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ABSTRACT 

People generate a large and ever-increasing volume of waste, which originates 

in rural and urban areas, industrial operations and other activities. In spite of waste 

recycling, which is the solution to the huge amount of solid waste, a large part of it is 

deposited into landfills, dumps, etc. 

Landfills are, at present, the most widely used waste disposal facilities. Final 

cover systems are used at landfills and other types of waste disposal sites to control 

moisture and percolation, promote surface water runoff, and minimize erosion. In 

addition, covers prevent direct exposure to the waste, control gas emissions and odors, 

prevent occurrence of disease vectors and other nuisances, and meet aesthetic and 

other end-use purposes.  

The Resource Conservation and Recovery Act (RCRA) Subtitle D, requires the 

use of landfill covers to meet these needs. Prescribed covers, permitted by current 

regulations, are based on a barrier concept that requires them to employ resistive 

principles, i.e., a layer having low saturated hydraulic conductivity. The most important 

focus of this study, is the EvapoTranspiration cover (ET) concept, which utilizes one or 

more vegetated soil layers to retain water until it is either transpired through vegetation, 

or evaporated from the soil surface. These cover systems rely on the water storage 

capacity of the soil layer, rather than low hydraulic conductivity materials, to minimize 

percolation.  

           ET cover designs are based on using the hydrological processes and water 

balance components at a specific site, which includes the water storage capacity of the 

soil, precipitation, surface runoff, evapotranspiration and infiltration.  

The objective of this study is to determine the feasibility of developing and using 

ET Covers in tropical locations with medium to high precipitation. Puerto Rico can be 

assimilated as a part and sample of the typical average “Tropical Zones,” so the study 

was concentrated there. The obtained conclusions can be applied later, along with the 

same principles, to Tropical Zones in general, which will have similar characteristics of 

rainfall, vegetation, soil texture and classification, and temperature. 

The study consisted of collecting climate, soil, and vegetation data and 

characteristics from six regions or “Ecozones” determined on the Island of Puerto Rico, 
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as a representative of the “Tropical Sub-climate.” The collected data was then used as 

input of a software called PR-ET to calculate the PET or ETo of the location and then 

the basis data of a flow model (HYDRUS 1-D) to simulate infiltration into the waste 

during peak weather events. PET and ETo are similar terms and are defined as the 

“Potential Evapotranspiration.” Simulations were performed to evaluate the effect of the 

weather period, the effect of soil thickness, the effect of vegetation, the LAI (Leaf Area 

Index) and finally to determine what regions in Puerto Rico show potential for 

implementing  ET covers.  

Results from this study showed some sub-regions (or locations) belonging to the 

six Ecozones (or regions) of Puerto Rico were able to meet the preliminary 

requirements for hydrological performance as required by the RCRA.  However, field 

evaluation of these designs should be performed before full implementation of ET 

covers in these regions. 

Of the 21 locations studied in the preliminary design, 15 were adequate for study 

by modeling them to confirm the feasibility of using the Evapotranspiration covers in 

them. After this modeling or simulation was conducted, the results were as follows: eight 

locations can effectively use ET covers using as covering vegetation  pastures. Five 

locations can use ET covers, but the vegetation needs to be changed using then shrubs 

and grass. The other locations are being rejected for this study. The selected locations 

are supposed to have thickness less than 2.0 m. 

 

 

 

 

 

 

 

 

 

 

 



SECTION ONE 

INTRODUCTION 

Final covers are used to reduce the amount of water that infiltrates into 

contaminated soils and waste deposits at solid waste disposal facilities. Reducing the 

volume of infiltrating water reduces the amount of leachate that is generated, thus 

diminishing the risk of additional groundwater contamination. At many sites, the 

Applicable Rules And Regulations (ARARs) require that the covers employ resistive 

principles, i.e., layers having low saturated hydraulic conductivity (compacted clay 

barriers, or geosynthetic clay liners with, or without, a geomembrane).  These principles 

are used to provide the hydraulic impedance that limits flow into underlying 

contaminated materials or waste. This design philosophy is often referred to as the “rain 

coat” or “umbrella” approach.  

The Resource Conservation and Recovery Act (RCRA) describes the 

requirements for traditional prescriptive landfill cover designs. In the United States 

Environmental Protection Agency (EPA) Final Cover Regulations, there is a provision 

for the use of alternative covers. This provision states that the alternative cover must be 

able to assure: 1) an infiltration layer that provides equivalent reduction in infiltration to 

that of the prescribed cover, and 2) an erosion layer that provides the same protection 

from wind and water erosion as the prescribed cover.  These regulations however, do 

not specify allowable percolation rates through any type of covers, however, this can be 

positively assumed.  

An alternative is an earthen final cover or EvapoTranspiration ET cover.  This 

cover exploits the water storage capacity of finer textured soils and the water removal 

capability of vegetation. It works as follows: water that infiltrates into the cover is stored 

by the soil and removed by vegetation via evapotranspiration, hence the name. The 

design of ET covers consists of two basic steps: first, selecting a soil profile that has 

sufficient capacity to store the infiltrating water while ensuring that percolation from the 

base of the cover is maintained below an acceptable maximum value. Second, selecting 

vegetation that will efficiently remove the stored water from the profile during the 

growing season. 
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The objective of the study is to assess the feasibility of using ET covers in 

tropical climates. The proposed research plan is divided into four major tasks. Task 1 of 

the project consists of collecting data and studies that can help obtain properties of the 

general regional vegetation, and gathering the relevant climatologic data at selected 

regions of the Tropical Zone, also called “Torrid Zone.” Task 2 involves the analysis and 

selection of the collected data, as well as, the preliminary results of the investigation so 

the selected sites are fully saturated with data that has been fully investigated. Task 3 

consists of using the collected data from Task 1 and 2 as input to determine the water 

that needs to be stored expressed as Sr, to obtain a preliminary, approximate cover 

thickness. The necessary data will then be entered into an unsaturated flow model to 

simulate the infiltration through several cover designs. Task 4 will explain the design 

guidelines and other means of technology. 

This report describes the findings of this project and is organized in the following 

manner. Section Two describes the design process of ET covers and past experience 

with such covers throughout the United States. Section Three describes the methods 

used to collect data, and perform all modeling activities during this study.  Section Four 

encapsulates the results from preliminary calculations and simulations using a water 

balance model to determine the water flux towards the covered waste called in this case  

HYDRUS 1D. Section Five provides a summary of the results, along with 

recommendations based on this study. 
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SECTION TWO 

BACKGROUND 

2.1 OVERVIEW OF LANDFILL COVERS  

 In the 21st century, environmental issues have increased the concern of the 

production and subsequent disposal of produced waste. In this day and age, old-

fashioned, engineered dumpsites or, thoroughly modern engineered landfills are the 

most commonly used waste disposal facilities. The RCRA is responsible for legislating 

landfill operation and design, and construction regulation. It establishes the minimum 

standards for the bottom landfill liners and cover designs. The regulatory standards in 

the RCRA are provided so the underlying waste is protected by the cover from rainfall 

and the consequent percolation is at a minimum.  

The regulations are not as specific as desired when they deal with landfill covers 

because the cover monitoring is often very costly and the RCRA does not consider 

covers to be as important at liners, however, the fact is, this is a true environmental risk. 

(E.P.D., 2000).  

After the landfill life is reached, the cover plays a very important function for 

waste containment, controlling the water balance inside the landfill, reducing the 

leachate production per cell, and controlling the gas or waste migration towards the 

environment. It is a fact that almost 35% of total construction costs go towards the 

construction of the cover. Considering this, reduction of the cost would be 

environmentally productive.  

Additionally, in some zones, especially Tropical Zones, there are many old 

dumps that need to be sanitized by covering them. These dumps need modern, 

progressive studies on soil covers that provide futuristic thinking on location, 

construction and installation. State-of-the art engineering is necessary to avoid lower 

seepage and the risk of further contamination caused by untreated facilities.  

 In the current regulation, the covers recommended are based on a barrier 

resistive process that does not permit the water to flow through the cover layer at all. 

Generally, they are layers of material that have a low saturated hydraulic conductivity. 

This has been achieved by installing a compacted clay layer, or a geosynthetic clay 

liner, sometimes with the addition of a geomembrane. The RCRA, in some of its 
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paragraphs, permits the use of alternative landfill covers as long as they have the same 

performance standards as the prescribed covers.  

2.2 INTRODUCTION TO ALTERNATIVE COVERS 

The principal idea in prescribed covers is to prevent percolation by interposing a 

barrier to the water seepage working against nature. In this system (ET covers), the key 

is to minimize bottom percolation by maximizing the evapotranspiration, and improving 

drainage around the landfill. 

The recommended covers concept has many potential non-working facts that 

make it problematic in the landfill cover design. The most important disadvantages are: 

1) Easy degradation due to exposure to the environment; 2) Performance decreasing 

with time; and 3) High cost and the difficulty of construction. 

Because of the water holding properties of soil and the fact that most precipitation 

returns to the atmosphere via evapotranspiration, a reliable and natural process using 

natural materials, it is possible to find landfill covers that meet the requirements of the 

RCRA without using a barrier layer. These covers employ a layer of soil on top of the 

landfill waste (where grass, shrubs or trees grow) for the purpose of controlling the 

erosion and removing water from the soil by acting as a pump at certain times. They 

utilize the natural soil water reservoir capacity of the soil to temporarily store infiltrating 

rainfall in the soil until evapotranspiration removes it, acting like a sponge on the soil.  

The equivalency concept expressed in the RCRA, does not express a comparative 

base for standards or specifications that can be used. Studying the requirements a 

landfill cover must meet, all others are satisfied with alternative covers so the method of 

comparing the equivalence of alternative covers to prescribed covers is the reduction of 

percolation rates, as well as, the covering of the waste.  

The main focus of this study is the hydrological performance of covers. The 

summary of the equivalence criterion used by the Alternative Cover Assessment Project 

(ACAP) was presented by Benson, et. al. (2002). However, the main equivalence 

criterion is to reach bottom percolation values under 20% of the total precipitation, so 

the leachate, if there is any left, will be easily handled, especially in finely covered 

landfills or in dumpsites that have been remediated.  
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The water balance landfill cover equation is represented as follows: 

 

   Pt = P – R – S – E – T – L    (Eq. 2.1)  

   

In this equation, “Pt” is the percolation that falls over the waste, “P” is 

precipitation or rainfall, “R” is runoff, “S” is the water storage in the soil, “E” is 

evaporation, “T” is transpiration, and “L” is lateral drainage (Khire, 1995). Figure 2.1 

illustrates the water balance of a landfill cover. By using natural material, ET covers can 

reach a very long useable life because natural materials will last indefinitely. If they are 

technically installed, the cover will last forever and after some time, approximately 20 

years, the manmade surface can be used for any community purpose. 

The ET is illustrated in Figure 2.2. Here, there is a joint effort with nature to 

obtain more efficient landfill covers (Benson, et. al., 2000). The main idea of this type of 

cover is to limit the percolation by maximizing the transpiration, the evaporation and 

storage in the landfill cover water balance equation. ET covers use, as well as, the 

water uptake capacities of the cover vegetation and storage capacity, a sponge effect of 

fine-grained soils to reduce the percolation and form a water balance complex.  

Such covers are composed of a vegetation surface designed to increase the 

evapotranspiration over a soil layer that acts as a sponge and stores the excess water 

at low evapotranspiration periods. It is known that ET covers are made of natural 

materials and are based on sound principles. They should perform well in the long term 

and have an excellent fit with nature (Hauser, et. al., 2001). The alternative covers can 

be divided into two kinds: “Monolithic” or “Monolayer” covers and “Capillary Barriers.” 

Monolithic covers are composed by only one soil and Capillary covers utilize two soil 

layers, one fine-grained above coarse-grained soils so the storage capacity is 

enhanced. ET covers have another advantage over prescribed covers, the cost, an 

essential element of the total price.  

Since ET covers are made with materials readily found in the region, they are 

much less expensive to implement. Studies prove that substantial savings per acre of 

cover have been achieved by using ET covers instead of conventional or prescribed 

covers (Benson, et. al., 2000). The expected life of ET covers is thousands of years 
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because they are based on natural principles. The most important idea to be considered 

is that ET covers are congruent with nature and today it is essential to create a green 

design to obtain improvements in performance, durability and public acceptance. 
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Fig. 2.1 Water Balance of a Landfill Cover 



 

8 
 

 

 

2.3 DESIGN PHILOSOPHY BEHIND EVAPOTRANSPIRATION COVERS 

 The design of any landfill cover depends on the purpose the landfill is chosen to 

be used; therefore, a design like this is called a “process based” design (Ankeny, et. al., 

2000). Alternate covers are designed to control the water percolation into landfill cells. 

The variables that have to be managed during the design are: vegetation cover, soil 

properties (depending on the regional soils), and thickness of the soil layer or layers. To 

obtain an appropriate design, a good combination of these variables is important to 

reach a sound and useful design (Ankeny, et. al., 2000).  

 Alternative covers work as a sponge, retaining the water in the soil. Vegetation 

covers act as pumps of the water stored in the soil that is released via 

evapotranspiration into the atmosphere, Figure 2.2. The key design parameter in 

alternate covers design is to provide enough storage for the excess rainfall that needs 

to be held in the soil during the vegetation’s dormant period, or wilting months, so that 

the stored water will be released in the plant-growing season.  

Using climatic data, and the growing seasons of the vegetation cover (which has 

been determined to be nine months of the year, March through November, for Tropical 

and Subtropical Zones, the semi-dormant time is December, January and February), 

the growing season of the vegetation is determined and so, the pumping activity period. 

Once determined, the growing season of the vegetation covers the total precipitation 

outside the growing season using the following equation: 

 

                                          Po = Pt – Pgs                                 (Eq. 2.2) 

 

Where “Po” is the precipitation outside the growing season, “Pt” is the total 

precipitation, and “Pgs” is the precipitation during the growing season. The selected soil 

must be able to store this calculated precipitation. The method for calculating the 

storage capacity of the soils is the Soil Water Characteristic Curve (SWCC). Figure 2.3 

shows how the behavior of the soil and the different stages can be determined.   

The unit storage of soil is the water content enclosed by the wilting point and the 

field capacity. The wilting point θwp as shown in Figure 2.3 and graph, is the water 

content below which the plants can no longer remove water extracting it from the soil. 



 

9 
 

 

 

The field capacity θfc (Figure 2.3); is also defined as the water content at which the soil 

can no longer retain water. The unit storage is calculated by the equation:  

 

                                           Θa= θfc - θwp                       (Eq. 2.3) 

 

Where Θa is the unit storage capacity of the soil, θfc is the field capacity of the 

soil as defined before and θwp is the wilting point for the cover (Abichou, 1999). Once 

the unit storage is known, as well as, the precipitation outside the growing season, the 

thickness needed for the cover is calculated using the following equation:  

 

                                          L = Po/ Θa     (Eq. 2.4) 

 

Where “L” is the cover thickness, “Po” is the precipitation outside the growing 

season (Abichou, 1999); Θais the unit storage capacity of the soil. This equation is the 

result of the initial premise that the soil layer is a constituent of the cover that needs to 

have enough storage capacity for the precipitation falling during the dormant months of 

the vegetation. This calculation is a rough approximation to the thickness of the cover. 

The following step in the design development is to enter this initial design into a water 

balance model.  



 

10 
 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Fig 2.2 Soil Water Characteristic Curve (SWCC) 

  

0.1 

1 

10 

100 

1000 

10000 

0 0.05 0.1 0.15 0.2 0.2
5 

0.3 0.35 

w 

(Wilting Point)  

fc 

(Field Capacity) 

S
u

ct
io

n
 (

K
P

a
) 

Water Content 

Excess Water (Drains by gravity) 

Attached Water (not available for storage) 

Storage 



 

11 
 

 

 

2.4 SELECTED ET COVER STUDIES 

 The principles and technology that form the basis for the ET landfill cover are 

well understood and field measurements are available to test the concept. The 

measurements prove the ET landfill cover concept over periods of years, decades, and 

even millennia. The measurements assessed the effect of unusually wet periods, fires, 

drought and other natural events. This data demonstrates that the ET cover can 

minimize movement of precipitation into stored wastes by using natural forces and the 

soil’s water holding capacity. 

2.4.1 Short Term Studies in Humid Climates 

There is not a large quantity of studies about the behavior of the landfill covers or 

the remediation dump covers around the world under high precipitation regimes. There 

was the opportunity of having three of the most recent that show how ET covers can be 

used in medium intensity rain zones. They are summarized as follow: 

2.4.1.1 Lakeside Reclamation Landfill - Beaverton, Oregon 

 Lakeside Reclamation Landfill (LRL) was approved for ET cover capping using 

poplar trees in 1990. A performance-based study was done using a series of test pads 

to draw comparisons between a non-RCRA grass only cover, and an ET cover planted 

with poplar whips (Jarrell, et. al., 1995). Two test pads were constructed, one planted 

with poplar trees using the same design as the ET cover used in the landfill capping, 

and the other using grass only. Soil moisture was monitored at different depths 

underneath both test pads to compare their performance. Overall mean soil moisture 

underneath the ET test pad was less for 37 of the 43 testing dates in 1994 and 1995 

(Licht, et. al., 2001).   

Additionally, soil moisture at lower depths was consistently less underneath 

poplar trees. In excavations at the site, poplar root growth was recorded at four foot 

depths, while grass roots only reached one and a half feet maximum depth (Licht, et. 

al., 2001). 

Based on the results from (Jarrell, et. al., 1995), the following was concluded:   

1. Water removal was higher for the ET cover than the grass-only cover during 

this study. 
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2. At lower depths, deep poplar root growth proved to be more effective at 

removing soil moisture. 

3. In the long term, percolation rates from the ET cover test pad will be lower 

than the grass-only cover due to higher root density and a more efficient 

water removal mechanism.    

2.4.1.2 Alternative Cover Assessment Project (ACAP) 

The test covers, as a part of the Alternative Cover Assessment Program (ACAP), 

have been constructed throughout the country as an informative way for professional 

consultants to monitor results. The water balance data is being collected up-to-date, 

classified and filed. Data is being collected from 10 test sites and 24 test sections. 

Almost all climates have been represented, ranging from arid climates (Apple Valley, 

California, Average precipitation 138 mm/yr) to humid subtropical such as in Albany, 

Georgia, where the average precipitation is 1280 mm/yr. Fourteen test sections have 

been located in semiarid or arid climate locations and ten are located in humid climates. 

Percolation rates are being transmitted by all of the covers located in semi-arid 

climates, and all have met the equivalency criteria.  No data is available for conventional 

covers with clay barriers due to insufficient collected up information.   

Percolation rates for the alternative and conventional covers located in humid 

regions are higher than anticipated.  The percolation rates vary significantly from site-to-

site for all covers except the conventional covers with composite barriers.  Percolation 

rates for the alternative covers range between 50 and 328 mm/yr.  For the conventional 

covers with clay barriers, the percolation rates range between 48 and 315 mm/yr.  The 

conventional covers with composite barriers have percolation rates between 40 and 171 

mm/yr. 

The relatively high percolation rate for the alternative covers in humid regions is 

attributed to immature vegetation; this means that the data was obtained during the 

initial growing portion of the plants. Percolation rates for these covers are expected to 

diminish as the vegetation matures and the LAI (Leaf Area Index) is increased as well 

as the pumping capacity of the vegetation. At one site, the percolation rate has dropped 

more than a factor of 25 as trees became established. The high percolation rate for the 

conventional cover with a clay barrier is due to preferential flow through desiccation 



 

13 
 

 

 

cracks. The percolation rate for this test section probably will not diminish unless the 

cracks are repaired. 

The data collected to date for conventional covers with composite barriers 

provide a basis for tentative recommendations regarding equivalent percolation rates. 

Insufficient data is available for recommending a reasonable equivalency criterion for 

covers with clay barriers. The recommended percolation rates for covers with composite 

barriers are 100 mm/yr (semi-arid and arid climates) and 250 mm/yr (humid climates). 

These recommendations are based on the relatively short data record collected to date, 

and may change as more data are collected during the study.  

2.4.1.3 Assesment of Alternative Earthen Final Covers for Florida Landfills, 

(Abichou, Langoni, Tawfiq, 2003) 

The objective of this study is to determine the feasibility of ET Covers in Florida. 

The study consists of collecting climate data, soil samples, and vegetation 

characteristics from several regions in Florida.  Hydraulic properties of the soil samples 

along with vegetation root density function were evaluated in the laboratory.  The 

accumulated data was then used as input into an unsaturated flow model (UNSAT-H) to 

simulate infiltration into the waste during peak weather events.   

Simulations were performed to evaluate the effect of the weather period, the 

effect of soil thickness, the effect of vegetation, and to determine what regions in Florida 

show potential to employ ET covers.   

Results from this study show that the Northwest and Northeast Regions of 

Florida are able to meet the preliminary requirements for hydrological performance as 

required by the RCRA. However, field evaluation of these designs should be performed 

before full implementation of ET covers in these regions. Results from simulations using 

UNSAT-H showed that using a cover thickness of 1.5m, vegetated with trees and 

grasses, alternative covers can meet the equivalency criteria. No percolation was 

obtained for the Northwest region using trees and grasses with a thickness of 1.5m. 

This cover thickness is smaller than that calculated according to the traditional 

alternative cover design procedure. This can be explained by the fact that the traditional 

alternative cover design is very conservative and provides storage for all precipitation 

falling outside the growing season, neglecting the effects of runoff, which may 
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significantly reduce infiltration. Therefore, the thickness design obtained for these 

simulations is 1.5m.  It is noted that simulations at 1m using trees and grasses as a 

vegetation cover met the equivalency criteria for compacted clay covers in the 

Northwest Region but not for composite covers. 

2.4.1.4 Field Performance of Alternative Covers Designed with Trees (Abichou, 

Musagasa, Lei Yuan, Chanton, Tawfiq, Rockwood) 

Final covers are used to reduce the quantity of water that infiltrates into waste 

deposits at solid waste facilities. An alternative, earthen final cover, uses the water 

storage capacity of finer textured soils and the water removal capability of vegetation. 

This type of cover is referred to as an evapotranspiration or ET cover.   

Hauser, et. al. (2001), reviewed extensive and long-term field measurements that 

demonstrated that the ET cover concept is sound and can control water movement. 

Recent performance data from large-scale demonstrations indicate that ET covers have 

percolation rates comparable to conventional cover designs. Under the Alternative 

Landfill Cover Demonstration (ALCD) program, the ET cover designs generally 

demonstrate less percolation than the conventional cover (Madalinski, et. al., 2003). 

Licht, et. al. (2004), also suggest that ET covers percolate much less precipitation than 

conventional covers. ET covers, however, are less effective in achieving low percolation 

in humid climates. Albright, et. al. (2004), reported high percolation rates at sites in 

humid climates. 

The primary objective of the study described in this paper is to compare the 

performance of ET covers and conventional covers and to assess how the lysimeters’ 

lower boundary affect the soil water storage, soil temperature, and growth of trees. 

The paper also presents data of soil water storage, soil temperature, and tree 

growth for the two test sections with a bottom no-flow boundary (liner), compared to two 

unlined test sections. These test sections, which simulated conventional and ET landfill 

covers, were located at the Leon County Solid Waste Management Facility in 

Tallahassee, Florida. Eucalyptus and cottonwood trees were used in the ET cover test 

sections while bahia grasses were used in the conventional cover test section. 

The average percolation rate during the first year of monitoring ranged from 47% 

of precipitation in the ET cover with eucalyptus trees to 56% of precipitation for the test 
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section with cottonwood trees. The percolation rates after the tree establishment period 

were 17% and 24% of annual precipitation for the test section with eucalyptus trees and 

cottonwood trees respectively, compared to 33% in the conventional cover lysimeter. 

The ET to precipitation ratio was 81% for the eucalyptus trees test section, and 75% for 

the test section with cottonwood trees. The percolation performance ratios of 0.63 and 

0.88 for the eucalyptus and cottonwood, respectively, indicate that, the ET cover design 

performed better than the conventional cover. The results also show that, eucalyptus 

trees performed much better than cottonwood trees. 

More studies are still required to assess the effect of the bottom no-flow 

boundary so these results can be compared with others. 

2.5 MUNICIPAL WASTE MANAGEMENT IN TROPICAL  

AND UNDEVELOPED LOCATIONS 

 The production of solid waste is the same in all tropical and undeveloped 

countries and the necessity of its disposal is critical. The less developed countries, 

especially the ones located in the Tropical and Subtropical Zones, between the 

longitudes 300 N and 300 S, are having a life-threatening problem with the disposal of 

municipal waste. It is a fact that recycling is propelled by the necessity of some people 

to earn money. They do so through the sale of recycled items such as, metal, paper, 

cardboard and wood. At this time, these people are being displaced in medium and 

large cities by large recycling companies. They are forced to go to landfills and dump 

sites to get recycled items to sell and even food to satisfy their needs. This movement is 

creating an urgent need for covering these locations so people are not exposed to 

dangerous materials. 

Entire cities are dumping waste into certain empty fields that have uneven 

topography and cracks. The holes and crevices, formed by water runoff, are then filled. 

Filling the fields with solid waste, and adding rain precipitation will produce leachate that 

will run through the dumpsites, towards major bodies of water. Chemical and 

commercial wastes are dumped and mixed in these gorges. All the water that passes is 

being contaminated as it flows directly to rivers and water sources. National and 

regional authorities record and inspect incoming waste, but seldom monitor the 

environmental effects of waste disposal, leading in some cases to weak enforcement of 
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environmental mitigation measures (e.g., a decrease in leachate treatment, or a greater 

tolerance for open fires on a landfill).  

Generally, all the landfills are owned by local municipal or metropolitan 

governments. Supervised by local government employees, private companies 

increasingly supply and operate equipment at landfills under short-term arrangements 

(1-5 years). In a best practice example, some governments have concession 

agreements with private contractors to design, build, and operate their landfills for a 

period of 30 years. Malaysia has opted to privatize waste disposal by dividing the 

country into four concession zones.  

Few of the landfills charge tipping fees for incoming waste upon entry, but in 

general the fees are not enough to cover all costs of the operation. Other forms of 

revenue collection include a landfill tax for the municipality hosting the landfill. The 

estimated costs for fees in Hong Kong and the Philippines are approximately 

US$10/ton, but these do not reflect real disposal costs or cover the cost of leachate 

treatment that eventually is not treated.  

In conclusion, waste production is an undeniable threat to the quality of life on 

Earth. Unless there is a monumental effort towards recycling, both commercial and 

residential, there will be more and more waste to be land-filled or simply dumped. 

Waste land-filling and dumping is an issue that needs urgent study from a legal point of 

view. The remediation of old dump-sites is an urgent need to avoid health threats as 

well as dispersion of the pollution to larger areas. The problem is that countries or states 

do not reserve funds to instigate solutions to these problems. The need is to lower the 

costs necessary to reach the goal of covering the old dump-sites and crevices, then the 

visual and environmental pollutions can be suppressed or, at least, controlled.  

2.6 EXTENDING THE EVAPOTRANSPIRATION COVERS UTILIZATION TO 

TROPICAL AND SUBTROPICAL CLIMATES 

Due to the problems that need to be addressed as explained in the prior 

paragraph, one of the solutions that is being studied in this study is the safe use of ET 

covers in the Tropical and Subtropical zones. 
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The use of ET covers in humid Tropical Zones needs vast study, especially in 

choosing as many locations as possible. The fitting of the studies of ET covers should 

encompass almost all the positive issues that the traditional covers provide.  

It will then be necessary to study a specific zone contained in the specific area of 

the world and adapt the existing climatic and environmental facts to the conditions 

accepted for the use of ET covers. For this, the investigation begins by obtaining the 

basic data needed to perform the feasibility study, then choosing the best place to 

secure the most accurate data possible. The data is corresponding to soil, climate, 

altitude, latitude, etc.  

In the following chapters, the methodology and working system is described, as 

well as, the results of this study guided to adapt ET covers to Tropical Zones taking the 

basic requirements and extending them as a challenge to fulfill a need that is growing 

more crucial everyday.  
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SECTION THREE 

MATERIALS AND METHODS 

The objectives of this study, as described in previous sections, are to perform a 

feasibility study about the use of ET covers in Tropical climates. To reach this objective, 

the study was divided into three tasks. The first task consisted of collecting climatic and 

vegetation data in order to classify the different micro-climates or Ecozones in Tropical 

climates. The second task was to determine the preliminary design methodology and 

the third was to run a water balance model to monitor the preceding task. 

3.1 DATA COLLECTION 

The island of Puerto Rico was used because there, several micro-climates exist 

that represent the different typical micro-climates of the tropics. Also, this is a 

consequence of the extensive data available for the Island. Six micro-climates and/or 

Ecozones were identified and preliminary data was obtained. Additional data relevant to 

ET cover design was collected from several localities in each Ecozone. This data was 

then used to identify the locations where ET covers are feasible for water balance 

modeling because their bottom percolation seemed to be adequate for handling the 

amount of precipitation.  

The climatic and geographical data was taken from the United States 

Department of Agriculture Natural Resources Conservation Service via their Soil Survey 

of the Commonwealth of Puerto Rico. This survey was performed in cooperation with 

the United States Department of Agriculture, Forest Service, and the University of 

Puerto Rico Agricultural Experiment Stations, obtaining monthly averages of 

temperature and rainfall. Mean monthly numbers are easily found in this study. 

Intellicast was used to obtain daily data on a 30-year average. In this site, the daily 

averages were found for temperature, rainfall and humidity. 

Finally, when the primary calculations were complete, it was necessary to obtain 

ETo or PET, which is defined as the “Potential Evapotranspiration.”  The corresponding 

data was obtained by using the computer program PR-ET version 1.03 developed at the 

University of Puerto Rico in Mayaguez. This program was developed through a grant by 

the UPR Experimental Station SP347 and USDA HATCH Project H402. The input to the 
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PR-ET program was the longitude and the latitude of the location obtained using Google 

Earth.  

LAI for three types of vegetation were collected from different sources and were 

then used as input into a water balance model that will be described later in this section. 

3.2 PRELIMINARY DESIGN METHODOLOGY 

To develop the preliminary design several stages were performed:  

 Determine the amount of stored water that needed. Monthly precipitation data 

was used along with Potential Evapotranspiration – ET0 - to obtain the P minus 

PET difference. P – PET is then used as an indication of the amount of water that 

needs to be accumulated in the dormant periods of the plants.  

 A preliminary analysis of the collected data was performed as follows: The 

methods described in the ACAP workshop handouts were used to determine the 

quantity of water that needs to be stored during a typical year for the different 

climatic data collected as described above. P minus PET was used since it is an 

excellent indicator of the water quantity that the soil needs to store during that 

time.  

 Thresholds were best determined and used two seasons per year, due to the fact 

that in a tropical climate there is no snow fall so the vegetation is never totally 

dormant. Water accumulates for months when the P/PET threshold is exceeded 

as shown in Table 3.1 below. Percolation occurs when the P/PET threshold is 

exceeded:  

 Calculate the yearly amount of water that needs to be Stored Sr: 

 

Sr m – βfw PETm) - Ʌfw) + 

m – βss PETm) - Ʌss) 
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Table 3.1 Thresholds Fall and Winter, Spring and Summer  

 

CLIMATE TYPE SEASON THRESHOLD 

NO SNOW AND FROZEN FALL-WINTER 

3 months Dec., Jan., Feb. 

P/PET > 0.34 

GROUND SPRING SUMMER 

9 months March to 

November  

P/PET > 0.97 
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The terms are defined as follows: 

Pm = monthly precipitation. 

PETm = monthly PET. 

βfw =  ET/PET in fall-winter or in the coldest and driest months of the year. (3 

months) 

βss = ET/PET in spring - summer or in the hottest and more humid months of the 

year. (9 months) 

Ʌfw = runoff and other losses in fall winter. 

Ʌss = runoff and other losses in spring summer. 

The first term belongs to the three months chosen as the dormant period of the 

vegetation, the second term corresponds to the nine months of growing season.  

Where the correlations are defined as follow: 

The main parameter is Sr that predicts the yearly amount of stored water that 

needed on a yearly basis to be stored. The easiest way to understand the parameter is 

the thickness. It is accepted, if the cover study yields a thickness over a pre-fixed 

number, it is not an economically effective cover. 

Soil provides the medium in which plants grow; it stores precipitation within the 

ET cover and provides nutrients for plant growth. Total (potential) soil-water storage 

capacity is controlled by soil properties. The storage capacity available at any instant in 

time is controlled primarily by the balance between infiltration from precipitation and the 

rate of water removal from the soil by ET. 

Table 3.3, displays some of the water storage capacities that are classified as a 

useful part of the data to complement the Sr study and to obtain the thickness of the soil 

cover for the waste. The two capacities that were used in the Puerto Rico study are for 

loam and clay loam.  
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Table 3.2 Beta and Alpha Correction Correlations 

 

CLIMATE TYPE SEASON Β (-) Ʌ (mm) 

No snow and  Fall – Winter 0.30 27.10 

Frozen ground Spring - Summer 1.00 167.8 

 

 
Table 3.3 Guide to Available Water Storage Capacities of Soils 

 

TEXTURAL CLASS AWSC 

(IN. WATER/IN. 

SOIL) 

AWSC 

(IN. WATER/FT. 

SOIL) 

AWSC 

(mm. WATER/m. 

SOIL) 

Silt loam 0.21 2.5 208 

Clay loam 0.20 2.4 200 

Loam 0.18 2.1 175 

Fine sandy loam 0.14 1.7 142 
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3.3 WATER BALANCE MODEL 

3.3.1 Methodology and Development in Use of the HYDRUS 1D 

The final part of this study consists of performing water balance modeling on 

locations where the preliminary design, described earlier, shows the ET cover is 

feasible for the region.  

The water balance modeling was performed using the model called HYDRUS 

1D. HYDRUS 1D is used to monitor the different thicknesses by calculating the final 

bottom percolation and determining what is the effectiveness of the ET cover by 

comparing the precipitation with the final bottom percolation figure. To complete these 

operations, data must be entered into the software. This data comprises daily average 

precipitation and daily ETo. Plant information is obtained by splitting the PET into 

Potential Transpiration and Potential Evaporation.   

Using the Ankeny equation, PT= PET x [ 0.52 (LAI0.5)], PT can be obtained, 

having LAI and PET or ET0 daily data being obtained from the software already 

exposed. The Evaporation is equal to PET minus ET and the Transpiration is PT minus 

Evaporation. This is the basic data needed to begin running the modeling program. The 

software calculates the data to determine if there are one or two layers and, the type of 

soil and the vegetation to be used. The program is run for the various chosen depths 

and the results are obtained as output. 

For each location, different soils thicknesses were modeled using grass initially 

as default vegetation cover in all areas. In locations where grass was not sufficient to 

fulfill the pumping needs and , the model displayed too high bottom percolation that was 

too high, it was necessary to add shrubs or trees to the vegetation, changing the 

vegetation type, so the bottom flow was mainly reduced. 

The most important result is called ”Bottom Flow,” which is the same bottom 

percolation of the cover that allows water to get into the covered waste. The model  

produces data output for the years that are being simulated. In this case, five years 

were chosen, because it is important to get rid of the two initial years that give the 

higher percolation results as an outcome of the fact that the trees are in an adaptation 

period of life. Once the result is obtained, it is averaged for the last year and obtained in 

mm per year. The graphs are illustrated in Chapter Five of this study. The percolation 
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numbers are compared as a percentage of the annual precipitation obtained as initial 

data for the location. This ratio, percolation/precipitation, is called the “efficiency” of the 

cover and the useful range is from 20% to 0%. 

3.3.2 Description of HYDRUS 1D 

The HYDRUS program numerically solves the Richards’s Equation for variably 

saturated water flow and advection-dispersion type equations for heat and solute 

transport. The flow equation incorporates a sink term to account for water uptake by 

plant roots. The heat transport equation considers transport due to conduction and 

convection with flowing water. Coupled water, vapor, and energy transport can be 

considered as well. The solute transport equations consider advective-dispersive 

transport in the liquid phase. Alternatively, the transport equations include provisions for 

kinetic attachment/detachment of solute to the solid phase and thus it can be used to 

simulate the transport of viruses, colloids, or bacteria.  

The HYDRUS software package also includes modules for simulating carbon 

dioxide and major ion movements.  

The program may be used to analyze water and solute movement in 

unsaturated, partially saturated, or fully saturated porous media. The flow region may be 

composed of non-uniform soils. Flow and transport can occur in the vertical, horizontal, 

or a generally inclined direction. The water flow part of the model monitor prescribes 

head and flux boundaries, boundaries controlled by atmospheric conditions, and free 

drainage boundary conditions.  

The unsaturated soil hydraulic properties are described using van Genuchten 

(1980), Brooks and Corey (1964) and modified van Genuchten type analytical functions. 

A Microsoft Windows-based Graphical User Interface (GUI) manages the input data 

required to run HYDRUS. Both input and output can be examined using graphic tools. 

File management is handled by a project manager. Post-processing is also carried out 

in the shell. HYDRUS-1D offers distribution graphs of the pressure head, water content, 

water and solute fluxes, root water uptake, temperature and concentration in the soil 

profile at pre-selected times. 

Output also includes variable-versus-time plots, such as actual, potential and 

cumulative fluxes across boundaries or, leaving the root zone. The HYDRUS simulates 
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the effects of plant transpiration using the PET concept. PET is partitioned into PT using 

Equation 3.2 (Ritchie and Burnett, 1971): 

                                              

                                         )(52.0 5.0
LAIPETPT   

 

Where LAI is the Leaf Area Index for the vegetation.   
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SECTION FOUR 

RESULTS AND ANALYSIS 

4.1 RESULTS OF DATA COLLECTION 

4.1.1 Characteristics of Tropical Zones 

Table 4.1 shows a summary of the Ecozones chosen in this study. The Tropics 

are a region of the Earth located at the Equator. It is limited in latitude by the Tropic of 

Cancer in the northern hemisphere at approximately 23° 26  16  ( or 23.4378° ) N and 

the Tropic of Capricorn in the southern hemisphere at 23° 26  16  ( or 23.4378° ) S. The 

tropics are also referred to as the Tropical Zone and the Torrid Zone. For this study, the 

chosen location was the island of Puerto Rico, due to the fact, it is located in the above-

mentioned area, and the data records that exist are very trustworthy. The data has been 

collected by scientific agencies in the United States where the data has been carefully 

stored and analyzed. This information is easily obtainable from Federal and States files. 

Although the island is partially governed by the United States, the ecological 

conditions are similar to the Tropical Zones and can be used as an excellent study 

guide to Tropical Zones worldwide. Therefore, this study includes the following 

information that was specifically compiled for a tropical location.  

It is important to understand that almost every ET cover design is unique 

because conditions vary by location, so what is intended is to design guidelines and 

methodology for ET covers in tropical and sub tropical climate locations. This type of 

economic cover can be afforded by locations that cannot support the cost of the 

traditional covers. Also, the modernization of dump locations and final landfill covers, 

which are urgently needed in many countries, can now be realized at lower costs. The 

climatic data, along with the vegetation data collected in this study, was used to obtain 

the initial zones which are in accordance with the soil and climate inventory of Puerto 

Rico and accordingly to the Soil Survey done by the United States Department of 

Agriculture in cooperation with the College of Agricultural Sciences. The zones are: 

 



 

27 
 

 

 

TABLE 4.1 Basic Average Data for the Six Ecozones 

 

Ecozone Precipitation ETo Max.Temp Min Temp    

 mm. mm. oF oF    

A 

ARECIBO 

1475/2111 1458/1629 81 73    

B 

SAN JUAN 

1387/1660 1380/1638 85 70    

C 

HUMACAO 

966/2160 1434/1578 82 68    

D 

PONCE 

965/1837 1521/1737 88 63    

E 

SAN GERMAN 

799/2430 1473/1720 83 69    

F 

MAYAGUEZ 

1492/2435 1473/1629 89 60    
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4.1.1.1 Northern Coastal Planes, River Valleys, Karst Soils -A- (Arecibo)  

This Ecozone is located in the North Central part of the island of Puerto Rico. 

This Ecozone is made up of three major physiographic regions: 1) The nearly level to 

sloping coastal plains, including the alluvial flood plains along the rivers; 2) The 

limestone upland hills which have a Karst topography on the north coast; and 3) The 

volcanic and intrusive upland hills in the southern part of the area.  

Primarily, the zone has dairy farms and pineapple production. Also, in minor 

scale, the following crops are grown in the area: sugarcane, coffee, tobacco, citrus, 

plantains, taniers and yams. The dairy farms have improved pastures, such as, Pangola 

Grass and Stargrass, for milk or beef production. Rice is grown in the coastal plains. 

The Arecibo area has hot days during most months. With the exception of  

January and February, nights are warm all year. At the mountains in the interior, the 

temperature is lower than elsewhere. Rainfall is abundant in most of the surveyed areas 

but reaches a minimum during February and March. Of the total precipitation, 50% falls 

in April through September, this being the range of time of the growing season for most 

crops.  

During the same period, the rainfall in the mountains is 65% of the total rainfall. 

From June until November, an occasional tropical depression skirts, or crosses, the 

area of Arecibo and heavy rainfall can cause severe flooding. Every 10 to 20 years a 

hurricane strikes the zone causing wind damage and flooding. The average relative 

humidity is 70% during the day (higher at night), and 80% at dawn. 

The soils have only been studied in the engineering field. The soils of this 

Ecozone are classified as: Coastal Plains, Soils on Uplands and Soils on Flood Plains. 

They are identified in Table 4.1. 

4.1.1.2 Coastal Planes, Karst Soils, Mountain Climate -B- (San Juan) 

This Ecozone can be found in the North Central part of the island. It is made up 

of three major physiographic regions: 1) The nearly level to sloping coastal plains, 10% 

of the area of the zone; 2) The haystacks or limestone upland hills which have a 

remarkable Karst topography on the north coast and cover around 4% of the Ecozone; 

and 3) The volcanic and intrusive upland hills in the southern part of the area which 

cover about 85% of the total acreage. There is an industry called Consolidated Cigar 
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Company.  The following crops are grown in the area: tobacco, citrus, plantains, taniers 

and yams. The dairy farms have improved pastures, such as Pangola Grass, Stargrass 

and Merker, for milk or beef production.  

This area has hot days during most months. With the exception of January and 

February, nights are warm all year. At the mountains in the interior, the temperature is 

lower than elsewhere. Rainfall is abundant in most of the surveyed areas but reaches a 

minimum during February and March. The maximum temperature in San Juan is 77⁰F in 

the winter and 82⁰F in the summer. In Barranquitas, the temperatures are 69⁰F in the 

winter and 74⁰F in the summer. The average relative humidity during the day is 65% 

(higher at night) and 80% at dawn. 

The soils are formed mainly in a clayey material weathered from basic volcanic 

rocks. A few are gently sloping to sloping, V-shaped drainage ways dissect the entire 

area. Table 4.1 displays the soil classification. 

4.1.1.3 Rain Forest and Mountain -C- (Humacao) 

This Ecozone is in the East Central part of the island. It is made up of three major 

physiographic regions: 1) The coastal plains, including the lowlands which covers 20% 

of the zone; 2) The inner valleys and nearly level flood plains which cover about 40% of 

the zone; and 3) The sloping, to very steep, uplands which cover 40% of the zone. 

There is a semi-desert subzone in the South coastal plain. Sugarcane is grown in the 

nearly level, to the sloping, areas. Food crops and pastures are in the steeper zones.  

This area has a tropical marine climate, hot days during most months. With the 

exception of January and February, nights are warm all year. At the mountains in the 

interior, the temperature is lower. Rainfall is abundant in most of the surveyed areas but 

reaches a minimum during February and March. Of the total precipitation in the plains, 

50% falls in April through September, this being the range of time of the growing season 

for most crops.  

During the same period, the rainfall in the mid-mountains is 65% of the total 

rainfall. From June until November, an occasional tropical storm skirts, or crosses, the 

area and heavy rainfall can cause severe flooding. Every 10 to 20 years a hurricane 

strikes the zone causing wind damage and flooding. Average relative humidity during 
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the day is 75% (higher at night) and 80% at dawn. The humidity is increased by rain 

forests in the vicinity that facilitate a high, rain condition climate. 

The soils of this Ecozone are classified as: Coastal Plains, Soils on Inner Valleys 

and Flood Plains, and Sloping, to Very Steep Uplands. Table 4.1 displays the 

engineering classification of the soils. 

4.1.1.4 Dry Coastal Plains, Mid Mountain -D- (Ponce) 

This Ecozone is located in the South Central part of the island. It is made up of 

three major physiographic regions: 1) The nearly level, to sloping coastal plains, 5% of 

the area of the zone; 2) The volcanic and intrusive upland hills in the central part of the 

area and cover about 85% of the total acreage and; 3) The humid uplands. The zone’s 

main agricultural activities are farms, livestock, fruit orchard, woodland products and 

food crops. 

This area has hot days during most months. With the exception of January and 

February, nights are warm all year. At the mountains in the interior, the temperature is 

lower than in other places of the island. Rainfall is abundant in most of the surveyed 

area but reaches a minimum during February and March. The maximum temperature in 

Ponce is 77⁰F in the winter and 82⁰F in the summer. In Adjuntas, in the upper 

mountains, temperatures are 67⁰F in the winter and 72⁰F in the summer. The average 

relative humidity during the day is 70% (higher at night) and 80% at dawn. 

The soils are formed mainly in a clayey material weathered from basic volcanic 

rocks. A few are gently sloping to sloping, some are semiarid in the uplands, and some 

are semiarid in the coastal planes. See Table 4.1 for soil classification. 

4.1.1.5 Mountain and Mid-mountain -E- (San German) 

This Ecozone extends in the Southern and Central West areas of the island. It is 

made up of four major physiographic regions: 1) Nearly level, to sloping, humid coastal 

plains; 2) Humid, upland hills in the central part of the area which cover about 43% of 

the total acreage; 3) Semiarid uplands, mountains and valleys; and 4) Semiarid coastal 

plains. The zone’s main agricultural activities are farms, fruit orchards, woodland 

products and food crops as well as mangos and a few acres of pineapple. There are 

approximately 50,000 acres of wildlife refuges, natural reserves and forests in the 

custody of the Conservation Trust, Federal Government and the state Government. 
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This area has hot days during most months. With the exception of January and 

February, nights are warm all year. At the mountains in the interior, the temperature is 

lower than in other places on the island. Rainfall is abundant in most of the surveyed 

areas but reaches a minimum during February and March. The maximum temperature 

in San German is 74⁰F in the winter and 80⁰F in the summer. In Lajas, temperatures are 

60⁰F in the winter and 87⁰F in the summer.  

The soils are formed mainly in a clayey material weathered from basic volcanic 

rocks. A few are gently sloping to sloping, some are semiarid in the uplands, and some 

are semiarid in the coastal planes. Soil classification is given in Table 4.1. 

4.1.1.6 Mid-Mountain, Mountain and Mid Coastal Planes -F- (Mayaguez) 

The last Ecozone extends to the Northwestern and Central West part of the 

island. It is made up of the following physiographic regions: 1) Coastal plains; 2) 

Limestone upland hills with characteristic Karst topography. (They are north of the 

Ecozone but south of the coastal planes); 3) Semiarid uplands, mountains and valleys; 

and 4) The general central mountainous region. The zone’s main agricultural activities 

are well-developed farms, fruit orchards, woodland products and food crops.  

The area has a very rainy zone, especially in the mountains. It has hot days 

during most months. With the exception of January and February, nights are warm all 

year. At the mountains in the interior, the temperature is lower than in other places of 

the island. Rainfall is abundant in most of the surveyed area but reaches the minimum 

during February and March. The maximum temperature in the mountains is 74⁰F in the 

winter and 80⁰F in the summer. In the coastal area, temperatures are 60⁰F in the winter 

and 87⁰F in the summer. The average relative humidity during the day is 70% (higher at 

night), and 80% at dawn. 

The soils are formed mainly in a clayey material weathered from basic volcanic 

rocks. A few are gently sloping to sloping, some are semiarid in the uplands, and some 

are semiarid in the coastal planes. In the high mountains, the rain is higher than 300” 

per year.  

4.1.2 Additional Data Needed To Perform ET Designs 

After the six Ecozones were selected, additional characterization of each zone 

was performed. Three to four typical regions, or locations, per zone were chosen in 
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each Ecozone. In each one of the 21 locations, the investigation consisted in selecting 

the following characteristics of the site: climate, soil type, and vegetation. Table 4.2 

shows a summary of the 21 locations that were studied in the six Ecozones. 

Table 4.2 is a summary of all the characteristics needed to deal with the different 

Ecozones to investigate if the ET covers are feasible. The main data that is deposited in 

each one of the 21 Ecozones chosen for the preliminary study is: location, climate, soil 

classification according to AASHTO (American Association of State Highway Officials) 

and texture, topography, vegetation and precipitation regimen.  

The 21 locations are distributed as follows according to temperature factors, soil 

classification and topography. In Ecozone A or Arecibo, Northern side, the locations of 

Arecibo, Vega Alta and Florida are being considered and classified. In Ecozone B or 

San Juan, the locations are San Juan, Barranquitas and Bayamon. In Ecozone C or 

Humacao, or rain forest, the described sites are Humacao, San Lorenzo, Cayey and 

Fajardo. In Ecozone D or dry coastal Planes-Ponce, the selected places are Ponce, 

Coamo and Adjuntas. In Ecozone E-San German, the locations are San German, 

Sabana Grande, Maricao and Lajas. In Ecozone F-the Midcoast Plains-Mayaguez, the 

sites are Mayaguez, Lares, Quebradillas and Aguadilla. With this, the study is 

complemented with necessary data. 
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Table 4.2  Zone by Zone and Selected Locations Detailed Characterization 
 
ECOZONE REGION CITY DESCRIPTION CLIMATE SOIL TYPE TOPOGRAPHY VEGETATION RAIN

ARECIBO ARECIBO

UBICATED IN THE 

NORTHERN SIDE OF 

PUERTO RICO COASTAL 

PLAINS.

IN WINTER THE 

AVG. TEMP. IS 75 ? 

IN SUMMER 80? F

MUCK AASHO A-8

DEEP NEARLY 

LEVEL,POORLY DRAINED 

MUCKY SOILS.

PASTURES SUGAR 

CANE, WILDLIFE 

HABITAT.

APRIL TO SEPTEMBER 

28" GROWING 

SEASON.FOR CROPS.

VEGA ALTA 

UBICATED IN THE 

NORTHERN SIDE OF 

PUERTO RICO SLOPE.

IN WINTER THE 

AVG. TEMP. IS 70 ? 

IN SUMMER 75? F

CLAY  AASHO A-7

DEEP GENTLY SLOPING TO 

SLOPING, LOAMY CLAYEY 

SOILS, EXPOSED 

LIMESTONE.

PASTURES 

HARDWOOD, AND 

BRUSHES.

APRIL TO SEPTEMBER 

52" GROWING 

SEASON.FOR CROPS.

FLORIDA

UBICATED IN THE 

NORTHERN SIDE OF 

PUERTO RICO 

MOUNTAINS.

IN WINTER THE 

AVG. TEMP. IS 65 ? 

IN SUMMER 70? F

CLAY LOAM SILTY 

CLAY  AASHO A-7 

DEEP GENTLY SLOPING 

LOAMY AND CLAYEY SOILS. 

WELL DRAINED.

COFFEE, FOOD CROPS 

AND PASTURE.

APRIL TO SEPTEMBER 

28" GROWING 

SEASON.FOR CROPS.

MAYAGUEZ MAYAGUEZ

UBICATED IN THE 

NORTH EAST SIDE OF 

PUERTO RICO  MID 

COASTAL PLAINS.

IN WINTER THE 

AVG. TEMP. IS 65 ? 

IN SUMMER 91? F

CLAY  SILTY CLAY  

AASHO A-7 

GENTLY SLOPING TO 

SLOPING, SOILS, ACID, 

FINE TEXTURED MAINLY 

CLAYEY.WELL DRAINED.

PASTURE CROPS FOR 

THE FARM, GRASS FOR 

CATTLE, IRRIGAT.

MAY TO OCTOBER 58" 

GROWING SEASON FOR 

CROPS.

LARES

UBICATED IN THE 

NORTH EAST SIDE OF 

PUERTO RICO  

MOUNTAINS ZONE.

IN WINTER THE 

AVG. TEMP. IS 60 ? 

IN SUMMER 89? F

CLAY LOAM SILTY 

CLAY  AASHO A-7 

STEEP TO MODERATE 

STEEP SOILS, KARST 

TOPOGRAPHY AND HILLS, 

BRUSHY FOREST AND 

BRUSHY PASTURE. 

SOME COFFEE. 

APRIL TO SEPTEMBER 

81" GROWING 

SEASON.FOR CROPS.

QUEBRADILLAS

UBICATED IN THE 

NORTH EAST SIDE OF 

PUERTO RICO MID 

MOUNTAIN.

IN WINTER THE 

AVG. TEMP. IS 71 ? 

IN SUMMER 88? F

 SILTY CLAY         

AASHO  A-7 

GENTLY SLOPING TO 

SLOPING, SOILS, ACID, 

FINE TEXTURED MAINLY 

CLAYEY.WELL DRAINED.

COFFEE,BANANAS, 

SUGARCANE, 

PASTURES.

MAY TO OCTOBER 55" 

GROWING SEASON. FOR 

CROPS.

AGUADILLA

UBICATED IN THE 

NORTH EAST SIDE OF 

PUERTO RICO  

COASTAL PLAINS.

IN WINTER THE 

AVG. TEMP. IS 71 ? 

IN SUMMER 89? F

 SILTY CLAY         

AASHO  A-7 

GENTLY SLOPING TO 

SLOPING, SOILS, ACID, 

FINE TEXTURED MAINLY 

CLAYEY.WELL DRAINED.

COFFEE, PASTURE, 

FOOD FOR THE FARM 

AND DAIRY.

MAY TO OCTOBER 51" 

GROWING SEASON. FOR 

CROPS.

 
 
 
 

ECOZONE REGION CITY DESCRIPTION CLIMATE SOIL TYPE TOPOGRAPHY VEGETATION RAIN

PONCE PONCE

UBICATED IN THE 

SOUTHERN  SIDE OF 

PUERTO RICO COASTAL 

PLAINS.

IN WINTER THE 

AVG. TEMP. IS 73 ? 

IN SUMMER 88? F

ALLUVIAL SEDIMENT   

OF MIXED ORIGIN 

AASHO A-7-5

 NEARLY LEVEL,POORLY 

DRAINED ALLUVIAL SOILS.

IRRIGATED SUGAR 

CANE, NATURAL 

PASTURES.

APRIL TO SEPTEMBER 

28" GROWING 

SEASON.FOR CROPS.

COAMO

UBICATED IN THE 

SOUTHWESTERN SIDE 

OF PUERTO RICO 

SLOPE.

IN WINTER THE 

AVG. TEMP. IS 72 ? 

IN SUMMER 85? F

CLAY  AASHO A-4

DEEP GENTLY SLOPING TO 

SLOPING, LOAMY CLAYEY 

SOILS, EXPOSED 

LIMESTONE.

BRUSHY FOREST AND 

BRUSHY PASTURE. 

SOME COFFEE. 

APRIL TO SEPTEMBER 

52" GROWING 

SEASON.FOR CROPS.

ADJUNTAS

UBICATED IN THE 

SOUTHEASTERN SIDE 

OF PUERTO RICO 

MOUNTAINS.

IN WINTER THE 

AVG. TEMP. IS 63 ? 

IN SUMMER 82? F

CLAY HIGHLY 

WEATHERED SOIL 

AASHO A-7 

DEEP GENTLY SLOPING TO 

HILLY AND CLAYEY SOILS. 

WELL DRAINED.

COFFEE TREES, FOOD 

CROPS AND NATIVE 

PASTURES.

APRIL TO SEPTEMBER 

28" GROWING 

SEASON.FOR CROPS.

HUMACAO HUMACAO

UBICATED IN THE 

NORTH EAST SIDE OF 

PUERTO RICO  MID 

COASTAL PLAINS.

IN WINTER THE 

AVG. TEMP. IS 68 ? 

IN SUMMER 88? F

LOAM CLAY  LEAN  

AASHO A-4; A-6 

GENTLY SLOPING TO 

SLOPING, SOILS, FINE 

TEXTURED MAINLY 

CLAYEY.WELL DRAINED.

COFFEE, PASTURE, 

FOOD FOR THE FARM .

MAY TO OCTOBER 91" 

GROWING SEASON FOR 

CROPS.

SAN LORENZO

UBICATED IN THE 

NORTH EAST SIDE OF 

PUERTO RICO  

MOUNTAINS ZONE.

IN WINTER THE 

AVG. TEMP. IS 67 ? 

IN SUMMER 80? F

GRAVELLY CLAY  

CLAY  AASHO A-7; A-2 

STEEP TO MODERATE 

STEEP SOILS, STEEP 

TOPOGRAPHY AND HILLS,.

BRUSHY FOREST AND 

BRUSHY PASTURE. SEMI 

DESERTIC 

APRIL TO SEPTEMBER 

38" GROWING 

SEASON.FOR CROPS.

CAYEY

UBICATED IN THE 

NORTH EAST SIDE OF 

PUERTO RICO MID 

MOUNTAIN.

IN WINTER THE 

AVG. TEMP. IS 69 ? 

IN SUMMER 79? F

 SANDY CLAY LOAM         

AASHO A-6 

GENTLY SLOPING TO 

SLOPING, SOILS,FINE 

TEXTURE CLAYEY.WELL 

DRAINED.

COFFEE, WOOD, FOOD 

CROPS, PASTURES.

APRIL TO SEPTEMBER 

78" GROWING 

SEASON.FOR CROPS.

FAJARDO

UBICATED IN THE 

NORTH EAST SIDE OF 

PUERTO RICO  

COASTAL PLAINS.

IN WINTER THE 

AVG. TEMP. IS 75 ? 

IN SUMMER 90? F

 SILTY CLAY           

AASHO A-7 

GENTLY SLOPING TO FLAT 

SOILS, SANDY AND CLAYEY 

SOILS, 

COFFEE, PASTURE, 

FOOD FOR THE FARM, 

SUGAR CANE.

APRIL TO SEPTEMBER 

68" GROWING 

SEASON.FOR CROPS.
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Table 4.2  Zone by Zone and Selected Locations Detailed Characterization (cont.) 
 
ECOZONE REGION CITY DESCRIPTION CLIMATE SOIL TYPE TOPOGRAPHY VEGETATION RAIN

SAN GERMAN SAN GERMAN

UBICATED IN THE 

NORTHWESTERN SIDE 

OF PUERTO RICO MID 

MOUNTAIN SIDE

IN WINTER THE 

AVG. TEMP. IS 75 ? 

IN SUMMER 81? F

COBBLY CLAY LOAM 

AASHO A-7-5

DEEP NEARLY 

LEVEL,POORLY DRAINED 

MUCKY SOILS.

PASTURES SUGAR 

CANE, WILDLIFE 

HABITAT. HAY 

PRODUCTION 

PINNEAPPLE

APRIL TO SEPTEMBER 

57" GROWING 

SEASON.FOR CROPS.

SABANA GRANDE

UBICATED IN THE 

NORTWESTERN SIDE 

OF PUERTO RICO 

SLOPE.

IN WINTER THE 

AVG. TEMP. IS 74 ? 

IN SUMMER 79? F

CLAY  AASHO A-7-5

 GENTLY SLOPING TO 

SLOPING, LOAMY CLAYEY 

SOILS

PASTURES 

HARDWOOD, AND 

BRUSHES.

APRIL TO SEPTEMBER 

52" GROWING 

SEASON.FOR CROPS.

MARICAO

UBICATED IN THE 

NORTHWESTERN SIDE 

OF PUERTO RICO 

MOUNTAINS.

IN WINTER THE 

AVG. TEMP. IS 69 ? 

IN SUMMER 74? F

CLAY LOAM, CLAY  

AASHO A-7-5

DEEP GENTLY SLOPING 

LOAMY AND CLAYEY SOILS. 

WELL DRAINED.

COFFEE, FOOD CROPS 

AND PASTURE.

APRIL TO SEPTEMBER 

88" GROWING 

SEASON.FOR CROPS.

LAS LAJAS

UBICATED IN THE 

NORTHWESTERN SIDE 

OF PUERTO RICO  MID 

COASTAL PLAINS.

IN WINTER THE 

AVG. TEMP. IS 77 ? 

IN SUMMER 83? F

CLAY  AASHO A-7-6

SLOPING, SOILS, FINE 

TEXTURED MAINLY 

CLAYEY.WELL DRAINED.

PASTURE CROPS FOR 

THE FARM, GRASS FOR 

CATTLE.

MAY TO OCTOBER 45" 

GROWING SEASON FOR 

CROPS.

SAN JUAN SAN JUAN

UBICATED IN THE 

NORTH SIDE OF 

PUERTO RICO  

COASTAL PLANES

IN WINTER THE 

AVG. TEMP. IS 70 ? 

IN SUMMER 80? F

CLAY LOAM SILTY 

CLAY  AASHO A-7 

STEEP TO MODERATE 

STEEP SOILS, KARST 

TOPOGRAPHY AND HILLS, 

BRUSHY FOREST AND 

BRUSHY PASTURE. 

SOME COFFEE. 

APRIL TO SEPTEMBER 

28" GROWING 

SEASON.FOR CROPS.

BAYAMON

UBICATED IN THE 

NORTH EAST SIDE OF 

PUERTO RICO MID 

MOUNTAIN.

IN WINTER THE 

AVG. TEMP. IS 75 ? 

IN SUMMER 85? F

 SILTY CLAY  AASHO A-

7 

GENTLY SLOPING TO 

SLOPING, SOILS, ACID, 

FINE TEXTURED MAINLY 

CLAYEY.WELL DRAINED.

COFFEE,BANANAS, 

SUGARCANE, 

PASTURES.

APRIL TO SEPTEMBER 

28" GROWING 

SEASON.FOR CROPS.

BARRANQUITAS

UBICATED IN THE 

NORTH EAST SIDE OF 

PUERTO RICO  

MOUNTAINS

IN WINTER THE 

AVG. TEMP. IS 75 ? 

IN SUMMER 90? F

 SILTY CLAY  AASHO A-

7 

GENTLY SLOPING TO 

SLOPING, SOILS, ACID, 

FINE TEXTURED MAINLY 

CLAYEY.WELL DRAINED.

COFFEE, PASTURE, 

FOOD FOR THE FARM 

AND DAIRY.

APRIL TO SEPTEMBER 

28" GROWING 

SEASON.FOR CROPS.
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4.2  RESULTS OF  PRELIMINARY DESIGNS 

 The water that needed to be stored Sr was calculated according to the following 

calculation methodology, which was explained in Section 3. 

 The methodology used to calculate Sr has been explained so only a sample 

calculation sheet is provided to show how the results were obtained (Table 4.3). In this 

calculation example sheet, the following facts are shown:  

 First, the average monthly PET and the monthly Precipitation average, P is 

obtained. The Ratio P/PET was then calculated for each month, and finally, the monthly 

ratio P/PET was compared to the threshold obtained from Chapter 3 . 

The months where the ratio P/PET was lower than the threshold were not 

considered in the final calculation of Sr. For the months where the threshold was 

exceeded, Sr equal to P (Precipitation) minus β*PET was obtained where β was 

described and found in Chapter 3. The sum of all the calculated Sr was calculated as 

the annual Sr, 50mm of additional water storage was added to each Sr as a safety 

factor. Table 4.4 shows the Sr obtained for all 21 locations.  

Sr was equal to zero in San Juan, Ponce, Coamo, San German, Sabana Grande, 

Lajas, Cayey and San Lorenzo. In these locations, the preliminary design indicates that 

the climatic conditions by themselves lead to the conclusion that any ET cover has the 

potential to work. For Arecibo, Florida, San Juan, Barranquitas, Bayamon, Fajardo, 

Quebradillas and Aguadilla, Sr was calculated to be: 148, 350, 167, 179, 288,149, and 

150mm respectively. In these locations, Sr values indicate that ET covers might be 

feasible as case-by-case basis. In the locations: Vega Alta, Adjuntas, Maricao, 

Humacao, Mayaguez and Lares, Sr varied from 469 to 1047mm. In these locations, ET 

covers are unlikely to perform well. Also shown in table 4.4, is the needed thickness of 

an ET cover to perform well in each location. As described in Chapter 3, this thickness 

was obtained by dividing the yearly Sr total by the soil water storage capacity for the 

location. For the locations with an Sr of zero, San Juan, Ponce, Coamo, San German, 

Sabana Grande, Lajas, Cayey and San Lorenzo, the required thickness was assumed 

to be 0.60m. 
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Table 4.3 Example Calculation of Water that Needs  

to be Stored for Ecozone Florida 

City: Florida (P.R) 
Latitude: 18.370 
Altitude: 190m 

 

Month PET or 
ET0 

Precipitat. 
Mm, P 

P/PET Thresh. Position β Sr 
P-β*PET 

January 96 84.33 0.88 0.34  0.30 55.53 
February 114 66.29 0.58 0.34  0.30 32.09 
March 132 101.85 0.77 0.97 out 1.00 0 
April 141 112.01 0.79 0.97 out 1.00 0 
May 144 98.55 0.68 0.97 out 1.00 0 
June 147 138.94 0.95 0.97 out 1.00 0 
July 150 156.46 1.04 0.97  1.00 6.46 
August 144 167.89 1.17 0.97  1.00 23.89 
September 129 257.05 1.99 0.97  1.00 128.05 
October 120 242.32 2.05 0.97  1.00 122.32 
November 102 168.66 1.65 0.97  1.00 66.66 
December 90 87.12 0.97 0.34  0.30 60.12 
Sub Total       495.12 
        
S.F.       50 
Ʌfw       -168 
Ʌss       -27.10 
Sr mm.       350.02 
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This thickness is the minimum acceptable thickness for a landfill cover by many 

Environmental Agencies. For Arecibo, Florida, Barranquitas, Bayamon, Quebradillas 

and Aguadilla, the required thicknesses are 0.85 m, 1.75 m., 0.95m. 1.02m. 1.44., 0.85 

and 0.86 respectively.  

For the remainder of the locations, (Vega Alta, Adjuntas, Maricao, Humacao, 

Mayaguez and Lares), the required thickness was greater than 2m. It is accepted that 

these thickness are not economically feasible. Table 4.4. indicates the level of feasibility 

of ET cover in each location. Being classified as “very feasible,” “feasible” and “not 

feasible.” 

4.3 SIMULATION RESULTS 

As shown in Table 4.4, 15 locations were found to be zones where ET covers are 

either very feasible or feasible. These locations are good candidates for further analysis. 

A more detailed water balance modeling was performed in these locations as described 

in Section 3.3, using HYDRUS 1D. The water balance modeling, requires daily 

precipitation data, a daily estimate of Transpiration and a daily estimate of Evaporation. 

The daily estimate of evapotranspiration was obtained. This potential evapotranspiration 

was divided into Evaporation and Transpiration, in accordance with the Ankeny function. 

Three vegetation and different cover thickness scenarios were simulated during 

this phase of the study. Figure 4.1 shows the variation of the Leaf Area Index (LAI) for 

the three vegetation selections. Table 4.5 shows the summary of all the input 

parameters to be entered into the model for each one of the locations in this study. 

Table 4.6 shows a summary of the results of all the simulations. For each simulation, 

the percolation flow at the bottom of the ET cover is estimated by HYDRUS 1D. Table 

4.6 shows the efficiency of each simulation. This efficiency is defined as the ratio of 

Percolation over the Precipitation.      
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Table 4.4 Primary Calculations Results Summary 

 

Location Sr in mm. Water Storage 

Cap. mm/m 

Thickness in 

m. 

Feasible as ET 

Arecibo 148 175 0.85 Feasible  

Vega alta 628 200 3.14 Not feasible  

Florida 350 200 1.75 Feasible 

San Juan 51 175 0.60 Very feasible 

Barranquitas 167 175 0.95 Feasible 

Bayamon 179 175 1.02 Feasible 

Ponce 0 175 0.60 Very feasible 

Adjuntas 469 200 2.35 Not Feasible 

Coamo 0 175 0.60 Very feasible 

San German 0 175 0.60 Very feasible 

Sabana Grande 0 175 0.60 Very feasible 

Maricao 1020 200 5.10 Not feasible 

Lajas 0 175 0.60 Very feasible 

Humacao 723 200 3.62 Not feasible 

Cayey 0 175 0.60 Very feasible 

Fajardo 288 175 1.44 Feasible 

San Lorenzo 0 175 0.60 Very feasible 

Mayaguez 487 200 2.44 Not feasible 

Quebradillas 149 175 0.85 Feasible 

Aguadilla 150 175 0.86 Feasible 

Lares 1048 200 5.24 Not feasible 

 

 



 

39 
 

 

 

Figure  4.1 Different Behaviors of the LAI in the Year 
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Table  4.5  Summary of Input Parameters for Simulations in Puerto Rico Project  

The first thickness is the Preliminary Design Thickness. 

LOCATION Modeled thickness m. SOIL VEGET. 

Arecibo  0.74 1.00 1.50 Silty Clay Loam Pasture 

Arecibo 0.74 1.00 1.50 Silty Clay Loam Shrub and grass 

Florida 1.74 2.00 N/A Silty Clay Loam Shrub and grass 

Florida 1.74 2.00 N/A Silty Clay Loam Shrub grass and trees 

San Juan  0.60 1.00 1.50 Clay Loam Pasture 

San Juan  0.60 1.00 1.50 Clay Loam Shrub and grass 

Barranquitas 0.84 1.00 1.70 Silty Clay Loam Shrub and grass 

Barranquitas 0.84 1.00 1.70 Silty Clay Loam Shrub grass and trees 

Bayamon 0.90 1.20 1.70 Clay Loam Shrub and grass 

Bayamon 0.90 1.20 1.70 Clay Loam Shrub grass and trees 

Ponce 0.60 1.00 1.50 Silty Clay Loam Pasture 

Ponce 0.60 1.00 1.50 Silty Clay Loam Shrub and grass  

Coamo 0.60 1.00 1.50 Silty Clay Pasture 

Coamo 0.60 1.00 1.50 Silty Clay Shrub and grass  

San German 0.60 1.00 1.50 Clay Loam Pasture 

San German 0.60 1.00 1.50 Clay Loam Shrub and grass  

Sabana Grde  0.60 1.00 1.50 Clay Loam Pasture 

Sabana Grde  0.60 1.00 1.50 Clay Loam Shrub and grass  

Lajas 0.60 1.00 1.50 Silty Clay Loam Pasture 

Lajas 0.60 1.00 1.50 Silty Clay Loam Shrub and grass  

Cayey 0.60 1.00 1.50 Clay Loam Pasture 

Cayey 0.60 1.00 1.50 Clay Loam Shrub and grass  

Fajardo 1.44 1.70 2.00 Silty Clay loam Shrub and grass 

Fajardo 1.44 1.70 2.00 Silty Clay loam Shrub grass and trees  

San Lorenzo 0.60 1.00 1.50 Silty Clay Loam Pasture 

San Lorenzo 0.60 1.00 1.50 Silty Clay Loam Shrub and grass  

Quebradillas 0.75 1.00 1.50 Sandy Clay Loam Pasture 

Quebradillas 0.75 1.00 1.50 Sandy Clay Loam Shrub and grass  

Aguadilla 0.76 1.00 1.50 Gravelly Clay Pasture 

Aguadilla 0.76 1.00 1.50 Gravelly Clay Shrub and grass  
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 Table 4.6 shows a summary of the simulation results, mainly the bottom 

percolation for each one of the thicknesses. Of the 15 places, each had six simulations, 

except Florida where it was only necessary to run the model four times. The results that 

fit the reduced bottom percolation are six locations spread over the island territory. 

Three locations must be discarded. The remaining need additional analysis. The 

following is a location-by-location description of the results 

Arecibo 

 Six simulations were performed for this location. All but one scenario lead to an 

efficiency higher than 20%. The only scenario with an efficiency of 14% is one with 

0.74m of thickness and vegetation of shrubs and grass. 

Florida       

 None of the simulations results can be adopted to function as an ET cover, the 

needed thickness is too high, higher than 2m. The efficiency is too high, therefore, the 

water retained by the soil is not enough.     

San Juan 

 Six simulations were performed for this location and all have the efficiency or 

water holding capacity of the soil below 20%. All of them can work as ET covers. All the 

vegetation to obtain the LAI equal to three will be formed with shrubs and grass that are 

native or long established.  

Barranquitas 

 The bottom leaks because the six simulations are too high and the percentage of 

precipitation which seeps into the waste is over 20%.  

Bayamon  

Of the six simulations studied, four have less than 20% percolation due to the 

precipitation. They are, thickness 1.70m with shrubs and grass as vegetation or 

thickness 0.90, 1.20 and 1.70m with shrubs, grass and trees. This zone can be counted 

as one that can afford the ET cover system. 

Ponce 

 Of the six simulations, all have an efficiency less than 20%, The corresponding 

thicknesses are: 0.60, 1.00 and 1.50m with a vegetation of pasture, shrub and grass.   
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Coamo 

 Of the six simulations, only one gave an acceptable result of less than 20% of 

percolation, it is a thickness of 1.50 with vegetation of pasture. 

San German  

 In San German, two of the six simulations gave a result of zero percolation. The 

thickness was 1.00m and 1.50m with vegetation of shrubs and grass. The other 

simulations give an acceptable percentage of percolation ranging from 5% to 14% with 

vegetation of pastures.  

Sabana Grande  

 All the simulation results are below the 14% range of bottom percolation. Three 

of the simulated thicknesses were covered with pasture vegetation and three covered 

with shrubs and grass. All had the same result.  

Lajas  

Only two of the simulation results are below the 20% threshold of bottom water 

flux. They have a thickness of 1.00m and 1.50m with a vegetation of pasture.  

Cayey  

 Three of the performed simulations have the result of percolation less than 20% 

of the precipitation that the location supports yearly. They have a thickness of 0.60, 1.00 

and 1.50 m. with a vegetation of shrubs and grass. 

 Fajardo 

None of the runs gave acceptable results of bottom flux.  

San Lorenzo  

None of the runs gave acceptable results of bottom flux. All percentages are way 

over 40% even with two kinds of vegetations.  

Quebradillas  

 Three of the simulations gave an acceptable percolation at the bottom of the 

cover, so the design is entirely ET cover and according to this study will act as so. The 

three thickness are 0.75, 1.00 and 1.50m covered with a vegetation of shrubs and 

grass. 
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Aguadilla 

 Of the six  simulation results, all are below the 20% of the precipitation. The 

thickness are 0.76, 1.00 and 1.50m with vegetation covers of pasture, shrub and grass. 
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Table 4.6 Summary of Run Results for Chosen Tropical Zones 

City Thickn. Vegetation Flux. Perc. Prec. Effic. 

 m.  mm./yr mm. % 

ARECIBO                     0.74 Pasture 272.00 1297 0.21 
ARECIBO 1.00 Pasture 262.00 1297 0.20 
ARECIBO 1.50 Pasture 270.00 1297 0.21 
ARECIBO 0.74 Shrub and grass 176.20 1297 0.14 
ARECIBO 1.00 Shrub and grass  320.00 1297 0.25 
ARECIBO 1.50 Shrub and grass  292.00 1297 0.23 
      
FLORIDA 1.74 Shrub and grass  1,338.00 1895 0.71 
FLORIDA 2.00 Shrub and grass  1,356.00 1895 0.72 
FLORIDA 1.74 Shr, Grs., Trees 1,654.00 1895 0.87 
FLORIDA 2.00 Shr., Grs., Trees  1,742.00 1895 0.92 
      
SAN JUAN  0.60 Pasture 166.00 1289 0.13 
SAN JUAN  1.00 Pasture 140.00 1289 0.11 
SAN JUAN  1.50 Pasture 120.00 1289 0.09 
SAN JUAN  0.60 Shrub and grass  54.80 1289 0.04 
SAN JUAN  1.00 Shrub and grass  27.60 1289 0.02 
SAN JUAN  1.50 Shrub and grass  0.69 1289 - 
      
BARRANQUITAS 0.84 Shrub and grass  338.00 1229 0.28 
BARRANQUITAS 1.00 Shrub and grass  322.00 1229 0.26 
BARRANQUITAS 1.70 Shrub and grass  252.00 1229 0.21 
BARRANQUITAS 0.84 Shr., Grs., Trees  382.00 1229 0.31 
BARRANQUITAS 1.00 Shr., Grs., Trees  396.00 1229 0.32 
BARRANQUITAS 1.70 Shr., Grs., Trees  360.00 1229 0.29 
      
BAYAMON 0.90 Shrub and grass  394.00 1758 0.22 
BAYAMON 1.20 Shrub and grass  396.00 1758 0.23 
BAYAMON 1.70 Shrub and grass  360.00 1758 0.20 
BAYAMON 0.90 Shr., Grs., Trees  292.00 1758 0.17 
BAYAMON 1.20 Shr., Grs., Trees  284.00 1758 0.16 
BAYAMON 1.70 Shr., Grs., Trees  274.00 1758 0.16 
      
PONCE  0.60 Pasture 139.20 902 0.15 
PONCE  1.00 Pasture 88.00 902 0.10 
PONCE  1.50 Pasture 16.40 902 0.02 
PONCE  0.60 Shrub and grass  168.00 902 0.19 
PONCE  1.00 Shrub and grass  146.00 902 0.16 
PONCE  1.50 Shrub and grass  86.00 902 0.10 
      
COAMO 0.60 Pasture 252 992 0.25 
COAMO 1.00 Pasture 210 992 0.21 
COAMO 1.50 Pasture 146 992 0.15 
COAMO 0.60 Shrub and grass  300 992 0.30 
COAMO 1.00 Shrub and grass  260 992 0.26 
COAMO 1.50 Shrub and grass  210 992 0.21 
      
SAN GERMAN  0.60 Pasture 156.00 1143 0.14 
SAN GERMAN  1.00 Pasture 110.00 1143 0.10 
      
SAN GERMAN  1.50 Pasture 58.40 1143 0.05 
SAN GERMAN  0.60 Shrub and grass  71.00 1143 0.06 
SAN GERMAN  1.00 Shrub and grass  36.00 1143 0.03 
SAN GERMAN  1.50 Shrub and grass  0.56 1143 - 
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Table 4.6 Summary of Run Results for Chosen Tropical Zones (cont.) 
 

City 
 

Thickn. 
 

Vegetation 
 

Flux. Perc. 
 

Prec. 
 

Effic. 
 

SABANA GRDE 0.60 Pasture 160.00 1145 0.14 
SABANA GRDE 1.00 Pasture 36.00 1145 0.03 
SABANA GRDE 1.50 Pasture 5.60 1145 - 
SABANA GRDE 0.60 Shrub and grass  160.00 1145 0.14 
SABANA GRDE 1.00 Shrub and grass  36.00 1145 0.03 
SABANA GRDE 1.50 Shrub and grass  6.00 1145 0.01 
      
LAJAS  0.60 Pasture 272.00 1147 0.24 
LAJAS  1.00 Pasture 220.00 1147 0.19 
LAJAS  1.50 Pasture 164.00 1147 0.14 
LAJAS  0.60 Shrub and grass  330.00 1147 0.29 
LAJAS  1.00 Shrub and grass  300.00 1147 0.26 
LAJAS  1.50 Shrub and grass  250.00 1147 0.22 
      
CAYEY 0.60 Pasture 420.00 1430 0.29 
CAYEY 1.00 Pasture 412.00 1430 0.29 
CAYEY 1.50 Pasture 418.00 1430 0.29 
CAYEY 0.60 Shrub and grass  240.00 1430 0.17 
CAYEY 1.00 Shrub and grass  220.00 1430 0.15 
CAYEY 1.50 Shrub and grass  193.00 1430 0.13 
      
FAJARDO  1.44 Shrub and grass  860.00 1575 0.55 
FAJARDO  1.70 Shrub and grass  918.00 1575 0.58 
FAJARDO  2.00 Shrub and grass  920.00 1575 0.58 
FAJARDO  1.44 Shr., Grs., Trees  1,160.00 1575 0.74 
FAJARDO  1.70 Shr., Grs., Trees  1,092.00 1575 0.69 
FAJARDO  2.00 Shr., Grs., Trees  1,084.00 1575 0.69 
      
SAN LORENZO 0.60 Pasture 740.00 1576 0.47 
SAN LORENZO 1.00 Pasture 762.00 1576 0.48 
SAN LORENZO 1.50 Pasture 784.00 1576 0.50 
SAN LORENZO 0.60 Shrub and grass  726.00 1576 0.46 
SAN LORENZO 1.00 Shrub and grass  732.00 1576 0.46 
SAN LORENZO 1.50 Shrub and grass  734.00 1576 0.47 
      
QUEBRADILLAS  0.75 Pasture 320.00 1477 0.22 
QUEBRADILLAS  1.00 Pasture 316.00 1477 0.21 
QUEBRADILLAS  1.50 Pasture 308.00 1477 0.21 
QUEBRADILLAS  0.75 Shrub and grass  136.00 1477 0.09 
QUEBRADILLAS  1.00 Shrub and grass  0.48 1477 - 
QUEBRADILLAS  1.50 Shrub and grass  88.80 1477 0.06 
      
AGUADILLA 0.76 Pasture 200.00 1245 0.16 
AGUADILLA 1.00 Pasture 128.00 1245 0.10 
AGUADILLA 1.50 Pasture 100.00 1245 0.08 
AGUADILLA 0.76 Shrub and grass  14.00 1245 0.01 
AGUADILLA 1.00 Shrub and grass  5.40 1245 - 
AGUADILLA 1.50 Shrub and grass  0.80 1245 - 
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SECTION FIVE 

CONCLUSIONS AND RECOMMENDATIONS 

5.1 ANALYSIS OF SIMULATIONS RESULTS 

  ET cover designs are based on using hydrological processes and water balance 

components at a specific site. The process includes the water storage capacity of the 

soil, precipitation, surface runoff (in our case is zero), evapotranspiration and infiltration.  

The objective of this study is to determine the feasibility of developing and using 

ET covers in tropical locations with medium to high precipitation. Puerto Rico was  

selected as a typical sample of the average “Tropical Zones.” The study was developed 

directed to the island. The positive conclusions will be applied  then, along with the 

same principles, to Tropical Zones, in general. The main parameters are precipitation 

and soil. Results from this study show some sub-regions (or locations) belonging to the 

six Ecozones of Puerto Rico are able to meet the preliminary requirements for 

hydrological performance as required by the RCRA. However, field evaluation of these 

designs should be performed before full implementation of ET covers in these regions. 

Of the 21 locations studied in the preliminary Sr design, 15 were adequate for 

modeling them to confirm the feasibility of their construction. After this modeling was 

conducted, the results were as follows: eight locations show feasibility of using  ET 

covers using pasture as the selected vegetation. Five locations can use ET covers,with 

vegetation used as shrubs and grass. 

Following, is the description of the conclusions location by location: 

Efficiency of Covers. Ratio of Bottom Perc./Precipitation. 

Simulation results selected the ones with efficiency < 20%: 

 Arecibo 1 simulation. Thickness. 0.74. Shrub and Grass. 

 San Juan all simulation acceptable. Thickness var. 0.60 to 1.50 m. Veg. 

pasture or shrub and grass. 

 Bayamon 4 simulations. Thickness var. 0.90 to 1.70 m. Veg. pasture and 

shrubs or grass. 

 Ponce all simulations work. Thickness var 0.60 to 1.50 m. Veg. pasture 

and shrub or grass. 

 Coamo only one of the six simulations. Thickness 1.50 m. Veg. pasture. 
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 San German all simulations work. Thickness var. 0.60 to 1.50 m. Veg. 

pasture or shrub and grass.  

 Sabana Grande all simulations work. Thickness var. 0.60 to 1.50 m. Veg. 

pasture or shrub and grass.  

 Lajas 2 simulations  good. Thickness var. 1.00 to 1.50 m.  Veg. pasture. 

 Cayey 3 simulations work. Thickness var. 0.60 to 1.50 m. Veg. shrubs and 

grass.  

 Quebradillas 3 simulations good, Thickness var. 0.75 to 1.50 m. Veg. 

shrubs and grass 

 Aguadilla all simulations  work. Thickness Var. 0.60 to 1.50 m. Veg. 

pasture  or shrub and grass.  

 

 5.2 TREES 

 To use trees in a determined zone is a very delicate action because often they 

are adopted from places beyond their natural range, without the associated enemies 

that control their population. They soon become a nuisance. This is the case of the 

“Melaleuca” tree in Florida. So, in our case, the study must begin with the more water 

loving trees in the zone of Puerto Rico. If the native trees do not reveal that they can 

function, foreign species must be located using extreme cautious and studying the 

species thoroughly. Some of the trees recommended for wet areas are listed below: 
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  Table 5.1 Trees for Wet locations: 

Box elder Acer negundo 

Red maple Acer rubrum 

Silver maple Acer saccharinum 

Common alder Alnus glutinosa 

Downy serviceberry Amelanchier arborea 

Shadblow serviceberry Amelanchier canadensis 

River birch Betula nigra 

American hornbeam Carpinus caroliniana 

Pecan Carya illinoensis 

Northern catalpa Catalpa speciosa 

Common hackberry Celtis occidentalis 

Fringetree Chionanthus virginicus 

Persimmon Diospyros virginiana  

Green ash Fraxinus pennsylvanica 

Thornless honeylocust Gleditsia triacanthos var. inermis 

Deciduous hollies Ilex decidua, I. verticillata  

Sweetgum Liquidambar styraciflua 

Tulip tree Liriodendron tulipifera 

Sweetbay magnolia Magnolia virginiana 

Dawn redwood Metasequoia glyptostroboides 

Water tupelo Nyssa aquatica 

Paulownia Paulownia tomentosa 

London planetree Platanus x acerifolia 

Amer. Sycamore Platanus occidentalis 

Eastern cottonwood Populus deltoides 

Swamp chestnut oak Quercus bicolor 

Cherrybark oak Quercus falcata 

Water oak Quercus nigra 

Pin oak Quercus palustris 

Willow oak Quercus phellos 

White weeping willow Salix alba 

Weeping willow Salix babylonica 

Bald cypress Taxodium distichum 

American elm Ulmus Americana 
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5.3 RECOMMENDATIONS AND DESIGN PARAMETERS 

Table 5.2 is a summary of the expressed conclusions and of the recommended 

design parameters for each typical location. In this section, we are stating that wherever 

the location is going to be studied, if the characteristics of climate, soil and vegetation 

are similar to the ones studied, the ET cover can be implemented regardless if the rain 

is higher than the location in the zones with less rainfall or more arid. As a result, the 

primary conclusion is that if the proposed location is in-between the geographical 

boundaries of the Tropical Zones, the design and further construction of the ET cover or 

alternate natural cover for a landfill or a dumpsite which needs to be remediated is 

possible as long as the precipitation range is the same and the soil texture is similar. 

As general recommendations is important to take into account the following: 

 1.     The findings of this study are not to be used for definite design purposes and 

should be considered only as a preliminary tool to assist in developing a strategy for 

evaluating and implementing ET covers in Tropical Zones with similar characteristics of 

climate and soil.   

2.     The analysis used assumed typical soil properties based on soil types near each 

location.  The unit soil water storage capacity of the specific soil should be measured in 

the laboratory and then used for design purposes.  

3.     The assumed ET thicknesses were obtained without addressing the issue of 

uncertainty in soil properties, uncertainties in vegetation properties, and the ability to 

remove water from the soil profile.  A factor of safety should be used account for this 

uncertainty as part of design.  Site-specific field testing may also reduce uncertainty 

associated with designing an effective ET cover.  

 The recommendations that are expressed in Table 5.1 and for each location are: 

 Arecibo, with a soil classified as silty clay loam, thickness of 0.74m. Vegetation 

of Pangola Grass (pasture), can be designed as ET covers. 

 Florida, the design leads to combined covers. 
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 San Juan, with a soil classified as clay loam, thickness 0f 1.00m and Pangola 

Grass (pasture).  

 Barranquitas, the design needs to be done as combined covers. 

 Bayamon, ET cover with a soil classified as clay loam and vegetation of shrub 

and grass, thickness of 1.20m.  

 Ponce, ET cover with thickness of 1.50m soil classification of silty clay loam, and 

vegetation of Pangola Grass (pasture). 

 Coamo, silty clay with a thickness of 1.50 m. and Pangola Grass (pasture) as 

vegetation cover. 

 SAN German, soil is clay loam, the thickness is 1.00m and the vegetation is 

composed of shrubs and grass. 

Sabana Grande, clay loam is the adequate soil, the thickness is 1.00m and the 

vegetation cover is shrubs and grass. 

 Lajas, silty clay loam and thickness of 1.50m cover in Pangola Grass (pasture). 

 Cayey, clay loam Et cover design with a thickness of 1.50m and vegetation 

composed of shrub and grass. 

 Fajardo, combined cover. 

 San Lorenzo, combined cover. 

 Quebradillas, Et cover with a thickness of 1.00m, Pangola Grass (pasture) and 

sandy clay loam as soil.  

 Aguadilla, the average soil found here is sandy clay loam, the cover design 

thickness is 0.76m and the vegetation must be shrubs and grass. 
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Table 5.2 Recommendations and Design Parameters 

CITY SOIL THICKNESS 

m. 

VEGETATION COVER 

TYPE 

     

ARECIBO SILTY CLAY 

LOAM 

0.74  PANGOLA GRASS ET 

FLORIDA SILTY CLAY 

LOAM 

1.74  N/A COMBINED 

SAN JUAN CLAY LOAM 1.00  PANGOLA GRASS ET 

BARRANQUITAS SILTY CLAY 

LOAM 

1.00  N/A COMBINED 

BAYAMON CLAY LOAM 1.20  SHRUBS AND 

GRASS 

ET 

PONCE SILTY CLAY 

LOAM 

1.50  PANGOLA GRASS ET 

COAMO SILTY CLAY 1.50  PANGOLA GRASS ET 

SAN GERMAN CLAY LOAM 1.00  SHRUBS AND 

GRASS 

ET 

SABANA GRANDE CLAY LOAM 1.00  SHRUBS AND 

GRASS 

ET 

LAJAS SILTY CLAY 

LOAM 

1.50  PANGOLA GRASS ET 

CAYEY CLAY LOAM 1.50  SHRUBS AND 

GRASS 

ET 

FAJARDO SILTY CLAY 

LOAM 

1.44  N/A COMBINED 

SAN LORENZO SILTY CLAY 

LOAM 

1.00  N/A COMBINED 

QUEBRADILLAS SANDY CLAY 

LOAM 

1.00 PANGOLA GRASS ET 

AGUADILLA SANDY CLAY 

LOAM 

0.76  SHRUBS AND 

GRASS 

ET 

 



 

52 
 

 

 

 
SECTION SIX 

APPENDIX A 

SR. CALCULATIONS FOR THE 21 LOCATIONS  

This appendix contains all the tables and graphs used to determine the initial Sr 

for 21 locations in 6 Ecozones of the island of Puerto Rico. 
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APPENDIX B 

SOIL MAPS 

 In this Appendix, the six soil maps corresponding to the six Ecozones are 

displayed. In each map, the cities can be observed as well as the soil distribution. 

1. ARECIBO SOIL MAP 
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2. SAN JUAN SOIL MAP 
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3. PONCE SOIL MAP 
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4. SAN GERMAN SOIL MAP  
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5. HUMACAO SOIL MAP 
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6. MAYAGUEZ SOIL MAP 
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APPENDIX C 
 

GRAPHS OF  PET AND P FOR 21 PUERTO RICO LOCATIONS  
ALSO THREE LAI BEHAVIOR CURVES. 
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SECTION EIGHT 

BIOGRAPHICAL SKETCH 

 

Civil Engineer specializing in the design, construction and inspection of sewers and 

storm water works as well as hospital facilities and general building constructions up to 

400,000 sq. feet and 10 stories high. General maintenance of apartment buildings and 

hospitals. 

 

SUMMARY OF QUALIFICATIONS 

Electrical structural and plumbing design updating the systems to get optimum service. 

Scheduling, budgeting and subsequent follow up to get an accurate expense and 

execution time of works. 

 

Main experience in water treatment, plumbing, electrical interior installation. 

Bilingual, computer literate in MS Office, Lotus 123, HYDRUS, structural software. 

Have been promoted due to outstanding work performance. 

 

EDUCATION 

B.S. in Civil Engineering, Notre Dame University, 1964 

C.E. Universidad de los Andes (5 yr. Program), Bogotá, Colombia 

FSU Master of Science in Civil and Environmental Engineering, 2010 

 

PROFESSIONAL EXPERIENCE - MIAMI, FLORIDA                                   

1997 - March 2009            

The Broadwater apartments, Assistant Supervisor and Harbor Key apartments 

Maintenance Manager, Harbor Realty Advisors. All maintenance and upgrading 

activities in 820 units, results, property improvement with an increase of occupancy and 

augment of rental rates. Twelve person crew, budget control, sub-contractors 

inspection. 
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COLOMBIA  

1968 - 1996 

Design, construction Inspection, management and maintenance of hospital facilities in 

sizes up to 400,000 sq. feet and budgets in the range of $ 2,500,000. Updating and 

giving better service to users. 

 

Design and construction of water works and clear water treatment plants better water 

quality for users. 

 

Inspection maintenance and upgrading of Bogotá’s sewer system widening the range of 

places being served by the sewer system. 

 

Two medium cities, Palmira and Tulua, 30 Years Waterworks Master Development Plan 

organizing future developments and usage. 

 

Construction Manager of bridges and highways in Bogotá and Maicao Guajira. 

Apartment Buildings Constructor in Ibague, Cali and Bogotá up to 150,000 sq. feet. 

 

PERSONAL DATA 

Date of birth: September 29, 1944, Colombia, South America  

U.S. Citizen since 2001 

I am married with four children, all adults, and five grandchildren. I am a student at 

Florida State University.  Last year I obtained my Master’s Degree in Civil Engineering.  

I am studying in pursuit of a Ph.D.   


