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ABSTRACT 

 
Soil bioengineering in combination with engineering, integrates ecologically sound vegetative 
treatments, meeting specific waterfront, stream, bayou, river, levee and shorelines and slope 
requirements for structural, environmental and aesthetic goals. Primary goals generally include flood 
control, stormwater management, stabilization and aquatic life, riparian wildlife corridors, ecological 
connections and recreation. While the soil bioengineering systems are useful throughout the 
watershed, this paper discusses combining soil bioengineering with geosynthetic reinforcement on 
highly steepened structures (e.g. 45˚ to 70˚), specifically along waterways.  This produces a composite 
vegetated reinforced soil slope (VRSS) system that sets in place strong structural and ecological 
foundations for constructing steep vegetated slopes.   Basic principles of soil bioengineering and the 
associated benefits of the VRSS systems in the riverine environment is presented. The paper describes 
pre-and post-construction conditions, environmental and aesthetic benefits, vegetation selection and 
design considerations. A case study of a 25-year old VRSS installation on Buffalo Bayou in Houston, 
Texas, that survived several extreme storm events including the recent 2017 Hurricane Harvey flood 
event of record is used to demonstrate the performance of VRSS systems. 

 
INTRODUCTION 

 
Soil bioengineering technology respects the dynamic synergistic nature of the land, by going beyond 
viewing land and waterbodies as merely connected structures and further views them as living systems 
with integrated functions encompassing; mechanical, hydraulic/hydrologic, ecological and social 
elements. The soil bioengineering vegetated reinforced soil slope (VRSS) method exemplifies these 
integrated functions, offering a highly versatile ecologically enhancing and naturally beautiful 
vegetated structure for waterfront, stream, bayou, river and lake shorelines to establish woody 
vegetation within the face of the reconstructed slope. The VRSS offers a synergistic composite design 
with considerable improvement over other methods such as conventional grassing or hard structural 
wall systems used alone. Soil bioengineering uses living vegetation in the form of live cut branches 
and rooted plants arranged and imbedded in the ground to prevent shallow mass movement and 
surficial erosion. Woody vegetation alone is limited to stable slope masses. Combining the brushlayer 
and/or hedgelayer methods (see Figures 1 & 2) with geosynthetic reinforcement produces a 
structurally sound fully integrated, low-maintenance living reinforced soil structure that is 
immediately a durable system with exceptional structural, aesthetic and environmental qualities that 
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Figure 1. Illustrated Fill Brushlayer Figure 2. Illustrated Hedgelayer 

(live cut branches)  (rooted plants) 
 

The synergistic combination of reinforcement and soil bioengineering forms the vegetated 
reinforced soil slope systems (VRSS) system as shown in Figure 3. When appropriately applied and 
properly designed, VRSS offers an attractive cost-effective approach for steepened slopes providing 
strong immediate and long-term protection against erosion, scour from the velocities of flowing water, 
shallow mass movement, including circular, wedge and rapid drawdown failures, capitalizing on the 
benefits and advantages that vegetation offers.  
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3. Vegetated Reinforced Soil Slope Figure 4. Reinforced Soil Slope 
(VRSS) System  (RSS) System 

 
The following sections provide a review of the components, design and special considerations 

of VRSS in relation to waterfront and stream and bayou bank applications. A specific project on 
Buffalo Bayou in Houston, Texas is presented to demonstrate the performance, strength and endurance 
as well as the aesthetics, ecological benefits of this technology in these often- dynamic landscapes. 
This site constructed 25 years ago in 1993, has survived numerous extreme floods considered to be 
500-year events. Construction photos of this project are shown in Figures 5 through 10. The 
construction and observations that illustrate the excellent performance of this project (e.g. see Figures 
11 through 13) are reviewed and illustrated in Figures 5 through 13. 
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THE VRSS SYSTEM 
 
The conventional reinforced soil slope systems (RSS) (see Figure 4), is the basis for the VRSS system. 
These are often cost-effective alternatives for new construction where the cost of fill, right- 
 
of-way, access and other considerations make a steep slope desirable.  The conventional use of grass-
type vegetation for RSS systems, when used in channel linings, is problematic especially in urban 
settings where the watersheds are fully built out causing rapid runoff, high velocities, shear stresses, 
rapid drawdown, long releases from flood control dams and seepage forces. The low erosion tolerance 
combined with environmental concerns and other factors creates a need for a new look at revegetation 
measures that are an integral part of the design that provides broad sustainable function. 
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Figure 11.  VRSS 2 years after construction Figure 12. VRSS 5 years after construction 

 

Figure 13. VRSS System 25 years after construction (Spring 2018) 
 

Likewise, the use of hard structures along waterways are problematic from several points of 
view including; mechanical failures such as toe scour and flaking as well as a host of ecological problems 
including increasing water temperatures, no ecological riparian connections, no cover or food source for 
aquatic life, increases near bank velocities and finally typically by law can no longer be permitted.  
Construction activities in this area requires native vegetative treatment, precluding the use of 
conventional grassing or hard wall type structures. 

An alternative to grass type vegetation on highly steepened sites and hard structures is the use 
of VRSS (Figure 3), combing soil bioengineering methods to establish hardier, woody type vegetation 
in the face of the slope to complement improved structural stability and ecological function of 
steepened slopes. Numerous areas of expertise must integrate to provide the knowledge and awareness 
required for success, typically requiring a team approach.  RSS systems require knowledge of the 
mechanisms involving mass and surficial stability of slopes. Likewise, when the vegetative aspects are 
appropriate to serve as reinforcements and drains, an understanding of the hydraulic and mechanical 
effects of slope vegetation is necessary. The US Federal Highway Administration (FHWA) (Berg et 
al., 2001) currently includes guidelines for its use in combination with geosynthetic reinforcement for 
design and construction of steep slopes. A comprehensive review of the VRSS components is 
presented by Sotir et al., 2002. The construction sequence and vegetation establishment of a VRSS 
system on this section of Buffalo Bayou is shown in Figure 5 through 13, the various aspects of which 
will be reviewed in the following sections. 
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BENEFITS OF WOODY VEGETATION 
 
The value of vegetation in civil engineering and the role woody vegetation plays in the stabilization of 
slopes has gained considerable recognition in recent years (Greenway, 1987; Coppin and Richards, 1990; 
Gray 1994; Gray & Sotir 1996; Garcia-Chevesich 2016). Woody vegetation improves the hydrology 
and mechanical stability of slopes through specific placement, root reinforcement and surface protection. 
The biological and mechanical elements must be analyzed and designed to work together in an 
integrated and complementary manner to achieve the required project goals. In addition to using 
engineering principles to analyze and design the slope stabilization elements, plant science and 
horticulture are needed to select and establish the appropriate vegetation for top growth, root 
reinforcement, erosion control, riparian environment and aesthetics, requiring an understanding of the 
local ecology. 

The main benefits of woody vegetation on the mass stability of slopes and streambanks are root 
reinforcement, soil moisture depletion, buttressing and arching and surcharge. (Sotir et. al., 2003) The 
inclination of the plantings installed into the slope and the plants affinity for water changes horizontal 
flow out of the face slope to vertical flow within the slope, thus inherently improving the factor of safety. 
(Gray et. al,. 1995) While there can be adverse effects, most of these such as windthrow and surcharge 
can largely be eliminated through the appropriate vegetation selection and slope design. Selective 
pruning on a three to ten-year rotation may also mitigate these problems. These related benefits and 
impacts must be carefully considered and incorporated into the assessment, design and construction to 
reach the desired project’s short and long-term desired goals. (Sotir et. al., 2000) 

Soil bioengineered systems are often able to provide a significantly more durable facing 
treatment, not only protecting the outward surface but improving the internal stability of the system. 
Additionally, the root systems bind the reinforcements together. The use of deeply-installed rooted 
woody plant materials, purposely arranged and imbedded during slope construction offers: 

• Immediate erosion control for slopes along; streams, bayous and shorelines; 
• Improved face stability through mechanical reinforcement by roots; 
• Reduced maintenance costs, with less need to return to revegetate; 
• Modification of soil moisture regimes through improved drainage, depletion of soil moisture and 

increase of soil suction by root uptake and transpiration; 
• Sets the foundation for enhanced wildlife habitat, aquatic life, ecological diversity and riparian 

connectivity in the landscape; and 
• Improved aesthetic quality, natural connections thus enhancing the experience for people using 

the resource, offering educational opportunities for present and future generations. 
The composite VRSS system (Figure 3), while it is not suitable under all conditions has many attributes, 
over the RSS system or hard wall structures alone. (Sotir et. al., 2000) 

 
WATERWAYS 

 
Streams, bayous, rivers and levees, such as Buffalo Bayou, are subjected to erosion and scour by 
flowing water. Geotechnical failures associated with the surface and groundwater often add complexity 
to the problem. As velocities increase so does the erosive powers of the flowing water. Vegetation 
provides roughness and the effects of erosion via the branches that bend over and protect the bank face 
during floods reducing the near bank velocities. The roots physically "knit" the soil particles together 
increasing the bank soil strength, causing it to act as a unitary mass. The effects of vegetation on the 
structural integrity of sandy levees was investigated by Shields and Gray (1993).  
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Their study along a six-mile road of channel along the Sacramento River in California concluded 
that woody vegetation did not adversely affect the structural integrity of a levee. In fact, the presence 
of plant roots reinforced the soil and measurably increased the shear strength of the surface layers. 
Shields (1991) investigated the influence of woody vegetation growing in riprap revetment. His 
investigation showed that the frequency of revetment failure was actually-lower in vegetated as opposed 
to unvegetated sectors. 

 
VEGETATION SELECTION 

 
The vegetation used in the VRSS system is typically in the form of live woody branch cuttings from 
native species that root adventitiously or from, bare root and/or container plants. The live cut branch 
vegetation used for the Buffalo Bayou project was Acer nigra (Black willow), collected from Addicks 
Reservoir.  This plant material was selected for its tolerances to drought, flooding, fire, deposition and 
sun. They were also chosen for their pioneer plant characteristics such as hardiness, environmental 
riparian wildlife value and water cleansing capabilities. Other interests for selection may include 
flowers, branches leaf color, fruits, size, form, rate of growth, rooting characteristics, ease of 
propagation and availability.  Time of year for construction of a VRSS system also plays a critical role 
in plant selection and installation method. The decision to use native species also was an important 
consideration. As mentioned earlier, most stream restoration requires permits for work in and around 
stream buffers ranging from twenty-five to over a hundred feet, measured from where vegetation is 
wrested by normal flow. Typically, requiring the use of native vegetation. 

 
VEGETATION PLACEMENT 
 
The vegetation installation at Buffalo started in October 1992 and was completed in January 1993.  
This allowed for the use of dormant vegetation and provided for immediate protection of the toe, 
reduced near bank velocities, over hanging cover and food sources. While many plants can be installed 
throughout the year, the most cost effective, highest rate of survival typically occurs when construction 
is planned around the plants dormant season. The plant material was installed at or near  
the low-water elevation.  They were placed on the frontal section of the formed terraces as shown in 
Figure 8. Typically, 150 to 1000 mm, (6 – 36”) protruded beyond the constructed terrace edge or 
finished face, (see Figure 8) and 0.5 to 4 m (1.6 to 13’) of the live branch cuttings were embedded in 
the reinforced backfill behind. The process of vegetation installation occurred simultaneously with the 
conventional construction activities, which is preferred, least expensive and most successful.  
 
VEGETATION DEVELOPMENT 

 
The Buffalo Bayou soil bioengineering VRSS system offered immediate mechanical results from the 
surface erosion control structural/mechanical and hydrologic/hydraulic perspectives, and, became 
stronger over time (see Figure 9). Within the first year (see Figure 10), the vegetation developed 
substantial top and root growth, which is typical. The rooting structure further enhancing those benefits, 
as well as providing a host of aesthetic and environmental functions and values. Conventional hard 
structures tend to remain the same and break down overtime, the VRSS structure changes dramatically 
and becomes stronger with age. Environmentally, the VRSS structure develops into a dynamic 
ecosystem both above and below ground, strengthens and enhances the landscape, initially serving as a 
strong foundation encouraging the natural recruitment of the surrounding plant community, thus 
increasing ecological diversity, function and long-term sustainability. 
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DESIGN ASPECTS 
 
In combining soil bioengineering and RSS systems, there are agronomic and geotechnical design issues 
that must be considered, especially in relation to selection of geosynthetic reinforcement and type of 
vegetation (Sotir et al., 1998 and Berg et al., 2009). First and foremost, the geosynthetic must be 
carefully selected and located to ensure structural stability. The geosynthetic used for the Buffalo Bayou 
project was an extruded, biaxial geogrid, which met the strength requirements for structural stability of 
the slope.  Additionally, the open grid structure allowed for good root and top growth potential. The root 
growth potential consideration was important to provide required face reinforcement enhancement.  The 
open-mesh geogrid-type reinforcement also allowed, the roots to grow through the grid and further "knit" 
the system together. On other projects, geocomposites have been used to provide both reinforcement 
and lateral drainage, offering enhanced water and oxygen opportunities for the healthy development of 
the woody vegetation.  The plant species selected, along  
with the Buffalo Bayou climate and soils, resulted in dense woody vegetation that provided ultraviolet 
light protection for the geosynthetic within the first growing season (see Figure 10).   While organic 
matter is not required; a medium that provides nourishment for plant growth and development is 
necessary. As mentioned earlier, the agronomic needs must be balanced with the geotechnical 
requirements, but these are typically compatible as both require a well-drained backfill. The plants also 
require sufficient fines to provide moisture and nutrients.  Therefore, a slight modification in the 
specifications was made to allow for some non-plastic fines in the backfill in the frontal zone.  
 
DRAINAGE 
 
Special emphasis on the design and construction of subsurface drainage features is recommended for 
structures where drainage is critical for maintaining slope stability. Redundancy in the drainage system 
is also recommended for these cases and may involve using soil bioengineering as part of the drainage 
scheme. Design of subsurface water drainage features should address flow rate, filtration, placement, 
and outlet details. A geosynthetic drainage composite was used in the Buffalo Bayou project in the 
subsurface water drainage design (as shown in Figures 7 and 8). The drainage composite was selected 
with consideration of: 1) geotextile filtration/clogging; 2) long-term compressive strength of polymeric 
core; 3) reduction of flow capacity. Procedures used to check the geotextile permeability and 
filtration/clogging requirements as well as geocomposite design requirements followed the criteria 
presented in FHWA Geosynthetic Design and Construction Guidelines (Holtz et al., 2008). 

 
CASE HISTORY – BUFFALO BAYOU 

 
Buffalo Bayou is a major drainage system in Houston, Texas (see Figure 14). It is the only bayou of any 
size in Houston that has not been channelized for flood control. It has been called “The ribbon of green”. 
The watershed is highly urbanized. Addicks and Barker dams were constructed in the 1940’s to alleviate 
flooding of Buffalo Bayou. The combination of flooding and operation of the floodgates upstream at 
Addicks and Barker Reservoirs results in abrupt rise and fall of the water levels in the bayou, coupled 
with prolonged periods of high-water flows from heavy rain events. These hydrologic-conditions, 
combined with a flat landscape, loss of 1,000’s of acres of wetlands to urbanization, long releases that 
keep the banks saturated and sandy silty soils with little cohesion, have resulted in widespread erosion 
and major streambank failure on Buffalo Bayou. 
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Figure 14. Map of Houston, Texas showing Buffalo Bayou Figure 15. Project location on 
and Addicks & Barker Dams Buffalo Bayou 
 

From 1990 to 2008 seven (7) VRSS systems have been installed on Buffalo Bayou. These all 
survived several 500-year flood events; however, two sections were lost during Harvey (see Figure 16). 
Crestwood in the Park section, the bayou increased in size during the main storm event, leaving the cross-
sectional area of the channel twice the original size. This section in the downstream area of the bend, 
was completely breached up and down stream.  The other section, Butner Residence had experienced a 
water main break that flowed into the back of the structure for more than a year prior to and after Harvey. 
This weakened condition coupled with the long releases from the dams after the main flood event is 
believed to be the reason for failure. At this section the foundation is still intact. While these structures 
failed during Harvey, they had provided protection for some 20 years.  

 
 

  
A) Crestwood in the Park           B)  Butner Residence 

Figure 16.  Failed sections at the Buffalo Bayou projects 
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The soil bioengineering project described here on Buffalo Bayou is located just outside the 410 
Loop. It survived all the flood events since that time. (see Figures 11 - 13).  A fill slope at the bottom 
with a grade of 0.5H to 1 V was reconstructed upon a foundation of wrapped concrete rubble installed 
in a toe trench below the bayou bed 2 m (7') deep. Figure 7. The fill above was wrapped in lifts with 
vegetation using the VRSS system. Layers of brush, extending from the undisturbed soil at the bank 
and a few feet beyond the slope face, were installed (see Figures 8 and 9). The overall constructed 
height was 12.8 m (42'), with the upper area of this versatile system, being constructed at 0.25H to 1V, 
allowing for a wider cross-sectional area for flood conveyance. A benching design was constructed in 
the lower third of the bank to further assist with conveyance. To improve the factor of safety, it was 
necessary to install vertical chimney drains directly behind the reinforced soil mass to intercept and 
collect the water moving through the bank and transport it into the gravel trench at the toe of the 
reconstructed slope and to the bayou. A short groin was installed at the upstream end to protect a storm-
sewer outfall and to direct flows towards the center of the bayou as shown in Figures 9 and 10. 

Since construction, this project, that was originally designed for the 100-year event, has been 
exposed to four extreme 500-year storm events including 2009, 2015, 2016 and Hurricane Harvey in 
August of 2017. Some climatologists have called the Harvey flood event as “the worst rainfall event 
in US history”. Houston reportedly received 43.35” of rainfall with the highest in Texas reaching 
51.88”. Observations of the VRSS project indicate excellent performance. The most recent 
observations were in the spring and summer of 2018. The VRSS is stable, well vegetated and 
environmentally fits into the riparian ecological landscape enhancing the bayou system. 

 
CONCLUSION 

 
Considering the massive destruction of Hurricane Harvey and the long high releases from the dams 
after the hurricane, coupled with the fact that these were designed for the 100-year event, it is a 
testament to the strength and long-term endurance of these flexible, living VRSS structures. This 
example demonstrates that soil bioengineering when appropriately combined with reinforced soil such 
as shown in this Buffalo Bayou case study in Houston, Texas offers a synergistic composite design with 
considerable improvement over either method as a stand-alone solution. This project clearly 
demonstrates the performance and versatility of the VRSS system. VRSS systems combine both 
structural and living elements to provide low cost, low maintenance steepened slopes that are 
aesthetically pleasing, provides habitat enhancement including diversity and connectivity, offer inherent 
biotechnical strengths that strongly integrate with conventional reinforcement systems for flood 
resistance on waterways. Due to their steep and versatile compound channel construction capabilities 
they allow for a larger channel cross-section area, thus enhancing flood water conveyance. Additionally, 
they provide wildlife corridors for terrestrial life and overhanging cover and food source for aquatic life 
as well as an environmentally beautiful and sustaining system. The use of VRSS systems with 
consideration for the design elements reviewed in this paper should significantly improve the 
understanding and utilization of geosynthetic reinforcements in combination with vegetation on future 
bayou, stream, river and shoreline projects in both rural and especially urban areas. 
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