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Apéndice H

Evaluacion sobre Efectos de
Vibracion Adjudicables a la
Operacion del Tranvia
Liviano de Carolina



HARRIS MILLER MILLER & HANSON INC.
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T 781.229.0707

F 781.228.7939

W www.hmmbh.com

ENVIRONMENTAL ASSESSMENT OF TRANVIA de CAROLINA
HMMH Technical Report No. 301770.01

SUMMARY

This report summarizes the vibration impact analysis performed by Harris Miller Miller &
Hanson Inc. (IHIMMH) for Alternative 3 of the proposed LRT system called “Tranvia de
Carolina” in Carolina, Puerto Rico. HMMH staff conducted a windshield survey of the route,
performed vibration propagation testing at four locations representing the key soil types along
the route, and assessed the potential for vibration impact according to criteria established by the
U.S. Department of Transportation, Federal Transit Administration (FTA). The results can be
considered only as preliminary since the vehicle has not been selected, speeds are not known,
trackbed configuration is undecided, and the details of building structure related to vibration
response have not been determined. However, conclusions can be reached concerning the range
of distances and the potential exposure of vibration-sensitive buildings to vibration impact.

In order to estimate the vibrations from a typical LRT system, one of the candidate vehicles
(Siemens S70 in revenue service in Houston, Texas) was chosen as the example vibration source.
A constant speed of 25 mph was chosen as an average throughout the system. The results of the
analysis show that three of the soil types found along the route have similar vibration
propagation characteristics, such that vibration-sensitive buildings within 50 feet could be
exposed to impact level vibrations without mitigation. One soil type, called “Quaternary
Alluvium (Qa)” is less responsive in this case, with a corresponding distance of 32 feet.

Mitigation of vibration impacts appears to be feasible with the soil conditions found in Carolina.
These results are to be considered preliminary, corresponding to the level of detail available at an
early stage of project development. A more detailed analysis will be conducted when the project
becomes more defied.

1. VIBRATION

Ground-bome vibration is the shaking motion of the ground due to a source such as a train, bus
or truck passing by. Vibration waves are generated at the source, pass through the ground and
into nearby buildings.

1.1 Human Perception Levels

Human sensitivity to vibration typically corresponds to the amplitude of vibration velocity within
the low-frequency range of approximately four to 200 Hertz. A common metric used to quantify
vibration amplitude is the peak particle velocity (PPV), defined as the maximum instantaneous
peak of the vibratory motion. PPV is typically used in monitoring blasting and other types of
construction-generated vibration, since it is related to the stresses experienced by building
components. Although PPV is appropriate for evaluating building damage, it is less suitable for
evaluating human response. People tend to respond to averaged vibration signals over a period
of time. Thus, ground-borne vibration effects on people from transit trains are characterized in
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terms of the "smoothed" root mean square (rms) vibration velocity level averaged over one
second. All vibration levels reported in this document are in velocity decibels (VdB), with a
reference quantity of one micro-inch per second. VdB is used in place of dB to avoid confusing
vibration decibels with sound decibels.

Figure 1 illustrates typical ground-borne vibration levels for common sources as well as criteria
for human and structural response to ground-borne vibration. As shown, the range of interest is
from approximately 50 to 100 VdB, from imperceptible background vibration to the threshold of
damage. Although the approximate threshold of human perception to vibration s 65 VdB,
annoyance is usually not significant unless the vibration exceeds 72 VdB.

Figure 1: Typical Ground-Borne Vibration Levels and Criteria
Human/Structural Response Veloeity Typical Sources
Level {50 ft from source)

Threshaold, minor cosmetic damage — 100 e Blasting from construction projects
fragile buitdings

~+—— Bulldozers and other heavy tracked

Difficuity with tasks such as —-+ |50 construction equipment

reading a VDT screen

e GOmMMmutes rail, upper range

Residential annoyance, infrequent —=  |B0! =~ Rapid transit, upper range
evenis (e.g. commuler raii) :

~— Commuter rail, typical
Residential annoyance, frequent — - Bus or truck over bump

events (e.g. rapid transit) 707 <+ Rapid transit, ypical

Limit for vibration sensitive =
equigpment. Approx. threshold for 4~ Bus or truck, typical

60

human perception of vibration

~— Typical background vibrafion

* RMS Vibration Velocity Level in VdB relative to 10° inches/second

The basic concept of ground-borne vibration is that train wheels rolling on the rails create
vibration energy that is transmitted through the track support system into the transit structure and
then transmitted into nearby buildings. Ground-borne vibration is almost never annoying to
people who are outdoors. The amount of energy that is transmitted into the transit structure is
dependent on factors such as the type of vehicle and the smoothness of the wheels and rail. The
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transmission of vibrations from the transit structures into nearby buildings is dependent on the
type of soils and rock between the train and the building as well as the type of foundation and
structure of the building.

When ground-borne vibrations propagate from the train to nearby buildings, the floors and walls
of the building structure will respond to the motion and may resonate at natural frequencies. The
vibration of the walls and floors may cause perceptible vibration, rattling of items such as
windows or dishes on shelves or a rumble noise. The rumble is a low-frequency noise radiated
from the motion of the walls, floor and ceiling surfaces. In essence, the room surfaces act like a
giant loudspeaker. This is called ground-borne noise.

The potential annoyance of ground-borne noise is most closely correlated with the A-weighted
sound level. However, there are potential problems in using the A-weighted sound level to
characterize low-frequency ground-borne noise. Human hearing is not equally sensitive to all
frequencies. If a sound has significant low-frequency content, it seems louder than broadband
sounds that have the same A-weighted level. This is accounted for by setting impact criteria
limits lower for ground-borne noise than would be the case for broadband noise. Ground-borne-
noise impact criteria are presented in Table 1.

1.2 Vibration Criteria

The U.S. Department of Transportation, Federal Transit Administration (FTA) has developed
criteria for vibration impact in two stages: General Assessment and Detailed Analysis.

1.2.1 General Assessmentis

At the General Assessment stage, the criteria are based on land use and vehicle frequency, as
shown in Table 1.! FTA vibration criteria are not dependent on existing vibration levels in the
community. There are some buildings, such as concert halls, recording studios and theaters,
which can be very sensitive to vibration but do not fit into any of the three categories listed in
Table 1. Due to the sensitivity of these buildings, they usually warrant special attention during
the environmental assessment of a transit project. Table 2 gives criteria for acceptable levels of
ground-borne vibration for various types of special buildings.

1t should be noted that Tables 1 and 2 include separate FTA criteria for ground-borne noise; the
"rumble" that can be radiated from the motion of room surfaces in buildings due to ground-borne
vibration. Although expressed in dBA, which emphasizes the more audible middle and high
frequencies, the criteria are set significantly lower than for airborne noise to account for the
annoying low-frequency character of ground-borne noise. Because airborne noise often masks
ground-borme noise for above ground (i.e., at-grade or elevated) transit systems, ground-borne
noise criteria are primarily applied to subway operations where airborne noise is not a factor.
For the above-grade transit systems, ground-borne noise criteria are applied only to buildings
that have sensitive interior spaces that are well insulated from exterior noise.

' U.S. Department of Transportation, Federal Transit Administration. Transit Noise and Vibration Impact
Assessment, Report No. FTA-VA-90-1003-06, May 2006
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Table I
Ground-Borne Vibration and Noise Impact Criteria for General Assessements
GBV Impact Levels GBN Impact Levels
{VdB re 1 micro-inch /sec) {dB re 20 micro Pascals)

Land Use Frequent |Occasional] Infrequent | Frequent | Occasional] Infrequent

Category Events' Events® Events® | Events' | Events® Events®
Category 1:
Buildings where
vibrations woutd 65 vds* 65VdB* | 65vdB’ N/AY N/A* N/A*
interfere with
interior operations
Category 2:
Residences and
buildings where 72 VdB 75 vdB 80 VdB 35 dBA 38 dBA 43 dBA
pecple normaily
sleep
Category 3:
Institutional land 75 VdB 78VdE | 83VdB | 40dBA | 43dBA | 48dBA
uses with primarily
daytime use

Source: FTA, May 2006

1. "Frequent Events" is defined as more than 70 vibration events of the same scurce per day. Most rapid transit projects fall into
this category.

2. “Occasional Events” is defined as between 30 and 70 vibration events of the same source per day. Most commuter trunk lines
have this many operations.

3. "Infrequent Events” is defined as fewer than 30 vibration events of the same kind per day. This category includes most
commuter rail branch lines.

4. This criterion limit Is based on levels that are acceptable for most moderately sensitive equipment such as optical microscopes.
Vibration-sensitive manufacturing or research will require detailed evaluation io define the acceptable vibration levels. Ensuring
lower vibration levels in a building often requires special design of the HVAG systems and stiffened floors. Vibration-sensitive
eguipment is generally not sensitive to ground-bome naise.

Table 2
Ground-Borne Vibration and Noise Impact Criteria for Special Buildings
Ground-Borne Vibration Impact Ground-Borne Noise Impact
Levels Levels
(VdB re 1 micro-inch/sec) (dB re 20 micro-Pascals)
Occasional or Occasional or

Type of Building|  Frequent ' Infrequent® Frequent' Infrequent?
or Room Events Evenis Events Events
Concert Halls 65 VdB 65 VdB 25 dBA 25 dBA
TV Studios 65 vdB 65 VdB 25 dBA 25 dBA
Recording Studios 65 VdB 65 vVdB 25 dBA 25 dBA
Auditoriums 72 vdB 80 VdB 30 dBA 38 dBA
Theaters 72VdB 80 VdB 35 dBA 43 dBA

Source: FTA, May 2006

1. "Frequent Evenis” is defined as more than 70 vibration events per day. Most rapid transit projects fall into this category.

2. "Occasicnal or Infrequent Events” is defined as fewer than 70 vibration events per day. This category includes most commuter
rail systems.

3. ¥ the building will rarely be occupied when the irains are operating, there is no need to consider impact. As an example, consider
locating a commuter rail line next to a cancert hall. If no commuter trains wili operate after 7 pm, it should be rare that the trains
interfere with the use of the hail.
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1.2.2 Detailed Analysis

A Detailed Analysis is conducted for locations that are identified as potentially impacted during
the General Assessment stage. Additional information is required in order to conduct the
Detailed Analysis. Characteristics of the vibrations caused by the vehicles are applied to the
vibration propagation characteristics of the ground and the response of the building to develop an
estimate of both the level and frequency distribution of the vibration. This information is plotted
against the criteria curves shown in Figure 2. The plot indicates which frequency range the
projected vibration exceeds a particular criterion level, thereby providing guidance for applying
mitigation measures. Typical mitigation measures are effective only in certain frequency ranges.

Table 3 gives the interpretation of the various criteria curves. For example, “Residential
(Night)” has a maximum level of 72 VdB from 8 Hz to 80 Hz. If the vibration spectrum exceeds
that level over a range of frequencies, then a mitigation measure should be selected that is
effective in that particular frequency range.

Table 3. Interpretation of FTA Criteria

Criterion Curve Max L, Description of Use
(VdB}

Workshop a0 Distinctly faslable vibration. Appreopriate to workshops and non-
sensitive areas.

Office 84 Feelable vibration. Appropriate fo offices and non-sensilive areas.

Residentiai Day 78 Barely feelable vibration. Adequate for computer equipment and
low-power optical microscopes (up to 20X).

Rasidential Night, 72 Vibration not feelable, but ground-borne noise may be audible

Operating Rooms inside quiet rooms. Suitable for medium-power optical microscopes
(100X) and other equipment of low sensitivity.

VC-A 66 Adequate for medium- to high-power optical microscopes (400X),
microbalances, optical balances, and similar specialized equipment.

vC-B 60 Adequate for high-power optical microscopes (1000X), inspection
and fithography equipment to 3 micron line widths.

VC-C 54 Appropriate for most lithography and inspection equipment to 1
micron detall size.

VC-D 48 Suitable in most instances for the most demanding equipment,
including electron microscopes operating to the limits of their
capability.

VC-E 42 The most demanding criterion for extremely vibration-sensitive
equipment.
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Figure 2. FTA Vibration Criteria for Detailed Analysis
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1.3 Methodology

The initial effort is to identify all vibration-sensitive land use in the study area and categorize the
type of land use according to FTA groups. FTA vibration criteria are not dependent on existing
vibration levels. Consequently, ambient vibration measurements are not required. Measurements
of the vibration propagation characteristics of existing soil conditions are often conducted to
provide a basis for future projections, FTA vibration impact criteria are not ambient-based; that
is, future project vibrations are not compared with existing vibrations to assess impact, except in
cases where transit projects share the right-of-way with existing railroads. Existing ground-
borne vibration in buildings is generally caused by street traffic along the project corridors. It is
unusual for motor vehicle traffic to cause ground-borne vibration because rubber tires provide
vibration isolation. Most problems with traffic-related vibration are caused by discontinuities in
the road surface, such as potholes, bumps, or expansion joints. Smoothing the road surface will
usually solve these site-specific problems. For these reasons, no existing vibration conditions are
measured along the corridor.

FTA has developed methods for estimating ground-bome vibrations in cases where
measurements are impractical, or where the project is in an early development stage. The method
is described as the “General Assessment Method” and is typically used in DEIS stages of a
project. However, FTA prefers more detailed analyses where practical to determine the potential
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for impacts as early as possible. A detailed vibration analysis includes information about the
vehicle and ground conditions that go beyond what is usually available in a general assessment.
In the case of the Tranvia project, a more detailed analysis is possible because the vehicle
vibration characteristics of two of the four candidates (Houston METRO and Dallas DART)
have been determined by HMMH in prior projects.

1.4 Existing Conditions

The ground conditions in the corridor can be characterized from vibration propagation
measurements according to the method described in the FTA guidance manual, The FTA method
for determining ground vibration propagation characteristics involves impacting the ground at
one location and measuring the response at several distances from the impact location. The
purpose of the method is to create vibration pulses that travel from the source to the receiver
using the same path that would be taken by vibrations created by a transit system.

Other locations with similar soil conditions to the measured site tend to have similar
characteristics. Consequently, sites are chosen for the propagation tests after review of the
geology in a given area. A report on the geology of Carolina was prepared by Ivan Usero Perez,
geotechnical engineer. The proposed alignment traverses areas with four basic soil types (Table
4). Measurements were made of the ground-borne vibration propagation at representative
locations with each of the four soil conditions. Data collected at the four sites shown in Table 4
are included in the appendix. These data were used to develop propagation conditions at each
site. Future vibrations caused by the project are predicted by combining known LRT source
levels with the vibration characteristics of from these four sites in the Tranvia Corridor.

Table 4

Summary of Vibration Propagation Measurement Locations

Site

No. Measurement Location Description Soil Type
Roberte Clemente Sports City. Vibration propagation measurements ugfr =

V1 | were made in a field east of the entrance driveway, north of Avenida rﬁ? . ]_ il
[terregui. artmiciain

V2 | Luis Munoz Rivera School on PR 874, north of PR 3. Field behind "K' = Frailes
parking lot. formation

V3 | Reoherto Clemente Sports Complex. Parking lot. Q= saqdy clay

alluvium

V4 | School on PR 190, north of Avenida Monserrale, Baseball field, Qn = clay alluvia
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1.5 Long-Term Effects

1.5.1 General Assessmeni/Screening

Vibration predictions are made by combining the vibration characteristics of a representative
LRT vehicle with the measured vibration propagation characteristics of the soil. Speed, type of
track structure, distance from the track are all factors that go into the predictions. The results
show vibration levels decreasing with distance from the track. Locating vibration-sensitive
buildings in terms of distance from the tracks provides an estimate of the vibration exposure
outside of those buildings. FTA’s vibration impact criteria are applied inside the buildings.
However, a close approximation to the interior level is the vibration level projected to occur just
outside the foundation of the building for most lightweight residential buildings. For large
apartment buildings, FTA methodology provides adjustments to account for coupling loss from
the ground to the foundation.

HMMH has measured vibration source levels for two of the four vehicle types considered for the
Tranvia project — Houston METRO’s Siemens $70, and Dallas DART’s Kinkisharyo. The
Houston vehicle has vibration spectrum that would result in the greater vibration of the two, so
this is the one used in our analysis as a worst case condition. When the final selection of vehicle
is made, the analysis can be refined to account for the actual case. The projections of vibration
levels for the various soil conditions along the Tranvia Alternate 3 Corridor are shown in Figure

3 for a train speed of 25 mph.

Figure 3. Projected Vibration vs, Distance (25 mph)
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The intersection of the vibration propagation curves with the FTA vibration criteria (72 VdB for
frequent events) provides a measure of the distance within which impact is could occur. The
curves appear to identify two distinct characteristics. Site 3 at the Roberto Clemente Sports
Complex with soil type Q. has lower vibration levels than the other sites, all of which have
similar propagation curves. The curve for Site 3 crosses the criteria line at approximately 32 feet
from the center of the track, whereas the average of the other three sites crosses at 50 feet. This
information is used in a screening method to determine vibration-sensitive sites that could be
impacted by Tranvia operations at 25 mph. Impact could occur for all vibration-sensitive
locations with soil type Q. within 32 feet of the track. Similarly, impact could occur for
vibration —sensitive locations within 50 feet of the tracks for the remainder of the alignment.

These distances were applied to the entire alignment of Alternative 3 to develop an inventory of
potential impacts. The results are listed in Table 5. This inventory can be considered the first
step to identify locations where more detailed analysis should be undertaken to determine
mitigation from vibration. Approximately 105 buildings are potentially affected by vibration.

Table 5
Vibration Impacts from LRT Operations
No. Buildings
Plate Seil Bldg, Sereen Potentially

Location No. Type Type | Distance (ft) | Tmpacted
South side: Calle Paseo de los D af Res. 50 5
Tardines — Hortensia to Dalia E af’ Res. 50 1
South side: Calle 220 — Czlle B io I Qe Res. 50 1
PR 26
Fast side: PR 190: Landrau to I Qr Res. 50 6
Monsgerrate K Qr Res, 30 6
East side: PR 26: Monserrate to K Qe Res, 50 20
Calle Pargue Asturias
East side: PR 26: Calle Parque L Qn Res. 50 4
A sturias to Ave. Fragoso
South side: Ave, Castano, east of O Q. Multi- 3z 4
Ave, Roberto Clemente family
North side: Calle Herber P Q. Res. 32 I
Rodriquez
South side; Calle 25 P Q. Res. 12 11
South side: Res. Los Naranjales P Q. Apt. 32 2
Il\ilci}ggsmde. Caile 9 west of Q K, Res. 50 15
Antiqua via Ferrocarril Q&S K¢ Res. 50 ?
South side: Calle Jimeniz Res.
Landrau, west of PR 874 R Ky 50 20
South side: Ave. de Diego, west
side Plaza Escorial © T af  Large Apt. 30 2
South side: Ave. de Diego, east
side Plaza FEscorial i Y af |Large Apt. 50 6
North alternative between
Monserrate and Osorio (not X Qi Res 50 5 est.
recommended)
ITOTALS 104 to 109
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1.5.2 Detailed Analysis

A Detailed Vibration Analysis is used to specify mitigation for locations that are identified as
potentially impacted during the General Assessment stage. Specific information is needed:
e vibration characteristics of the vehicle, expressed in terms of the “Force Density”,
e vehicle speeds and track usage,
e vibration propagation characteristics of the ground, expressed in terms of “Transfer
Mobility,” and
s vibration response characteristics of the building, expressed in terms of foundation
response, transmission through the building structure, and floor resonances.

At this stage in the Tranvia project, the vehicle has not been selected. However, two of the four
vehicle candidates described in the Route Validation Study * are vehicles for which HMMH has
the vibration characteristics: Houston METRO’s Siemens S70 and Dallas DART s Kinkisharyo.
These characteristics are shown in Figure 4.

Figure 4. Vibration Source Characteristics of LRT
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Comparing the two vehicles, the Houston METRO LRT has higher vibration levels above 50 Hz and the
Dallas DART LRT is higher in the frequency range of 20 Hz to 40 Hz. In order to develop a conservative
estimate of the vibrations, the Houston vehicle was used as the example source to combine with
propagation data for vibration mitigation assessment. The results for a speed of 25 mph are shown in the
following figures (Figures 5 — 8) with the projected ground-borne vibration spectra at various distances
from the track. Also shown in the figures are three eriterion levels, Office, Residential (Day), and
Residential (Night) (see Table 3 for explanations).

The results can only be viewed as preliminary at this stage in the assessment process because the
actual vehicle has not been selected and the building response factors have not been applied.
However, the shape of the vibration spectra based on the Houston vehicle indicate that where
needed, the mitigation measures would have to be effective at frequencies above 40 Hz. Below
40 Hz the vibration spectra lic well belJow the criterion curves.

Figure 5. LRT Vibration Specira (25 mph) for Various Distances from Track with Soil Type "at"
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Figure 6. LRT Vibration Spectra (25 mph) for Various Distances from Track with Seil Type "Ki"
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Figure 7. LRT Vibration Spectra (25 mph) at Various Distances from Track with Soil Type "Qa"
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Figure 8, LRT Vibration Spectra(25 mph) at Various Distances from Track with Seil Type "Qrt"
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1.6 Mitigation

Mitigation of ground-bome vibrations from LRT systems is generally accomplished with treatments
applied on the track and trackbed. There are many types of vibration control treatments from which to
choose in order to reduce vibration levels. However, not all treatments are equally effective. Some are
effective only at high frequencies (greater than 80 Hz), some in the mid-frequency range (31.5 Hz to 80
Hz) and some in the low range (below 31.5 Hz). Examples are listed below:

»  Resilient track fasteners (>40 Hz) - can apply to slab or ballasted track
= Ballast mats (>31.5 Hz) - ballasted track only

m  Resiliently supported ties (>31.5 Hz) —-slab track only

= Floating slabs (> 10 Hz) - slab track only

In the case of the Houston vehicle combined with soil conditions found in Carolina, the frequency range
that could cause problems is 40 Hz and above. This frequency range can be controlled by any of the
methods listed above. A Detailed Analysis will be performed to select the most practical and feasible
vibration control treatment when the project details are more defined.
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