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Abstract: The building industry faces a number of prominent challenges in the coming period. In
this article, we focus on productivity in construction, which lags behind other industries despite
technological developments. There is an urgent need for more efficient production methods. In
other words, the potential for increasing productivity in construction is enormous. As in other
industries, the key to this lies in process orientation, process standardization, and digitization. Lean
construction approaches offer innovative solutions here by aiming to maximize customer value while
minimizing waste, applying the principles of lean production to construction processes. However,
building products are distinct in nature. Efforts to standardize them have achieved partial success, but
only within specific product categories and for certain customer needs. Most construction activities
remain highly unique. An alternative solution lies in standardizing work processes and not the final
product. By adopting this method, one can considerably decrease individuality in production without
compromising the essential uniqueness of the building product. Consequently, it is crucial to gain a
deeper understanding of the standardization of production processes and the dynamics within the
construction sector. This article introduces a modular construction toolkit designed to standardize
production processes at construction sites. This toolkit consists of a series of consistent process steps,
each linked to a standard time metric. Using this classification, a production model is constructed
from a select number of recurring processes, leading to an ontological representation of production.
This modular approach allows diverse production processes to be compared based on productivity,
as they are composed of consistent and comparable sub-processes. Such a comparison is crucial for
continuous production optimization. This method also enables the pinpointing of the most wasteful
processes across various construction sites. While the primary data generation use case is centred on
special civil engineering (special foundation engineering), the core concepts can be applied to general
building construction.

Keywords: building industry; value stream mapping; productivity; construction site; productivity in
construction; efficient production methods; process orientation; process standardization; digitization;
standardization of production processes; modular construction toolkit; ontological representation of
construction; optimization of construction; lean construction; lean manufacturing

1. Introduction

The construction industry accounts for a stunning annual expenditure of over $10
trillion, representing 13% of the global gross domestic product. Moreover, it employs seven
percent of the global workforce, establishing itself as one of the world’s most dominant
industries [1]. However, the notable absence of productivity growth within this sector raises
significant concerns, given its substantial influence on national economies [2]. Experts
have been monitoring this trend for a while now. The productivity and expansion of the
construction industry have remained subpar, failing to meet the mean value of aggregate
economic growth for several decades [3,4].
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While numerous industries have seen remarkable productivity enhancements in the

past decades due to technological innovations, lean processes, and digitalization, con-
struction remains a notable exception. Since 1995, the annual growth rate of productivity
has merely risen by 1.0%. In contrast, the manufacturing sector has realized an average
economic surge of 2.6% [1].

This shortfall stems from several factors:

Firstly, the inherently bespoke nature of construction projects makes it challenging to
introduce standardized methodologies. Each project’s distinctiveness, coupled with
the ever-changing dynamics of construction sites, renders workflows less adaptable
and harder to optimize [5].

Secondly, the construction sector exhibits a tentative approach towards the integration
of new technologies. The inherent risks associated with construction, the intricate
nature of projects, and a long-standing adherence to traditional practices play a part
in this hesitance [6].

Lastly, the industry’s cultural ethos presents challenges. A pervasive resistance to
change coupled with inadequate training initiatives and a hesitation towards technol-
ogy adoption, often serves as a barrier to potential productivity improvements [7].

Evidently, a paradigm shift in the construction industry’s modus operandi is imper-

ative. It must evolve and adopt innovative strategies to bridge the productivity gap and
align with advancements observed in other sectors.

The marked rapid progression of stationary production is largely credited to the early

embrace of lean principles inspired by the model of Taiichi Ohno. The shift to just-in-time
manufacturing, combined with waste reduction, triggered a transformative upswing across
the industry [8].

Within on-site construction, age-old traditional methods were firmly adhered to,
largely because each building project’s unique characteristics seemingly made process
standardization difficult. However, as the 21st century dawned, the construction
industry began to experience a significant shift, increasingly prioritizing the integration
of innovative technologies and lean principles [9,10].

The inception of Lean Construction is attributed to the lean management princi-
ples [11]. This production philosophy was introduced in conjunction with just-in-time
manufacturing [12]. Notably, during the 1973 oil crisis, the Toyota Production Sys-
tem (TPS) attained significant prestige due to its emphasis on waste avoidance and
reduction, which improved productivity and elevated Toyota to a position of global
prominence [13]. The principles—centred around waste avoidance, value creation,
value stream mapping, and zero defects—infiltrated numerous production systems
and sectors [14]. Some entire business models have now been restructured in ac-
cordance with Lean principles. [15]. Simultaneously, in the realm of manufacturing,
production management began to be represented through mathematical equations.
Thus, queueing systems [16], kanban [17], lead time [18], and cycle time [19] could be
described by mathematical formulations and subsequently optimized.

Meanwhile, the construction industry is striving to adopt the principles of lean man-
agement to achieve lean production. The Transformation Flow Value (TFV) theory has
shown significant practical advantages [20]. Yet, the application of this methodology is
still inconsistent. Challenges to its adoption arise not just from tactical considerations
but also from the distinct nature of each construction project [21].

Even seemingly repetitive structures such as tunnels or bore piles are subject to
various external factors, including soil conditions, surface topology, neighbouring
buildings, and weather conditions, making a generic description of production pro-
cesses challenging. In construction, process variability is frequently offset with the use
of buffers [22]. However, this approach introduces difficulties in precisely gauging the
productivity of on-site construction processes [23].
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This article introduces a production model. This model is a generic framework de-
signed for describing production processes in a way that allows for meaningful productivity
comparisons. It operates on a modular system where individual production modules, rep-
resenting repetitive production steps, are combined to create an entire production process.
This arrangement facilitates productivity comparisons across various construction sites,
enabling the assessment of production flow and value streams.

Consequently, this production model introduces an additional control variable for
managing construction projects. It allows for a more precise evaluation of construction site
efficiency beyond relying solely on financial metrics. Evaluating construction sites solely
through financial metrics tends to obscure the impact of various influencing factors and
prevents a thorough analysis of production processes.

This kind of comparison is crucial for ongoing production enhancement. Using this
approach, it is possible to identify the least efficient processes across different construction
sites. Consequently, the research question is framed as follows:

How can productivity on a construction site be quantified in a manner that allows for
comparative analysis across different construction sites?

2. Related Work
2.1. General Standardization of Construction Processes

In the industrial sector, including construction, a process standard outlines guidelines
for manufacturing, processing, or service delivery. It delineates the methods required to
achieve specific quality benchmarks. Whereas product or material standards emphasize
the final product’s attributes, process standards prioritize the manufacturing journey.
They encompass elements such as process methodologies, quality assurance, and safety
protocols. As such, the standardization of processes yields considerable advantages. Gibb
and Isack found that standardization minimizes costs and positively influences processes
via continual optimization. They also discerned that standardization positively affects
employees, quality, and design [24]. Additionally, process standardization allows for
significantly improved site logistics planning, given the precise knowledge of the duration
of each process. Furthermore, standardization results in markedly fewer additions, disputes,
and complaints, thereby precluding the incurrence of unforeseen costs [25]. Operational
advantages also emerge from a repetitive sequence of actions, reducing the time needed
for retraining and implementation. Using standardization, Fischer et al. developed a
methodology for predicting delays in projects where only the actual and target times, as
well as the reasons for the delay, had to be updated regularly [26].

Thus, the overarching aim is to elevate quality, mitigate risks, and enhance effi-
ciency [27]. Although the latter objective is of paramount significance, there are currently
no universally accepted standards regarding the duration of on-site construction processes
within the construction industry context [28]. Such timeframes are generally determined
internally by the respective companies. To do this, production processes are dissected
into interlinked sub-processes. By refining these individual sub-processes, the overarching
process can be optimized [29]. However, this strategy is often revisited and tailored for
each distinct project [30].

The challenge of both standardizing and optimizing processes is a common theme
across various industries, which has led to the creation of a multitude of different models.
The following provides an overview of these production systems, serving as a foundation
for our newly developed model.

According to the guideline VDI 2221, systems can be described utilizing three dis-
tinct concepts: the “functional concept”, the “structural concept”, and the “hierarchical
concept” [31].

The “functional concept” views the system as a black box. The internal workings of
the system are not considered or known. The focus of the concept is purely on the input,
output, and observable behaviour. The “structural concept”, in contrast to the functional
concept, treats the system as a white box. This approach focuses on the internal structure
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and workings of the system. In this view, the journey from input to output can be traced
completely, understanding each step and process that occurs in between. The “hierarchical
concept” views systems as part of a nested structure where every element is a system in
itself, and simultaneously, each system is a part of a larger system. This approach considers
systems at multiple levels. A system at one level is an element in a more complex system at
a higher level, and it is composed of smaller systems at a lower level.

The breakdown of a system into sub-systems simplifies the management of intricate
systems. Rather than examining the system as a whole, challenges and refinements can be
addressed within pertinent sub-systems. It is common for production systems to possess
a hierarchical structure. Such a design offers a clear layout where tasks, responsibilities,
and authorities are distinctly delineated, streamlining the oversight and supervision of
production processes. As a result, our model employs a hierarchical perspective for system
description.

The hierarchical framework accentuates that system components can be interpreted as
systems in their own right, while the overarching system might be perceived as a segment
of a broader system. The initial phase involves pinpointing sub-systems, followed by the
recognition of super-systems. This model delineates various tiers of entities and sub-entities,
where each collective entity is a subset of the subsequent superior tier, and every subset
forms a collective entity on the inferior tier. An exhaustive system perspective encompasses
multiple strata of this system hierarchy. Delving into the hierarchy offers a multifaceted
analysis of the system, whereas ascending the hierarchy deepens comprehension of its
significance [32].

2.2. Production System Design in the Construction Industry

Due to the complexity of the structures [33] and the diversity of processes and materi-
als [34] the construction industry possesses distinct characteristics and challenges that set it
apart from other manufacturing environments, particularly the stationary industries [35].

The construction industry fundamentally operates on a project-based paradigm, with
each structure typically regarded as a distinct project, encompassing specific goals, re-
sources, and schedules [36]. This starkly contrasts with the stationary industries, where
the production focus is typically on the continuous manufacture of standardized products.
Additionally, the construction industry is typified by site dependency, wherein each project
is undertaken at a specific location, significantly influencing both the work sequences and
the available resources [35].

To address this issue of “‘uniqueness’, several concepts have been proposed, one of
which is the notion of standard room structures [22]. Standard room structures are pre-
defined building units, typically composed of several components, assembled following a
standardized process [22]. They facilitate efficient design and implementation of structures
by permitting process repetition and streamlined coordination between various trades.

In his thesis, Greitemann presents a model that determines the construction time, and
thus the cost, by creating standard rooms and specifying quantities. Within this model, the
first step entails defining the precise object requirements. Subsequently, the corresponding
standard room can be selected from a database to conduct a quantity takeoff based on that
model [37].

In his dissertation, Kornblum explored the concept of standardized room structures
extending the idea to calculate grey energy. This model subsequently provides a foun-
dation for determining life cycle costs. For instance, it facilitates the representation and
computation of aggregate costs associated with a repair [38].

Both models operate on the premise that a building does not possess unique character-
istics but can be systematized by segmenting it into modular building components. These
components are repetitive sub-systems specific to certain building types. An example of
such a sub-system might be an office space or a hotel room. However, the concept can be
widely generalized to any repetitive sub-systems in construction.

This organizational framework introduces a meta-level, paving the way for standardization.
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2.3. Value Stream Mapping in Lean Construction

We come back to the problem of monitoring productivity in construction. To also
overcome the uniqueness problem in production, the concept presented can be further
adapted to building production, aligning it with productivity metrics.

To apply the described concept to production, it is essential to introduce a systematic
description of the production process. One highly valuable existing method for accom-
plishing this is through the use of Value Stream Mapping (VSM). This approach fosters a
systematic understanding of the production flow for the aforementioned modular “stan-
dardized room structures”. Variability and uncertainty, inherent in construction projects of
a production process can be reduced by introducing standardized construction steps by
means of VSM. In this concept, the production processes consist of smaller, standardizable,
and repeatedly repetitive units (Production Steps).

Lean construction, based on general lean principles of the manufacturing sector, strives
to minimize waste and augment customer value. Within this framework, VSM assumes a
crucial role by visually representing and optimizing the flow of materials and information
across the entirety of the process [39].

VSM equips professionals with the ability to perceive the current state of a process and
design an ideal future state [40]. In the construction industry, VSM aids in understanding
process interactions, lead times, inventory levels, and other facets of production. VSM
empowers users to discern both value-added and non-value-added activities [41]. This is
vital as it aids in identifying waste, such as over-production, waiting time, transportation,
excessive processing, inventory, motion, and manufacturing defects [42]. Recognizing and
eliminating these wastes can enhance efficiency and increase value to the customer [14,43].

In the construction sector, VSM can be employed in various ways. For instance, it can
be utilized to optimize material flows [44] at the construction site, enhance coordination
among trades [45] diminish waiting times and inventory levels, or improve planning
and control processes [46]. With the escalating complexity of construction and the rising
expectations of customers, VSM has become an indispensable tool for achieving success in
lean construction [46].

2.4. Repetitiveness

Repetitive manufacturing concerns the production of distinct items in high volumes,
leveraging the available capacity through fixed processes. These finished products can
either be standard or assembled from standardized components, with production manage-
ment predominantly determined by production rates [47]. On the other hand, construction
involves creating varied products in lower volumes. It represents a process somewhere
between single and batch production, aligning with the crucial stages of product and
process life cycles as per Spencer’s assessment. The production duration of a construction
project is relatively short and readily quantifiable when contemplating the final project
product. However, the ultimate product or a specific deliverable can be divided into nu-
merous units, instilling a degree of artificial repeatability [47]. The recurrent nature of
tasks offers an opportunity to leverage previously accumulated knowledge, inevitably
leading to an improvement in processes and products. High repeatability could encourage
ongoing enhancements due to the similarity of the product, the ease of measurement, and
comparison across construction cycles [48]. The plan-do-check-act (PDCA) cycle, consisting
of four basic sequential activities, sets the groundwork for a continuous cycle of quality
improvement [49,50]. In a similar vein, Six Sigma, an assortment of techniques and tools
designed for process improvement, aims at the elimination of defects and a reduction in
variability. Thus, a very low error probability is expected from a statistically controlled
process operating at the Six Sigma level [51].

In conclusion, repetitiveness opens up opportunities for improvement through lessons
learned, PDCA, Six Sigma, and variability reduction by minimizing uncertainty and re-
stricting the cone of uncertainty at an earlier stage. From a system description perspective,
repetitiveness creates a feedback loop with activities or processes. Additionally, repetitive-
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ness forms a closed-loop system where deviations from past events can be leveraged as
input for the correction and control of current and future system outputs [52,53].

2.5. Complexity

The term “complexity” is frequently utilized in literature to refer to an elusive force
that can cause disruptions, potentially undermining the success of endeavours [54]. Never-
theless, it is feasible to depict the nature of complexity. A system is deemed complex if it is
constituted by various interlinked components, exhibits dynamic interaction networks, and
the relationships among its constituents are not simply accumulations of independent, static
entities [55]. A theory rooted in chaos theory espouses a similar perspective: complexity
theory suggests that crucial interacting components autonomously self-organize, leading to
the emergence of potentially evolving structures that display a hierarchy of emergent sys-
tem properties. These propositions underscore the significance of the interaction between
internal structures in defining complexity [56,57].

Projects embody complexity. They encompass numerous interrelated stakeholders,
outcomes, and activities aimed at achieving a strategic transformation. As a result, in a
broad sense, projects exemplify the characteristics of complex operations [57]. Various
approaches to assess, classify, and quantify project complexity have been explored in
scholarly discussions. However, these methods are predominantly focused on calculations
related to scheduling and activity interdependencies [58,59]. While such models allow
for relative comparison of complexity among similar projects within the same sector, they
are less effective on a larger scale. The Analytic Hierarchy Process (AHP) offers a more
comprehensive and simpler methodology for complexity assessment. AHP can evaluate
a set of pre-determined project criteria across diverse projects and assign a numerical
value from zero to one for comparative complexity analysis. Despite the potential for
using AHP for project clustering, no such research currently exists. Therefore, explicit
data for comparing the complexity of construction projects with other industries remain
unavailable [54].

Our model precisely utilizes this Analytic Hierarchy Process (AHP) in an attempt to
mitigate complexity on the operational level. By meticulously examining the construction
process and the pre-defined value tower, we can simplify the complexity of the construction
processes.

3. Research Methodology

The research project aims to devise a novel production model, using standard modules
for measuring labour productivity in building construction and civil engineering, focusing
on appropriate exemplary use cases. In this article, we focus on labour productivity,
but other measurements of productivity can also be applied using this model. This is
necessary to determine disruptions and delays in the construction process. By knowing
which processes deviate from the reference processes, it is possible to determine the causes
and optimize times in subsequent projects. This allows the possibility to increase the
productivity of operational construction over a certain period of time. The developed
prototype is intended to serve as a demonstrator for future developments and lay the
foundation for a workflow-based process analysis. It should illustrate how a comprehensive
concept can be implemented concretely along one or more use cases.

This will establish a blueprint and a framework for further advancements, which will
be more established in the market based on demand.

The aspects of the research and development project are encapsulated in the following
work packages (WP, see also Figure 1):

e  WP1: Establish a generic model based on value chain analysis for the standardization
of construction processes. This will draw on existing literature and a logical research
approach.

e  WP2: Identify value stream processes for various use cases. In building construction,
standard spaces are to be defined and described through their production processes.



Buildings 2023, 13, 2887

7 of 15

For civil engineering, a similar approach will be adopted. Standardized elements, such
as piles, boreholes, etc. will be broken down into standardized processes. This will
either be derived from the literature or based on observations on construction sites.

e  WP3: On-site data collection through time measurement. It is essential to consis-
tently document the relevant boundary conditions, ensuring processes align with
specific modules. For straightforward processes affected by multiple variables, a
mathematical approach might be more effective than an empirical one. Continuously
updating the database is crucial, especially when acquiring data points with shorter
times for the considered process. For instance, using reference times one can swiftly
compute a project’s lead time, making comparisons with other construction sites more
straightforward.

WP1: Definition of
requirements and

WP2: Definition of

WP3: Generation
Processes for

of Data for the

creation of a
standard-modules

generic model

building
construction

Figure 1. Research methodology.

In order to standardize process times, data or analytical functions have to be used. The
data therefore can be obtained through observations/measurements or through process
recognition, e.g., using Al In addition, for simple processes with few influencing factors,
the process times can be analytically determined using simple mathematical functions. It is
important that the time measurement is available so that it can be displayed as a reference
process using value stream analysis. Due to the high number of data points required,
depending on the complexity of the process being analysed, automatic data acquisition is
recommended.

4. Standardized Modules
4.1. General Theoretical Framework

The impetus for this model development stems from the challenges associated with
measuring productivity in the construction industry. In construction project management,
cost control is often the primary focus, under the assumption that it indirectly governs
productivity. However, this approach overlooks the value stream or the production flow
on-site. As a result, even when cost control is executed diligently, the outcome may appear
“productive” without truly representing the actual labour productivity at the construction
site. For instance, sourcing materials at a reduced cost might yield a significant profit, but
this does not necessarily equate to heightened productivity.

While cost control for projects remains essential, it is insufficient for controlling factors
that prioritize production flow. In construction, the flow of production on the job site
is crucial. Prioritizing flow efficiency over resource efficiency is a basic principle of lean
construction [60]. Therefore, optimizing construction flow should be a primary task of
project management.

However, this method requires a universal production model that takes into account
process variability in order to be suitable for improvement [61]. As previously noted,
we employ a hierarchical structure for this reason. This structure relates to building
components with a modular nature, which are then produced through a specific sequence
of processes. The generic model embodying this concept is illustrated in the subsequent
Figure 2. The individual components of the model are presented below:
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Construction module

consists of individual

Components

consists of different

create
Value stream

v

Processes

have

Figure 2. Model structure.

Construction module:

The term “module” is further clarified in Langenscheidt [62] or Schuh/Caesar [63].
As outlined by Brockhaus Encyclopedias, it can be broadly defined as [64]: “A specific
piece of hardware (device) or software (program) that integrates as a distinct structural
and functional unit within a broader system. It can be altered or substituted without
necessitating alterations to the entire system. To incorporate modules into a functional
system, clear interfaces must be established. Structuring systems with modular components
offers the flexibility of easy adaptation to various tasks.”

Hansen [65] provides a slightly broader definition, describing modules as represen-
tations of technical systems with varying degrees of abstraction. For instance, modules
might encompass form elements, individual components, assemblies, functional groups,
machines, or even machine clusters, illustrating a spectrum of complexities. Hansen’s
expansion of the term suggests a versatile understanding of “modules”, implying that the
concept can also apply to architectural constructs.

Building upon this, we adjust Heinecker’s [66] module characteristic from factory
planning to align with architectural planning: A “construction module” (essentially a
technical subsection of a building) can be characterized as:

A distinct spatial section of the building;

Designed with a specific purpose that manifests in its structural form;
Directly correlates with a specified level of building abstraction; and
Can incorporate submodules.

Examples of this definition might be a bored pile wall in foundational engineering
or an individual room in a building. This interpretation is considerably broader than the
one typically associated with modular construction. Thus, “construction modules” are
not limited to prefabricated building components but are distinct subsystems that, when
integrated, create a cohesive and functional structure (building).

Building component:

A building component represents a subset of a Construction Module. To illustrate, in
the examples provided, a component (or sub-module) could be a single bored pile or a wall
within a room. These components can vary widely based on specific needs. For instance,
the production of a bored pile might take more time in certain locations than others due to
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varying geological and situational factors. Similarly, room walls can differ based on their
required shape and structural demands.

Production process:

The production process encompasses the complete manufacturing procedure for a
particular component. This process is charted using value stream mapping, breaking it
down into distinct process steps. Value stream mapping is essential in order to model the
production process in a standardized manner. It is important to note that we distinguish
between production and logistics: the latter pertains to the necessary supply and delivery
operations, covering both material and information flows, essential for production.

Figure 3 shows an exemplary representation of a value stream. The bar below the key
figures indicates the throughput times of the individual process steps. Subsequently, this
value stream can be compared with the target times in order to measure the productivity of
the construction site.

g g ProducionControl g M
/ Supplier [/Suppliev Cuslomax Cuslomer\

B B ob

Frequency
FrequencE Frequency Frequency

QY

Inventory Box

. man. . pan. ma. |

Resources Resources Resources Resources Resources

Data Data Data Data Data
Data 2 Data2 Data 2 Data 2 Data2
Data 3 Data 3 Data3 Data3 Data3
Data 4 Data 4 Data 4 Data 4 Data4
Data 5 Data 5 Data 5 Dala5 Data5
0days 0days 0days 0days Production Lead Time =

Processing Time =
0 min 0 min 0 min 0 min

Timeline

Figure 3. Exemplary representation of value stream mapping.

Process step: This level of abstraction is the level of standardization.

Process steps are consistently executed in a uniform manner. They are repetitive,
comprising defined sequential production steps. Thus, these process steps can be described
as standardizable components of a modular system. A limited assortment of distinct
process steps can yield a wide variety of production processes, which can, in turn, produce
a diverse array of building components. In other words, standardization at the level of
process steps introduces a modular construction toolkit designed to standardize production
processes at construction sites.

As an example, in the case of the bored pile wall, the drilling process can differ
depending on the machine, the soil, and the type of drilling tool. If all these variants are
recorded in the database by use cases, they can be used to combine a production process
for each possible scenario.

This approach now allows the following procedure:

- The process steps are stored in a modular system.

- The process steps are given specific productivity parameters.

- Value stream mapping is used to build up a production process from various process
steps.
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The result is a production process that is based on standardized process steps. This
means that if the individual process steps are known, they can also be automatically
recorded and the process times measured. In this way, actual productivity values can be
derived during production. This can be achieved with automatic process recording.

In special civil engineering, automatic process capture can be implemented relatively
easily since production is carried out by machines. For the most part, these construction
machines are already equipped with a number of sensors, the data from which can be
digitally recorded and then associated with process steps via Al pattern recognition. In
building construction, corresponding methods still have to be developed. Alternatively,
manual recording is a viable option.

Production step

A production step refers to a specific action in the production process that contributes
to the transformation of raw materials or semi-finished products into a final product. Each
step has its own requirements and uses special machines or tools, depending on the product
complexity, and the duration and number of steps.

In summary, this approach allows real productivity indicators to be systematically
recorded. This enables the construction industry to align its production much more closely
with the production flow. With this standardized construction module kit, applicable in
both structural and civil engineering, productivity in the construction sector can be seen
from a fresh perspective. Subsequently, after the completion of construction sites, this
model grants the ability to analyse in detail which types of processes consumed more time.
If the reasons for this are identifiable, there is scope for process optimization. Additionally,
just-in-time deliveries are now feasible, since the duration of each process is precisely
known due to standardization. This implies that delivery and dispatch can be undertaken
in real time, thereby mitigating prolonged idle and waiting periods. In Figure 4, the generic
module kit is illustrated.

Component Processes Value stream

- Process 1 Process 2
Component 1 Consists of - [SNE t Process 1

Process 3 Process 4 Delivery
ty ty Creates the value stream

- »

Component 2

Process 2

Process x
t

Component 3

Removal

Process 3

LoD

t, = Reference time process x

Process x
2t, = Reference time of the value stream

=
%

e
=3

Figure 4. Schematic structure of the model.

4.2. Data Gerneration

Following the development of our generic model, we initiated our first use case to
gather the inaugural data for our module construction data. These data could be generated
either through manual recordings or by mathematical calculation. For our first instance of
data generation, we opted for manual observation of processes. Specifically, we focused
on the Kelly drilling process, which was subdivided into the following three processes:
drilling, reinforcing, and concreting. Numerous data recordings were executed for these
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points, and they now serve as the basis for further reference processes. The data were
manually recorded using a tablet and then stored online in a database.

In total, we amassed more than 4000 data points across several days to ascertain a
reference time for all processes. The subsoil condition of the use case amounts to wet sandy
soil. The processes that were recorded were noted down in further granular detail. Table 1
elucidates the individual process steps that correspond to their respective processes. These
were averaged and allocated to the respective process in the modular system. However,
to attain a representative time distribution, many more investigations are imperative.
Otherwise, the dispersion of the times is markedly high.

Table 1. Subprocesses.

Drilling Reinforcing Concreting

Drain Take up reinforcement Pick up concreting hopper
Drill Lift reinforcement Lift concreting hopper

Set down pipe Set down concreting hopper
Pick up pipe Pour concrete

Screw in pipe

Empty drilling tool

Pivot

Relocate device

The distribution of the drilling process, as presented in Figure 5, demonstrates a
substantial variability, with a factor of 24 times difference between the minimum and
maximum durations. A significant portion of these delays can be attributed to idle times
and inadequacies in logistics processes. By enhancing supply chain processes and ad-
vocating for just-in-time production, the solitary drilling process could be considerably
reduced at several points on this construction site, thereby bolstering productivity and
operational efficiency. For subsequent projects employing the Kelly drill with an auger
in sandy conditions, a reference duration of 4 min is postulated. Due to the skewness of
the distribution of 1.67, which is caused by delays in individual processes, the mean value
of 7.15 is considerably higher than the reference value. This difference results from the
consideration of delays in the mean value, while these are not included in the reference
value. This duration must be adhered to for new projects. However, if the duration falls
short of the reference time, the new time will be used as a reference time for future projects.
This innovative methodology allows for a comparison between construction sites, enabling
the recognition and exploitation of areas for optimization.

Drilling time in minutes — construction site A
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Figure 5. Distribution of drilling durations on construction site A.

The following production process is composed of the reference times. The determined
times can be used to determine reference speeds, which can also be used as a basis for
future projects. In Figure 6, the Value Stream is shown with the times/speeds. The
reference values for reinforcing and concreting are only example values that are presented
for estimation purposes.
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Figure 6. Value Stream—Kelly drilling.

Figure 7 shows recorded data from a second construction site. With a mean value of
4.00 and a skewness of 2.87, the processes on this construction site appear to have been
significantly faster and less error prone. However, the two data sets can only be compared
to a very limited extent, as the influence of the different environmental conditions is not
known. A comparison of data without taking the general conditions into account can easily
lead to erroneous conclusions.

Drilling time in minutes — construction site B
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Figure 7. Distribution of drilling durations on construction site B.

This is the point at which the developed model comes into play. By assigning recorded
data to the individual modules, the data from similar situations can be retrieved specifically
for each individual sub-process for a comparison or a prediction of process times.

5. Discussion

This paper shows the necessity of a modular approach to measure productivity in
highly individual construction processes. In the following, the results are discussed against
the background of the research question:

How can productivity on a construction site be quantified in a manner that allows for
comparative analysis across different construction sites?

Due to the many factors that influence processes on construction sites, recorded data
can often only be transferred to other situations to a limited extent. This problem can be
countered with the modular structure of the developed model. Once the data have been
recorded, only the appropriate combination of defined modules for each process step needs
to be selected for each new construction site in order to make a prediction.

The designed model for the standardization of construction processes requires a large
amount of data for comprehensive functionality. Each module is to be provided with
corresponding times, which are either obtained from empirical investigations or derived
by mathematical correlations. For processes such as well drilling, a simple mathematical
calculation is possible due to the small number of parameters involved. However, when
numerous parameters affect process time, empirical data collection becomes very complex.
It is important to emphasize that the proposed model facilitates the measurement and
comparison of productivity at different construction sites through standardization.

The applicability of the model extends to building construction and civil engineering.
This involves the comparison of clearly delineated, easily observable or recordable pro-
cesses with reference times. In many cases, it would become apparent that productivity
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depends on delivery processes. However, with the precise definition of reference or stan-
dard process times, enabling just-in-time delivery and acceptance becomes feasible. This
implies that only the pure value-added production process determines the duration of the
construction project.

6. Conclusions

The research results suggest that a significant increase in efficiency can be achieved in
the construction industry by implementing the developed model. A dynamic improvement
of the processes is made possible by continuously adapting the reference processes on the
basis of newly acquired data, which is of particular importance in an industry as variable
and adaptable as the construction industry.

In the future, it is conceivable that the scalability of the model could be expanded
and that real-time data from the Internet of Things (IoT) and other digital tools could be
integrated to automate data collection. This would not only improve the timeliness and
accuracy of the reference processes, but also further advance the methods of analysis, such
as through machine learning and artificial intelligence. This would make it possible to
identify patterns and deviations in process data more quickly and enable preventive main-
tenance and planning in the construction industry. This would enable companies to identify
potential problems at an early stage and make resource-optimized, data-based decisions.

In summary, the paper shows a promising approach to improving productivity mea-
surement in construction and provides a basis for further research that has the potential
to revolutionize the efficiency of construction processes. Given the rapid development in
construction processes and technologies, it is crucial to continuously update the model and
adapt it to the changing needs of the industry.
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