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Dear Mr. Wells:
Leeward Renewable Energy, LLC (Leeward) engaged Sargent & Lundy LLC (“Sargent & Lundy” or “S&L”)
to perform a felling analysis for the GSG Project to provide a wind turbine removal analysis for the
decommissioning of the 40 existing Gamesa G-87 turbines and the GSG Wind Project. Sargent & Lundy’s
analysis was performed in accordance with Task Authorization TA-13621-GSG-WTG Felling under the
Services Agreement SA-35200 between Leeward and Sargent & Lundy, dated February 1, 2021.
Sargent & Lundy’s scope of work included analyzing two methods of removal, the “Cut & Fell” method and
the “Energetic Felling” method. The “Cut & Fell” method, documented in the main body of the letter report,
involves torch cutting the steel at the base of the tower and then using a cable to pull and topple, or “fell”
the turbines. S&L’s analysis of this process in the main body of the report provides estimated stresses and
factors of safety (FS) for the base tower segments of the wind turbines in consideration of the critical
conditions during the removal procedure. The FS is defined herein as the capacity of the material (or
maximum allowable stress) divided by the applied load or stress. In other words, an FS of less than 1.0
would indicate that applied stresses are greater than the allowable stress.
The felling process is described in Section 2 and the inputs to the analysis are documented in Section 3,
with assumptions listed in Section 4. The analysis approach is described in Section 5 and the results of the
analysis are provided in Section 6. S&L made conservative assumptions regarding wind direction, wind
speed and material properties. The analyses show that the tower material could reasonably withstand an
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up to 5-meter-per-second (m/sec) wind speed during the removal procedure. S&L determined the maximum
tension load in the pull cable to be 30 kips. The maximum stress in the tower shell is 35.6 ksi, corresponding
to the partial cut configuration with maximum gust wind speed of 5 m/sec. This result is from the governing
case which represents a condition where the localized stresses in the tower steel at the edges of the cut is
just below the allowable strength capacity of the steel material.
The second approach, “Energetic Felling” method considers a procedure to use explosives to fell the
WTGS. This method involves pre-weakening the structure through torch cutting at the base to produce a
predictable collapse mechanism, and then uses explosive charges to initiate an imbalance that starts the
felling process. The energetic felling contractor is responsible for evaluating the structural integrity and
stability of the structure in its prepared state up to specific wind velocities.
S&L reviewed the potential impact of felling the WTG towers by either method on the surrounding soil and
nearby residential structures. For the Energetic Felling method, S&L also evaluated the noise level due to
the explosion at the nearby residential buildings.
The purpose of the analysis is detailed in Section 1; the felling process for each approach is described in
Section 2. The Cut & Fell method analysis and results are documented in Section 6.1, while the review of
the Energetic Felling method is provided in Section 6.2. The common evaluations of the impact to the
surrounding soil and nearby residential structures are provided in Sections 6.3 and 6.4, respectively. Our
conclusions and recommendations are provided in Section 7.

1. PURPOSE
The purpose of Sargent & Lundy’s (S&L’s) investigation is to provide a wind turbine removal analysis for
the decommissioning of the 40 existing Gamesa G-87 turbines at the GSG Wind project. In this study, S&L
considered two felling methods: Method 1 – Cut & Fell and Method 2 – Energetic Felling.
S&L analysis provides the following regarding Method 1 – Cut & Fell:
1. Determine the maximum expected tension in the steel cable used to “fell” the turbine once the tower
base has been cut in accordance with the cut methodology detailed herein.
2. Determine the maximum expected stresses in the wind turbine tower steel shell subjected to
various loading conditions and consider the “partially cut” base configuration.
The “partially cut” condition is where the tower steel has been circumferentially cut approximately 4 ft above
the tower flange, except for a 4-ft-long “hinge” on the same side as the pull cable and a 2-ft-long portion of
tower steel on the opposite side of the hinge.
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3. Determine the expected direction of fall at the “final cut,” where the tower steel has been fully cut,
except for the 4-ft “hinge” described above. This condition immediately precedes the final cable pull
that fells the tower.
4. Determine the minimum wind speeds above that the towers (in either configuration) would be at
risk to topple on their own.
5. Assess the impact of the turbine felling on nearby structures [exclusive of the existing wind turbine
generator (WTG) foundations].
S&L analysis provides the following regarding Method 2 – Energetic Felling:
1. Evaluate the blast effect on the existing foundations considering the typical protective measures, if
Leeward Renewable Energy LLC (Leeward) selects to preserve the existing foundations.
2. Confirm that the sound from the explosion is acceptable at 1000 ft from the wind turbine intended
for felling.

2. FELLING PROCESS
This analysis considers the towers to be felled using the following assumed critical steps, consistent with
typical industry procedures. Note that these steps are not all-encompassing; they are simply the ones
relevant to the analysis of the structural integrity of the WTG towers, foundations, and nearby structures.
S&L recommends that the contractor engaged to perform this work provide a detailed turbine felling
procedure for review. Prior to felling, when employing either method:
1. A fall direction will be selected for each WTG based on the orientation of the WTG, its access road,
the location of the underground collection system slated for reuse, nearby structures, and the
prevailing wind direction.
2. WTG foundation protection will be installed (at Leeward’s discretion).
3. The nacelle and blades will be yawed such that the tower is felled perpendicular to the nacelle to
minimize impact to the soil.
4. The padmount transformer at the base of the WTG will be removed and the WTG will be
disconnected, electrically.
The critical steps that apply to each individual method are outlined in the subsections that follow.
2.1. METHOD 1 – CUT & FELL
1. Connect a steel wire cable to a structural point in the nacelle using a clevis.
2. Locate equipment to be used to fell the turbine in the direction of the fall and connect the cable to
the equipment (about 500 ft away from the turbine). The cable is pulled taught with a net positive
tension force.
3. The hinge (see Section 1) is located to the center of the desired fall and marked out on the tower.

55 East Monroe | Chicago, Illinois 60603-5780 | 312.269.2000 | www.sargentlundy.com

Independent Engineering Analysis of Wind Turbine Removal Procedure – GSG
Prepared for Leeward Renewable Energy LLC

Page 4
March 11, 2022

4. The tower is cut into the “partially cut” configuration as described in Section 1.
5. The cut proceeds into the to “final cut” configuration as described in Section 1.
6. The hinge is cut and the tower is pulled over.
2.2. METHOD 2 – ENERGETIC FELLING
The “energetic felling” method considers a procedure to use explosives to fell the WTGs. The Energetic
Felling method includes a pre-weakening of the structure through torch cutting at the base to produce a
predictable collapse mechanism, then uses explosive charges to initiate an unbalance, which starts the
felling process. The demolition contractor is responsible for identifying the amount of base cutting, the
detonating charges, and to ensure the stability of the towers during the entire process. A fall direction will
be selected for each WTG based on the orientation of the WTG, its access road, the location of the
underground collection system slated for reuse, and the prevailing wind direction. Appropriate WTG
foundation protection will be installed. Similar to Method 1, The nacelle and blades will be yawed such that
the tower is felled perpendicular to the nacelle in order to minimize impact to the soil. The advantages of
this approach over the Cut & Fell method are that no personnel are required to be near the tower at the
point of felling, heavy machinery is not required to fell the tower, and all WTG towers may be felled over a
shorter time frame.

3. INPUTS
The critical items are summarized below:
1. Three wind speeds are considered: 5 m/sec, 10 m/sec, and 15 m/sec (11 mph, 22 mph, and 34
mph), corresponding with the range of wind speeds typically considered during tower removal. Note
that 10 m/sec is a typical wind speed for normal crane operations.
2. Table 3-1 summarizes the weights of the components used in the analyses [1].

Table 3-1 — Tower IEC IIA/DIBT II 78m Component Weights
Description

Weight (kg)

Bottom tower section

45500

Intermediate tower section 1

55300

Intermediate tower section 2

56200

Top tower section

41600

Nacelle

70000

Rotor with blades

36400
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3. Figure 3-1 shows the blade types and dimensions considered in the analysis [1].

Figure 3-1 — Blade Specifications

Source: Ref. [1]

The tower geometry, shell thickness and material properties are defined in the existing tower drawings [6].
Note that the drawing [6] is the more recent version of the tower drawings. An older drawing version [12]
exists that contains larger shell thicknesses. These calculations are considering the latest version and are
using the smaller shell thicknesses to be conservative.
All other inputs used in the analysis that were not found in the documentation are listed as assumptions in
Section 4.
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4. ASSUMPTIONS
S&L used the following assumptions in the analyses:
1. The turbine blades are considered in the feathered (90° pitch) position when cutting and felling
operations are taking place.
2. The nacelle yaw mechanism is assumed locked in place, and the nacelle long axis is assumed
perpendicular to the orientation of the pull cable.
3. Conservatively, the root diameter of the blade is used through the largest chord length to calculate
the projected wind area, and it is considered a smooth circular profile when determining the
pressure coefficient and corresponding applied wind force.
a. Side Dimensions
i. Root diameter: 1,000 mm
ii. Girth at maximum chord location: 1,000 mm
iii. Girth at tip: 13 mm
b. Face Dimensions
i. At root: 1,000 mm
ii. Maximum chord length: 3357 mm
iii. At tip: 13 mm
c.

Length from root to location of maximum chord: 7,000 mm

d. Length from location of maximum chord to tip: 35,500 mm
4. In the case of wind blowing in the opposite direction of the cable pull force, it is assumed that the
wind load is transferred directly to the cable (wind cases are defined in Section 5.1.2).
5. After the cable is fully taut, a 24-in. horizontal displacement is applied to the bottom of the cable
where it is attached to the pulling vehicle. This distance is estimated in the evaluation to apply
additional tension on the cable and to keep the tower stressed.
6. The nacelle dead load is assumed to be centered at the top of the tower.
7. Locked-in stresses or additional thermal stresses resulting from the cutting operations or any other
construction anomalies are not considered.
8. A detonation charge of 3.28 TNT equivalent pounds of explosives is estimated to be adequate to
fell the weakened tower. This is based on S&L’s experience with previous felling operations and
must be verified by the demolition contractor once one has been selected. The conclusions of the
analysis would be conservative if a smaller explosive charge is used. S&L should be contacted for
reevaluation if the explosive charge is larger than the one estimated.
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5. METHODOLOGY
5.1. TOWER FELLING ANALYSIS
S&L generated and analyzed three finite element models (FEMs) using SAP2000 software to evaluate the
stresses at the tower base and the pulling force in the cable. Each FEM consisted of the entire 78-m tower
with base cuts and the pulling cable. The WTG tower was modeled using shell elements. Cable elements
were used to simulate the pulling cable. The tower was fixed at the base, and the cable was attached at
the highest point of the nacelle. The difference between the three models is the extent of the cuts applied
to the steel tower, as described in Section 5.1.1.
5.1.1. MODEL DESCRIPTIONS
Model 0 simulates the existing condition of the tower prior to performing any cuts. This condition simulates
the tower with its maximum structural stiffness. This results in the maximum resistance to the felling
operation and therefore, the maximum tension in the pulling cable. All models use a tower bottom shell
thickness of 33 mm [6].
The “partially cut” condition as described as Item 2 in Section 1 is modeled as Model 1. This condition
featured inclined hinge cuts on the same side as the pull cable. Then, a circumferential cut was modeled
at an elevation 4 ft above the tower flange. This cut extends from the inclined hinge cuts around the entire
circumference except for a 2-ft-long section that remained on the opposite side of the pull cable.
The “final cut” condition as described as Item 3 in Section 1 is modeled as Model 2. This condition
considered a full cut in the tower steel immediately prior to the final cable pull. Model 2 consisted of the
same cuts as Model 1 but without the 2-ft-long section attached on the opposite side of the pull cable, only
the 4-ft-long hinge on the near side of the pull cable remained.
Figure 5-1 shows the overall geometry of the FEM while Figure 5-2 illustrates cuts in the steel base.
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Figure 5-1 — Overall Model Geometry

Figure 5-2 — Cuts at Tower Base (Model 1 “Partial cut,” Model 2 “Final cut”)

5.1.2. LOAD CASES
The nacelle dead weight was applied at the geometrical center of gravity of the nacelle. Rigid weightless
frames transfer the loads to the top of the tower. The tower weight was distributed over the entire tower
shell area. S&L calculated wind pressures corresponding to the selected wind speeds (5 m/sec, 10 m/sec,
and 15 m/sec) following the ASCE-7 methodology [2]. Wind pressure on the tower was applied directly to
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the tower shell elements, while wind forces on the nacelle and rotor were applied as concentrated forces
at their centers of gravity.
A 24-in. horizontal displacement was applied at the bottom of the cable in the direction of pulling. This
displacement was used to keep the cable and tower under tension once the cable was placed in a taut position
and corresponds with the maximum forces identified in the results (Table 6-1). Figure 5-3 illustrates the
deformation of the cable and tower in Model 1 due to the pulling force once the 24-in. displacement is applied.

Figure 5-3 — Tower Deformation Due to 24-In. Horizontal Displacement at Bottom of the
Cable (Deflection Amplification Factor = 30)

S&L applied wind to the turbine in three primary directions:
•

Wind 1: Parallel to and in the same direction as cable pull force

•

Wind 2: Parallel to and in the opposite direction of cable pull force

•

Wind 3: Perpendicular to the direction of cable pull force

Wind pressures applied to the tower, nacelle, and rotor were calculated for all conditions in accordance
with ASCE 7-10 provisions [2]. The following parameters were considered:
•

Risk Category: III (ASCE 7-10, Table 1.5-1)

•

Exposure: C (ASCE 7-10, Section 26.7)

•

Kd = 0.95 (ASCE 7-10, Table 26.6-1)

•

Kzt = 1 (ASCE 7-10, Section 26.8.2, with no topographic factors)

•

Cf = 0.7 (ASCE 7-10, Figure 29.5-1, for moderately smooth surface)

S&L considered that the specific wind speeds included gust-effect in the analyses. Figure 5-4 shows the
assumed wind directions used in the analyses.
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Figure 5-4 — Assumed Wind Directions

5.2. IMPACT ON OTHER STRUCTURES
S&L evaluated the potential for damage to a residential building located a minimum of 1100 ft from the
felling operation, which was found to be the safe distance based on the equipment weights. The evaluation
is conducted by estimating a conservative Peak Particle Velocity (PPV) at 1100 ft and comparing that to
the threshold criteria for potential vibration damage considering transient sources on older residential
structures in “Transportation and construction-induced vibration guidance manual, California Department
of Transportation, 2004” [3]. The research included in this document was funded by the California
Department of Transportation and hence bears its name. It findings are not exclusive to the state of
California and are applicable for use in Illinois. It is accepted as a standard nationwide since states typically
do not duplicate research efforts.
The PPV is calculated based on drop weights that include the nacelle, rotor and blades, and the top
segment of the tower and is discussed in detail in Section 8.
5.3. NOISE ANALYSIS
S&L evaluated the noise at 1000 ft from an energetic felling process using the assumed demolition charge
size. The evaluation is conducted using standard equations for estimating the safe distance based on the
explosive charge size.
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6. ANALYSIS
6.1. CUTE & FELL ANALYSIS
S&L analyzed the wind turbine tower for two main conditions: cable stress and tower shell stress.
6.1.1. CABLE CAPACITY
The first objective of the analyses was to determine the maximum expected tension in the steel cable used
to fell the turbine. This cable stress was analyzed for two conditions. First, the original state (Model 0) was
used to determine the initial maximum expected tension in the cable once it has been pulled into a fully taut
position. When determining this initial tension, no wind was applied in order to obtain the minimum tension
value. Second, the original state (Model 0) was used to determine the maximum expected tension in the
cable when the cable is fully taut under a maximum wind speed of 15 m/sec acting in the Wind 2 direction
as shown in Figure 5-4. This condition produced the maximum tension in the cable among all wind directions
and speeds. The cable tension results for these two conditions are in Table 6-1.
6.1.2. TOWER SHELL CAPACITY
The second objective of the analyses was to determine the maximum expected stresses in the WTG tower
steel shell. These stresses were determined for the partially cut condition (Model 1) immediately prior to
felling. For each of the conditions listed, the shell was subjected to the three different wind speeds (5 m/sec,
10 m/sec, and 15 m/sec) in three different directions (Wind 1, Wind 2, and Wind 3) separately, as shown in
Figure 6-4. Additionally, the full cut condition (Model 2) is used to demonstrate that the tower would be
unlikely to fall in an undesirable direction. Stresses at the tower shell in the partially cut condition as well as
deformation of the tower in the fully cut condition are listed in Table 6-1.
S&L calculated the tower shell stresses using von Mises stress. S&L notes that, instead of conducting
separate checks on the steel (i.e., flexure, shear), von Mises stresses were used to account for the stress
resultants in all directions, including tri-axial stresses and shear stresses.
The stress results are the maximum stresses recorded at the element nodes, and thus, include stress
concentrations at the hinge cuts. The stresses were checked for fracture, which is compared with the
strength of the steel material when subjected to the combined effects of primary membrane, primary
bending, secondary membrane plus bending at discontinuities, and peak concentration stresses [7]. A
37.2-ksi tensile strength was used based on the tower base material of S355J2 [6]. The maximum stress
values occur near the cut locations and decrease away from the location of cuts (as shown in Figure 6-1
and Figure 6-2), which was as expected.
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Figure 6-1 illustrates an example of the stress contours developed at the hinge under a 10 m/sec Wind 1
(wind parallel to and in the same direction as cable pull force). Figure 6-2 illustrates the stress contours
developed at the hinge under a 15 m/sec Wind 3 (wind perpendicular to the cable pull force). Note that the
von Mises stresses illustrated below do not capture the stresses in the adjacent anchor bolts.

Figure 6-6-1 — von Mises Stresses at Model 1 Hinge with 10-m/s Wind 1 (ksi)

Figure 6-6-2 — von Mises Stresses at Model 1 Hinge with 15-m/s Wind 3 (ksi)

The results for each of the checks are in Table 6-1.
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Table 6-1 — Analysis Results
Design Check

Unit

Result

Capacity

FS

Tension sustained by pull cable – original condition (zero wind)

kip

28.6

N/A

N/A(Note)

Maximum tension sustained by pull cable (max. wind opp. to pull force)

kip

30.0

N/A

N/A(Note)

Maximum stresses – 5 m/sec wind

ksi

35.6

37.2

1.04

Maximum stresses – 10 m/sec wind

ksi

37.2

37.2

1.0

Maximum stresses – 15 m/sec wind

ksi

39.0

37.2

0.95

Maximum stresses – 5 m/sec wind

ksi

34.4

37.2

1.08

Maximum stresses – 10 m/sec wind

ksi

32.8

37.2

1.13

Maximum stresses – 15 m/sec wind

ksi

30.0

37.2

1.24

Maximum stresses – 5 m/sec wind

ksi

35.9

37.2

1.04

Maximum stresses – 10 m/sec wind

ksi

50.8

37.2

0.73

Maximum stresses – 15 m/sec wind

ksi

70.8

37.2

0.53

Pull Cable Checks (Model 0)

Tower Base Steel Checks – Partially-Cut State (Model 1)
Wind 1 – Parallel and in same direction of pull force

Wind 2 – Parallel and in opposite direction of pull force

Wind 3 – Perpendicular to direction of pull force

Tower Base Checks – Final Cut (Model 2)
Wind 1 – Parallel to and in the same direction of pull force

Deformation at – 10 m/sec wind
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Unit

Result

Capacity

FS

Wind 2 – Parallel to and in the opposite direction of pull force

Deformation at – 10 m/sec wind

Wind 3 – Perpendicular to the direction of pull force

Deformation at – 10 m/sec wind

Red shading = calculated stress greater than maximum allowable stress.
Note: S&L determined the maximum expected forces in the cable.
Since information on the cable’s strand composition, overall condition, or history (fatigue) is not yet known,
a comparison is not made to a reference breaking load.

Red shaded factor of safety values in Table 6-1 represent cases where the calculated stress is greater than
the maximum allowable stress. During the partially cut stage, the stresses are acceptable up to a wind
speed of 10 m/sec if the wind direction is parallel to the pulling direction but is not acceptable when the
wind is perpendicular to the felling direction. The analysis in (Model 1) show that at 15 m/sec, the stresses
at the cut will exceed the material allowable capacity. Therefore, S&L recommends undertaking felling
operations when wind speeds are at of less than 5 m/sec.
In the final cut (Model 2), the strength of the tower material was locally exceeded for all cases. This is
expected since this final cut condition simulates the state of the tower just before felling. As the turbine is
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intentionally pulled over shortly after this condition is achieved, the deformation of the tower as predicted in
the FEM show that the collapse of the turbine in an undesired direction is unlikely.
6.2. ENERGETIC FELLING REVIEW
6.2.1. FOUNDATION PROTECTION
S&L understands that Leeward will be installing new foundations in lieu of utilizing the existing foundations
at GSG for the proposed repower, but if that changes, it is critical that the exposed foundation components
(anchor bolts and nuts, the tower flange, and the top part of the concrete foundations) be protected during
the Energetic Felling process. Figure 7-1 presents a typical protection plan showing that the exposed
portion of the foundation should receive multiple layers of protection. Outside the tower, the foundations
should be protected by a layer of 3/4-in. plywood, a 14-in. thick layer of 1500 psi 1 flowable concrete fill, a
1-ft layer of soil, an 8-in. layer of wood, and finally a 3/4-in. layer of steel sheets. Under the flowable fill, the
anchor bolts will be covered with 6-mm thick PVC sleeves to protect the threads. A similar arrangement will
be provided inside the tower, except that the soil layer is not implemented since no portion of the tower
shell is expected to impact inside the tower.
Previous implementation has successfully demonstrated on past projects that this approach adequately
protects the concrete surface of the foundation as well as the inner and outer anchor bolts throughout the
controlled demolition process such that the foundations are able to be reused.
Note that in the Cut & Fell method approach, the existing foundation is also protected, typically with crane
mats, steel plates, and/or sand. The protection is provided so that the foundation is not accidentally
damaged by the falling base of the tower. The protection does not serve a structural function, in and of
itself, and therefore does not require specific evaluation in Section 6. Yet in the Energetic Felling method
approach, the foundation protection is required to stop the blast particles from the explosion from impacting
or penetrating the foundation or damaging the anchor bolts.
S&L evaluated the adequacy of the flowable concrete fill layer by estimating the required concrete
thickness to prevent penetration of an estimated range of debris and striking speeds (approach taken
from Reference 4). S&L considered a range of blast particle sizes and found that 14 in. of concrete will
stop the following primary steel fragment sizes from penetrating:

1

•

3-in. diameter primary steel fragment with up to 1500 ft/sec (Mach 1.33) striking velocity.

•

2-in. diameter primary steel fragment with up to 2500 ft/sec (Mach 2.22) striking velocity.

psi = pounds per square inch
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1-in. diameter primary steel fragment with up to 4800 ft/sec (Mach 4.27) striking velocity.

Striking speeds of these magnitudes are large, and the analysis is conservative as the additional protective
layers (steel plates, wood, soil) are not considered; therefore, there is a very low risk that the foundations
would sustain damage from the possible debris generated from the blast.

Figure 6-3 — Foundation Component Protection

Note: All bolts to be covered with OEM nuts to protect threads.

6.2.2. TOWER STABILITY DURING PREPARATION
Energetic Felling will be performed through torch cutting at the base of the tower first, then detonating linear
shaped charges and conventional explosives to energetically create a notch which will cause rotation and
felling of the tower. The felling contractor is responsible for preparing and reviewing the layout plan of the
torch cutting and explosive placement. The felling contractor is also responsible for evaluating the structural
integrity and stability of the tower and confirming the stability of the structure in its prepared state up to
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specific wind velocities. It is recommended for Leeward to ensure the prepared engineering calculations or
drawings are satisfactorily completed and reviewed by a third-party prior to commencing work. S&L can
provide an independent engineering assessment of the contractor’s evaluation of the tower stability upon
request.
6.2.3. ENERGETIC FELLING ASSESSMENT
As part of this scope of work, S&L reviewed ground vibration data from two other projects where the
Energetic Felling method was used [8, 9]. Per the contractor’s previous experience with this approach, the
explosive detonation generates very little ground vibration as compared to the vibrations induced by the
WTG structure impacting the ground as it fells. Additionally, in case of an implosion, the explosives
themselves do not cause significant or measurable vibrations if placed above ground, as will be the case
at GSG. Per reference [10], the approach controls the magnitude of the forces imparted into the foundation
such that it would not be possible for the applied loads to exceed the original design loads.
The ground vibration is controlled by the impact of the WTG nacelle and blades with the soil, consistent
with S&L’s evaluation in Section 5.2. At a project in Colorado, the contractor reported that Energetic Felling
of larger WTGs (Vestas V110 WTGs) induced a PPV of less than 0.305 in./sec at a distance of 612 ft from
the fall location and that value was found to be acceptable for foundation safety. The foundation was visually
inspected after felling and no damage to the concrete, anchors, and tower base flange was observed. At a
project in Texas, vibration monitoring recorded a maximum vibration of 0.55 in/sec PPV at 140 ft from the
felling location, which was also deemed acceptable for the foundations. At both projects, the PPVs at 1000
ft were less than the 0.5 in./sec threshold used by S&L, thereby validating S&L’s conclusion that the risk of
structural damage to the surrounding structures would be very low.
To ensure acceptable vibration levels, it is recommended to install three-component seismographs to
measure vibration and noise levels generated by each blasting operation. S&L considers this good practice
and can provide an independent engineering assessment of the vibration data gathered at GSG upon
request.
6.2.4. NOISE LEVEL LIMIT
Since the noise from the explosion will be a single event and not continuous, it can be classified as impact
or impulse noise rather than a continuous noise. A maximum safe impulse noise level for human exposure
of 140 decibels (dB) is recognized by several regulating bodies around the world:
•

Occupational Safety and Health Administration (OSHA) lists 140 dB as a maximum impulse noise
level for humans in workplaces in its Standard 1910.95 – Occupational Noise Exposure.
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•

Canadian Center for Occupational Health and Safety lists 140 dB as a maximum impulse noise
across most Canadian provinces.

•

The United Nations lists 140 dB as a “safety cutoff” for noise from explosions.

•

The World Health Organization lists 140 dB as a peak value for single event noises in its Community
Noise Guidelines.

Based on this widespread reference of 140 dB as a maximum safe human exposure level for impulsive
noise, S&L agrees that 140 dB is an acceptable criterion for the maximum noise level from the demolition
charges.
The flat terrain around the GSG project means that empirical equations based on research and other data
are acceptable to estimate the noise levels at 1000 ft from the explosion. Therefore, it was not necessary
to perform detailed noise modeling for this investigation. Based on the assumed quantity of explosives
defined in Section 4, S&L compared the results from two sets of empirical equations to determine the
distance it would take the noise from an estimated detonation of 3.28 pounds of explosives to dissipate to
below 140 dB:
IATG 01.80, a United Nations guideline, provides an equation for estimating the distance (in meters) to
reach 140 dB based on the size of the explosive charge (in kg):

Where:
𝐷𝐷

𝐷𝐷 = 215 ∗ 𝑀𝑀𝑒𝑒𝑒𝑒𝑒𝑒1/3

= Distance to explosion (meters)

𝑀𝑀𝑒𝑒𝑒𝑒𝑒𝑒 = Mass of explosives (kilograms)

Using the estimated explosive TNT equivalent size (3.28 pounds), this results in a safe distance of 806 ft.
Therefore, the noise at a distance of 1000 ft would then be less than 140 dB.
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The Sadovskii equations [11] may also be used to estimate the pressure rise (in atm) from an explosion
given the explosion mass (in kg) and distance (in meters) and compare that rise to a safe level.

Where:

∆𝑝𝑝 = 0.95

3

�𝑀𝑀𝑒𝑒𝑒𝑒𝑒𝑒
𝐷𝐷

+ 3.9

3

�𝑀𝑀𝑒𝑒𝑒𝑒𝑒𝑒 2
𝐷𝐷2

𝐷𝐷

= Distance to explosion (meters)

∆𝑝𝑝

= Pressure rise from explosion (atmospheres)

+ 13.0

𝑀𝑀𝑒𝑒𝑒𝑒𝑒𝑒
𝐷𝐷3

𝑀𝑀𝑒𝑒𝑒𝑒𝑒𝑒 = Mass of explosives (kilograms)

This pressure rise can then be compared to allowable pressure rises to prevent damage to humans and
buildings. Using the estimated TNT equivalent explosive size (3.28 pounds) and 1000-ft distance, the
resultant pressure rise is 0.004 atm. The safe level for immediate damage to hearing is 0.05 atm.
Since two different empirical formulas estimated that the noise at 1000 ft from the detonated explosives
would be less than 140 dB, S&L considers it low risk that the noise would exceed 140 dB or cause damage
to humans at 1000 ft from the felled WTGs at GSG.
Note there are some non-residential/storage/residential structures closer than 1000 ft to the nearest turbine.
It would need to be ensured these structures are empty of people or animals and any persons move at
least 1000 ft away prior to the detonation to ensure no people are exposed to noise exceeding 140 dB.
6.3. IMPACT ON OTHER STRUCTURES
S&L evaluated the potential for damage to a residential building located a minimum of 1100 ft from the
felling operation which proved to be the safe distance from the felling operation based on the equipment
weight. The evaluation is conducted by estimating a conservative Peak Particle Velocity (PPV) at 1100 ft
and comparing that to the threshold criteria for potential vibration damage considering transient sources on
residential buildings provided in “Transportation and construction-induced vibration guidance manual,
California Department of Transportation, 2004” [3]. S&L conservatively considered the limiting value
associated with a 5% probability of damage for old residential buildings, which conservatively limits the
threshold to 0.5 in./sec PPV. It may also be noted that most of the thresholds discussed in the Vibration
Guidance Manual are intended for continuous or intermittent vibration and are considered conservative for
the single event conditions such as the turbine felling. These selected limits represent the minimum
probability and minimum damage extent as provided in Table 6-2.
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Table 6-2 — Siskind Vibration Damage Thresholds

Source: Table 13, “Transportation and construction-induced vibration guidance manual,” (CALTRANS, 2004) [3]

The PPV is calculated based on drop weights that include the nacelle, rotor and blades, and the top
segment of the tower. The impact energy is calculated based on a full drop height of 78 m, which is
conservative since the tower and nacelle will be rotating about its hinge rather than dropping
unencumbered. The PPV at 1100 ft is estimated to be 0.49 in./sec, which is less than the conservative
threshold value of 0.5 in./sec recommended for historic or old buildings, and older residential structures.
Note that the PPV threshold value for new residential structures and commercial buildings is significantly
higher than 0.5 in./sec. Based on these results and the significant conservatisms included in our
assessment, we consider potential for structural damage to nearby buildings to be very low. Figure 6-4 and
Figure 6-4B provides suggested directions of felling for the sole purpose of reducing the potential effect of
impact on nearby structures at critical locations. In general, felling should be away from any relatively close
structures and avoid buried structures or operating wells. The demo contractor must determine the final
felling direction for each WTG.
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Figure 6-4 — Suggested Felling Directions at Critical Locations – West

Figure 6-5 — Suggested Felling Directions at Critical Locations – East
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6.4. IMPACT ON SOIL
During previous felling operations that utilized a similar procedure in which the tower was pulled down
perpendicular to the nacelle and rotor, negligible soil indentation was observed by the contractor. When
felled in this manner, the blades serve to absorb a portion of the impact load and reduce the local effects
on the soil due to the nacelle. The blades will be the first to impact the soil. They will then deflect prior to
the impact of the nacelle, spreading the load both across a portion of the blades and the wider side of the
nacelle and rotor serve to reduce the force imparted on the soil. Alternatively, at other projects when the
tower was pulled down to the rear, plugging of the nacelle within the soil has been known to occur. Nacelle
plugging can be rectified by minor excavation but adds additional disruption to the project site. Based on
this experience, S&L recommends that the wind turbine towers at GSG be pulled down perpendicular to
the nacelle to minimize impact to the soil. This felling approach is considered in this analysis.

7. CONCLUSION
Leeward is considering two approaches to remove the WTGs at the GSG site. The first method, the “Cut &
Fell” method, involves torch cutting the steel at the base of the tower and then using a cable to pull and
topple, or “fell,” the turbines. The second approach, the “Energetic Felling” method, considers a procedure
to use explosive energetic felling to remove the WTGs. In either case, S&L recommends that the wind
turbine towers at GSG be pulled down perpendicular to the nacelle length to minimize impact to the soil.
7.1. CUT & FELL METHOD CONCLUSIONS
S&L analyzed two primary components involved in the removal of the turbines at GSG: The cable used to
fell the turbine towers and the steel hinge section cut at the base of the turbine towers.
S&L considered three principal wind directions for wind forces applied to the turbine assembly. For each of
the wind directions, three wind speeds (5 m/sec, 10 m/sec, and 15 m/sec) were considered. S&L’s analysis
shows that the felling operations are recommended to take place on days when the maximum wind gust
speed does not exceed 5 m/sec.
Using FEM analyses and conservative assumptions, S&L evaluated the maximum tensile force imparted to
the pull cable and the maximum stresses in the tower base steel. A maximum cable force of 30,000 lbf was
determined.
In the analyses of the turbine tower, S&L considered a condition with only the hinge section remaining to
determine the maximum stresses (Model 2). The strength of the tower material was locally exceeded for
almost all cases. A review of all cases where the allowable material strength was exceeded indicated
localized failures that represent the start of crack propagation due to stress concentrations at the cuts. The
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propagation of the cracks is likely to relieve stress. Based on these results, S&L considers the risk of an
undesirable collapse of the turbine to be low, as the turbine is intentionally pulled over shortly after this
condition is achieved.
S&L also considered the scenario when a 2-ft section remains to be torch cut on the opposite side of the
hinge (Model 1). For this scenario, the tower can withstand all wind cases up to 5 m/sec as is, including
stress concentrations at the hinge.
These results assume a felling procedure which follows the steps outlined in Sections 1 and 2.
7.2. ENERGETIC FELLING METHOD CONCLUSIONS
Similar to the Cut & Fell method, the Energetic Felling method includes pre-weakening the structure through
torch cutting at the base to produce a predictable collapse mechanism, but then uses explosive charges to
initiate an imbalance which starts the felling process. In the case it is desired to reuse or preserve the
components of the existing foundations, S&L suggested protective measures to be provided at the tower
base to prevent the exposed foundation components from being damaged.
The energetic felling contractor is responsible for evaluating the structural integrity and stability of the tower
based on their plans and procedures and provide a stamped opinion letter confirming the stability of the
structure in its prepared state up to specific wind velocities. Leeward will ensure these engineering
calculations or drawings are satisfactorily completed and reviewed by a third-party prior to commencing
work.
Finally, S&L estimated that the noise from the Energetic Felling will be less than 140 dB at 1000 ft from the
WTG and found that 140 dB is a safe impulsive noise exposure level and an appropriate acceptance
criterion. Note there appears to be a few structures closer than 1000 ft to the nearest turbine. It would need
to be ensured these structures are empty of people or animals and any persons move at least 1000 ft away
prior to the detonation to ensure no people are exposed to noise exceeding 140 dB.
7.3. IMPACT ON OTHER NEARBY STRUCTURES
S&L evaluated the peak particle velocity due to the felling operation at 1100 ft away to be 0.49 in./sec,
which is less than the conservative threshold of 0.5 in./sec, that would impact historic, old buildings, and
older residential structures. At that distance, the potential for structural damage to buildings is low.
Therefore, S&L recommends that the turbines be felled away from any nearby houses such that a minimum
of 1100 ft is maintained between the location of impact of the WTG nacelle and rotor and the nearby houses.
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If you have any questions, please feel free to call me at +1-847-845-3358.
Best Regards,

Abigail Buchta
Project Manager
Attachments – All recipients
Electronic Distribution Only
Mourad Riad (S&L)
Xuan Wang (S&L)
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LEGAL NOTICE
This deliverable was prepared by Sargent & Lundy, L.L.C. (S&L) expressly for the sole use of Leeward
Renewable Energy LLC (Client) in accordance with the contract agreement between S&L and Client. This
deliverable was prepared using the degree of skill and care ordinarily exercised by engineers practicing
under similar circumstances. Client acknowledges: (1) S&L prepared this deliverable subject to the
particular scope limitations, budgetary and time constraints, and business objectives of Client;
(2) information and data provided by others, including Client, may not have been independently verified by
S&L; and (3) the information and data contained in this deliverable are time-sensitive and changes in the
data, applicable codes, standards, and acceptable engineering practices may invalidate the findings of this
deliverable. Any use or reliance upon this deliverable by third parties shall be at their sole risk.
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