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Executive summary

. This document was prepared to define an effective design solution to rhitigate the water quaiity
problem of Grey Cloud Island channel. A collapsed culvert has blocked the inlet to the channel,
and the channel is without flow. The Quality Management Defenders (QMD) determined the
best solution is to refnove the existing collapsed-and blocked steel culvert, and install a concrete
box culvert that provides increased flow to the channel, sediment movement to decrease total
phosphorus concentrations within the channel. The concrete box culvert shoﬁld reduce the
potential for algal blooms, Eurasian Water Milfoil, and other excessive plant growth that has
increase& over the last several years. These algai blooms have resulted in a severe loss in fish
pophlations, and native plant and animal Wildlife in the channel. This watershed around the
channel is mostly rural but being surrounded by suburbs of the Twin Cities, MN, the area is
hkely to be developed in the near future. When this happens, many more water quality issues
may arise. The channel should see remarkable water quality 1mprovements as a result of the:

repaired culvert and additional expected application of stormwater Best Management Practices

(BMPs).
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Introduction

The Quality Management Defenders (QMD) is a team of four Biosystems and Agricuitural ‘
Engineering undergraduate students enrolled at the University of Minnesota — Twin Cities. The
students will graduate with é degree emphasis on the environment. QMD chose the Grey Cloud
Island water quality project as their Capstone Design Project. The GreyCloud Island water
quality project is in collaboration with HDR, Inc; a scientific-based engineering and consulting
firm located in Golden Valley, MN. The Quality Management Defenders have designated
Surresh Hettiarachchi, P.E. as the representative advisor from HDR, Inc. The project will include
looking at the history of the Grey Cloud Channel conveyance; determination of flow history; a
decision matrix; design speciﬁcation and standards; engineering caléulations and drawings;

safety, hazard, and economic analyses; and final recommendations.

Prqblem Statement

The problem presented to the Quality Management Defenders (QMD) is a water quality issue
with Mississippi backwater at Grey Cloud Island. This channel separates the Grey Cloud Island,
from the mainland. The northern bridge that formed the connection to the mainland was washed

- away during a flood, in the late 1960°s, and was replaced by a road with culverts. The culverts
filled with sediment and have lost flow capacity over time, which has caused less flow through
the channel. The low flow conditions are suspected of causing poor water quality in the channel.
There is visual evidence of Eurasian Water Milfoil, algal 'blooms, and diminished ﬁsh population
that results from the poor water quality issues. This project will investigate and confirm the cause

of water quality degradation in the channel and develop solutions to improve water quality.

Phosphorus loading’

Phosphorus is usually the limiting nutrient that affects plant and weed growth in. the freshwater
lakes and streams of Minnesota. Phosphorus loading occurs when precipitation runs off nearby
land containing residual phosphorus. The large contributors are municipal wastewater, fertilizers,
and livestock feed and manure holding operations. When phosphorus enters the Grey Cloud

Island channel it becomes attached to sediments and usually settles to the bottom. With out

'Overview of the Primary Contaminants of Association with Manure (http://www.pca.state.mn.us/hot/feedlot-
sonar.pdf)



significant flow, nutrients can be recycled for decades or centuries, which continually creates
eutrophication and dissolved oxygen problems. Relatively small amounts of manure can have
detrimental effects on surface water quality. Although, phosphorus leaching is not usually in

large quantities, nearby farms may leach phosphorus to ground water, which eventually leads to

the channel.

Blue-green algae

Algae (specifically blue-green algae) are prevalent in almost every lake of Minnesota. The warm
weather in combination with alkaline, nutrient rich waters during the summer months drives the
potential for algae to become overly concentrated and form a thick mat. This thick mat of algae
is considered an “algae bloom.” These blooms can be toxic?. As with the Grey Cloud Island
channel, most problems occur when algae is concentrated around a shoreline, where pets, wild
animals, and birds drink the water and subsequent algae, Farmers may suffer severe losses in
livestock due to blue-green algae poisoning. In the case of humans, the blooms become more of -
an aesthetic hindrance than a toxic hazard. However, humans and animéls should avoid skin
contact especially while toxins are produced. In the case of humans, the blooms become more of
an aesthetic and recreational hindrance than a toxic hazard. They have been blamed for getting
caught in boat propellers as well as building up in shallower water levels. The harmful algae

blooms also pose a threat to fish populations; fishing is a local favorite recreational activity the

metropolitan area.

Eurasian Water Milfoil

Eurasian Water Milfoil (Myriophyllum spicatum L.) is an aquatic plant not native to Minnesota
water bo‘dies3 . This aquatic (water-living) plant thrives in shallow waters, such as the Grey Cloud
Island channel. The plant is similar to Minnesota native Northern Milfoil. Eurasian Water Milfoil
differs in that the species contains 12 to 21 leaflet pairs and is soft and pliable, whereas the
native has 5 to 10 leaflet pairs and is stiff and bristly. The plant reproduces quickly by breaking

off at the stem and roots in the ground. Eurasian Water Milfoil can tolerate cold temperatures,

% Wisconsin Department of Natural Resources.(2004). WDNR-Blue-green Algae in Recreational Waters.Retrieved
October 18,2005.from Wisconsin Department of Natural Resources site: :

http://dnr.wi.gov/org/land/parks/safety/bluegreenalgae.html
? Newman, R.M.(2003).Eurasian Milfoil Retrieved October 18, 2005.from Biocontrol of Eurasian milfoil:

http://www.fw.umn.edu/research/milfoil/milfoilbc/milfoil.html



giving it the capability to grow in éarly in the spring. The early start and high growth rate causes
the plant to overcome native species and reduce the amount of light that enters the channel.
Losing native beneficial plant species creates a void in the food-web and subsequent losses in
wildlife diversity. This situation is especially detrimental to invertebrates and local fish
populations whose life depends on open waters to eat and survive. If the deep water vegetation
can not get access to light they die, leaving native fish life with no source of food. This problem

will lead aquatic populations to other locations outside the channel.

Location

Grey Cloud Island is located in the southwest corner of Washington County, Minnesota. Figure
1 shows the location of Grey Cloud Island (indicated by red star) with respect to the State of

Minnesota.
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Figure 1: Location of Grey Cloud Island*

4 Created with ArcGIS by ESRI, Data Layers from Minnesota Department of Natural Resources,
http://deli.dnr.state.mn.us ‘



Gréy Cloud Island Township is bordered by Cottage Grove on the east and south, St. Paul Park
on the north, and by the Mississippi River on the west (Figure 2).
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Figure 2: Surrounding area®

3 Created with ArcGIS by ESRI, Data Layers from Minnesota Department of Natural Resources,
http://deli.dnr.state.mn.us and MetroGIS, http://www.datafinder.org/




Grey Cloud Island Channel, highlighted in orange, separates Grey Cloud Island from the
mainland (Figure 3). The water quality problem that the project addresses is present in this
channel. The northernmost road, marked with the yellow start, indicates where the culverts have

collapsed.

Legend
Road with Filled in Culverts
@ Grey Cloud Channel

Figure 3: Arial photo®

§ Created with ArcGIS by ESRI, Data Layers from Minnesota Department of Natural Resources,
http://deli.dnr.state.mn.us '



General Information on Grey Cloud Island

Grey Cloud Island was founded in 1856. When Washington County was created in 1858, Grey
Cloud Island became part of the Newport Township along St. Paul Park and Newport. In the
1960s, after St. Paul Park and Newport began separate cities, the rest of the Newport Township
* was consolidated into Grey Cloud Island Township. In the early 1980s, the southwest part of -

Grey Cloud Island was annexed to Cottage Grove'..

Including water, Grey Cloud Island Township is currently 2,092 acres witld a shoreline of 18
miles, while in terms of only 1and it is 1,595 acres. Back in the early 1900s the island alone
contained about 3,800 acres. The population'at the time was 125, but by 1990 is topped to 400.
Most recent count in 2000 puts the population down to 307. The island is primarily rural
_residential, but it has and does house some industfy. The most prominent industry is the

limestone quarry, which still remains active to this day. -

The island has two acceséestothe main land. The southern access has gone through three to four |
bridge incarnations. The northern access route has changed over the last century from a bridge to
aroadway with a culvert. The bridge was wiped out in a flood event in the late 1960s. It was then
replaced with the current roadway as well as a culvert. Within the last 10 years the cdlvert failed
to handle the flow and sediment load, leading to its collapse and burial under the side slopes.
Since then the channel has not had a working inlet. This blockage has created a inostly stagnant
channel with only a backflow, spring, and runoff inputs. This stagnant situation has allowed the
channelrto build up sediment concentrations, phosphorus concentrations, and the dominance of

the evasive species, such a Eurasian milfoil®, This build up has lead to the decrease of channel

water quality.

River’s Edge project |
On October 3, 2005, the St. Paul Park City Councﬂ approved an amendment to annex land from
Grey Cloud Island Township to the River’s Edge project. The approved project is predlcted to

7 Washington County Historical Society. (2005). WCSH: Grey Cloud Island. Retrieved December 2, 2005, from
Washington Country Historical Society Web site:
http://www.wchsmn.org/research/communities/grey_cloud_island/

8 D. Hanna (person communication, October 7, 2005)



bring as many as 1,900 housing units and approximately 40,000 square feet of commercial space
to 600 acres in St. Paul Park and Grey Cloud Island Township along the Mississippi River.? The
density of the project is now under careful consideration as it was to originally have about 2,400
housing units and 83,000 square feet of commercial space, The water quality of Grey Cloud
Island channel will be more difficult to protect as population and commercial density increases.

This will be an important factor when selecting a design and providirig an accurate cost analysis.

Overall Methodology

QMD began researching background information on the channel as well as information on the
factors that were known to have impacts on the water quality of the channel. QMD visited the
site a couple of times early on and discussed the problem with local residents that elaborated on
the change in water quality over time. Photographs were taken to document the water conditions
present earlier this fall. During the beginning stages of the design project, QMD began
investigating economic and Sdcial issues, water quality standards, any laws and regulations that

might affect the project.

Once the projéct parameters and goals were set, QMD researched hydraulic systems, water
biology, and water chemistry of the channel and the Mississippi River. Understanding the
~hydraulic factors affecting the water movement into and through the channel is important in
understanding the cause of the poor water quality and possible methods to resolve the pdor water
quality. In conversation with a local resident, Denni Hanna, the situation was discovered that
Eurasian Water Milfoil has expanded in the channel chocking off other aquatic plants, and the
game fish populations had decreased dramatically in since the late 1990’s. To better understand
- these dangers, QMD researched the ofganisms, such as Eurasian Water Milfoil, harming the

local marine life and driving down these local organisms populations down.

Once the facts and parameters of the channel were better understood, QMD started to form
possible solutions to resolve the water quality issue. These solutions were then organized into a
decision matrix and described. The decision matrix was sent out to several professional

engineers and specialists, who are familiar with water quality issues. After they evaluated the

? (2005, August 17).St. Paul Pioneer Press



different design options, the results were analyzed and used in conjunction with the knowledge

already acquired to determine that reinstalling the culvert was the best option.

QMD created a Water Quality Model that would model the total phosphorus concentrations
within the channel. From the model, the culvert size was determined based on the optimal flows

needed to keep the phosphorus concentration as low as possible.

QMD then designed the culvert and road using the applicable standards. After the specifications
were determined for the rdad, culvert, and sluice gate, an economic analysis was run to
determine the cost of construction of the project. The cost analysis was done along with the

safety ahalysis and political/social analysis.

The safety analysis applied the study of the examination of safety before and after the culvert
implementation. This dual examination analyzed the hazards that currently exist as well as thbsél
that would be solved and/or created due to the culvert. Along with the examination of safety, a
hazard analysis and Hadden chart were done to specifically look at the dangers involving the
culvert and summarize the before, during, and after prevention of the culvert construction. The

~ social/political analysis pulled from the social and political issues occurring currently in and
surrounding Grey Cloud Island Township. These affect how well the community will accept the
design and if the project design is having a difficulty in meeting loca_l. county and state laws and

regulations. Lastly, the design was summarized into final recommendations.

Timeline
The following timeline provided a structured order for the progress of the Grey Cloud Island
_ Water Quality Project. As a group, we selected individuals tasks based on background

experience and willingness to undertake the specific task.



ol Task Neifie o st
T [Propetseeaion - 0| ,
2 | Timelins Croaion i | Sa008 |/ 102 8d. ) oaranos AL
3 pgslgn Proposal v ) 8/30/2005 1015/2005 Y Al
4 | Deslgn Propossl Due 107412005 |  10/3:2005 Al
& |ifwestigation of Sile and Pafar 107312005 | 10142005 | 120 | 10/31:2008 [An
6 | Research ' | 10M02008.| 1111172005 | 330 | 111112005 | Ak
7 | Decision Matrx 103112005 | 11102005 | 120 | 117162005 | Al :
8 | Analysts 101712005 /| 14i28i2005 | 43d- | ‘i1/z8iz00% |
b | HydraulcAnalysis | dwdirzos | sriawsoos | 240 | 1472302005 | Ann
10|  Water Quality Mbdel 101712005 |- 11128/2005 [ 43d | 121212008 | Tom ,
11| Safety Analybis - ‘ 19/672005. |- iziziodos. |- 284 | 1172872008 | Adne, Neal | il
i2 | Design Update Presentation, . " " | 111412005 |, 1411412005 | -~ “oa: | 144rz008 JAN. |- ||
Project Design. . .. || 112112006 | 14/30/2008 L 113012008 | - - |
" Culvert Design < - ' 14112612001 31512005 - | Mike; Tard [ -

Figure 4: Timeline

Summary

As part of a weekly routine, each member of QMD was responsible for compiling a
memorandum to inform Professor Goodrich of individﬁal progress. The memorandum included
what the individual had completed over the past week, and cited references as to where the
information could be found in his or her design notebook. The dverall adherence to the timeline
was sufficient to complete the Grey Cloud Island water quality project by the expected due date.
This was made possible in part with weekly meetings with advisor Suresh Hettiarachchi and

other engineers and biologists at HDR, Inc.

Decision matrix

QMD created a decision matrix which is a chart that allowed the team to systematically identify,
analyze, and rate the strength of a design solution given a specific set of design criteria. The
matrix is especially useful for looking at large numbers of criteria and assessing its relative

importance among the solutions.



Method

Quality Management Defenders (QMD) first identified potential solutions. These solutions are
listed across the top of the matrix. The next step was to brainstorm and identify key criteria on
which the design solutions are to be considered. These criteria are listed on the left side of the '
matrix (Table 1). As part of the final design solution consideration, QMD compbsed a letter and
seﬁt the letter out to 10 professionals, including public and private sector, and University of
Minnesota profesSors. The evaluators were asked to rank each project with respect to the
different criteria. Before the results were analyzed, QMD assigned weights to each criterion. The
weights are assigned because some decision criteri;cl are deemed more important than others
_(Table 1). As an example, because QMD’s main objective for redésigning the Grey Cloud Island
channel is a result of decreased water quality, “Water Quality Improvement” received the highest
weighing factor. The final step was to total the scores. Totaling the scores is completed by first

multiplying each score by its correspoﬁding weigh factor, followed by summing the total.

Table 1: Decision Matrix Criteria and Weighting

Criteria Weight |
Cost " 15%
Maintenance 5%
Environmental Impact 15%
Feasibility . : 15%
Construction Time 5%
Safety to Humans 10%
Water Quality Improvement 25%
'|Adaptability 5%
Aesthetics 5%

Decision Matrix Results

.Based on the résults of the decision matrix (and previous QMD knowledge of the existing
situation), QMD has determined to reinstall the culvert. Reinstalling the culvert is followed in

rank by pumping clean water from the nearby quarry and constructing an overland bridge.

10



Table 2: Decisi(;n Matrix Results

Design Solution Points (out of 1.6) | Rank
Reinstall culvert 1.37 1
Pump clean water from nearby guarry 1.30 . 2
Overland bridge 1.29 3
Alum Treatment 1.07 4
Leave as is (datum) 0.92 5
Underground Tunnel 0.89 6

Design standards

" As part of the design, the procedure must adhere to local-set standards. The Minnesota Pollution
Control Agency (MPCA), Minnesota Department of Transportation, and Minnesota State

Statutes regulate the standards. These standards are required for the protection of humans and the -

| environment.
EUtrophicatioh Standards for Lakes"

The Grey Cloud Island channel shows effects of excess nutrient loading from point and non-
point sources. With increased daylight and warmer temperatures in the summer, the chaniel
turns green with exceés algae growth. As mentioned earlier, a reduction in water clarity resulting
in large floating mats of algae, and other undesirable effects are possibilities associated with
algae blooms. An algae bloom makes the water body less inviting for swimming and fishing,
and in severe cases can be toxic to pets, wildlife, and humans'!, Excess phosphorous is a primary
culprit of these undesirable changes. “Eutrophication” is the term applied to this increase in ‘
biological productivity due to increased nutrient loading. “Cultural eutrophication™ is the term

used when the excess nutrients are a result of human activities.

Expanded Application of 1 mg/l Phosphorus Effluent Limit"®

As of January 1, 2007, the MPCA is proposing new or expanding dischargers must meet a 1 mg/l
total phosphorus (TP) effluent limit. The current rule (Minn. R. 7050.0211, subp. 1a.) applies a 1

1 MPCA (http://www.pca.state.mn.us/water/standards/rulechange.html)
! Wisconsin Department of Natural Resources.(2004). WDNR-Blue-green Algae in Recreational Waters.Retrieved

October 18,2005.from Wisconsin Department of Natural Resources site:
http://dnr.wi.gov/org/land/parks/safety/bluegreenalgae.html

11



mg/l TP limit to dischargers if the discharge is directly to or affects a downstream lake or
reservoir. This part of the existing rule will not change, but under this proposal; new or
expanding facilities that discharge more than 1800 pounds of phosphorus per yéar,’ will gét al
mg/1 limit without the need to demonstrate “affects.” The Grey Cloud Island channel should
experience significant improvements after this proposal has been approved. The stringent rule
should help to regulate industrial facilities, such as the Pig’s Eye brewing facility located
upstream of Grey Cloud Island. Although the cha:nnel' may see benefits from reduced TP
loading, other potential hazards to water quality are present such as acetochlor and metochlor,

two common agricultural pesticides used in Minnesota.
Standards for Acetochlor and Metolachlor’® -

The MPCA has been asked by the Minnesota Department of Agriculture (MDA) to develop
standards for several agricultural pesticides comh‘xonly used in Minnesota. The MPCA has
~ agreed to develop standards for acetochlor and metolachlor. The MPCA must develop these
standards without resources from the EPA, who has made no efforts to publish an aquatic life

criterion for either chemical.

Both acetochlor and metolachlor are herbicides used to control annual grasses and some
broadleaf weeds. In 2000, over three million pounds of acetochlor and one million pounds of

_ metolachlor were sold to propagate corn and soybeans.

These two herbicides are very important to the Grey Cloud Iéland channel in that algde occurs
also appears to be the most sensitive aquatic organisxhs to the effects. Both herbicides appear to
be mobile in most soils and moderately persistent in the environment, but they apparently do not
bio-accumulate in fish and wildlife. Full research has not been completed by the MPCA that is

required to arrive at final proposed standards at this time.

The MDA pesticide monitoring programs have found both herbicides in ground water and
surface waters. MDA is recommending the impIementation of voluntary best management

practices to protect groundwater from acetochlor and metolachlor and to protect surface waters

from acetochlor.

12



Because the MPCA has not yet implemented these standards, QMD has not made efforts to use
acetochlor and metolachlor in water quality and quantity modeling. Once these standards have
been approved, the issue may need to be investigated in regards to newly developed land and

residential housing in and around Grey Cloud Island Township, MN.
Engineering calculations

Hydrologic Analysis

To calculate the water surface elevation (WSE) the data from the US Army Corps of Engineers'
sité. The data used was from the closest dam, which was Lock and Dam #2 (Dam 2). This
location had records on the water surface height at Dam 2 and pool elevations at South St. Paul
_(SSP),‘and St. Paul (STP). The records dated back to 1932, The distances between the Dam 2

“ pool and STP, SSP, and the inlet and outlet Iocatioil of Grey Cloud Island channel were
measured using a USGS maps. The measured distances between are as follows: Dam 2 pool to
STP location (25.2 miles), Dam 2 pool to SSP location (17.3 miles); Dam 2 pool to channel
outlet (7.8 miles), and Dam 2 pool to channel inlet (12 miles). After the data need had been
gathered, the change of elevation (AH) between Dam 2 pool and both STP locations tails were

found for all the values from 1932-2005. -

AH,

m

-SsP = H - HSSP

dam

AH,

am’

-STP = H o — st

dam
Using these AH values and the distances between the sites, the sIope change can be found using
the equations below. The slope will then help us find the WSE for the inlet and outlet of Grey

Cloud channel over the daily time range; _

dam-SSP

Slope = S dm=ssp_
OP¢ = 173%5280

12US Army Corps of Engineers.(2004).CORE:Lock & Dam 2.Retrieved:October 17, 2005.from US Army Corps of
Engineers Website: http://www.mvp.usace.army.mil/navigation/default.asp?pageid=145&subpageid=161
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Slope = " dam=STP |
25.2*5280
WSE,,, = H,,, + Slope*12*5280

The inlet WSE can now be used to find out what frequency of days have a certain WSE. The
vital cut off point for the project is at 90%. Therefore, the elevation at 90% and any elevations
that exceed that elevation are of particular interest to ﬁguring out the placement height of the
~ culvert. To do find the elevation that occur 90% on a daily 'schedule, the WSE values calculated
must be piaced in descending order. After ordering them, rank them according to their new order.
This rank (R) will then be used in finding the elevations frequency occurrence. The Ry is the .
total number of ranked values. Below is the equation for finding the plotting position (Pp).

B =+

The P, is the frequency value in decimal form. Taking the P, value and mtiltiplying by 100 will

give you the frequency in terms of the percent. Figure 5 shows the decrease in elevation

frequency as the elevation of the surface water increases. This makes sense since the higher WSE

will occur during floods events that are often infrequent.

14
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Figure 5: Water Surface Elevation Probability of Exceedance
Water Quality Model

In order to assess the response of the channel system with any proposed improvements, a water
quality model (model) was created. Since the channel is phosphorus limit, as many freshwater
bodies are, the nutrient the water quality parameter modeled was total phosphorus (TP). The
model used two differeﬁt equations to determine the desired flow to achieve the desired TP
channel concentration and the time to reach the equilibrium TP channel concentration based on
the previously calculated flow. The Canfield-Bachmann Natural Lake Model was used to
calculate the TP channel concentration at various flows. A phosphorus mass balance and a water

balance were used to calculate the time to reach the equilibrium TP channel concentration.

15



Concepts of Model

The modeling of total phosphorus can become very complicated and the model assumed a few
things to make it simple enough that it wduid be able to be created within a few weeks but also
complex enough that it was able to predict the things that were desired. The assurhptions that
~ were made are: '
e Triangular channel with a maximum depth of 15 feet or 4.6 meters
. Completely mixed |
| e Steady state
e Fluxes from underwater springs and infiltration balance each out
e Fluxes from precipitation and runoff are negligible | o
According the State Climatology Ofﬁ'ce.13 , Grey Cloud Island receives on ai'erage 31-32 inches
of precipitation per year. Assuming a drainage area of '10 square miles (which is far greater than
actual area) and that all prec1p1tat10n runs off dlrectly into the channel, the average flow is
around 27 cfs. Since the average concentration discharging out of a local municipality’s storm

sewer is around 0.310 mg/L , the flux of runoff can be incorporated into inflow flux.

In order to determine many parameters of the model, the channel dimensions were estimated

from USGS Topographical maps". The estimates are contained in Table 3.

Table 3: Channel Dimensions

Dimensions '
Depth 15 ft 457 m
Mean Depth 7.5 ft 229 m
Width 325ft 99.06 m
Length 11000 ft 3353 m
CSArea - 2438 ft? 226 m?
Volume 26812500 ft* 759245 m®
Surf Area 3575000 ft* 332128 m*

The next step was to determine the fluxes into the channel. The nine fluxes that affect the

channel are diagramed in Figure 6. Of the nine fluxes, evaporation, precipitation, and runoff are

13 Climatology Working Group.(2005).Retrieved October 14, 2005.from The Minnesota Climatology Working

Group Homepage: http://www.climate.umn.edu/
4 Wilson, Bruce. (2005). [Preliminary results fromUSFWS Storm Water Project]. Unpubllshed raw data.

15 USGS. (1993) Samt Paul Park, MN & Inver Grove Heights, MN
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negligible. The model assumes the flux from the springs and due to infiltration cancel each other
out since neither one is easy to measure in the time span of the design project. Sedimentation is

represented by K in the mass balance equation, and the sediment dissolving flux or the

sediment release rate was determined from literature to be either 10—~ for eutrophic systems or

20;’%— for hypereutrophic systemsl6

Evaporation Precipitation Runoff

Springs Inflitration

Figure 6: Water Quality Flux Model

Canfield-Bachmann Natural Lake Model
The Canfield-Bachmann Natural Lake Model'” was used to predict the equilibrium TP

concentration.

where:

' From Paul Nelson of HDR, Inc
7 Jowa Department of Natural Resources. (2004) Total Maximum Daily Load for Algae and Turbidity, Ingham

Lake, Emmet County, lowa.( pp. 11).
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P = Predicted in - lake TP concentration [Lf—]

z = Mean lake depth [m]
p = Lake flushing rate [yr - ]
The aerial TP load was calculated based on the inflow discharge and TP concentration along
with the TP release rate of the sediments in the channel. ‘
L=pP;+ TPm,

inf

where:

TP, = Sediment Release RateL“;“_ger :

The inflow concentration, P, , was determined from MPCA grab samples taken on the
" Mississippi River near Grey Cloud Island'®. An inflow TP concentration used in the model was
P, =0275.

The lake flushing rate was calculated as follows

P=7‘

The inflow discharge was varied from 0-1765 cfs (0 -5 O”’TJ) The model was able to predict the
equilibrium TP channel concentration according to the Canfield-Bachmann Natural Lake Model.

The full model is included in Appendix D: Water Quality Model Spreadsheets (Canfield-
Bachmann Natural Lake Model).

Analysis of Water Quality Model -
After the model used the Canfield-Bachmann Natural Lake Model to predlct the equilibrium TP

channel concentration, the results were compiled into an analysis matrix to determine the optimal
flow to achieve the lowest equilibrium TP channel concentration. Full results are contained in

Appendix C: Analysis Matrix, TP Release Rates. Figure 7 shows that the equilibrium

concentration starts around 4504 with no flow and then drops dramatically depending on the TP

sediment release rate but then slightly rises until it reaches the influent concentration at very high

flows (>10,000 cfs).

¥ From MPCA water quality monitoring Data

18
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In order for the channel to have as low as possible equilibrium concentration the inﬂow rate
should be greater than 60 cfs. If the flow is greater than 60 cfs but less than 1,766 cfs the
reduction of TP from the initial conditions of no flow varies little. Thus the optimal flow
through the culvert will be 70 cfs. Channel flows greater than 70 cfs will likely cause bank
erosion and channel instability. Figure 8 shows this optimal operating range.
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[— Uttraeutrophic = Eutropic |

Figure 8: Channel Equilibrium Conc. vs. Input Flow and Various TP Sediment Release Rates (Optimal
Operating Rahge)

The TP channel equilibrium concentrations under ultra-eutrophic and eutrophic conditions with
" no inflow are 4905 and 3364, respectively. At 70 cfs there is approximately a 47% reduction

in TP concentration for ultra-eutrophic conditions, and a 25% reduction in TP concentrations for
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eutrophic conditions (Table 4). The table also demonstrates that there is actually a decrease in

reduction of TP when the flow around 1766 cfs.
Table 4: Total Phosphorus Channel Concentration at Various Flows

Condition No flow 70 cfs - 1766 cfs
TP TP | Reduction] TP | Reduction
pg/L fpgl] inTP |pgll] inTP
Ultraeutrophic Conditions || 490 | 260 47% 267 45%
Eutrophic Conditions 336 | 253 25% 267 21%

Mass and Water Balance

The mass and water balance equations were used in the model to determine the time it would
take for the channel to reach the equilibrium concentration that the Canfield-Bachmann Natural
Lake Model predicted. The assumption made in this part of the model was that the flows would

remain constant.

The water balance equation 1s as follows:

ZQin = szlt '

The mass balance e:quatidn19 used is:
dp o
=W -K;pV -
i spV —0p

where:

¥ = Volume of Channel [m3]

p=TPinLake ﬂLg—]

0O = Outflow [%:—] |

W = External sources of phosphorus [—2%]

K = Overallloss rate of phosphorus [ﬁ]

t, =Detention Time [yr]
Both equations were put into a spreadsheet With a time step of one day. In order to put the mass
balance equation into a time step spreadsheet the equation was modified to:

‘a’p =(%+ (Ks —%Jpo)m

19 Thomann, R. V. & Mueller J. A. (1987) Principles of Surface Water Quality Modeling and Control. New York,
NY.Harper Collins Publishers.(pp. 404).
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po+dp=p,
where.'
P, = TP conc. during previous time step
p, = Current TP conc. in pool

K was back calculated using the mass and water balance spreadsheet using the equilibrium

concentrations determined from the Canfield-Bachmann Natural Lake Model. During this
calculation the model was able to predict the number of days the channel would take to reach the
equilibrium concentration if the flow rate remained constant at the specified value. According to
Table 5, the channel should reach the eqﬁilibrium concentration within 23 days of the culvert
ﬂowing within in its optimal operating range. Various flows are graphically represented with
their corresponding response time in Figure 9. The full model is in Appendix E: Water Quality
Model Spreadsheets (Mass and Water Balance). This means if the flow is restored to values
greater than 70 cfs in early spring, the TP concentrations in the channel should be near the level
of the influent water ffdm the main channel of the Mississippi River. This should cut back on

the nutrients available to the‘algae and Eurasian milfoil currently infesting the channel.

Table 5: Days for Channel to Reach Equilibrium Concentration

Q | Equil. TP Conc. | K, vs | Days to Reach Equilibrium
cfs mg/L 1/yr_| cm/hr 3
35 0.268 -1.15 ] 0.015 . 45
53 0.262 -3.05 | 0.040 34
70 0.260 -4.78 10.063 23
88 0.259 -6.35 | 0.083 18
106 0.259 - | -7.81 10.102 13
124 0.259 -9.16 | 0.120 11
141 0.259 -10.42 | 0.136 9
159 0.259 -11.61] 0.152 8
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Response Time to Reach Equilibrium Concentration
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Figure 9: Days for Channel to Reach Equilibrium Concentration at Various Flows
Culvert Design

Manning’s Equation

After using the flow model to determine the necessary flow through the culvert to achieve the
desired TP concentration within the channel, a spreadsheef was created to find the height and
velocity of the water through a given culvert. Different culvert sizes were explored until one was
found that would allow for a flow rate of 70 cfs while still keeping the veloéify of the water |
within the culvert at an acceptable level (<9 ft/s). Originally, Manning’s equation was used to
determine the velocity of the water through the culvert as a function of the height of the water.

1.49
y=—

R%ASH
n

where:

v=Flow [{]

n=Mannings roughness coefficient

R= Hydraulic radius [f#]

S = Longitudinal slope of the channel[%]

A box culvert is better suited for this design solution because of the ease of cleaning debris from
the flow area.

For a box culvert the following equations were used:

22



R=Z A=Wy P=2y+W

where:

P = Wetted Perimeter [ /1]

A =Flow cross - sectional area [ ﬁz]
W = Width of box culvert [f#]

y = Water depth [f]

Cross-Section of Channel » Cut-away dee View

Flow

-8

-

1.0

b —]

Figure 10: Diagram of Manning's Equatioﬁ Paramters®®

The discharge was then calculated using
Q=v4

After using the parameters of
S=00054 £n=0012  25<Q<70cfs
the optimal size culvert was determined to be a 4 fit by 4 ft box culvert. (See DWG. NO.1& 10)

2 1 MNO Engineering.(2000).Rectangular Open Channel Design Calculations. Retrieved November 25, 2005.from
LMNO Engineering Homepage: http://www.lmnoeng.com/water.htm v '
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Sluice Gate - |

Since the banks of the channel downstream of the road would most likely erode if the flow was
too great through the channel. A maximum discharge of 70 cfs through the culvert is desired and
must be maintained during high flow events. A sluice gate will be placed at the inlet 6pening of
the culvert to allow the flow to be controlled when the inlet water elevation becomes greater than
2 feet high in the culvert which corresponds to a discharge of 70 cfs. The sluice gate will be a

- manual crank operated gate that will lower and rise at the inlet of the culvert Since the culvert
will be located on a side channel of the Mississippi River within a pool of a lock and dam, the

water levels will not change fast. (See DWG NO. 1 1)

Culvert Placement

The culvert will be placed in the middle of the width of the channel. It will also run
perpendicular to the road. The elevation of the bottom of the opening of the culvert w1ll be .
placed at 686.58 ft. The elevation was determined, by using the hydraulic analysis for whicha
water surface elevation that will be met or exceeded 90% of the time producing a flow of 27 cfs
through the culvert. In order to produce é flow of 27 cfs in the culvert, the culvert must be 1 foot
full of water. The water surface elevation that is met or exceeded 90% of the time is 686.58 ft.

According to the hydraulic analysis, the culvert will not need the use of the sluice gate 81.5% of

the time.
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Road Design

Since the design solution requires that the existing road be dug up to replace the collapsed .
culvert, the road must be rebuilt after the new box culvert is installed. According to MnDOT
road design standards, each traffic lane must be at least 12 ft. wide and a shoulder of 8 ft. is also |
requlre:d21 The thickness of the road was determmed to be 2 ft. with 11t. being dedicated to
asphalt and the other 1 ft. occupied by sand to prov1de a foundation for the road. There must

also be a minimum of 3 ft. between the top of the culvert and the road above it. In our design
solution, there will be 9.42 ft of fill between the top of the culvert and the road. The embankment

of the road was constructed using a side-slope ratio of 2:1.

Bank and Channel Stabilization

To stabilize the channel, class 5 rock will be used. The class 5 rock will be used along the entire
length of the channel embankment which has a side slope ratio of 2:1. The inlet and outlet side

| of the channel-. will also be stabilized with the same class 5 rock.

Design Specifications

The following section contains the design specifications for the box culvert and road:

2! MnDOT.(2005).Road Design Manual. Retrieved December 7, 2005.from MnDOT Website:
http://www.dot.state.mn.us/tecsup/rdm/
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Culvert Specifications

Ts

T %‘_{: ’,ix ]
\A,z (TOP SLAB INSIDE)

\_ paona REINFORCING
TYPICAL FOUR PLACES

- SPAN

e ! s

o

/

A1 (SIDE WALL OUTSIDE)

"/;/—_Aﬁ (SIDE WAL INSIDE)

~Agd (BOTTOM SLAB INSIDE)

AgS (BOTTOM SLAB OUTSII_)E)—\

=2

* §'x6" HAUNCH (AVAILABLE)

SECTI

ON VIEW

Figure 11: Standard MnDOT Precast Concrete Box Culvert”

Table 6: MnDOT Precast Concrete Box Culvert Specificationszz

Standard MnDOTPrecast Concrete Box Culvert

fc | Fill HeightRange | Tt | Tb Ts | Weight
Class| (psi) |. (Feet) (Inches)| (Inches)| (Inches)| (Ibs./ft.)
2 . |5000 15-Feb 8 8 8 2480 .

Reinforcement Requirements

Standérd MnDOTPrecast Concrete Box Culvert

As1 As2 As3 As4
Class|As|Length| M | As |Length| As | Length|As|Length
2 |04 8-1" [2-2"[0.53] 6-6" [0.57| 6-6" [0.2] 4-6".

Loading, Design methods and materials comply with Figure 11

Standard laying length = 6'-

On

WWF ASTM A182, f's (shear)=65 KSI (1 KSI=1000 pounds/in’)
Concrete Strength, f'c(compression)=5 KSI '

(See DWG. NO. 2 - 5)

22 Cretex Concrete Products North, Inc: http://www.ercp.com/Catalog/ERCP/ercpcatalog.htm
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Flare Ends |
The culvert will have flared e.nds'on both openings. The flares will provide bank stability

especially during high flow events and the freeze-thaw cycle.

i
——t—

 —

TYP. SPACING |
OF 1" DIA. INSERTS
FORCONNECTION  5.q¢
PLATE ASSEMBLIES

mverr L TF

o (TYP)

- L1 5 12 L3 i L4
SECT.1 : SECT.2 ' SECT.3 ~  SECT.4
SLOPE LENGTH
SIDE VIEW

. Figure 12: Box Culvert Flared End Section”

Table 7: Box Culvert Flared End Section Speciﬁcati(ms22

Slope . * Weight (Ibs.)
Rise| length |L1[L2|L3|L4| H1 |H2|H3|H4]  Sect. 1
4' 8 [8]-|-f{-12-3"-]-1]- 6,900

*Dimensions and weights are calculated with top of footing set at box culvert invert. When the footing is set below ,
the invert add (100 Ibs per square foot x D x L) to tabulated weight. Example 8" rise sect. #1 at 2’ lower = 10,100 +

(100x2x8) = 11,700 Ibs.

(See DWG. NO. 6 - 9)
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Road Specifications

Table 8: Stopping and Reaction Distances

At 30 miles per hour

Stopping sight distance 200 ft
Breaking reaction distance |110.3 ft
Braking distance 86.4 ft

Table 9: Road Specifications

Lane width

12 ft

Shoulder width

8 ft

(See DWG. NO. 14)

Engineering Drawings
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Safety and Hazard Analysis

Safety issues for this project have been examined both in present situation and after the
- implementation of QMD’s design solution. The following section will review the chemical,

biological, and physical hazards that exist and will occur after the culvert has been reinstalled.

Current Safety Issues

The ecologic community of Grey Cloud Island Channel consists of a variety of plant and animal
species that reside on the banks of the channel. The ecosystem has chemical, biological, and
physical factors that impact these living organisms. These factors may influence human life
and/or create environmental impacts. The current ecosystem is experiencing chemical hazards
through issuance of farm and factory waste runoff upstream. The 'c;hemical impacts on the

* channel’s water quality are dangerous,'particularly when the water becomes stagnant. The water

is currently less hospitable for local landowners to use for recreation, and is less desirable to new

~ home buyers.

The stagnant water condition creates biold gic hazards in the form of unwanted invasive plant and
animal species. The most prominent is the Eurasian milfoil and algal blooms, also known as
“blue-green” algée. Both species are harmful to the local vegetation and fish populatibﬁs. Since
Eurasian milfoil has a high growth rate, due to its ability to reproduce form fragments and form
mats of bloom, it has an advantage over native species. These mats retard sﬁnlight; rendering
deepwater vegetation incapable of harvesting sunlight to thrive. Heightened algal blooms cause
similar conditions and become problematic to the rest of the ecological community creating
conditions unsuitable for living, Thus populations will decrease as thé local species die out
and/or migrate to more hospitable environments23. The algae can also be poisonous to humans if
exposed, causing‘sk‘in irritation and possibly death®, The combination of stagnant water and the
higher concentration of dissolved phosphorus in the channel are due to no channel inlet and

fertilizer runoff.

% Newman, R.M.(2003).Eurasian Milfoil Retrieved October 18, 2005 from Biocontrol of Eurasian milfoil:
http://www.fw.umn.edw/reséarch/milfoil/milfoilbc/milfoil. html '
24 Wisconsin Department of Natural Resources.(2004). WDNR-Blue-green Algae in Recreational Waters. Retrieved

October 18,2005.from Wisconsin Department of Natural Resources site:
http://dnr.wi.gov/org/land/parks/safety/bluegreenalgae.html
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Post-Construction Safety Issues

Choosing to reinstall the culvert along the channel will help to reduce these safety issues.
However, as with any design implementation, there are risks of introducing new hazards and
dangers to the local environment. Therefore, we have done a safety hazard analysis for the below

channel design solution. The table can be found in Table 1.

Reinstalling a culvert will increase flow to the chahnel, and ultimately remove the stagnant water -
" condition. At higher flows, the milfoil vand blue-green algae will incur a significant decrease in
population size. The turn over period would increase pushing any chemical hazards through the
channel. The faster turn over and flow may or may not reduce the concentration; it depends more
on the concentration flowing downstream and subsequent entering of the channel. The QMD
Believes this factor is uncontrollable. The QMD can only make suggestions as to how the size of
'discharge through the channel. The culvert design will help'increasé the flow, as well as, provide
control. Since the collapse of the last culvert, due to its inability to handle the flow size, this |

culvert will be engineered to handle the average flow and the flood events.

New hazérds are introduced as a result of implementing the design. The design structure will
require safety measures that can be engineeréd, enforced through law, and/or educated by public
fecreation boards and other organizations. The hazards include in and around the culvert, and the
habitat of wayfarefs, such as beavers, deer, and other amphibious animals. The culvert will
maintain a large flow, resulting in a riék for both animals and people. Safe guards will need to be
- implemented, along with warning signs and education on the dangers involving the culvert.
Among these safe guards would be safety railings to keep kids and animals away from the
culvert. Since the box culvert will be considerably large, only the constant maintenance of the
culvert should be needed to prevent large material from blocking up the culvert. Using a cement
box culvert should control seepage and engineering the culvert with flares and protective seepage
guards should keep the water from overall or quickly leaking into the soil. The use of cement

will eliminate the release of any poisons that could have come from another material used on the

culvert.

45



Haddon’s Safety Matrix

Table 10: Haddon's Matrix for Grey Cloud Island Water Quality (Culvert Installation)

Factors
Person Vehicle/vector Physical Social
(causal factors) environment Environment -
b Water quality | Education Safeguards (ie. Law enforcement
4 education pamphlets, fencing), milfoil
z : outreach activities, | removal via boat
a signs A
Pump water Install culvert, issue | Increase native Law enforcement,
@ = from nearby alum plant growth maintenance/upkeep
@ 4 quarry,
£ w reduce
fertilizer use :
= Reintroduce Routine culvert | Establish stream | Adequate funding,
9 fingerlings flushing bank, adjust maintenance, 4
3 {fish), native culvert size grassroots/non-profit
4 plants ) ‘ observations
o : :

The Haddon safety matrix analyzes solutions in terms of project phases and suggests remedies
for the problem. In the above table, the water quality problem is assessed before, during, and
after the culvert is installed. Within a given period, an analysis of the causal factors, causal
féctors, the physical and social environments, and the actions people can take are examined and

suggestions are made.

Hazard analysis

The hazard analysis matrix is a useful tool for assessing local areas of the Grey Cloud Island
channel to determine where the hazards are and how to best remedy. Hazard is a function of risk
and severity. To quantify the situation, if either risk or severity can be reduced to zero, the hazard
is rendered ineffective. The Quality Management Defenders has compiled a hazard analysis

matrix (Table 11).
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‘Map of Grey Cloud Island Channel
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Figure 2: Grey Cloud Island Channel outlined in black.
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Design Solutions Descriptions
Leave as'is (datum)

~The first option is to leave the channel as it currently is and apply no design method to improving
the water quality. By doing nothing the current condition of the channel would remain and be
maintained by natural ecological processes. This approach would require no design changes, no
new procedures to implement; no money will need to be put forth for construction or ‘

maintenance of a design.

Reinstall Culvert

A possible solution is to reinstall the culverts underneath the road. The continuous flow would
- change the channel from backwater into a flowing channel. This would increase the turnover
‘rate of the channel, and prevent the milfoil from taking root in the streambed. The culvert will
have two entrances: a primary opening for the average daily flow, and a culvert above the
primary one for handling flood events. The primary culvert will be sized according to the
average inflow to the channel during non-flood periods. The secondary culvert will be designed
to handle a flow great enough to prevent water from flowing over the road during a large flood
event. Both culverts will be fit with safe guards or metal netting to keep out people, animals, and

large debris.

Previously, culverts replaced the washed out bridge. Due to stress from the above road as well

as sediment build up, the culvert collapsed and became filled in. A concern with the culvert is its

ability to handle current traffic on County Road-75 (CR-75) as well as potential increases in

traffic as more people move into the local area of Grey Cloud Island. This will need to be
“overcome with the design and components chosen for the culvert.

Overland bridge -

Another design option to improve the water quality is to increase the water flow through the
channel by replacing the current road with a two lane bridge. The bridge would still allow for
access to and from the island. It would also allow for a constant flow without worrying about
debris or sediment build up. The bridge could also be designed to compliment the local
ecosystem by adding vegetation to support the existing environment.

A concern with the bridge will be to avoid the bridge from washing out again. Thus to prevent
such a damaging event a consideration of the bridge raised height, construction material, size,
stabilization method, and the frequency and size of stress will be examined. The traffic loads and
frequency will decide the physical parameters of material and size of the culverts. The traffic
amount consists primarily of the small population of the residents with considerable traffic from
construction sites and the limestone quarry located on the island. Maintenance will need to be
done regularly to make sure there is no danger of collapse as well as increasing the longevity of

the design.






Design Solutions Descriptions (con’t)
Dewater Quarry ‘

' A nearby limestone quarry dewaters its mining pit continuously. The quarry currently discharges
the clear water directly into the Mississippi River. The quarry is willing to move its discharge
pipe to just downstream of the road with the collapsed and filled-in culverts. The pumping
would be of little cost since the quarry company needs to dewater anyway. :

Alum Treatment

This process would involve adding alum (aluminum sulfate) to the channel. The aluminum

sulfate will react with the phosphate that is present in the water and will precipitate out and

eventually settle. This will help alleviate the algal blooms because the phosphate will no longer

be available for the algae to use. The Department of Wildlife, Fisheries, and Parks recommends

about 5-15 pounds of alum per surface acre of water. The main problem with using alum to filter

out the phosphate is that it will greatly lower the pH of the water. This problem can be
“counteracted by adding hydrated lime to the water which will increase the pH.

Underground tunnel

Replace the current road and filled in culverts with an underground tunnel to restore the flow
“through the channel. Some benefits may include little resistance to stream flow, and a lesser
impact on terra and aquatic life. Some non-beneficial aspects may include high initial costs
(excavation) and time to complete project. There is also risk to damage of the ecological
environment due to excavation and vegetation loss.



Descriptions of Design Mat