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E :m CUT IVE S T.liMA.RY 

A geomoq:hic analysis of the Santa Cruz River was performed in order to 

propose bank protection alignments along the Nogales Branch of the Southern 

Pacific Railroad. The study reach extended from the confluence of Nogales 

Wash and the Santa Cruz River (Milepost 1041) to the Canoa Road bridge 

(Milepost 1018). The section of tracks between the Nogales Wash and Santa 

Cruz River confluence (Milepost 1041) to Nogales (Milepost 1047) will be 

analyzed during the design phase of the project. The total length of the 

river covered in the geomorphic analysis is approximately 23 miles. 

Dis charge values for various ret urn periods were provided by the Flood 

Insurance Study for Santa Cruz County and adjusted by a recent Pima County 

study. The study reach is hydrologically a single reach. 

The thalweg and valley line were drawn on aerial photos and geomorphic 

analysis was used to plot 2-, 10-, and 100-year meander envelopes. These help 

predict the extent of river bend migration and identify the vulnerable 

sections of track. 

Ten locations were identified as being vulnerable to damage in the next 

flood. Horizontal alignments of bank protection are proposed and alternatives 

provided. The total length of bank protection with the preferred alignments 

are 30,100 feet, while the total length under the alternate alignments is 

25,600 feet. A higher degree of protection is provided by the preferred 

alignments. The lengths and alignments will no doubt be modified as the 

design and cost analysis proceed in the second phase of the project. 
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I. INTRODUCTION 

1. 1 Authorization 

This project is authorized and ftmded by the Southern Pacific 

Transportation Company. This report was done under the scope 

of services for the Southern Pacific Transportation Company 

dated October 15, 1985, Southern Pacific Transportation Ccmpany 

Job Number £911/345-11. 

1 • 2 L oc a ti on 

This project is located in Santa Cruz Cotmty, Arizona (see 

Figure 1 ). The study area of the Santa Cruz River starts 

downstream from the railroad Milepost 1018 (Canoa Road) to the 

confluence of the Nogales Wash, then extended upstream to the 

railroad Milepost 1047 (Baffert Dr.). 

1.3 Site Description 

The Santa Cruz River, with headwaters in Southern Arizona and 

New Mexico, flows northwesterly along the west side of the 

Southern Pacific Railroad Nogales Branch. The climate of lower 

elevations of Santa Cruz River is characterized by dry winters 

and hot summers. Afternoon temperatures in the summer are near 

100 degrees Farenheit and average winter temperatures are above 

32 degrees F arenhei t. T ernperat ures are generally 1 ower at the 

higher elevations. The annual precipitation ranges from 

slightly more than 10 inches in the valley to approximately 25 

inches in the mountains. Approximately one-half of the annual 
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precipitation falls during the summer thunder-storms 

originating in moist air that flows into Arizona from the Gulf 

of Mexico. Rainfall is normally most intense in the late 

afternoon or early evening. Sane storms, especially those 

affecting a large area, are associated with weak tropical 

disturbances moving northward from the Pacific Ocean and the 

Gulf of California. Most of the remaining precipitation occurs 

during the winter and is caused by Pacific sto rrns that move 

through Arizona. The precipitation associated with these 

disturbances usually falls in gentle, widespread rain showers 

which may continue intermittently for several days. 

Vegetation in the lower valley is mainly cactus, desert brush, 

mesquite, and creosotebush. The foothills consist of mostly 

cactus and palo verde trees. In the mountains, desert 

vegetation is replaced by chaparrel. Above an elevation of 

approximately 7000 feet, the mountain vegetation is canposed of 

pine forests. 

1. 4 Project Background 

The Southern Pacific's Nogales Branch is a rail line that 

connects the east-west transcontinental main line at Tucson 

with Nogales, Arizona. The line is approximately 61 miles 

long, and runs in a north-south direction, and is parallel to 

the east side of the Santa Cruz River valley. The line was 

originally constructed between 1875 and 1880. The location of 

the route and the railroad Mileposts are shown on the maps in 

the Appendix. 
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Approximately 35 miles of this route, from Milepost 1012 to 

Milepost 1047, is located within either the main or overflow 

channel of the Santa Cruz River. Within this 35-mile distance, 

the track is exposed to the hazards of bank erosion when 

flooding occurs on the Santa Cruz River. The track embankment 

and the river banks are can posed of very erodible materials, 

with the result that seasonal flooding has produced significant 

erosion of the bank and damage to the rail line approximately 

every three to five years :since the line was originally 

constructed. Most of the damage occurs at the outer bend of 

the river~ meanders. 

A recent history of rail service interruptions due to the flood 

damage is as follows: 

0 cto ber 10 to November 20, 1977 

December 20 to December 30, 1978 

October 3 to November 15, 1983 

December 27, 1984 to January 12, 1985 

It should be pointed out that not all of the flood damage on 

the Nogales Branch is a result of bank erosion frcm the 

parallel location of the Santa Cruz River. A lesser amount of 

flood damage occurs at cross-channel bridges and culverts and 

at the only Nog;a.les Branch crossing of the Santa Cruz River, a 

280-foot, steel, open deck bridge located at Milepost 

1040.18. Cross-channel damage also occurs at Milepost 1041.86 

where the Nogales Branch corsses Potrero Creek. 
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Historically, repair of flood damaged rail facilities on the 

Nogales Branch has been the quickest and most expedient means 

available, as the primary objective of the repair efforts is to 

restore rail service as soon as possible. Washed out 

embankments are rebuilt to the same span and channel or:ening or 

replaced with culverts. Engineering and design of bank 

protecticn and channel or:ening are performed where possible, 

but is usually subordinate to the efforts to resume rail 

service. 

~ .~ , .. 
After rail service is restored, attempts have been made to 

provide permanent protection. Prior to the fall of 1983, the 

most common metood of bank protection has been rock, side-

~ . 

.... - : 
dumped from rail cars on the embankment requiring protection • 

:·-
In most cases the rock was not keyed and a toe was not provided 

~ below scour level. Also, the rock was not placed to a 

~ 
sr:ecified slope. Another method of protection was to widen the 

embankment with local borrow. Both of these methods were used 

only where it was apparent that erosion damage would certainly 

occur with the next storm. 
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Other pre-1983 protective measures have included the 

installation of retards and jetties. The purpose of these 

devices was to reduce the velocity of the current and induce 

silting behind the device or to deflect the river away frcm the 

bank. These protective devices consisted of single and double 

lines of rail, sanetimes backfilled with rock or faced with car 

doors. 

After the fall 1983 storms, the embankment was restored and 

tracks and bridges rebuilt. After rail service was restored, 

permanent protection was installed over the next three or four 

months. Permanent protection consisted of dunped rock and 

rock-and-wire matresses, more commonly known as ga bions, and 

dunped rock installations. 

During the most recent 1984/1985 winter floods, some of the 

recently constructed gabion installations were significantly 

damaged. In every instance, the gabions succeeded in 

pro tee ting the track embankment. It appears that the ga bi ons 

failed or slipped down the embankment for two principle 

reasons. The first reason is that an apron was not provided at 

the toe to prevent scour and undercutting. The second reason 

appears to be that too much fines and undersized rock were used 

to fill the ga bi ens, and some of this material was "sucked out" 

by the rapid current of the river. 
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Re!XJ.ir efforts for the 1984/1985 flood damage consisted of 

rebuilding the embankment rail road track, and bridges. After 

rail service was restored in mid-January of this year, thirty 

thousand cubic yards of rock (nominal size 3-inch to 1-1/2 

foot) was side-dumped to protect the most vulnerable 

embankments. This work was performed in February and March of 

1985. No other work has been performed since that time. 

In summary, the Nogales Branch was originally located within 

the Santa Cruz floodplain and has suffered the consequences of 
-~ 

bank erosion ever since. The line is also vulnerable to 

erosion from Milepost 1012 to Milepost 1047 and at the Santa 

Cruz River Bridge, Milepost 1040.18 and at the Potrero Creek 

Bridge, Milepost 1041.86. This long length of exposure to the 

meandering river has prohibited continuous protection. 

· : Therefore, protection has been provided at the points of 

greatest hazard and protection at other locations has been 

deferred until the bank erosion advanced to the track. Dunped 

rock, widened earth fills, gp.bions, and jetties have all been 

used to protect the track eml::e.nkment with a varying, if not 

disappointing, degree of success. 
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1. 5 Objectives 

The purpose of this report is to study the geomoqnic changes 

of the Santa Cruz River in order that a bank protection program 

can be develo{:'ed for the Southern Pacific Transportation Ccmany 

with confidence that the integrity of the Nogales Branch can be 

maintained during and after times of flooding. 

II. ~TOOOOLOGY AND P:OOCEllJRES 

2. 1 G e an or phi c Analysis 

The reach of the Santa Cruz River which was exa.mined extends 

frcm the Canoa Road Bridge to the confluence of Nogales Wash. 

Using aerial Iilotogralils, onsite investigaticn, and geomoq:hic 

research, an analysis of the Santa Cruz River geanorphic change 

can be completed by utilizing quantitative results for 

qualitative indications of trends. 

Rivers can 'be classified broadly in terms of channel pattern, 

that is, the configuration of the river as viewed on a map or 

from the air. Patterns include straight, meandering, braided, 

or sane canbination of these. A straight channel can be 

defined as one that does not follow a sinuous course. Truly 

straight channels are rare in nature but can be created by 

natural or man-made cutoff or meander loops \-lhere lcng reaches 

of sinuous meandering channels with relatively flat slopes are 

converted to shorter reaches with much steeper slopes. 

Straight reaches can also be man-induced by placing of 
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contraction works such as dikes and revetments to reduce or 

control sinuosity. A braided river is generally wide with 

poorly defined and unstable banks and is characterized by a 

steep, shallow course with multiple channel divisions around · 

alluvial islands. A meandering channel is one that consists of 

alternating bends, gi. ving an S-shape appearence to the plan 

view of the river. The typical S-curve of a single meander 

loop is formed as the thalweg flows fran a pool through a 

crossing to the next pool. Alluvial channels of all types 

de vi ate fran a straight aligrment. The thalweg as cill ates 

transversely and inti tates the formation of bends. When the 

current is directed toward a bank, the bank is eroded in the 

area of impingement and the current is deflected away and may 

impinge upon the opposite bank further downstream. The angle 

of deflection of the thalweg is affectedby the curvature formed 

in the eroding bank and the lateral depth of erosion. In 

general, bends are formed by the process of erosion and 

deposition. Erosion without deposition to assist in bend 

formation would result only in escalloped banks. Under these 

conditions the channel would simply widen until it becanes so 

large that the erosicn would terminate. As a meandering river 

system moves laterally and longi.tudinally, the meander loops 

move at an unequal rate because of the unequal erodibility of 

the banks. This causes a tip or bulb to form and ul tim at ely 

this tip or bulb is cut off. After t he cutoff has been formed, 

a ne<..t bend may slowly develop. 

-10-



The Santa Cruz banks are mainly vertical in the reach being 

studied. Fran soils reports and field investigation of Hidvale 

Park near the river, the soil is probably a siltyclaywith 

river sand and oobbles in the bed. This type of soil is highly 

erodible. Low flows of the river undermine the vertical banks 

slowly causing large sections of the banks to cave in during a 

large flew. This undermining usually occurs on the outside of 

the bends where velocities are higher and the flow is directed 

toward the banks. On the inside of the bends, the banks tend 

to be less eroded and more stable due to low veloci ti. es and 

sediment buildup. Since the Santa Cruz is an ephemeral stream, 

the banks are also subject to erosion by wind and rain. 

2. 2 Hydrology 

The pertinent hydrologic studies for the Upper Santa Cruz River 

are: 1) Flood Insurance Study for Santa Cruz County, Arizona 

performed for the Federal Emergency Hanagement Agency (FEMA) in 

February, 1980 (Reference 4); 2) Hydrologic Evaluation of the 

Santa Cruz River Basin, Arizona by the Pima County Department 

of Traroportation and Flood Control District (PCDOT & FCD) in 

October, 1974 (Reference 9). The FEMA study is based on 

statistical analysis of recorded streamnow data, while the 

PCDOT & FCD study uses rainfall-runoff oomputer simulations. 
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The results of these two studies varied significantly, with the 

PCDOT & FCD discharges being approximately 50% higher than the 

FE~ values. The relationship between the PCDOT & FCD 100-year 

discharge and the FEMA 100-year discharge is used to adjust the 

2-, 10-, 25-, 50-, and 500-year FEtAA discharges upward. The 

adjusbnent is based on two assunptions: 1) the PCDOT & FCD 

has a realistic 100-year peak, since it is calibrated by the 

flood of October 2, 1983; (2) the slope of the FEHA frequency-

discharge curve (on log-probability paper) is correct. Table 

·~ 
shows the unadjusted FEMA. discharges and Table 2 shows the 

adjusted and unadjusted 100-year discharges. Table 3 

st.mmarizes all of the adjusted discharges along the upper Santa 

Cruz River. 

Generally, discharges increase in a downstream direction along 

a river. Table 3 s rows that the discharges along the Santa 
··~ 

Cruz River ranain relatively constant. This is due to the 

timing of the incoming tributary flows and the 1 asses due to 

infiltration and evaporation. For the prupos es of this 

geomor!):lic analysis, the study reach can be considered a single 

hydralogLc reach. Table 4 shows the 2-, 10-, 25-, 50-, 100-, 

and 500-year discharges that are representative of this reach 

of the Santa Cruz River. 
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Table 1. Summary of FEMrt Discharges 

Drainage A rea Peak Discharges (Cubic Feet per Second) 
Flooding Source and L oca ti on (Square Miles) 10-Year 50-Year 100-Year 500-Year 

Santa Cruz River 

At C anti nental Road 1' 662 11' 000 22, 000 30. 000 72' 000 

At Pima-Santa Cruz County 
Limits 1' 4118 19' 559 21' 600 30, 000 72' 000 

At Amado Road 1, 279 1 o, 680 21 '960 30,500 73,200 

'--' At River A venue 1, 209 .10, 850 22, 320 31' 000 74, 1100 
w 
I 

Downstream from Confluence with 
J oo pahi ne Can yon (Cross-
Section AK) 1' 163 10,710 22, 030 30, 600 73' 4110 

Downstream from Confluence with 
Peck Can yon (C ross-S ecti en 
BG) 1, 097 10,500 21' 600 30, 000 72' 000 

Downstream from Confluence with 
Agua Fria Canyon (Cross-
Section BV) 1' Qli5 10, 330 21' 240 29,500 70,800 

A t Rio R i co D ri ve 1, 000 1 o, 150 20,880 29,000 69' 600 
At Southern Pacific Railroad 722 9, 100 18,720 26,000 62' liOO 
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Table 2. Adjusted 100-Year Discharges 
Santa Cruz River 

Location 

Above confluence with Rillito Creek 

At Cootinental Road 

At Pima-Santa Cruz County Limits 

At Amado Road 

Downstream of Confluence with 
Jcsertline Canyon (Cross-Sectioo AK) 

Dovmstream of Confluence with P ec\{ Canyon 
(C ross-S ecti oo BG) 

Downstream of Confluence with Agua F ria 
Can yon (C ros s-S ecti oo BV) 

A t R i o R i co D ri ve 

At Southern Pacific Rail road 

Unadujsted Adjusted 
Q100 Q100 
cfs cfs 

30,000 4 5, 000 

30, 000 115,000 

30,000 115,000 

31,000 116, 500 

30, 600 115,900 

30, 000 45' 000 

29,500 114,250 

29,000 4 3, 500 

26,000 39,000 
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Table 3. S\.llliTlary of A dj us ted Discharges 

Drainage A rea Pea 1<: D is charges (Cubic Feet per Second) 
Flooding Source and Location ~uare Mil es) 2-Year 10-Y ear 50-Year 1 00-Y ear 

Santa Cruz River 

At C cnti nental Road 1, 662 5, 300 17, 000 35, 000 115,000 

At Pima-santa Cruz County 
Limits 1, 1148 4, 600 1 6, 000 311,000 115, 000 

...... At Amado Road 1, 279 4, 500 1 6, 000 35,000 45,750 
Ul 
I At R i ~r A venue 1, 209 4, 1150 16, 000 35, 000 116, 500 

Downstream from Confluence with 
J cs pehine Canyon (Cross-
Section AK) 1, 163 4, 1100 16, 000 35, 000 115,900 

Downstream from Coofloonce with 
Peck Canyon (Cross-Section 
BG) 1, 097 44,000 16, 000 35, 000 115,000 

Downstream from Confluence with 
A gua F ri a Can yon (Cross-
Section BV) 1, 0115 4, 350 15, 500 34, 000 44, 250 

A t Rio R i co D ri ve 1, 000 11,250 15,500 33,500 4 3, 500 

At Southern Pacific Rail road 722 3, 900 14, 000 30, 000 39,000 



Table 4. Discharges Used in the Geomoq:hic Study 

Ret urn P eiod 
Years 

2 

10 

25 

50 

100 

500 

2. 2. Dominant Discharge 

Discharge 
cfs 

4,400 

15, 800 

25, 000 

34, 200 

45,000 

108,000 

Channel formaticn is accomplished either by bank erosic:n or 
/ 

berm buildup. The channel will be enlarged until a stable 

condition is reached, in which the discharge just filling the 

channel has these properties: ( 1) it can maintain the channel 

at its present cross-section witoout scour or deposition; (2) 

it is not exceeded frequently enough for berm buildup to be 

appreciable. This discharge can, therefore, be conveniently 

adopted as the dominant discharge. It is clear fran this 

discussicn that the noticn of frequency will play an impJrtant 

part in defining the dcminant discharge. That is the natural 

ri ~r has formed a stahl e single channel with stahl e berms of 

f1.oodplains, the discharge which just fills the channel is the 

dominant discharge. Sane higher frequency floods may overtop 

the berms or cause sane bank erosion. The dominant discharge 

has a tendency to fill up the colla!lSed bank, to maintain its 
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ovm water course, channel eros s- section, channel bed grain size 

and channel slope. Wolman and Leopold's experiement in the 

United States (Ref. 10) s h:)Wed that: 

QD = 

Where: Oo = dominant dischar~ 

01.4 = 1.4 year frequency flood 

Stable Channel Hydraulic Character Analyses: 

Governing Equatiorn (Ref. 6) 

p = B = 127 o516 s2 
( 1) 

d5/3 

and S = csm)513 
( 2) 

Q 1/6 1750 

8 JT2d = 1 93 R1/3 3213 ( 3) 

Q = 1. 49 
n 

A R2/3 3 112 ( 4) 

must be satisfied. (If ri ~r bed is sand or silt of grain 
size 1 ess than 1/4 in.) 
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Where: 

1. 

S = Channel slope (f tl ft) 

Q=Discharge (cfs) 

P = Wetted Perimeter (ft) 

B = Top wi dth (ft ) 

d =Grain size (ft) 

R = Hydraulic radius (ft) 

n = Mannings coefficient 

A = Channel cross-section area (ft2) 

Daninant Stable C ondi ti en: 

fran equation ( 1 ) , ( 2), ( 3), ( 4) 

d: 827582023 X n7 • 2 X Q0" 2 

now, Q = 4, 400 cfs and ass une n = 0. 03 

d = o. 04806 ft. 

C onse quentl y: 

S = 0. 00286 ft./ ft. from (2) 

fran (1) P = B = 177 ft. 

A = 479 ft2 from (3) 

R = Y = 3. 81 ft. 

V = 6.52 ftlsec 

Check fran equation ( 4) 

Q = 4, 373 cfs 

In summary, this says that a river reach with a dominant discharge of 

4,400 cfs will achieve a channel bed slope of 0.00286 ft./ft., top width 

of 177 ft., and a bed grain size of 0. 04806 ft. at final stable stage. 
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2. Present C ondi ti on: 

s = o. 004 ft./ft. 

d = .00118 ft. 

Q = 4, 400 cfs 

A. S = 0. 004 maintairn constant 

then d = 0.072ft. 

p = B = 177 ft. 

R = y = 3. 58 ft. 

A = 633 ft
2 

v = 6.95 ft/ sec. 

adjust n value. 

c--4-) 1/6 
n1 = n 

0 do 
(Striclder' s Formula) 

n = 0. 03 d = o. 04806 
0 0 

so n1 = 0.0321 

check from equation (4) 

Q = 4, 349 cfs 

That is, through this river reach if the slop: of 0. 004 ft./ft . maintains 

constant with Q0 = 4, 400 cfs, the river will try to achieve a top width 

of 177ft. with 6.95 ft/sec. velocity which will scour the grain size to 

less than 0.072 ft. from this reach and leave every sediment load with 

grain size greater or equal to 0. 072 ft. through this reach. 
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B. d = 0.00118 ft. maintains constant. 

then S = 0. 00013 ft./ft. 

p = B = 177 ft 

R = y = 7. 1 ft 

A = 1256 f t 2 

v = 3. 50 ft./sec. 

adjust n val oo : n = 0. 031 d 1/6 
0 0 

n1 = 0.034 d1 1 /6 (d > 2d1) 
0 

then: n1 
o. 034 

X = 0. 031 
( 

d1 1/6 
d X no 

0 

therefore: n1 = o. 018 

check from Equation (4); 

Q = 4, 379 cfs 

That is if the grain size throughout the river is the same (0.00118 ft) 

the river will try to achieve a top width of 177ft, a slope equal to 

0. 00013 ft./ft. with the velocity equal to 3.50 ft!sec which will only 

scour a grain size 1 ess than 0. 00118 ft. and deposits sediment with a 

grain .size greater or equal to 0.00118ft. through this reach. 

Conclusion of 1, 2-A, 2-B: with the dominant discharge of 4, 400 cfs 

through this reach of the Santa Cruz River, the river will try to achieve 

a unique character with a top width equal to 177 ft. 

2. 4 Meandering Radius (r ) and Wave Length (L) Can putati on: e -

The relationship between rc andL of ideal mature stable meander 

loop:~ has been verified as L = 2 Drc to 4rc _______ ( 5) 

which is a function of the central angle 8 0 (see Figure 2) of a 

bend. The central angle 9 0 has been derived as: 

-20-
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b 
tar£!

0 (rc + b/2) tan8 1 

(Ref. 2, 3) 

sin B1 
= 

Fr 

tanh ( 2 7T' yl bcosB) 

2 7r y/ bcosB 
1 

By treating waves as SUI"§:S the equaticn is applicable only to supercritical 

flow. Wave formation is by no means negligible in subcr'i tical flow, 

particularly near the critical ronditicn. Nevertheless, the relaticnship is 

good enough to serve as a maximum limitation for subcri tical now. 

Measl.li"ements of the horizontal dimensicns of meander patterns soow relaticns 

between certain of the parameters which stay remarkably consistent through a 

large range of stream sizes from laboratory streams a foot wide to the 

Mississippi River nearly a mile -wide. Many observers have noted such 

relaticns and their work is stmmari zed by Leopold and Wolman (Ref. 7). The 

wavelength (L) and loop radius (rc) are related to the width (B) by these 

equations: 

= 7 to 11 ______ (6) 

= 2 to 3 ______ (7) 

then L = 3.5 rc to 3.7 rc (8) 

The nunbers in equation ( 7) occur in the median range. Sane streams might 

deviate slightly. The similarity between equaticn (5) and (8) confirms the 

reliability of using equation (6) and (7). 
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From stable channel analyses B = 177ft. for the reach under study, so 

L = 1239 to 1 947 feet 

r = 354 to 531 feet c 

From Leopold's meandering amplitude equation 

A = 2. 7 B 1• 10 ( 12) (Reference 13) m ----------------

Meander Width: 

W :: A + B = 979 feet m m 

Meander Radius: 

r = W 1 /2 = 4 90 f eet c m 

Verification 

The Santa Cruz River is geologically young and therefore has few matureS-

loops. The following three locations exhibit bends that are approaching 

maturity. The first two are active, while the third is abandoned. The 

mea.s ured radii, meander widths, and meander lengths verify the results of the 

equations. 

The three locations are: 

1. Milepost 1037.0 to 1036.5 

rc = 600 feet Wm = 1 030 feet L = 1260 feet 

2. Milepost 1033.2 to 1032.8 

rc = 510 feet Wm = 820 fee t L = 1210 feet 

3. Milepost 1022.0 to 1021.5 



rc = 600 feet Wm = 1200 feet L = 1250 feet 

2.5 Meander Envelopes 

From the concepts of meander loop formaticn, the original 

thalweg line is the valley line and the original thalweg line 

crosses the S-loop around the mid-point. Once the S-loop is 

mature, the configuration of the leo t:S cannot be more 

pronounced. The potential for downstream propa.gaticn of these 

loops is negligible, proeable loop cutoff would occur if the 

Ca.lance of the stable loop is disturbed. 

The develoilllent of a natural bend cutoff will start at a point 

downstream from the apex alcng the outer curve of a loop and 

join with a tip out back upstream of the apex of the bend 

following this loop (see Figure 2). The flow from a new cutoff 

wall have the same wave deflection angle and the same zig-zag 

thalweg pattern as before the cutoff. If the wave contact 

point is different than before the cutoff, the river will start 

to try to achieve a stable channel from the end of the cutoff 

by the erosion/sedimentation process. This process would 

either make the existing loop propogate downstream or create a 

new leo p. 

By compa.I"ison of the 1967, 1977, 1980, 1983 and 1985 aerial 

photos, the original thalweg line can be reconstructed. The 

apex boundary lines can be drawn with a 490 foot set tack from 

each side of the original thalweg line, forming an envelope of 

potential mea.nderi ng boundaries. 
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Ret urn 
Period 
Years 

2 

10 

25 

50 

100 

Since Q is constant (dominant discharge), B, Rc, L are fixed, 

0 
0 

are correlated with 0
1

• Maximum sinuosity and thalweg 

pat tern are fixed. Pro p3.gati on pat terns and cutoffs of meander 

loops are determined. The potential meandering boundary of the 

study area as sl:nwn on the maps in the Appendix is well 

defined. 

2.6 Potential Channel Pro}E.g:ition 

The procedures of Section 2. 3. 1 are repeated for the various 

frequencies and discharges. Assuning that the flow duraticns 

are 1 ong enough for channel formation, the gec:mor phic 

parameters can be calculated. The results are st.mmarized in 

Table 5. 

Table 5. Daninant G eomoqhi c Parameters for Various Discharges 

Design Top Meander Maximum Minimum 
Discharge Width Amplitude Width Radius Wave Length Wave Length 

cfs ft. ft. ft. ft. ft. ft. 

4400 177 802 979 490 1239 1974 

15,800 336 1623 1959 980 2352 3696 

25, 000 422 2085 2507 1254 2954 4642 

34,200 494 2480 2974 1487 3458 5434 

45' 000 566 2880 3446 1723 3962 6226 

The dominant channel is cc:mparably .small for any nood that has 

a longer return period. The channel projX)gation from the 

dominant loop is forseeable. However, due to the following 

reasons, the formaticn of geomoq:hic the characteristics of 

Table 5 for 1 onger ret urn period f1 ood are not likely to 



happen: 

(1) The duration of a lcnger return period flood is com.{:E.rably 

short and doe> not dominate channel formation. 

(2) The larger the flood, the longer the return period. 

(3) Dominant flow occurs frequently and re>hapes the channel 

after any 1 cnger ret urn period flood. 

Since the dominant envelope follows the projected apex points 

of the mature dominant S-loop, the ri~r will tend to follow 

this track, unless sane geological change, climatical change or 

man- made change i nt erf er es • 

The bank retreat due to any single flood event frcm the 

dominant envelope botmdary can be estimated from the following 

equation and the results are sunmarized in Table 6.: 

l 

0.0880 ( ·2 tX I ~tt-)0.25 
lvs S1n z B = -

Ym 1.5 Sc0.38 

Table(; • 

Return 
Period Discharge Depth Ws 

yr. cfs ft. ft. 

11 ,. 

10 15,800 7.5 287 

25 25,000 9.8 315 

50 34, 200 11. 8 332 

100 45,000 14. 0 341 
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The bank propagation limits for a particular frequency can be 

constructed by offsetting the bank retreat from the dominant 

envelope. The 2- year dcminant envelope results fran repeated 

2-year floods. The 10-and 100-year meander envelo{:es result 

show the predicted bank retreat in a single flood. The 10-and 

100-year envelopes are cl cser together than the 2-and 10-year 

envelopes because as a flood becane.s larger, bends tend to cut 

more in a downstream direction than in a sideways direction. 

The 2-year dcminant envelope is plotted on the maps in the 

Appendi x, as are the 10-and 100-year meander envelo{:e.s. 

2.7 Sen.si ti vity Analysis 

Several factors combine to reduce the accuracy of the 

geanorphic analysis. First, the equations (1-4) used to 

calculate the dominant top wi cit h require 1 engthy calibration 

with measured sediment .si ze.s. Due to scheduling and budget 

constraints this calibraticn was not {:erformed. 

Second, the thalweg and valley line were drawn without the aid 

of oontour lines. The aerial j:hotogra]ils, when viewed under a 

sterec:s oope, help delineate the thalweg and valley line. This 

is not as accurate as using a topogra]ilic map, but budget 

r ..• constraints precluded establishing contours for the entire 35 
~ : ~ 

mile study reach. 
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III. DISaJSSION AND RESlLTS 

3. 1 Hydraulically Similar Reaches 

The geomoq:hic analysis is only applicable to riwr reaches 

that have not been greatiy encroached by man. Encroachnents 

such as levees, dikes and bank protection limit the natural 

meandering of a rive!:' when present over long reaches. For this 

reason, the section of tracks along NoEfJ.les Wash is not 

included as part of this report. Much of the wash is bordered 

by sulxiivisions and light industrial develorment from Milepost 

1041. 0 to Milepost 1047. 0. Any necessary bank protection will 

be desigped as p3.rt of the next Ii'lase of the project. 

The study reach of the Santa Cruz River can be divided into two 

hydraulically similar sub-reaches. This di visicn is l::ased on a 

review of the historical aerial photos (Reference 1) that show 

a drastic change in the character of the downstream portion of 

the study reach since the 1960 1 s. 

The first sub-reach extends from Milepost 1041.5 to Milepost 

1022.4, or fran the confluence of the Santa Cruz River with 

Nogp.les Wash to approximately 1. 2 miles upstream of the Amado 

Bridge. This reach is characterized by a single channel with a 

few soort braided sections . Owrl::ank flow occurs at some 

locations and the overbank areas are either active or abandoned 

fields. Sane locations exhibit dense stands of \Bgetation 

along the banks. This sub-reach is essentially a meandering 

river. 

. . . . . 
• :·. ~--~,_ · ..-,: "-~ ...... _~--~ \·- ~:~;~;-~,:~·- _..;{·· -~~~ ·: ~- ;.-;. · ~ ... ,..:--.~:~··4.·.!· .. ~.;. :; ... ,.;.~k.!~~:.~.:~:r- ~:·--"<~:~ ;"::·.r ;':{ ;::•· ... :--:-· )_;~>~·:-.. ~-;?:'~- · .. :~:i'. ·::~- ~;: _ _..;.._._:~·;-_.~: ._-.:. ~-- :;·_',""~-<, "';q.,: \.::-~:. ·:! .. _ ... _,'?-·=:; ~ ,.. . .. ;;· •• ~;:· .-..;;, ; :·.(·~- · ·, ;~·.-::_ _ " :·-•.. ••· · :- ~ -



The geomoqhic meth:Jds described in the previous section are 

applicable to the first sub-reach and yield accurate results. 

The mai=S in the Appendix soow the low flow thalweg, the valley 

line, and the 2-year, 10-year, and 100-year meander 

envelo~s. These are used to predict the direction and extent 

to which the river will meander. They also indicate the degree 

of risk in various magnitude floods at any location. 

The second sub-reach extends from Milepost 1022.4 to Milepost 

1018.0, or from upstream of the Amado Bridge to the Canoa Road 

Bridge. The river changes character here and is essentially 

braided. The ch§.nnel is typically wide with the low flow 

channel frequently changi.ng location. Floodwaters often split, 

recombine, and change course. The flow direction is 

mpredictable by standard geanorphic equations and 

techniques. For this reason, the valley line and meander 

envelopes are not shown for this sub-reach. The low flow 

thalweg is plotted, h:Jwever. 

A review of the aerial photographs fran 1967, 1977, 1980, and 

1983 dramatically soow the changes in this sub-reach. In 1965, 

the river was a single, narrow channel (top width of 

approximately 175 feet) with vegetated banks. It was located 

at least 1000 feet fran the tracks in most locations. The 

over tanks were all being actively farmed, al trough they were 

bare at the time of the Dece:nber, 1967 flood. The floodwaters 

overflowed the narrow channel and easily flowed along the 



flll"rows of the bare irrigp.ted fields. Large headcuts occurred 

where the overbank now dropped back into the channel. The 

bare fields supplied a ready source of sediment which entered 

the channel. In sane locations, the channel began to widen 

because of the inability to carry the heavy sediment load. The 

photographs of 1977 and 1980 show these trends continuing. 

The October 1983 flood was the largest in many years and was 

assigned a 100-year return period. This f1.ood was able to 

drastically change the course of the river because of the 

trends induced fran 1967 to 1983. The channel widened in sane 

places to over 1000 feet. Old channel locations were atandoned 

and ner..v banks were cut. 0 verbank fl. ow continued to erode banks 

and cause large headcuts. As a result the river now has a wide 

channel and is free to move within that bed. The farms have 

largely been destroyed or atandoned and the fields overgrown 

with weeds. The long-term stability of this sub-reach is 

largely dependent on the rate at which the fields revegetate. 

3. 2 Horizontal Ali gment of Bank Protection 

One of the goals of this report is to identify the stretches of 

track that are subject to damage and provide a plan view layout 

for tank protection. The immediate aim is to protect the track 

fran the next large flood and not necessarily to provide long-

term ITOtection. The need for remedial or additicnal tank 

protecion can be reassessed after the next large nood. 
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The following guidelines were used to help establish the 

horizontal aligrment: 

1. Keep aligpment within 70 feet of the tracks in order to 

facilitate construction with rail road equi pnent. 

2. Direct flow away from the tracks into the eristing flow 

pattern, wherever possible. Flow is not directed at the 

opposite bank. 

3. Keep construction within the railroad right-of-way, 

wherever possible. 

4. Set bend radii in conj mcti en with eristi ng bends in the 

irmnedi ate vicinity • 

5. Use the valley line to indicate the trend of meander 

pro po ga ti on. 

6. Use the meander envelor:es to help identify reaches that may 

~ be subject to damage in the future. 

This report intends to only define horizontal aligpments and 

alternatives. Types of bank protection, toedown and other 

desigp parameters, and meth:Jds of construction are to be 

detailed in the next stage of the project. 

3. 3 Results of the G eomorP'li c Analysis 

T his section foil ows the ri ver fran upstream to downstream on a 

mile by mile basis. It discusses the rati anal for the 

aligrrnents and alternatives shown on the maps in the Appendix. 



1. Mile~st 1040.2 to t1ile~st 1039.0 

This is the only rail road crossing of the Santa Cruz 

River. 

The outer east tank is actively eroding and threatens 

the north a but tment of the bridge. 

Flow can "bounce" off the east tank and damage the south 

a buttment. 

No eristi ng bank protection. 

- Preferred aligrrnent: 

2 80 0 feet al eng east tank all outside of the right­

of-way. Radius of 1600feet. 

400 feet of protecticn provided on west tank near 

a buttment. 

- Alternative aligrment: 

400 feet of emtankment protecticn starting at north 

a but tment and extending north. 

All within 70 feet of the tracks and the right-of­

way. 

400 feet of protection for south abuttment (same as 

in preferred ali grment) 

2. Mile~st 1039.9 to Mile~st 1039.5 

Channel bank is 700 feet fran tracks. 

100-year meander envelope is 400 feet from tracks. 

- No protection necessary. 
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3. Mile'{Xlst 1039.5 to Mile'{Xlst 1038.4 

Rio Riro Bridge located at Milepost 1038.8. 

Channel l:E.nk averages 1200 feet from tracks. 

100-year meander envelope averages 500 feet fran tracks • .. 
Existing bank protection on west l:E.nk and the bridge 

tend to fix this bend. 

No protection necessary. 

4. Milepost 1038.4 to Milepost 1037.4 

Channel l:E.nk is within 70 feet of tracks. 

No existing bank protection. 

Little or no vegetation alcng east l:E.nk. 

- Preferred aligrment: 

2 800 feet 1 eng with a radius of 3600 feet. 

None is within 70 feet of tracks. 

Ties into existing rail dike at upsteam end. 

Tail directs flow away fran tracks into existing 

channel. 

Construction outside of right-of-way is on Rio Rico 

property and cooperation is expected. 

Alternate alignnent: 

400 feet lrng, JErallel to tracks. 

All 4000 feet within 70 feet of tracks and right-of-

way. 

Flow directi en not directed away from tracks at 

downstream end, but valley line indicates trend is 

naturally away from the tracks. 



5. Milepost 1037.4 to Milepost 1035.4 

Channel bank is roughly 1500 feet fran tracks. 

100-year meander envelor;e is 800 feet from tracks. 

- No protection necessary. 

6. Milepost 1035. 4 to Milepost 1035. 0 

- The upstream west bank is fixed by spur dikes and 

vegetation. 

Roughly 500 feet of existing riprap. 

Veget ation protects head of bend, but river is cutting 

behind vegetation. 

Preferred ali gnnent: 

2300 feet lcng with a radius of 2400 feet. 

400 feet within 70 feet of tracks. 

Constructicn outside of right-of-way is within Rio 

Rioo property and cooperation is expected. 

This ali~ment directs the flow away from the tracks 

and provides protection to approximately Milepost 

1034.2. 

- Alternate align:nent: 

1300 feet loog with roughly 600 parallel to and 

within 70 feet of the tracks. 

700 feet outside of right-of-way. 

Flow direction at tail is essential to protect to 

Milepost 1034.2. 

Constructicn outside of right-of-way is within Rio 

Rioo property and cooperation is expected. 
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7. Milepost 1035.0 to Milepost 1034.2 

- Little or no vegetation on east bank. 

100-year meander en vel ope is at mcs t 90 feet from 

tracks. 

Because of the existing flow direction, this stretch of 

tracks is highly vulnerable to damage. 

Both the preferred a11d alternate alignments at Milepost 

1035.0 direct flow away fran the tracks and protect this 

stretch. That alignment is essential since it is not 

feasible to bank protect all the way frcm Milepost 

1035.0 to 1034.2. 

8. Milepost 1034.2 to Milepost 1033.8 

Upstream west bank is not fixed and in caning flow 

direction is variable. 

Approximately 550 feet of existing riprap. 

Preferred alignment: 

2100 feet long with a radius of 3000 feet. 

3 99 feet within 70 feet of tracks. 

- Tail directs flow into next straight reach. 

Altern ate ali grrnent: 

1800 feet lcng, IBrallel to tracks. 

All within 70 feet of the tracks. 

Incoming flow not directed away from the tail, but 

vegetation bel p3 protect the tracks. 
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9. Milepost 1033.8 to Milepost 1033.1 

Channel bank is roughly 400 feet fran the tracks. 

100-year meander envelope approaches to within 90 feet 

of tracks. 

East bank is well ~getated. 

- No protection necessary. 

10. Milepost 1033. 1 to Milepost 1032.7 

- Upstream west bank is not fixed and flow direction at 

head variES from almas t per pendi cul ar to parallel to the 

tracks. 

Roughly 450 feet of existing gabions and riprap. 

- Preferred ali grmen t: 

180 0 f eet 1 on g. 

850 feet within 70 feet of tracks. 

Requires cooperation of land owner. 

- Tail directs flow away fran tracks into existing 

channel and provides protection to Milepost 1032.4. 

- Alternate aligrment: 

1200 feet long. 

850 feet within 70 feet of tracks. 

Ties into existing bank at downstream end. 

Requires cooperation of landowner, but to a 1 esser . 

extent than the preferred alignment. 

- Tail provides no protection to the downstream reach 

and directs flew to the opposite bank rather than 

into the existing channel. 
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11. Milepost 1032.7 to Milepost 1032.4 

- Tracks are within 100-year meander envelope. 

No vegetation between ri \er and tracks. 

Damage imminent in next large flood. 

The preferred alignment at Milepost 1032.7 will direct 

flow away f rem this stretch and protect the tracks. 

The only other option is to protect another 2000 feet 

parallel to the tracks. 

12. Milepost 1032.4 to Milepost 1031.7 

Channel bank averages 600 feet fran tracks. 

100-year meander envelope averages 100 feet from tracks. 

- The trend of the valley line and the river bend is to 

the west. 

Sparse vegetaticn along east tank. 

-t~O protection necessary. 

13. Milepost 1031.7 to Milepost 1031.0 

Channel bank remairn at least 200 feet fran tracks. 

Tracks inside 100-year meander envelope. 

- East bank is s parcely vegetated. 

No protection necessary, but this soould be reassessed 

after next flood. 

14. Milepost 1031.0 th Milepost 1028.8 

Channel bank averages 1400 feet fran tracks. 

100-year meander en vel ope averages 1000 feet from 

tracks. 
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Abandoned and active fields with some ve getati en between 

tracks and channel. 

No protection necessary. 

15. Milepost 1028.8 to Milepost 1027.9 

Headcut forming between Mileposts 1028.8 and 1028.6. 

inccming flow direction is approximately 30° to tracks, 

but overtank flow can approach parallel to tracks. 

Roughly 1250 feet of track presently protected with 

r:i pra p. 

100-year meander envelope is to the east of the tracks, 

indicating the r:i ver' s trend is to continue attacking 

the tracks. 

- Preferred aligrment: 

4 300 feet l eng. 

3700 feet is within 70 feet of and parallel to the 

tracks. 

The remaining 600 feet would require the 

participation of the landowner. 

The tail follows the existing bank and directs flow 

along the existing channel. 

Alternate alignnent: 

Same as preferred alignment, but tail extends 

parallel to track rather than foil owing the existing 

bank. 

4700 feet lcng, all within 70 feet of and parallel to 

the tracks. 
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Protectien must extend further downstream than with 

the preferred alternative, because the direction of 

flow at the tail is not controlled. 

16. Milepost 1027.9 to Milepost 1026.6 

Channel tank averages 900 feet from tracks. 

100- year meander envelope averages 250 feet fran tracks. 

No protection necessary. 

17. Milepost 1026.6 to Milepost 1025.9 

UI=Stream west b3.nk partially fixed by levee at MileJX)st 

1027. 2. 

Existing bend along tracks has a sharp radius due to an 

almost direct angle of attack. 

Roughly 1300 feet of existing gabions and riprap. 

Tracks moved eastward approximately 170 feet from 

ori gi.nal aligpment due to bank erosi en. 

Preferred ali grment: 

3200 feet 1 eng with a 1600 feet radius. 

- All 3200 feet within the right-of-way and 70 feet of 

the tracks. 

No at tempt made to direct flow at the tail because of 

the proximity of the Tubac Country Club on the 

opposite bank. 

There is no feasible alternate alignment. 

18. Milepost 1025.9 to Milepost 1025.0 

Channel b3.nk is an average of 120 feet from tracks. 
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100-year meander loop is to the east of the tracks, 

indicating the river will continue to attack this 

stretch. 

Direct angle of attack by incoming flow. 

Abandoned fields with sparse vegetation pro vi de little 

resistance to at tack. 

This stretch has a high risk of damage in the next 

flood. 

- Preferred ali grrnent: 

1100 feet lcng, pa.rallel to tracks. 

All within right-of-way and 70 feet of tracks. 

There is no feasible alternate aligp.emnt. 

19. Milepost 1025.0 to Milepost 1024.0 

Channel tank averages ~0 feet from tracks. 

100- year meander en vela pe averages 100 feet fran tracks. 

Channel is well defined with vegetated banks. 

No protection necessary. 

20. Milepost 1024. 0 to Milepost 1023. 2 

Channel bank averages 200 feet fran tracks. 

100-year meander en vel OJ:e is to east of tracks. 

Single, well defined channel. 

Dense ve get ati on bet ewen tracks and channel. 

- No protection necessary because of vegetation, but 

·l!i 
-~ should be reassessed after next flood. 

21. Milepost 1023.2 to Milepost 1022.4 

Braided channel begins (2nd sub-reach, see Section 3.1). 

Approximately 500 feet of existing ri prap. 



Stretch from Milepost 1022.9 to Milepost 1022. 4 has no 

vegetation, shows signs of heavy overbank flow, and is 

highly vulnerable to damage. 

- Preferred aligrment: 

1 SOO feet 1 eng with 4000 feet radius. 

200 feet within 70 feet of tracks. 

Cooperation of landowner (may be mine property) 

required for roughly 1700 feet of construction 

outside of right-of-way. 

Tail alignment directs flOW' away from tracks and 

protects to Mile post 1022. 4. 

The tail alignment and the alignment starting at 

Milepost 1022. 2 act in conjunction to protect the 

traclG between them. 

Alternate ali grment: 

900 feet IBrallel to traclG. 

- All within 70 feet of the traclG and the right-of­

way. 

This alignment protects the immediate vicinity and 

does nothing to protect the downstream stretch. 

22. Milepost 1022. 4 to Milepost 1021.6 

- Levees at mouth of Montcsa Canyon are perpendicular to 

flow and create a hard point. 

- Flow can attack fran any angle. 

Approximately 2400 feet of existing ri prap. 
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Preferred aligpment: 

Extend Montcsa Canyon levee roughly 200 feet to 

protect the head of the bend. 

3900 feet long with radius of 5600 feet. 

2200 feet within 70 feet of tracks. 

Tail alignnent directs flow to the Amado bridge 

opening and away from tracks. 

Requires cooperation of mining canpani es for 

cnstruction outside of right-of-way. 

- Alternate ali gnnent: 

3100 feet 1 eng, p3.rall el to the tracks. 

2600 feet within 70 feet of the tracks. 

Tail does not direct flow in any direction. 

23. Milepost 1021.6 to Milepost 1020.5 

Channel tank varies from 1500 to 800 feet from the 

tracks. 

No vegetation between channel and tracks. 

0 verbank flow is evident. 

No protection necessary, but this stretch should be 

reassessed after the next flood. 

24. Milepost 1020.5 to Milepost 1019.4 

- Large headcut caused by overbank flow from Milepost 

1020.5 toMilepost 1020.3. 

- So pori Wash enters from opposite bank at Milepost 1020.0 

and its flow directly attacks the tracks. 

Approximately 2100 feet of existing riprap. 



··~ 

Preferred Alignment: 

4600 feet long with a radius of 7200 feet. 

2800 feet within 70 feet of the tracks. 

Requires cooperation of the mines for construction 

outside the right- of- way. 

- The tail aligrment is essential to direct the flow 

away from the tracks and protect all the way to the 

Canoa Road Bridge. 

There is no alternative except to protect parallel to 

the tracks from Milepost 1020.5 to Milepost 1018.0, a 

distance of 2. 5 miles. 

25. Milepost 1019.4 to Milepost 1018.0 

Channel bank varies fran 100 to 800 feet fran tracks. 

Area between tracks and channel a:msists of al:andoned, 

unvegetated fields with little resistance to erosion. 

This stretch is highly vulnerable to damange in the next 

flood. 

The tail of the preferred alignment at Milepost 1019.4 

directs flow away fran the tracks into the existing 

channel. 

Protecting the entire 2- 1/2 miles is not feasible. 



IV. RECDMM!:NDATIONS 

The results of this study indicate ten locations that are vulnerable 

to damage in the next large flood. Horizontal alignments for bank 

protecticn are proposed and alternatives are provided where 

feasible. The types of bank protection and design details will be 

detailed in the next phase of the project. 

The proposed aligrments show the maxirnun amount of protection 

required to maintain the integrity of the Nogp.les branch. As the 

site specific design and cost analysis proceed, the lengths and 

alignments will be modified. The recommended alignments are 

discussed in geater detail in the Discussion and Results Section. 

The recommendations are as follows: 

Milepost 1040.2 to Milepost 1039.9 

Preferred alignment: 

2800 feet along the east bank, all outside of right-of-

way. 

400 feet of abuttment protection on west bank, all 

outside of right-of-way. 

Altern ate ali ganent: 

400 feet of abuttment protection along the east bank, 

all inside right-of-way. 

400 feet of abuttment protection along the south bank, 

all outside of right-of-way. 



2. Milepost 1038.4 to Milepost 1037.4 

Preferred aligrment: 

- 2 800 feet of tank protection, all outside of right- of­

way. 

Altern ate ali gmen t: 

- 4000 feet of tank protection, all within right-of-way. 

3. Milepost 1035. 4 to Milepost 1035.0 

4. 

5. 

Preferred alignment: 

2300 feet of bank protection, with 400 feet inside the 

right-of-way. 

Alternate aligment: 

1300 feet of tank protection, with 600 feet inside the 

right-of-way. 

Milepost 1034.2 to Milepost 1033.8 

Preferred aligrment: 

2100 feet of tank protection, with 300 feet inside the 

right-of-way. 

Alternate aligrment: 

1800 feet of tank protection, all within right-of-way. 

Milepost 1033. 1 to Milepost 1032.7 

Preferred alignment: 

1800 feet of bank protection, with 850 feet inside the 

right-of-way. 

Alternate alignnent: 

1200 feet of bank protecticn, with 850 feet inside the 

right- of-way. 



6. Milepost 1028.8 to Milepost 1027.9 

Preferred aligrment: 

4300 feet of tank protecticn, with 850 feet inside the 

right- of-way. 

Alternate aligrment: 

4700 feet of tank protection, all inside the right-of­

way. 

7. Milepost 1026.6 toMilepost 1025.g 

Preferred alignnent: 

3200 feet of tank protecticn, all inside the ri ght-of­

way. 

No feasible alternative. 

8. Milepost 1023.3 to Milepost 1022.4 

Preferred alignment: 

1g00 feet of bank protection, with 200 feet inside 

right-of-way. 

Alternate alignment: 

goo feet of tank protectirn, all inside the right-of­

way. 

g. Milepost 1022.4 to Milepost 1021.6 

Preferred aligrment: 

3 go 0 feet of tank protecti n, with 2200 feet inside 

right- of-way. 

Alternate aligrment: 

3100 feet of tank protection, with 2600 feet inside 

right- of-way. 
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10. Milepost 1020.5 to Milepost 1019.4 

Preferred alignnent: 

4600 feet of tank protection, with 2800 feet inside 

right-of-way. 

No feasible alternative. 

The total length of tank protection with the preferred · aligrunents is 

30,100 feet, or 5.7 miles. The total length under the alternate 

alignments is 25, 600 feet, or 4. 9 milES. 

The preferred aligrments generally are located outside of the right­

of-way and require constructi on in the riv-er bed. They do provide a 

greater degree of protection than the alternates. The preferred 

aligpments control the flow direction and fix bends and t herfore 

protect a reach for thousands of feet downstream of the actual 

structure. They are river training structures and pro vi de more 

protection through more floods. 

The alternates are generally parallel to the tracks and within the 

right-of-way. They do little or nothing to direct the flow and 

their effect stor.s where the structure ends. Since bends and flow 

directions are not fixed, the points downstream where the flow will 

attack the tracks agp. i n are not predictable. To get the same degree 

of protection as with the preferred aligrn~ents, much longer 

stretches of track would have to be protected. 
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