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ABSTRACT

The design of a curb is straight forward. The

curb itself provides a conveyance of stormwater,
facilitating the movement of water and pollutants
from the street into waterways. Pollutants such as
sediment, nutrients from lawn fertilizers, bacteria,
viruses, pesticides, metals, and petroleum by-
products accumulate on the road surface and are
released during storm events, carried to storm
drains, and deposited into waterways, often
without treatment. Once pollutants enter the
waterways they impact the ecosystem and affect
water quality. How can discrete standards—Llike

a curb—be leveraged to have larger systemic
impacts?

The redesign of the curb to perform as a
magnet for pollutants can challenge this design
standard. During the summer of 2019, the
interdisciplinary research team tested alternatives
to the standard concrete curb and apron at Ohio
State University. The team used an iterative design
process to add patterning and crenellations to the
face of the curb and apron. Using full scale models
to test simulated storm events, the team collected
data to evaluate the performance of 21 alternative
designs. The results suggest the new combined
curb and apron designs can abstract pollutants
from roadways before they are detrimental to
water bodies and aquatic ecosystems.

KEYWORDS
Infrastructure; Hydrology; Stormwater; Curb;
Sediment; Urban Design
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Small scale sample
tests explored different
router bit sizes, pattern
densities, and depths,
which was a critical
first step to understand
the opportunities and
constraints of the CNC
Mill.

A still photograph of
the first-round test

for a square curb
configuration
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Tactile pavement was
the inspiration for the
dot- pattern.

The base of the
diagonal lines varied in
depth along the run of
each line.

The diagonal squiggle
pattern noticeably
collected more
sediment where the
lines turned to change
direction.

Line pattern parallel to
the curb collected more
sediment closer to the
road surface.
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7. WSREBESHRES 7. Cross hatch apron
Mg with square curb

8. 15.24cmiB)fBAIRIELES crenellations
BEHREEMIE 8.  Diagonal line apron at

9. MERBESHFES 6" gap with square curb
i crenellations

9. The prototype model of
comb apron with square
curb crenellations
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1 Introduction

Roads crisscross the landscape forming an ever-expanding
network of asphalt. According to the Federal Highway
Administration, this network comprises 6.7 million kilometers
of road in the United States'". They are the system of public
space primarily maintained by cities and states and critical
in facilitating movement of people and goods within cities'".
They are a vehicle for connection and an integral component of
USA economy. However, this network also acts as a magnet for
pollutants, such as sediments, nutrients from lawn fertilizers,
bacteria, viruses, pesticides, metals, microplastics, deicing salt,
and oil and grease'”. Pollutants accumulate on the road surface
and are washed off during storm events, carried to storm
drains via concrete curbs / gutters / aprons, and deposited into
waterways often without treatment”. Once pollutants enter
the waterways, they negatively impact the water quality and
even the ecosystem, while the removal of pollutants, such as
microplastics, is challenging. How can innovations in street
design work to remedy this problem? Curbs and gutters are
designed to move water, but can they do more?

The design of a street, sidewalk, and the curb / gutter /
apron system has maintained a relative stasis for centuries.
For example, innovations as simple as curb ramps were first
introduced in 1945 in Kalamazoo, Michigan to aid veterans in
wheelchairs”!. Benefits of the curb ramp then extend to cyclists,
strollers, and suitcases. Yet adoption was slow, curb ramps were
not made a legal requirement of sidewalks until 1992, as part
of the Americans with Disabilities Act'*. Recently, it has seen
increasing innovations primarily tied to green infrastructure.
Curb cuts allow water to flow into bioswales and were first used
in the early 1990s at the Prince George’s County, Maryland"'.
However, the recent adoption of this technology is largely driven
by U.S. cities failing to meet the Environmental Protection
Agency’s (EPA) water quality standards set by the Clean Water
Act. As a result, the large-scale implementation and development
of bioswales has led to iteration and improvement of designs
as they move from pilot- or prototype-scale projects to new
design standards. Bioswales are useful and effective in reducing
stormwater flow at peak hours and filtering pollutants. Sediment
and trash impair the ability of bioswales to function properly as
they may cause clogging and failure to filter. In EPA’s Operation
and Maintenance of Green Infrastructure Receiving Runoff from
Roads and Parking Lots Technical Memorandum, construction
activities, bare soil (i.e. poorly vegetated area) erosion, and
winter sand application are cited as common sources of
sediment in urban runoff. The EPA further explains how
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sediments accumulate on impervious surfaces and, when routed
to bioswales, build up at inlets, clog soil, and smother plants'®'.
How can we leverage the curb, a commonplace design in urban
areas, to collect pollutants before they enter the waterways and

in so doing improve the health of watersheds?

2 Design Process

2.1 Pre-prototype Process

Many factors were considered in the prototype process. The
team initially explored the use of digital simulation models in
partnership with the Ohio State University (OSU) Simulation
Innovation and Modeling Center. Digital model allows for fluid
dynamical computation with a greater specificity of sediment
size and storm events than a physical model, and is able to test
one cross section of the curb, rather than a continuous curb
face. Advanced computing would be necessary to develop a
digital model of a continuous curb face, and the computational
technology required to develop such a model was not available.
So digital model was not further researched.

Then, the team chose physical testing to address the proof
of concept goal, and examined prototyping techniques and
hydrological sediment flow modeling. In the research on floating
concrete vessels, Jake Boswell, associate professor at OSU, used
CNC router to create EPS foam molds in the OSU MAT / FAB
Lab, then coated them with oil and cast with floating concrete
that is less dense than water. The vessels provide a structure for
plant life that can aid in combating algal blooms in Lake Erie'”.
Wu Haowen, a former graduate student at OSU, fabricated a
model of the Scioto River also using the CNC mill and EPS
foam. The model was waterproofed with latex paint, a mixture
of water and ink was pumped through the water to study
river flow. Brain Davis, Associate Professor at University of
Virginia, and Sean Burkholder, Assistant Professor at University
of Pennsylvania, have integrated modeling into their project
Healthy Port Futures. Through physical modeling, conducted
at the St. Anthony Falls Lab at the University of Minnesota,
coupled with computational modeling, they have developed
a methodology to understand potential sediment flows in the
Great Lakes." Facets of each of these projects informed or were
integrated into the current Curbing Sediment research.

2.2 Fabrication Process

EPS foam was chosen for modeling due to its appropriate
stock size, lightweight nature, and surface textural property. The
1.2 m x 2.4 m x 0.2 m EPS stock size allows the team to create
full scale models, clearly showing and accurately simulating
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and curb patterns on the basic curb profiles from the hot wire RN

sediment capture. The foam’s light weight makes the stocks and exported to an Onsrud 5-Axis CNC Router for milling apron

models easy for transporting from storage to the various stages

of fabrication and testing. The surface texture of EPS foam cutter. The patterns and crenellations were limited to the sizes of

10.  Stills from each round
of testing
11.  Water and sediment left

on the model after test

becomes similar to concrete once cut with the hot wire and CNC tools available: a series of flat and ball tools ranging from

6.3 ~ 25 mm in diameter were used. One end of the model was

passed through the CNC router.

To create the curb models, the stock pieces of EPS foam
were cut down to a standard road profile. The team originally
milled this profile using the CNC mill. The CNC mill took
approximately 4 hours to mill the stock foam into a street
section model with no curb or apron patterns. To minimize
fabrication time, a 2.4-meter hot wire cutter was used to cut
the stock pieces into basic curb and road profiles consisting of a
15.24-centimeter-high curb and a 1-meter-wide roadway with a
1.5% cross slope. To fit the geometry of some curb designs, the
curb height would be reduced to 11.4 ~ 12.7 cm. However, fully
modeling a 15.24-centimeter curb would cause colliding damage
of both the router bits and the top of the curb model, thus
Rhino 3D Modeling software was used to create digital models
of curb and apron alterations. The physical process of milling
these iterations was then digitally simulated in RhinoCAM
to map tool paths and predict potential tool collisions or
inconsistencies from the original Rhino model. After simulating
the models in RhinoCAM, a 5-axis G-code was created and
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milled to taper at a 45° angle to direct water into the curb gutter
at the end of the testing table, which was used to assess water
quality downstream of the crenellations. Finally, the curb models
were cleared of excess EPS foam and painted with a layer of
latex primer to prevent the models from absorbing water during
tests.

When designing apron patterns, the team took inspiration
from the dimensions of elements already present on roadways.
Tactile paving units, made up of truncated flat-topped domes
(5.08 = 0.51 mm in height and 3.5 cm in diameter), are used
to signal an upcoming intersection to pedestrians with visual
impairments. The team used similar dimensions for the initial
“dot” apron patterns. Design iterations featured similarly-
scaled crenellations to ensure walkability and maintain safety of
pedestrians and cyclists.

2.3 Prototype Design Process
The design process was iterative, with each phase built on the
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data and observations from the previous round of testing. The
1:1 prototyping helped the team understand how the proposed
designs would look at full scale. Before testing, the team placed
models next to a sidewalk and a street for additional insights
about scale and visibility in the landscape.

The first designs tested were limited to alterations of either
the curb face or the apron surface. Before full scale models
were milled, the team tested different densities and depths to
understand the limits of the routers (Fig. 1). The team tested the
curb and apron modifications respectively to better understand
how they function alone and how they may be incorporated
best to become a system. The testing process involved 8-minute
trials during which a synthetic stormwater mixture was pumped
across the patterned crenellations in the apron or curb. After
testing, designs were evaluated based on visual observations

in sediment accumulation, measured turbidity reduction (i.e.,

a measure of water clarity), and total suspended solids (TSS)

— © Halina Steiner, Ryan Winston

reduction.
> . .
. The first round of testing focused on 3 curb face
B 1
modifications: rounded, square, and triangular crenellations.
F1: ETSSHRERESERRRIFINES IR
Table 1: Combined designs that perform well in TSS and turbidity reduction
N KO TSSETRE HKOTSSTEHIRE = BOUKCMEEFEIKE | HKORETFEKE N -
N it | = TSSFIRDE (%) ! REFIAE | emwomEs (%)
iR (mg/L) (mg/L) i (NTU) (NTU) !
N Number of ) Average reduction . . Average reduction
Design type trials Average TSS at inlet Average TSS at outlet in TSS (%) Average turbidity Average turbidity in turbidity (%)
(mglL) (mglL) o at inlet (NTU) at outlet (NTU) ty (%
A IRES B 5 TT T BR R 1148
Cross hatch apron with square curb 7 1,717 212 87 1,402 1,044 22
crenellations
15.24cma] fE FIRI B8 1B 5 TT T BR 4R U148
Diagonal line apron at 6" gap with square 4 1,262 150 87 1,249 541 61
curb crenellations
2 SRR i
RiTiREs IR 57_7”% O ) 4 829 142 82 1,189 752 42
Comb apron with square curb crenellations
RANLBBE TS
Squiggles apron with square curb 3 1,440 129 89 995 324 66
crenellations
Y R 45 (U]
PP BRI ) 3 839 104 87 818 394 53
P + P square curb crenellations
KRR RS FT B 4 [ 1
Zigzag apron with square curb 3 920 145 84 938 1,085 42
crenellations
FAEIRES B 5 R (6 TT LB 4 [ 1
Cross hatch apron with inverted square 3 842 117 84 1,239 552 55
curb crenellations
TR B S TI T BR A 1E
Alt zigzag apron with square curb 3 642 163 72 947 236 76
crenellations
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The square crenellation noticeably outperformed the other
modifications in terms of sediment trapping and was selected for
further development (Fig. 2). For apron design modifications,
the team initially tested dot, line, and zigzag patterns at varying
densities. This was achieved by reuse of models, first milling a
lower density then re-milling the model to increase the density
of the design (Fig. 3 ~ 6). The team evaluated each design using
data from the turbidity sensors located at the inlet and outlet
of the model. Among the 3 initial patterns, the line design

was proved to be the most effective in sediment capture and
chosen for further development. Variations on the line design
were focused on providing additional surface area for sediment
capture and slowing the velocity of the stormwater. This
included altering the angle of the line, making the line path into
combs, squiggles, and cross-hatches among others.

Further testing focused on designs combining the best
performing curb and apron modifications, evaluating the apron’s
ability to convey sediments into curb extrusions. Iterations
altered the spacing and sizing of curb crenellations, the way
apron crenellations connected, and the placement and spacing
of apron patterns. Then better performances were observed

when connected apron crenellations were connected to curb
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extrusions, and the most effective 3 combinations were: the
cross hatch apron with 7.62 cm square curb crenellations with
7.62 cm spacing between each curb crenellation (Fig. 7), the line
apron with 5.08 ¢cm square curb crenellations with 15.24 cm
gaps every 45 cm (Fig. 8), and the “comb” apron design with 5 cm

square curb crenellations with uniform spacing (Fig. 9).

2.4 Simulated Stormwater Tests

The prototypes were tested at the OSU MAT / FAB Lab.
The physical setup included a 1.2 m x 2.4 m platform with a
vinyl gutter attached to one end, 1.2 m x 2.4 m x 0.2 m stock
pieces of EPS foam, two 31-gallon tote plastic tubs, an industrial
mixer, scale, native soil, sand, sampler bottles, 2 Arduino
microcontrollers with analog turbidity sensors, an iPad, GoPro
Hero 6, three laptops, and a Sony a7RII. Milled and sealed foam
pieces were placed on the platform with the GoPro Hero 6 and
Sony a7RII suspended above them. The GoPro recorded video
of the tests and the camera took still images every 10 seconds.
The testing began with weighing approximately 70 ~ 80 kg of
water into the tote plastic tubs. A mixture of roughly 60% ~
70% native soil and 30% ~ 40% sand was added to the water
to simulate stormwater. The mixer dispersed the soil and sand
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mixture uniformly in the tub, ensuring simulated sediment
concentrations were consistent throughout the simulated storm
event. A submersible pump, placed at the bottom of the tub,
conveyed the water onto the surface of the model. A turbidity
sensor was placed to gather data at the pumped simulated
stormwater inlet. Simulated stormwater moved freely over the
surface of the model during each 8-minute test. The water then
flowed into the gutter where the second sensor was located and
finally into the outlet tub. Outlet water in the tub was weighted
as well as any remaining water in the inlet tub. During the tests
grab samples were taken at the inlet and outlet at 2-minute
intervals with the sampler bottles.

21 curb and apron designs were tested. Each design was
tested in triplicate in succession (Fig. 10). Sediment from each
test was left on the model’s surface to determine how much
sediment each design could effectively capture (Fig. 11). The
3 most successful designs received 1 ~ 7 rounds of additional
simulated storm events, each with increased volumes of sediment

to determine the failure modes and timing.

2.5 Findings

Data was collected via 3 means. Visual data were collected
with the camera and GoPro during the tests. Additionally, the
team could visually assess water clarity in grab sample bottles
and outlet tub water. Grab samples were tested in the lab at the
OSU Stormwater Management Program for TSS and particle
size distribution. Sensor data were reviewed during the tests and
further analysis was conducted to compare findings with grab
sample data (Table 1).

Sediment data analyses were conducted for all designs tested.
The results showed that designs with both curb and apron
modifications performed better than those with only a curb or
an apron modification. According to an 80% reduction in TSS
for discharged stormwater management in Ohio required by
the National Pollution Discharge Elimination System (NPDES)
permit program, 7 of the 8 combined curb and apron designs
met this standard (Fig. 12).

3 Conclusion

Prototype testing of 21 designs in Curbing Sediment proved
that redesigning curb and apron standards can be a viable
option to collect pollutants on roadways. These new designs
can be used in concert with green infrastructure to reduce
clogging or independently on roadways as a feasible alternative
to the existing standards for curb and apron design with small
footprint, mature trees, and narrow sidewalks. Custom patterns
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could be developed for Business Improvement Districts or by
municipalities to adapt to specific aesthetic, hydrologic, and / or
other physical conditions. Regular maintenance of curb and apron
designs can be performed by street cleaning machines already
in use.

However, testing in a controlled environment has its limits.
The next phase of design will include field testing. This will
allow the team to further calibrate and adjust the designs to
temporally and spatially varied parameters which might affect
the performance of Curbing Sediment, including rainfall and
stormwater quality. By exposing the designs to varied storm
events and flow rates, and regular use by vehicles, cyclists, and
pedestrians, this will help with the analysis of best maintenance
methods and required frequency of maintenance to optimize
Curbing Sediment. Bioswales have proven that small-site-scale
interventions deployed at a regional scale can improve water
quality. Curbing Sediment leverages the design standard to
question current design practices: Can each element do more?
Prototype testing is the first step in answering this question and
landscape architects may be best suited to design productive and

beautiful alternatives. LAF
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