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Abstract: Foundations of wind turbines are subject to challenging conditions during their service
life as they support ever larger wind turbines under complex loading situations. There have been
numerous reports of cracked concrete foundations of wind turbines. Cracking can impair the
durability and serviceability of the foundations, thereby leading to very expensive repairs or even
to premature failure of the structure. To avoid cracking-related problems and improve the quality
of concrete foundations, it is important to gather information and experience from the production
stage and its outcome. However, although problems and defects in the construction of wind turbine
foundations are widespread, they have very seldom been documented and reported, in particular
from a contractor’s perspective. This article analyses and critically reviews data collected during
the production, inspection, diagnosis, and repair activities conducted in relation to the construction
of foundations for a wind farm project in Sweden. The extent of defects observed on individual
foundations is assessed and used to investigate the eventual relation between the observed deviations
and different production aspects. Investigation methods to determine the importance of these
defects and their consequences and possible remediation measures are also discussed. Finally,
recommendations are proposed to improve the quality control of wind turbine foundations.

Keywords: wind energy; onshore; foundation; reinforced concrete; construction; non-conformities;
cracking

1. Introduction

Today, wind energy is developing at a record pace as the demand for renewable energy
increases. In 2020, a wind power capacity of 93 GW was installed globally (including
87 GW onshore), which corresponds to the installation of tens of thousands of new wind
turbines, and annual installations are expected to keep increasing substantially during the
coming decade [1]. Onshore wind turbines’ foundations are supported by massive concrete
structures, which are commonly built in remote locations with tough weather conditions.
Their construction represents a challenging task, which requires the coordination of a wide
range of different and complex aspects (e.g., material, environment, equipment, human).
It is important to conduct proper planning prior to the construction that encompasses
these aspects.

As reported in several other studies [2,3], a large proportion of existing wind turbine
foundations are cracked or have other types of defects. For instance, there have been
numerous records of deficiencies in wind turbine foundations and towers, in particular
of cracking in the concrete [4,5]. The inspection of several thousands of wind turbine
foundations in Germany a few years ago concluded that more than a quarter of wind
turbine foundations examined need remedial measures due to inappropriate structural
detailing or poor construction [6]. In China, corrosion and cracks are the main defects
identified on towers and foundations, and it has been observed there that damages and
failures are most often caused by fatigue under normal operating conditions [7]. Crack
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propagation within a concrete foundation due to design deficiencies was identified as the
cause of the collapse of a 3-MW wind turbine in Canada, leading to the costly replacement
of the foundations for 50 turbines at the same wind farm [8,9]. Frequent problems have
also been reported concerning embedded anchor rings [2,3,5], which are commonly used
to connect the tower to the concrete foundation. This is an extensively used solution
worldwide. Excessive movements of up to tens of millimetres in the vertical direction
have been observed. According to Currie et al. [3], the problem is widespread but often
not reported because of commercial reasons. Similarly, defects are seldom reported and
assessed in detail in the literature and the causes of these defects and their relation to the
construction process and design aspects have rarely been investigated. Additionally, it is
worth noting that cracks in the concrete and other defects in wind turbine foundations may
often not be detected as the foundations are often almost entirely covered and cannot be
inspected visually after the wind turbine is installed.

Defects or anomalies affecting the wind turbine foundations may affect the durabil-
ity of the foundation and the serviceability of the turbines or even affect their stability.
To preventively address these issues, which have important economic and safety conse-
quences, it is important to gather information from wind farm construction projects and
study possible deficiencies to prevent the resurgence of these anomalies. According to
Hassanzadeh [2], a defective design process is the main cause of damage to wind turbine
foundations, as construction solutions developed for smaller wind turbines are used and
applied to larger structures. In fact, the size of wind turbines has increased exponentially
in recent years, and the hub height of a wind turbine installed today can reach more than
140 m [10]. Hassanzadeh [2] also pointed out that investigations carried out should have
been carried out to improve the design of new foundations. Despite the occurrence of
damages and failures, structural health monitoring of onshore wind turbine foundations
has attracted minimal interest so far and has been limited to a few single installations for
research purposes [11-13].

Cracking in concrete structures is ineluctable and nearly all concrete structures exhibit
a certain kind of cracking. Cracks in concrete structures are often classified in two main cat-
egories depending on whether they occur before or after hardening of the concrete [14,15].
Under each of these categories, various types of cracks are associated with different un-
derlying causes, as described in Figure 1. Cracks may be structural (i.e., load-induced) or
non-structural. Generally, structural cracks are included in the design as they mobilise
the tensile properties of the reinforcing steel, which is adequately placed in the structure
to make up for the low tensile strength of the concrete. Non-structural cracks encompass
many different types and causes that are related to the nature of the concrete material, its
constituents, and its interaction with the environment. A thorough examination is often
required to categorize different types of cracks. For instance, plastic settlement cracks and
plastic shrinkage cracks, both appearing in the first hours after casting before the concrete
hardens, are particularly hard to distinguish. The former are characterized by a crack
pattern that follows the pattern of the surface reinforcement, which constitutes the main
aspect distinguishing them from the latter [16]. Cracks that form in the early stages may
increase in width and size over time, sometimes over several years, due to a combination
of different causes.

It is crucial to control the cracking of concrete structures since uncontrolled cracking
leads, in many cases, to poor function and durability of the structures. The most common
concern is that cracks will render the concrete more permeable and facilitate the ingress
of moisture, gas, chloride ions, and other chemicals within the concrete, which will in
turn increase the risk of corrosion of the reinforcement bars during the service life of the
structure. The high pH of the concrete pore solution normally protects the reinforcing steel
by forming a naturally passivated surface around it. However, the ingress of chlorides in the
concrete may break this passive layer and lead to the initiation of corrosion in the presence
of oxygen and water. The passive layer may also be destroyed due to carbonation, when
carbon dioxide and moisture penetrate the concrete and lead to a series of reactions with the
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Cracks formation

hydrated cement and the pore solution, which results in a pH drop of the concrete [17,18].
Corrosion induced by chlorides is mostly a concern for wind turbines that are located
offshore or in coastal regions onshore [19].

Corrosion of the reinforcement bars leads to further degradation of the structure due
to the expansive nature of the corrosion products, causing concrete spalling and loss of
bond [15]. Reinforcement corrosion is one of the main mechanisms of deterioration of
concrete structures, and it is considered by the concrete community to be directly related
to the environmental exposure condition of the structure, to the number of cracks, and
the concrete quality and cover thickness to the reinforcement [15,20]. Cracks can also
impair the water or gas tightness and negatively affect the aesthetics of a structure, but
these requirements are normally not applicable to wind turbine foundations, which are
commonly almost entirely buried and are not subject to specific tightness requirements.
Today, cracks are controlled by reinforcement using either traditional steel bars or fibres.
The purpose of crack control is to keep the crack widths below a defined limit. An extensive
description of crack control in concrete and the theory of cracking is given in [21,22]. The
width of the cracks—independently of the causes—are commonly limited to between
0.3 and 0.4 mm for reinforced members and 0.2 mm for prestressed members [23].
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Figure 1. Factors leading to the formation of different types of cracks in concrete. Elaborated
from [14,15,24].

The aim of this study was to assess defects that emerged in the construction of foun-
dations for wind turbines and analyse their relation to production aspects and design
requirements. For this purpose, available field data from the construction and inspection of
foundations at an onshore wind farm in Sweden were compiled and critically analysed.
The term defect is here used to refer to cracks, deviations, nonconformities, or singularities
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observed on the foundations, whether or not they have an impact on the durability and
functionality of the foundations.

2. Method

The construction of foundations at an onshore windfarm in the north of Sweden was
used as case study in this work. The wind farm covers a large area of land with a range
of different geotechnical conditions that required different types of foundations. This
study focuses on the about two dozen reinforced concrete gravity-based foundations that
represent part of the foundations built in the project. The foundations were designed
for a design service life of 25 years. The design was conducted in accordance with the
European Eurocode design standards taking into account the environmental exposure class
XC4/XF3. The allowable crack width was chosen as 0.4 mm, which corresponds to the
standard requirement for a design service life of 50 years. A freeze-thaw resistant concrete,
of strength class C35/45, based on CEM 142.5 N SR3 MH/LA Portland cement was used,
with a water-to-cement ratio of 0.55. The construction of the foundations was spread over a
period of one year in the first half of the 2010s.

The gravity-based foundations were designed as circular foundations with radial and
circular top reinforcement and a square net of bottom reinforcement (see Figure 2a,b). The
shear reinforcement used consists of so-called T-headed bars, which have a hook at one end
(top) and a welded plate at the other end (bottom), as shown in Figure 2c. The foundations
have a diameter and height of approximately 21 m and 2.3 m, respectively, which required
a volume of concrete of about 550 m? (see Figure 2c). They were cast on blinding concrete
over a compacted filling of more than 500 mm of crushed rock. The top of the foundations
is sloping and was cast without a top form. The different stages of the construction of the
foundations are illustrated in Figure 3.
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Figure 2. The studied reinforced concrete gravity-based foundation studied: (a,b) plan views of a
quadrant of the foundation showing (a) the top reinforcement layout and (b) the bottom reinforcement
layout; and (c) the radial section of the foundation.
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(d)

Figure 3. Photos of the construction of the foundations, (a) after placing the reinforcement, (b,c) dur-

ing casting of the concrete, and (d) the completed foundation before backfilling with soil.

Following the construction of the foundations, visual inspection was carried out. The
first observations of cracks were made at the inspection round at the end of the construction.
The cracks observed were located on the surface of the foundations and observed on
foundations that were not backfilled. Based on these observations, further inspections
were carried out by the general contractor and consulting engineers during the following
years. Excavations were conducted to uncover all foundations for inspection and repair
purposes. The actions that were undertaken included visual inspection of the foundations,
the measurement and mapping of surface cracks, the measurement of the concrete cover,
the extraction of samples from the foundations, and the repair of the identified defects.

Crack widths were visually measured using crack comparator cards (i.e., graduated
transparent plastic cards with lines of various widths), as shown in Figure 4a. The concrete
cover was assessed by a sonic surface measurement tool to map the distance between the
surface and the top layer of steel reinforcement (see Figure 4b). The concrete cover was
measured on average at 170 points spread over the foundation surface (up to 560 points
on critical foundations). The measured crack widths together with the position and layout
of the cracks, and the concrete cover measurements were reported on drawings of the
foundations. Cores were drilled out from a number of foundations, as illustrated in
Figure 4c, in order to measure the concrete’s in-situ compressive strength and density at
different depths. The carbonation, the homogeneity of the concrete and the distribution of
the aggregates were also assessed, and the bond between the concrete and the reinforcement
bars was visually checked. These cores were collected from foundations that exhibited
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surface cracking, when the foundations were between less than a year old and up to
approximately three years old. On a few foundations, the top concrete layer was removed
locally using high-pressure water jetting for additional inspection and to remediate localised
defects (see Figure 4d).

(b)

(d)

Figure 4. (a) Measurements of the crack width using a crack comparator card, (b) measurement of

the concrete cover using a concrete scanner, (c) drilling of concrete cores from the foundations, and
(d) after water jet removal of the top concrete layer.

For the purpose of this study, data were gathered from technical documents and
drawings from the design stage; daily logs from the construction stage; and photos, inspec-
tion, and measurement reports from the inspection stage. When needed, complementary
information was obtained through personal communication with persons involved in these
different stages.

A method used to evaluate the extent of the defects on single foundations was defined
in this work based on the information available and its level of accuracy. The different
types of defects that were evaluated are detailed in Table 1, which forms the basis of the
assessment method.

The different types of defects assessed were then aggregated by defining defect indexes
as listed in Table 2.
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Table 1. Defects assessed on the gravity-based foundations.

Type of Defect Symbol Assessment Scale Value
0: no crack
Number of cracks on the external 1: few cracks (<10)
D114 0-3

2: several cracks (10-20)
3: many cracks (>20)

inclined surfaces of the foundation

Based on crack width measurements,
with w¢, corresponding to the maximum

. crack width measured:
Size of cracks on the external Dy 0-3 0: no crack

inclined surfaces of the foundation ’
1: wer < 0.4 mm

2: 04 mm < wy < 0.5 mm
3: 0.5 mm < wg,

0: no crack
1: minor cracking
2: moderate cracking
3: severe cracking

Extent of cracking on the
central horizontal surfaces

Radial temperature cracks at the periphery
of the foundation and D3 0-1
extending on the inclined surface

0: no observation of cracks
1: observation of cracks

0: sufficient concrete cover
1-3: insufficient concrete cover:
Insufficient concrete cover Dy1 0-3 1: at less than 6 locations
2: at 6-10 locations
3: at more than 10 locations

0: no observation of wrong placement

Incorrectly installed reinforcement Dy, 0-1 1: observation of wrong placement

Based on visual inspection:
General finish aspect of the concrete surface Dy3 0-1 0: good surface finish
1: irregular surface finish

0: no observation of problem
1: observation of problem

Casting too high relative to

the tower anchor bolts D24 0-1

0: no observation of problem
1: observation of problem

Other localized casting defects

under the soil level Dy5 0-1

Table 2. Defect indexes used to assess the quality of the foundations.

Defect Index Index Scale

General defect index I 0-14
Crack index L 0-7
Reinforcement and casting defect index I, 0-7

The general defect index was defined as the sum of the crack index and the reinforce-
ment and casting defect index:
I=0LH+ 1, )

where the crack index is calculated from the underlying assessed defects D; 1_3, as:

_ Di1a+Diwp

I
1 2

+ D1y + Dy, )

and the reinforcement and casting defect index is calculated as the sum of the defects D; ; _5:

5
L =) Dy, 3)
i=1
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3. Results
3.1. Defects Observed on the Constructed Foundations

The defects observed on the uncovered foundations ranged from different types
of surface cracks with different widths, insufficient concrete cover to the reinforcement,
wrongly placed reinforcement, rust marks on the concrete surface, and voids in the concrete
volume. Some of the defects were only observed on a few foundations (less than five
foundations), such as incorrectly placed reinforcement D; 5, and casting defects D, 4 and
Dy 5. Other defects were more widespread, such as insufficient concrete cover D5 1, and
irregular concrete surface D, 3 (observed on 8 and 14 foundations, respectively). Finally,
some defects were observed on most of the foundations, as was the case for all types
of cracks Dy ;_3. All the observed cracks (categorized as plastic shrinkage cracks, plastic
settlement cracks, and temperature cracks) were regarded as being production related (i.e.,
not structural). An overview of the defects observed is illustrated in Figure 5. The main
difference between the plastic shrinkage cracks and the plastic settlement cracks lies in the
fact that the latter appeared to run parallel to the underlying reinforcement bars, which was
confirmed both by surface scanning and by the cores drilled on the foundations (including
cores extracted at crack locations). Details of the defects are provided in Figures 6-9. Cracks
that occurred on the horizontal pedestal surface of a foundation are illustrated in Figure 6
and the occurrence of rust marks is shown in Figure 7. Results from the concrete cover
measurements carried out on the inclined surface of a foundation and of the crack inventory
on the horizontal pedestal surface are summarized in Figure 8. Figure 9 shows the cores
drilled on the inclined surface of a foundation at the plastic settlement cracks and on the
pedestal of another foundation at the reinforcement location, respectively.

Plastic settlement
cracks

Insufficient Rust marks

concrete cover Plastic shrinkage
cracks

Temperature
cracks

Figure 5. Sketch summarizing the different types of defects observed and some typical positions of
the defects on the foundations (these defects were not all observed on a single foundation but on
various foundations).
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Figure 6. Cracks on the horizontal pedestal surface, including three zooms of selected areas, with red
marks indicating the ends of the cracks and labels 1, 2, and 3 indicating arbitrary labelling of cracks
on site.

90f19

Figure 7. Rust marks observed on the inclined concrete surface of a foundation.
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Concrete cover (mm):

Cracks of width:
— < 0.4 mm
—>0.4mm

Figure 8. Concrete cover measures on the inclined surface and crack patterns on the horizontal
pedestal surface.

(a) (b)

Figure 9. Cores vertically drilled from the foundations: (a) core drilled on the inclined surface at a
plastic settlement crack, and (b) core drilled on the pedestal.

3.2. Assessment of the Extent of the Defects and Relation to Production Aspects

Two different teams of concrete workers each with their own supervisors, from two
different subcontractors, were in charge of the on-site construction work for the gravity-
based foundations. The two different teams are hereafter referred to as Team A and Team B.
Table 3 summarizes the average time required to build a foundation and the average defect
indexes for the foundations built by each team. The average time required for the casting
of concrete for a gravity-based foundation was 15.6 h. Team B worked significantly faster
than team A, requiring on average 2 h 24 min less. Team B also achieved the best overall



Appl. Sci. 2022,12, 1443

11 of 19

quality for the foundations with a general defect index of 4.3 on average, i.e., 33% lower
than Team A. This trend was observed both for the cracking defects (crack index 22% lower
for Team B) and for the reinforcement and casting defects (index 61% lower for Team B).

Table 3. Production time per foundation and defect index for each production team.

Number of Average Time per General Reinforcement
Production Team Foundations () Foundation for Defect Index () Crack Index (-) and Casting
Concrete Works (h) Defect Index (-)
All 23 15.6 5.8 4.2 1.6
Team A 13 16.6 6.7 4.6 21
Team B 10 14.2 4.5 3.6 0.9

Figure 10 shows the evolution of the casting time for the foundations built by Team
A and Team B, respectively. As illustrated on this graph, the works were first conducted
by Team A and then by Team B. Three distinct construction groups can be identified: the
first two for foundations built by Team A separated in time by an interruption of several
months since no work was conducted during the colder winter months, and the third one
for foundations built by Team B. Remarkably, the first foundation built in each of these
three groups took significantly longer times than the following ones. There is a marked
decreasing trend over time for the second group of foundations built by Team A and the
third group built by Team B, while it is less clear for the foundations from the first group
of Team A. When analysing the evolution of the general defect index over time, as shown
in Figure 11, a clear decreasing trend can be observed for the third group built by Team B,
while the trend is less clear for the two first groups built by Team A, where both the lowest
and highest defect indexes are observed in the first foundations in each of these groups,
followed by quite constant indexes for the subsequently built foundations.
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Figure 10. Relation between the time required for casting the foundation and their production date.
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Figure 11. Relation between the defect index and the production date of the foundations.

The correlations between the weather conditions, and the casting time and extent of
defects, respectively, were also investigated. As shown in Table 4, the average time per
foundation was 15 h 36 min for all foundations, which was 12 min shorter on average for
foundations cast under rainy or snowy conditions. The difference observed in terms of
defects is more significant, as it is equal to 4.8 for foundations cast under rain or snow
conditions and 6.1 for foundations cast under conditions without precipitations.

Table 4. Production time per foundation and defect index for different weather conditions.

Weather Conditions Number of Foundations (-)  Average Time per Foundation (h) Average Defect Index (-)
All weather conditions 23 15.6 5.8
Without precipitations 17 15.7 6.1

With precipitations 6 152 48

(rain or snow)

A significant positive correlation is observed between the crack index and the time
required to cast the foundations, as represented in Figure 12. The outlying point with
a casting time of 20 h and a crack index equal to 1 corresponds to the first foundation
constructed, as can be seen in Figure 10. Notes from the construction daily logs indicate
that this foundation was cast under heavy rainfall.

The eventual correlations between the transport distance for the fresh concrete mix
between the temporary concrete batching plant and the foundation, and the resulting
casting time for the foundations and the evaluated cracking extent were also tested. As
shown in Figure 13, the transport distance does not appear to have affected the casting time
or to have had a clear influence on the outcome in terms of cracks (although the foundations
that were transported more than 17 km showed a higher crack index on average than the
foundations that were transported less than 10 km, and their crack index was lower than
that of certain closer foundations).
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Figure 13. Casting time (a) and cracking index (b) with respect to the distance between the founda-
tions and the temporary concrete batching plant on site.

3.3. Results from Tests on Cores Drilled on the Foundations

The results from carbonation tests on six cores drilled from four foundations after two
to three years after casting (three at uncracked locations and three at cracks) revealed that
the depth of carbonation was less than 1 mm in all cases except for one core taken out at a
surface crack. In the latter, the carbonation appeared to follow the crack as it progressed to
a depth along the crack of 15 mm.

Figure 14 shows the results from tests on cores taken from the same four foundations
to determine the density and in situ compressive strength at different ages. It is noteworthy
that there is no clear connection between increased density and increased in-situ compres-
sive strength. Cores taken in the depth interval 100-200 mm showed slightly lower in-situ
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compressive strength and density in average than those from the upper and lower intervals
(0-100 mm and 200-300 mm).

80 80
s
70 @) = gD = 70 Q @j
60 A A1 60 A
o o H 8 S
(@) (@)
= 50 8 = 50 °
a o
2 40 = 2 40 =
30 30
20 = Depth 0-100 mm - = Depth 0-100 mm
© Depth 100-200 mm © Depth 100-200 mm
10
A Depth 200-300 mm 10 A Depth 200-300 mm
0 0
2200 2300 2400 2500 0 500 1000 1500
Density (kg/m?3) Age (d)
(a) (b)
Figure 14. In-situ compressive strength, f;, versus (a) density, and (b) age of the concrete for test spec-
imens taken from cores drilled on the foundations, for different depths from the top concrete surface.
Since the same concrete recipe and casting process were used for all foundations, the
results reported in Figure 14 were treated as a whole to assess the in-situ compressive
strength of the finished foundations based on the European Standard EN 13791 [25]. This
assessment (the details of which are provided in Table 5) showed that the requirements
for the concrete strength class C35/45 are met by a margin, both when considering all test
results and when considering each depth range separately.
Table 5. Evaluation of the concrete strength class for the different depth ranges based on the mean
and lowest in situ compressive strength (f,,,,) is and fis jowest, respectively), and standard deviation o,
in accordance with EN 13791 [25].
Depth f m(n),is f is,lowest o f ck,is,1 2) f ck,is,2 ®
(mm) (Mpa) (Mpa) (Mpa) (Mpa) (Mpa) Concrete Strength Class
0-100 63.7 415 10.5 48.2 45.5 C40/50
0-100 (mod) ® 66.9 57.5 5.9 58.2 61.5 C55/67
100-200 60.3 52.0 8.6 47.6 56.0 C45/55
200-300 62.0 60.5 22 55.0 64.5 C50/60
0-300 (all tests) 62.0 41.5 8.6 49.3 45.5 C35/45

@ fekis,1 and fei s o are obtained using Equations (1) and (2), respectively, in EN 13791 Section 7 [25]. @ 1f
1.48 0 <7 MPa, 7 MPa is used according to EN 13791 [25]. ©) 0-100 (mod) corresponds to 0-100 without the low
outlying value obtained on one foundation.

4. Discussion
4.1. Influence of Personnel, Weather, and Transport on the Observed Defects
After their construction, a number of defects were observed on the foundations, which

led to further inspections and investigations. These defects all appeared to be production
related (i.e., not load-induced structural defects).
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A marked difference was observed in terms of the quality between the foundations
produced by the two different teams in charge of casting concrete in the project. Several
differences were observed between the two teams in terms of the organisational structure,
communication, experience, and mentality. Team A was led by some of the skilled workers
of the team, while Team B was led by a qualified supervisor and a site manager. While
both teams did not understand Swedish, communication between the general contractor
and Team A was in English (which was not the native language of either party) while a
translator was used to communicate with Team B. Team A had extensive experience in
casting wind turbine foundations while Team B lacked previous experience. According
to the general contractor’s personnel, this led to Team A having high confidence in their
abilities to carry out the works as they used to do while Team B was keen to learn and
receive directions. For instance, several meetings were organized between Team B and
the general contractor prior to the works, in which personnel from Team B described in
detail how they were planning on conducting the works and received feedback. In this way,
Team B benefited from the experience in previous castings held by Team A. These findings
match the results observed in previous research by Surahyo [20] that identified personnel
(e.g., experience, knowledge, understanding of what is expected, and attitude) as the major
factor causing variations in the quality of concrete in front of material, equipment, and
workmanship in second position, and field testing in third position. Additionally, in the
project studied, the attitude of the teams toward planning and learning appears to have
been more important than their previous experience. It was also observed in the present
study that the team that produced foundations with less defects also produced them in a
shorter time.

This study did not find conclusive evidence of a correlation between the weather
conditions recorded (i.e., precipitations and temperatures) and the time or quality of the
foundations produced under these conditions. Nevertheless, the fact that the foundations
cast under precipitations have a lower defect index in average, and that the outlying
foundation in Figure 12 with a remarkably low defect index was cast under heavy rain,
suggest that precipitations may have led to less observable defects. Rainwater may have
helped the hydration and curing processes on the top concrete surface. When it comes to
the surface cracks observed, the dense top layers of reinforcement may have impacted the
settlement of the concrete in some places.

The transport distance of the fresh concrete did not appear to influence the casting
time of the foundations. Although the transport distances varied considerably between
the foundations, they remained in a range (under 21 km) that is commonly not critical
for the transport of concrete. Still, these results may be an indication that good concrete
transport could be achieved during construction. Indeed, as the wind farm is located in a
very remote location, as is often the case for wind farms, the distance to the nearest back-up
concrete plant was large. Such an increase in the transport distance for the concrete would
not only have implied a longer transport time, it would also have required a considerably
larger number of concrete trucks to ensure the continuity of the delivery of concrete for the
foundation casting, which may be difficult to obtain considering the limited availability of
such trucks in these regions.

4.2. Consequences and Measures to Ensure the Compliance of Wind Turbine Foundations

The casting process used to build the foundations, and especially their top inclined
surface, did not appear to have led to non-conformities in terms of the compressive strength,
since the results from the tests on the cores indicate that the concrete fulfils the require-
ments for the strength class C35/45, as specified in the design. It should be noted that
standards allow the field-measured in situ strength to be 15% lower than the one measured
on standard test specimens during the casting process to achieve the same compressive
strength class [25]. This deviation forms part of the partial safety factor for concrete used
in design [23].
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The likelihood of the occurrence of certain deviations during construction is considered
in the design of concrete structures. The possibility of worsened bond conditions is taken
into account in EN 1992-1-1 [23] by a reduction factor, #;. This factor reduces the bond
strength by 30% in cases where poor bond conditions may occur, e.g., in the case of bars
placed in the top 300 mm during concreting of elements with a height of more than 600 mm.
For wind turbine foundations, this applies to the top layers of bars, which may be affected
by plastic settlement cracks and not optimally enveloped by the concrete.

Carbonation developed quickly and locally in the cracks since the concrete around
the cracks comes into contact with carbon dioxide more easily and rapidly. Differences
can occur depending on the crack width but also the moisture condition in the crack.
Carbonation has been observed on a single test to penetrate the concrete along a crack
and reach a depth corresponding to the cover layer, which is not necessarily critical for
corrosion [17]. It is important to ensure that the crack widths are limited according to the
requirements of the standard.

The decision was made between the different actors of the construction project to seal
cracks that were wider than 0.3 mm. This crack width can be compared to the limiting
calculated crack width according to the design standards. However, it should be noted
that the design crack limitations are intended for load-induced cracks while in the studied
project, the observed cracks are production related. The applied environmental exposure
class (XC4/XF3) led to the requirement of a maximum water-to-cement ratio of 0.55 [26].
As the design service life of the foundations is 25 years, the limiting design crack width was
chosen to be equal to 0.4 mm, which corresponds to the requirement for a design service
life of 50 years, according to the Swedish provisions on the application of the European
construction standards [27]. Indeed, the shorter design service life covered by the standards
is 20 years, for which no design crack width requirements are specified. The purpose of
these design requirements is to determine the reinforcement required to withstand the
theoretical design load effects while limiting crack widths in the concrete. Furthermore, the
design crack width limitations are specified at the reinforcement level while the observed
ones are measured at the concrete surface. Besides, concrete has self-healing properties
to some extent in the presence of water for cracks that are under a certain width of less
than 0.2-0.3 mm [28].

Although the minimum concrete cover was specified on the drawings as 50 mm by the
designer, a lower concrete cover would have been sufficient to satisfy the requirements of
the design standards. Indeed, the specified value was obtained by rounding up the nominal
concrete cover according to the design standards (i.e., 42 mm), which also include an
allowance of 10 mm for deviations. It is the minimum concrete cover requirement regarding
the bond of the reinforcement that governed this value (equal to the maximum bar diameter
of 32 mm), with the requirement regarding durability being lower (equal to 30 mm for the
exposure class XC4/XF3 and design life of 50 years, also including the 10 mm allowance
for deviations). Additionally, since the reported water-to-cement ratios during the casting
for the foundations with observed cracks were below 0.5 (between 0.45 and 0.46), the
minimum concrete cover required to provide durability for a design service life of 50 years
is reduced from 20 to 15 mm [27].

Although the design service life of wind turbines is commonly of 20 to 30 years, the
structural design of the foundations is usually investigated taking into account longer
durations than the service life of the wind turbines. For instance, characteristic loads are
often calculated for a return wind speed of 50 years. Besides, when it comes to durability
requirements, crack width limitations and concrete covers are usually chosen for a design
service life of 50 years.

The effects and consequences of a poor casting process may lead to repair work. In
the case of wind turbines, the time for remedying eventual defects from the production
to conducting the inspection is very limited before the foundations are entirely covered
by earth. In the present project, the foundations were already covered between one and
seven days after the casting was completed to proceed with subsequent works and the
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installation of the turbines. Later inspection requires new excavations. In the studied
project, additional structural calculations had to be carried out to ensure the stability of the
turbines under such excavations, and sometimes, when the wind blew above a certain limit,
it was necessary to cover the foundations again at short notice. In such cases, the extra cost
due to non-conformities becomes substantial. When defects are discovered quite late or
the decision on the measures to be undertaken takes time, it may require the contractor
to come back and re-establish a working site. For the wind farm owner, a faulty casting
process may lead to unplanned maintenance and down time of the power plant with an
increase in operational costs and a lower revenue for the investors. However, in this study,
a more detailed assessment of the observed defects indicated that most of these defects
were not going to affect the function of the foundations during their design service life.
This is partly due to the fact that the requirements in design standards include tolerances
for certain deviations in the final construction object (e.g., the tolerance for deviations in
the concrete cover or quality of bonding for reinforcement bars).

The surfaces that were judged to be defective were sealed. Besides, the casting of
an additional layer of concrete was conducted when the concrete cover was inferior to
30 mm (in some cases due to incorrectly mounted reinforcement) after exposing the top
reinforcement layers by high-pressure water jet removal of the top concrete layer.

The consequences of the observed defects may become more relevant and further
assessment and monitoring may be required in the hypothetical case that lifetime extension
of the foundations is considered, in line with a lifetime extension or upgrade of the turbines.
Additional measures may be required to enable this lifetime extension. For instance in
Denmark, among other requirements, an annual visual inspection of the foundations is
required to detect cracks in concrete [29].

4.3. Recommendations for Quality Control

One observation from the work carried out for this study is that construction logs are
often fragmentary, i.e., some information or even documents may be missing. This is a
common issue in construction projects, which are usually one-off projects, where much of
the information is recorded manually by different persons using a paper-based process
in the midst of on-going construction works [30]. The documents are only later saved in
digital format, and most of them are scanned, i.e., not saved in a fully searchable format.
Furthermore, these issues with the documentation are presumably even more prevalent
in wind farm projects, where the works are often carried out in challenging conditions
and spread across different locations over a large area and at several kilometres from
the construction site offices. Inspection documents are also mostly unsystematic, most
likely due to a lack of a sufficiently clear definition of the information that needs to be
collected (which may result from a preliminary lack of knowledge). Besides, records in the
construction and inspection logs and reports exclusively include defects or deviations; they
do not include positive observations of particularly well-achieved or successful parts of the
works, which could also be of importance in terms of experience feedback and learning
for subsequent works. There appears to be abundant room for further progress in terms of
quality control and follow-up.

Quality control and monitoring is especially important when larger foundations are
being built as the size of turbines is increasing, and less prevalent concrete mixes are being
used to reduce greenhouse gas emissions associated with the construction of foundations.
Less experience is available regarding these concrete mixes, characterized by the use of
recycled concrete aggregates or partial substitution of cement by alternative cementitious
materials such as fly ash or blast furnace slag [31], and on specific production aspects and
eventual challenges associated with their use.
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5. Conclusions

The construction of wind turbine foundations poses numerous challenges that have
often lead to cracking and other types of defects as mentioned in the literature, usually
with little detail. The production-related defects observed on foundations at the wind farm
used as a case study in this work constitute further evidence of these issues. This study
was conducted to thoroughly document and analyse the defects encountered in the project
and their relation to production aspects and design requirements.

The results of the assessment performed in this work highlighted that the personnel
involved in the works had a clear influence on the quality achieved and the production
time. The analysis indicates that the willingness of the concrete work teams to improve
through discussion and feedbacks with the project management staff can overcome their
limited experience of the type of work being undertaken.

Detailed assessments of the defects showed that many of the observed defects did not
jeopardize the fulfilment of the design requirements, often thanks to allowances in design
standards for deviations in the final construction object. Hence, the observation of defects
or deviations does not necessarily mean that the design requirements are not satisfied. For
other punctual defects and local deviations, repair works needed to be carried out (i.e.,
sealing of cracks and local castings to increase the concrete cover) to ensure compliance
with the design requirements and confidence in the durability of the foundations during
their service life.

The work conducted in this study provides evidence that to achieve reliable quality
control, and facilitate eventual arbitration processes, there is a definite need to collect and
report data from construction and inspection in a systematic and comprehensible way,
and to store this data in an easily accessible and well-structured digital format. This will
also allow experience to be turned into knowledge to be used in subsequent projects by
analysing the collected data as was carried out in this study.
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