent, formula (14) is used, taking the natural logarithms of the values:

Inoy

y (14)

o an't

The coefficient y calculated by Equations (13) and (14) will result in a very good scaling of the
theoretical results for empirical research but will not result in any change in the way the model operates.
Thus, in the previously described Equation (12), it is possible to scale the results by adjusting the width
of the range of productivity results of construction workers by changing the exponent y.

The proposed formula assumes that the impact of all identified factors is taken into account. It is
possible to use fewer factors, but it should be remembered that a reduction in the number of factors
will result in lower accuracy of the result obtained.

3.5. Example of Formula Usage

To present the way the formula operates, a single assessment of ceiling formwork was undertaken
on October 14, 2015. In this example, based on measurements and observations, all 17 identified
factors were analyzed. The results, together with the calculation of the values of the function p4(c;),
are presented in Table 5. The data in the column “measurement result” come from observations and
membership functions were determined on the basis of graphs (Figures 1 and 2).

Table 5. Results of calculation of function values.

Factor Symbol Factor Name Measurement Result ~ Function p4(c;) Value
1 Ergonomics good 0.75
C Noise approx. 78 dB 0.2
c3 Duration of work shift 9h 1
Cy Salary good 0.8
5 Organization of the workstations good 0.8
Co Stress low 0.8
c7 Fatigue high 0.25
cg Health average 0.5
Co Age of the worker approx. 42 years 1
c10 Recovery of strength 8% 0.28
1 Precipitation N/A 1
C12 Air temperature 8°C 0.33
C13 Wind 5m/s 0.5
C14 Time spent with the family 2 days 1
C15 Worker’s absence 1 workday 0.2
Cl6 Day of the week Thursday 0.88
C17 Adaptation to new operating conditions 2nd day 0.07
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For further calculations, coefficients of the degree of influence of individual factors on productivity,
that is, w(c;), were used. All the necessary values for calculating Wp were determined. The calculations
proceeded as follows:

_0.75-0.75+0.2-0.5+1-0.25+...+0.2-0.25+ 0.88- 0.5+ 0.07 - 0.5
o 0.75+05+025+...+0.25+0.5+0.5

Wy (15)
giving the final result Wp = 1.04.

The standard working time retrieved from the available directories, taking into account average
working conditions, is 0.769 m?/w-h. Therefore, taking into account the conditions determined in
Table 5, the productivity of the worker should be 0.800 m?/w-h.

The correctness of the mathematical model of productivity of construction workers was supported
by a statistical comparative analysis between empirical and theoretical results. For this purpose, 236
measurements were made on various construction sites. The research was conducted for a dozen or
so different works for several groups of construction works: reinforcement works (ceilings, walls),
carpentry works (walls, ceilings, poles), bricklaying work, finishing works (laying of cladding of steps,
filling flat surfaces, laying linings of landings and corridors, assembly of plinths).

All results of empirical studies were subjected to the Shapiro-Wilk normality test in order to
check the data for approximation to the normal distribution. Then, basing on the result obtained
which determined the logical value of the null hypothesis about the normality of data, Spearman’s
rank correlation coefficient (rejected null hypothesis) or Pearson’s coefficient (the null hypothesis not
rejected). Correlation studies between the empirical results and the results obtained through the model
operation indicate the existence of strong links between them using the base values of the coefficients
of factor influence on the productivity of construction workers.

Of the listed works, only for one was an (at least) moderate correlation not specified. The results
of statistical activities confirmed the correctness of the model’s operation.

4. Discussion

In the literature we can find a considerable number of mathematical models capable of predicting
productivity of construction workers. However, the models are usually developed and verified for the
selected scope of construction works and include only a few selected factors affecting the productivity
level. The complicated mathematical methods used in models often discourage users in applying the
models in practice.

The novelty of the approach proposed by the authors is rooted in taking into account various
factors that have the potential to influence the productivity of construction workers. On the basis of an
analysis of the literature, 17 factors having a fundamental impact on the productivity of construction
workers were selected, analyzed and introduced to the model.

The study has developed a formula for determining the productivity of construction workers,
which can be used for a variety of construction works. The effect of the calculations is: to predict the
amount of work done by the workers; to evaluate the ability to complete the task within the time limit set
in advance; to indicate the factors that negatively affect the productivity for verification purposes; and
to improve and enable the use of the results in establishing bonus systems and wage differentiations.

The development of the mathematical model requires more work. The present model needs more
empirical tests on the construction site. Testing the model for construction of various sizes, scope
and specificity of construction works will allow it to adapt to various conditions, while increasing
its universality.

Building a database of coefficients of the degree of influence on the productivity of construction
workers, depending on the type of work, is planned in future research. It will be developed on the
basis of one of the existing classifications of construction tasks. Creating an application supporting
personnel decision making on construction sites related to the employed construction workers is
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being considered, along with the possibility of using the elements of building information modeling
technology to describe labor inputs.

5. Conclusions

The aim of this study was to build a mathematical model of the productivity of construction
workers. It does so by selecting 17 factors that influence the productivity of construction workers and
categorising them into five groups. For the mathematical description of the factors, fuzzy logic was
used. Each of the factors was analyzed separately and the effect was to develop a membership function,
which in the near way reflects its impact on productivity. To illustrate the course of the analysis, this
paper presents its details regarding only one factor, which is the age of the worker.

The next step in the study was to determine the impact of the identified factors on worker
productivity. The results of the survey were used to determine this. The survey covered a total of 142
respondents, comprising both supervisors (66 people) and construction workers (76 people). Such an
assignment becomes the basis for further inference concerning the degree of influence that individual
factors have on the productivity of construction workers. As the collected survey results proved
statistically significant, a basic set of degree of influence coefficients was created. The analysis of
responses allowed four characteristic groups to be specified.

The next step, aimed at the simplification of the work productivity model, involved the assignment
of weight coefficients to the particular group of factors. This was conducted on the basis of fuzzy set
theory. The singleton sharpened form of the Likert scale was used, which allowed the assigning of
values from the set <0, 0.25, 0.5, 0.75, 1> to individual groups of factors. Since there were no factors
with a very small degree of influence on workers’ productivity, the subsequent analysis excluded this
group. A formula for calculating the work productivity of construction workers is proposed.

Verification of the model confirmed its capability of analyzing, evaluating, and predicting the
productivity of construction workers with satisfying accuracy.
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