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CHAPTER I: GREENED ROOF STATE OF THE ART

INTRODUCTION TO GREENED ROOFS
Increased urbanization is a seemingly inevitable byproduct of worldwide population growth. In fact,
the United Nations reports that urban areas will account for nearly the entire increase in world
population from 6.6 billion today to the projected 9.5 to 12 billion by 2030. (The United Nations
Department of Economic and Social Affairs, 2003). 2005 US Census results project by 2030 the US
population will top 363 million – an increase of 63 million people over the next 22 years. Ten of
those 63 million will end up in Texas’ urban areas (Division, 2005; The United Nations Department of
Economic and Social Affairs, 2003). The logistical and environmental pressures on urban centers in
both Texas and the world will surely grow with population. Creative problem solving is the key to
maximizing the quality of urban life, realizing new efficiencies, and allowing Texas to become a
leading example of growing smart instead of just growing.

In very broad terms, a green roof consists of a growing medium and plant material located on top of

Figure 1: Traditional buildings with green roofs at Norðragøta on Eysturoy, Faroe Islands,
Denmark. GNU License, Erik Christensen, 2002
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a building. The idea of using roof space as growing space is by no means modern. The hanging
gardens of Babylon date to around 600 BC, while Scandinavian cultures have used sod as a rooftop
insulator for centuries (Figure 1), and early settlers to the great plains built houses entirely of sod,
“soddies,” (Grant, et al., 2003; Osmundson, 1999). These early examples of greening rooftop spaces
served multiple functions just as modern green roofs aspire to.

The modern green roof movement has its roots in Germany where unintentional green roofs began
to evolve on the rooftops of 1900’s era buildings. Many of these buildings had a gravel and sand mix
layered on top of a tar roof that, over time, was exploited by airborne seeds (Werthmann, 2007).
Botanist Reinhard Bornkamm began to study these plant communities in the 1950’s (Bornkamm,
1961), and from this early body of work a small community of interested parties (landscape
architects, botanists, researchers, etc…) began to explore the concept of roof greening. While an
interest had developed in greening roofs, large scale implementation did not take hold until the rise
of environmentalism in the early 1960’s (Werthmann, 2007). A rejection of the urban aesthetic
fueled research and development for an easy to implement, cost effective living roof solution. This
resulted in several studies in the 1960s demonstrating the viability of scree slope species like those
in the genus Sedum for gravel covered roofs (Herman, 2003).

Fundamentally, the modern green roof is comprised of four key items: a water‐proof membrane to
protect the structure from moisture, a root barrier/drainage layer to facilitate drainage and prevent
plant roots from compromising the integrity of the roof, a growing medium for plants, and the
plants themselves (Mentens, et al., 2006).
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Based on the depth of the growing media, green roofs are divided into two different groups.
Extensive green roofs (Figure 2) have growing media with depths less than six inches (~150 mm).
The thin layers of media restrict the available plant palette to species that can tolerate extremely
thin soils, like the species in the genus Sedum. Extensive green roofs have been installed on roofs

Figure 2: Extensive Green Roof at Historial de la Vendée in Les‐Lucs‐sur‐Boulogne, France
(Simon Garbutt, 2005)
with pitches ranging from nearly horizontal to over 40˚. Intensive greened roofs have soils greater
than six inches deep, which greatly enlarges the available plant palette. Some intensive green roofs
support shrubs and trees. These systems are generally only practical on roofs with pitches less than
4˚, and require the building to be able to support a substantial amount of weight on the roof
(Mentens, et al., 2006)

BENEFITS OF A GREENED ROOF
Greened roofs can offer numerous benefits to the urban environment ranging from improving air
quality to reducing electrical bills (Grant, et al., 2003). Some of these benefits are described and
documented below.
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ABSORPTION AND MITIGATION OF AIR POLLUTANTS AND DUST
Plants are able to act as air filters in two distinct ways. They remove gaseous pollutants by
incorporating them into tissue and processing them over time. Plants are also able to filter airborne
particulates by acting as collection surfaces where pollutants and particulates can eventually be
washed off and incorporated into the soil (K. L. Getter & Rowe, 2006). Getter has also translated the
results from a German study that showed a significant reduction of diesel engine air pollution by
green roof vegetation (Liesecke & Borgwardt, 1997). Another study reported a 37% reduction of
sulfur dioxide and a 21% reduction in nitrous acid in the air above a green roof when compared to
other air samples taken nearby (Yok Tan & Sia, 2005). Other studies have estimated that green
roofs can remove 0.2 kg of dust particles per year per square meter of vegetated roof via rain
washing collected particulates off leaves and into the soil (Peck, et al., 2003).

URBAN WILDLIFE HABITAT
A study of 17 green roofs in Basel, Switzerland found 78 spider species and 254 beetle species over a
three year period. Of these, 18% of the spiders and 11% of the beetles were considered endangered
or rare (Brenneisen, 2003).

Preliminary results from another Swiss study suggest that ground

nesting birds may be able to use extensive green roofs for nesting sites in urban areas (Baumann,
2006). Many green roofs have limited human access and could function as disturbance‐free habitats
for animals and insects. Some argue that the limited biomass possible on an extensive green roof
limits the number of secondary and tertiary consumers that can thrive on a green roof (Baumann,
2006). Intensive green roofs may be the ultimate answer if habitat restoration/replication is desired
as they are able to support a larger biomass of plants, thus bolstering the number of primary
producers available to higher trophic level organisms.
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AN ATTRACTIVE GREEN SPACE IN THE URBAN ENVIRONMENT
Studies suggest that viewing green space and nature can reduce stress, ease muscle tension, and
lower blood pressure (Ulrich & Simons, 1986); when viewed at work natural landscapes can increase
job satisfaction and reduce reports of headaches and illness (Kaplan, et al., 1988). Christian
Werthmann has found that increased desire for green roofs in Germany’s urban environments was a
response to a public rejection of the largely hardscape urban status‐quo, many of the benefits
described in this section were in fact secondary considerations (Werthmann, 2007).

REDUCTION OF THE URBAN HEAT ISLAND EFFECT
The urban heat island effect has been well documented by many, including NASA, who found via
infrared photography that ambient temperatures in downtown Atlanta, Georgia are often upwards
of 6˚C (10˚F) warmer than those in surrounding rural areas (Taube, 2003). A 2002 study in Phoenix,
Arizona found that at Phoenix Sky Harbor Airport the nighttime minimum temperatures have risen
by 5˚C, and the average daily temperatures have risen by 3.1˚C since 1948 (Baker, et al., 2002). A
research team in Ottawa, Canada have shown that while temperatures on a conventional rooftop
topped 55˚C (131˚F) during the heat of the day, green‐roofed buildings stayed near 21˚C (77˚F) (Liu
& Baskaran, 2003).

A report from British Columbia showed that green roofs minimize diurnal temperature fluctuations
of the underlying roof structure (50˚C change for non‐greened vs 3˚C for greened roofs (Connelly &
Liu, 2005)). They also keep the structure drastically cooler during the heat of summer (Liu &
Baskaran, 2003). Studies suggest that the thermal protection that the soil and plant material
provide can extend the life of the membrane by two to three times (Peck & Callaghan, 1999).
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LONG TERM COST EFFECTIVENESS
A study in Singapore directly addressed the issue of green roofs as a cost‐effective roofing solution.
The study found that one could justify the additional expense of installing a green roof simply
considering the longevity of a green roof system. Reductions in heating and cooling costs were an
added savings (Wong, et al., 2003).

In Texas, reduction in summer cooling costs would be a huge benefit for many businesses and
residences during the hot summer months. Indeed, green roofs can be a way to cut costs of an
existing building. Peck et al (1999) found that indoor temperatures in small test buildings with green
roofs were reduced by around 4˚C when outdoor temperatures were between 25˚C and 30˚C (77˚F
and 86˚F). Dunnett and Kingsbury (2004) suggest that every 0.5˚C in internal temperature reduction
can result in up to 8% reduction in air conditioning electricity costs – a possible 60% reduction in
cooling costs for a 4˚C decrease in internal temperature. It seems reasonable, then, that large scale
implementation of green roofs could have a significant effect on the 65% of total electricity
consumption that buildings are responsible for (Kula, 2005). However, it is important to note that
reductions in energy consumption could be more cheaply acquired by simply opting for more
insulation during construction of the buildings (K. L. Getter & Rowe, 2006).

STORMWATER RUNOFF MITIGATION
Generally, there are two separate benefits green roofs can provide with regard to storm water
runoff; reduced volume and delayed peak flows (K. L. Getter & Rowe, 2006). Precipitation that falls
on a green roof can either land on the growing medium, or land directly on a plant, and then either
infiltrate the soil or evaporate. The precipitation that enters the soil will leave in one of three ways:
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it might simply pass through the soil and drainage layers and exit the green roof system as runoff, it
might be retained by the soil medium and eventually evaporate into the atmosphere, or it might be
drawn into plant tissue where it is either released into the atmosphere by transpiration or
assimilated into the cellular solution of the plant.

The Department of Land Management in Belgium has recently condensed the German body of data
on stormwater runoff quality, and written an English summary paper (Mentens, et al., 2006). This
summary asserts that an average of 81% of rainwater falling on a standard flat roof leaves as runoff,
while 76% runs off from gravel covered roofs, 50% for extensive green roofs, and only 25% of rainfall
passes through intensive green roofs. Getter and Rowe (2006) provide a concise summary of a
number of other studies which give a range from 60% to 100% retention of incident precipitation
depending on the type of green roof system and rain regime (DeNardo & Jarrett, 2005; Liesecke,
1998; A. C. Moran, 2004; VanWoert, et al., 2005).

Delayed peak flows will increase the functional lifespan of our current stormwater infrastructure;
they allow sewer systems to process stormwater surges over a longer period of time (K. L. Getter &
Rowe, 2006). Typical green roof peak flow delays range from 1 ½ hours (Liu, 2003) to 4 hours (A.
Moran, et al., 2005). Moran, Hunt et al (2005) also reported 57% to 87% reduction in runoff rates
from green roofs when compared to those of conventional roofs.
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CHAPTER II:
DEVELOPING GREEN ROOFS FOR NORTH‐CENTRAL TEXAS
SEARCHING FOR A MODEL SYSTEM
CONTEXT
Dallas and Fort Worth lie atop expansive beds of limestone laid down in the Cretaceous when much
of the state was covered in shallow seas. Marine layers dominate the surface geology of the eastern
two thirds of Texas, and contact with one another along lines running from southwest to northeast,
roughly paralleling the shape of the current coastline with the Gulf of Mexico and the older
Mississippi Embayment (Spearing, 1991). An east/west precipitation gradient is imposed upon these

Figure 3: Level III and IV Ecoregions of North Central Texas. Adapted from (Griffith, et al., 2004,
Ecoregions of Texas)
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contrasting geologic outcrops (Diggs, et al., 1999; Griffith, et al., 2004). To the west of Dallas and
Forth Worth lie the arid high plains of the Panhandle and to the east are the humid southern piney
woods and deciduous forests. Dallas and Fort Worth are at the transition between these two
enormous and very different biomes, where the rainfall and substrate gradients become the key
variables which control the dominant vegetation cover. In North Central Texas we find North/South
Bands of oak woodlands on sandy soils known as the Crosstimbers alternating with clay soiled
prairies (Figure 3). Thus, in a broad sense, all localized biomes in North Central Texas are a subset of
either sandy soiled Crosstimbers woodland or clay soiled prairie grassland. Riparian systems on
alluvial soils are often an exception to this generalization.

DECIDING ON A SYSTEM TO LEARN FROM
Many of the plants associated with the Crosstimbers woodland utilize extensive, deep root systems
to tap into rainwater which quickly infiltrates through sandy topsoil to lower horizons. Considering
the typical 4‐inch depth of substrate in an extensive green roof, the deep soiled Crosstimbers were
quickly discarded from our list of possible model systems. This choice focused our search to biomes
within the prairies of North Central Texas.

Within these prairie biomes, some also stood out as fundamentally different from a rooftop
environment. From review of Hill (1901) and Diggs et al. (1999), it seemed that tall grass prairies
would also need deeper substrate than an extensive green roof could provide. The root systems of
the typical tall grass prairie plants like Schizachyrium scoparium (little bluestem), Sorghastrum
nutans (yellow Indian grass), and Andropogon gerardii (big bluestem) often require one to four
meters of soil (Weaver, 1954). This revelation narrowed the search considerably, and pointed
inquiry towards the thin‐soiled grasslands; the hardscrabble land that ranchers quickly realize is
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worth more developed than it is as cattle pasture. Further research revealed that these extremely
thin‐soiled plant communities are known as barrens (Homoya, 1994), and that these barrens can
have very distinct plant communities when compared to the surrounding landscape.

BARRENS AND GLADES
In a review of the literature surrounding the term, Homoya (1994) notes that ‘barrens’ generally
describes areas marked by drought‐prone and poor soil, exposed substrate, and herbaceous
heliophytes and xerophytes (Homoya, 1994). In Texas, it seems that barrens often exist where
either through erosion or deposition, a relatively thin layer of soil is present atop an intact layer of
bedrock. The bedrock, in most cases, imposes a maximum rooting depth on any plants colonizing
these areas, resulting in survival of only those plant species which are able to persist in the harsh
conditions that Homoya describes. Because of these environmental factors, the plant communities
of these barrens often differ in species composition from adjacent areas of deeper soil, and often
have endemic species which can, in fact, require these thin soils to thrive.

A more extreme community of plants and soils which commonly exists as an extension of a barrens
is a glade. A glade is characterized by large areas of exposed bedrock, where rooted, vascular plants
can only survive by exploiting soil pockets within or atop of the exposed substrate. Glades often
have a high diversity of cryptobiotic and microphytic crusts which colonize the upper surface of the
substrate. Glades can occur for a variety of geomorphic reasons, and may be found throughout our
prairie landscapes from eroded hill tops to scoured washes. Barrens and glades appear, at first
inspection, to be some of the best green roof analogs our natural systems have to offer. They have
viable plant communities surviving on shallow soils within the climactic parameters of North Central
Texas.
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INVESTIGATING THE NORTH TEXAS BARRENS
As much of Texas (94.3%) is owned privately (Schmidly, et al., 2001), gaining access to prairie
barrens sites was an issue. Fortunately, Dr. Tony Burgess was able to use a few key connections to
establish service learning opportunities with private landowners. Two of these opportunities have
been integral in our research, the first a project coordinated with Jarid Manos on a property south‐
west of Fort Worth. This piece of property has an uncertain conservation future, so we thought it
prudent to investigate what we could while we could. We realized that we all had seen and walked
on Barrens before, but never considered them to be a discrete entity.

The second exploratory project was a plants and soils survey at the Fort Worth Nature Center. We
began our work at the Nature Center by exploring.

We utilized topographic maps, aerial

photographs, geologic maps, and park maps. We walked and observed. We quickly began to notice
patterns in the landscape. A resistant layer of limestone forms broad, relatively flat hilltops broken
in areas where a combination of weathering and erosive action has caused it to fail. On top of this
layer are soils which varied from 20 inches in depth to zero at the edges, averaging about 8 inches
overall. We noted that as soon as the cap layer of limestone is removed, a very sandy substrate is
exposed which erodes quickly resulting in steep‐sided drainages down slope of the broad hilltops.
After consulting the Texas Bureau of Economic Geology’s surface geology maps (McGowen, et al.,
1987) we concluded that this resistant layer of limestone is part of the Walnut formation and the
sandstone beneath it is part of the Paluxy Sands.
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THE WALNUT FORMATION
In a 1900 report to the Department of the Interior, the
Walnut formation is described as, “…the beds of clay and non‐
chalky limestones at the base of the Fredericksburg division.
[It consists] of alternations of calcareous laminated clays,
weathering yellow on oxidation, semicrystalline limestone
flags, and shell agglomerate, all of which grade upward
without break into the more chalky beds of the Edwards
limestone,” (USDI, 1900). We often noted a cap of heavily
fossiliferous, non‐chalky limestone over bedded layers of
softer, compacted silty‐clay material.

Often, layers of limestone have key indicator fossils which are

Figure 4: A Walnut limestone
outcrop at the edge of a glade.
Note the numerous Texigryphaea
mucronata fossils on the surface
(inset).

generally only found in that layer (Figure 4); luckily the Walnut
is one of these formations. We collected hand samples of the heavily fossilferous layer and brought
them back to TCU for a consultation with Geology professor Dr. Arthur Busby. Dr. Busby confirmed
our suspicions, and identified the key fossil as Texigryphaea mucronata, an indicator for the Walnut
formation (Akers & Akers, 2002). The silty layers of the Walnut formation are referred to as marls
(Bruand & Tessier, 2000). Because of their high silt and clay content, these marls hold water
extremely well, and are the sponges that feed the seeps we noticed along many of the hillsides at
the Fort Worth Nature Center and Refuge.

At the edges of these broad hilltops, just as the downward slope begins to increase we found the
weathered edges of the Walnut Formation outcropping. These outcrops marked the area where the
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hilltop soil depth transitioned to zero, and bedrock lay exposed.

These outcrops occurred

consistently along the fringe of the Walnut layer resulting in a large collection of sites that met our
evaluation criteria: very thin soils over a substantial, impervious bedrock layer.

Often the soils of the upper Walnut Barrens sites exhibited features of an ancient, eroded soil. Lack
of effervescence and the presence of occasional quartzite cobbles/gravel indicate either that this is
an extremely old soil that has either been leached of its calcium carbonate, or it is derived from a
non‐calcareous parent material. The rounded quartzite cobbles were likely deposited by fluvial
processes

The features above are often seen at the base of the Walnut Formation, in close proximity to the
contact between it and the Paluxy Sands Formation below. In the younger layers of the Walnut
Formation (usually located on the formation’s eastern fringe), the Walnut is exposed in washes and
streambeds at the bottom of the local topographical map. In this context, the soil found in the
Walnut Barrens and Glades is often heavily influenced by the illuviation of carbonates and
deposition of sediments from upslope. Often, the source of these minerals is the Goodland
Formation, a Formation with its own unique soils and barrens communities.

THE GOODLAND FORMATION
In the same 1900 report to the interior, Hill mentions the grading upward from Walnut Limestone to
the more chalky Edwards limestone (USDI, 1900). The Edwards Limestone they refer to is also
known in Tarrant County as Goodland Limestone and the name changes by convention at the county
line between Hood and Parker counties. Goodland limestone is described as being coarsely nodular
(Figure 5) with relatively few thin clay beds (McGowen, et al., 1987).
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During our field work, we noted that the
Goodland formation does not form glades as
readily as the Walnut Formation, but it does form
extensive gravel barrens. We believe that the
formation of glades, then, is primarily a function
of the properties of the underlying bedrock.
While the walnut tends to be composed of large
limestone shelves approximately 1 – 2 feet thick,
the Goodland formation seems to weather into
cobbles, stones, and boulders; at least within the
sample of sites where we have encountered it.

Figure 5: an exposure along a Goodland
barrens community showing both the
While the Walnut Formation has distinct soil types
shallow rooting depth of the barrens and the
nodular nature of the formation.
influenced heavily by the topographic location of
the site, the Goodland Formation weathers more uniformly resulting in Barrens with a more
homogenous soil mix. These soils are highly effervescent to HCl, and are gravelly to extremely
gravelly.

SOIL PROPERTIES AND PLANT/WATER RELATIONS
Characterization of the soils of these two systems is very important for understanding how to
interpret and apply knowledge about native barrens plant performance in test green roofs.
Plant/water relations are governed by both plant physiology and by soil properties like texture,
porosity, and macroscopic structural features. Differing plant physiologies and life forms reflect
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differing strategies for exploiting available soil water (Burgess, 1995). Within these different rooting
and water storage strategies, physiological aspects like the cavitation resistance of the xylem can
also be changed within a single species to adapt to differently textured soils (Sperry & Hacke, 2002).
Plant choice for living roofs, therefore, must be based partially on the growing media to be used,
especially if transplants which may be accustomed to one soil type or another are used. With native
barrens soil as the chosen growing medium in many of our experiments, we need to discover as
much as possible about it.

Soil surveys conducted by the Natural Resources Conservation Service (NRCS) are a good resource
for first order soil investigations. Researching areas known to us as barrens, we discovered six soil
series which seemed to be most prevalent: Aledo, Bolar, Brackett, Maloterre, Spec, and Purves. Full
NRCS description sheets for these soil series are available in Appendix C. Common features among
these soil series include high gravel content, clay to clay loam in texture, and 1 meter or less depth
to bedrock.

Of these five series, soils fitting the Bolar and Maloterre series were most frequently seen on
Goodland barrens sites. Upper soil horizons on these barrens are gray to grayish brown, and contain
a high proportion of nodular, calcareous gravel. Soil in the Goodland barrens often has broad
transition zones between soil and lithified bedrock, a result of the weathering pattern of the parent
material below. Goodland Barrens field sites from this study more closely resembled the grey‐
brown nature of the Maloterre series, and the series vegetation description of sparse, low grass and
forb cover matches perfectly. Depth to bedrock on Maloterre soils is less than 12 inches. The Bolar
Series soils are a deeper, more developed, and nutrient rich soil compared to the Maloterre Series
soils. They often have a meter or more of soil before bedrock, dark brown A and B horizons, and
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support more standard prairie vegetation like Schizachyrium scoparium (little bluestem) and
Bouteloua curtipendula (sideoats grama). We observed soils matching these descriptions occurring
side by side.

The Purves, Spec, and Aledo soil series seem to accurately describe the range of soils encountered
on Walnut barrens. The soils of the Walnut barrens are generally brown to red or grayish brown, still
very gravelly (lesser so than in the soils of the Goodland barrens), and have a more abrupt transition
to lithified bedrock. Color seems to be the best method for differentiating these three soil series;
the Aledo soils have an overall grayish brown appearance, the Spec soils are reddish brown, and the
Purves series soils are darker brown than either the Aledo or Spec soils. All three are upland soils,
and have similar depths to bedrock (16 – 24 inches), and only the Aledo series is listed as having
typically fractured bedrock; the Purves and Spec soil series usually are above hard, lithified bedrock.

While these series descriptions may seem to imply a degree of certainty about soil characteristics
and locations, preliminary field investigations revealed that barrens rarely have large areas of
homogeneous soil; more often a gradient or patchwork of soil types is observed, which makes exact
classification of the soil in any barrens difficult. A more thorough description of the soil sampled for
this study is found in Chapter IV.
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CHAPTER III: METHODS AND PROJECT DESIGN

RESEARCH METHODS
The living roof industry in Texas is in its infancy. Our TCU team had an ideal collection of expertise
from the fields of botany, geology, hydrology, and ecological design to influence this budding
industry. My thesis research has three primary goals:

1. Inform the biomimicry design process by describing the soils of the Walnut Barrens and
Goodland Barrens ecosystems
2. Monitor barrens and commercial soils’ hydrologic performance as green roof media
3. Determine if Greened Roofs hold promise as a vehicle for conservation of North Central
Texas prairie habitat

The first of goal required sampling a variety of field sites for laboratory analysis. Textural analysis
was performed on soil collections from four barrens sites: two from Walnut Limestone parent
material, two from Goodland Limestone parent material). The top 15 to 30 cm of these sites were
sampled, often capturing a rudimentary Oi (mostly fibric organic materials) horizon and either an A
or more often sampling a remnant B horizon. The sample was air dried and pushed through a 2mm
sieve to remove gravel. The gravel size, relative volumetric abundance, and shape were recorded.
100ml of sieved soil was oven dried and subjected to textural analysis via the hydrometer method
(Newland, 2008). Another 100ml of soil from each sample was combined in a pooled sample for
each site location. These were shipped to the Texas A&M Soils Lab for analysis of texture,
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macronutrient content, and pH. These tests provided insight into what soil conditions the plant
species of the North Texas barrens evolved in, and allowed comparison to synthetic soils.

In addition to soil texture, bulk density of several other barrens sites was measured. A soil’s bulk
density can be directly related to its porosity, a measure of how much of the soil volume is open for
water and air to move between mineral and organic particles. These properties are integral for
understanding plant/soil relations as well as soil evolution. Determining the bulk densities of these
soils in the field also gave a benchmark with which to compare native soils disturbed during
installation in living roofs. Bulk density was calculated by obtaining a relatively undisturbed, known
volume of soil with a soil corer, oven‐drying it so that it only contains soil and air, weighing it, and
then dividing that weight by the volume of the sample.

Accurately determining the saturated weights of the media components is of the utmost importance
to the safety and integrity of green roof design. Saturated weight is a measure of the mass of both
the material in question and the volume of water it is capable of retaining with little free drainage
occurring. These conditions mimic conditions during heavy or extended periods of precipitation
where a living roof system would reach its maximum weight. Replicating these conditions in the lab
is a fairly straightforward procedure, as outlined in ASTM E 2399 (ASTM International, 2005), the
standard which was followed in this study. Because of difficulty in locating the apparatus specified
in the ASTM standard, many components were fabricated from different materials, taking care to
ensure the substituted equipment was equivalent to the ASTM standard. Exact modifications and
detailed methodology can be found in Appendix D.
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Monitoring hydrologic performance of these soils required actually installing native soil in model
green roofs, and implementing a hydrologic monitoring regime.

Monitoring green roofs for

hydrologic flux is one of the most active fields of research in the living roof industry. Data about
reductions in stormwater runoff and lag times in peak flow can be integral to the adoption of green
roofs as a hardscape mitigation strategy for a municipality or other governing entity.

Two data measurement systems are commonly
used, chosen on the basis of the roof area to be
monitored. For large roofs, where flows in the range
of tens to hundreds of gallons per minute may be
expected, MAGmeters are often used. They provide
excellent accuracy at high flow regimes, but are less
effective at monitoring low flows (Liu & Minor,
2005). On many smaller experiments where large
volume flows are not expected, tipping bucket rain
gauges are utilized to collect runoff data (VanWoert,

Figure 6: Aluminum guttering and tipping
bucket rain gauge collecting data during
the project test phase in March 2008

et al., 2005). These gauges are easily overwhelmed
by large flows, so it is important to site them
carefully.

Some experiments have utilized both

MAGmeters and tipping bucket gauges in a more complex, but more accurate flow measurement
system (Wachter, et al., 2007).

Because of the relatively small area of our test modules (16 ft2), we chose Davis Instruments tipping
bucket rain gauges (Figure 6, Part #: 07852), which have accuracies of ±4% for rates up to 2.00
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inches/hour and ± 5% for rainfall
rates above 2 inches/hour.

A

separate tipping bucket gauge was
used to monitor onsite rainfall.
These sensors were logged by a
Campbell

Scientific

CR1000

datalogger in a waterproof enclosure
(Figure 7). The CR1000 had a battery
backup capable of providing 7
months of backup power in case of
extended power loss to the study

Figure 7: Study Site in April 2008. In the foreground the
white datalogger housing and rainfall gauge can be seen.
The modules on the left side of the picture were monitored
for hydrologic flux.

site. The logger was programmed to continuously monitor the gauges and create a data point every
ten seconds, 24 hours a day. These 10‐second rainfall bins were the core of the Hydrologic
measurements of this study.

The other type of Hydrologic monitoring done for this study was soil moisture content. These data
were taken within the test modules over multiple days after a rain event. Field sites were also
measured for comparison. This would allow us to determine which treatment (if any) retains water
longer, as well as indicating what soil moisture content aligns with plant stress. A Delta‐T HH2 soil
meter with a Theta Probe measured soil moisture content (in percent) throughout this portion of
the study.
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The soil and hydrologic results were combined with qualitative observations about plant growth and
performance.

These interpretations concerning the conservation potential of living roofs are

summarized in the discussion section of this paper.

TEST MODULES
Many studies of green roof performance have been conducted in the past forty years, and many
have utilized actual green roofs as the study sites (Jones, 2002; Schrader & Boning, 2006; Wachter,
et al., 2007). Others built small scale roofs which replicate the rooftop soil environment, but are
closer to the ground and generally cover a much smaller area than a typical roof (Simmons, et al.,
2008; VanWoert, et al., 2005). Building small scale experiments make sense especially if new design
ideas are being tested since most green roof owners are reluctant to disturb their installed systems.
As there are few extensive green roofs in North Texas, and even fewer that have utilize native soil, it
seemed

prudent

to

build

our

experiment from scratch.

Our mock green roofs, or test
modules, are built from treated
lumber and have inner dimensions of
four feet by four feet (Figure 8) with
eight‐inch sides to contain the entire
profile of the soil as well as a
drainage mat, or in the case of the
Figure 8: 3D Model of one of the test modules used in the
study. Note the drainage gap.

commercial media, a water retention
layer.
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These modules have a reinforced ¾‐inch plywood base with four, three‐foot legs to place the soil at
waist level for ease of access. One side of the box was designated the downhill side and a drainage
gap was provided at the base of this side. The modules were placed at a 2% slope towards this gap
to facilitate drainage. All of the modules received an inner water‐proofing membrane of 6‐mil black
plastic sheeting. All modules which are monitored for hydrologic flux have a sealed metal liner
installed on top of this layer to provide a smooth, regular surface for any water to move across.

Test modules containing native soil were further lined with a product often used in green roof
installations called a drainage mat (Valauskas, 2004). The purpose of this mat is to hold the soil
away from the actual surface of the roof while still allowing water to drain freely through it. This
facilitates drainage of the media by ensuring that the entire outer perimeter of the soil is free
draining and not pressed against an impervious surface. Our commercial installations have a
product underneath the soil designed to perform the same function, but it also is able to store some
excess water. Once these preliminary layers were installed, each test module was ready to receive
first soil or growth media, and then a carefully selected palette of plants.

TREATMENTS
Before construction began, an experimental design was needed. We knew that commercial green
roof media differ greatly from the soil found in the prairie barren communities in North Texas.
Commercial green roof media are often composed primarily of a fine gravel of expanded clay or
shale. Volcanic gravel, like pumice, is also often used. Mixed with this gravel is quartz sand to fill
voids, and processed compost to add nutrients. The soil of the barrens, when hand textured in the
field, feels and acts much like a clay loam. Clay rich soils often have great potential for water
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storage, a huge benefit for a green roof designed to mitigate stormwater runoff, but very low
infiltration rates due to the extremely small pore spaces between clay particles. Low infiltration
rates can cause stormwater from intense downpours to simply run off of the surface of the soil, and
bypass the root zone completely. Because of their relatively larger pore spaces, commercial green
roof media usually have very high infiltration rates and thus rarely have surface runoff.
Figure 9: Overhead photographs of the four different treatments studied. All except treatment 2
utilize native barrens soil as a growth media.

Treatment 1: Bare Soil

Treatment 2: Commercial Green Roof

Treatment 3: Gravel Mulch

Treatment 4: Concrete Mulch
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The same qualities that make most commercial green roof media superb at infiltrating water reduce
their water storage capacity. To offset this, many companies have designed water catchment
systems that reside under the growing media. These effectively increase the water storage capacity
of these systems. The finer‐textured native soils would be effective at storing water, but we were
unsure about their ability to absorb water quickly enough. Thus, we wanted to test ways to increase
the infiltration rate of the barrens soil.

We built several test modules to benchmark native soil against a commercial media, and to test
methods of increasing infiltration rates within the set of modules testing native soil (Figure 9). Each
different test module treatment was built in triplicate to provide redundancy and increase our study
area beyond the sixteen square feet one module provides. Of the three modules of each treatment,
two would be measured for hydrologic flux, and the third would be simply to provide an additional
system for plant evaluation.

Treatment 1: Bare Native Soil
Because one of the goals of this experiment was to attempt to increase the infiltration rate of native
barrens soil, a control was needed. This treatment is simply lightly compacted native soil, obtained
from property adjacent to the Fort Worth Nature Center that matched the plant palette and geology
of the barrens we studied. These act not only as a control for the other native soil treatments, but
also as the purest system to benchmark against the commercial media treatment. My hypothesis
was that it would indeed hold and store more water than a coarse commercial media, but that low
infiltration rates would result in much of a rain event being lost as runoff.
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Treatment 2: Commercial Green Roof
On the advice of Dr. Steve Windhager, who is currently conducting green roof research at the LBJ
Wildflower Center in Austin, Texas, we chose a commercial design that is well known and widely
used in green roof projects around the United States. Most of the available commercial green roof
systems are designed to be very lightweight to facilitate green roof retrofits on existing structures
which were not designed to hold the weight of a natural soil.

The manufacturer recommended to us by Dr. Windhager graciously donated the materials for this
study. The growing media is a proprietary mix of expanded clay, sand, and compost which is indeed
very lightweight. This media is installed above a filter fabric, which rests upon a water retention tray
filled with lightweight aggregate. This layer provides additional water storage capability to the
system as a whole. I hypothesized that the growing media itself will do little to capture and store
water, and that the water storage layer will be integral to this design’s storage capacity. I expected
to see a marked point of diminishing returns, when the water storage layer is filled and the system
becomes saturated.

Treatment 3: Barrens Soil with Gravel Mulch
The only difference between this treatment and treatment 1 (bare native soil), is the addition of a
one‐to two‐inch layer of medium fossiliferous gravel on top. I thought that the addition of this layer
would shield the soil underneath from the effects of rain‐splash erosion as well as increasing
infiltration rates by providing seams along the gravel/soil boundary for water to exploit. I also
expected that the gravel mulch would prevent soil water from evaporating as quickly as it might
with no gravel cover.
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Treatment 4: Barrens Soil with Artificial Rock Mulch
Treatment 4 is a more extreme version of treatment 3, where the mulching layer is comprised of
mostly solid, rock‐like mulch. This treatment was inspired by the glades systems we observed,
where layers of limestone at the surface act as an insulator and mulch to a layer of marl. In
addition, we noted soil pockets that form in cracks traversing the glades where the mulching layer
had split. These limestone mulches seem to be very effective at retaining water in the soils
underneath, and a similar system could be very effective at maximizing water retention while
minimizing water loss to evaporation in a rooftop environment. We used cement tiles as analogues
to the lithified limestone we were accustomed to observing in the field.
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CHAPTER IV: EXPERIMENTAL RESULTS

STORMWATER DATA
Stormwater data for this study were collected and analyzed from April 1st, 2008 through August 31st
2008. Within this period, thirteen measurable storm events were recorded (Table 1). Storm events
were considered separate if six hours had elapsed between counts on the onsite rainfall gauge..
This definition resulted in a few rainstorms under 0.5 inches being lumped into the larger storms
that preceded them.
Table 1: Cumulative storm data and retention percentages from April 1st 2008 to August 31st
2008. Cell values of SM represent sensor malfunction during the storm event, and these data were
not used in any retention analysis.
Event
Date
4‐Apr
8‐Apr
17‐Apr
23‐Apr
6‐May
14‐May
27‐May
19‐Jun
28‐Jun
29‐Jun
30‐Jul
1‐Aug
15‐Aug
18‐Aug
19‐Aug
19‐Aug

Rainfall
Total
(in)
0.31
2.96
1.59
0.88
0.87
0.53
1.74
1.79
0.91
0.52
0.14
0.93
2.38
2.21
0.11
0.17

Box 1
Bare
99.58
43.20
67.59
85.87
85.86
99.48
64.53
SM
SM
SM
SM
SM
SM
SM
SM
SM

Box 2
Rock
Mulch
96.14
46.14
69.22
SM
83.39
98.50
SM
76.89
89.34
61.96
98.76
86.40
60.84
56.85
75.24
32.62

Box 3
Gravel

Box 4
Bare

Box 5
Commercial

96.84
43.19
66.09
84.56
86.60
99.24
71.15
71.31
87.54
49.60
99.90
89.31
56.58
60.05
76.68
31.94

97.12
37.12
63.76
79.88
81.58
99.32
72.76
67.28
85.70
40.90
100.00
84.74
47.63
46.90
62.80
26.26

98.51
SM
80.90
63.41
63.33
99.70
64.98
46.57
67.11
34.44
99.79
62.55
38.19
SM
SM
SM

Box 6
Rock
Mulch
96.24
30.77
59.65
62.13
75.46
93.45
62.78
58.01
80.89
30.76
99.69
70.73
51.46
51.71
56.77
26.26

Box 7
Gravel

Box 8
Commercial

98.93
SM
73.22
SM
SM
99.37
78.27
73.92
SM
40.07
100.00
SM
50.88
46.57
78.13
34.57

98.09
SM
84.15
SM
64.97
99.32
SM
51.45
76.88
35.49
100.00
64.03
40.04
50.13
63.85
28.81

Among the eight flow sensors used to monitor the test modules, usually at least one malfunctioned
during each storm. The most frequent cause of these failures was an object becoming lodged in the
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funnel of the tipping bucket collector. The obstructions ranged from small objects like gravel and
insects, to larger obstructions such as a bird’s nest. We tried many methods of filtering the runoff
and protecting the funnels from obstruction; however, any sieve or mesh small enough to remove
sand from the flow was easily clogged or was too restrictive and resulted in water being lost over
the sides of the collection funnel. Finally, a relatively successful solution was found. Kitchen
strainers had the correct shape and mesh size to both remove small obstructions, but allow the
water to flow freely. Solving these issues is why monitoring began in April instead of February when
the media and sensors were installed.

All datasets from storms were visually analyzed for signs of sensor malfunction.

Often, this

appeared as a sudden decrease to 0.00 inches/ten seconds from 0.20 or 0.30 inches/ten seconds.
Periods such as this often lasted for 1 to 10 minutes before the clog would pass and the flow would
resume. The data from these sensors were removed from the dataset, and only those data from
sensors which appeared to have remained functional throughout the entire storm were used in the
following analysis.

Stormwater retention performance of the test modules was analyzed with a scatter plot of percent
water retained (of a theoretical volume of water incident on each module) vs. the rainfall total of a
particular event. The datasets were combined from modules with the same treatment into four
larger sets.

TREATMENT 1: BARE SOIL
The dataset for the bare soil modules was comprised of 20 points, the lowest number of the four
sets. This was primarily due to a sensor malfunction which rendered it inoperable for half of the
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study. A linear regression of these data points gives a very good fit (Figure 10), with an R2 value of
0.96. The stark linearity implies that a very simple relationship can be developed between rainfall
amount and stormwater retention within given precipitation ranges. It would be interesting to have
tested modules with different soil depths to see if it merely causes the entire plot to shift upwards
or downwards (higher or lower y‐intercept), or if the slope of the retention curve would change as
well. A p‐value of <0.0001, as well as the observation that the residuals appear to fit a normal
distribution, leads to the conclusion that stormwater retention is a linear function of rainfall within
the dataset for this system.

Bare Soil Test Modules: Stormwater Retention Scatter Plot
with Fit
Stormwater Retention Percentage
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1. Figure 10: Stormwater retention data from treatment 1 (circles). Linear fit (solid line), 95%
confidence intervals (small dashed line), and 95% prediction interval (large dashed line)
also shown.
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TREATMENT 2: COMMERCIAL MEDIUM
The dataset for treatment 2 consisted of 21 data points. The data are more scattered resulting in
the poor linear fit (Figure 12). With an R2 value of 0.69 and a much lower F‐statistic than the other
treatments studied, variables outside of rainfall totals are significant in predicting retention
percentages for this system. Polynomial fits show little improvement. This is likely due to the more
complex system of interacting layers creating lagged responses that are harder to predict.
Nevertheless, the retention percentages were generally only slightly lower than the native soil
treatments, which would seem to speak to the effectiveness of the water storage layer underneath
the growing medium. Further studies which integrated soil moisture readings along with storm data
might be able to produce a more useful model of retention percentages.

Commercial Soil Test Modules: Stormwater Retention Scatter
Plot With Fit
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Figure 11: Stormwater retention data from treatment 2 (circles). Linear fit (solid line), 95%
confidence intervals (small dashed line), and 95% prediction interval (large dashed line) also
shown.
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TREATMENT 3: NATIVE SOIL WITH GRAVEL MULCH
This dataset was comprised of 22 data points. When a linear regression was performed on this
dataset, the equation was almost identical to that for the bare soil modules; they fall well within

Gravel Test Modules: Stormwater Retention Scatter Plot With
Fit
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100
90
80
70
60
50
40
30
0

0.5

1

1.5

2

2.5

3

Rainfall Total (inches)
Linear fit (105.9 -22.32x)

95% CI

95% Prediction interval

Figure 12: Stormwater retention data from treatment 3 (circles). Linear fit (solid line), 95%
confidence intervals (small dashed line), and 95% prediction interval (large dashed line) also
shown.
each other’s 95% prediction boundaries (Figure 12). This leads to the conclusion that a 1‐inch layer
of gravel on top of native soil makes no significant difference in the stormwater retention capacity
of the system. The fit for treatment 3 had an R2 value of 0.94. A fairly normal distribution in the
residuals and a p‐vale of less than 0.0001 seem to indicate that as with treatment 1, a linear model
explains the dataset well.
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TREATMENT 4: ROCK MULCH

Rock Mulch Test Modules: Stormwater Retention Scatter Plot
With Fit
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Figure 13 Stormwater retention data from treatment 4 (circles). Linear fit (solid line), 95%
confidence intervals (small dashed line), and 95% prediction interval (large dashed line) also
shown.
This dataset was comprised of 24 data points. As with the other two treatments which utilize native
soil as a growing medium, a linear regression appears to be a good fit (Figure 13)

The data from this treatment is more scattered than that of the Bare Soil or Gravel Mulched
treatments, the fit has an R2 value of 0.83. The distribution around the fit is fairly normal, and the F‐
statistic of 110.57 shows the linear fit is a good choice. I postulate that the additional scatter is due
to two factors. The first is the interaction of the rock mulch and the soil underneath; these layers
may influence water flux in a nonlinear way, especially considering the water‐holding shape of the
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rock mulch. The scatter could also be attributed to an installation error in module six. The soil for
this module was moved while very wet, and upon drying had a much different structure from any of
the other modules. The soil dried in extremely hard clumps which, upon installation, did not readily
form a true soil matrix. This difference was only visual at first, but as time went on we noted that
this module was underperforming in plant growth and survival as well as water retention. When the
two modules from this treatment are plotted individually, module 2 has an R2 value of 0.96, while
module 6 has an R2 value of 0.88.

HISTORICAL STORM INTENSITY AND FREQUENCY ANALYSIS
In order to put the retention relationships into perspective, an analysis of historical storm totals was
done to determine what rainfall amounts are most common in the local precipitation history, and
what storm intensities are responsible for the bulk of total precipitation. Hourly rainfall data were
acquired from the National Climatology Data Center (US Department of Commerce, 2008) for a
monitoring site on the dam of Benbrook Lake 12.5 miles south of our research site. Benbrook dam
was chosen because it has a very large historical dataset of hourly rainfall data in the vicinity of the
study site (from 1949 – present). Our storm data are not in hourly totals, so the hourly data from
Benbrook was binned into daily totals. One of the issues with daily totals is that storms often
straddle the boundary between one day and another, and thus the rainfall total for such a storm
gets split between the two daily totals. The hourly data from Benbrook dam allowed these
problems to be circumvented.

The dataset from Benbrook only consists of periods of rainfall, so consecutive dry days are not
present in the data set. The daily totals from this data are flagged if a storm happened to occur
across the boundary between one day and another. Therefore, a more accurate daily total could be
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tallied from this data set than from a pure daily total data set. Extracting the modified list of daily
totals, produced a list of 3,418 daily totals from which 1,723 inches of total precipitation fell. These
storm events were ranked in descending order, and corresponding exceedence frequencies were
calculated.

The plot of exceedence frequencies (Figure 14) shows for any given x value (storm total) the
frequency at which that value might be exceeded by a random event. For example, for any random
storm event, there is a fifteen percent chance the storm total will exceed one inch. While this plot
shows the frequency of exceedence of storm events, a more pertinent question is perhaps which
storms are most influential as a percentage of total rainfall throughout the dataset?

To determine this, the storm‐total data were binned into half‐inch bins, and summed so that a total
rainfall from within each bin was calculated. It is then trivial to determine what percentage of the
total rainfall these bins represent. Sub‐one‐inch events account for 47.2 percent of the total volume
of rain from the Benbrook data set. Events between one and two inches account for 32.47 percent,
while two‐inch to three‐inch events total 12.89 percent.

The remaining 6.91 percent of the

stormwater volume fell in events over three inches. These numbers total to 99.79 percent. The
missing 0.21 percent was lost to rounding error.
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Figure 14: Dual y‐axis plot. The left y axis denotes percent retention for a given storm event. A linear regression for each treatment is shown against this axis. The right hand axis measures
exceedence frequency, and an exceedecne frequency plot based on daily rainfall data from Benbrook Lake Dam from 6/1/1949 through 4/1/2008 is plotted against it. Both y axis share the
rainfall total per storm x axis. By viewing these plots together, it is possible to see what retention percentages might be expected for a given storm total. In addition, the historical frequency
of such an event can be determined.
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Taking these data a step further and integrating into the stormwater retention curves from the
various datasets, we can calculate based on the linear fit how much of the effective precipitation
would have been retained. This linear fit is only applicable for events less than 2.96 inches as this
represents the maximum storm total used to calculate the fit. Carrying out this analysis with the
bare soil test modules, we find that only 278 of the 1566 inches of precipitation falling in 2.96 inch
or less events from 1949 to 2008 would have created runoff; an approximate 82 percent rate of
retention. This is the type of analysis that produces key numbers for municipalities to consider
when attempting to solve stormwater runoff issues.

STORMWATER DATA ANALYSIS: DISCUSSION
Stormwater retention data may have the widest applicability among all the results of this study, but
were the most difficult to collect. I learned a great amount about designing and implementing a
stormwater measurement system for living roofs; yet I would change some aspects for any future
stormwater monitoring projects. All storm data collected for this study can be found in the tables in
Appendix E.
The first item that begs for further work is simply the collection of more data. These data represent
warm season rainfall patterns and totals; however previous stormwater studies on living roofs have
found seasonality in retention data (Mentens, et al., 2006). A longer study period could remedy this
problem; however the time constraints of this study did not allow for cool season monitoring.
The next iteration of monitoring for these modules should have an actual “hard” roof analogue to
measure, instead of relying on a calculated perfectly draining roof for comparison. Such a test
module would allow other modules to be compared to the performance of an actual hard roof
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technology (tar and gravel, galvanized metal, etc…). Runoff from such a module would likely require
a different monitoring system as the rate and volume of flow would be much greater than those
seen during this study. In the same vein, a professionally designed flow monitoring system probably
would have been more accurate and more reliable than the system implemented for this study. This
would be a priority on any future studies should the budget permit.
The final suggestion for future studies would be to attempt to quantify the effect of media depth
and higher rainfall amounts on the retention curves. These relationships could be easily fleshed out
by installing and monitoring several test modules with different media depths, and either allowing
the experiment to run longer to capture a higher number of large rainfall events, or to utilize a
rainfall simulator to flesh out the dataset.

STORMWATER RUNOFF CURVES
Rainfall and runoff data were also analyzed on a storm by storm basis. These analysis provided
insights into stormwater runoff lag times and response times as well as visual representation of
runoff as a function of time. Lag times vary greatly in the literature. This may be due to the fact
that it is often unclear what the exact definition of “lag time” is in many studies. Lag times in this
study refer to a difference in time between the center of mass of the precipitation event and the
center of mass of the runoff volume. Figures commonly given for lag times in the current literature
range from 20 minutes to multiple hours (Kristin L. Getter, et al., 2007; Liu & Minor, 2005).
Common lag times for this dataset were in the 10 to 20 minute range, depending largely on storm
intensity and treatment.

Especially worth of note is the event shown in Figure 17. This is one of the only events where the
commercial green roof media retains a larger volume of water than all of the native soil modules.
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Stormwater Analysis June 29th 2008
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difference between the two tile (concrete mulch) treatments. Box 6 often exhibited poor water retention capacities due to soil conglomeration issues steming from
incorrect installation techniques. The soil was removed from the field and stored in a very wet state, allowing it to harden into very distinct congolmerations The duplicate
concrete mulch module (Box 2) often exhibits one of the highest retention percentages of any module. Lag times for this event were approximately 15 minutes.

Stormwater Analysis August 15th 2008
2.38 in (60.45mm) Event
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Figure 16: Stormwater chart for a 60.45 mm rainfall even on August 15th 2008. Box 1 (Bare) malfunctioned during this event and is not shown. Box 7 exhibits characteristic
flat‐line of blockage early in the event. However, closer inspection of the data does not show obvious signs of blockage (sudden decreases in throughput, erratic large flows)
These data were included because retention percentages between box 7 and its duplicate box 3 for the entire storm were in fact similar. Lag times for the first pulse were
approximately 15 minutes while lag times for the second were around 10 minutes.
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Storm Analysis April 17th 2008
1.59 in (40.4mm) Event
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Figure 17: Stormwater chart for a 40.4mm rainfall even on April 17th 2008. This is one of the most interesting sets of stormwater data collected during this experiment. This
is one of the only events where the commercial media out performs all the native soil treatments. Note the high intensity of the rain event. A preliminary hypothesis
suggests that the high intensity of the rain event resulted in Hortonian overland flow (surface runoff) on the native soil boxes.
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Storm Analysis August 1st 2008
0.93 in (23.6mm) Event

300

0

30

60

90

120

150

Time Elapsed
Box 2 (Rock Mulch)

Box 5 (Commercial)

Box 4 (Gravel)

Box 6 (Rock Mulch)

Box 8 (Commercial)

Rain Rate (mm/hr)

Box 3 (Bare)

Figure 18: Stormwater chart for a 23.6mm rainfall even on June 29th 2008. Box 1 (Bare) malfunctioned during this event and is not shown. Again, note distinct difference
between the two tile (concrete mulch) treatments.
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This event also has an intense rain event associated with it, peaking at 275mm/hr. It is hypothesized
that these high rates of precipitation caused Hortonian overland flow on the native soil treatments,
while the commercial treatments were able to infiltrate and store more of the rainwater. Curiously,
the commercial treatment performed better in this event than in events with higher storm totals.
This anomaly is also evident on Figure 14.
TEXTURE/MACRONUTRIENT ANALYSIS AND RESULTS
The data analysis for the texture results are shown in Figure 19. The particle size distribution
difference between the two formations is not drastic, but is certainly noticeable. In general, the

Figure 19: Goodland barrens soil texture plot (left), and Walnut barrens texture plot (right), both
representing 16 separate soil pits. The vertical lines represent the extent of the dataset. The
outer horizontal edges of the boxes enclose the second and third.
soils from the Walnut formation were sandier (mean value of 65% as compared to 55%), and
contained less silt (mean value of 21% vs. 31%) than the soils from the Goodland formation. Clay
percentages were roughly similar (mean of 14%). Detailed sample information is found in Appendix
B.
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Table 2 shows a summary of the results from the soil sciences lab at Texas A&M. At the bottom of
the table are the texture results from the aggregate samples. Overall, these data are very similar to
those measured in house. However, the sandier nature of the soils of the Walnut barrens, which
seemed so evident in the previous analysis, certainly is not as striking in these samples. With the
combination of these two sets of data, it seems reasonable to generalize that the barrens
communities which were studied for this project grow on a sandy loam soil, with approximately half
of the soil volume being comprised of sand, and the other half split fairly evenly between silt and
clay.
Table 2 Summary of data from Texas A&M's soil science lab on aggregated soil samples of barrens
soils. These 5 samples contain equal amounts of soil from numerous samples taken from 5 distinct
barrens sites. The first three columns of data are from Walnut barrens sites, and the remaining
two columns are from Goodland barrens sites.
Rhome,
TX Walnut
Barrens

FW Nature
Center 1
Walnut
Barrens

FW Nature
Center 2
Walnut Barrens

Holiday Park
Goodland
Barrens

Rhome,
TX
Goodland
Barrens

7.9

7.8

7.7

7.9

8.2

Nitrate (ppm)

3

12

16

5

15

Phosphorus (ppm)

13

9

10

5

4

Potassium (ppm)

87

103

175

81

88

8214

5883

5519

15304

16660

pH

Calcium (ppm)
Magnesium (ppm)

81

86

93

144

137

Sulfur (ppm)

15

15

16

16

19

Sodium (ppm)

90

79

102

91

120

Sand %

55

57

58

47

54

Silt %

27

28

18

29

27

Clay %

18

15

24

24

19

The nutrient analysis and pH measurements for the combined samples are also shown in Table 2. In
general, all of these samples showed extremely low Nitrate and Phosphorous levels compared to a
rich agricultural soil. Also worthy of note is the distinct difference in calcium levels between the
soils of the two formations; the Goodland barrens’ soils contained two to three times the level of
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calcium as their Walnut barrens counterparts. Many of the other analysis produced fairly consistent
results throughout the dataset, including pH which strayed very little from an average value of 7.9.

Many of these results were not very surprising; the extreme reaction of these soils with
Hydrochloric acid and the relatively low productivity of the soils were clues about the levels of
calcium and nutrients one might expect. The textural results shown here were surprising, however.
When dry, these soils feel loose and light like a sandy loam; yet when wet they exhibit many
features of a clay or silty loam. Hand‐texture analysis consistently revealed a fairly smooth feeling
soil when very wet, with little to no grit to indicate the presence of sand.

The consistent

hydrometer results both in house and from Texas A&M conflict with these preliminary field textural
classifications. This disparity can be attributed, we believe, to very fine calcareous sand which
would explain the lack of a very gritty feeling when hand textured. Such calcareous sand would also
contribute substantially to the elevated levels of calcium seen in these samples.

BULK DENSITY RESULTS
In total, twelve bulk density samples were taken and analyzed. Of these twelve samples, four were
taken from two Walnut barrens sites, four were taken from two Goodland barrens sites, two were
taken from a Walnut glade site, one was taken from a native soil living roof test module, and one
was taken from a commercial soil living roof test module. The results can be seen in Table 3.

The data are well grouped, with two exceptions. Sample DW0800924.B.SC2 is a sample from a
commercial living roof test module. This media is much different in texture from all of the other
samples shown in Table 3; it is much coarser and as such should have a higher bulk density.
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Bulk Density
(g/cm3)

Percent Pore
Space

DW080913.A.SC1 Goodland Barrens near Rhome, TX

1.27

52.2

DW080913.A.SC2 Goodland Barrens near Rhome, TX

1.32

50.1

DW080913.B.SC1 Walnut Glade near Rhome, TX

1.19

55.0

DW080913.B.SC2 Walnut Glade near Rhome, TX

1.39

47.5

DW080913.C.SC1 Walnut Barrens on LBJ Grasslands, TX

1.67

36.9

DW080913.C.SC2 Walnut Barrens on LBJ Grasslands, TX

1.56

41.1

DW080924.A.SC1 Goodland Barrens near Benbrook Lake, TX

1.27

52.3

DW080924.A.SC2 Goodland Barrens near Benbrook Lake, TX

1.42

46.5

DW080924.C.SC1 Walnut Barrens at FWNC, TX

1.39

57.1

DW080924.C.SC1 Walnut Barrens at FWNC, TX

1.26

47.7

DW080924.B.SC1 Native Soil Test Module

1.14

52.5

DW080924.B.SC2 Commercial Media Test Module

1.76

33.6

Site Sample Code

Site Description

Table 3: Bulk Densities of twelve soil cores. Locations of samples can be seen in Appendix A.
Percent pore space is calculated by subtracting the ratio of bulk density to average particle density
(2.65 g/cm3) from 1, and multiplying the resulting number by 100 (see equation 8).
Indeed, it has the highest bulk density, and thus lowest porosity of any sample taken. Sample
DW080913.C.SC1 had the highest bulk density recorded from any natural soil site. It is this point
that draws the right hand whisker of Figure 20 out much longer than the left hand whisker. Within
this dataset, there is no significant difference in bulk density between the Goodland and Walnut
barrens. This discovery is partiall explained by the two soils’ similar texture, as well as the similar
pedogenic processes occuring in both formations.

95% CI Notched Outlier Boxplot
Median (1.354)

1

1.1

1.2

1.3

1.4

1.5

Bulk Density (g/cm3)

Mean (1.373)

1.6

1.7

1.8

1.9

Figure 20 :Box and whisker plot of native soil bulk density data from Table 3. The commercial
media sample (bulk density of 1.76 g/cm3) was excluded from this figure.
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SOIL MOISTURE RESULTS
Soil Moisture readings were taken in two series during the course of the experiment. The first
captured nine of the eleven days from April 8th to April 18th 2008, and the second captured the five
day span from June 8th to June 12th 2008. The first dataset began with soil moisture readings on the
8th of April, after only 0.31 inches of precipitation over the previous week, and daily high
temperatures from the upper seventies to low eighties (˚F). 2.96 inches of precipitation fell starting
late in the evening on the 8th, and continued through the 9th of April. The warm weather continued
on the 10th, but a slow frontal passage on the 11th cooled highs to the mid sixties through the 17th of
April. A 1.59‐inch rain fell on the night of the 17th. Moisture readings were taken on all days except
the 9th and 17th.

The first set of moisture readings after the 2.96 inch rain event on the 8th/9th of April gives a good
approximation of the field capacity of the various systems; close to 3 inches of rain followed by 24
hours to drain excess water away. The native soil based modules all cluster at around 31% soil
water content by volume (Figure 21), while the commercial modules average just over 16% water
content. At first, this would appear to be a great disparity between the two treatment types;
however one must consider the extremely different textures and the effect of those textures and
pore volumes, and their effect on relative availability of the water to the plants. In addition to
different textures, the commercial media is extremely gravelly and thus has less pore space per unit
volume than the native soil.

44

Average Soil Moisture Readings From Test Modules
12:00pm April 10th ‐ 12:00pm April 16th 2008
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Figure 21: A scatter plot of average soil moisture readings within each of the four test module treatments and a field reference site. The dashed lines represent straight
lines drawn between data points, not recorded data. The passing of a cold front is indicated with a light blue vertical bar. The gap in the commercial soil is intended to
show that these modules were watered after hour 48 to aid in plant establishment.

Average Soil Moisture Readings From Test Modules
12:00pm June 8th ‐ 12:00pm June 11th 2008
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Figure 22: A scatter plot of average soil moisture readings within each of the four test module treatments . The dashed lines represent straight lines drawn between
data points, located at the intersections of the dashed lines and the vertical gridlines.
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Within three days of the rain event, the native soil treatments were distinct. The gravel mulch and
bare soil treatments dried at virtually identical rates, falling to approximately twelve percent
moisture by volume by the seventh day after the storm. The treatment with solid concrete mulch
maintained higher moisture during the first two days and thus retained about five percent more
moisture by volume despite drying at very similar rates during days four through eight (Figure 21).
Interestingly, the concrete mulched systems seemed to mimic the moisture profile of the natural
barrens community we used as a soil site. A reduction of the drying rate is seen from hour 48
onward.

The commercial treatments, as mentioned previously, did not retain as much of the precipitation as
did the native soil boxes; so they started the progression at much lower soil moisture contents.
Three days after the storm event, the moisture contents had dipped to about eight percent. While
still markedly drier than the native soil boxes, this eight percent decline is actually less than the
twelve to fifteen percent decline seen in the various native soil treatments. After this decline, the
commercial treatments were irrigated to aid in plant establishment. After irrigation, the commercial
treatment dried at a slower rate than it had previously, most likely a phenomenon due to the dry
cool front which dropped daily high temperatures by 20˚F.

Figure 22 shows the second set of soil moisture measurements, made during June 2008. This
dataset was an attempt to both flesh out the earlier moisture measurements and to quantify what
effect summer temperatures would have on drying curves. To facilitate measurements that would
meet these requirements, data was taken at noon of June 8th after twelve days of no precipitation
and daytime highs in the upper 90’s ˚F (35 – 37 ˚C). This first set of data gives a floor value for soil
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moistures for all treatments under these conditions. After the initial data was taken, an artificial
rain event of 1.0 in (25.4 mm) was applied to each module.

After the 1‐inch irrigation event, the moisture content of all treatments mirrored the measurements
taken in April. The native soil treatments were slightly above thirty percent moisture by volume,
while the commercial treatment averaged around sixteen percent. By the 11th of June, the concrete
mulched treatments had fallen to nineteen percent, the bare soil and gravel mulched treatments
had fallen to just over fifteen percent, and the commercial treatments had reached six percent
moisture by volume. The slopes of these drying curves are similar amongst all treatments, with
mulched soils drying at slightly slower rates proportional to the amount of mulch present.

A more extensive set of moisture readings taken after several storms could determine soil drying
equations that could incorporate variables such as temperature, humidity, wind speed, and perhaps
plant growth. This data set is too small for use in such an analysis; however, these data do provide
baseline numbers for living roof designers to consider when planning a project in similar climate
regimes.

SATURATED WEIGHTS RESULTS/DISCUSSION

Media Description

Saturated Weight of 144
cubic inches [lbs (kg)]

Native Goodland Barrens Soil
Native Goodland Barrens Soil
Commercial Green Roof Media
Commercial Green Roof Media
50/50 Mix Barrens/Commercial
50/50 Mix Barrens/Commercial

7.15 (3.24)
6.87 (3.12)
5.88 (2.67)
5.72 (2.59)
7.23 (3.28)
6.91 (3.13)

Table 4: Saturated weights of three different media performed to ASTM standard E 2399

47

Table 4 shows the results of saturated weight measurements on three different green roof media.
Native barrens soil was tested to provide these crucial numbers to anyone planning on using similar
soils in a living roof project. The soil tested was 52% sand, 23% silt, and 25% clay, sieved of gravel
larger than 2mm. A commercial mix was tested to provide a “state of the art” benchmark for a
lightweight soil. Finally a 1:1 mix of the two media was tested to test the hypothesis that the
expanded clay in the commercial media would serve to lighten a native soil mixture. These results
indicate that a 1:1 mixing of these two media is not an effective way to reduce the weight of native
soil. In fact, it seems the addition of native soil at these ratios increased the saturated weight of the
system.

The 1:1 ratio of native soil to commercial soil led to a change in the nature of the medium. Instead
of the soil being supported by lightweight aggregate as is the case in the commercial media, the 1:1
mix dilutes the lightweight aggregate. It fills all of the large pore spaces to such an extent that the
supportive nature of the aggregate is lost. This supportive structure allowed soil minerals to remain
loosely compacted into pore spaces which facilitated free drainage. While no weight reduction was
seen by mixing lightweight aggregate into natural soil, there was not an extreme margin of
difference (± 20%) between the two to begin with. Further experimentation with mixing ratios or
with alternative lightweight aggregates could still produce a lightweight soil with much of the
chemistry needed for native plants to thrive.

48

CHAPTER V: CONCLUSIONS

The prairie barrens soils tested here are a feasible media for green/living roofs. They retained more
rainwater than the commercial medium, but at a tradeoff of reduced infiltration rate and increased
media density. However, in only one of the recorded events could the reduced infiltration rate of
the native soil media be attributed to lowering retention percentages below those of the tested
commercial system. Further analysis of historical rainfall rates could determine what significance
events of such a magnitude might have for long‐term stormwater retention.

Lightweight

aggregates hold promise for lightening native soil, but obtaining the correct ratio of aggregate to soil
will be important for realization of any desired weight reduction. The aggregate needs to be added
in high enough volumes to become the primary structural component of the media.

Not surprisingly, data from the botanical side of this study suggest that native barrens plants recover
from transplanting and grow more vigorously in native soil. Likely causes are soil chemistry and soil
structure. Soil description data presented here could potentially be used to design a lighter medium
which might also provide specific physical and chemical characteristics limestone barrens plants
prefer. Such a medium would enable prairie conservation throughout North Texas, and would set
an example for local customization of green roof media to protect local biodiversity.

Care should be taken not to place an exact copy of a natural system on a pedestal. Even with a
more complete understanding of a system like the Walnut Limestone barrens, it is foolish to imagine
that these communities might be exactly replicated on a rooftop. It is not foolish, however, to use
natural systems as models to design a climate adapted, resilient, system that will evolve over time
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into what it wants to be. Biomimicry design could propel green roofs from the Sedum dominated
designs of today to locally adapted roofs that speak to the natural history of the space they inhabit.
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This paper presents hydrologic data collected over a six month period from four different green
(living) roof test module treatments. These data are part of a larger study on applying biomimicry
design principles to advance the implementation of successful living roofs in North Central Texas.
The native soil of the Walnut and Goodland geologic formations, specifically the soil of these
formations’ barrens communities is analyzed as part of the biomimicry design process. Basic soil
characteristics are described along with a simple analysis of saturated weights for native soil and a
commercial green roof medium. The percent rainfall retention capacity of native soil systems are
compared to a commercial soil benchmark. This dataset is put into the context of historical rainfall
exceedence frequencies. Native barrens communities are viable models for green roofs in North
Texas; they outperformed the commercial medium tested in rainwater retention at the cost of
slightly greater weight.

