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Executive Summary

The Design-Build firm of Cinco Cero Engineering (C.C.E.) was developed in
participation with the International Senior Design program at Michigan Technological
University (MTU). Over the summer of 2008, C.C.E. was given the task of designing a
road and storm drainage structure for Avenida Fatima I in District 12 of Santa Cruz,
Bolivia. The project was petitioned for by the local community and the project scope was
improved road quality and flooding.

In May of 2008, C.C.E. spent two weeks in Bolivia researching the project site, typical
construction practices, and culture. Procedures completed included a topographic survey,
watershed delineation, single soil bore, soil laboratory tests, and multiple interviews with
project sponsors and clients. Several procedures that were unable to be performed by
C.C.E., but were thought vital to the project, included a traffic count, additional soil
bores, and stream velocity calculation of the nearby curichi. In the end, three possible
design options were developed using the data obtained, all three utilizing a Portland
Cement concrete pavement.

In order for the design to be cost-efficient and perform as expected, C.C.E. decided that
the recommended design should conform to two different limitations.

1. Follow the existing topography: To reduce the amount of cut and fill, the design
should rely on the existing topography, as much as possible.

2. Drainage structure depth less than 1.3 m: Due to the first limitation, the canal
depth should not exceed 1.3 m below the existing ground, to achieve a slope of
0.1%. Any slope smaller than 0.1% was not considered feasible for the design.

The three designs that were developed included: underground storm sewer pipes, precast
box culverts, and an open rectangular canal. The first design was found to be
unacceptable due to the required pipe sizes not conforming to the depth limitations of the
drainage structure. The second design was found to be feasible, however more costly
than the third design, an open rectangular canal.

Ultimately, C.C.E. believes that an open rectangular canal would be the best option for
Avenida Fatima I. This option was chosen based on:

1. Cost: An open rectangular canal is less costly than precast box culverts.

2. Standard Practice: An open canal design was observed in both the canal to the
north and south of Avenida Fatima I.

3. Maintenance: An open canal is easier to access by maintenance crews.



The recommended design would consist of two, one-way standard Bolivian Portland
Cement concrete pavements, split by a rectangular canal of 1.3 m in depth and 4.1 m in
width. The canal would have a 0.5 m barrier wall on either side for the safety of vehicles
and pedestrians along Avenida Fatima I. In the last 250 m of the southwest section of
road, the available cross-section width reduces to around 8.0 m. Underground storm
sewer pipes and smaller lane widths of 3.75 m will be utilized in this area. In total, this
design option will cost around $5,023,000 Bs or $708,500 USD.

Additional concerns related to this design included implementation of vehicle and
pedestrian bridges for the convenience of users and the completion of the supplementary
procedures mentioned above, which C.C.E. was not able to complete. Professional
Engineers should also verify any calculations made and should be employed in the design
of the bridges, storm sewer pipe, and drive-over grates. Finally, areas of further
development were noticed within the watershed area and it is suggested that if additional
road and storm drainage structures are expected, designs should occur simultaneously
with Avenida Fatima I. This will reduce redundancy and costs for all projects.
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1.0 Introduction

In April of 2008 the Design-Build firm of Cinco Cero Engineering (C.C.E) was formed,
comprised of three undergraduate civil engineering students from Michigan Technological
University (MTU): Dylan Gerhart, Kari Klaboe, and Travis Velasco seen in Figure 1.1. The
team was formed in participation of the International Senior Design (ISD) class at MTU,
which is one of the capstone senior design courses that conclude the baccalaureate
engineering programs at MTU. ISD has been in existence since 2000 and provides students
of all backgrounds with an opportunity to participate in service learning and engineering
design. The program is under the direction of Ing. Linda Phillips, Ing. Dennis Magolan, and

Ing. Mike Drewyor, who are also the project principals and class instructors.

Figure 1.1: (a) Cinco Cero Engineering Design-Build Firm; from left Dylan Gerhart, Travis
Velasco, and Kari Klaboe (b) May ISD Class With Friends and Mentors.

In the same month of its conception, C.C.E. was given the task of designing a road and storm
drainage system for a community in Santa Cruz, Bolivia. The team traveled with a group of
seven other MTU students, Figure 1.1, to Santa Cruz in May of 2008. The main objective
was to gather pertinent data; while also becoming familiar with the site, local construction

practices, and culture of Bolivia; which are all vital aspects of the design process.

The project was proposed by the district’s Sub Alcalde (sub-mayor), Ing. Victor P. Escobar

Diaz, after being petitioned by the local community. The project site, which is called
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Avenida Fatima I, is located in District 12 of the department of Santa Cruz and currently

consists of a dirt road with some earthen ditches constructed to help direct storm water. The
road is also impassible in some areas during the wet and dry seasons. Improved road quality
and storm drainage are the two main goals presented by the community and will be the scope

of the following report.

2.0 Background

In order to meet the needs of the community of Avenida Fatima I, C.C.E. researched the
geography, climate, government, economics, and health of Bolivia, the city of Santa Cruz,
and surrounding area of Avenida Fatima I. In addition, field data was collected, as well as a

topographic survey to be used in the project design.

2.1 Geography

Bolivia is located in central South America and can be seen in Figure 2.1 bordered in black.
The country is a landlocked nation bordered by Brazil to the north and east, Paraguay and

Argentina to the southeast, Chile to the southwest, and Peru to the northwest.

_l-

8
Bolivia

amba

Figure 2.1: South America and Bolivia (13).
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There are three distinct regions within the country: the mountains and Altiplano which edge
Bolivia’s west, the temperate valleys of the northeast, and the lowlands or Oriente in the

north and east; seen in Figure 2.2 (7).

ARGENTINA

PARAGUAY

Figure 2.2 Geography of Bolivia (12).

The Oriente can also be divided into three distinct regions: the north, eastern-central, and
southeast. Tropical rain forests and savannas are dominate in the eastern-central region,

which encompasses the city of Santa Cruz (7).

2.2 Climate

The entire country of Bolivia is situated in the tropical latitudes; with day time high
temperatures above 30°C (86°F) and high humidity and rainfall prevailing in most parts (7).
In the eastern-central lowlands a tropical wet and dry climate is experienced, with the wet
season occurring from October through April and the dry season occurring from May
through September. Annual precipitation for Santa Cruz is around 1200 mm, with the
historic average for the month of January alone ranging between 100 to 200 mm (1).

Additional precipitation data for Santa Cruz can be found in Appendix A.

2.3 Government

The government of Bolivia has a well-defined structure, which has lately been the scrutiny of

many of its 9.5 million inhabitants (10). Presently, the structure of government is a Republic,

Page 3



Avenida Fatima I Design Report

with the executive and legislative bodies headquartered in the administrative capital of La
Paz. These two bodies hold control over fiscal spending and development within Bolivia,
which, per C.C.E.’s understanding, is the main source of discourse. Below the current
structure of government and the current events that are changing and shaping the future

structure of government are described in detail.

2.3.1 Current Structure

Bolivia is home to two separate capitals, Sucre, the constitutional capital and La Paz, the
administrative capital. Beyond the national government, Bolivia is divided into nine
departments: Beni, Chuquisaca, Cochabamba, La Paz, Oruro, Pando, Potosi, Santa Cruz, and

Tarija, which can be seen in Figure 2.3.

Bolivia

Intermstional bondary
== Deparimeni boundary
*  Nabona copdal
L Department capital
Railasd
R
A A o 1
O 50 100 150 Ko
i £ B Th0 M

Eavhrvas G Papectnen 5 L3I

SOUTH
PACIEIC
OCEAN

Figure 2.3: Departments of Bolivia (14).
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The nine departments are further separated into provinces, municipalities, and then districts.
Avenida Fatima I is located in District 12 of the municipality of Santa Cruz de la Sierra in the
province of Andrés Ibanez. Figure 2.4 shows the location of District 12 and its orientation in

the city of Santa Cruz.

Arguemes
L ]

Ronddnia'™®
[}

o Tl

. Innidad
-

Bolivia
® iCochabamba
o 0, -

9 ACTuT

Figure 2.4: City of Santa Cruz, Bolivia (13).
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Each district is divided into unidades vecinales (UVs) or neighborhood groups, with each UV
being composed of barrios or individual neighborhoods. To direct the activities of the
districts, a Sub Alcalde or sub-mayor is appointed for each and is responsible for the welfare
of the district. UVs also have a leader called a UV president and all of the UV presidents
report to a single community member called the President Junta Vecinal. District 12 is
represented by Sub Alcalde Ing. Victor P. Escobar Diaz and Presidenta Junta Vecinal Loreto

Moreno.

2.3.2 Current Events

In December of 2005, current President, Evo Morales, was elected by a 53.7% majority vote
(2). Since then, he has been enacting and influencing many changes within the country; one

of which being the referendum for regional autonomy (4).

Regional autonomy within Bolivia would allow each department the right to control their
own resources, and would afford resource rich departments, like Santa Cruz, Beni, and
Pando, to keep a larger portion of their income. This would provide more funds for public
projects in these departments. If the departments are allowed regional autonomy, public
projects would only need approval of the departmental government, rather than the national
government. For the department of Santa Cruz, these changes could possibly allow for more
projects to be approved either by an increase in fiscal spending or an increase in

authorization of developmental projects.

Initially, a national vote for regional autonomy failed. However, strong supporters are
continuing their petitions for the referendum, even to the dismay of President Morales. The
departments of Santa Cruz, Beni, Pando, and Tarija have even held secondary elections,
which were deemed illegal by the national government, Figure 2.5, (8). These secondary
elections have validated the desire for autonomy with over 80% approval in Santa Cruz,

Beni, and Pando and around 80% approval in Tarija (3,5).
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BOLIVIA'S SECESSIONIST REGIGHS
| — Major Roads

PERU

ERAZIL

Figure 2.5: Bolivia's Secessionist Regions (11).

2.4 Economics

Bolivia is one of the poorest countries in South America, with almost 59% of the population
classified as poor (9). Yet the country is rich in many minerals, as well as holding the
second-largest reserves of natural gas in South America (6). In the department of Santa
Cruz, only about 38% of the two million people are classified as poor, which is the lowest

percentage within the departments of Bolivia (9).

Within the city of Santa Cruz, the disparity between the upper/middle class and lower class
can be observed by walking from the city center outwards. The city itself is composed of
nine co-centric rings, with radials extending from the center. As you move from the city
core outwards, the average family income decreases. Avenida Fatima I is located between

the 6™ and 7™ rings.

2.5 Health

Due to its tropical climate, the residents of Bolivia are susceptible to diseases like malaria,
dengue, and yellow fever. All three of these diseases can be fatal and originate from

mosquitoes that breed in standing water. In the department of Santa Cruz alone, there were
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3,033 cases of malaria and 189 cases of dengue reported in 2002, with 94% of the population
at risk of malaria (9). These numbers, with respect to malaria, are only equaled by the
departments of Beni and Pando which also lie in the lowlands of Bolivia. With regards to
dengue, the Department of Santa Cruz out-numbers all other departments, making up around
69% of the total number of dengue cases reported in 2002 for Bolivia. Additional statistics

on health for the Department of Santa Cruz can be seen in Appendix B.

3.0 Methods and Procedures

In the following section, the techniques used by C.C.E. are detailed as they relate to
experiences in Bolivia and the United States (US).

3.1 Bolivia

While in Bolivia, C.C.E. collected survey, soil, watershed, and background data for use in the
design process. Meetings were also held with local officials, engineers, and mentors to

review project information, scope, planning, and design alternatives.

3.1.1 Topographic Survey

A topographic survey was completed to determine watershed boundaries, horizontal and
vertical road alignment, and required cut and fill amounts; with standard topographic survey
procedures being utilized, see Figure 3.1. See Appendix C for survey procedure,

benchmarks, and notes.
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(@ (b)

Figure 3.1: (a) Travis Velasco Surveying the Southwest End of Avenida Fatima I (b) Dylan
Gerhart Exhibiting the Tripod Technique for Rod Holding.

The method used during surveying involved setting up a control point and establishing a
permanent benchmark. After the necessary sideshots were taken, a traverse point was set-up
and, if available, another benchmark. This process was repeated down the length of the road
in distances ranging from 60-100 m. At the southwest end of the road, an existing
benchmark was located and corresponding data for the benchmark was obtained. The

equipment and errors, assumptions, and considerations are covered below.

Equipment used:
a) Topcon GTS225 total station
b) TDS Ranger data recorder
¢) Tripod
d) Prism and prism pole
e) Radio communication
f) Metric tape measure
g) Large nails and bright colored tape

h) Personal computer with Foresight program
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Errors, Assumptions, and Considerations for C.C.E. Survey:

a) Prism may not have been held perfectly level.
b) Current road was dirt and alignment was unclear.

¢) Watershed was too vast for a complete topographic survey within
C.C.E.’s time limits; therefore, the watershed along the northwest and
southeast boundaries was walked and visually inspected.

d) Points 1-414, except traverse points, were mislabeled and had to be
corrected by individual inspection by C.C.E.

e) Traverse Point 6 was removed by residents; therefore, points 532 through
the end of survey were rotated. Rotation accuracy is within +/- 8cm from
the true location. Method for correction of this error is included in
section 3.2.1 Computer Aided Drafting (CAD).

f) Traverse points were temporary and may not exist at time of construction.

g) Survey data at the North and South ends of the avenue was accurate as of
May 15-24 of 2008. Construction projects in progress in these areas may
have altered terrains.

h) Multiple setups cause compounding errors.
3.1.2 Soil Bores

A single soil bore was performed to determine the general water table location and
composition of sub-surface soil. The bore was located at the intersection of the Curichi and
Avenida Fatima I and was performed by a local water well driller, Sr. Teodardo Gandarillas,
and ISD students, Figure 3.2. During the soil bore, a description of sub-surface soil was
recorded by C.C.E. with the aid of Ing. Carlin Fitzgerald who was an ISD mentor to the May

class and previous ISD student.
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(b)

Figure 3.2: Soil Bore on Avenida Fatima | (a) Travis Velasco Assisting
Sr. Gandarillas (b) Dylan Gerhart Assisting Sr. Gandarillas.

The method used during the soil bore involved hand turning a soil auger to a depth ranging
from 0.10 to 0.15 m. The soil layer was removed, deposited next to the bore hole, and the
bore depth was measured. A description of the soil layer was taken which included: soil
type, grain size, color, moisture, and additional comments. After the description was taken, a
sample of the soil layer was bagged and sealed. The bagged samples were later re-checked
and identified using the Unified Soil Classification System (USCS). Field soil bore and
USCS classification results can be found in Appendix D, along with supporting documents
that were referenced or utilized. The equipment and errors, assumptions, and considerations

are covered below.

Equipment used:

a) Soil auger-manual

b) Metric tape measure

Errors, Assumptions, and Considerations:

a) Only one soil bore was taken and results may not be consistent in the
watershed or road areas.
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b) Additional bores were referenced with respect to water table level and soil
type, and are listed in Appendix D.

c) Soil was placed on ground without cover during record of soil description.
Sun exposure may have affected moisture descriptions.

d) Soil description was made with the discretion of a single tester and
judgment may vary from person to person.

3.1.3 Soil Tests

The Standard Proctor Test and AASHTO Soil Classification were performed on soil taken
from three different locations along the road. The three samples were mixed uniformly and
one sample of the mix was tested. Tests were performed to determine the level of
compaction that could be achieved and to obtain a general soil identification that was of

laboratory quality.

ASTM D 1557/AASHTO T-180 were used to complete the Standard Procter Test, while
AASHTO M-145-66 was used for soil identification. Soil test results can be found in
Appendix E.

3.1.4 Watershed Delineation

Watershed delineation was performed to obtain the watershed area for surface runoff
calculations. The watershed area was delineated using two different methods: topographic
survey and visual identification. Data from the topographic survey was used to find flow
paths and gradients. Methods and procedures for the topographic survey are listed in Section

3.1.1 and Appendix C.

3.1.4.1 Visual Identification

Visual identification was performed by C.C.E. with the help of Giancarlo Calbimonte, ISD
mentor to the May class and previous ISD student. Ridges and high points along the
boundaries of Avenida Fatima I were noted and compared to aerial photographs, Figure 3.3.

Identification of flow barriers (i.e. walls) and land usage were also observed and recorded.
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(b)

Figure 3.3: (a) Travis Velasco Obtaining a Better View of the Watershed (b) Giancarlo
Calbimonte, Travis Velasco, and Kari Klaboe Investigating a Ridge to the West of Avenida
Fatima I.

The equipment and errors, assumptions, and considerations are covered below.

Equipment used:

a) Aerial maps

Errors, Assumptions, and Considerations:

a) Additional low or high points were not identified beyond the ridges
found.

b) Visual identification is prone to human error and judgment.

3.1.5 Project Meetings

While in Bolivia, C.C.E. attended meetings with city officials, local and US engineers, and
community members. Meeting topics ranged from engineering design to culture, and
encompassed all aspects of the project. To set-up a meeting, C.C.E. or Ing. Linda Phillips
contacted the person or group to find a time and place that was convenient for both parties.
C.C.E. then prepared by developing a list of questions ranging from typical Bolivian
practices to information that could be acquired, Figure 3.4. Meeting notes and any pertinent
information were collected during the meeting. The following is a list of the information

gathered while in Bolivia and meeting minutes can be found in Appendix F.
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(b)

Figure 3.4: (a) C.C.E. Meeting with Ing. Javier Marin (center) and Sub Alcalde Ing. Victor P.
Escobar Diaz (far right) (b) C.C.E. Meeting with Ing. Humberto Calbimonte from Cochabamba,
Bolivia.

Information Gathered:

a) 2008 plot report for Santa Cruz city development

b) Canal plans for Nuevo Camino al Palmar and Antiguo Canals
¢) Community needs and problem areas

d) Cost estimation data

e) Storm run-off calculations

f) Typical canal plans, design, and construction procedures

g) Typical road plans and design

3.2 United States

Upon arrival to the US, data was analyzed in the form of AutoCAD drawings, storm runoff
calculations, pavement design, and canal design. Additional meetings were also held with

project principals and mentors to discuss design options and methods.

3.2.1 Computer Aided Drafting (CAD)

AutoCAD Civil 3D 2008 was used to create an accurate model of the existing conditions
along Avenida Fatima I, which was used in the watershed delineation and pavement and

canal designs and calculations. First the completed survey data was imported into AutoCAD
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as a text file and analyzed. The data had two errors. One of which was the mislabeling of
points, and the other being the alignment from traverse point 7, TR-7, and on. The
mislabeling of points was fixed by individually inspecting the points and determining the
correct label. The alignment inaccuracy was fixed, while in Bolivia, by re-surveying known
points and overlaying the correct path onto the incorrect data. From that, the points were
rotated to the correct position within 8 cm of true location. The team has determined this
error marginal for the project. A description of the procedure used can be found in Appendix

G. The equipment and errors, assumptions, and considerations are covered below.

Equipment used:

a) AutoCAD Civil 3D 2008

b) Personal computer with Foresight program

Errors, Assumptions, and Considerations:

a) Rotation of misaligned points caused marginal error.
b) Existing road boundaries were undefined.
¢) No points were able to be taken in undeveloped portion of the watershed.

d) Points 1-414, except traverse points, were mislabeled and had to be
corrected.

3.2.2 Storm Runoff Calculations

The quantity of overland storm runoff was calculated for design of the drainage canal. To
calculate the amount of overland storm runoff the rational method was utilized and can be

seen in Equation 1.
Q = CIA (Equation 1)

O = Peak storm runoff (m’/s)
C = Dimensionless runoff coefficient (0 < C < 1.0)
I = Rainfall intensity (m/s)
A = Drainage area (m’)
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An empirical rainfall intensity equation for the department of Santa Cruz, Equation 2, from
the Norma Boliviana (NB) 688 and time of concentration equation obtained from a local

engineer, Equation 3, were employed in computing rainfall intensity (20).

393.70 f0.3556

Santa Cruz I = 107016 (Equation 2)

I = Rainfall intensity (mm/h)

= Rainfall frequency (vears)
t = Time of concentration (min)

2\ 0.385
t. = 0.06625 * <§> (Equation 3)

L = Hydraulic length (km)
S = Land slope (decimal percent)

Runoff coefficients from Table 1 of Chapter 6 in NB 688, Table 3.1, were used to find a

value for C, the dimensionless runoff coefficient (20).

Table 3.1: Runoff Coefficients from Table 1 of Chapter 6 in NB 688 (20).
COEFICIENTES DE ESCURRIMIENTO SUPERFICIAL

Caracteristicas generales de la cuenca receptora. Valores C

a) Partes centrales, densamente construidas con calles
y vias pavimentadas 0,70 a 0,90
b) Partes adyacentes al centro, de menor densidad de
habitacién con calles y vias pavimentadas 0,70

¢) Zonas residenciales de construcciones cerradas y vias

pavimentadas 0,65
d) Zonas residenciales medianamente habitadas 0,55 a 0,65
e) Zonas residenciales de pequefa densidad 0,35 a0,55
t) Barrios con jardines y vias empedradas 0,30

gl Superficies arborizadas, parques, jardines y campos

deportivos con pavimento 0,10 a 0,20
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A storm recurrence interval of 10 years and runoff coefficient ¢ in Table 3.1 were assumed
for Avenida Fatima I. The equipment and errors, assumptions, and considerations are

covered below.

Equipment used:

a) Norma Boliviana (NB) 688

b) “Water Resources Engineering” Ralph A. Wurbs and Wesley P. James

Errors, Assumptions, and Considerations:

a) Runoff coefficient was based on development plans provided by the Sub
Alcalde, Ing. Victor P. Escobar Diaz, and District 12 engineer, Ing.
Javier Marin. Development plans showed future expansion of District
12, with the entire watershed of Avenida Fatima I being urban
neighborhoods.

3.2.3 Pavement Design

A typical Bolivian Portland Cement concrete pavement section was used in the pavement
design for Avenida Fatima I, Figure 3.5. The pavement section was based off of a Bolivian
project manual obtained by previous ISD students and was supplied to C.C.E. by Ing. Linda
Phillips.

Tied Curbing with
Specified Rebar

18 cm Portland Cement Concrete

12 cm Aggregate Base =

ooooo/oooooo\ooooo
\ ] 4.5m

Joint Load Transfer
Reinforcing

Figure 3.5: Typical Bolivian Pavement Section.
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The maximum standard design load for major Bolivian roads is 11,000 kg/axel with a 28 day
compressive strength (f’¢) of 230kg/cm®. The section used for these major roads, with a
factor of safety of 20%, is 18cm of Portland Cement Concrete and 12cm of aggregate base.
Supporting material used in the design and a summary of the procedure used can be found in

Appendix H. The equipment and errors, assumptions, and considerations are covered below.

Equipment used:

a) Proyecto Radial 16 /2 Desde 5 to Anillo hasta Av. San Martin

b) “Pavement Design and Materials” A. T. Papagiannakis and E. A. Masad

Errors, Assumptions, and Considerations:

a) Pavement section was taken from a project completed in Santa Cruz for
a road connecting two main roads. However, this does not mean that
conditions are similar for the two locations.

b) A traffic count was not obtained by C.C.E. while in Bolivia, due to
current road conditions. However, a traffic count should be completed
to estimate the amount of traffic and type of traffic loads to be expected
along Avenida Fatima I.

0 If such a traffic count is not possible, traffic counts from Avenida
Nuevo Palmar or Avenida Antiguo may helpful in assuming the
amount of traffic and type of traffic loads.

3.2.4 Drainage Design

Three different types of drainage structures were used in the preliminary design of Avenida
Fatima I: pipe culverts, box culverts, and open channels. To size these structures, Manning’s
equation for open channel flow was used, Equation 4; along with the overland storm runoff
for a storm with a 10 year recurrence interval. Procedures, calculations, and supporting

material can be found in Appendix 1.
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C
Qruu = 7"11‘11’?2/351/2 (Equation 4)

C,, = 1.0 for International System (SI) units and 1.49 for British Gravitational (BG) units (unit less)
n = Manning’s roughness coefficient (unit less)

A = Cross sectional area of pipe (m*)

. Area
R = Wetted perimeter; —————— (m)
Perimeter

S = Longitudinal slope of channel (decimal percent)

Canal thickness was based on section drawings from Proyecto Canal Calama Distr. MPAL
10. These drawings were obtained by previous ISD students and were supplied to C.C.E. by
Ing. Linda Phillips. The equipment and errors, assumptions, and considerations are covered

below.

Equipment used:

a) Proyecto Canal Calama Distr. MPAL 10

b) “Water Resources Engineering” Ralph A. Wurbs and Wesley P. James

Errors, Assumptions, and Considerations:

a) Canal reinforcement was based off of previous projects completed in
Santa Cruz. Reinforcement should be checked by a structural engineer
for lateral earth and traffic loading pressures along Avenida Fatima I.

3.2.5 Project Meetings

While in the US, C.C.E. attended meetings with project mentors and engineers. Meeting
topics ranged from engineering design to cultural acceptance. To set-up a meeting, C.C.E.
contacted the person or group to find a time and place that was convenient for both parties.
C.C.E. then prepared by developing a list of questions focused on the data or information
required. Meeting notes and any pertinent information were collected during the meeting.
Below is a list of the information gathered while in the US and meeting minutes can be found

in Appendix F.
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Information Gathered:

a. Canal design options
b. Pavement design options

c. Soil characterization

4.0 Existing Conditions

Existing conditions were observed and investigated using techniques and methods listed in

Section 3.0 Methods and Procedures.

4.1 District 12

District 12 is the newest district within the municipality of Santa Cruz emerging from an
adjacent district, District 9, on May 14, 1999. There are 42 UVs and 76 barrios within
District 12 with 170,000 residents. Currently residents face a number of infrastructure issues
such as inadequate water drainage, Figure 4.1, and sewer systems, partially due to a flat

topography and high water table, around 1.2 m below ground level.

(@) (b)
Figure 4.1: (a) - (b) Photographs Taken Near the Policia National in November of 2007 by Ing.
Linda Phillips.

The district is addressing the inadequate water drainage by constructing two major drainage

canals, the Nuevo Camino al Palmar and Antiguo, Figure 4.2.
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(b)

Figure 4.2: (a) - (b) Canal Construction of Nuevo Camino al Palmar
Taken in May of 2008 by C.C.E.

These canals were designed with a capacity to handle 40% of the flooding in the district.

Both canals, along with Avenida Fatima I are shown in Figure 4.3.
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Landmark
Avenida Fatima |l
MNuevo Camino al Palmar
Antiguo
Curichi

Figure 4.3: District 12
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The full effects these two canals will have on the area drainage is still unknown, since they
are under construction. However, construction of the canals alone will not fully address the
flooding without properly draining the surrounding areas to the canals. The community of
Avenida Fatima I was just one of several communities that need to divert excess storm water

to the new canals due to flooding and standing water, Figure 4.4.

(@ (b)

Figure 4.4: (a) - (b) Flooding Along Avenida Fatima |: Photographs Taken November 24, 2007 by
Ing. Linda Phillips.

4.2 Avenida Fatima I

Existing conditions of the two main concerns for Avenida Fatima I, storm drainage and road

quality, are described below.

4.2.1 Storm Drainage

Avenida Fatima I is an area prone to standing water throughout both the wet and dry seasons.
Standing storm water is a serious problem because it supports the reproduction of mosquitoes
that promote dengue, yellow fever, and malaria. Standing water is not the only issue; a
curichi or natural stream also runs through UVs 176, 177, and 178, which contributes to the
flooding during the wet season. The curichi originates from a quebrada or wetland to the
west of the UVs, Figure 4.3, and shows minimal flow during the non-rainy season, also

noticed from field observation.
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The watershed of Avenida Fatima I is around one square kilometer and can be seen bordered
in black in Figure 4.5 below. To the northeast and southwest the watershed is delineated by
the Antiguo and Nuevo Camino al Palmar canals. A ridge to the northwest and Avenida

Fatima I provide the remaining two boundaries.

N e B
« - AVENIDA i
~ ZEATIMA

.‘ :‘

Figure 4.5: Avenida Fatima | Watershed

Land slope is from the northwest to the southeast, except for a small portion of land in the
northeast corner, which is included in the watershed area. Land usage is a mix between
undeveloped grasslands to urban residential areas. However, development plans for District
12 show the entire area eventually being urban residential. From the soil bore conducted by
C.C.E., it was discovered that a clay layer exists about one meter below the existing ground
level. This impedes infiltration to the ground water around 1.2 m below the existing ground

level.
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Current drainage structures along Avenida Fatima I include earthen ditches located on each
side of Avenida Fatima I and a temporary earthen emergency ditch highlighted in red in
Figure 4.5. During inspection of the drainage structures in and around Avenida Fatima I, it
was noticed by C.C.E. that sediment, organic material, and trash accumulate within the
structures, Figure 4.6. This poses a barrier to water flow, which decreases the structures

effectiveness.

(b)

Figure 4.6: (a) - (b) Debris Accumulation in Drainage Structures: Photographs Taken in May of
2008 by C.C.E.

4.2.2 Road Quality

Avenida Fatima I is a graded dirt road composed of soils ranging from silty sands to sandy
clays. Traffic is moderate, where attainable, and consists mainly of taxis and city buses;
which is the favored transportation of most of the community members. The road has a 0.1%
slope towards the Antiguo canal and has a cross section ranging from 3.5 to 6 m, with around
16.8 m of total usable width within the right of way. In the southwest end, the road is
constricted by the Policia Nacional and existing electric poles. The cross section width of the

road is limited to around 8.0 m of total usable width.

During field observation, C.C.E. noticed that the northern portion of Avenida Fatima I was
inaccessible by motor vehicles due to what was stated to be previous efforts to construct a

paved road and drainage canal, Figure 4.7.
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(b)

Figure 4.7 (a) - (b) Northeast End of Avneida Fatima | Facing South: Photographs Taken in May
of 2008 by C.C.E.

The Sub Alcalde Ing. Victor P. Escobar Diaz and the engineer for District 12, Ing. Javier
Marin, informed C.C.E. that construction had been previously initiated along Avenida Fatima
I. However, construction was halted once it became apparent an improved storm drainage
design was needed. Earthwork remnants from the construction not only make some areas of
the road impassable, but also reduce road quality due to the rough grade and standing water.

The problem needs to be addressed since it is also blocking storm water flow into the canals.

Although not mentioned by community members or the Sub Alcalde, C.C.E. observed dust
clouds produced by winds during the dry season which appeared to be uncomfortable for
anyone outdoors, Figure 4.8. This occurs because some of the area consists of exposed sandy
soil. Ultimately it is expected that construction of a paved road will reduce dust clouds and

improve visibility and comfort for residents along Avenida Fatima .
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(b)

Figure 4.8: (a) - (b) Discomfort Due to Dust Clouds.

5.0 Design Options

C.C.E. developed three basic pavement and storm drainage design options for Avenida

Fatima I, with all three options designed for a storm with a 10 year recurrence interval.

e Design Option 1: Continuous grade PC concrete pavement utilizing underground
storm sewer pipes for storm water drainage.

e Design Option 2: Continuous grade PC concrete pavement utilizing PC concrete box
culverts for storm water drainage.

e Design Option 3: Continuous grade PC concrete pavement utilizing a PC concrete
lined open rectangular canal for storm water drainage.

Alternative construction materials are also available for the three design options; however, a
preference towards concrete has been observed by C.C.E. All three options utilize a
diversion canal to the northwest of Avenida Fatima I, which directs the curichi towards the
Nuevo Camino al Palmar canal. The diversion, design options, and alternative construction

materials are discussed.
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5.1 Diversion

Several concerns were raised after inspection of the curichi that runs perpendicular to
Avenida Fatima I, Figure 4.3. During inspection C.C.E. observed that during the dry season
the curichi experienced minimal flow, Figure 5.1. However, flooding and standing water

occurred throughout the year and poses a hazard and nuisance to the residents in UV 177.

(©

Figure 5.1: (a) Curichi Flow During Dry Season: Photograph Taken in May of 2008 by C.C.E.
(b) Curichi Flow During the Wet Season: Photograph Taken November 24, 2007 by Ing. Linda
Phillips.

After meeting with Sub Alcalde Ing. Victor P. Escobar Diaz and District 12 engineer, Ing.
Javier Marin, it was decided that the curichi would be temporarily diverted to the Nuevo
Camino al Palmar canal. In the future, a road will be developed (International Road) shown
in orange in Figure 5.2 to the northwest of Avenida Fatima I. The temporary diversion will

be incorporated into the overall drainage plan of that road.

5.1.1 Diversion Options

While in Bolivia, C.C.E. investigated and surveyed two locations for diversion of the curichi,
Figure 5.2. Location A is 7.5 blocks to the northwest of Avenida Fatima I and currently
consists of a dirt paved road. Location B is 9 blocks to the northwest of Avenida Fatima I

and currently consists of an ungraded grass path.
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Color Landmark

Avenida Fatima |

Nuevo Camino al Palmar
Antiguo
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International Road

Figure 5.2: Curichi Diversion Locations.
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Both locations contain existing drainage structures, with the structure at location B being the

largest; two concrete pipes with inside diameters of one meter each, Figure 5.3.

@ (b)

Figure 5.3: (a) Travis Velasco Measuring the Drainage Structure at Location B
(b) Drainage Structure at Location B.

Given minimal flow was found during C.C.E.’s inspection of the curichi, a stream velocity
could not be attained. However, a conservative peak flow for the curichi was found by
calculating the maximum attainable flow from the drainage structure at location B. The
design flow of the curichi was found to be 3.5 cms. This results in a canal cross-section of

3.2 m’. See Appendix I for calculations.

5.1.2 Curichi Diversion Recommendation

Both locations were evaluated for their advantages and disadvantages, which are listed

below.
Location A
Advantage(s) Disadvantage(s)
Minimum earthwork - existing road Not aligned with International Road
graded More homes are susceptible to flooding

Existing structure too small
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Location B
Advantage(s) Disadvantage(s)
Existing drainage structure adequate Most earthwork — existing road ungraded

Fewer homes susceptible to flooding
Aligned with International Road

Location B was chosen as the recommended diversion location due to:
1) Its alignment with International Road
2) Ability to utilize the existing drainage structure

3) Ability to prevent flooding and standing water for more homes within UV 177.

5.2 Pavement and Storm Drainage Design

Before beginning the design process, a list of project expectations and concerns was created

from meetings with District 12 officials and observations made by C.C.E. while in Bolivia.

Expectations:

e Minimum two-way road for Avenida Fatima I connecting Nuevo Palmar and
Antiguo roadways.

e Storm drainage structure that could support all of the storm water runoff
directed towards Avenida Fatima .

e Cost-effective design.

e Preference for Portland Cement (PC) concrete lined canal and PC pavement;
however, asphalt concrete was stated to be acceptable.

Concerns:

e Safety of users of Avenida Fatima I; any open drainage structure would have
to account for the safety of local residents, children, animals, and vehicles that

use the roadway.

e Proposed drainage structure must account for almost all of the storm water
runoff entering Avenida Fatima I from the northwest, Figure 4.5, given the
watershed area lies mainly in that direction.
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e Avenida Fatima I and surrounding area have a relatively flat topography. Any
large changes in the existing ground level could change the direction of storm
water drainage. Therefore, the proposed design should following the existing
topography, as much as possible, to ensure proper drainage.

e Maintenance of the drainage structure must comply with the twice per year
schedule typical in District 12.

¢ Environmental responsibility; a concrete lined canal and roadway would
reduce the amount of storm water infiltration in the Avenida Fatima I
watershed. This would negatively affect local aquifers.

Based on the expectations and concerns stated above, C.C.E. chose a basic design for the
road and storm drainage system of Avenida Fatima [. This design would meet the needs of
the residents, while complying with the concerns of C.C.E. From the basic design, three

different options were found.

5.2.1 Basic Road and Storm Drainage Design

The new Avenida Fatima I will consist of a two way road, following the existing alignment
and grade, as much as possible. Lanes will be divided by a center median/storm drainage
structure that will be utilized as a traffic barrier and storm water conductor. Road and storm

drainage designs are detailed further below.

Road Design

The road design will consist of a PC concrete roadway, with pavement sections conforming
to typical Bolivian practice, see Figure 3.5. Reinforcement will be placed along the
pavement joints to aid in the transfer of loads between pavement sections. Load transfer
devices will be 25 mm or larger rebar, 18 cm in length, spaced 30 cm center to center, see

Figure 5.4.

®© 60606060 0 0 0 0
\ J
DRI M

30cm 30cm 25 mm g

Figure 5.4: Load Transfer Device.
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Lane sections will be 4.5 m wide along most of Avenida Fatima I; however, due to width

restrictions in the southwest end of Avenida Fatima I, a 3.75 m wide section will be used in

that area. This is 0.75 m shorter than the typical lane section of 4.5 m, per standard road

drawings provided to C.C.E. as ISD reference materials. This design was chosen for

Avenida Fatima I because:

1.

A high traffic load is expected along Avenida Fatima I: While in Bolivia, C.C.E.
was unable to perform a traffic count due to current road conditions, however
Avenida Fatima I will be the only paved connecting road between Avenida Nuevo
Palmar and Avenida Antiguo.

Design was considered by C.C.E. to be typical construction practice: Design was
obtained from the project manual for the road connecting the 5" ring to Avenida San
Martin at the 16.5 radial. Given this, it was considered that the design was standard
in Santa Cruz and has been successfully used thus far.

Lane widths are usable: Standard lane widths in the United States range from 10 to
12 ft, with the lane width along the constricted section of Avenida Fatima I being just
over 12 ft. While the lanes are smaller than typical roads in Bolivia, they are still
usable by community members.

Storm Drainage Design

On either side of Avenida Fatima I are homes, businesses, and side roads. Placement of the

drainage structure in the center median, in lieu of either side of the road, was based on safety,

maintenance, and cost; which is detailed below.

Safety:

e By locating the drainage structure on either side of the road, increased
pedestrian traffic around the structure would occur. Residents, business
owners, and other pedestrians would have to cross over the drainage structure
to enter homes or local businesses.

¢ By locating the drainage structure in the center median, the structure is
protected from pedestrian access by two lanes of traffic. While this does not
ultimately prevent access to the structure, it will deter most individuals and
animals.
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Maintenance:

¢ By locating the drainage structure on either side of the road:

0 If'the drainage structure is uncovered, increased debris accumulation
will occur, increasing maintenance costs.

0 If the drainage structure was covered, but not buried, increased
degradation of the structure would occur. This would be due to an
increase in the number of pedestrian and traffic loadings. Fatigue of
the structure would occur more rapidly than if the structure were
placed in the center.

Cost:

¢ By locating the drainage structure on either side of the road, vehicle and
pedestrian bridges would be required for access to homes and all side roads or
the structure would need to be underground. The center median drainage
structure only requires vehicle and pedestrian bridges in several key areas.

e A center median drainage structure allows for design flexibility. If the
drainage structures were placed on either side of the road, the design would be
limited to a covered canal or underground storm sewer pipe for the safety and
maintenance reasons listed above. Both of which are typically more
expensive than an uncovered canal.

Given the storm drainage structure is in the center median, storm runoff will flow over the
roadway. Therefore, pavement sections will be constructed with a two percent slope, with
the low point occurring at the center median. Storm water will be directed towards the
Antiguo Canal, Figure 4.3, which is in accordance with the slope of the existing topography.
This will reduce changing the existing topography and ensure that the existing flow of storm

water runoff is left intact.
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5.2.2 Design Option 1 - Underground Storm Sewer Pipes

Design Option 1, Figure 5.5, is a continuous grade PC concrete roadway utilizing

underground storm sewer pipes.

INLET
STRUCTURES
OVERLAND OVERLAND
STORM CENTER STORM
RUNOFE ~  —  —» MEDIAN <4—— RUNOFF
G - 7
- -
ROAD [, ! ROAD EXISTING

A

' GROUND
0.5m
45m g

STORM SEWER

Figure 5.5: Design Option 1.

C.C.E. considered underground storm sewer pipes for four reasons:

1. Safety: Underground storm sewer pipes are inaccessible by residents, children,
vehicles, and animals. A covered or underground system is the safest design for the
community.

2. Maintenance: Much of the trash, sediment, and organic material would be prevented
from entering the drainage structure. This would reduce maintenance costs and
ensure adequate drainage performance.

3. Environment: With an underground system, the area between the inlet structures
could be developed into green areas and allow infiltration of storm water into the
ground water aquifer. This would prevent all of the storm water from being diverted
away from the watershed area and would aid in replenishing the local aquifers.

4. Accessibility: Vehicle and pedestrian bridges are not needed since the pipes are
buried far enough underground to sustain traffic and pedestrian loads. This would
allow Avenida Fatima I and side roads to be accessible by pedestrians and traffic at
any point along the road.
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Storm sewer pipes would consist of two PC concrete pipes, 1.8 m in diameter each. Pipe
cover would be 0.5 m. See Appendix I for calculations. Inlet structures would be modified
to allow for storm water access to both pipes, Figure 5.6, since a majority of the storm water

will enter the drainage structure from the northwest of Avenida Fatima I.

STORM WATER RUNOFF ( \
FROM NORTHWEST [ _ _ _ _ _ _ _ _
_— | WEVEL OVER FLOW - —
T — T T T ]
ROAD — > > ROAD
r————~———————— 1

I |

' |
K : Pipe 1 : : Pipe 2 I /
Figure 5.6: Design Option 1 Cross Section of Inlet Structure.

Instead of the traditional method of an inlet entering a single pipe, the inlets on the northwest
side would need to be connected to both underground sewer pipes. In Figure 5.6 a general
schematic of a possible drainage inlet is shown. In the case of an over flow in Pipe 1, excess

storm water is diverted to Pipe 2.

The roadway and underground pipe grade would be sloped less than 0.1%, which is the
approximate slope of the existing topography towards the Antiguo Canal. Given the required
0.5 m of pipe cover and 1.8 m pipe diameter, the slope of the existing topography is not
possible. A steeper slope could be achieved by adding fill along Avenida Fatima I; however,
the existing storm runoff drainage would be altered. Also, given such a small slope, any

errors during construction would compromise the operability of the design.
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For the following reasons, C.C.E. concluded that Design Option 1 would not be feasible for

Avenida Fatima I:

1. Inadequate slope for adequate drainage.
2. Zero tolerance in construction of the underground storm sewer pipes.
3. Removing debris from the pipes would be difficult.

5.2.3 Design Option 2 - Box Culvert Canal

Design Option 2, Figure 5.7, is a continuous grade PC concrete roadway utilizing precast PC

concrete box culverts for storm drainage.
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OVERLAND OVERLAND
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\_

Figure 5.7: Design Option 2.

C.C.E. considered precast PC box culverts for three reasons:

1. Safety: A covered canal is inaccessible by residents, children, vehicles, and animals.
A covered or underground system is the safest design for the community.

2. Maintenance: Much of the trash, sediment, and organic material would be prevented
from entering the drainage structure. This would reduce maintenance costs and
ensure adequate drainage performance.

3. Accessibility: Vehicle bridges are easily constructed and can be incorporated into the
box culvert design. Pedestrian bridges are also not needed since the box culverts
must be designed to support the weight of pedestrian loads.
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The covered concrete canal would be composed of two precast box culverts with a depth of
1.5 m and a base of 2.05 m. Canal depth is limited to 1.3 m below the existing ground, by
the existing topography; therefore, the top 0.2 m of the canal would act as a barrier curb for
traffic. The canal and road will be sloped 0.1% toward the Antiguo canal and will follow the

existing grade as much as possible.

Storm water will enter the canal through inlet structures placed about every 20 m on the
upstream side and downstream side for consistency. To reduce costs, inlet structures on the
downstream side can be minimized, given the majority of storm water flow is from the
upstream side. Typical inlet structures can be seen in Figure 5.8 and are based off of designs
provided in the Michigan Department of Transportation’s (MDOT) Drainage Manual (17).
Given catch basins are not being utilized in the design, the curb-opening inlet would be best

option for Avenida Fatima I.

— I
FI T E_L_ |-'ﬁ_'_'_ e

2 r_'l'.'-;.-" ; by J_ﬂ_,_,--":_ -
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Grate Inlet Curb-Opening Inlet Combination Inlet

Figure 5.8: Typical Inlet Structures (17).

A majority of storm runoff flows from the northwest of Avenida Fatima I and a section

cutout would be required to aid transport of storm water between box culverts, Figure 5.9.

4 I T
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SECTION - I I
CUTOUT —» 1.5m : I
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Figure 5.9: Design Option 2 Precast Box Culverts.
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In the last 250 m of the southwest end of Avenida Fatima I, the useable cross section width
reduces to 8.0 m, which can be seen highlighted in yellow on Figure 5.11 on the next page.
However, the required width for Design Option 2 is around 13.5 m. In this section of road,
underground storm sewer pipes will be placed under the center line of the road to allow for a

narrower cross section. The lane widths will also transition from 4.5 to 3.75 m wide.

The underground storm sewer pipes will follow the road and box culvert grade of 0.1% and
will direct storm water towards the Antiguo canal. To allow for the smaller storm sewer
pipes, pipes will be designed based on the contributing portion of the watershed only, which
can be seen bordered in blue in Figure 5.11. Two PC concrete storm sewer pipes of 1.0 m in
diameter will be used. Cover will be 0.3 m and pavement sections will be sloped towards the
center line, where drop-in grates will connect directly to the storm sewer pipes, Figure 5.10.
Grates will alternate along the reduced section to ensure that storm water runoff is evenly
distributed between the two pipes. Both the pipe and drainage grates should be designed by a
Professional Engineer to make certain that they can withstand the maximum traffic loads of

11,000 kg/axle.
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Figure 5.10: Design Option 2 - Underground Storm Sewer Pipe.
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Figure 5.11: Design Option 2 Underground Storm Sewer Pipes
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While this option is feasible, safe, and lower in maintenance than an open channel system,

there are several concerns.

1.

Safety: The 4.1 m center median will be larger than the road sections and would be
able to fit a vehicle on top. However, the structure will not be designed for this type
of loading. If the box culverts were implemented, proper signage or fencing would
need to be implemented to ensure that traffic does not occur within the center
median.

Constructability: The box culvert cutout is not typically practiced and
constructability is unknown.

Performance: The box culvert cutout is not typically practiced. However, the cutout
is required to allow water to flow between culverts. Because of this, performance of
the structure in the field is unknown.

Aesthetic: The 4.1 m center median will be larger than the road sections, which may
not be pleasing to the residents.

5.2.4 Design Option 3 - Open Rectangular Canal

Design Option 3, Figure 5.12, is a continuous grade PC concrete roadway utilizing an open

rectangular PC concrete canal for storm drainage.
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Figure 5.12: Design Option 3.
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C.C.E. considered an open rectangular canal for three reasons:

1. Cost: An open rectangular canal was foreseen as a cost-effective design by C.C.E.
Given the limiting depth of 1.3 m, the canal width is required to be 4.1 m. The
covered canal, Design Option 2, requires two box culverts to be constructed to meet
these requirements. An open canal would allow for a single structure to be designed
that will be able to handle the entire watershed.

2. Typical Practice: Open channels were observed to be typical in District 12, as seen
by C.C.E. on the recent construction of the Nuevo Camino al Palmar and Antiguo
canals which are both open trapezoidal canals. An open rectangular canal was also
suggested by Ing. Humberto Calbimonte, who is a practicing civil engineer in
Cochabamba, Bolivia. See Appendix F for meeting minutes.

3. Accessibility for Maintenance: An open channel will be easiest for maintenance
crews to access. Larger equipment can also be utilized during maintenance, because
space constraints are not a concern.

Both the road and canal will be sloped 0.1% towards the Antiguo canal. This slope would
utilize the existing topography and ensure that the current flow of storm water runoff is left
intact. Canal width would be 4.1 m and canal depth would be 1.3 m. The canal depth is
limited by the existing topography and cannot exceed 1.3 m in order to meet the specified

0.1% slope.

The canal sides would extend 0.5 m above the road elevation and would act as a barrier curb
for traffic and safety precaution for pedestrians. Storm drainage inlets would also be
incorporated into the canal sides. Storm water runoff would flow over the roadway and into
the canal through the drainage inlets. Drainage inlets would be spaced about every 20 m on
both the upstream side and downstream side for consistency. Curb-opening inlets, Figure
5.8, would be utilized, similar to Design Option 2. Inlet structures on the downstream side

can be minimized, given the majority of storm water flow is from the upstream side.

In the last 250 m of the southwest end of Avenida Fatima I, the useable cross section width
reduces to 8.0 m. The required width for Design Option 3 is around 13.5 m. Underground
storm sewer pipes and a narrower pavement width will be utilized in this area, similar to

Design Option 2, to allow for a narrower cross section width.
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Within Design Option 3, there are two additional alternatives for the canal design:
e Alternative 3-1: Utilization of a trapezoidal canal along Avenida Fatima I.

e Alternative 3-2: Utilization of the emergency canal to the northwest of Avenida
Fatima I, which would reduce the required capacity of the drainage structure.

Alternative 3-1

A trapezoidal canal shape versus a rectangular shape was considered. The trapezoidal canal
design would be similar to the rectangular canal design described in Design Option 3, except
it would have a side slope of 1.3:1.0, horizontal to vertical, Figure 5.13. This would require a

canal bottom width of 2.8 m, canal top width of 5.4 m, and canal depth of 1.3 m.
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Figure 5.13: Alternative 3-2.

The trapezoidal canal would provide increased flow properties over the rectangular canal;
however, the effective width would be 1.3 m longer than the rectangular width. Given the
dimensions for the rectangular canal are already similar to the road way widths, a larger canal
width may detract from the overall appearance of the structure. For these reasons C.C.E.

concluded that the trapezoidal canal would not be feasible for Avenida Fatima I.
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Alternative 3-2

The earthen emergency ditch to the northwest of Avenida Fatima I could also be utilized to
handle some of flow from the Avenida Fatima I watershed, Figure 4.5. The emergency canal
was not incorporated into previous design options, because C.C.E. was told by Sub Alcalde
Ing. Victor P. Escobar Diaz and District 12 engineer, Javier Marin, to exclude the canal from
storm water runoff calculations. However, after calculating the required dimensions for
drainage structures, it may be useful to utilize this canal in conjunction with a drainage

structure along Avenida Fatima I, which would reduce overall costs.

Existing topography is the main limiting factor for the drainage structure along Avenida
Fatima I. Due to the existing topography, relatively little elevation difference occurs
between the either ends of Avenida Fatima I. This makes it difficult to achieve adequate
slopes for the drainage structure and is the reason that the drainage structure depth is limited
to 1.3 m. If the earthen emergency ditch to the northwest was excavated and utilized in
diverting 3.0 cms of the storm water runoff of the Avenida Fatima I watershed, then the

width of the open rectangular canal would be reduced to 2.25 m, Figure 5.14.
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Figure 5.14: Alternative 3-3.

Given Sub Alcalde Ing. Victor P. Escobar Diaz and Ing. Javier Marin told C.C.E. not to
incorporate the earthen emergency ditch into the design for Avenida Fatima I, this alternative

is not feasible. However, if a future drainage structure is expected to be developed in place
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of the earthen emergency ditch, it may be cost effective to develop both drainage designs

simultaneously.

While this Design Option 3 is feasible and also standard practice in District 12, there are

SOme concerns.

1. Maintenance: An open channel will accumulate more sediment, trash, and other
debris than a closed or underground drainage structure. Maintenance (cleaning of the
canal) must be done regularly to achieve adequate performance of the structure.

2. Safety: While a barrier wall is provided to prevent traffic, residents, children, and
animals from entering the canal, there is still the risk of access to the canal since it is

not covered or underground.
5.3 Pavement Options

C.C.E. considered alternative pavement materials, like asphalt or compacted dirt, in lieu of

PC concrete, Figure 5.15.

Tied Curbing with
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\
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Figure 5.15: Alternative Pavement Cross Sections.
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Below the advantages and disadvantages of each material are highlighted.

Portland Cement Concrete Pavement

Advantage(s) Disadvantage(s)

Maximum durability Environmental — impermeable material
Common construction material

Minimum maintenance

Improved road quality

Reduced dust irritation

Asphalt Concrete Pavement

Advantage(s) Disadvantage(s)

Less maintenance than compacted dirt More expensive than compacted dirt and
Improved road quality PC concrete

Reduced dust irritation More maintenance than PC concrete

Environmental — impermeable material

Compacted Dirt Pavement

Advantage(s) Disadvantage(s)
Least expensive material Least durable
Utilize existing ground — minimum Poor road quality
earthwork Does not reduce dust irritation

Most required maintenance
Difficult to control road grade

6.0 Environmental

During field observation, C.C.E. noted several environmental concerns; one of which is a
problem with the local sanitary infrastructure. This problem, however, will be addressed by
another ISD group. The second concern is that all storm water runoff in District 12 is
directed away from the district using canals along the rings and radials. After relaying this
observation to project mentors and class instructors, several environmental disadvantages

related to this method were noted. Disadvantages are explained:
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e Recharge of subsurface aquifers is prevented by diverting storm water away from the
source location.

e Increased pollution of surface water bodies by storm water runoff carrying
contaminants and trash.

e Sedimentation of surface water bodies by storm water runoff carrying sediment.

Low impact development (LID) for storm drainage is focused on maintaining pre-
development conditions for both source and output locations. C.C.E. was hoping to
incorporate the LID focus in the design of Avenida Fatima I using detention basins, pervious
materials, and sediment traps (19). The first two practices aid in retaining storm water at the
source through increased infiltration of storm water. The latter practice aids in capturing
sediment and reducing the amount of sedimentation that occurs in output water bodies. A
fourth practice that was not researched for implementation in Avenida Fatima I, but may be

of interest, is wetland restoration.

Detention Basins

Detention basins operate by retaining excess storm water in a constructed earthen depression
to allow time for infiltration into ground water aquifers. Given a large portion of the
Avenida Fatima I watershed is undeveloped to the northwest, Figure 4.5, C.C.E. thought that
placement of a detention basin in this area would be possible. By incorporating the detention
basin, the disadvantages listed above would be reduced, along with a reduction in the
required capacity of the drainage structure along Avenida Fatima I. However, upon further
research, C.C.E. decided that a detention basin would not be feasible for the Avenida Fatima

I drainage plan for two reasons:

1. Low infiltration rates: Given the soil in District 12 was found to contain clay; low
infiltration rates of storm water are expected. During the rainy season, the storm
water is not expected to infiltrate at a fast enough rate; therefore, standing water
would persist.

a. Standing water would support mosquito populations.
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b. Large bodies of standing water would pose a safety risk in the neighborhood.

2. High water table: Given there is a high water table throughout District 12, the
detention basin would be limited in depth; therefore, a larger area would be required.

Pervious Materials

Pervious materials, which are materials that allow some water to flow through the material
itself, were also seen as a possibility along Avenida Fatima [. Pervious materials include
some asphalts, concretes, and paving stones. C.C.E. was hoping to utilize these materials a
an alternative pavement material. This would reduce the imperviousness of the roadway and
reduce the effects of the disadvantages listed above. However, upon further research, C.C.E.
decided that pervious materials would not be feasible for the Avenida Fatima I drainage plan

for three reasons:

1. Conditions along Avenida Fatima I are not optimal for pervious materials:
Pervious materials rely on larger void contents within the microstructure. This allows
for the flow of water through the materials.

a. The topsoil along Avenida Fatima I consists mostly of sands, which would
clog the microstructure of the pervious material. To combat this problem,
increased maintenance would be required. However, if this problem is not
dealt with, decreased or no water infiltration can be expected.

b. Due to the larger void content, materials are more suited for lower traffic
areas (i.e. parking lots or sidewalks) (19). Avenida Fatima I is expected to
encounter high traffic loads and frequency.

2. Low infiltration rates: Given the soil in District 12 was found to contain clay; low
infiltration rates of storm water are expected. In addition, the length of road is
relatively short in comparison to surrounding roads, thus the effects of utilizing a
pervious material in these conditions may not have a large impact on the overall
amount of storm water infiltration in the Avenida Fatima I watershed.

3. Non-typical practice: Usage of pervious materials within District 12 was not
encountered by C.C.E. during field observation and is not considered by C.C.E. to be
a typical construction practice in Bolivia. Implementation of the construction
material may be difficult and expensive.
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Sediment Traps

Sediment traps capture sediment carried by storm water runoff before it reaches the output
water body. This can be accomplished in several ways; however, C.C.E. thought that a
settling tank concept would be the best approach for Avenida Fatima I. In this concept,
depressed sections are placed along the canal to allow for settlement of sediment and other

debris, Figure 6.1.

WATER FLOW
W/ SEDIMENT

RETAINED
SEDIMENT

> WATERFLOW

W/O SEDIMENT

Figure 6.1: Sediment Trap

Trap dimensions were found using the critical settling velocity of the smallest sediment
particle desired to be removed from the storm water runoff. Equations for critical settling

velocity, retention time, and sediment trap length can be seen in Equations 5 — 7 (16).

o — |9l —p)d
° 3Cpp

1/2
l (Equation 5)

v, = Settling Velocity (m/s)
g = Gravitational Constant (9.81 m/s’)
ps = Density of Particle (kg/m’)
p = Density of Fluid (kg/m’)
d = Particle Diameter (m)
Cp = Coefficient of Drag (unit less)

h
T =— (Equation6)
Us
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T = Retention Time (s)
h = Tank Depth (m)

Ly =V.xt (Equation7)
Lg = Sediment Trap Length (m)

Ve = Channel Velocity (m/s)
T = Retention Time (s)

Sediment traps within the Avenida Fatima I drainage plan would reduce sedimentation of the
output water body and also prevent other debris from polluting the water body. C.C.E.,
therefore, recommends that sediment traps of 9.0 m in length be placed every 81 m, center-

to-center along the Avenida Fatima I drainage structure. See Appendix I for calculations.

Wetland Restoration

Wetland restoration is another alternative that is possible for District 12; however, it’s
applicability for Avenida Fatima I is unknown. The source of the curichi is a quebrada to the
northwest of Avenida Fatima I, beyond the watershed boundaries, and may be beneficial in
capturing excess storm water runoff at the source. While standing water is typically seen as a
detriment because it supports the reproduction of mosquitoes, some studies have shown that
healthy wetlands are not susceptible to large mosquito populations like once thought (18). A
healthy wetland supports a range of creatures, some of which are predators to mosquitoes.
Through utilization of animals that prey on mosquitoes, a wetland can be established that

does not support mosquito populations, but does retain storm water and reduce flooding.
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Figure 6.2: (a) and (b) Photographs of Wetlands Taken in May of 2008 by Ing. Linda
Phillips.

Wetlands, like those pictured in Figure 6.2, must be maintained and protected in order to aid

in water retention.

7.0 Cost - Benefit Analysis

Cost data was obtained from the Planification’s Dep