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Abstract. During construction operations, fleet management aims
at maximizing the uptime and efficiency of construction machinery while
also minimizing the cost of ownership through lifecycle planning and
management. In the deterministic approach, the theory suggests that one
type of machinery is considered to be critical. However, taking into account
the real circumstances under which projects are performed with issues such
as machine reliability, worker performance, and/or errors in estimating the
scope of work, it is evident that there are significant limitations to the
existing approach. Hence, to address this issue, uncertainty in fleet
productivity is modelled with fuzzy set theory. In this context, the notion
of composite criticality under which the productivity of a fleet depends on
more than one type of machinery because of the fluctuations of the
individual productivities is introduced. To this purpose, a simple case study
is presented to illustrate this concept. It is concluded that this approach leads
to a better understanding of the estimation of activity duration and cost
estimation which in turn means better project scheduling and financial
planning.
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1 Introduction

In construction operations project managers are faced with the task of completing activities
under multiple constraints while ensuring the optimal use of available machinery. In this
context, construction equipment fleet management involves a variety of functions including
machine maintenance, safety audits, GPS tracking, optimal fleet composition, cost tracking,
fuel consumption monitoring and operator training. In ensuring efficiency, a primary goal
is to maximize machinery uptime and reduce idle times by ensuring continuous flow and
usage of machinery in all project activities. Similarly, managers seek to minimize rental
or ownership costs by mobilizing the optimal number of necessary machinery.
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Productivity estimation remains a difficult task to be performed at the pre-construction
stage [1]. For many years the deterministic approach has dominated the methodological
approach to the estimations of machine productivity and consequently fleet composition.
In construction operations, productivity theory and performance handbooks provide
an excellent base for estimating the productivity of construction equipment. Thereafter,
in determining fleet composition, the primary assumption is that in a group of machines the
productivity of the machinery with the lowest productivity will determine the total production
capability. However, productivity rates differ between projects because of the varying
environments, characteristics, and level of management implementation [2]. Also, taking into
account issues such as productivity, machine reliability, worker performance, and/or errors
in estimating the scope of work, it is evident that there are significant limitations to the
existing approach. Finally, the study of a fleet of machinery in which there is uncertainty
in the productivity of its individual components poses a significant challenge.

The purpose of this paper is to apply a fuzzy set theory to examine issues of uncertainty
and imprecision in machinery fleet composition. Initially, uncertainty is examined on the
productivity of individual machines. Thereafter, the notion of composite criticality
is introduced, under which the productivity of a fleet of machines depends on more than one
type of machinery because of the fluctuations of the individual productivities. The concept
is exemplified in an earthworks project. Finally, the conclusions and possibilities for future
research are presented.

2 Literature Review

2.1 Performance Handbooks

Performance handbooks, provided by the manufacturers of construction machinery have
assisted project managers in estimating productivity and optimizing fleet composition. The
Caterpillar Performance Handbook [3] includes productivity estimations and guidelines for
a variety of equipment such as tractors, graders, loaders, excavators, backhoe loaders, forest
machines, pipelayers, scrapers, trucks, landfill compactors, pavers and asphalt pavers. The
Performance Handbook serves as an aid which, when coupled with experience can assist
in estimating true machine performance and optimizing fleet composition. Similarly, the
Specifications and Applications Handbook [4] has extensive guidelines on productivity
estimation. Overall, performance handbooks combined with productivity theory
as in Peurifoy [5] and Nunally [6] provide an excellent basis for productivity analysis.

2.2 Match Factor

In earthworks activities, Douglas [7] published a formula based on the ratio of loader
productivity to truck productivity that can be used to determine the optimal number of trucks
to balance shovel output. Morgan and Peterson [8] introduced the concept of the match factor
which is very useful in providing a measure of the productivity of a fleet and quite similar
to the Douglas ratio. A match factor of 1 represents a balance point where trucks are arriving
at the loader at the same time they are being served. If the ratio exceeds 1, the trucks are
arriving faster than they are being served and a queue is formed. If the ratio is below 1, the
loaders are serving faster than the trucks arriving [9]. In theory, a match factor of 1
is an indication of a maximized productivity level.
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2.3 Fuzzy Set Theory

Fuzzy Set Theory is used to describe and quantify uncertainty and imprecision in data and
functional relationships. A fuzzy subset A of a universe of discourse U is characterized
by a membership function pa: U— [0, 1] which associates with each element x of U a number
pa(x) in the interval [0, 1] which represents the grade of membership of x in A. In fuzzy set

theory, the triangular membership function which is defined by three numbers a,b,c

is frequently utilized. As such, a triangular fuzzy number X= <a, b, c> has the following

membership function:

0, x<a
_|(x=a)l(b-a), a<x<b
Halx)= (c=x)/(c-b),b<x<c @)
0, x>c¢

The rules that determine the operations of addition, subtraction, multiplication and
division of fuzzy numbers are called fuzzy arithmetic [10].

The min (A ) and max (Vv ) operators are useful in finding the maximum or minimum
of two membership functions [10].

Hip@ = N (1, A 1,(7) (2)
Hirs@ = N (1,0 v 1,(0) 3)
As such the union and the intersection of two fuzzy sets are determined
as:
HAUB (%) = ta (x) v (x) = mex{up (x), up (x) | (4)
HAAB () = 114 (x) A 1 (x) = min {1 (%), 1 (%)} (5)

In describing linguistic variables defined by fuzzy sets, Zadeh [11] proposed that they can
be characterized either by atomic terms (words which always occur together) or composite
terms that contain one or more atomic terms. Furthermore, he defined formula for calculating
composite truth variables based on the min operator. As such, the interpretation
of a composite of two fuzzy sets (such as pa and pg) is based on the fuzzy min operator [12].
In applying fuzzy set theory in project scheduling, McCahon and Lee [13] explained the
difference between the comparison method and the composite method in studying two fuzzy
variables. The former compares fuzzy numbers based on metrics and considers one as being
larger than the other, while the latter forms a new fuzzy number from pieces of the component
fuzzy numbers. In this paper, the composite of two fuzzy sets refers to creating a new fuzzy
set from parts of the component fuzzy sets.

3 Productivity Analysis Model

The purpose of the model is to utilize fuzzy set theory to represent uncertainty in the
estimation of machinery productivity and the process of fleet composition based
on Performance Handbooks and traditional productivity theory. Additionally, a fuzzy version
of the well-established match factor is presented.
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3.1 Machine Productivity

In the case of a construction project that involves earthworks, the fuzzy productivity
of a single excavator can be calculated with the formula [14]:

~  60-V,-f -
Qex=+f-nex (6)

Ls

where Qex : the fuzzy production rate of an excavator in m>/h, 60: a conversion factor,

V, :the crisp bucket capacity inm?®, f : the fuzzy bucket fill factor, ?S : the excavator cycle

time in the min and ﬁex : the operational efficiency.

Similarly, the fuzzy productivity of a truck can be calculated by the formula [15]:

~ 60V
trans =
Oy = = Mty (7
tr
where (y,.: the fuzzy production rate of a truck in m*h, V},,,: the fuzzy volume

of the material to be transferred in m?®, #,. : the fuzzy cycle time of the truck in the min and

ﬁt,, : the operational efficiency.
Additionally, the fuzzy cycle time of the truck is given by the formula:
Ur = Imov gy +lre + lypan + load ®)
where ?mov : the fuzzy time for moving to the dump area in min, ?du : the fuzzy time for

dumping in min, £, : the fuzzy time for returning to the load area in min, f,,,, : the fuzzy

time for maneuvering in the min and fj,,,; : the fuzzy time for loading in min.

Finally, the total required fuzzy production rate of a worksite can be calculated as:

V -g

Ops = ——= ©)
t-n

where Qws: the fuzzy productivity of the worksite in m¥%h, V' : the volume

of earthworks in m?, £ :the fuzzy swell factor, 7 : the contractual completion time in hrs

and 77 : the operational efficiency.

3.2 Fleet Composition and Productivity Analysis

After estimating the uncertainty in trucks and excavators, fleet composition requires to find
the optimal combination of these two types of construction equipment in order to meet project
constraints. A deterministic analysis would state that in the case that the excavators are
critical it be acceptable for the trucks to form queues. Similarly, if the trucks are critical, then
the excavators will have periods that they are not able to load the trucks. If we apply fuzzy
set theory to traditional fleet composition we have the following equations [15]:
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Excavators are Critical

= iNt(( Qs / Oox +1)) (10)

Q fleet = Okx =Ny O (11)
Hy =10( Q freer | O +1)) (12)
Orr =1y Oy (13)
Trucks are critical
=it(( Qs / Oy +1)) (14)
Qﬂeet = QTR =Ny Qtr (15)
e =M O freer | Qe +1)) (16)
QEX =Nex - éex (17)

where Qpy : the fuzzy productivity of all excavators in the fleet, O,y : the fuzzy
productivity of a single excavator, Qpp : the fuzzy productivity of all trucks in the fleet, Qtr
: the fuzzy productivity of a single truck, Qws : the required productivity of the worksite,
0 fleet - the fuzzy productivity of the fleet of excavators and trucks, 7. : the number of

trucks, 71, : the number of excavators, int: the integers in a fuzzy set.
Applymg equations 10-17 along with the underlymg assumptlon that one type of
machines is always critical yields values for #,,. , 7y, QEX and QTR Similarly, Q fleet

should be the minimum of the membership functions ,u EX (x) of the excavator productivity

(QEX) and LR (y) of the truck productivity (QTR) Thus, applying the minimum
operator [15]:

Qﬂeet = ’uEX (N TR (Z) = _\x//\y(luQEX (x) A IUQTR (y)) (18)

In applying this formula, the membership function of the fleet productivity is not
necessarily a triangular fuzzy number but in some cases a composite function that is derived
from the membership function of the productivities of two or more type of machinery.
In this context, the notion of composite criticality is defined as the situation in which the
productivity of a fleet depends on more than one types of machinery because of the
fluctuations and uncertainties of the individual productivities. Hence, the composite of two
fuzzy productivity sets, form a new fuzzy set (from parts of the component fuzzy sets) that
defines the criticality of the fleet.

In direct accordance with the deterministic analysis, the fuzzy match factor ( MF')
is a measure for comparing the productivity of two types of machines. In the case
of an earthworks project involving excavators and trucks it can be calculated as:

MF = Qpy 1 Org (19)



MATEC Web of Conferences 312, 02003 (2020) https://doi.org/10.1051/matecconf/202031202003
EPPM2018

Furthermore, the analysis of the fleet productivity Q 'fleer 1s much more intuitive with

the fuzzy agreement index. Hence, the Agreement Index of the fleet (Alqet) is Al Qgy ,
Orr ) of Qpy inrelation to Q7p and is calculated as follows:

Al oo = Al (Ogx Orr) = (areaQgy N Org)NareaOry) (20)

4 Example

4.1 Excavator and Truck Productivity

Consider an excavator manufactured by Caterpillar with a bucket capacity of 3 m?3, a bucket
fill factor of (0.81, 0.83, 0.84), a cycle time of (0.51, 0.52, 0.54) min and operational
efficiency of (0.78, 0.80, 0.81). As shown in Table 1, the direct application of eq. 6 yields

a fuzzy productivity estimate of O, = (210, 230, 240) m*h. Similarly, for a Caterpillar

truck, using the fuzzified parameters of productivity from the Performance Handbook, where
the volume of transferred material is (17.8, 18.0, 18.2) m3, the cycle time is {17.5, 18, 18.5)
min and the operational efficiency is (0.69, 0.75, 0.81) then the fuzzy truck production rate
will be (40, 45, 50) m*/h (Table 2). The cycle time estimate is calculated by applying a 3%
uncertainty to the respective crisp times i.e.

L = ooy gy +re + Lyan + Logg =8+1+4+1+4= 18 min
and 1, =(17.5, 18.0, 18.5) min.

Because of the non-linearity of fuzzy arithmetic, the value of the excavator and truck
productivity is an approximation of a triangular fuzzy number.

Finally, if the volume of the earthworks is (97000, 100000, 103000) m>, the swell factor
is€ = (1.55, 1.60, 1.65), the operational efficiency is (0.72, 0.75, 0.78), the contractual

completion time is 6*20*8=960 hrs (6 months), then the required productivity of the site is:

~ (97000,100000,103000) - (1.55,1.60,1,65) _ (200,222, 245) m'/h

ws = 960-(0.72,0.75,0.78)

Table 1. Fuzzy Productivity of a Caterpillar Excavator

Parameter Values
bucket capacity (m®) 3
fill factor (0.81, 0.83,0.84)
cycle time (min) (0.51,0.52, 0.54)
operational efficiency (0.78, 0.80, 0.81)

excavator production rate (m3/h) Qex (210,230, 240)
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Table 2. Fuzzy Productivity of a Caterpillar Truck

Parameter Values
volume of transferred material (m?3) (17.8, 18.0, 18.2)
cycle time of truck (min) (17.5, 18.0, 18.5)
operational efficiency (0.69, 0.75, 0.81)

fuzzy truck production rate (m*h) Q. (40, 45, 50)

4.2 Fleet Productivity

Consider a fleet of excavators and trucks that have to complete an earthworks project.
In applying uncertainty analysis, as shown above, it is possible to define the individual

productivity rates with fuzzy numbers, i.e. éex = <210, 230, 240> m?h and
étr = <40, 45, 50> m3/h. Furthermore, the fuzzy productivity of a homogeneous group
of 5 similar trucks is éTR = S'Qtr = <200, 225, 250> m’/h. Understandably, as the

number of trucks increases, so does the spread of the cumulative uncertainty of the group.
Table 3 shows the fleet productivity for some different compositions. In the issue
of determlnlng the critical machine, in case A that we have 1 excavator and 4 trucks and since

QTR is definitely smaller than QEX it is evident that Q fleet = QTR meaning that the

trucks are always critical (Figure 1). Similarly, in the case of C, if there are 6 trucks and 1
excavator, then the excavator is always critical. However, in the case of B, the combination
of 1 excavator and 5 trucks leads to an instance of composite criticality. Overall, in Figure 1,
in cases A and C, one type of machinery is definitely critical but there is also a waste of extra
production capability since the total production is constrained by the lowest resource. In the
case of B, there is a better matching and balancing of the two types of machines even though
it is not possible to determine which one is critical because of a situation of composite
criticality.

Table 3. The productivity of a Fleet of Trucks and Excavators

Ofleet m'hy  Orp mh)  QOpy mim) Ny Ny Criticality

A (160,180,220) (160,180,200  (210,230,240) 4 1 trucks
composite (200,225,250) (210,230,240 5 1 composite
C  (210,230,240)  (240,270,300)  (210,230,240) 6 1 excavator
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Fig. 1. Criticality in Different Fleet Compositions

m3/h

Figure 2 helps us understand and interpret the situation of composite criticality. The single

excavator has productivity of Qpy =(210, 230, 240) m*h and the 5 trucks have

O7rr =200, 225, 250) m*/h. The resulting productivity of the fleet is depicted by the shaded

area which is not a triangular fuzzy number. In the region of low risk (possibility level of 1
to that of 0.66) the trucks are critical since they have lower productivity. In the region
of higher risk (possibility level of 0.66 to that of 0) the excavator is more likely to be critical
because it has lower productivity. Physically, this means that for this particular combination
in some cases the trucks are arriving at the loader faster than they are being served or the
loaders are serving faster than the trucks arriving. Hence, contrary to deterministic analysis,
no one type of machinery is definitely critical.

The agreement index for this fleet composition is:

Alﬂeet = AI(QEX’QTR) = (areaéEX M QTR)/(LU"EGQTR) =21.65/25=0.86

which can be interpreted as a relatively high degree of matching and balancing of the two

types of machinery.

Figure 3 shows a graph of the fuzzy Match Factor which is calculated as:

MF Orx

(210,230, 240)

Orr

(200, 225,250)

=(0.84,1.02,1.20)

The value of the match factor shows that there is a high level of matching that is very
close to the ideal value of 1. Additionally, the match factor has a considerable spread of about
+/- 18%. Overall, in the presence of uncertainty, there are situations of composite criticality
under which the productivity of the excavators is lower than that of the trucks and vice versa.
The agreement index and the fuzzy match factor help in quantifying the degree of machinery

matching.
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Fig. 3. Fuzzy Match Factor

5 Discussion and Conclusions

At the level of individual machines, this paper shows how the fuzzy productivity
of excavators and trucks can be estimated based on fuzzifying parameters such as the bucket
fill factor, the cycle time and the operational efficiency. Thereafter, a methodology
is presented in order to find the optimal composition of a fleet of machines that have uncertain
production rates. In the process, the paper has challenged the well established deterministic
assumption, that in a fleet of construction machines one type is definitely critical. On the
contrary, if productivities are characterized by fuzzy numbers, in some cases it is difficult
to determine which machine is critical because of composite criticality.

In the presence of uncertainty, a fuzzy match factor with a value near 1 and a small spread
is an indication of a maximized production level. However, such a match factor, besides high
efficiency, may also imply a situation of composite criticality because of the interference and
overlapping of fuzziness. Similarly, a fleet Agreement Index close to 1 indicates optimal
matching. In this particular example, composite criticality means that in some cases the trucks
are arriving at the loader faster than they are being served and in others, the loaders are
serving faster than the trucks arriving. Overall, when dealing with two different types
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of machinery in a fleet, it is usually required that their productivities are similar in order
to reduce “waste” and idle times. The situation of composite criticality may actually be more
efficient than having definite criticality.

While this paper has used an approach of applying fuzzy set theory to well-established
methodologies in Performance Handbooks and traditional productivity theory equations,
there may be potential in applying concepts presented in this paper to a fuzzy expert system
regarding fleet management. Fuzzy expert systems, which can be useful in estimating
productivity, are based on many fuzzy if-then rules that relate the input factors to the output
factors. As illustrated by Fayek and Oduba [16] and Zhang et al. [17] to this extent a) system
inputs would have to be defined b) linguistic descriptions of the inputs and numerical scales
would have to be set c) the outputs would have to be defined and d) a detailed set of rules
relating the inputs to the outputs would have to be presented.

Finally, additional future research can be directed into studying fuzzy costs along with
fuzzy productivities. Thus, extensive search and optimization algorithms can be applied
in determining the optimal composition and operation of construction fleets in the presence
of uncertainty. Also, field testing of this theoretical model in an actual project may assist
in verifying the concept. Overall, the proposed methodology can lead to a better
understanding of productivity estimation, which in turn means better project scheduling and
financial planning.
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