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Introduction and Background 

This report will describe the type, size, and location study performed by the UVA Capstone team 

for a pedestrian footbridge in Bolivia that crosses the Río K’ellu Mayu and links the Pocona 

Municipality to vital resources in the region (Figure 1).  

 

The pedestrian bridge design consists of a suspension footbridge over the Río K’ellu Mayu and 

will serve the Pocona Municipality in Bolivia. Residents of the municipality requested this 

bridge because they cannot cross the river 150 days of the year due to flooding. The river’s 

flooding is exacerbated during the rainy season that takes place from November to March1. The 

lack of a suitable river crossing restricts their access to schools, health clinics, markets, and 

other services. Children must cross the river daily to attend primary and secondary schools. 

These schools are located 18 kilometers (about 11.18 mi) away from the site. The nearest medical 

clinic is across the river and is also 18 kilometers away from the site. The community currently 

uses makeshift crossings over the Río K’ellu Mayu, and they are not safe, reliable, or durable for 

use as permanent crossings. There have been no reported river crossing deaths to date, but 

residents risk their lives when crossing the river during the high-water months and will continue 

to do so as it is their only connection to vital resources.  

 

The K’ellu Mayu community’s economy is centered around agriculture and animal tending. 

Cultivated crops include potatoes, corn, wheat, peas, beans, barley, peaches, and apples. Animal 

husbandry includes cows and sheep.  

 

The bridge will be designed to safely support pedestrians traveling across the river on foot, as 

well as those with bicycles, motorcycles, wheelbarrows, and livestock. Constructing this bridge 

will directly aid the 190 residents of the community, 10 of whom are children. In addition, about 

220 people in neighboring communities will use the bridge for year-round market access. 

Providing access to markets, health centers, and schools will together improve economic 

conditions and attract additional residents to the municipality.  

 

The bridge is located in the Cochabamba region of Bolivia (Figure 1). According to the Project 

Social Evaluation report provided by the organization Engineers in Action (EIA) and prepared 

by Mr. Richar Galvez on May 7, 2022 (Appendix 5.4), the nearest pedestrian bridge is the Yana 

Gaga pedestrian bridge located 8 kilometers downstream of the site. Additionally, the site is 2 

kilometers away from their nearest beneficiary community. The nearest town, Lopez Mendoza, 

is about 16 kilometers (about 9.94 mi) away to the west of the site, and the closest market, 

hospital, and school are 18 kilometers away to the east (Figure 1). In addition, the closest paved 

road to the site is Old Cochabamba Road Santa Cruz (Route 7).   

 

 
1 ”When to visit Bolivia”. Exoticca. Accessed December 5, 2023 
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Figure 1. Bridge site location relative to other local resources  

 

The bridge’s proposed alignment is illustrated in Figure 2. According to EIA conventions, one 

should be facing in the direction of the river’s downstream flow when determining which is the 

“left” and “right” abutment. The K’ellu Mayu river flows westward, meaning the left abutment 

faces the agricultural land and the right abutment faces unpaved vehicular road (Figure 2). This 

unpaved vehicular road is a different road than the paved Old Cochabamba Road and is located 

closer to the site.  

 
 Figure 2. Aerial view of bridge site  
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The Social Evaluation (Appendix C) provided by Engineers in Action describes the bridge site, 

allowing us to determine its vertical and horizontal clearances. In this description, they state 

that there are houses and agricultural land adjacent to the left riverbank, neither of which will 

affect or be affected by the bridge construction. The land on this side of the river is also 

described to be flat in both the longitudinal and transverse directions. There is little vegetation, 

including Sewenka plants and two Alder trees. On the river's right side, the land is sloped 

longitudinally and flat in the transverse direction. The vegetation on this side of the river is 

mainly native Kewinas trees. According to the Technical Evaluation provided by EIA (Appendix 

C), there are no obstructions such as adjacent structures, buried pipes, electrical lines, or 

drainage that need to be mitigated prior to the bridge construction.  

 

Regarding material acquisition, Bridges to Prosperity developed a Bridge Builder Manual which 
dives into the organization's principles and strategies regarding pedestrian bridge projects 
(Appendix C).  Importantly, the manual outlines the typical roles and responsibilities of key 
stakeholders in a bridge project (Table 1). EIA follows the same format as Bridges to Prosperity. 
Our project’s material acquisition process will follow what is outlined in the table. The 
Municipal Government of Pocona, our site’s local government, is responsible for heavy 
machinery work and the transportation of materials. The K’ellu Mayu community and Bridge 
Committee are responsible for building and maintaining the bridge. Lastly, EIA is responsible 
for acquiring materials that are not available in Bolivia. ￼    
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Table 1. Key stakeholders’ roles, responsibilities, and contributions table  

 
With regards to the K’ellu Mayu Bridge, components other than the cables will  

be constructed using locally sourced materials. According to the List of Materials, Services, and 

Project Financing Amounts that was provided by EIA (Appendix 5.10), the project’s three 

material suppliers are Engineers in Action, the Municipal Government of Pocona, and the K’ellu 

Mayu Community. This material’s list was stamped for approval by the Pocona Municipal 

Government as seen on the document (Appendix C). Per the list, EIA will supply galvanized steel 

cables, and other components such as galvanized clamps, tubes, and hooks. The Municipal 

Government of Pocona will be responsible for providing nearly all other materials, including 

Portland cement, tie wire, nails, screws, washed gravel, paint, and sand. Lastly, as stated in the 

project’s Social Evaluation (Appendix C), the primary material that exists in the K’ellu Mayu 

river, community, and nearby communities is stone. Therefore, the K’ellu Mayu Community will 

supply stone for the bridge abutments. They will also provide the manpower to support the 

physical labor of constructing the bridge.  

 

The Municipal Government of Pocona is transporting non-local and local materials to the site, 

which is accessible year-round by vehicle. On the right side of the river, there is no direct access 

to where the abutment will be placed. However, the community and the municipality will create 

an access route approximately 150 meters from the vehicular road. There is also direct access to 

the proposed left abutment location. According to the municipality, access to the left abutment 

will require cleaning of vegetation and other natural obstructions 100 meters from the vehicular 
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road.  

 

During bridge construction, vegetation and soil on both sides of the river will require removal. 

The construction team must be cautious when removing the existing vegetation and soil to reduce 

the risk of the river water being polluted by the removed materials. Also, the soil removed if not 

relocated properly could become suspended solids and pollute the air. Lastly, there will be 

environmental impacts such as water and air pollution during the mixing and pouring of concrete. 

The construction will have to be cautious during this process to prevent the concrete harming the 

surrounding land. The land on the right side of the river is owned by Mr. Sebastian Parra, who 

has agreed to the build. According to the social evaluation conducted by the community, Mr. Parra 

was present during the site survey. Based on the same evaluation, the owner is not listed, but the 

project will not disturb other private buildings. EIA has provided the signed confirmation 

documents from the K’ellu Mayu Board of Directors for the bridge to be constructed.  

 

The goal of this project is to meet the K’ellu Mayu community’s needs. To accomplish this goal, 

the team’s approach to international development involves being empathic learners throughout 

this process. The team recognizes that this is an opportunity for the Pocona community to get safe 

access over the river throughout the year and for the capstone group to learn from Bolivian 

culture. We are grateful to be a part of the community building this necessary footbridge. 

 

Geotechnical and Hydraulic Conditions 

Before beginning the bridge’s design, an overview of the site’s geotechnical and hydraulic 

conditions was developed using materials that EIA provided. Figure 3 shows an aerial view of the 

Río K’ellu Mayu bridge site (coordinates -17.620584, -65.271513). Using EIA’s naming 

conventions, the left riverbank is facing the agricultural land, and the right bank is facing the road. 

 

 
Figure 3. Site overview 

 

A topographic survey was completed by Mr. Richar Galvez on May 7, 2022. Mr. Galvez also 

conducted the site’s Technical Evaluation (Appendix C). He provided a topographic profile of the 
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site on AutoCAD, as well as site videos and photos. The original survey data and the AutoCAD 

survey profile generated were provided by EIA. 

 
     Figure 4. Total station survey Figure 5. Dual grad prism pole Figure 6. Survey marker3.3  
 

Both sides of the river at the site are inaccessible by vehicles. Based on the Social Evaluation 

(Appendix A.4), the owner of the land on the left side of the river is not listed. To access the right 

side of the bridge, the community and municipality will build a 150-meter-long provisional road. 

This land is owned by Mr. Sebastian Parra. The left and right sides of the site will need vegetation 

cleared. The left side has little vegetation, while the right side has significantly more trees present. 

This is explained in greater detail in section 2.3. There are no known utility conflicts on our site. 

 

Regarding existing soil conditions, the soil classification on the river's left side is sandy loam 

according to the Technical Evaluation (Appendix C). Per EIA’s Bridge Program- Volume 2, the 

soil bearing capacity is 143 kPa or 20.7 psi4. According to EIA’s Advanced Suspended Bridge 

Design Module, the soil has a safety factor of 2. The right-side soil is clay. The assumed soil 

bearing capacity on the right side is 95.3 kPa or 13.2 psi, and the factor of safety is 3. 

 

The high-water line is the line at the riverbank where the water reaches during high water events 

(Figure 7). Per the Social Evaluation completed by Richar Galvez on May 07, 2022 (Appendix C), 

the river floods for approximately one day a year during the rainy season. The High-Water Line 

(HWL) was established by local elders from storm events they experienced in their lifetime. The 

HWL is 2732’ above sea level. According to EIA’s Bridge Program- Volume 2, all suspended bridge 

sites should be considered a gorge and will have a 3.0 meter freeboard5. Gorge flow only goes 

downstream quickly and rises. Freeboard is the minimum required height of the footbridge 

relative to the high-water line. 
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Figure 7. High-water line marking 

 

Design  

 

Standard Design 

Figure 8 below illustrates an elevation view of the bridge’s standard design. This shows the span 
and the abutments.  A standard 3G60A abutment was chosen for the left riverbank. 3G60A  
consists of 3 tiers (3G60A) for a 40–60 meter span (3G60A) and a ground slope between 0 and 5 
degrees (3G60A).  A 1G60B abutment is designated for the right riverbank. A 1G60B abutment 
has 1 tier (1G60B) for a 40–60-meter span (1G60A) with a ground slope angle between 5 and 10 
degrees (1G60B). A standard A4 anchor was used (Appendix A.9c). A standard T4 tower is used 
due to the 4-cable design (Appendix D.2). According to EIA’s Bridge Program- Volume 2, 
“Empirical data has proven that bridges of up to 120-meters in span show no significant dynamic 
effects due to wind load. Therefore, no lateral stabilizing measures are considered in this 
suspended bridge design guide.”  Because our span is 44.50 meters this design did not consider 
wind loads. 
 
A constraint of the location is the elevation difference of the lower left side to the right. A 

difference of 2.18 meters was measured. 
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Figure 8. A dimensioned drawing of standard design bridge showing span and abutments 

 

EIA Bridge Program- Volume 2, the footbridge is required to meet the below listed geometric 

evaluation criteria7: 

● The maximum span shall not exceed 120 meters to avoid lateral stabilizing measures. 

The proposed footbridge spans approximately 44.50 meters (see figure 8). 

● The foundation set back from the edge of the riverbank to the top of the foundation 

must be at least 3 meters on either side due to soil conditions. 3 meters is the 

requirement under soil conditions, rock requires a different measurement. The 

setback reduces issues from erosion. The left side foundation setback is 5.94 meters, 

and the right-side setback is 8.99 meters. Start of the bank was assumed to be where 

the grade began sloping uniformly.t 

● The foundation setback requires a maximum angle of friction of 35 degrees on each 

riverbank to reduce potential erosion issues. The proposed bridge has an internal 

angle of friction of 11.33 and 25.76 degrees on the left and right riverbanks 

respectively. 

● The angle of the ground slope shall be 0 to 10 degrees. The ground slope is the 

uniform slope of the terrain past the bank. The proposed footbridge has an angle of 4 

degrees on the left side and 10 degrees on the right. The slope angle approximates 

the ground slope. The difference in the height between the two towers is a 

serviceability design constraint to avoid a steep walkway. The height between the 

saddles shall not exceed 4% of the span. Under the standard design, the proposed 

footbridge The standard design has an elevation difference between the two sides of 

3.86%. 
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Table 2. Proposed design geometric requirements summary 

Variable Value Limit Units Checks  

Left foundation setback 5.94 3.0 meters OK 

Right foundation setback 8.99 3.0 meters OK 

Left foundation behind angle 

of friction 

11.33 35.0 degrees OK 

Right foundation behind angle 

of friction 

25.76 35.0 degrees OK 

Span Length 44.54 120.0 meters OK 

Δ (delta) H 1.72 1.782 meters OK 

Left side ground profile slope 

β (Beta) 

4.0 10.0 degrees OK 

Right side ground profile slope 

β (Beta) 

10.0 10.0 degrees OK 

Left side number of tiers 3 3 tiers OK 

Right side number of tiers 1 3 tiers OK 

Freeboard 2.39 3.0 meters NG 

 

The required freeboard is 3 meters (river classified as gorge). The cable sag results in a freeboard 

of 2.39 meters. The proposed standard footbridge did not meet the freeboard requirement. This 

is discussed further in depth in Section 4.4 below. 

 

Custom cable design sag values were provided by EIA as mentioned in the EIA Bridge Binder. 

Engineers in Action provided a hoisting sag value (h₂) of 4.08%, a dead load sag value (h₃) of 

4.51%, and a live load sag value (h₄) of 5.51%. The live load sag value (2.39 meters) considers the 

theoretical maximum load case of dead load and live load and is 0.61 meters below the required 

minimum freeboard of 3 meters. The geometric requirement was not met.  

 

The final geometric requirement is cable clearance. The dead load sag requires a 1.o-meter 

clearance from the bottom walkway cable to the top of the ground. If this requirement is not met, 

the live load sag is then considered with a requirement of 0.5-meter ground clearance. The 

proposed standard bridge does not meet the dead load sag ground clearance but meets the live 

load sag ground clearance of 0.5 meters. 

The left and right anchors are EIA standard design anchors for bridges with span length, L, 

between 20 and 60 meters. The above ground soil angle beyond the anchor, β, is approximated 

to be zero as the existing ground slope beyond each anchor is less than 10 degrees. The height, H, 

of the active soil is the overall height of the ramp at the anchor. Less anchor sliding occurs due to 

no additional soil height about the top of the anchor. 

 

This standard design outlined above does meet the geometric constraints outlined in the EIA 

Bridge Program Volume 2 – Design textbook. Therefore, the sag clearance requires a custom 

design. Increasing the height of the left foundation allows for this clearance. Proposing a 0.5-

meter height increase of the foundation on the left foundation per Section 5.8 of EIA’s 
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Bridge Program Volume 2 moves the cable sag closer to the required clearance. The manual states 

the following: 

 

“Consider raising the anchor 0.5-1.5 meters while maintaining minimum embedment for 

the abutment components. Note that an extra access ramp will be necessary to get from 

ground level onto the approach ramp if this is high above the ground.” ￼ 

 

An extra ramp at the end of the left abutment is required due to this adjustment. We are limited 

in increasing the foundation's height to avoid needing a long extra ramp. EIA defines a long extra 

ramp that exceeds 4 meters. An extra ramp Additional analysis will be performed for Review Call 

#2 regarding the custom design. 

 

 
 

Per each component: 

1. Abutment 

a. 3G60A: Selected as the bridge is between 40 to 60 meters. Due to the lower 

elevation on the left side, 3 tiers would reduce the total elevation difference 

between the two tower saddles. Placed under a ground slope of less than 5 

degrees (Appendix A.9a). 

b. 1G60B: Selected as the bridge is between 40 to 60 meters. Due to the lower 

elevation on the left side, 1 tier was placed on the right to not raise the 

elevation difference between the two abutments (Appendix A.9b). 

2. Anchor 

a. A4 anchors were chosen as a result of the span length being between 20 to 60 

meters (Appendix A.9c). 

3. Tower 

a. Cable calculations resulted in a requirement of 4 cables, 2 walkway and 2 

handrail cables. Therefore, the T4 tower choice was made (Appendix A.9d). 

4. Walkway Details 
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a. Cable selection was provided by EIA; 6x19 Galvanized steel cable with a 

diameter of 1-⅜”, which will require a 10% reduction in future calculations 

 

Because of the standard design calculations, as well as the geometric sag issue, the anchor uplift 
check did not pass all factor of safety checks. Therefore, the team proposed alternative custom 
footbridge design will be used for the Rio K’ellu Mayu’s footbridge.  
 
Custom Design 
The custom design was derived from the freeboard requirement and anchor sliding failing. In the 
standard design, the bridge did not meet the required freeboard of 3 meters. The standard design 
did not meet the anchor uplift factor of safety requirement. To resolve the low sag cable, the team 
decided to decrease the span length as it is directly proportional to increased sag values. The site 
location and geometric conformance restricted potential adjustments to the design. The custom 
element involved increasing the tower height elevation of the left abutment. This was achieved by 
adding 0.5 meters to the foundation to raise the bottom of the cable to meet the freeboard. The 
backstay cables, ramp, and fill were adjusted to meet the new height of the tower. The increased 
foundation height was also intended to address issues with the anchor uplift. Figure 9 below 
illustrates the bridge’s custom design. 
 

 
Figure 9. A dimensioned drawing of custom design bridge showing span and abutments 

 

The changes outlined above allowed the design to provide the sufficient requirements needed to 

pass all but two design checks. Due to a combination of calculation errors and calculation checks 

late in the design process, it was discovered that the left anchor uplift and tower overturning 

checks did not meet the required factors of safety with the increased tower height and resulting 

backstay cable angles of the custom design. The shorter span of 40.2 meters (see Figure 9) 

decreased the sag values. Construction, hoisting, and dead load sag all rest above the required 3 

meters of freeboard. The live load sag, which represents the worst-case scenario of all loads, falls 

slightly under by less than 10cm but within tolerance. The change in elevation from one end of 

the tower to the other is 0.65 meters, reducing steepness when walking across the footbridge. This 

change will improve serviceability for the Pocona community. The additional 0.5 meters in the 

foundation resulted in a custom 3G-60B abutment (see Appendix D.2). The increased height of 

the left abutment required an extra approach ramp to be able to access the approach ramp on the 

left side. The standard right abutment remained unchanged. 

 

As outlined in the Bridge Binder Volume 2 Design Section 2.1, the primary objective of the 

footbridge is to provide public safety. Secondary aspects include durability, serviceability, 

maintainability, constructability, and economy.  
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1. Safety: 

Refers to the priority of structural integrity and user safety. There is little tolerance for 

failing to meet the minimum safety requirements.  

 

2. Durability: 

Material selection and design should be selected to preserve the footbridge's usage over a 

long time. Design selections should protect the structure from weathering and frequent 

usage.  

 

3. Serviceability: 

Deformations within the structure must be reduced to provide user comfort when crossing 

the bridge. Examples include reduced swaying and minimal slope across the span of the 

footbridge.  

 

4. Maintainability: 

The lifespan of the structure should be designed with accessible maintenance points and 

economical solutions when replacement is needed. 

 

5. Constructability: 

The design must also provide a safe means to erect the structure. Any structure is most 

vulnerable under construction and safety measures must be accounted for when designing 

the footbridge. 

 

6. Economy: 

Engineers in Action believe in locally sourcing most materials to drive down the overall 

cost of the project. Materials include stone, and sand, but not the steel cables. Providing 

an economical solution will ensure that the community can have a footbridge.  

 

7. Aesthetics: 

After the completion of the footbridge, the community is encouraged to decorate the 

bridge providing an opportunity to illustrate their culture so long as it does not interfere 

with the integrity of the bridge.  

 

The original standard design failed to meet safety and serviceability requirements. Meeting the 

required freeboard provides a buffer from the highest water line to avoid the bridge sagging too 

close to the water. This buffer aims to prevent damage caused by the flowing water. The slope 

across the footbridge was also close to the maximum allowable slope, providing users with an 

uncomfortable trek across the bridge. The custom design created a large elevation difference from 

the ground to the approach ramp thus requiring an extra approach ramp. 

 

The left anchor is standard. The design included extra anchor uplift capacity. Masonry sidewalls 

and backwall provided an increased overturning moment. That said, the anchor uplift factor of 

safety of 1.5 is still not satisfied.  

 

The left abutment is a custom design and is illustrated in Figure 10. The left side of the site layout 

provided options for the abutment's design as the ground slope did not surpass the maximum 10 

degrees.  
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The span had to remain shorter to reduce the sag values. The left abutment is placed 8.99 meters 

from the left riverbank. The customization added 0.5 to the foundation added 0.5 meters to the 

overall height of the abutment (see Appendix D.2 and Figure 10). This was done to raise the overall 

cable sag to meet the 3-meter freeboard requirement. Increasing the height of the foundation past 

0.5 meters would require far more materials on the left abutment, a steep approach ramp, and a 

much longer extra approach ramp. To provide a more conservative approach, the abutment was 

modified to 3G-60B as the ground slope angle exceeded 5 degrees in multiple places on the left 

side. 

 

Figure 10. A dimensioned and labeled drawing of the custom left abutment. 

 

The right anchor is standard. The design included extra anchor uplift capacity. Masonry sidewalls 

and backwall provided overturning moment. The anchor uplift factor of safety of 1.5 is satisfied. 

 

The right bank has a steeper ground slope. The location of the abutment was determined by the 

ground slope angle. For a standard design, the ground slope required an angle of 0 to 10 degrees. 

The smallest angle was approximately 10 degrees and was found 5.94 meters away from the right 

bank. The right abutment is a standard 1G-60B abutment (see Appendix D.1). Due to the sloped 

nature of the layout, the right side will require heavy excavation. The sloped terrain will also 

require drainage to avoid settling on the abutment.  

 

The standard design geometry of the Rio K’ellu Mayu footbridge provides an optimal layout for 

the site. Thus, the layout was not changed from the standard to the custom. 
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Table 5: Geometric Conformance Summary 

Parameter Value Requirement 

Span length, L 40.2 m < 120 m 

Height Differential, ΔH 0.65 m < 1.61 m 

Freeboard 2.94 m > 3 m 

Left Abutment Offset 5.94 m ≥ 3 m 

Right Abutment Offset 8.99 m  ≥ 3 m 

 

The team considered alternative customizations to satisfy the freeboard. The right abutment was 

increased to a 2-tier system. Increasing the tower height raised the lowest point on the live load 

sag curve. This adjustment to the right abutment meant a large elevation change that did not meet 

the serviceability check. The walkway would have been far too steep. EIA suggested that the 

foundation be increased from 1 meter to 1.5 meters. Another consideration was increasing the 

foundation past 0.5 meters. The increased elevation change would result in a larger extra 

approach ramp and even higher backstay angles. The design already requires significant approach 

ramp volume. Another possibility the team considered was a longer span. The longer span would 

provide a larger factor of safety for the serviceability check but again would increase the sag value, 

which was already failing to meet the required freeboard.  
 

The Rio K’ellu Mayu followed the Engineers in Action Bridge Binder procedure for the 

calculations. As stated by the EIA Bridge Binder, any Bolivia project will receive custom sag 

values. EIA provided the team with custom sag values (see Table 7 and Figure 11). To meet the 

required factor of safety for anchor uplift, the team decided to recalculate the forces of the 

abutment by completing the Tier 2 checks. The Tier 1 checked underestimated the total fill of the 

abutment thus decreasing the total vertical forces acting on the ground. The construction analysis 

for anchor sliding and uplift provides a design check for the footbridge while under construction. 

The anchor sliding check under construction can provide a recommendation of when to hoist the 

cables. The left abutment can hoist the cables with 10% of the ramp walls constructed and no 

backwalls. The right abutment can hoist the cables with 80% of the ramp walls constructed and 

no backwalls to provide the proper forces so that the footbridge can be safely erected. 
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Table 6: Factors of Safety (FS) of Custom Design 

 

Failure Type Minimum FS FS Achieved Left 

Side 

FS Achieved Right Side 

Cable Design 3.0 5.66 

Suspender Design 5.0 26.33 

Bearing Pressure 3.0 (left), 3.0 

(right) 

3.04 13.52 

Tower Overturning  1.5 1.28 1.59 

Anchor Uplift 1.5 1.01 2.23 

Anchor Sliding 1.5 4.36 4.17 

Construction FS 

Erection Hook 3.0 4.12 4.03 

Anchor Sliding 

Construction 

1.5 1.88* 

 

1.54** 

Anchor Uplift 

Construction 

1.5 7.48 11.35 

* The design check accounts for 10% of the ramp walls to be completed under construction and no backwalls. All other components 

are accounted for. 
** The design check accounts for 80% of the ramp walls to be completed under construction and no backwalls. All other components 

are accounted for. 

 

Table 7: Custom Sag Values Summary 

Sag Type Sag Value (meters) Design f Values (meters) 

Construction (h1) 3.00% 1.21 0.90 

Hoisting (h2) 4.08% 1.64 1.33 

Dead Load (h3) 4.55% 1.83 1.52 

Live Load (h4) 5.51% 2.22 1.90 

 

 
Figure 11. Illustration of the four sag values in profile view  
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Uplift 

Initially, the anchor uplift did not meet the standard design factor of safety. The Tier 1 calculations 

conservatively estimated the total weight of the abutment thus reducing capacity. Tier 2 aimed to 

provide a more accurate abutment volume using the masonry weight. This change in calculation 

coupled with increased total fill volume that resulted from the increased foundation height was 

expected to cause the left side to pass, but the increased backstay angle caused a greater upward 

vertical force on the anchor and caused it to fail. The right side was also failing in the standard 

design. With Tier 2 calculations, the anchor sliding on the right achieved the factor of safety 

required. 

 

 

Construction 

The construction sag was the final check. This calculation provides a check for when hoisting the 

cable. An erection hook is connected to the anchor. The hook is connected to a chain winch that 

is attached to the cable when hoisted. When hoisting the cables under construction, the winch and 

erection hook bear the self-weight of the cable and are settled at the desire sag. In the construction 

analysis, the maximum capacity of the erection hook is 29.4 kN. The maximum force in the cables 

due to self-weight only as it is in construction, cannot exceed the capacity of the erection hook. 

This will ensure that the anchor will not slide or cause an uplift. The cables do not exceed and 

therefore 4 cables can be safely utilized under construction. The construction analysis also 

provides a recommendation for when to hoist the cables. The construction anchor uplift and 

sliding analysis can determine how much fill can be placed to safely hoist the cables. On the left 

side, 10% ramp wall fill and no backwall will be sufficient. On the right side, 80% ramp wall fill 

and no backwall will be sufficient (See Appendix C, Construction Sag). This recommendation will 

be accommodated in our construction schedule.  

 

See Appendix C for an in-depth look at the design calculations. 

 

Load Assumptions: 

Permanent Load: 

Dead Load (DL): 1.05 kN/m 

 

Transient Load: 

Live Load (LL): 4.07 kN/m 

Reduced Live Load (LL): 3.89 kN/m 

 

Primary Load Combination: 

Distributed, Wc Primary (DL + LL): 4.93 kN/m 

 

Future Design Considerations 

The current custom design did not meet the tower overturning and anchor uplift factors of safety 

on the left abutment (see Table 6). After the second review call with Engineers in Action, 

discrepancies between EIA’s calculations and the UVA team’s calculations were brought to light, 

revealing a need for design changes due to the following reasons. Regarding anchor uplift, the 

backstay angles of the cable attached to the anchor were designed to be too steep. The steepness 
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resulted in greater vertical component of the combined forces of the cables which in turn would 

cause the anchor to uplift. The steep backstay angle also resulted in tower overturning to not meet 

its required factor of safety. To address these issues in a new design iteration, the team would 

consider raising the left anchor or extending the length of the abutment. The raised anchor would 

decrease the backstay angle, decreasing the vertical force acting on the tower from the cables, and 

increasing the nominal capacity. Potential issues with raising the anchor would include decreasing 

the total volume of the fill for the abutment, decreasing the total downward force acting on soil, 

and would present issues with the bearing pressure capacity. Extending the abutment length 

would also decrease the backstay angle and solve the issue similarly to how raising the anchor 

would. The concern with extending the abutment length would be the required volume of 

materials would increase, driving the cost of the project higher. A possible solution would include 

a combination of raising the anchor and increasing the abutment length. 

 

Construction 

 

Bridge Construction  

Table 8 below outlines the estimated Bill of Quantities (BOQ) for all the variable materials in our 

custom design. The list of materials and their corresponding quantity estimates were developed 

based on the following recourses provided by EIA: the EIA Bridge Program: Volume 2 Design 

Manual7, the BP- 301 Construction Management course on Bridge EDU, as well as a sample BOQ 

for Bolivia found in the EIA Bridge Program: Volume 2 Design Manual8. Because these were the 

references given for developing the BOQ, the UVA team decided to use the same contingency 

factors as what was used in these references.  

 

Table 8: Bill of Quantities (Variable Materials)  
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After calculating the BOQ, the UVA team compared the UVA estimate to the materials estimate 

provided by our in-country manager (found in Appendix 8.1) to determine if there are any major 

discrepancies. The comparison is illustrated in the table below (Table 9). Materials with a higher 

UVA estimate are highlighted in red, and materials with a higher EIA estimate are highlighted in 

yellow.  

 

Table 9: Comparison of UVA Team’s Estimate to In-Country Manager Estimate 

 
 

Upon comparing the two quantity estimates, the following differences were noted. The UVA 

team recognizes that there are some major discrepancies, however this is mainly because our 
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design is quite different than the initial design assumed upon conducting the project’s Technical 

Survey Form (Appendix A.5). 

 

1. Number of Crossbeams  

a. The UVA estimate of 42.85 6m crossbeam bars is higher than EIA’s estimate of 12 

6m crossbeam bars (about a 72% difference). While this is a large discrepancy, it 

is likely because the initial estimate for the bridge’s span was 20-100m as stated 

on page three of the Technical Survey Form (Appendix A.5). The lower limit of this 

estimate is much smaller than the actual bridge span of 40.204, which could have 

led to an underestimate of the number of cross beams needed.  

 

2. Quantities of Rock and Sand 

a. The UVA estimate for the volume of rocks is 50.8% lower than the EIA 

estimate.  

b. The UVA estimate for the volume of sand is 142.77% less than the EIA estimate. 

Despite both the rock and sand quantities not aligning with the in-country 

manager’s estimate, it should not cause any material acquisition or economic 

problems as we are below and not above the estimate provided by the in-

country manager. In addition, the in-country manager’s estimate likely 

provided a larger estimate as it is better to have more rocks and sand than not 

enough. A suggestion could be to meet halfway between the UVA and EIA 

estimates. This allows us to meet our requirements and reach contingency 

factors in case more material is needed. 

 

3. Rebar Quantities  

a. The UVA estimates for the total quantities of #4 and #6 rebars are higher than 

the EIA estimate. The UVA’s BOQ calls for 6.87 12m bars of #4 rebar while the 

in-country manager’s estimate calls for four 12m bars. In addition, UVA’s BOQ 

calls for 5.20 12m bars of #4 rebar while the in-country manager’s estimate 

calls for two 12m bars. This difference can likely be because the initial estimate 

for the bridge’s span was 20-100m as stated on page three of the Technical 

Survey Form (Appendix A.5). 

 

Table 10 outlines a comprehensive list of equipment and tools necessary for the bridge’s 

construction.  
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Table 10: List of Equipment and Tools 

 
 

The detailed excavation drawings are attached in Appendix E.1. The construction process for the 

abutment includes excavation for the foundation, ramp walls and gravity anchor. These plans 

provide dimensions for both Phase 1: Foundations and Phase 2: Approach Wall and Anchor. Each 

set of drawings covers elevation and plan views for both the left and right abutments.  

Benching instructions are outlined in the OSHA handbook, (1926 Subpart P). The soil on the site 

is described in Appendix A.5, Technical Survey Form, the soil on the left and right side were 

classified as clay. By OSHA 1926 Subpart P, the maximum horizontal to vertical slope is ¾:1. Per 

EIA guidelines, benching is required for required if the excavation depth exceeds 1.5m. Spoil piles 

resulting from excavation must be at least 1 meter away from the edge of the excavation.  

 

The detailed construction schedule is attached in Appendix B. The construction schedule includes 

the tasks, professional personal, and student roles needed for the week. Additionally, the schedule 
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includes the materials needed for each week. The construction schedule was created from the 

template provided by EIA. Our schedule considers the accessibility to both sides of the river and 

decided that it would be best for larger tasks to be completed in full before it is started on the other 

side to reduce excessive movement of materials from being transported side to side.  

 

Quality control will be the key to successfully constructing the K’ellu Mayu Bridge. Quality 

control processes are to be performed by the designer or the construction team to ensure that 

each construction phase is performed according to EIA Bridge Program: Volume 3 Field 

Operations9, and that the bridge meets all design requirements.  

 

Each part of the construction sequencing has its own specific quality control form that must be 

completed by the construction manager, and each quality control point must be signed by the 

Construction Manager and by the Technical Supervisor. Quality control activities listed in these 

forms include construction procedures, checking dimensions, sampling and testing, and material 

handling. All quality control forms can be found in Appendix E of this report. In addition, concrete 

quality control must be performed by the Quality Control Manager, who should oversee the 

mixing and proportioning of the concrete. Included in these forms are quality control photos, 

which must be taken during designated steps of the construction process. The quality control 

photos are all outlined in a checklist (Appendix E.3k). If the Quality Control Manager cannot be 

present, the Construction Manager is responsible for overseeing quality control operations.  

 

Lastly, it is important to recognize that some quality control activities might be completed before 

the volunteer team arrives at the site. However, it is still necessary for all quality control points 

and photos to still be checked again upon the team’s arrival. 

 

The following table compiles all the major quality control concerns at each stage of construction 

using the information listed in Volume 3 of the bridge builder binder and the quality control 

forms.  

 

Table 11: Major Quality Control Concerns  

Construction Stage Major Quality Control Concerns 

Construction Layout • Establish centerline  

• Establish foundation locations with respect to survey 
markers  

• Verify span length  

• Verify heigh difference between abutments  

• Confirm all dimensions with respect to design drawings and 
correct any discrepancies  

Excavation  • Record bottom of excavation elevations for left and right 
foundations 

• Record bottom excavation elevations for left and right 
anchors  

• Record soil types for left and right anchors  

• Confirm all dimensions with respect to design drawings and 
correct any discrepancies 

• Provide drainage is water seeps into excavation  
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• Record critical as-built dimensions 

Foundation and Tier • Ensure excavation is clear of debris  

• Check for water seepage and provide drainage if needed 

• Check all foundation and tier dimensions against drawings 
with emphasis on orientation relative to bridge centerline 

• Stone masonry perimeter wall must be constructed plumb 
and within an hour of mixing mortar  

• Use range of stone sizes when filling foundation and reach 
fill density noted in design  

• Fill must not exceed three lifts per day and must not include 
soil 

• Record all as-built elevations and dimensions  
Tower • Minimum concrete dimensions must be met  

• Steel reinforcing cage must be placed centered in the 
column and proper clearances must be kept on all sides 

• Handrail cable saddle must be properly aligned with bridge 
centerline 

• Verify vertical distance between handrail cable and 
walkway cable support points 

• Verify span length and elevation difference at top of tiers  

• Check all dimensions against design drawings and with 
emphasis on orientation relative to bridge centerline  

• Level cable support points across the walkway hump and 
between towers  

• Record as-built dimensions and distances  
Anchor and Cable 
Preparation  

• Concrete must be placed within an hour of mixing  

• Wet concrete surface if too much time elapses 

• Prevent debonding between layers if construction joint is 
required 

• Verify excavation dimensions and elevations before anchor 
construction  

• Check for water seepage  

• Verify anchor dimensions with design drawings with an 
emphasis on orientation relative to bridge centerline  

• Record as-built length, width, and height of each anchor 
beam 

• Record as-built number of clamps per cable and spacing of 
clamps at fixed anchor  

• Check tolerance limits for as-built dimensions  
Approach Ramp Stage 1 • Verify excavation is free of debris and water  

• Verify wall thickness and outside-to-outside ramp width at 
base of walls 

• Verify that each stone masonry wall is constructed plumb  

• Ensure mortar is used within one hour of mixing  

• Verify all ramp wall dimensions against design drawings to 
ensure within tolerance  

• Record as-built dimensions of ramp walls 
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Cable Hoisting • Recalculate and record f values using as-built elevation 
difference and as-built span  

• Ensure survey equipment is calibrated  

• Verify cable positions at least 24 hours after initial hosting  

• Verify cable positions again 24 hours after sag is set before 
decking  

• Ensure all cable positions are within tolerance  

• Ensure proper size and number of clamps are installed at 
the appropriate spacing  

• Coat cables inside approach ramp with tar or mastic to 
prevent corrosion  

• Record as-built number of clamps per cable and spacing 
between clamps, and all other critical as-built dimensions  

Approach Ramp Stage 2 • Verify ramp wall thickness  

• Ensure interior fill only constructed with stone and gravel 
and no soil 

• Ensure voids are filled and cover fill with layer of concrete 
slurry 

• Ensure no more than 3 lifts per day of fill 

• Ensure design fill density is achieved  

• Ensure cables aren’t damaged when filling approach ramp 

• Ensure cables and clamps are left fully exposed 

• Record as-built dimensions of approach ramp and ramp 
walls  

Walkway • Verify crossbeam, nailer, decking board, and suspender 
dimensions 

• Ensure each component of walkway, crossbeams, nailers, 
decking boards, suspenders, and fencing are installed per 
drawing set  

• Confirm crossbeam spacing and decking board dimensions  

• Confirm fencing is fixed to edge of decking boards 

• Measure level of deck at midspan, and adjust level of deck if 
tilted 

• Record as-built dimensions for crossbeams, nailers, 
decking boards, and locations of pre-drilled holes  

• Confirm as-built dimensions with tolerance limits 
 

Approach Ramp Stage 3 
and Completion  

• Record as-built dead load sag of bridge  

• Mark handrail cables at the centerline of saddle to monitor 
cable movement in the future  

• Ensure area is free from all hazardous material after bridge 
completion  

• Grade surrounding area so bridge is easily accessible  

• Ensure water will not drain toward the structure  

• Revegetate area as much as possible to reduce erosion 
around abutment 

• Conduct final check of as-built drawing dimensions and 
survey the bridge’s design sag post-decking  
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To identify and mitigate quality control concerns, it is necessary to perform all quality control 

activities and complete all quality control forms. These checks will bring to light any errors in a 

timely manner to make sure that if problems arise, they can be corrected without causing 

significant delays or costs.  In the case that there are issues with the quality of work, it is the 

Quality Control Manager, technical supervisor, and construction manager’s responsibility to 

identify such issues and make correctional changes. Between the quality control forms, a photo 

inventory that documents each phase of construction, and as-built dimensions marked on the 

design drawings, these records will confirm that the bridge was built within accepted construction 

tolerances and are necessary for future inspection of the bridge.   

 

Conclusion and Discussion  

Upon completing our design and developing a construction plan, it is important to note the 

following design and constructability elements that are expected to be challenging during the 

K’ellu Mayu Bridge’s construction.  

 

Material costs 

One change made in the bridge’s custom design was to increase the number of walkway cables 

from two to four. While this change was made to ensure that the bridge remains upright while 

under construction, it ultimately increases the project’s total cost. This poses a challenge with 

material acquisition and funding as we will need to purchase, deliver, and store more steel for our 

design. It is important to recognize this design element as a challenge as steel is the most 

expensive material needed for the bridge's construction and is the only material not locally 

sourced.  

 

Extra Approach Ramp  

To make the bridge’s approach ramp accessible to all members of the community, such as young 

children and the elderly, the design calls for an approach ramp with a gradual slope as opposed to 

a steep ramp. To achieve the gradual slope, however, the ramp must be 4.5 meters long. The longer 

ramp will require more materials as well as a longer construction time. The ramp will maintain 

the original slope of the existing approach ramp on the abutment. According to Bridge EDU 

Advanced Suspended Bridge Design course, in Bolivia “project materials account for everything 

through the back of the anchor and DO NOT include an extra access ramp behind the anchors”. 

Therefore, it is suggested that this access ramp be built using compacted dirt and that the ramp’s 

maintenance be designated as the community’s responsibility.  

 

Site access 

As discussed in sections 2.6 and 3.3 of this report, both sides of the river of the bridge site are 

accessible by vehicle, but the right abutment’s location is not directly accessible. In response, the 

community will need to build a provisional road. In addition, it is important to note that the owner 

of the left side of the river is not listed, and that clearing vegetation will be necessary to access the 

where the left abutment will be built. Enacting these measures will be challenging but necessary, 

as without them accessibility to the site and bringing materials to the site will be impossible. In 

addition, because moving back and forth between the right and left abutments is inconvenient, it 

is important to minimize the movement of people and materials as much as possible to save time. 

This practice is illustrated in the way construction activities are ordered in our schedule.  
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Excavation Drainage 

A unique feature of our site’s topography is that the elevation of the left riverbank is significantly 

lower than that of the right riverbank. During construction, the likelihood of hitting the water 

table will be higher when excavating the left abutment. Therefore, groundwater seepage might 

result in the need for drainage measures such pumping out water might be necessary.  
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Appendix A 

Updated Gantt Chart schedule 

 

Appendix B 

See page 7 for changes from the standard design to fit location restraints.  

 

Appendix C 

Bridges to Prosperity Bridge Builder Manual  

Engineers in Action Bridge Manual Volume 2 

Engineers in Action Site Documents 

- Social Evaluation of the Project pg. 10 - 15 

- Technical Evaluation pg. 16 - 18 

 

The custom design for the Rio K’ellu Mayu bridge satisfies the EIA Bridge Program Vol. 2 - 

Design requirements. The team’s design process was guided by this document and by EIA 

Education modules (Suspended Bridge Design – EIA 201, Advanced Suspended Bridge Design – 

BP211). Custom design of the left abutment with the standard right abutment, walkway, 

crossbeam, and tower details meets the following design requirements set forth by EIA:  

1. Cable design  

2. Suspender design  

3. Tower Overturning  

4. Bearing pressure  

5. Anchor Sliding  

6. Anchor Uplift  

The calculation package supports the design’s requirement checklist.  

The design considers geometric restraints EIA Bridge Program Vol. 2 – Design and the results of 

the onsite survey. Factors include:  

1. Foundation setback  

2. Angle of friction  

3. Span  

4. Change in height between abutments   

5. Profile slope  

6. Number of tiers  

7. Freeboard  

These design restraints are discussed further in the Design Section of the report.   
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Appendix D 

1. Calculation Book 

2. Drawing Pack 

 

Appendix E: Project Schedule 


