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ABSTRACT 

The objective of this project has been to modify and apply the computer 

program (FESWMS-TX) for the two-dimensional hydrodynamic analysis of backwater 

at bridges. The work performed has been to simplify use of the computer 

program so that it may eventually become a part of the THYSYS system that is 

used throughout the Texas State Department of Highways and Public Transpor

tation. Application of the model to a portion of Walnut Creek near Martin 

Luther King Blvd. in Austin, Texas, was performed to help identify the various 

needed modifications. A detailed user's manual has been developed, which is a 

major part of this report. 

KEY WORDS: hydraulics, bridges, computer, backwater, two-dimensional 
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SUMMARY 

The objective of this project has been to modify and apply a computer 

program for the two-dimensional hydrodynamic analysis of backwater at bridges. 

The computer code used is a model originally developed as a research tool 

referred to as the RMA model (Resource Management Associates). The U. S. 

Geological Survey Gulf Coast Hydroscience Center has further modified the RMA 

model and has performed several major applications of the model. This modi

fied version has been referred to as the FESWMS (Finite-Element Surface-Water 

Modeling System). 

The FESWMS model is not in a user-oriented format and requires a rather 

sophisiticated knowledge of fluid mechanics, hydraulics, and computer science 

to use. In addition, an extensive amount of detailed data determination and 

input is required that can be simplified and automated using computer 

graphics. 

The Work performed herein has been to simplify use of the computer pro

gram for possible widespread use throughout the Texas State Department of 

Highways and Public Transportation and other highway departments in the U. S. 

The emphasis has been on making the program as user oriented as possible, 

defining what data are necessary, how to assemble the data, and what the 

output is. In addition, some work has been performed to automate the data 

determination and the input procedure using the Intergraph IGDS (Interactive 

Graphics Design System) at the Texas State Department of Highways and Public 

Transportation. The modified version of the FES~ model is referred to as 

the FESWMS-TX model. A user's manual for the FES~-TX model is included in 

this report. 

During this project several needed modifications to the program FESWMS 

were identified and incorporated to simplify the use of the model to the new 

version. 
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IMPLEMENTATION STATEMENT 

The FESWMS-TX can be applied by the Texas State Department of Highways 

and Public Transportation. The user's manual should make the application of 

the model self-explanatory once the model is put on the Texas State Department 

of Highways and Public Transportation computer facilities. 
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1.1 Purpose 

CHAPTER 1 
INTRODUCTION 

State highway departments are faced daily with the analysis and design of 

stream crossings that range from small culverts and low-water crossings to highly 

complex crossings of major rivers with multiple bridges and relief structures. The 

one-dimensional conventional methods for the hydraulic analysis of bridge openings are 

often inadequate, especially for bridges located in wide flat floodplains. Because of 

the inadequacy of the one-dimensional methods, they may eventually be supplanted by 

the more sophisticated two-dimensional methods. The purpose of this report is to 

describe a two-dimensional model for analysis of backwater at bridges including a 

detailed user's manual. 

Present and conventional methods for backwater analysis at bridges are based 

upon one-dimensional analysis and rely on formulas that make use of empirical coef-

ficients for the head losses at highway bridges. These one-dimensional backwater 

water models include: 1) the U.S. Army Corps of Engineers HEC-I1 model; b) the U.S. 

Geological Survey, E43l and J635 models; c) the USDA Soil Conservation Service, 

WSP2 model; d) the Texas Department of Highways and Public Transportation (DHT) 

THYSYS hydraulic system which includes the HYDRA model; and e) other models 

reported by Eichert (970). These one-dimensional backwater analysis models can only 

approximate flow conditions at highway bridges assuming that the flow has a pre-

dominant velocity in one direction ignoring lateral and vertical velocity components 

(Fig. 1.1). As a result, the one-dimensional models can only provide average velocities 

through a bridge opening for various flows, ignoring the actual velocity profiles that 

occur in the vicinity of bridge abutments. Also the water surface profiles are very 

approximate as only the one-dimensional aspects are considered. The one-dimensional 
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methods are used for selecting the distribution of flow through multiple openings in 

highway embankments and determining backwater. 

In the hydraulic design and analysis of highway bridges, there are three major 

concer~s: 1) the economic length of a bridge (or bridges in the case of multi-bridges); 

(2) an understanding of the backwater effects of the installation; and (3) an under

standing of the tail water conditions. In determining the economic length of bridges, 

only approximate average velocities of flow through the bridge can be considered 

because of the one-dimensional backwater analysis. A more important aspect to 

consider would be the detail of velocities (velocity profiles) through the bridges. Of 

particular importance is a look at the detailed velocities around bridge abutments for 

possible scour and for deposition. This is even more important when multi-bridge 

installations are placed in wide floodplains. 

There are two-dimensional models which have considerable potential for solv

ing multi-dimensional hydraulic problems for bridge analysis. The two-dimensional 

backwater analysis considers the velocity vectors in two dimensions as illustrated in 

Fig. 1.2. The two-dimensional analysis also provides more accurate estimates of water 

surface profiles upstream and downstream of bridges. 

A two-dimensional finite element surface water model referred to as the RMA 

(Resource Management Associates) model developed by Norton and King (Norton, et 

ale 1973; Norton and King 1973; King and Norton 1978) is used as the basic model in 

the study reported herein. The U.S. Geological Survey Gulf Coast Hydroscience 

Center has modified the RMA model and has performed several major applications of 

the RM A model (Lee 1980; Lee and Bennett 1981; Lee, et a1. 1982; and Wiche, et a1. 

1982). A major accomplishment by the United States Geolo~ical Survey has been the 

assessment of the RMA model as a potential operational tool for the backwater analy

sis of complex highway crossings and other modifications of river floodplains. Parti

cularly interesting has been the capability of the model to simulate flows on a 
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floodplain with large roughness variations and large changes in depth with distance. 

The modified version of the RMA model by the USGS is referred to as the FESWMS 

(Finite-Element Surface Water Modeling System) as listed in the USGS Open-File 

Report 82-430 (Computer Programs for Modeling Flow and Water Quality of Surface 

Water Systems). 

The USGS Gulf Coast Hydroscience Research Center has been performing 

research to improve the two-dimensional model. The emphasis of the past work has 

been a more theoretical effort to improve the computational aspects as opposed to 

making the model user oriented. The FESW MS model is not in a user-oriented format 

and requires a rather sophisticated knowledge of fluid mechanics, hydraulics, and com

puter science to use. In addition, an extensive amount of detailed data determination 

and input is required that can be simplified and automated using computer graphics. 

The work performed herein has been to simplify use of the computer program 

so that it could possibly become a part of the THYSYS system for widespread use 

throughout the DHT and other highway departments in the U.S. The emphasis then is 

to make the program as user oriented as possible, defining what data are necessary, 

how to assemble the data, and how to interpret the output. Input and output formats 

would be as similar as possible to that used in THYSYS. In addition, work has been 

performed to automate most of the data determination and inputting procedure using 

the IGDS (Interactive Graphics Design System) at the DHT. The modified version of 

the FESWMS model is referred to as the FESWMS-TX model throughout this report. 

1.2 Background 

1.2.1 Bridge Backwater Effects 

Laursen (1970) has divided the flow region affected by a bridge constriction 

into four zones, as shown in Fig. 1.3. According to conventional definitions in open

channel hydraulics, zones 1 and IV are areas of gradually-varied flow in which the flow 
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pattern is essentially governed by the channel resistance. Zones II and III are areas of 

rapidly-varying flow patterns. The geometry of the bridge constriction causes the 

flow to contract upstream and expand downstream defining the flow patterns in these 

zones. Boundaries between zones I and II and zones III and IV may be considered 

transition zones wherein the channel resistance and the constriction geometry play 

equally important roles. 

Zone I is the reach of river upstream from, but not immediately adjacent to, 

the bridge. It covers the flow region encompassed by the length of the classic M 1 

backwater curve and the width of floodplain in which flows move laterally into the 

main channel. The upper boundary is near the point where the M 1 curve meets the 

normal flow profile. 

Zone II characterizes flow contraction and jet formation. The upper boundary 

of zone II is just upstream from the bridge where the curvature of the water surface 

starts to increase rapidly in the vertical plane. This zone extends through the brid~e 

to the section where the flow contraction ends. The flow pattern can be approximated 

by the irrotational flow theory of a slot orifice with a free streamline (Fig. 1.4) 

separating from the abutment at the end of the embankment. 

Zone III is the region in which the jet formed by the contracting flow of zone II 

is expended through turbulent diffusion or mixing. A large amount of energy is lost in 

the course of flow expansion. If the channel resistance in zone III is substantial, then 

the resultant energy loss associated with jet diffusion and the channel resistance may 

produce a total loss sufficient to cause backwater at the downstream side of the 

bridge opening. 

Zone IV may be considered the downstream counterpart of zone I. In this 

reach, the flow leaves the main channel and moves laterally across the floodplain. At 

some distance downstream the flow will be reestablished and resume its natural flow 

condition in the stream. 
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1.2.2 One-Dimensional Approach for Backwater Analysis 

Techniques for performing one-dimensional backwater analysis are described 

in detail by Chow (I959) and Henderson (1966). The differences in conventional one-

dimensional methods have partly arisen due to the varying requirements of the prob

lems that are solved. The major distinction between methods is: a) some methods 

solve for the distance along a channel between a control point and a known or assumed 

depth and b) others solve for the depth based on a given distance from a known depth. 

Backwater analysis methods are based upon the one-dimensional gradually 

varied flow equation, 

~ 
dx = 

1 + ex d(V
21.J:2L 
dy 

(1.1) 

for a given discharge, Q, where y is the depth of flow; x is the distance along the 

channel; So is the slope of the channel bottom; Sf is the energy slope, ex is the energy 

coefficient; V is the mean velocity of flow through a channel section; and g is the 

acceleration of gravity. The friction slope is usually computed using Manning's 

equation, 

(1.2) 

where n is Manning's roughness factor and R is the hydraulic radius. 

The three main types of backwater computation methods are the graphical 

integra tion methods, the direct integration methods, and the step methods. Other 

extensions of these methods include the direct step method, the standard step method, 

and the Breeze method. Most of the one-dimensional backwater analysis computer 

programs are based on the standard step method. 
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The standard step method provides a means for determining the depth of flow 

when the distance between channel sections is known. This method is a trial and error 

procedure suited for natural channels. Considering the flow section shown in Fig. 1.5, 

the energy equation can be written as 

(1.3) 

where he is included to account for eddy losses which can be appreciable in natural 

channels and a. is the energy coefficient for nonuniform velocity distribution. 

Some of the computer programs that have been developed are summarized in 

Table 1.1. 

1.2.3 Two-Dimensional Approach for Backwater Analysis 

Two-dimensional models permit the computation of backwater or water sur-

face elevation in terms of spatial or area wise coordinates and provide spatial distri-

butions of discharge and variations in local velocities. Two-dimensional models do not 

provide vertical velocity profiles nor do they define separation zones and eddies (Fig. 

1.4). The floodplain modeling problem considered herein is a two-dimensional steady 

state problem. 

The two approaches to solving the two-dimensional models are finite differ-

ences and finite elements. The general approach for finite difference models is to 

discretize a flow region or floodplain into a system of grid networks composed of 

rectangular or square cells (or grids). Size of the grids is governed by the accuracy 

and stability of the specific numerical scheme applied to the solution of the differ-

ential equations describing the flow. In a finite element model the flow region (flood 

plain is represented by a grid network of either triangular or polygonal elements. 

The set of two-dimensional equations includes the continuity equation and the 

equations of motion in the two space dimensions. The dependent variables are the 
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TABLE 1.1 Summary of Selected One-Dimensional Backwater Analysis Programs 

Computer 
Agencl ~ram 

1.) U. S. Geological Survey E 431 

2.) U. S. Geological Survey J 63' 

3.) u. S. Army Corps of Engineers 
Hydrologic Engineering Center 

HEC-2 

4.) U. S. Department of Agriculture 
Soil Conservation Service 

WSP-2 

,.) Texas Highway Department THYSYS 
(HYDRA) 

6.) U. S. 8ureau of Reclamation 

7.) u. S. Bureau of Public Roads HY-4 

8.) Iowa Natural Resources WSPPI 
Council and C.I. R. A. S. 

9.) U. S. Army Corps of Engineers 
Little Rock District 

10J Department of Sanitation and FLUVIAL-3 
Flood Control, County of San 
Diego, California and San 
Diego State University 

DELTA 

Notes 

Subcritical flow only 

Modified version of E 431 to 
handle both suberitical flow 
and supercritieal flow 

80th sub and supercritical 
flow 

Subcrltical flow only 

Similar to U.S.G.s. 
E431 program. 

Extension of HEC-2 to 
handle changes in 
channel boundary 

Same technique as 
Fluvial-L-3 but 
developed for delineating 
flood levels near mouth of 
a river accounting for 
erosion, sedimentation, and 
effects of delta formation 

References 

Shearman (1976) 

Parsley and Lee U 914) 

Texas State Department of 
Highways and Publie Trans
portation (1977) 

U. S. Department of Interior 
8ureau of Reclamation (t 961) 

U. S. Bureau of Publie Roads 
1964 

Shearman and Dougal (1"5) 

Thomas (undated) 

Chang and Hill U 916) 

Chang and Hill (916) 



depth and velocity (or discharge) components in each of the two space dimensions. 

Conceptually finite difference models approxima.te the solution of differential equa

tions in a discrete manner. Essentially the differential equation is discretized to a set 

of difference equations. This set of difference equations is then solved using either an 

explicit or implicit method for prescribed boundary conditions. Finite element 

methods solve the differential equations without discretization by either: 1) minimiz

ing a functional, an integral quantity which is a function of unknown functions; or by 2) 

approximating the finite elements directly from the differential equations governing 

the problem using weighted residual methods over the flow region and part of its 

boundary. 

A major advantage of the finite difference models is that their numerical 

solution scheme is more conventional and thus better known to program users than the 

finite element approach. Finite difference models, however, have limited solution 

efficiency, lack of flexibility in representing irregular flow boundaries, diUiculties in 

treating boundary conditions, and can have numerical stability problems for many 

schemes. Finite element models can easily represent irregular flow boundaries and 

have a more efficient solution process. Finite element models are more flexible for 

laying out grid size and in representing flow boundaries, which is particularly import

ant in bridge backwater computation. A coarse network is sufficient to represent the 

low variation flow in zones I and IV and a fine network is necessary for rapid variation 

flow in zones II and III (Fig. 1.3). The major disadvantage of the finite element models 

is their sophisticated solution technique. One advantage associated with the finite 

element models is the computation of depths and velocities at specified locations 

throughout the flow region. Finite element models thus have the potential for com

puting parameters to describe contraction scour and bridge backwater simultaneously, 

which is an important feature for design engineers. 
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1.2.4 Finite Difference Models 

The finite difference models are based upon writing the continuity and motion 

equations for elemental segments that represent a portion of the floodplain or river 

channel. Many of these segments form a finite difference network or grid. The basic 

idea is to solve the equation of continuity and motion written in two dimensions using 

either an explicit or implicit scheme. Most of the two-dimensional models for flood 

plain analysis were derived from or are extensions of two-dimensional models develop

ed for analyzing flow in estuaries from tidal motion and/or storm surges. As a result 

of the simplicity of the two-dimensional finite difference models, these models can 

also simulate unsteady flow. Examples of these models include RIVTID by Brandes and 

Masch (I 973); FLOW2D by Vicens, et al. (1975); and FLOWSIM 10 by Bodine (1980). 

The model by Bodine (I980) is particularly interesting because in this numeri

cal scheme, the river channel is modeled in a one-dimensional framework and the flood 

plain is modeled in a two-dimensional framework. The one-dimensional channel flows 

are coupled with the two-dimensional floodplain flows, allowing for communication 

between the two regions. The channels are embedded into the two-dimensional finite 

difference network. An explicit solution scheme is used. The model can allow for 

levees and barriers anywhere in the modeled system and can be located on one or both 

sides of a channel. This model can also be used to simulate flows in independent 

channels and tributary channels to the independent channels and in the floodplain 

areas. Dry channels or floodplain areas can flood during periods of increasing water 

levels and dry up again after the passage of a flood wave. 

The one-dimensional equations of motion and continuity for river channels are, 

respectively, 

13 
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in which Q = discharge; t = time; g = gravity; x is the horizontal coordinate along the 

axis of the channel; n is Manning's roughness coefficient; A is the area of channel cross 

section; R is the hydraulic radius (R = AlP ); P is the wetted perimeter of the cross e e 

section; H is the water surface elevation relative to the local mean sea level (msl) 

datum; B is the water surface width; q. is the lateral inflow per unit length; q is the 
1 0 

lateral outflow per unit length; u. is the channel-directed component of velocity; u is 
1 0 

the channel velocity (QI A); and S is a momentum correction coefficient. 

The two-dimensional equations of motion and of continuity appropriate for 

riverine floodplain areas are as follows: 

au 
at + D aH 

g --ax- + J...!!~~!L 
2.21 D7/3 

= 0 (1.6) 

~ aH 2 v 
+ gO ay + ~-g--- = 0 (1.7) at 2.21 0 7/3 

aH au av 
0 (1.8) at + ax + ay = 

in which x and yare the horizontal Cartesian coordinates; t = time; U and V are the 

vertically integrated x and y components of transport per unit width; g = gravity; and 

H is the water level elevation relative to the local msl datum; 0 is the depth of water 

at position x, y and time t; q is the magnitude of the transport per unit width; and n is 
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Manning's coefficient of roughness. A riverine system is represented in terms of a 

discrete grid in which all grid elements are taken as uniformly square blocks (Figs. 1.6 

and 1.7). The topography of the flood plain is regarded as uniform over each grid 

square, thus D forms a two-dimensional stairstep type of approximation of the actual 

topography. Water is allowed to flow onto a dry block during periods when the stage is 

rising and dry up again during the recession stage, thus allowance is made for a moving 

boundary in the course of a flood. 

1.2.5 Finite Element Models 

The formulation and development of finite element models have been reported 

elsewhere (Norton and others 1973; Norton and King 1973; Tseng 1975; King and Nor

ton 1978 and Driscoll 1981); therefore, only the equations solved and a brief outline of 

the technique used to solve them are presented here. Two-dimensional, surface-water 

flow in the horizontal plane is described by two equations for conservation of 

momentum and one for conservation of mass: 

- 2 Wv sin ¢l 
2 2Yz ~ 2 

+ -~ (u + v) - -;:- Va cos 'l/J 
C2h n 

:: 0, (1.9) 

a v av av ah a Zo ..£Y!. a2v _.Ei.L a
2
v ---at + u- + v- + g- + g-- - ax2 a x ay ay ay p p a 2 y 

2w u sin ¢l ~ (u2 + 
2Yz ~ V2 sin IjJ 0, + v ) - 11 = 

C2h a (1.10) 

and 

~~ + :x(uh) + ;y (vh) = 0, (1.11) 
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where 

x, y = Cartesian coordinates in the positive east and north 

directions, respectively (feet) 

t = time (seconds), 

u, v = depth-averaged velocity components in the x and y 

directions, respectively (feet per second), 

h = depth (feet), 

Zo = bed elevation (feet), 

p = density of water (assumed constant) (slugs per cubic 

foot), 

w = ra te of the Earth's angular rota tion (per second), 

<P = latitude (degrees), 

g = gravitational acceleration (feet per square second), 

C = Chezy (resistance) coefficient (feet to the one-half 

power per second), 

£ £ £ £ = eddy viscosities (pound second per square food, xx, xy, yx, yy 

~ = water-surface resistance coefficient (non-dimensionaJ), 

Va = local wind velocity (feet per second), and 

1/1 = angle between the wind direction and the x axis (de-

grees). 

In the Norton-King development, equations (1.9) through 0.11) are rewritten in 

terms of the flow variables, r = uh, s = vh, and depth, h (King and Norton 1978). 

Boundary conditions consist of the specification of flow components or water-surface 

elevations at open boundaries and zero flow components or zero normal flow at all 

other boundaries, called lateral boundaries. Equations (1.9) through (1.11) together 

with properly specified boundary and initial conditions, comprise a well posed initial-

boundary-value problem. 
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Quadratic basis functions are used to approximate flow components on tri-

angular, six-node, isoparametric elements; and linear basis functions are used to 

approximate depth (mixed interpolation). Galerkin's method of weighted residuals, a 

Newton-Raphson iteration scheme, and numerical integration using seven-point Gaus

sian quadrature (Zienkiewicz 1971) are used to solve for the nodal values of the flow 

components and depth. The floodplain modeling considered herein is only for steady 

state conditions so that the terms ~ ~ , ~; ,and ~ ~ in equations 0.9), (1.10), and 

(t.I1), respectively drop out. 

Model topography is described by assigning a ground-surface elevation to each 

element vertex and letting the ground vary linearly within an element. Flow compon

ents are specified at inflow boundary nodes, and water-surface elevations are specified 

at outflow boundary nodes. In this study, zero normal flow is specified at aH lateral 

boundaries. Isoparametric elements permit the use of smooth, curved lateral bound

aries. The improvement in accuracy obtained by using such boundaries, together with 

the specification of zero normal flow (tangential flow) at the boundaries, has been 

documented by King and Norton (1978), Gee and MacArthur (978), and Walters and 

Cheng (1978, 1980) for the mixed-interpolation formulation of the surface-water flow 

equations. 

The model has the capability of integrating the flow across a line foHowing 

element sides and beginning and ending at element vertices. Thus, conservation of 

mass, which is not automatically satisfied, can be checked (King and Norton 1978). 

Selected applications of two-dimensional finite element models for floodplain 

analysis are presented in Table 1.2. 

1.2.6 Comparison of 1-0 and 2-D Models 

A brief comparison of 1-0 models versus 2-D finite element models such as 

FESWMS is given in this section. Comparison of the two modeling approaches for the 

purpose of analysis of bridge backwater in wide, flat flood plains are as foHows: 
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TABLE 1.2 Selected Applications of 2-D Finite Element Models for Floodplain Analysis 

Reference/Model 

I.) Franques and Yannitell (1974) 

2.) Tseng (197.5) 

:t.) King and Norton ("78) 

4.) Gee and Mac Arthur (1978) 

.5.) Lee and Bennett (1981) 
FESWMS 

6.) Lee, et a!. (1982) 
Wiehe. et al. (1982) 
FESWMS 

7.) U. S. Army Corps of Engineers 
Hydrologic Engineering Ctr 
RMA.~ 

Application-Location 

Tallahala Creek at Highway 
.528 near 8ay Springs. Miss. 

Tallahala Creek at Highway 
528 near Bay Springs, Miss. 

Tallahala Creek at Highway 
.528 near Bay Springs, Miss. 

Rio Grande de Loiza 

McNary Dam, Second 
Powerhouse on Columbia 
River 

Congaree River at 1-326 
near Columbia, South 
Carolina 

Pearl River at 1-10 between 
Slidell, La. and Bay St. Louis, 
Miss. 

Harry S. Truman Dam 

_____________ ~De~~~r~~~t~ion~ ______________ _ 

Simulated flood of April 14, 1969 
Finite element network shown in Figure 1.8 

Three floods, April 6, 19611; April 14, 1969; and 
February 21.1971. 
199 nodes and 86 elements. Figure 1.9 

Considered 7 different level (discretization) of 
finite element networks. Varied from 199 
nodes and 86 elements to 281 nodes and 124 
elements. Also considered curved boundaries 
in same application. Figure 1.10 

Floodplain about 6 mi 2 x 6 mi2• One inlet, 
two outlets, several islands. Application of 
()10 nodes, 1)1 elements), (375 nodes, 162 
elements) and (11)2 nodes, 189 elements.) 
Figure 1.11 

Site selection study for a second powerhouse. 
Studied downstream flow fields. Various 
levels of finite element networks were 
applied 

To study the import on flood stages of the 
Congaree River. Used August 1908 flood in 
analysis. Several combinations with/without 
dikes. Oifferent highway embankments 
tested. Largest network was 2,19.5 nodes and 
1000 elements, shown in Figure 1.12 

Studied different alternatives for modifying 
1-10 to reduce flooding. Modeled 1980 flood. 
1-10 crOSSing is 11.4 mi long with three bridge 
openings. Finite element network consisted 
of 10,771 nodes and ',224 elements as shown in 
Figure 1.13 

To simulate horizontal flow fields downstream and 
to calculate flow velocities to estimate drag 
forces on fish ~reens proposed for installation 
downstream of the powerhouse 



1. One-dimensional model solutions do not provide transverse water surface 

slopes, velocity distribution, or local velocities. One-dimensional 

approaches assume a constant water surface across the entire floodplain 

at a particular cross section. One-dimensional approaches also consider 

a mean velocity for an entire cross section; however, some programs 

such as HEC-2 allow for a left overbank velocity, a main channel 

velocity, and a right overbank velocity. On the other hand, two-dimen

sional, steady-state models: a) permit computation of backwater or 

water surface elevations in terms of spatial or area-wise coordinates; b) 

give spatial distribution of discharge (x and y direction); and c) give 

variations of local velocities (x and y direction). In summary, one

dimensional methods only consider the longitudinal variation in flow; 

whereas the two-dimensional models account for both the longitudinal 

and transverse variations in stream velocity, discharges, and water 

surface elevations. 

2. Division of flow around islands in a flood plain can be simulated by two

dimensional models. In fact, the simulation is an integral part of the 

solution procedure so that the distribution of such flows is determined 

without having to resort to trial and error procedures that are required 

of one-dimensional models. 

3. The distribution of flow through multiple bridge openings in highway 

embankments is accomplished in one-dimensional models by assuming 

that the flow has a predominant (mean) velocity in one direction, ignor

ing lateral velocity components. The water-surface elevations are as

sumed constant among the various bridge openings. Two-dimensional 

models overcome these very limited assumptions placed on the one

dimensional approaches. 
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4. The one-dimensional methods rely on formulas which consider the longi

tudinal mean velocity and make use of empirical coefficients for the 

head loss calculations at highway bridges. The two-dimensional models 

consider velocity vectors in two dimensions in the horizontal plane and 

solve the two-dimensional equations of motion eliminating the need for 

empirical equations to describe energy losses at bridges. 

5. The detailed velocity vectors that can be determined in two-dimensional 

models allow for fairly accurate analysis of scour around bridge abut

ments and piers. Only an average velocity for the entire bridge opening 

can be obtained from one-dimensional solutions. 

6. A comparison of the prediction, data requirements, and calibration data 

for the one-dimensional and two-dimensional models is provided in Table 

1.3. 

7. The two-dimensional models are capable of simulating both subcritical 

and supercritical flow states within the same finite element network. 

8. The two-dimensional model solution consists of vector plots of computed 

stream velocities which provide the user with unique information on 

local flow patterns in the floodplain which is impossible for one-dimen

sional models. Of particular interest are the directions of flow at vari

ous locations in the floodplain and flow directions upstream and down

stream of highway embankments and bridge openings. 

1.3 Scope of Work Accomplished 

The work accomplished during this project is summarized below: 

1. Several needed modifications to the program FES W MS were identified 

and incorporated to simplify the use of the model. The new version is 

referred to as the FESW MS-TX model. The modifications are discussed 

in detail later in this report in Section 2.3. 
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TABLE 1.3 Floodplain Modeling Characteristics of I-D and 2-D 

___ l-Q!.mensional Mod~J! _____ . 

PREDICTION 

Backwater 

DATA REQUIREMENTS 

Cross sections 
Manning's roughness 
Upstream discharge 

Downstream discharge distribution 
Downstream elevation above 

highway crossing 

CALIBRATION DATA 

Known water surface elevation 
Downstream discharge distribution 
Mannings roughness 

23 

2-Dimensional Models ---------------------------------
PREDICTION 

Backwater 
Local velocities and their directions 
Discharge distribution 

DATA REQUIREMENTS 

Finite element network (x, y coordinates> 
and ground surface elevation 

Mannings roughness 
Turbulent exchange coefficients 
Upstream discharge and distribution 
Downstream elevation(s) of the 

network 

CALIBRATION DATA 

Known water surface elevations 
Manning's roughness 
Finite element network 
Turbulent exchange coefficients 



2. The model was applied to Walnut Creek near Martin Luther King Blvd. 

in Austin, Texas. 

J. Use of the Intergraph IGDS (Interactive Graphics Design System) at DHT 

was explored for use as an automated approach to construct and define 

the finite element network using computer graphics. 

4. A user's manual was written for the FESWMS-TX model for the manual 

input procedure. 

1.4 Definitions 

In order to understand many of the concepts and details presented in the re

maining part of the report, a basic understanding of the following is necessary: 

Elements (or finite elements) - The elements are used to define incremental 

areas of the floodplain that have similar topography and are defined by nodes. 

The elements can be three-sided (triangular) or four-sided. (Fig. 1.14). 

Finite element network - This is the collection of elements that define the 

entire floodplain such as that shown in Figs. 1.8-1.12. The network should 

describe as well as possible the topographical characteristics of the area 

inundated by a flood of known discharge. Proper determination of finite 

element network for a given topography requires a knowledge of open channel 

hydraulics and certain guidance provided by this manual. 
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Figure 1.8. Tallahala Creek Example by 
Franques and Yannitell (1974). 
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Figure 1.10. Tallahalla Creek Example by 
King and Norton (1978) 
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and Mac Arthur (1978). 
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Figure 1.12 Congaree River Example by Lee and Bennett, (1981). 
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Curved element side - Elements can also have curved sides as shown in Fig. 

1.14. The curved sides can be used as the outside boundary of the flood plain 

or could be used to represent the outline of an island. 

Boundary conditions 

Upstream boundary condition - Specified flow rate for the upstream in

lets to the floodplain area. This flowrate can be obtained from known 

discharge records, using one-dimensional steady flow computation and 

using known or assumed water surface elevations. 

Downstream boundary conditions - Water surface elevations that are 

specified for nodes on the downstream outlets of the floodplain for 

known discharges. 

Parallel flow boundary - Allows flow to move parallel to fixed bound

aries such as around islands or along the boundaries of the area inundated 

by a flood. 

Nodes - The nodes define the location of elements and size of elements. 

Corner nodes - Corner nodes are on the vertices of the elements. 

Midside nodes - Midside nodes are nodes on the element sides halfway 

between the corner nodes along the element sides. 
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CHAPTER 2 
PROGRAM FESWMS DESCRIPTION 

2.1. FESWMS Structure 

The FESWMS modeling system consists of two major computer programs, 

RMA-l (preprocessor) and RMA-2 (processor and postprocessor). In addition, two 

computer programs RMA IPL T and RMA2PL T are part of the preprocessor and 

postprocessor for generating calcomp plots. Together these programs constitute the 

modeling system for simulation of two dimensional (in the horizontal plane) floodplain 

flows. The RMA-l program is used to generate the spatial network of finite elements 

for the simulation. The RMA-2 program is a flood water simulation program which 

uses the finite element network generated by the preprocessor (RMA-l). The RMA-2 

program employs the finite element method of numerical solution to the two-dimen-

sional equations for conservation of mass and momentum in the horizontal plane. 

2.1.1 Preprocessor 

As described above, the primary purpose of the preprocessor (RMA-l), is to 

generate the finite element grid network for use by RMA-2. Specific capabilities of 

RMA-l include the following: 

1. Read, edit, and print all the geometric data required for RMA-2. 

2. Refine, update, and modify a finite element network which has been 

generated by previous runs of RMA-l. 

3. Calculate coordinates of mid-side nodes. 

4. To produce graphical plots of the user defined finite element network 

using standard Calcomp library routines. 

5. Develop element reorder of the network for more efficient use of the 

processor (RMA-2). 
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6. Write a data file which is used as part of the input to the processor 

(RMA-2). 

RMA-l consists of a master routine, RMA-l, and several subroutines as shown 

in Fig. 2.l(a). The master routine (RMA-l) reads the input data file and issues calls to 

various subroutines for specified purposes. Subroutines REORD, ORDER and ADJPT 

are used to calculate a reordering of the finite element network to reduce (minimize) 

the computational effort in the processor. 

RMAIPL T consists of a master routine and subroutine FIT as shown in Fig. 2.1 

2.1.2 Processor 

RMA-2 is designed to solve two-dimensional free surface hydrodynamics using 

the finite element method. The model is capable of solving either steady-state or 

dynamic problems; however, the descriptions, applications, and discussions herein are 

only for the purpose of steady-state analysis, since conventional highway drainage 

designs are based on steady-state conditions. 

The computer program, RMA-2, is composed of the master routine, RMA2, 

and nine subroutines as shown in Fig. 2.2. The master routine, RMA2, performs pro

gram initiation, directs calls to various subroutines, performs iteration counts, and 

normal program terminations. RMA2 first calls subroutine INPUT to read all geo

metric data and run control data. Then subroutine LOAD is called to set up equation 

numbers and check the problem size. Subroutine FRONT is then used to form and 

solve the set of simultaneous equations. Subroutine COEFS is called from FRONT for 

each element for each iteration to develop the element by element influence of each 

system variable. 

Subroutine XRED is called from FRONT to read information from scratch disk 

files as written by subroutine XWRIT. Subroutine OUTPUT is either caUed from the 

master routine, RMA2, or from subroutine INPUT. OUTPUT performs several tasks 

depending upon the status of the solution when called. Also, subroutine CHECK is 
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RMAI REORD ORDER ADJPT 

FIT 

2.1 (a) RMA-l Program Organization 

RMA1PLT FIT 

2.1 (b) RMA1PLT Program Organization 

Figure 2.1. Preprocessor Program Organization 
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called by OUTPUT and has the function of computing and printing the total flow which 

crosses a user specified line defined by a list of node numbers. This total flow can be 

used as a continuity check. 

2.1.3 Postprocessor 

RMA2PLT is for the purpose of developing vector plots of the flow fields 

determined in the processor. This computer program consists of a master routine and, 

RMA2PL T, and three subroutines as shown in Fig. 2.3. Subroutine FIT plots a parabola 

through three points for curved element sides. Subroutine SUBSC is for scaling the 

plot. Subroutine AROHD is for the purpose of drawing the vectors, straight lines with 

arrowheads at the end. This subroutine was written by the investigators of this pro

ject. The master routine and each of the subroutines call various Calcomp subroutines 

to perform the graphics. 

2.2 FESWMS Application Procedure 

2.2.1 Input 

Two sets of input are required for application of FESWMS, input to RMA-I and 

input to RMA-2. A detailed description of the input to FESWMS is not given herein 

but can be found in Norton (I 980). A detailed description of the modified modeling 

system FESWMS-TX is provided in the next chapter. 

The basic input to RMA-I includes: 

1. Various input parameters for the running procedure and plotting informa

tion. 

2. Slopes at corner nodes for defining curved side elements and the mid

side node numbers for the curved elements. Corner node slopes are 

explained in detail in Section 3.31 and in Figures 3.7 and 3.8. 

3. Element numbers, a list of the corner and mid-side nodes of each ele

ment, and the element type number. 
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Figure 2.2. Program Structure of RMA2 
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SUBSC 
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Figure 2.3. Program Structure of RMA2PLT 
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4. Node numbers with x-coordinate, y-coordinate, and ground surface 

elevation at each corner node. 

5. Nodes defining straight line segments. 

6. Lists of nodes for reordering element numbering. 

The basic input to RMA-2 includes: 

1. Various input parameters for the running procedure and plotting informa-

tion. 

2. Hydraulic information such as turbulent exchange coefficients and Chezy 

coefficients. 

3. List of corner nodes for continuity checks. 

4. Boundary conditions for upstream, downstream and parallel flow condi-

tions. The upstream boundary conditions are given as a specified x

direction flow and a specified y-direction flow in terms of ft3/sec/ft at 

each upstream boundary node. Downstream boundary conditions are 

water surface elevations at specified nodes. These upstream and down-

stream boundary conditions are for subcritical flow. 

2.2.2 Operating Procedure 

The basic operating procedure for FESWMS (Fig. 2.4) is to first run the RMA-l 

model once the input is developed. The RMA-l model may have to be run more than 

once to properly define the geometry of the network. The output from RMA-l has 

three sets: one set is printed out, one set is a plot of the finite element network, and 

one set is stored on a scratch disk file and is later used as input to RMA-2. Once 

RMA-l has been run successfully then RMA I PL T can be run to obtain additional net-, 

work plots. 

The RMA-2 running procedure starts with a user created input file and an 

input file on scratch disk file which was an output file from RMA-I defining the 

geometry of the finite element network. The running procedure starts with a down-
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stream water surface elevation (downstream boundary condition) that is higher than 

the highest expected water surface elevation in the modeled flood plain. The RMA-2 

is run for one to three iterations after which the results are put in a file on unit NLL. 

This file is manually checked to determine if negative depths occur. If negative 

depths occur, then the RMA-l and RMA-2 input must be changed and the procedure 

starts all over again running RMA-l with the modified network or other modified 

input. 

If the manual check of the RMA-2 output shows no negative depths or other 

apparent problems, then the RMA-2 input is modified by renumbering the read and 

write restart files and lowering the downstream water-surface elevation in the RMA-2 

input. The switching of the read and write restart files is accomplished by switching 

the numbers NB and NLL in the RMA-2 input file. The above procedure is continued 

until the desired downstream water-surface elevation is obtained. Data can be manu

ally modified within reason between iterations such as discharges. Ground surface 

elevations or element types are changed by starting over and rerunning RMA-l. Once 

the RMA-2 has been run successfully for the desired downstream water surface eleva

tion, then the RMA2PL T can be run to generate various plots of the results that are 

described later. 

2.3 Needed Modifications 

Several modifications (to FESWMS) were identified that could possibly simplify 

the usage of the modeling system. Each of these modifications are briefly described 

below and are discussed in more detail in the next chapter. These modifications 

include: 

1. Conversion from use of Chezy's roughness coefficient to Manning's 

roughness coefficient. 

2. Change input of upstream boundary condition from a flow rate per unit 

depth at each node to a total discharge. 
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3. Simplify the running process of FESWMS by incorporating routines to 

check output files for negative depths that would cause non-convergence 

of the numerical scheme. In addition, these routines would modify the 

network and input files for RMA-l and RMA-2 to restart the running 

process. 

4. Automate the manual process of interactively running the RMA-l and 

RMA-2 programs. 

5. Simplify the input process to RMA-l and RMA-2. 

6. Explore the use of computer graphics to simplify and refine the input 

process. 

7. Provide capability for batch processing of FESWMS systern package. 

The FESWMS program requires use of the Chezy coefficient, C, as the rough-

ness factor. In the United States, it is customary to use Manning's roughness factor as 

opposed to Chezy's roughness factor. The Chezy C can be expressed in terms of 

Manning's n as (Henderson 1966) 

C = ---n or C = ~ n (2.1) 

where R is the hydraulic radius which is R = y, the depth for discharge per unit width. 

The Chezy equation is 

v = C-VRSf (2.2) 

where Sf is the friction slope. Manning's equation is then 

v = 1.49 R 2/3 S 1/2 
n f (2.3) 
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The upstream boundary condition description requires inputting the unit flow

rate (ft3/sec/ft) in the x-direction and the flow rate in the y-direction for each node. 

Determination of x- and y-direction flow rates in these terms at each node is a lengthy 

and cumbersome process. It is a much simpler process to input a total flow rate and 

trial water surface elevation at the upstream inflow points and let the computer 

program compute the nodal unit flow rates in the x and y directions. 

As depicted in Fig. 2.4, application of the FES W MS model requires a tre men

dous amount of manual work that also involves a great deal of know ledge about hy

draulics. As a result, this makes using FESWMS a rather difficult and time-consuming 

task for a highway engineer. A modification to simplify the usage of FESWMS would 

be to automate several manual operations, such as looking through the output files of 

RMA-2 and then manually correcting the input files to both RMA-I and RMA-2. 

These are manual processes that require a great deal of knowledge about the FESWMS 

model and about hydraulics in general. These manual processes and others are 

automated in the FESWMS-TX model. 

Many of the input parameters to RMA-I and RMA-2 can be eliminated as 

input and specified within the computer code. These are the parameters that never 

really change from one application to the next. Many of these parameters are very 

confusing to the novice user, and it is difficult to determine their proper value. Pro

gram FESWMS-TX incorporates these within the computer code so that the user need 

not worry about them. However the user does have the option to specify these if 

values other than the default values are desired. 

Application of FESWMS requires manual operations to define and input data to 

describe the geometry of the system. The user must Iirst draw or define in some 

manner the network of elements. Next, the user must input the element number and 

then enter each of the corner and mid-side nodes of that element in a counterclock-

wise fashion. This is a time-consuming process and is subject to error. The user must 
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also define the corner node numbers and the x coordinate, the y coordinate, and the 

ground surface elevation of that node, which also is a very time-consuming process. In 

addition these processes are very susceptible to error when using manual processes. 

These two processes to define the elements, node numbering, and the x, y, z coor

dinate of each node are processes that can be accomplished using computer graphic 

techniques along with digitized contour maps. A future step would be to use computer 

graphics capabilities to define and input these data quickly and without error. These 

proposed graphics capabilities are briefly described in a later section as future work 

beyond the scope of this project that should be performed. 
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CHAPTER 3 
PROGRAM FESWMS- TX DESCRIPTION 

The FESWMS modeling system described in the previous section has been ex

tensively modified to make the modeling system easier to use. This modified version 

is referred to as FESWMS-TX. The basic input procedure is a manual procedure 

consisting of inputting the data obtained from constructed finite element networks on 

contour maps. This process consists of determining the element and node numbering, 

determination of x, y, z coordinates, etc., from the finite element network placed on 

the contour map. The user's manual for the manual procedure is given in Chapter 4. 

There are basically two running levels for the FESWMS-TX system. One is to 

use a semi-interactive mode where the user provides various run commands for the 

different programs through means of a CRT. In other words, the user is presenting 

commands to the computer system to run the various codes: RMA-I, RMA-2, USNEG, 

RMA IPL T, and RMA2PL T. The second running level is to use a master program 

written in control language that systematically presents the various run commands to 

execute the programs in the proper sequence. 

3.1 FESWMS- TX Structure 

The FESWMS- TX system is similar in basic structure to the FESWMS system. 

FESWMS-TX consists of two major computer programs, RMA-l (preprocessor) and 

RMA-2 (processor and postprocessor). In addition, two computer programs, RMAIPLT 

and RMA2PL T, are part of the preprocessor and postprocessor for generating graphical 

plots. These are identical to those in FESWMS. Another computer program, USNEG, 

has been added as part of the FESWMS-TX system. The purpose of USNEG is to check 

the RMA-2 output for negative depth nodes after a specified number of iterations and 

modifying the RMA-I input and RMA-2 input to restart the simulation process. 
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3.1.1. Preprocessor 

The purpose of the preprocessor {RMA-l} is to generate the finite element 

grid network for use by RMA-2. The specific capabilities of RMA-l have been pre

sented in Chapter 2.1. RMA-l consists of a master routine, RMA-l, and several 

subroutines as previously shown in Fig. 2.I(a}. The master routine reads the input data 

file and issues calls to various subroutines for specified purposes. Each of the sub

routines is briefly described in Chapter 2.1. 

3.1.2 Processor 

RMA-2 is the processor which is designed to solve two-dimensional free sur-

face hydrodynamics using the finite element method. The model is capable of solving 

either steady-state or dynamic problems; however, the emphasis in this report is on 

steady-sta te analysis. 

The computer program RMA-2 comprises the master routine, RMA2 and the 

ten subroutines as shown in Fig. 3.1. The major differences between the RMA-2 for 

FESWMS and the RMA-2 for FESWMS- TX are the following: 

1. Conversion from use of Chezy's roughness coefficient to Manning's 

roughness coefficient. 

2. Upstream boundary condition is now inputted as a total discharge and 

initial water surface elevation at the upstream boundary nodes. A new 

subroutine, USSET, has been incorporated into RMA-2 to determine the 

x- and y-coordinate unit flow rates (ft3/sec/ft) using the inpu tted total 

discharge and initial water surface elevation. The discharge is distri

buted based upon water depth assuming a uniform velocity of flow at the 

upstream boundary. 

The master routine, RMA2, of the computer program RMA-2, performs pro

gram initiation, directs calls to various SUbroutines, performs iteration counts and 

normal program termination. RMA2 first calls subroutine INPUT to read all geometric 
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Figure 3.1. Program Structure of RMA-2 in FESWMS-TX. 
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data and run control data. Subroutine USSET is called from INPUT to set up the 

upstream boundary conditions. Then subroutine LOAD is called to set up equation 

numbers and check the problem size. Subroutine FRONT is then used to form and 

solve the set of simultaneous equations. Subroutine COEFS is called from FRONT for 

each element for each iteration to develop the element by element influence of each 

system variable. Subroutine XRED is called from FRONT to read information from 

scratch disk files as written by XWRIT. Subroutine OUTPUT is either called from the 

master routine, RMA2, or from subroutine INPUT. Output performs several tasks 

depending upon the status of the solution when called. Also, subroutine CHECK is 

called by OUTPUT and has the function of computing and printing the total flow which 

crosses a user-specified line defined as part of the input by a list of node numbers. 

Refer to Figure 3.1. 

3.1.3 Computer Program USNEG 

The purpose of this prograrn is to check the outpllt file of RMA-2 to determine 

if negative depths have been encountered in the numerical procedure. This computer 

program is usually run after two or three iterations of the RMA-2 program for a 

specified downstream water surface elevation. The inputs to USNEG comprise three 

files: one is the output file from RMA-2 and the others are the input files for RMA-l 

and RMA-2. If no negative depths are found, the running process continues with the 

same network. However, if negative depths are found, the network is modified and the 

running process restarts with RMA-l again. The network is modified by eliminating 

the node with the negative depth from the network. For interior nodes of the network 

this essentially crea tes an island. For nodes on the boundary of the network the 

lateral boundary of the floodplain is changed. 
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3.2 FESWMS- TX Application Procedure 

The FESWMS-TX system can be run in a semi-interactive framework or in a 

batch framework. The interactive framework is the recommended procedure; how

ever, this running procedure requires some minor knowledge of the control commands 

for running the programs. 

3.2.1 Interactive Application Procedure 

The following is a summary of the steps required in running the FESWMS- TX 

system in the semi-interactive framework (see Fig. 3.2). 

1. Develop input for RMA-l, RMA-2, RMAIPLT, and RMA2PLT as des

cr ibed in Chapter 4. 

2. Run RMA-l with the input developed in step 1. Check printed output 

which also has a network plot and if network and geometry are not 

correct, modify input appropriately and rerun RMA-l. 

3. Run RMAIPL T to check the network. If not correct, modify the network 

input and rerun RMA-I. Output is a finite network plot with element 

type number and ground elevations. 

4. Next, the RMA- 2 program is run using the geometry disk file from the 

RMA-I run (step 2) and the input file developed in step 1. The RMA-2 is 

run for one to three iterations with a specified downstream water sur

face elevation. Part of the output is stored on a tape file (unit NLL) 

which is used as input to RMA-2 for the next series of iterations. Also, 

files are generated from RMA-2 which are input to computer program 

RMA2PLT for the vector field plot. A printed output file lists the 

depths, velocities, water surface elevation, al)d Froude number for each 

node plus additional information described in Chapter 4. 

5. Run computer program USNEG using the same printed output file from 

RMA-2 to check for negative depth nodes. 
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a. If none of the depths are negative, RMA-2 is rerun (go to step 4) 

using a new downstream boundary condition (i.e., the downstream 

water surface elevation is lowered). If the final downstream 

boundary condition (i.e., the desired water surface elevations) have 

been considered, go to step 6. 

b. If one or more of the depths are negative, then program USNEG 

modifies the input to RMA-I and RMA-2 by eliminating the node 

with a negative depth from the network. The next step is to return 

to step 2 and restart the interactive procedure with the modified 

inputs to RMA-I and RMA-2. 

6. Now the RMA-I and RMA-2 runs have been successfully completed. 

RMA2PL T is now run to generate the vector field plots. Input to 

RMA2PL T is both a manually generated input file, plus tape files gen

erated from the RMA-2 run. 

7. The user may now want to modify the network (modifying RMA-I and 

RMA-2 input files) and restart the procedure. 

3.2.2 Batch Application Procedure 

The batch application procedure involves creating the control command lan

guage characteristic of a particular computing system. These control commands 

should be set up so that the RMA-I is run first. The next set of commands is to run 

RMA-2 for a specified number of iterations, then USNEG is run to check for negative 

depths using the results of the last iteration of RMA-2. 

If no negative depths are encountered, RMA-2 is run again for a specified 

number of iterations using the next downstream boundary condition (water surface 

elevation). If negative depths are encountered, then the RMA-l and RMA-2 inputs are 

modified to delete the node with a negative depth from the network; then RMA-l is 

run again. This process is illustrated in Fig. 3.3. The RMA-I input file and the 
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RMA-2 input files for each series (group of iterations) of run are established in 

advance of running the batch process. 

Figure 3.4 shows the control language to run FESWMS-TX using the MACRO 

control language for the CDC Cyber 170/175 system at The University of Texas at 

Austin. It is recommended that this batch system for running the FESWMS-TX model 

only be used once an appropriate finite element network has been established for the 

particular application. 

3.3 Guidelines for Input 

3.3.1 Developing the Network 

In order to model a floodplain, the finite element network must describe the 

topographical characteristics of the entire floodplain area that would be inundated by 

a flood of a given magnitude. This description requires both the location of the 

interior nodes and elements plus the location of the flood boundaries. Each of these 

two aspects of developing the network are now described. 

Selection of nodes to define the finite elements should follow these rules: 

1. Interior nodes should be located where they best represent the changing 

ground surface slope. 

2. More rapidly varying slopes require nodes (elements) spaced closer 

together. As an example, areas of rapidly changing slope, such as 

channels where steep banks are located, require nodes spaced relatively 

close together. Areas with gradually changing slope, such as in the 

floodplain can be represented with much fewer nodes spaced farther 

apart resulting in large elements. (Refer to Fig. 3.5) 

3. The numerical solution is better approximated as the size of the ele

ments decreases (i.e., more elements); however, the user must work 

within the limits of computer storage available and within the limits of 

practicality. More elements also imply more computation time. 
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4. Elements can be placed in an orderly fashion starting at the upstream 

end of the channel and floodplain. Elements are first placed along the 

upstream extremity going from top to bottom or bottom to top of the 

contour map. Once this column of elements has been defined, move 

downstream to define the next column of elements. Proceed in this 

manner going downstream until the element network has been defined. 

This procedure has been found to ease the work and makes inputting by 

the manual procedure systematic. 

5. Subdivision lines can be used to divide the network similar to cross

section lines used in one-dimensional backwater analysis. These can be 

located where abrupt changes in topography or vegetative cover occur. 

The finite elements are then defined using these subdivision lines as a 

basis for their construction. 

6. Each element should be designed to represent an area of nearly homo

geneous vegetative cover and/or physical topography. 

7. Areas where the velocity, depth, and water surface gradients are expect

ed to be large should have greater network detail (:nore and smaller 

elements) in order to facilitate better simulation of the large gradients. 

This applies near bridge openings and in areas between overbanks and 

channel bottoms as shown in Fig. 3.6. 

8. Elements used in designing the finite element network for river or 

stream channels should be placed so that the longest side of the element 

is aligned with the flow direction of the river or stream channel. 

9. Elements with aspect ratios greater than one, make it possible to use the 

elongated elements to define river channels. Element aspect ratios 

should not be over ten. 

10. If the floodplain is very extensive, such that thousands of elements will 

be required, then several approximations can be made: 
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a. Only the larger channels can be included in the network. 

b. Elements can be placed to model prototype channel cross-section 

by triangular or trapezoidal cross-sections with cross-sectional 

areas equal to the measured areas. 

c. Meandering channel reaches with relatively small flows can be re

placed with artificially straightened hydraulically equivalent 

reaches. 

The second major aspect in developing the finite element network is in the 

specification of the network boundaries, that is, locating the flood boundaries or ex

tent of the floodplain. Location of the network boundaries for rather flat floodplains 

1s a trial and error procedure requiring a certain amount of engineering judgement. 

Guidelines for specifying the boundary include: 

1. Highwater marks and/or the results of I-D backwater analysis can be 

used to estimate the floodplain limits. 

2. Curve sided elements should be used for the outer boundaries where the 

modeler knows that the floodplain limits are irregular as shown in Fig. 

3.7. 

3. The slope of the tan~ent (Fig. 3.8) to the curved boundary must be speci

fied at each corner node (along the network boundary) which is on the 

curved element side. 

a. The corner node slopes for the curved element sides must be speci

fied so that the mid-side node is located near the center of the 

curved element side. The mid-side node should be contained within 

the projection of the middle third of a line connecting the two 

corner nodes. This is referred to as the middle one-third rule and 

is shown in Fig. 3.8a. 
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Figure 3.7. Curved Side Elements for Specifying 
Irregular Floodplain Boundaries 
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b. The middle one-third rule should be observed to avoid numerical 

problems, but slight violations can be tolerated without serious 

problems. 

c. RMA-l calculates the position of the mid-side node using the cor

ner node slopes at the ends of the curved element side. The mid

side node locations are then changed by re-specifying the corner 

node slopes. 

d. A rule of thumb is to locate the mid-side node so that the tangents 

of adjacent corner nodes intersect on or near the perpendicular 

bisector of a straight line connecting the two corner nodes as 

shown in Fig. 3.8b. 

4. The parallel flow boundary condition that specifies flow will be parallel 

to the curved floodplain side and should be specified for the nodes in the 

curved boundary. This is explained further in a later section on boundary 

conditions. 

5. Ground slopes along an assumed floodplain boundary should be considered 

because sharp changes in ground slope in shallow areas can produce ex

ceedingly high velocities that may be unrealistic. This is especially true 

if the ground slope at the boundary has been poorly represented and this 

may lead to numerical instability and failure of the model to run. 

3.3.2 Numbering the Nodes and Elements 

Each triangular element is defined by the three corner node numbers and the 

three mid-side node numbers. Each element is also given a number. Guidelines for the 

node and element numbering are: 

1. The maximum difference in node numbers defining an element is the 

major factor in determining the amount of computer storage required. 

As a result the nodes should be numbered so that the difference in nodal 

numbers common to each element is minimized to the extent possible. 
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2. The most efficient numbering scheme is to number the nodes across the 

network so that the minimum number of elements exists between 

opposite boundaries. The numbering should proceed from one end of the 

network to the other. It is suggested that the numbering proceed from 

upstream to downstream, but this is not required. 

3. A routine exists within FESWMS- TX which tests several numbering 

schemes for the most efficient use of computer storage. This routine 

should be used for the sake of efficiency. 

4. Each element is defined by an element number, the corner node numbers, 

and the mid-side node numbers. 

3.3.3 Boundary Conditions 

The boundary conditions that can be considered for each node are: 1) no 

boundary condition; 2) upstream boundary condition; 3) downstream boundary condi

tion; and 4) parallel flow boundary condition. 

The no boundary condition is at the internal nodes. This is to say that the flow 

rate, flow direction, and water surface elevation are all unknown at the node. 

The following guidelines should be considered for the upstream boundary 

condition: 

1. For subcritical flow, the boundary condition is a specification of total 

flow entering the floodplain through a main channel, tributary inflow, or 

local inflow, and is usually associated with the upstream boundary of the 

network. 

2. For supercritical flow, water surface elevations must be specified at the 

upstream boundary. 

3. The FESWMS-TX (RMA-2) model requires a total flow rate for a group 

of adjacent nodes that represent an upstream boundary control. As an 

example, refer to Fig. 3.9, which has two bridge openings that are the 
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Figure 3.9. Upstream Nodes for Multiple Inlets to Floodplain 
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inlets to the fl(\odplain and are considered as the upstream boundary 

locations. 

a. The upstream boundary nodes must be chosen to accurately des

cribe the topographic nature of the upstream boundary. This in

volves using enough nodes and properly spacing them to define the 

ground surface. The steeper the ground, the closer the nodes 

should be spaced. 

b. The input for each upstream boundary inlet includes: the flow rate 

for that inlet, the node numbers for that inlet, and an estimate of 

the water surface elevation. 

4. The specified flow rate is used in FESWMS-TX to determine the x and y 

coordinate unit flow rates. A uniform velocity distribution for a given 

water surface elevation is assumed at each of the inlets. Therefore, the 

upstream boundaries should be far enough away (hydraulically) from any 

particular points of interest (such as a new bridge design that is down

stream), so that the assumption of a uniform velocity distribution at the 

upstream boundary has negligible effect upon the results. The effect 

will be very minor (negligible) in most instances. 

5. If the uniform velocity distribution assumption for the upstream bound

ary condition is not negligible or the user wants to be sure it has neglig

ible effect, then the user can put in additional elements and nodes as 

shown in Fig. 3.10 to move the upstream boundary condition farther up

stream. The pattern of elements shown in Fig. 3.10 is only one of 

several patterns that could be used. 

6. Locate the upstream boundary where it can reasonably well explain the 

hydraulics. If possible, upstream control locations, such as highway em

bankments or railroad embankments with bridge openings, levees or dikes 
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Figure 3.10 Upstream Boundary Nodes for Multiple Inlet to Floodplain 
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with openings, are excellent for locating upstream boundaries. As an 

example, lee, et ale (980), in the Pearl River application, shown in Fig. 

3.11, used Highway I-59 and Highway 11 as the upstream boundary of the 

finite element network. The hydraulic conditions could be reasonably 

well specified at these locations. 

7. If the upstream boundary is a wide floodplain and not specified bridge 

openings, then the flow distribution may become a more significant 

factor in the resultant flow patterns appearing in the final network. 

Flow behavior in areas of shallow depth in the vicinity of boundaries with 

specified flow rates is particularly sensitive to the velocity distribution 

assumed at the boundary. 

a. The flow patterns observed in these areas may be altered by a 

change in flow distribution even though the total flow into the 

system remains the same. 

b. The user should be aware of this fact and make every effort to 

specify the upstream boundary condition which leads to the most 

realistic streamflow velocities. 

c. As stated above, the upstream boundary should be located such 

that the estimate of the uniform flow rate distribution has minimal 

effect upon the primary study area. 

d. The use of additional elements also requires additional computer 

storage. 

The downstream boundary condition consists of specified water surface eleva

tions at the outlet points at the downstream end of the floodplain. 

1. The water surface elevations for the nodes specified at the outlets of the 

floodplain area are the downstream boundary condition. 
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2. The water surface elevations are either high water marks or are water 

surface elevations determined by a backwater analysis downstream of 

the floodplain area. These water surface elevations are for the dis

charge specified on the upstream boundary condition for subcritical flow 

or the downstream boundary condition for supercritical flow. 

3. For the consideration of new bridges or the modification of existing 

bridges in a floodplain, the downstream boundary should not be placed at 

the location of the new bridges, but should be placed downstream at 

some control point, if feasible. As an example refer to Fig. 3.12. The 

Pearl River application shown in Fig. 3.11 used Highway 90 as the down

stream boundary. 

4. Water surface elevations at the downstream boundary should be based on 

high-water marks if available. 

The parallel flow boundary condition specifies that flow is to move parallel to 

a fixed boundary. This condition is valuable in reducing the required level of element 

detail when the lateral boundaries of the floodplains are either straight-sided or are 

curved boundaries. In each of these cases the flow would be parallel (or tangential) to 

the boundaries. 

1. The parallel flow boundary condition should be specified for all lateral 

curved boundaries and straight-sided boundaries. All lateral boundaries 

should be specified in the input as straight sided or curved boundaries. 

2. When specifying the par,allel flow option it is necessary to insure that the 

fixed boundary along which the flow is allowed to move is continuous in 

slope. 
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Figure 3.12. Multiple Bridge Openings with Downstream Control. 
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2. When specifying the parallel flow option it is necessary to insure that the 

fixed boundary along which the flow is allowed to move is continuous in· 

slope. 
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CHAPTER 4 
FESWMS-TX USER'S MANUAL FOR MANUAL PROCEDURE 

4.1 RMA-l Input 

The data forms for the RMA-l input are shown in Figs. 4.l(a) and (b). Notice 

that the different data are placed on Card types A through H which are summarized 

below: 

Name Card 

A 

B 

C 

----------------

D 

E 

F 

G 

H 

A- Title Card 

Title card 

Parameter cards 

Corner node slope cards 

Mid-side node cards 

Element cards 

Coordinate cards 

Straight line segment cards 

Network renumbering cards 

Number of Cards 

I 

3 

One for each corner node on a curved 
element side 

One for each mid node 

One for each element in network 

One for each corner node in network 

One for each straight line segment 
in network 

Up to 10 cards plus I blank card for 
each list. 

The title card is simply a card used to describe the project being modeled. 

B- Parameter Cards 

The parameter cards define or specify the parameters for running the program. 

C- Corner Node Slope Cards 

These cards are used to specify the tangential slopes (Fig. 4.2) of the curved 

lateral boundaries at the corner node locations. Eight of the corner nodes and their 

respective corner node slopes can be placed on each card. Specification of curved 
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shoreline 

network boundary 5 

Specify coordinates (F-cards) and slopes (C-cards) 
at corner nodes 1, 3 and 5 (these will exist in 
two elements). 

Specify mid-side nodes (D-cards) 2 and 4 for 
coordinate calculation. 

RMA-l will place nodes 2 and 4 to define the 
network as shown with a smooth, continuous curve 
joining the two elements. 

Corner node 

Slope == I::.y/I::.x 

Figure 4.2. Definition of Curved Boundaries. 
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lateral boundaries requires: a) specification of the corner node slopes on the C-cards; 

b) specification of the mid-side nodes on the curved element sides on the D-cards; and 

specification of the corner node coordinates on the F-cards. Figure 4.2 further ex

plains the definition of curved boundaries and calculation of the corner node slopes. 

D- Mid-side Node Cards 

These D-cards list the mid-side node numbers of the node that are on curved 

elements on the lateral boundaries. 

E- Element Cards 

The E-cards are used to define each element by the corner nodes and the mid

side nodes that define each element. Also these cards list the element type number 

that refers to a specific Manning's roughness factor defined as part of the RMA-2 

input. A card exists for each element on which is first placed the element number, 

then one of the three corner nodes (for triangular elements), then the adjacent rnid

node going counterclockwise around the element, then the adjacent corner node going 

counterclockwise, etc. The element type number is also placed on the element card. 

F- Coordinate Cards 

The F-card defines the x and y coordinates and the ground surface elevation (z 

coordinate) for each corner node in the network. 

G- Straight Line Segment Cards 

These cards are used to define a straight line segment defined by a maximum of 

16 corner nodes. The straight line segments are most useful in defining lateral boun

daries that can be defined by corner nodes located in a straight line in the finite 

element network. AU lateral flow boundaries should be defined by curved boundaries 

or by straight line segments. 
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H- Network Renumbering Cards 

An optional routine is built into RMA-I which tests several numbering schemes. 

The input on the H-cards consists of lists of node numbers for the program to use to 

reorder the sequence of elements for the most efficient operation of the program. 

Each starting location is represented by a new list of node numbers. As a general rule 

at least two starting locations (one at the upstream of the network, and one at the 

downstream of the network) should be used. A maximum of 160 nodes for each list can 

be specified. 

Sample Input 

A sample of the RMA-l input is provided in Fig. 4.3. 

4.2 RMA-2 INPUT 

The data form for the RMA-2 input is shown in Fig. 4.4{a) and (b). Notice that 

the different data are placed on card types AA through FF, which are summarized 

below: 

Card Name --- -.------.-.~-----

AA Title card 

BB Parameter cards 

CC Roughness cards 

DD Continuity check cards 

EE Boundary condition cards 

FF Upstream inflow cards 

75 

Number of Cards 

I 

3 

One for each element type 
(i.e., Manning's roughness) 

One for each continuity check 
line 

One for each node having a 
downstream boundary condition 
or parallel flow boundary 
condition 

One card defining number of 
upstream sections 

One card defining flow rate in 
each upstream section 



SH~l CREEK, UPPER PART 30 JI,tj 83 
2815000 249500 2818000 254500 0.01 0.01 -90. 
2815000 254500 
1 8 4 

554.079 772.924 992.924 121 2.0 143 2.1 165 1.50 111 1.91 133 5.0 
66 110 154 122 
1 I 12 23 24 25 13 
2 I 13 25 14 3 2 
3 3 14 25 26 27 15 
4 3 15 27 16 5 4 
5 5 16 27 28 29 17 
6 5 17 29 18 7 6 
7 7 18 29 30 31 19 
8 7 19 31 20 9 8 
9 9 20 31 32 33 21 

10 9 21 33 22 11 10 
11 23 34 45 46 47 35 
12 23 35 47 36 25 24 
13 25 36 47 48 49 37 
14 25 37 49 38 27 26 
15 27 38 49 50 51 39 
16 27 39 51 40 29 28 
17 29 40 51 52 53 41 
18 29 41 53 42 31 30 
19 31 42 53 54 55 43 
20 31 43 55 44 33 32 
21 45 56 67 68 69 57 
22 45 57 69 58 47 46 
23 47 58 69 70 71 59 
24 47 59 71 60 49 4B 
25 49 60 71 72 73 61 
26 49 61 73 62 51 50 
27 51 62 73 74 75 63 
28 51 63 75 64 53 52 
29 53 64 75 76 77 65 
30 53 65 77 66 55 54 
31 67 78 89 90 91 79 
32 67 79 91 80 69 68 
33 69 80 91 92 93 81 
34 69 81 93 82 71 70 
35 71 B2 93 94 95 83 
36 71 83 95 84 73 72 
37 73 84 95 96 97 85 
38 73 85 97 8ci 75 74 
39 75 86 97 98 99 87 
40 75 87 99 88 77 76 
41 89 100 111 112 113 101 
42 89 101 113 102 91 90 
43 91 102 113 114 115 103 
44 91 103 115 104 93 92 
45 93 104 115 116 117 105 
46 93 105 117 106 95 94 
47 95 106 117 liB 119 107 
48 95 107 119 108 97 96 
49 97 108 119 120 121 109 
50 97 109 121 110 99 98 
51 111 122 133 134 135 123 
52 111 123 135 124 113 112 
53 113 124 135 136 137 125 
54 113 125 137 126 115 114 (continued) 

Figure 4.3. Example RMA-l Input. 
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55 115 126 137 138 139 127 
56 115 127 139 128 117 116 
57 117 128 139 140 141 129 
58 117 129 141 130 119 118 
59 119 130 141 142 143 131 
60 119 131 143 132 121 120 
61 133 144 ISS 156 157 145 
62 133 145 157 146 135 134 
63 135 146 157 158 159 147 
64 135 147 159 148 137 136 
65 137 148 159 160 161 149 
66 137 149 161 150 139 138 
67 139 ISO 161 162 163 lSI 
68 139 lSI 163 152 141 140 
69 141 152 163 164 165 153 
70 141 153 165 154 143 142 

9999 
I 2815645. 254068. 652. 
3 2815667. 254060. 648. 
5 2815686. 254058. 645. 
7 2815700. 254052. 646. 
9 2815722. 254048. 650. 

11 2815765. 254035. 654. 
23 2815535. 253793. 650. 
25 2815566. 253785. 646. 
27 2815590. 253779. 642. 
29 2815616. 253772. 644. 
31 2815642. 253764. 650. 
33 2815675. 253758. 654. 
45 2815446. 253575. 650. 
47 2815495. 253557. 646. 
49 2815530. 253544. 642. 
51 2815555. 253534. 644. 
53 2815605. 253515. 650. 
55 2815622. 253510. 654. 
67 2815352. 253335. 650. 
69 2815385. 253320 • 646. 
71 2815425. 253300. 644. 
13 2815480. 253275. 642. 
75 2815520. 253254. 650. 
77 2815541. 253243. 654. 
89 2815260. 253105. 646. 
91 2B15313. 253081. 642. 
93 2B15355. 253059. 640. 
95 2815395. 253040. 644. 
97 2B15424. 253028. 650. 
99 2815462. 253012. 654. 

III 2815150. 252895. 646. 
113 2815185. 252877 . 644. 
115 2815240. 252851. 640. 
117 2815267. 252840. 640. 
119 2815300. 252825. 644. 
121 2815360. 252796. 652. 
133 2815075. 252650. 646. 
135 2815105. 252638. 640. 
137 2815140. 252624 • 635. 
139 2815165. 252610. 640. 
141 2815200. 252595. 644. 
143 2815254. 252573. 646. 
155 2815020. 252375. 650. 
157 2815042. 252375. 646. (continued) 

Figure 4.3. (Continued) 
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159 2815060. 252315. 640. 
161 2815880. 252315. 634. 
163 2815102. 252315. 640. 
165 2815142. 252315. 643. 

9999 
I II 3 5 9 

9999 
155 156 151 158 159 160 161 162 163 164 165 

9999 

Figure 4.3. (Continued) 
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B-1 Parameter Card 

ximtml 

Y-coordinate 
in finite 
element 
network (upper 
right-hand 
corner) 

X coordinate in 
finite element network 
(upper right-hand corner) 

Minimum Y coordinate in the finite 
element network (lower left-hand corner) 

Minimum X coordinate in the finite element network 
(lower left-hand eorner) 

(All entries are right justified) 

lot rotation 
in degrees from 
X axis (counter
clockwise). 

Plotting scale factor for 
Y (vertical) inputs 

Plotting scale factor for 
X (horizontal) inputs 



00 ...... 

B-2 Parameter Card (Origin) 

Y coordinate for origin 

X coordinate for origin 

RMA-l 



00 
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B-3 Parameter Cards 

Enter the total number of mid-side nodes. 

Enter the number of corner nodes in which the corner node slope will be specified. 

number of network line segments for which the program will internally 
calculate exact coordinates to insure a straight line of equal slope. An entry 
here will require additional input on the G-Card. 

(All entries are right justified.) 

RMA-l 



(XI 
\.oJ 

C-Card Corner Node Slope Cards 

Tangential slope of lateral 
boundary at corner node. 
node number (right justified). 

Tangential slope of lateral 
boundary at corner node. 

Corner node number (right justified). 

lateral 
node. 

Corner node number (right justified). 

ETC. 



(Xl 

~ 

D-Card Mid-side Node Card 

List of Mid-side Nodes on Curved Element Boundaries 



(Xl 
VI 

E-Cards 

number 

Element Cards 

RMA-l 

Element type number 
(Each element is given a number 

Adjacent mid-node 

such that each element with this same 
number will have the same Manning's n) 

number moving counterclockwise 

Adjacent corner node number 
---~-,oving counterclockwise 

Adjacent mid-node number 
~---moving counterclockwise around element 

Adjacent corner node nure~er moving 
L------counterclockwise around element 

Adjacent mid-node number moving 
counterclockwise around element 

Corner node number 
After a card has been entered for each element, 
terminate with a card having 9999 in columns 2-5. 

L-___ (Can start at any of the three corner nodes) 



00 
0'\ 

F-Cards Coordinate Cards 

Ground surface elevation 

Y coordinate of node 

X coordinate of node 

After a card has been entered for each corner node, terminate with a card having 9999 in columns 2-5. 

RMA-l 
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Straight-Line Segment Cards 

Corner nodes between the two end corner nodes for which 
the Y coordinates are interpolated using the input 

~-----------------values of the X coordinates (up to 14 corner nodes can 
be entered). 

Corner nodes at other 
end of straight-line segment 

'--- Corner node at one end 
of straight-line segment 

(All entries on G-cards are right justified.) 

After a card has been entered for each straight line segment, terminate with a card having 9999 in columns 2-5. 



00 
00 

H-Cards Network Renumbering Cards 

List of node numbers (both corner and mid side) which the program uses to reorder the sequence of elements for the 
most efficient operation of the programs. 

A blank card is placed at the end of each list. 

(All entries on H-cards are right justified.) 

After all the above cards have been entered, terminate with a card having 9999 in columns 2-5. 



FESWMS - TX RMA-2 INPUT 

, I 2 I J I 4 I s T 6 I , I • I • I '0 
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TITLE CAij,D ~~~~ •.••• I I •••• I I I I I. I •• ""'--

AA ...I..........LL.....&..-.....L......LJ----L-'! "" I,!., I,! ,!!!, .. , 

-. I I I I I I I I I I I I I I I I I • I I "-'-1 PARAMETEIf CARDS , . 
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AA-I Title Card 

A t least one card for each 
upstream section giving node 
numbers 

The title card is simply a card used to describe the project you are modeling. 

BB- Parameter Cards 

The parameter cards specify the running control information. 

CC- Roughness Cards 

The roughness cards are used to assign a Manning's roughness factor to each 

element type number inputted for the RMA-l. Also the user can assign turbulent 

exchange coefficients for the element types. A brief list of possible values is given in 

Table 4.1. The turbulent exchange coefficients are optional, and a default value of 

100 Ib-sec/ft2 is used by the program if left blank. A list of Manning's roughness 

factors is provided in Table 4.2. 

DD- Continuity Check Cards 

These cards are used to identify continuity check lines along which the total 

discharge is computed for the purpose of continuity checks. A list of corner nodes is 

given for each line segment. A maximum of 20 nodes can be entered for each con-

tinuity check line and cannot contain curved element sides. 

EE- Boundary Condition Cards 

These cards are used to define the downstream boundary condition and the 

parallel flow conditions. To specify a downstream boundary condition, the following is 

required: 
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Table 4.1 Turbulent Exchange Coefficients 

(a) Turbulent Exchange Coefficients (Tseng, 1975) 
(Eddy Viscosity) 

(Ib-sec/fi) 

Type of Gradually Varied Flow Contracting Flow Expansion 
Simulation Zone Zone Zone 

x direction y direction x x x 

Field Site 500* 250* 50 50 300 
(Tallahalla 
Creek at 750** 750** 
R t. 528, Miss.) 

(b) Turbulent Exchange Coefficients (Norton, 1980) 

Type of Simulation Problem 

Homogeneous Horizontal Flow Around 
an Island--Turbulent Range 

Homogeneous Horizontal Flow at a 
Confluence-Turbulent Range 

Dynamic Flow in Upper San Francisco Bay 

Steady-State Flow for Thermal Discharge 
to a Slow Moving River 
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Values of Turbulent 
Exchange Coefficients 

(Eddy Viscosity) 

Ib-sec/ft2 

x direction and y direction 

10 - 100 

25 - 100 

250 - 1000 

100 - 1000 

y 

250 



m·1I 

Table 4.2. MANNING'S ROUGHNESS COEFFICIENTS (Texas SDHPT, 1970) 

NATURAL STREAM CHANNELS Min. Max. 

I. Minor Streams 

A. Fairly regular section 
1. Some grass and weeds; little or no brush ..•.....•...............•...• 0.030 0.035 
2. Dense growth of weeds, depth of flow 

materially greater than weed height ................................ 0.035 0.050 
3. Some weeds, light brush on banks .............................•.•. 0.035 0.050 
4. Some weeds, heavy brush on banks ................................ 0.050 0.070 
5. Some weeds, dense WiIJOWI on banks ............................... 0.060 0.080 
6. For trees within channels with branches submerged at 

high stage, increase all valuesabove by .•.............•.•............ 0.010 0.020 

B. Irregular section with pools, slight channel meander. 
use IA to 5A above, and increase all values by ..•.......................... 0.010 0.020 

C. Mountain streams, no vegetation in channel, banks"usually 
steep, trees and brush along banks submerged at high stage 
I. Bottom; gravel, cobbles and few boulders .•••....•..•..............•. 0.040 0.050 
2. Bottom; cobbles with large boulders ...........•....•......•....... 0.050 0.070 

II. Flood Plain (adjacent to natural streams) 
A. Pasture, no brush 

l. Short grass ..........................•...............••.... 0.030 0.035 
2. Tall grass •.•••••••.•...•.•.••..•.•..........•••••...•....• 0.035 0.050 

B. Cultivated areas 
I. No crop ...............•.................................. 0.030 0.040 
2. Mature row crops ..........................................•. 0.035 0.045 
3. Mature field crops ........................................... 0.040 0.050 

C. Heavy weeds, scattered brush ........................................ 0.050 0.070 

D. Wooded ....................................................... 0.075 O.ISO 

This varies depending on undergrowth, height of foliage on trees, 
etc. The area of "n" ., 0.10 and greater indicates an extremely 
heavily wooded condition. These instances of high "n" values (greater 
than "n" = 0.10) should be thoroughly investigated (photographs, consultation 
with experienced engineers, complete knowledge of irea, etc.). The D-5 
hydraulic section has several references available for "n" value determination. 

m. Major Streams 

Roughness coefficient is usually less than for minor streams 
of similar description on account of less effective resistance offered by 
irregular banks or vegetation' on banks. Values of "n" for larger streams of 
mostly regular Sections, with no boulders or brush may be in the range of 0.028 to 0.033. 

UNED CHANNELS 

I. Metal corrugated .•................•.......... ; ........•.. : ...•.. 0.021 0.024 
2. Neat cement lined ....•.......................................... 0.012 0.018 
3. Concrete ........•..............•..••...••.•.....•.•.........•. 0.012 0.018 
4. Cement rubble ......•........................................... 0.017 0.030 
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10·11 

TABLE 4.2. (Continued) 

GRASS COVERED SMALL CHANNELS, SHALLOW DEPTH 

1. No rank FOwth .•....•......•..•••.....••••.•.....•....•........ 0.035 0.045 
2. Rank growth .••••.............•......•......................... 0.040 0.050 

UNUNED CHANNELS 

1. Earth, straisht and uniform .... " ........................•........... 0.017 0.025 
2. Dredged ..•..•............... ' ..•.•.......•...•....••.•......•. 0.025 0.033 
3. Winding and slup .............................................. 0.022 0.030 
4. Stony beds, weods on bank •..•.•..••.....•.••.•••••.....••••.•.•.•• 0.025 0.040 
5. Earth bottom, rubble sides •••...•.•..•.•.••••.••.••.•••.•••••.•.•••• 0.028 0.035 
6. Rock euts, smooth and unUorm ...............•..•...•.•.....•.•..••• 0.025 0.035 
7. Rock cuts, rugpd and irregular ...•....•..•••••.••••• , •..••.•.•..•.••• 0.035 0,045 

PIPE 

1. Cut iron, coated •....•..•••••..••.•••.•..••.•.•.••.••.•..••..••. 0.010 0.014 
2. Cut iron. uncoated ••.••..••••••••.••.•••••••..••.•.••••.•••.•••.• 0.011 O.OIS 
3. Wrought iron, galvanized ••••••••••••••••••••••••••••••••••••••••••• 0.013 0.017 
4. Wrought iron, black •..••..•............•.•..........•......••.... 0.012 0.015 
5. Steel, riveted and spiral- smooth •....•......•......................... 0.013 0.017 
6. Steel, corrupted (1/2") •..••............•...••.......•............. 0.021 0.024 
7. 'Steel, corrupted (2" Structural Plate) •.••.•.....••.•.....••.•••.....•.. 0.034 0.038 
8. Concrete ••••.•...•••.••••. : ........•............••.........•.. 0.010 0.017 
9. Vitrified sewer pipe .....•..••......•.••••..•••...••.••....•..•... 0.010 0.017 

10. Clay, cornmon drainale tile •..••••.•..•.•••.••..•.••••••..•.•....... 0.011 0.017 
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a) Node number 

b) 2 in column 18 

c) Water surface elevation at boundary for the flow rate specified in the FF 

Cards 

To specify a parallel flow boundary condition (flow is to move parallel to the lateral 

boundary at the specified node), the following is required: 

a) Node number 

b) 1 in column 17 

FF- Upstream Inflow Cards 

These cards are used to define the flow into the floodplain at each of the 

upstream sections. The first card (FF -1) specifies the number of upstream section, 

followed by the FF-2 and the FF-3 card(s) for each upstream section. As an example 

the cards are arranged as: 

FF-l 

FF-2 For first upstream section 

FF-3 Nodes defining first upstream section 

FF-2 For second upstream section 

FF-3 Nodes defining second upstream section 

Sample Input 

A sample of the RMA-2 input is shown in Fig. 4.5. 

4.3 RMA-l Output 

The output from RMA-l consists of a computer plot of the finite element net

work and printed output. The computer plot shows the element and node numbering 

(Fig. 4.6). The printed output for RMA-l is shown in Fig. 4.7. 
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Figure 4.5. Example RMA-2 Input. 
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\0 
00 

BB Parameter Cards 

BB-1 

Number of different 
element types, i.e., 
number of different 
Manning's n values. 

Number of line segments 
for continuity checks up 
to 20 can be entered. 

Control for output printing: 
• 0; node and element input data suppressed 

1; all input data printed 
• 2; print only the initial conditions 

for velocity and depth 

Number of nodes that will have downstream boundary 
conditions and parallel flow conditions 

RMA-2 

Logical unit for file 
containing geometric data 
created by program RMA-l. 
(Enter 0 if geometric data 
are from card input.) 

Logical unit for file upon 
which to write restart 
conditions (enter 0 if no 
file is to be written). 

Logical unit for file 
containing initial conditions 
(enter 0 if initial conditions 
are not to be input). 



\0 
\0 

BB-2 Card 

Maximum initial water 
surface elevation (feet) 
respective to datum 

RMA-2 

Scale factor for Y coordinates 

Scale factor for X coordinates 



t-' 
o 
o 

BB-3 Card 

RMA-2 

Number of iterations for initial solution (right justified). 



I-' o 
I-' 

CC-Cards Roughness Cards 

Element type number corresponding 
to that entered on the element 
cards (right justified). 

Turbulent exchange 
coefficient to be used 
in all directions. 

Manning's roughness factor. 

RNA-2 



t-' 
o 
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DD-Cards Continuity Check Cards 

List of corner nodes which define line segments across which total flow is to be computed for con
tinuity checking. This list should be entered in order across the network and should not contain 
curved element sides. Up to 20 nodes can be entered. All node numbers are to be righe-justified 
(i.e. placing the numbers in the right most columns). 



I-' 
o 
w 

EE-Cards Boundary Condition Cards 

Node number of downstream 
boundary condition or 
parallel flow condition 
(right justified). 

Water surface elevation at downstream 
boundary which is fixed. 

Enter a 2 in this column if the water 
surface elevation at the downstream is 
fixed, which is specified in columns 41-50. 

Enter a 1 in this column if the flow at this node 
is to move parallel to the boundary at this node. 
This is only for the parallel flow condition. 

RMA-2 



Upstream Inflow Cards 
FF-l 

Number of upstream inflow sections. 

t-' 

~ 
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FF-2 

Upstream Inflow Cards 

Inflow Parameters for 

Upstream average water surface elevation (ft) 

Discharge at upstream boundary (cfs) 

of corner nodes on upstream boundary (right justified) 

number of nodes--corner and mid-nodes on upstream boundary (right justified) 



t-' 
o 
0\ 

~'F-Cards 

FF-3 

Upstream Inflow Cards 

List of Upstream Nodes 

all nodes on upstream boundary. 

(All entries are right justified.) 



.... 
o 
-...J 

Figure 4.6. RMA-I Plot Output of Finite Element Network 



SHML CREEK I UPPER PARl 

INPUl SLOPES I 
PRINT MTA I 
PLOl NODES 1 
PLOl ELlS 1 
PL01 NETWORk 2 
REORDER ELlS 1 
PARllAL PLOlS I 
NETWORK REF INE 0 
6E 111 INPUl 0 
"Elli OUlPlIl 3 
lNPUl CHECk 0 
Ntt! Sl LINES 0 
HAt ~fI WID1H 200 

Hom SlZE 0,000 
VERT SIZE 0,000 
.~ SCALE .I)JO 
y SCALE .010 
ROTATICti -90.000 
X CORD StALE 0.000 
1 CORD SCALE 0.000 

30 JlN 83 

x (OOQr'IHATE OF POINT T~T WILL BE LIJ4ER LEFT-ImD COrtlER OF PLOl 
Y COORDIHATE OF POINT Ttvll WILL BE UUER LEFT-ImD CORNER OF PLOl 

ntH INPUl SLOPE SPECS tun 

55 4.679 
77 2.924 
99 2,924 

4 III 2.000 
5 143 2.100 
6 I ci5 1.500 
7 III 1.910 
8 133 5.000 

m HID SIDE NODES *** 

06 
110 
154 
122 

1 AFTER ROTAn~" 2815000. 
I AFTER ROlli 1I iii '" 25450e. 

SHML CREEk, UPPER PART 30 JlW 83 

ORDER NII1BER NOI)E~ 

1 I 1 12 23 24 25 13 -0 -0 
2 2 I 13 25 14 3 2 -0 -0 
3 3 J 14 25 26 27 15 -0 -0 
4 4 3 15 27 16 5 4 -0 -0 
5 5 5 16 27 28 29 17 -0 -0 

Figure 4.7. RMA-l Printed Output 
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6 17 ~ 18 7 6 ~ ~ 
7 18 ~ ~ 31 19 -0 -0 
8 19 31 ~ 9 8 ~ ~ 

9 9 20 31 32 D 21 -0 ~ 

10 10 9 21 n II 11 10 -L ~ 

11 11 23 ~ ~ % 47 ~ ~ ~ 

12 12 23 ~ 47 ~ ~ ~ ~ ~ 

13 13 ~ ~ 47 48 49 D -0 ~ 

14 14 ~ 37 ~ ~ V 26 ~ ~ 

15 15 27 ~ ~ ~ 51 ~ -0 -0 
16 16 27 ~ 51 ~ ~ a ~ ~ 
17 17 ~ ~ 51 ~ ~ 41 -0 -0 
18 18 29 41 ~ 42 31 ~ -G ~ 

19 19 31 42 53 ~ ~ 43 -0 ~ 

~ ~ 31 ~ ~ ~ 33 n ~ -0 
21 21 45 ~ 67 ~ ~ ~ -0 -0 
22 22 ~ ~ ~ ~ ~ 46 ~ ~ 

n 23 47 ~ M ro 71 ~ ~ -0 
~ 24 ~ ~ 71 ~ 49 ~ ~ ~ 

~ ~ ~ ~ 71 72 73 61 -0 -0 
U 26 ~ 61 73 62 51 50 ~ ~ 

27 27 51 ~ 73 N ~ ~ -0 -0 
28 ~ 51 63 ~ ~ 53 ~ ~ ~ 

~ ~ ~ ~ ~ h n ~ -I) -0 
~ ~ 53 ~ 77 u ~ ~ ~ ~ 

31 31 ~ n ~ 9(; 91 n ~ -0 
n ~ 6' 79 91 ~ 69 ~ ~ ~ 

n n ~ ~ 91 n n 81 ~ ~ 

~ ~ M 81 n 82 71 ro -0 ~ 

~ ~ 7! ~ ~ 94 " " -0 ~ 
~ ~ 71 " " ~ n ~ -0 ~ 

37 D n ~ " % "7 ~ -0 ~ 

~ ~ 73 ~ ~ & 75 N ~ ~ 

~ ~ ~ N n " " ~ ~ -0 
~ 40 ~ ~ " 88 n ., h ~ ~ 

41 41 M 100 111 112 113 101 ~ -0 
42 42 ~ 101 113 102 91 ~ ~ -0 
~ 43 91 102 113 114 115 103 ~ -0 
~ ~ 91 103 115 104 n n ~ ~ 

~ ~ n 104 115 116 117 105 -0 -(I 

46 46 n 105 117 106 ~ ;.: -0 ~ 
47 47 ~ 106 117 118 119 107 -0 -0 
48 G ~ IG7 119 108 97 % ~ -0 
~ 49 97 108 119 I~ 121 109 -0 -0 
~ ~ n 109 121 110 " 98 -u ~ 

51 51 111 III 133 1~ I~ 123 -0 -0 
~ ~ 111 123 I~ I~ 113 112 ~ ~ 

~ ~ 113 1~ 1~ I~ 1~ 1~ ~ ~ 
co 

~ 113 1~ lD 126 115 114 -0 ~ J' 

~ ~ 115 lU 137 I~ I~ 127 -0 ~ 

~ ~ 115 i27 I~ I~ 117 116 ~ ~ 

~ ~ 117 1~ 1W 140 141 1~ -I) -0 
~ ~ 117 I~ 141 I~ 119 118 ~ ~ 

59 ~ 119 1~ 141 142 1~ 131 -0 ~ 

~ 60 119 131 143 In 121 120 -0 ~ 

61 61 In 144 I~ 1~ I~ I~ ~ ~ 

62 ~ 133 I~ 1~ 146 1~ 1~ ~ ~ 

~ Q I~ 1% 157 158 159 1~ -0 -0 
~ ~ 135 147 1~ lG 1D 1~ ~ ~ 

~ ~ 137 1~ I~ I~ 161 1~ ~ -0 

" " IY 1~ 161 1~ 1~ 13& ~ ~ (continued) 

Figure 4.7. (Continued) 
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67 67 139 ISO 161 162 163 151 -0 -0 
68 68 139 151 163 152 141 140 -0 -0 
69 69 141 152 163 164 165 153 -0 -0 
70 70 141 153 165 154 143 142 -0 -0 

80LNDARY NODES 

I 12 23 3 2 5 4 7 6 9 B 33 22 1I 10 34 
45 55 44 56 67 77 66 78 89 99 S8 100 III 121 110 122 

133 143 132 144 ISS 156 157 158 159 160 161 162 163 104 165 154 
I 

SH~L CREEK I UPPER PART 30 JLN 83 

ORDER NODE x LOC Y Lor DEPTH SLOPE 
I I 2815645.00 254068.00 652.00 -27.500000E-02 
2 3 2815667.00 254061.95 648.00 -27.500000E-02 
3 5 2815686.00 254056.72 645.00 -27.500000E-02 
4 2815700.00 254052.8S 646.00 -27.500000E-02 
5 9 2815722.00 254046.83 650.00 -27.500000E-02 
6 II 2815765.00 254035.00 654.00 -27.500000E-02 
7 23 2815535.00 253793. DO 650.00 25. OOOOOOE-O I 
8 25 2815566.00 253785.00 646.00 -10.000000E+35 
9 27 2815590.QO 253779 .00 042.00 -10.000000E+35 

10 29 2815616.00 253772 .00 644.00 -10.000000E+35 
II 31 2815642.00 253764.00 050.00 -10.000000E+35 
12 33 2815675.00 253758.00 654.00 30. 777778E-0 I 
13 45 2815446.00 253575.00 650.00 24.494382E-OI 
14 47 2815495.00 253557.00 646.00 -10.000000E+35 
IS 49 2815530.00 253544.00 642.00 -lo.oOOOOOE+35 
16 51 2815555.00 253534.00 644.00 -10.000000E+35 
17 53 2815605.00 253515.00 650.00 -10.000000E+35 
18 55 2815622.00 253510.00 654.00 46. 790000E -01 
19 66 2815593.16 253403.05 654.00 32. 962963E-O 1 
20 67 2815352.00 253335.00 650.00 25.53191 5E-O 1 
21 69 2815385.00 253320.00 640.00 -10.000000E+35 
22 71 2815425.00 253300.00 644.00 -10.000000E+35 
23 73 2815480.00 253275.00 642.00 -10.000000E+35 
24 75 2815520.00 253254.00 650.00 -10.000000E+35 
25 77 2815541.00 253243.00 654.00 29.240000E-01 
26 89 2815260.00 253105.0il 646.00 25 .OOOOOOE-O 1 
27 91 2815313.00 253081. 00 642.00 -10.OOOOOOE+35 
28 93 2815355.00 253059.00 640.00 -10. OOOOOOE+ 35 
29 95 2815395.00 253040.00 644.00 -10.000000E+35 
30 97 2815424.00 253028.00 650.00 -10.000000E+35 
31 99 2815462.00 253012.00 654.00 29.240000E-01 
32 111 2815150.00 252895.00 646.00 19.100000E-01 
33 113 2815185.00 252877 .00 644.00 -10.000000E+35 
34 115 2815240.00 252851.00 640.00 -10.000000E+35 
35 117 2815267.00 252840.00 640.00 -]0.000000E+35 
36 119 2815300.00 252825.00 644.00 -10.000000E+35 
37 121 2815360.00 252796.00 652.00 20.000000E-01 
38 133 2815075.00 252650.00 646.00 50.000000E-01 
39 135 2815105.00 252638.00 640.00 -10.000000E+35 
40 137 2815140.00 252624.00 635.00 -10.000000E+35 
41 139 2815165.00 252610.00 640.00 -10.000000E+35 
42 141 2815200.00 252595.00 644.00 -10.000000E+35 
43 143 2815254.00 252573.00 646.00 21 • OOOOOOE-O 1 
44 155 2815020.00 252375.00 650.00 50. OOOOOOE-O 1 
45 157 2815042.00 252375.00 646.00 OO.OOOOOOE-Ol 
46 159 2815060.00 252375.00 640.00 ~O. OOOOOOE-O 1 (continued) 

Figure 4.7. (Con tinued) 
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47 161 2815080.00 252375.00 634.00 OO.OOOOOOE-Ol 
48 163 2815102.00 252375.00 640.00 00. OOOOOOE-O 1 
49 165 2815142.00 252375.00 643.00 15.000000E-01 

FOR INITIAL ORDER I REORDERING Stti = 50290 
IW( FROO WIDTH = 24 

SELECTED ELEHENT ORDER IS LISTED 8ELW 

30 50 70 51 1 2 3 4 5 6 
7 8 9 10 II 12 13 14 15 16 

17 18 19 20 21 22 23 24 25 26 
27 28 29 31 32 33 34 J5 36 37 
38 39 40 41 42 43 44 45 46 47 
48 49 52 53 54 55 56 57 58 59 
60 61 62 63 04 65 66 67 68 69 

::(HIN = -253742.23 
XI"t\X = -252049.29 
YI1IN = 2815049.18 
lW\X = 2815794.37 

Figure 4.7. (Continued) 
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The first set of information relates to parameter inputs and default values for 

the computer plots. The second set of information lists the inputted corner node 

slopes (C-cards). Next is a list of mid side nodes on the curved element sides (0-

cards). The next printed information is the order, element number, nodes of the 

element, and element type, which is the same as the E-card information. The next 

information is a list of all the boundary nodes of the network. This is followed by a 

list of each node with the x, and y coordinates, the ground surface elevation, and the 

node slopes reading or assigned by the RMA-I program. The last set of information is 

the selected element order for running RMA-2 followed by the minimum and maximum 

x and y coordinates. 

4.4 RMA-2 Output 

The output from RMA- 2 consists of only printed output. The printed output 

for one iteration is shown in Fig. 4.8 for the previous RMA-I input and the RMA-2 

input. The first set of information is a list of the run control parameters which are 

either read in or set as default values. This is followed by information of the ele

ments, i.e. turbulent exchange coefficients and Manning's roughness for each element 

type. The next information is a list of the nodes defining line segments for continuity 

checks. This information was inputted on the RMA-2 DO-cards. Next is an indication 

of the completed network input followed by the maximum and minimum element num

bers and maximum and minimum node numbers. The next information is a list of the x 

and y unit discharge values (ft 3/sec/ft) for each of the upstream boundary nodes. The 

next long table lists for each node the x and y direction velocities, the depth, the 

water surface elevation, and the Froude numbers. The last table lists the results of 

the continuity checks giving the total flow, x-direction flow, y-direction flow, and 

percent of the total flow from the first continuity check line. 
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FINITE ElEl1ENl HETHOD fOR FLUID FLIll ... PROGIlNi 1'ftr2 
TWO-DIHENSI(JW. HYDRODYIWUCS IN THE HORIZIlfTAl PIJf£ 

SHOAL CREEK,IIPPER mill = 15700 cm I'A'fllNG HI. 30 JItl I ?83 

Rill CIlfTROL PARAHETERS 

ELEI1ENl CARDS 0 
ELEHENl TYPES 1 
COORD INATE CAROS 0 
BOIJIM/!'l SPECS II 
PRI~ OP1l~ 0 
ClIfT CHECKS 9 
WIND INPUTS 0 
INPUT RESTART FIlE -0 
OUTPUT RESTART FILE 4 
INPUT GE!J1E1'RY FI LE 3 
FINAL RESULTS FILE -0 

A\lG LAT<DES) 30.30 
A\lG \IS ELEV(F1) 655.00 
A\lG TEHP(QEG C) 20.00 
X-SCALE FACTOR 1 .00 
Y-SCALE FACTOR 1. 00 

TIHE iHD ITERAT I ~ CIlfTROl 

CYCLES-fIRST ITERATI~ 1 
CYCLES-NEXT lTERATI (XiS 0 
liME STEPS/DATA UPDATE 0 
STARTING lIME STEP 0 
T IHE I~ERVAl (HOURS) 0.08 
TO"fAL RltlTIHE(HOURS) 0.00 

ELEHEN1 C~CTERISTICS 

Nlt1BER x-x EbOY VIS HEDDY VIS '(-X EDDY VIS Y-Y EI)I)Y VIS 
(LB-SECIFTV (L8-SEClF12l <LB-SEC/Fl2) (l8-SEClFT2) 

10.000E+01 10.000E+01 10.000E+01 10.000E+OI 

FINITE ElEHOO H[THOD FOR FLUID FLIlI ... PROGfWi fWd 
TWO-I)IMENSI(XiAl HYORODYIW1ICS IN TilE ItORIZIlfTAl PIJf£ 

SHOAL CREEK,UPPER (FLW = moo cm I'A'flINS HI. 30 Jill I yB3 

CIlfTINIllI1Y CHECKS TO BE HADE Al(XiG THE FOLLWING LINES 

LINE NODES 
I 1 3 5 7 9 II 
2 23 25 27 29 31 33 
3 45 47 49 5] 53 55 
4 67 69 71 73 75 77 

IWtlING 

.09 

Figure 4.8. RMA-2 Printed Output 

ll3 

(continued) 



5 89 91 93 95 97 99 
6 III 113 115 117 119 121 
7 133 135 137 139 141 143 
8 155 157 159 161 163 165 

..... NE1WORK INPUT CCI1PLETE ..... 

tW( ELB1ENl NII1 = 70 
HIN ELB1ENl NII1 = I 
tW( NOllE NII1 = 165 
HIN NODE NII1 = I 

48 BD~DARY C~DITI~S NEEDED AT EDGES 

- - - - UPSTRE!V1 INFLW RATE - - - -

ORDER UlS NODE FLW RATE (CFS PER FT WIDTH) 
X-DIRECTI~ Y-DIRECTI~ 

I I -25.87 -94.06 
2 2 -32.19 -117.06 
3 3 -40.81 -148.40 
4 4 -48.29 -175.58 
5 5 -53.54 -194.69 
6 6 -52.88 -192.31 
7 7 -49.02 -178.24 
8 8 -41.39 -156.50 
9 9 -31.20 -113.47 

10 10 -22.99 -83.61 
II II -16.67 -60.62 

..... TOTAL NII1BER OF ACTIVE SYSTB1 EQUATI~S = 341 
27 BUFFER BLOCKS WRITIEN 

T1HE IN COEFS = 

FINITE ELEHENl HETHOD FOR FLUID FLW ••• PROGIW1 iWI-2 
TWO-DIHENSIIlt\L HYDRODl'NAHICS IN THE HORIZOOAL PIJIlE 

SH~L CREEK,UPPER (FLW = 15700 CFSl ~ING EO. 30 J~ 1983 

RESULTS AT THE END OF 0 T1HE !nEPS ... TOTAL T1HE = 0 .00 HOURS .... lTERAT I ~ CYCLE IS 

OF 
I 
2 
3 

C~ERGENCE PAIW1ETERS 

AVG CHG 
5.9241 

10.0812 
2.2315 

tW( CHG 
95.8923 

-27.2270 
3.7511 

LOCATI~ 

II (X-FLW) 
17 (Y-FLWl 
9 (DEPTH) 

NODAL VelOCITY ,DEPTH ~D ElEIJATI~.... (con tinued) 

Figure 4.8. (Continued) 
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NOOE X-VEL Y-VEL DEPTH ELEV FR NO VEL NODE X-VEL Y-vEL DEPTH ELEV FR NO VEL 

(FPS) (FPS) (FTl (FTl (FPS) (fPS) (FPS) (FT) (FTl (FPS) 
1 1. 941 7.058 d.d75 d58.m .m 7.320 f 84 -3.588 -8.098 14.031 m.031 .417 B.88 
2 -1.877 -d.827 8.542 m.542 .427 7.080 f 85 -3.530 -8.215 11.037 m .037 .474 8.91 
3 -2.991 -10.877 10.409 658.409 .616 11.280 f 86 -3.392 -8.427 7.037 m.037 .604 9.04 
4 -3.335 -12.127 12.010 658.510 .640 12.577 * 87 -3.280 -8.616 5.030 657.030 .714 9.29 
5 -3.420 -12.438 13.611 m.611 .d16 12.900 f 88 -2.995 -8.758 3.091 657.091 .m 9.26 
6 -3.413 -12.412 13.175 658.675 .625 12.873 f 89 -2.909 -7.274 11.019 657.019 .416 7.84 
7 -3.184 -11.578 12.738 658.738 .593 12.008 f 90 -2.967 -7.2d6 13.021 657.021 .383 ? .89 
8 -2.750 -9.999 10.745 658.745 .558 10.370 f 91 -2.955 -7.324 15.023 657.023 .359 7.87 
9 -1.559 -5.6d8 8.751 658.751 .350 5.879 f 92 -2.923 -7.381 IUI2 0S7 .012 .350 7.99 

10 -.924 -3.361 5.638 6S7 .638 .259 3.486 f 93 -3.006 -7.407 17.001 657.001 .342 7.94 
11 8.756 31.842 2.525 656.525 3.662 33.024 f 94 -3.072 -7.434 15.004 657.004 .366 8.04 
12 -7.795 -19.488 6.993 657.993 1.399 20.989 f 95 -3.080 -7 ~482 13.007 657.007 .395 8.01 
13 -7.461 -21.458 9.122 658.122 1.326 22.718 f 96 -3.023 -7.532 10.012 657.012 .452 8.16 
14 -8.037 -24.196 10.988 657.988 1.355 25.496 f 97 -2.907 -7.601 7.018 657.018 .541 B.18 
15 -8.893 -26.135 13.013 658.013 1.349 27.606 f 98 -2.730 -7.633 5.011 657.011 .638 8.17 
16 -9.092 -27.053 14.615 658.115 1.316 28.540 * 99 -2.600 -7.604 3.004 657.004 .817 8.06 
17 -9.122 -27.227 13.542 658.042 1.375 28.714 f 100 -3.321 -6.339 11 .016 657.016 .380 7.16 
18 -9.079 -26.7dO 13.105 658.105 1.376 28.258 * 101 -3.238 -6.381 12.015 657.015 .364 7.15 
19 -8.782 -25.108 10.067 658.067 1.477 26.600 f 102 -3.138 -6.422 14.016 657.016 .336 7.18 
20 -8.737 -23.611 8.073 658.073 1.561 25.175 f 103 -2.993 -6.458 16.021 657.021 .313 7.18 
21 -6.968 -24.625 6.631 d58.631 U51 25.592 f 104 -2.930 -6.451 17.010 657.010 .303 7.06 
22 -15.258 -46.960 3.518 657.518 4.639 49.377 f 105 -2.918 -6.453 17.016 657.016 .303 7.02 
23 3.376 8.440 7.311 657.311 .592 9.090 f 106 -2.853 -6.491 15.019 657.019 .322 7.00 
24 1.607 9.452 9.439 657.439 .550 9.588 * 107 -2.804 -6.541 13.017 657.017 .348 7.16 
25 .780 9.543 11.S68 657.568 .496 9.575 f 108 -2.751 -6.602 10.023 657.023 .398 7.12 
2d .880 9.599 13.593 657.593 .461 9.640 f 109 -2.834 -6.621 5.998 656.998 .518 7.22 
27 1.198 9.857 15.618 657.618 .443 9.930 f 110 -3.078 -6.518 3.991 656.991 .m 7.28 
28 1.398 10.295 14.545 657.545 .480 10.390 f 111 -2.997 -5.724 11.013 m.013 .343 6.41 
29 1.089 11.356 13.472 657.472 .548 11. 408 f 112 -2.919 -5.755 12.012 657.012 .328 6.43 
30 .421 13.098 10.434 657.434 .715 13.105 f 113 -2.879 -5.774 13.010 657.010 .315 6.42 
31 -.510 15.366 7.396 657.396 .996 15.375 f 114 -2.861 -5.791 15.015 657.015 .194 6.49 
32 1.256 20.947 5.953 657.953 1.516 20.984 f 115 -2.796 -5.810 17.019 657.019 .275 6.47 
33 8.445 25.991 4.510 658.510 2.268 27.328 f 116 -2.745 -5.829 17.025 657.025 .275 6.43 
34 -5.918 -14.496 7.131 657.131 1.033 15.657 f 117 -2.650 -5.870 17.031 657.031 .275 6.40 
35 -6.250 -14.558 9.086 657.086 .926 15.842 f 118 -2.514 -5.930 15.030 657.031) .293 6.41 
36 -6.163 -14.597 11.214 657.214 .834 15.845 f 119 -2.396 -5.984 13.028 657.028 .315 6.46 
37 -5.461 -15.027 13.208 657.208 .775 15.988 f 120 -2.405 -5.m 9.003 d57.003 .378 6.40 
38 -4.912 -15.136 15.233 657.233 .719 15.913 f 121 -2.875 -5.751 4.978 656.978 .508 6.40 
39 -4.279 -15.413 14.222 m.222 .747 15.996 f 122 -1.777 -5.805 11.034 657.034 3" 6.01 
40 -3.898 -15.399 13.149 657.149 .772 15.885 f 123 -1.816 -5.802 14.026 657.026 .286 6.00 
41 -3.418 -15.683 10.181 657,181 .887 16.052 f 124 -1.896 -5.802 15.025 657.025 .278 6.14 
42 -3.043 -15.901 7.143 d57.143 1.067 16.190 * 125 -2.016 -5.793 17.521 657.021 .258 6.13 
43 -3.727 -16.030 4.829 656.829 1.320 16.458 126 -2.188 -5.785 19.525 657.025 .247 6.15 
44 -3.542 -16.575 3.387 657.387 1.623 16.950 127 -2.238 -5,789 17,027 657,027 ,265 6.27 
45 -6,317 -15.474 U51 656.951 1.117 16,714 f 128 -2.261 -5.796 17.033 657.033 .266 6.22 
46 -5.162 -16.082 8.906 656.906 .997 16.891 129 -2.245 -5.812 15.034 657.034 ,283 6.20 
47 -4.654 -16.631 10.861 656.861 ,923 17.270 130 -2.226 -5.SIS 13,032 m .032 .304 6.27 
48 -4.377 -17.033 12.854 65d .854 ,864 17.586 f 131 -2.271 -5.762 12.022 657.022 .315 6.13 
49 -4.109 -17.433 14,848 656.848 .819 17.911 f 132 -2.643 -5.560 7.997 656.997 .384 6.16 
50 -3.904 -17.709 13.837 656.837 .859 18.134 f 133 -1.308 -6.542 11.054 657.054 .354 6.61 
51 -3,758 -17.975 12.826 656.826 ,904 18.364 f 134 -1.352 -6.550 14,047 657.047 .314 6.68 
52 -3.226 -18.888 9.858 656.858 1.075 19.162 f 135 -1.458 -6.545 17.039 657.039 ,286 6.75 
53 -2.057 -20.154 6,891 656.891 1.360 20.259 f 136 -1,632 -6.526 19.535 657.035 .268 6.77 
54 -2.467 -21.071 4.577 656.577 1.748 21.215 f 137 -1.842 -6.491 22.031 657,031 .253 6,78 
55 -4.676 -21.878 2.263 656.263 2.621 22,372 f 138 -2.004 -6.474 19.532 657.032 .270 6,77 
56 -3.274 -8.360 6.972 656.972 .599 8.979 f 139 -2.150 -6.453 17.034 657.034 .290 6,82 
57 -2.911 -8.412 8,990 656,990 ,523 8.902 f 140 -2.299 -6.409 15,m 657.035 ,309 6.89 

(continued) 

Figure 4.8. (Continued) 
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58 -2.553 -8.417 10.945 656.945 .469 8.796 I 141 -2.428 -6.351 13.036 657.036 .332 6.79 
59 -2.445 -8.233 11.954 ~.954 .438 8.588 I 142 -2.599 -6.253 12.026 657.026 .344 6.72 
60 -2.350 -8.170 13.948 656.948 .401 8.581 I 143 -2.897 -6.083 11.016 657.016 .358 6.77 
61 -2.225 -7.986 14.951 656.951 .378 8.2911 I 144 -1.588 -7.941 8.854 656.854 .480 8.08 
62 -2.212 -7.917 13.941 656.941 .388 8.220 I 145 -1.614 -7.902 11.048 657.048 .428 8.05 
63 -2.295 -7.676 9.941 656.941 .448 8.012 I 146 -1.688 -7.905 14.040 657.040 .380 8.04 
64 -2.224 -7.384 6.973 656.973 .515 7.712 I 147 -1.764 -7.849 17.033 657.033 .344 US 
65 -1.910 -7.2112 5.035 657.035 .585 7.451 I 148 -1.994 -7.794 19.529 657.029 .321 8.05 
66 -2.372 -7.817 2.721 656.721 .873 8.169 I 149 -2.137 -7.702 22.525 657.025 .297 7.93 
67 -2.732 -6.976 6.992 656.992 .499 7.492 I 158 -2.360 -7.646 20.026 657.026 .315 8.02 
68 -3.047 -6.856 9.011 657.011 .440 7.502 I 151 -2.534 -7.524 17.025 657.025 .339 7.99 
69 -3.174 -6.777 11.029 657.029 .397 7.483 I 152 -2.859 -7.371 15.026 657.026 .359 7.96 
70 -3.227 -6.734 12.038 657.038 .379 7.467 I 153 -3.182 -7.08a 12.393 655.893 .389 7.79 
71 -3.203 -6.733 13.048 657.048 .364 7.456 I 154 -3.790 -6.701 11.383 655.883 .402 7.68 
72 -3.179 -6.762 14.052 657.052 .351 7.472 I 155 -2.031 -10.234 6.654 656.654 .713 10.44 
73 -3.177 -6.847 15.855 657.055 .343 7.548 I 156 -1.647 -10.178 8.848 656.848 .611 10.30 
74 -3.271 -7.033 11.056 657.056 .411 7.756 I 157 -1.638 -10.105 11.041 657.041 .543 10.27 
75 -3.428 -7.278 7.056 657.056 .534 8.044 I 158 -1.650 -10.021 14.034 657.034 .478 10.16 
76 -3.319 -7.668 5.117 657.117 .651 8.355 I 159 -1.701 -9.922 17.027 657.027 .430 10.07 
77 -2.803 -8.197 3.178 657.178 .856 8.663 I 160 -1.796 -9.799 20.023 657.023 .392 9.92 
78 -3.035 -7.586 9.006 657.006 .480 9.171 I 161 -1.919 -9.665 23.018 657.018 .362 9.84 
79 -3.331 -7.541 11.007 657.007 .438 8.244 I 162 -2.067 -9.521 20.017 657.017 .384 9.73 
80 -3.424 -7.580 13.026 657.026 .406 B.318 I 163 -2.225 -9.374 17.016 657.016 .412 9.64 
81 -3.504 -7.685 lUIS 657.015 .398 8.446 f 164 -2.468 -9.141 14.383 655.883 .440 9.48 
82 -3.597 -7.784 15.024 657.024 .390 8.575 I 165 -4.928 -8.911 11.750 654.750 .524 10.13 
83 -3.617 -7.9G8 13.027 657.027 .425 8.696 I 

COO1NIJUTY CHECKS 

LINE TOTAl X FLW Y FLW PERCENT 
I 87.483E+02 65.97IE+01 -87.234E+02 100.0 9.383E+03 100.0 
2 17.347E+03 -43.745E+01 17.34IE+03 198.3 -1.778£+04 -189.5 
3 31.860E+03 27.65IE+02 -31.740E+03 364.2 3.45IE+04 367.7 
4 14.802E+03 32.452E+02 -14.442E+03 169.2 1.769E+04 188.5 
5 18.404E+03 34.172£+02 -18.084E+03 210.4 2.150E+04 229.1 
6 16.410E+03 34 .652E+02 -16.040E+03 187.6 1.95IE+04 207.9 
7 17.974E+03 24.342E+02 -17.908E+03 205.5 2.024E+04 215.7 
8 17.893E+03 00.880E-01 -17.893E+03 204.5 1.789E+04 190.7 

Figure 4.8. (Continued) 
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4.5 RMA1PL T Input and Output 

4.5.1 Input 

The input to RMA IPL T consists of a file on scratch tape generated by running 

RMA-1 and a short user inputted data file. The user inputted data file is put in the 

form as shown in Fig. 4.9. The cards are: 

Card Name 

AAA 

BSS 

CCC 

Title card 

Scale factor card 

origin card 

Number of Cards 

1 card 

1 card 

1 card 

An example of the user inputted file for RMA 1 PL T is shown in Fig. 4.10a. 

4.5.2 Output 

The output from RMA 1PL T is both a printed output as shown in Fig. 4.11 band 

the finite element network plot shown in Fig. 4.12 giving the elemental type number 

for each element and the ground surface elevation of each node. 

4.6 RMA2PL T Input and Output 

4.6.1 Input 

The input to RMA2PL T consists of files on scratch tape generated by both 

RMA-1 and RMA-2 and a short user inputted data file. The user inputted data file is 

put in the form as shown in Fig. 4.14. The cards are: 

Card 

AAAA 

BSSS 

Name 

Title card 

Plot information cards 

Number of Cards 

2 cards 

An example of the user inputted file for RMA2PL T is shown in Fig. 4.15. 

4.6.2 Output 

The output from RMA2PL T is both a printed output as shown in Fig. 4.15 and 

plotted output. 
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I-' 
I-' 
00 

AAA 

BBB 

ecc 

FESWMS - TX RMAIPLT INPUT 

1 I J I J I .. I , I • I T I • I • I 1O 

,1·1,1·1-1·1·1·1·1 .... H++·)nl+·I+·,H++I++H+H+I .. H"I++I++H++I+I-+I+++J-+l+l .. j.,1 .. j·.I .. I.,\ .. I,,\ .. I .. I .. I·I .. l .. l+l .. r·.j.,r"'l .. 
TITLE CARD • _ • • • • • • I • • • • • • • I I • • • • , 1 I , • , 1 1 .-'-

••• I I I , I • I. I. * I ••••• I, • I I I I I 

· · · I 

SC~L.E Fj\CTJ)ll CAAJ) • 
-'--'-..l • I • I • , • I I • • • & • • I • t • • • • • • • I • 

rscALE FACTO;R SCALE FAJ:IOR 
I I ••• . & , I • * •• iI •• I I •• I' 

OR X-DIRE~T.r~~ FOR Y-D1I'ECTION • 
• I • 
• , · 
I I 

• · I 
I I I •• , •••••• I • I • , •• I I I I I I I I I • , • I I • . • I I 

, • • 
i.r.r:r.r ' .. r , , , . ;1·1·1·1·1 .. "H+·I:.'.l~I,++I+,I""·I+"'+I .. I .. I .. I·,I .. \,,\ .. I .. I+"'+I .. \ .. I .. I"I .. 1"1"1"1"1"1"1"1"1"1"I"H"I+I·+I++·I+·T+++R,rl+H++'I-

ORIGIN CARn . 

· · • • . 
X-COORDINAT.E Y-COORDINATE 

OF ORIGIN. OF ORIG;rN • I I • . 
· I • 
· · • · · • 
t I I 

· · • I · · f~JlI."I'I'I~I'1111 I I I I , I • I • I l j I I I • • I I I I , II. ..... '"' J • .. 
, L~~~..L.....Jc 1. ~ :I • I • I I I I I I • , • I I I • I I I I I I I I I I I I I i I I I I • I 1-*- ..• I .( 

I 

• · • I I 

I 

• • • • ~ • • • • • • • • • I • • . • • • I . • . ~ • . • I • • , • . ........ J _--" _-"--_--" •• "-_............L._._.L ..... L .....•.. I • ... a • I I a I I I • ~ I I I 

001 

Figure 4.9. RMA1PLT Input 



I-' 
I-' 
\Q 

SHOAL CREF.K l~ JAN 81 
~~ . 

I 

• ,1II1 
?lI'J-;i"Cd;: "15 '" (::h); ,'C 

Figure 4.10. Example RMAIPLT Input. 

SHOAL CREEK "2 "AN tH 

PLOT HOOES ? 
PLOT ElTS ~ 
PLOT NfTwORK 1 
PARTIAL PlOfS I 
PLOT INPUT A 

x SCALf .' ~ • \",1: 

$ 
Y SCALf • ;: t : ' 
MAX PLOT l ENG I tl !th,.tll.l!,' 

X CtlORDINAH: OF POIt·iT fH4T WILl HE. LOWEI~ LEF- T-11ANO CORNER OF PLOT III 

V COOROINATE OF POY',!T THAT WItl HE LOWER l EFT-HAND CORNER OF PLOT III 

Figure 4.11. Example RMAIPLT Output. 

2815.,.".: 
21j451JfI: 
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t-' 
to.) 

t-' 

BBB Card ~Scale Factor Card 

Plotting scale factor for y direction inputs 

Plotting scale factor for x direction inputs 

RHAIPLT 



,.... 
N 
N 

eee eard 

RMAIPLT 

Origin Card 

y coordinate of origin 

x coordinate of origin 

This card is the same as the B-2 card for the RMA-I input 
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RMA1PLT Plotted Output of Finite Element Network and Element Type Numbers 
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Figure 4.13. RMA2PLT Input 



SHOAL CREEK, lIPpr k PAR T: 1 f S T ror~ RMA 2 PL OT 
FLOW RATe- i57f~ CFS t~ MAR t9A3 

""~@ 

I): 
END OF OATA 
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AAAA - Title Cards RMA2PLT 

AAAA-l Title Card 

AAAA-2 Subtitle Card 



t-' 
~ ..... 

BBBB - 1 Plotting Information cards RMA2PLT 

y coordinate of origin 

:It coo.rdinate of origin 

Rotation of plot in degrees clockwise 

Plotting scale for y direction inputs 

Plotting scale for x direction inputs 



t-' 
N 
00 

BBBB - 2 Plotting Information Cards 

Number of digits plotted to right of 
decimal point (-1, an integer, is plotted) 

Variables plotted 
o Node numbers are plotted 
1 Velocity or unit discharge is plotted at each node 
2 Water surface elevations are plotted at each node 
3 Depths are plotted at each node 
4 Difference between two water surface elevations are plotted 

Number of variables to be printed on plot (0,1, or 2) 

o Plot velocity vectors 
1 Plot discharge vectors 

Maximum node number 

Maximum element number 

(All entries on this card are right justified) 

RMA2PLT 



BBBB - 3 

~ 
\0 

Plotting Information Cards 

ft/sec (for velocity) or 
(for unit discharge) equal to 1 inch 

Length in inches of maximum velocity 
or unit discharge vector 

o To scale velocities 
1 To scale unit discharges 

RMA2PLT 
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Figure 4.15 Example Output for RMA2PLT. 
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CHAPTER 5 

FESWMS-TX APPLICATION TO WALNUT CREEK, AUSTIN, TEXAS 

The objective of this application is to illustrate the FESWMS-TX model appli

cation by simulation of the Memorial Day 1981 flood in the floodplain and main 

channel of Walnut Creek just upstream of Webberville Road in Austin, Texas. 

Hopefully through this application, the reader will obtain a better understanding of the 

use and capabilities of the FESWMS-TX model. 

5.1 Description of Study Area 

Walnut Creek originates in northern Travis County near the Williamson County 

line and flows south-southeast to its confluence with the Colorado River. The water

shed (Figure 5.1) has an average width of about 4 miles and a length of about 14 miles. 

The total drainage area is 56.19 mi2 including the approximate 13 mi2 drainage area of 

Little Walnut Creek. The natural ground elevations vary from about 950 feet above 

mean sea level (msl) in the upper portion of the watershed to about 400 ft (msI) at the 

confluence with the Colorado River. 

The reach of Walnut Creek studied in this report is at Webberville Road, shown 

in Figure 5.2. The study area is shown in detail in Figure 5.3 and extends from 17370 

ft to 20850 ft upstream of the confluence with the Colorado River and is bounded by 

the abandoned Missouri-Kansas-Texas Railroad on the easterly side of Walnut Creek 

and the Southern Pacific Railroad on the westerly side. 

The U. S. Geological Survey maintains five recording stream gages in the 

Walnut Creek watershed. The gage for Walnut Creek at Webberville Road was estab

lished in 1966. Drainage area at the gage is 51.3 square miles, and the gage datum is 

425.96 ft msl. According to the USGS records, historical flood information began in 

1891. The highest stages since that day occurred 24 May 1981 (27.2 ft), 23 November 
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Figure 5.1. Austin, Texas Vicinity Map. 
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1974 (26.16 ft), 21 May 1979 (26.02 ft), 11 October 1973 (25.56 ft), 10 June 1975 (25.24 

ft), 15 June 1935 (24 ft) and in 1919 (22 ft). The Austin Sewage Treatment Plant was 

constructed just down stream from Webberville Road in 1965, and was modified 

recently to become a joint sewage plant and service center. The highest histor ical 

discharge was probably in 1919 before the sewage plant was built; although, the stage 

was lower than several subsequent floods. Considerable urbanization has occurred in 

the Walnut Creek Basin above Webberville Road since 1966. 

Several studies have been made by the U.S. Army Corps of Engineers, the U.S. 

Geological Survey, and the City of Austin, Texas of hydrometeorological conditions 

associated with the storm of 24 May 1981 in the Austin area. Discharges on Walnut 

Creek at the WebberviIle Road USGS stream gage station resulting from the storm 

using the published rating curve were not in agreement with data obtained from a field 

reconnaissance. Further investigations indicated that auxilliary channel flow and re

sulting over-bank flow occurs with any discharge of 10,000 cfs or greater on Walnut 

Creekjust upstream of Webberville Road. A revised rating curve was developed as a 

result. 

5.2 Simulation of Memorial Day 1981 Flood 

The major objective herein is to illustrate application of the FESWMS-TX 

modeJ by simulating the Memorial Day 1981 flood in the study area. The flow rate at 

the Webberville gaging station has been determined by the U. S. Geological Survey to 

be 14,300 cfs of which approximateJy 11 ,500 cfs was through the main channel bridge 

and approximately 2800 was overflow into the floodplain. Flow enters the study reach 

through two railroad bridges of the Missouri-Lamar-Texas Railroad. Flow leaves the 

study area through the main channel of Walnut Creek, over Webberville Road and 

through the Missouri-Pacific railroad bridge on the southeastern corner of the study 

area. Several highwater marks for the 1981 Memorial Day were used in the calibration 

process for the FESWMS-TX model application. 
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5.2.1 Finite Element Network Design 

The finite element network was designed to represent the highly nonuniform 

boundary of the area inundated by the 1981 Memorial Day Flood. As:'\ part of this 

study, several networks of varying detail were considered and used to study the ac

curacy of the model. Figures 5.4, 5.5, 5.6, 5.7, 5.8, and 5.9 represent the various 

levels of networks considered in this study. In order to check the accuracy of the 

model for various levels of network discretization continuitv lines as indicated in 

Figures 5.4 - 5.9 were considered. Listed in Table 5.1 are the percentages of the total 

inflow computed for the respective continuity lines. 

Figures 5.10 through 5.15 show the element type numbers for the networks in 

Figs. 5.4 through 5.9, respectively. Table 5.2 lists the Manning's roughness factor and 

turbulent exchange coefficient for each element type. Table 5.3 lists the number of 

elements, the number of nodes, and the execution times for the RMA-2 for each level. 

Table 5.4 presents a comparison of water depths at selected locations through

out the finite element networks. The node location is the same for each of the 

network levels 1 through 6. Note that the same network locations have different node 

numbers for the different networks because of the element and node renumbering 

involved for each level. 

Figures 5.16, 5.17, and 5.18 show the results of vector plots with Figure 5.17 

having the water surface elevations for each node printed and Figure 5.18 having the 

water depths for each node printed. 

5.2.2 Simulation Using Various Manning's Roughness and Turbulent Exchange Coeffi

cients 

Using the Level 6 finite element network (Figures 5.9 and 5.15) various simu

lations were made of the Memorial Day 1981 Flood using the different Manning's 

roughness factors and turbulent exchange coefficients as listed in Table 5.5. The 

resulting continuity checks for the various computer runs are listed in Table 5.6 with 
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Table 5.1. Continuity Checks for Various Levels 

Percent of Inflow 
Network 

Continuity Check Level I Level 2 Level 3 Level 4 Level 5 Level 6 
Line Figure 6.4 Figure 6.5 Figure 6.6 Figure 6.7 Figure 6.8 Figure 6.9 

1 100.0 100.0 100.0 100.0 100.0 100.0 

2 143.9 117.6 117.6 117.6 117.4 117.4 

3 143.7 111.3 111.3 111.3 111.6 111.7 

4 130.0 108.5 108.5 108.5 108.0 108.0 

5 145.8 116.7 116.7 116.7 116.7 116.7 

6 136.6 108.6 111.9 111.9 111.9 111.9 
..... 
""" w 7 149.1 121.3 119.9 117.9 119.9 117.8 

8 122.8 99.6 103.2 104.8 103.3 104.9 

9 137.9 112.9 112.8 110.2 113.0 110.3 

10 139.2 113.8 109.8 109.6 109.8 109.7 

11 125.0 106.3 106.2 106.5 106.2 106.5 
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Table 5.2. Parameters for Element Types 

Element Turbulent Manning's 
Type Exchange Roughness 

Number Coefficient Factor 

1 200. 0.06 

2 200. 0.10 

3 200. 0.10 

4 200. 0.08 

5 200. 0.10 

6 200. 0.06 

7 200. 0.06 

8 200. 0.10 

Table 5.3. Size of Finite Element Networks and RMA-2 Execution Times 
for Each Level 

Number Number 
of of 

Level Elements Nodes Execution Time* for RMA2 

1 261 593 855.404 (sec) 

2 297 669 978.782 

3 315 705 1036.041 

4 345 765 1125.037 

5 319 713 1050.669 

6 349 773 1137.793 

* CDC CYBER 170/175 System at the University of Texas at Austin 
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TABLE 5.4. COMPARISON OF WATER DEPTHS AT SELECTED LOCATIONS 
FOR VARIOUS LEVELS OF NETWORKS 

Node Water Depth (it) 
Location Levell Level 2 Level 3 Level 4 Level.5 Level 6 

A .5 • .5.57 4.709 4.710 4.710 4.713 4.714 

6 28.001 27.061 27.061 27.062 27.06.5 27.06.5 

C 3.740 3.138 3.138 3.139 3.140 3.141 

0 26 • .583 2.5.872 2.5.873 2.5.874 2.5.874 2.5.87.5 

E 3.220 2 • .504 2 • .50.5 2 • .506 2 • .506 2 • .507 

F .5.3.51 4.771 4.n6 4.780 4.n6 4.781 

C 19.234 18.624 18.623 18.628 18.624 18.629 

H 3.469 2.881 2.872 2.877 2.873 2.880 

1.731 1.119 1.20.5 1.214 1.206 1.21.5 

l 3.37.5 2.82.5 2.794 2.810 2.79.5 2.811 

K 17.090 16 • .544 16 • .542 16 • .5.59 16 • .543 16 • .560 

L 3.260 2.731 2.723 2.73.5 2.724 2.73.5 

M 0.884 0.490 0.499 0.463 0.499 0.463 

N .5.189 4.69.5 4.682 4.711 4.683 4.712 

0 4.739 4.287 4.284 4.314 4.28.5 3.787 

P 11.007 10 • .524 10 • .522 10 • .5.58 10,.522 10 • .5.59 

Q 3.109 2.848 2.8.50 2.849 2.8.51 2.849 

R 3.9.53 3 • .538 3 • .537 3.466 3 • .538 3.467 

S 4.423 4.342 4.343 4.236 4.343 4.326 

T .5.977 6.060 6.0.59 6.0.59 6.0.59 6.0.59 

U .5.217 .5.802 .5.799 .5.817 .5.799 .5.817 

V 3.861 3.8.52 3.8.53 3.8.51 3.8.53 3.8.51 

W 3.n6 3.828 3.828 3.832 3.828 3.132 

X 2.5.696 2.5.32.5 2.5.233 2.5.266 2.5.233 2.5.266 

Y 14.773 14.466 14.46.5 14.482 14.46.5 14.482 

Z 16.576 16.563 16.563 16.563 16 • .563 16 • .563 
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Table 5.5. Manning's Roughness Factors for Various Computer Runs 

Element 
Type Com~uter Runs 

Number 1 2 3 4 5 6 

1 0.06 0.06 0.05 0.05 0.04 0.04 

2 0.10 0.10 0.09 0.09 0.08 0.08 

3 0.10 0.10 0.09 0.09 0.08 0.08 

4 0.08 0.08 0.07 0.07 0.06 0.06 

5 0.10 0.10 0.09 0.09 0.08 0.08 

6 0.06 0.06 0.05 0.05 0.04 0.04 

7 0.06 0.06 0.05 0.05 0.04 0.04 

8 0.10 0.10 0.09 0.09 0.08 0.08 

Turbulent 
Exchange 

Coefficient 200 150 200 150 200 150 
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Table 5.6. Continuity Checks for Various Levels 

Percent of Total Inflow 

Continuity Computer Run Defined in Table 6.5 Check 
Line I 2 3 4 5 6 

1 100.0 100.0 100.0 100.0 100.0 100.0 

2 117.4 118.2 117.0 117.6 116.2 116.8 

3 111.7 111.8 111.7 112.2 112.3 113.2 

4 108.0 108.0 108.2 108.1 108.2 107.9 

5 116.7 116.3 116.4 115.8 115.8 115.2 

6 111.9 113.2 111.9 113.2 111.7 113.1 

7 117.8 117.6 117.6 117.6 117.4 117.4 

8 104.9 104.3 104.1 103.6 103.3 102.9 

9 110.3 110.6 109.7 110.2 108.9 109.3 

10 109.7 109.3 109.6 109.3 109.5 109.2 

11 106.5 106.4 107.2 107.1 108.0 107.7 
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the various continuity check lines shown in Fig. 5.19. Comparisons of the water 

surface elevations at various nodes for the various computer runs (Table 5.5) are listed 

in Table 5.7, and the node locations are shown in Fig. 5.19. 

5.2.3 Simulation of Various Discharges 

Using the Level 6 finite element network (Figures 5.9 and 5.15) and the 

roughness factors and turbulent exchange coefficient for computer run 3 (Table 5.5), 

simulations of the floodplain were made using discharges of 10,400 cfs, 12,715 cfs, 

14,300 cfs, 17,380 cfs, and 22,166 cfs. A comparison of water surface elevation at 

various nodes throughout the floodplain is listed in Table 5.8. 
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TABLE 5.7. COMPARISON OF WATER SURFACE ELEVATION FOR 
VARIOUS MANNING'S ROUGHNESS FACTORS 

Computer Runs with Roughness Factor Defined in Table 6.5 

Node 
Number 2 3 4 5 6 

A 17 461.464 461.295 461.071 460.894 460.661 460.475 

B 20 462.095 461.865 461.628 461.420 461.173 460.958 

C 52 460.891 460.728 460.547 460.376 460.190 460.012 

D 55 460.875 460.703 460.562 460.379 460.243 460.053 

E 61 460.007 459.854 459.707 459.544 459.404 459.235 

F 108 458.581 458.472 458.303 458.188 458.017 457.895 

G 114 458.629 458.532 458.360 458.257 458.079 457.970 

H 120 457.880 457.775 457.620 457.507 457.347 457.224 

299 457.215 457.110 456.987 456.876 456.759 456.642 

J 301 456.811 456.711 456.557 456.452 456.296 456.186 

K 307 456.560 456.464 456.309 456.208 456.052 455.947 

L 313 455.735 455.672 455.519 455.456 455.303 455.241 

M 317 454.463 454.401 454.319 454.264 454.198 454.150 

N 348 455.712 455.641 455.483 455.410 455.255 455.180 

0 427 455.315 455.248 455.108 455.038 454.902 454.829 

P 471 455.559 455.502 455.372 455.316 455.191 455.135 

Q 516 454.349 454.299 454.252 454.206 454.169 454.127 

R 570 454.967 454.940 454.801 454.776 454.643 454.620 

S 578 454.126 454.083 454.083 454.043 454.046 454.010 

T 687 454.059 454.015 454.038 453.997 454.019 453.981 

U 729 453.817 453.819 453.838 453.838 453.859 453.854 

V 711 453.851 453.845 453.845 453.840 453.841 453.837 

W 752 453.832 453.825 453.824 453.817 453.815 453.807 

X 647 455.266 455.211 455.096 455.041 454.935 454.879 

Y 624 454.482 454.454 454.366 454.339 454.256 454.231 

Z 590 543.563 453.555 453.560 453.554 453.557 453.553 
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TABLE 5.8. COMPARISON OF WATER SURFACE ELEVATION FOR VARIOUS DISCHARGES 

Node Discharge (cis) 

Number 10400 12715 14300 17380 22166 

A 17 460.339 460.825 461.07l 461.652 462.355 

B 20 460.781 461.343 461.628 462.295 463.093 

C 52 459.819 460.299 460.547 461.143 461.884 

D 55 459.772 460.293 460.562 461.210 462.022 

E 61 458.968 459.453 459.707 460.323 461.103 

F 108 457.591 458.060 458.303 458.893 459.642 

G 114 457.684 458.128 458.360 458.924 459.644 

H 120 456.898 457.382 457.620 458.183 458.882 

299 456.398 456.782 456.987 457.496 458.159 

J 301 455.917 456.338 456.557 457.095 457.785 

K 307 455.683 456.093 456.309 456.843 457.534 

L 313 454.952 455.321 455.519 456.015 456.658 

M 317 454.045 454.207 454.319 454.649 455.070 

N 348 454.966 455.296 455.483 455.962 456.601 

0 427 454.637 454.940 455.108 455.542 456.133 

P 471 454.850 455.188 455.372 455.840 456.461 

Q 516 454.053 454.174 454.252 454.465 454.663 

R 570 454.395 454.652 454.801 455.192 455.708 

5 578 453.984 454.047 454.083 454.147 11-53.913 

T 687 454.002 454.031 454.038 453.957 452.643 

U 729 453.975 453.909 453.838 453.316 448.000 

V 711 453.830 453.839 453.845 453.856 453.820 

W 752 453.830 453.828 453.824 453.777 453.509 

X 647 454.618 454.925 455.096 455.543 456.158 

Y 624 454.077 454.260 454.366 454.654 455.080 

Z 590 453.545 453.554 453.560 453.572 453.586 
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CHAPTER 6 

SUMMARY AND FUTURE TASKS 

6.1 Summary of Work Accomplished 

The objective of this project has been to modify and apply a computer program 

for the two-dimensional hydrodynamic analysis of backwater at bridges. The computer 

code used is a model originally developed as a research tool referred to as the RMA 

model (Resource Management Associates). The U. S. Geological Survey Gulf Coast 

Hydroscience Center has further modified the RMA model and has performed several 

major applications of the model. This modified version has been referred to as the 

FESWMS (Finite-Element Surface-Water Modeling System). 

The U.S.G.S. Gulf Coast Hydroscience Center has been performing research to 

improve the two-dimensional model. The emphasis of this past work has been more of 

a theoretical effort to improve the computational aspects as opposed to making the 

model user oriented, which was the objective of this project. The FESWMS model is 

not in a user-oriented format and requires a rather sophisticated knowledge of fluid 

mechanics, hydraulics, and computer science to use. In addition, an extensive amount 

of detailed data determination and input is required that can be simplified and auto

mated using computer graphics. 

The work performed herein has been to simplify use of the computer program 

so that it could possibly become a part of the THYSYS system for widespread use 

throughout the Texas Highway Department and other highway departments in the U.s. 

The emphasis then has been to make the program as user oriented as possible, defining 

what data are necessary, how to assemble the data and what the output is. Input and 

output formats would be as similar as possible to that used in THYSYS. In addition, 

some work has been performed to automate the data determination and the input 
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procedure using the Intergraph IGDS (Interactive Graphics Design System) at the Texas 

Highway Department. The modified version of the FESWMS model is referred to as 

the FESWMS-TX model. 

The work accomplished during this project is summarized below: 

I. Several needed modifications to the program FESWMS were identified 

and incorporated to simplify the use of the model to the new version referred 

to as the FESWMS-TX model. These modifications inclucle: 

1. Conversion from use of Chezy's roughness coefficient to Manning's 

roughness coefficient. 

2. Change input of upstream boundary condition from a flow rate per unit 

depth at each node to a total discharge. A routine USSET has been 

written and incorporated to simplify this process of describing the up

stream boundary condition. 

3. Simplify the running process of FESWMS by incorporating routines to 

check output files for negative depths that would cause non-convergence 

of the numerical scheme. In addition, these routines modify the network 

and input files for the preprocessor, RMA-l, and the processor, RMA-2, 

in order to restart the running process. A computer program USNEG was 

written which is now part of the FESWMS-TX modeling system. 

4. Automate the manual process of interactively running the computer pro

gram, RMA-l, RMA-2, and USNEG programs that make up the 

FESWMS-TX modeling system. 

5. Simplify the input process to RMA-l and RMA-2. 

6. Explore the use of computer graphics to simplify and refine the input 

process which is beyond the scope of work to be accomplished. 
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II. The model was applied to Walnut Creek near Martin Luther King Blvd. in 

Austin, Texas to help identify the various needed modifications mentioned 

above. 

III. Use of the Intergraph IGDS (Interactive Graphics Design System) at the 

DHT was explored for use as an automated approach to construct and define 

the finite element network using computer graphics. 

IV. This report includes a users manual for the FESWMS- TX model. 

V. A third application site near Rosebud, Texas was selected for applica

tion. The contour maps have been digitized by the DHT Automation Division; 

however, they were not complete so this application could not be made before 

the project ended. This application is further described in the next section on 

new tasks. 

It should be emphasized that the objectives of the original project have 

been completed. The work investigating use of computer graphics on the 

Intergraph for data development and inputting was beyond the scope of this 

original project. However, it is felt that this work is of such value that it 

should be completed. 

6.2 Future Tasks 

The following are the new tasks beyond the scope and objectives of the present 

project: 

(1) During the course of the project work on refining the FESWMS-TX model 

it became evident that the data input procedure was very time consuming, especially 

for large floodplain areas with multiple opening bridges. The most time consuming and 

difficult information to obtain was (a) the definition of the network or element struc

tures, (b) numbering of the nodes and elements, (c) determining the x and y coordinates 
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and ground surface elevation, (d) determining corner node slopes, and (e) then inputting 

this information in the format required by the FESWMS-TX model. It became very 

apparent in the project that the time and expense of developing the input could be 

reduced significantly (at least five times) by use of the Intergraph IGDS (Interactive 

Graphics Design System). Also, the process would be error proof. The IGDS has 

become an integral part of the DHT Automation (Computer) System and is presently 

used extensively. 

Use of the Intergraph IGDS was beyond the scope of the present project and 

funding; however, because of its obvious importance to the effective use of the 

FESWMS-TX model, initial work has been done by both the investigators and TDH 

Automation Division to explore use of the IGDS. In fact, the TDH Automation Divi

sion has developed software that can be used in conjunction with the FESWMS-TX 

model for inputting the above described data. The work of implementing and refining 

the computer graphics could not be completed by the project ending date. The com

puter graphics capability could be expanded and demonstrated using the application 

described in Task 2 and also a second demonstration described in Task 5. 

(2) At the same time the above software was developed, a contour map was 

developed and digitized by the Automation Division for purposes of (a) demonstrating 

and further refining the FESWMS-TX model, (b) demonstrating the use of the Inter

graph IGDS to develop the input for the FESWMS-TX model, and (c) checking the 

hydraulics of the new bridge design, in particular effects of backwater. The contour 

map is of the floodplain upstream and downstream of Highway 53 at the confluence of 

Pond Creek, Cottonwood Creek, and Salt Creek near Rosebud, Texas. A new bridge is 

being designed for Highway 53 at this location. The final map was not completed in 

time for application. The objective of this task is to apply the FESWMS- TX modeling 

system and the Intergraph computer graphics to satisfy the above purposes. 
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(3) This report was written to describe the work accomplished for the duration 

of the present project. This report includes a user's manual for the FESWMS-TX 

model. However, once the computer graphics Intergraph IGDS is fully accomplished 

the user's manual will need to be modified. Also further modifications will be required 

to get it into the same format as the THYSIS models. 

(4) Another very important task that has been identified during the present 

work is the need for incorporation of a one-dimensional backwater code to better 

define the upstream and downstream boundary conditions for the FESWMS-TX model. 

This would help considerably in application of the FESWMS-TX model to define bridge

backwa ter effects. 

(5) Another task would be to perform a second demonstration of using the 

Intergraph IGDS and FESWMS-TX model. This would be an application for an actual 

(new) bridge design, preferably with multiple openings located in a wide flat flood

plain. The digitized contour map would have to be furnished by the Texas Highway 

Department. Through the demonstration in this task and the Rosebud application, 

further guidelines on use of the model can be established. 

(6) A final task would be to incorporate all improvements or changes made by 

the U.S.G.S. in the FESWMS model to the FESWMS-TX model. These changes would be 

those approved by both the investigator and the TDH contact person to this proposed 

work. 

6.3 Interactive Graphics Design System IGDS 

The use of the Interactive Graphics Design System (IGDS) automates the pro

cess of defining and inputting the data described above. In order to use the IGDS 

system for defining a finite element network, a contour map of the floodplain must be 

digitized and stored on the IGDS system. 
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The Intergraph is an integrated configuration of hardware and software featur

ing user-controUed interactive graphics. The Interactive Graphics Design System 

(IGDS) has capabilities that include: 

1. Placement, deletion, modification, and movement of design elements 

such as finite elements and nodes. 

2. On-line user definition of any combination of design elements such as a 

finite element network. 

3. Storage and retrieval of intermediate and final designs of the finite ele

ment network. 

4. Two graphic display screens which allow a large-scale overview (such as 

an entire floodplain) to be placed on one screen while a magnified 

(zoomed) detail view (such as one section of a floodplain) is placed on the 

other. 

5. Two-dimensional cabability (x and y) so that an x- and y-coordinate 

system is automatically established by the system and can be modified 

by the user. 

6. Extensive facilities for the support in defining and manipulating non

graphic attribute data. Attribute data can be associated with graphic 

elements (such as nodes, curves, and finite elements) and interactively 

reviewed, edited, and reported. 

7. The system accepts data and commands through an alphanumeric key

board and a graphics menu tablet. The keyboard is used for command 

data entries to the displays. The graphics menu tablet is used both on a 

function selection device and for indication of x and y coordinates on the 

graphics screen. 
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Appendix A 

Listing of Subroutine USSET 
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SUBROUTINE USSET 
C 
C THE PROGRAI'1 IS DE'-JELOPED FOR SETT ING FLOW RI4TES FOR LI/S NODES 
C 

c-

COMMON iBLKBi CORDi 825,2) ,NBCo. 825,3) ,'JEL(3., 82S) ,SPEC( 82S,3>, 
I ALFA( 82S} ,AO( 825) ,SIGMA( 82S,2) ,'JOLD':3, 82S), 
2 '.}[)OT13, 825),NiJP( 37I,S),IHATI 371l,ORT<SO,S) 
3 NFIXHo: 82S),NFIX( 825),NLOC\ 82S!,V['OTO(3. B25),TH( 

COM~1ON iCNTRL/ LE, LP ,NBUS ,~-INXUS( 25,' 
DIMENSION DEPTH(20) ,CSAREA(20) 
DH1E1-~SION DEM(20) ,XDEPTH(20) ,QSEC(20) ,PROP'20' 
DIMENSION AOh 40) ,CORDI ( 40,2) ,AREAl( 40) ,vEril( 40) 
DIMENSION A02', 80) ,CORD2( 80.2) ,AREA2( 80) ,DEt12( 80) 
Dlt1ENSION A03( 160) • CORD3( 160 ,2) ,AREA3( 160) ,DEt13( 160) 
DIMENSION A04' :320) .CORD4\320 .2) ,AREA4(20) ,DEH4',320) 

C NBUS : II OF U/S NODES (t1ID-POINTS INCLUDED) 
C NCORD: II OF lVS NODES d1lD-POHHS NOT INCLUDED) 
C 
C 
C iHHH 

C 

THE ORDER OF NODES SHOWN ON THE U/S INLET 11UST OBEy THE 
THE RULE OF INITIAL NODE BEING ON THE RIGHT HAND SIDE !")HEN 
FAClNG THE INLET HLONG THE DIRECTION OF FLOW. 

C ******************************************************************** 
C 

'f 
i 
Y 

115 / 
.I 

»} IN / 

y 
y 

y 
( 

( 

'l 

\ III (INITIAL NODE) 

\ FLOW <<< 
IN " 

\ 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

y 

y 111 Y 115 

C 

c 
c 

y 

o X X X x x X ~ x x X x j J 

READ 5.NBlIS,NCORD,QDISCH,WSELE'.) 
5 FORMAT(215,2Fl0.2.' 

READ 10,' NNXlIS(N.l ,N::I .~~BUS) 
1 I) FORt1AT" 1615' 

r~LAST=NN)(US(NBUS ) 
t~START=NN;(US' 1) 

C REAl) THE COORDINATES FOR U/S NODES 

DO 12 IK=l,NBUS,2 
KK=NNXUS~ I K' 

C~***.READ 7,(ORD~KK,1),CORD(kk.2! ,AOlkkj 
7 FORMAT(lOX,3FIO.2) 

12 CONT iNUE 
C 
C CALCULHTE COORDINATES FOR tHD-POINTS 
C 

DO 15 ILL=I,NBUS-2,2 
I KK=NNXUS( I LU 
IKKI=NNXUS< I LL+I,,\ 
lKK2=NNXUS(ILL+21 
CORD(lKK1,l)=O.5*(CORDCIKK,I)+CORD(IKK2,l» 
CORDCIKKI.2)=0.5*<CORD(IKK,2l+CORD(IKK2,Z» 
AO(lKKI!=O.5*CAO'IKK)+AO(lKKZ» 

15 CONTINUE 
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C ..... PRI NT ., 'NSTART=' ,NSTART ,·'NLSAT~' ,NLAST 
C 
C ..... PRINT 998 

998 FORHATU, 'NODE X-COORD '(-COORD ELEV') 
C 
C ••••• PRINT 1II,(N,CORD(N,I),CORD(N,2),AO(N),N=NSTART,NLAST) 

III FORMAT ( 14,' ',3F I 0 • I ) 
C 
C DETERMINE CROSS-SECTIONAL AREA OF FLOW FOR EACH NODE 
C 

C •• •••••• •• •••• •••••••••••••••••••••• *.· .. ****·.·*****.***** ••••••••• 
C 
C DIVIDE EACH NODE TO TWO SUB-NODES. (FIRST> 
C 

C 

C 

NBUSI=NBUS.2 - I 
LL=O 
DO 20 L=I,NBUSI,2 
LL=LL+I 
LKK=NNXUS'LL) 
CORDI(L,I)=CORD(LKk,l) 
CORDI(L,2)=CORD(LKK,2) 
AOI (U=AO( LKK) 

20 C(JIlTINlIE 

DO 30 LI=I,NBlISI-2,2 
CORDI (Ll + I , I )=0 .5. (CORDI (LI ,1) + CORD 1\ LI + 2, I ) .> 
CORDI \ LI + I ,2)=0.5.( CORDI (Ll ,2)+ CORDI (Ll + 2,2'.> 
AOICLI+I)=0.S·(AOI(LI+2)+AOI(LI») 

30 C(JIlT! NUE 

C···.·.·.··*·**************.*****·.*****·****·····**** ••• **.*.*.**.* •• 
C 
C DIVI DE EACH SUB-NODE TO TWO SHALL NODES 
C 

( SECON[I) 

c 

C 

NBUS2=NBUSI*2 - I 
LK=O 
DO 40 LI=I,NBUS2,2 
LK=LK+I 
CORD2( Ll ,I )=CORDI (LK, I.> 
CORD2(LI,2)=CORDI(LK,2) 
A02(Ll )=AOI (LK) 

40 CONTINUE 

DO SO LII=I,NBUS2-2,2 
CORD2 (Lll+ I , I )=0 .5* (CORD2 (LII , I .> + CORD2 '. LI 1+2. I ) ) 
CORD2(L1I+1 ,2)=0.5*(CORD2(L1I,2)+CORD2(L11+2.2 1 ! 

A02(LII+I)=O.S*(A02(LII+2)+A02'LII» 
50 CCM'oITINUE 

C *.*.***.*.****.********** •• ** •• *.*.*.~.**.*.* ••• *.******************* 
C 
C 
C D]\)JDE EACH SHALL NODE TO TWO SUB-SHALL NODES (THIRD) 
C 

C 

NBUS3=NBUS2.2 -
LK=O 
DO 60 L1=I,NBUS3,2 
LK=LK+I 
CORD3( LI ,I )=CORD2( LK, I) 
CORD3(LI,2)=CORD2<LK,2) 
A03(L1 )=A02(LK) 

60 C(JIlTINUE 

DO 70 LII=I ,NBUS3-2,2 
CORD3(L1I+I,lJ=O.S*(CORD3(L1I.I)+CORD3(LI 1+2,1» 
CORD3(LIl+I,2)=O.S*(CORD3(LII,2)+CORD3(LII+2.2» 
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C 

ADJ(LIJ+))=O.S*(A03(LII+2)+A03(LII)) 
70 CONTlNUE 

C +++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
C 
C DIVIDE EACH SUB-SMALL NODE TO TWO SUB-SUB-SMALL NODES (FOURTH) 
C 

c 

NBUS4=NBUS3*2 - 1 
LK:=O 
DO 80 LI-I,NBUS4,2 
LK=L~,+ 1 
CORD4~LI.I)-CDRD3~LK,IJ 
CORD4(LI,2)=CORD3(LK , 2) 
AO,HLI )-A03(LK) 

80 CONTINUE 

00 90 LII=I,NBUS4-2,2 
CDR04(Lll+l,II=O.S*(CORD4(LI1,1)+CORD4(LII+2,IJ) 
CORD4(LII+I,2)=0.S*(CORD4(LII,2)+CORD4(LII+2,2» 
A04~L11+1)=O.5*'A04(LI1+2)+A04(LII)J 

90 CONTlNUE 

C +++++++++++++++++++++++++++++++++++++++++++++++.+++++++++++++++++++++ 
C 

c 

C 

c 

c 

c 

C 

NSSTT=\ 
NLAST1=NBU51 
NLAST.:i:=NBLlS2 
NLAST3=NBLlS3 
NLAST4=NBUS4 
DEH4T=O .0 
AREAT=O.O 
DO 500 NSEC=I,NBUS4 
JJt1=NSEC 
IF(J·JI1.GT • NSSTT .HNO.,IJH.LT .NLAST4) GO TO 100 
IF'; JJH • EILNSSTT ) JR=NSSTT + I 
IF~JJH.EQ.NSSTT) GO TO 110 
IFi,JJM.E'1.NLAST4! JL=NLAST4-1 
IF(,IJH.Ell.NLAST4) GO TO 120 

100 CONTWUE 

JL=NSEC-l 
JR=N',El+ 1 

110 cOtn lNUE 
DXtlR=CDRD4( JR ,I) -COR04i JJH, 1 J 
DYHR=COR04(JR,2)-CORD4(JJH,2) 
DHR=\D;(MR*DXMR+DYHR*DYMR!HO.5 
IF,; JJt1. EfLNSSTT· Dt1L-"Dt1R 
IF(,IJI1.EO.NSSTT) GO TO 140 

120 COtH INUE 
[J,;(t1L=CORD4( J·JM ,I ) -(OR04( ell II ) 
DYML=CORD4( JJt1 ,21-COR()4( JL. 2! 
DML=( DXMU' DXML + Dtt1L*DYt1U u-O • 5 
IF·. J ·Jt1. EO .NLAST 4) DMR=DML 

140 C Ot4T1 NUE 
()Et14 , J·JM·=O. 5*( DHL + DHR) 

DEPTH( J.Jt'1)::I..JSELE(j-;'104{ .JJI1) 
AREA4( JJM)=DEPTH(JJt1) *DEM4(JJt1) 
AREAT=AREAT +AREA4( JJI1) 
DEt14T =DEM4T +DEM4( JJM) 

C,,****PR1NT 'i76.JJI~.A04(JJM) ,DEPTH(JJM) ,DEM4(.JJt~) ,AREA4UJMy 
976 FORI'IAT(' JJt1= ,13. ELEV=', FlO. 3.' DEPTH=" IF 1 0 .3 , ' LENGTH:, 
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C 

c 
C 

I" I U • ;:I..' AREA=', I' I 0 • :3) 

500 CCNrINUE 

C*****PRINT 112,AREAT,DEH4T 
112 FORMATI'TOTAL AREA::' ,FI0.2,3X,'TOTAL WIDTI1=' ,1'10.2) 

c 
c 
c ""', ••• " •• ,',.,., •• ,., ••• ,." •• , ••••••••••••••••••••• t •• 

C 
C CALCULATE THE AREA lt~DER EACH SUB-SHALL NODE 
C 

c 

DO 520 H= 1 ,NBUS3 
M2=H*2 
I F(H. Ell .NSSTT) AREA3(t1)aAREA4(H2)'0. 5*AREA4(H2-1) 
I F(H .EILNSSTT) DEH3,M)= OEt14(H2)+O. 5*DEH4(M2-1 ) 
IF (M. EO .NLAST2) AREA3<t1)=AREA4(M2-1) '0. 5*AREA4(M2-2) 
I F(M .EIl.NLAST2) DEH3(M)=DEM4<H2-1)'0. 5*DEH4(H2-2> 

AREA3(M)=AREA4(t12-1) '0. 5*AREA<liM2-2l+0. 5*AREA4(H2) 
OEM30·1)=DEM4(H2-1)t0. 5*OEM4(H2-2)'0. 5*DEH4I.H2) 

C*****PRINT 986,H,AREA3(t1) ,DEH3(H) 
986 FORMATe H= " ,15,' AREA3= ',FIO.3,· DEM3= .' ,FIO.3) 

c 
520 CONT mUE 

c 
C .,.t .......................... , ....................... " ..... . 
C 
C CALCULAl'E THE AREA UNDER EACH SHALL NODE 
C 

C 

DO 530 t1=1 .NBUS2 
H2=H*2 
I F\t1. Ell .NSSTT> AREA2(t11=AREA3'}12}'0. 5ltAREA3(H2-1 ) 
IF<t1.EILNSSTT) OEM2(Ml= OEH3(H2,l+0 .5*DEM3;.H2-J} 
I F(t1. EO .NLAST2) AREA2(H)=AREA3(H2-1 )+0. 5*AREA3d12-2) 
I F(M .EQ.NLAST2l DEt12(HJ=DEM3(M2-1 ,)+0. 5*DEM3<H2-2) 

AREA2(M:·= ... REA3'.H2-!)' O. 5*AREA3(M2-2)'0. 5*AREA3d12) 
DEH2 (Ml=DEM3(M2-1 ) +0 • 5*DEt13q12-;~ '. 0 .5*DEH3(M2.> 

C*****PRINT 989 ,t't,AREA2<t1l • DEH2<:H) 
989 FORMAT!' M;' ,15,' AREA2= .FJO.3.' DEM.2= ',FI0.3) 

c 
530 CONT lt~tlE 

( 

C •• t ••••••••••••••••••••••••••••••••••••••••• , •• " •••••••••••• + 
C 
C CALCULRTE THE RRE':' LINDER EACH SliBNODE 
C 

c 

[>0 540 I'1=J .NBlISJ 
t12=t1"'2 
I F(M. ECLNSSTT) AREAl <t1)=AREA2(t12) +0. 5*AREA2(H2-1 ) 
J F(H. EO .NSSTT) DENI '.H)" IJEt12(t12; '0. 5*DEH2(M2-1) 
J F(t1. EO .'~LAST1) AREAl (N)=AREA2(H2-1)+0. 5*AREA2(M2-2) 
IF(H.EO.NLASTl) DEHI(H)=DEM2(H2-1)+O.5*DEH2(M2-2) 

AREAl '.H'=AREA2"H2-1 )to • 5*AREA2(H2-2) +0. 5*AREA2<t12) 
DEMI(H)=DEM2(M2-1)'O.5*OEH2(H2-2)+0.5*DEH2(H2) 

C*****PRINT 5'75.M,AREAl<t1) ,DEMI(H) 
975 FORMAl(' M= .. ,15, AREAI=' ,FI0.3,' DEH1= ',FI0.3) 
540 CONTINUE 

C 
C --------------------------------------------------------------
c 
C RECACULATE THE AREA I"'~DER EACH NODE 
C 
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DO 550 KKH=1 ,NBUS 
1'tt2=2*KKH 
I'tt=N'IXUS(KKH) 
IF(I'tt.EO.NS5TT) CSAREA(I'tt)=AREA1(1'tt2)+O.5*AREA1(1'tt2-1) 
IF(HH.EO.NSSTT) D81(1'tt)=DEH1(1'tt2)+0.5*DEH1(1'tt2-1) 
IF(I'tt.EO.NLAST) CSAREA(I'tt)=AREA1(1'tt2-1)+D.5*AREA1(1'tt2-2) 
IF(I'tt.EO.NLAST) DEH(I'tt)=DEH1(1'tt2-1)+O.5*DEH1(1'tt2-2) 
CSAREA(t1H)=AREAl (1'tt2-1 )+0 • 5*AREAl (1'tt2-2)+0 • 5*ARERI (1'tt2) 
DEH(I'tt)=DEHl (1'tt2-1)+0.5*DEHI (1'tt2-2)+O.5*DEH1(1'tt2) 

C*****PR I NT 977 ,I'tt, CSAREA(I'tt) ,DEH(I'tt) 
977 FORHAT(,HH=' ,15,' CSAREA = ',Fl0.3,' DEH =' ,Fl0.3.> 
550 CONTINUE 

C 
C ***************************************************************** 
C 
C*****PRINT 999 

999 FORHATU.4X,· NODE ',2X,·' AREA ',2X,' PROP ',2X,·' LENGTH' ,3X, 
2 DEPTH FLO,,) RATE) 

DO 600 NNSEC= 1 ,NBUS 
C 
C CALCULRTE FLO,,) RATE FOR EACH SECTION (NODE) 
C 

C 
C 

JH=NNXUS(NNSEC) 
PROP( JH)=CSAREA( Jt1 l/AREAT 
XDEPTH( JH)=I")SELEV-AO( JH) 
OSEC< Jt1)=PROP( Jt1.1 *ODI SCH/DEH (Jr·1' 

C*****PRINT 113. JH, CSAREA( JH) ,PROP( JH) • DEH(JH) ,XDEPTH( JH) ,OSEC( JH) 
113 FORHATO:I10,6F10.2.1 

c 
c 

c 
600 CIl'HINUE 

C COMPUTE ANGLE 
C 

C 

C 

C 

JRR=NNXUS\ I.' 
JLL=NNXUS d~811S! 
DX=CORD(JRR,l)-CORD(JLL,I) 
DY=CORDeJRR,2)-CORD(JLL,2) 
IF(QX.EO.O.O.> X8IN=I,0 
IF(DX.EO.O.OI ~COS=D.C 

IF(DY.EO.O.Ol )(SIN=O.O 
IF(DY.EO.O.O) XCOS=I.0 
IF(DX.EQ.O.O.OR.DY.EQ.O.O)GO TO ~.98 

AN=ABS(DY)/ABS(DX) 
ANGLE=ATAN(AN) 
XSIN=SIN(ANGLE) 
XCOS=COS(ANGLE) 

698 CONTINUE 

DO 700 NNSEC=l ,NBUS 
JH=NNXIJSO'lNSEC.1 
SPEC(JH.l.>= XSIN*QSEC(JH) 
SPEC(JH.2)= XCOS*QSECIJMl 

C CONSIDER EIGHT DIF-ERENT CONDITI~~S 
C 
C FIRST 

IF<DX.GT.O.O .AND.DY.LT.O .0) SPEC(JH,l )=SPEC(JH, 1) 

IF<DX.GT.O.O .AND.DT' .LT .0.0) SPEC(JH,2)=SPEC(JH.2) 
C 
C SECOND 
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IF( DX. L T .0.0 .AND .DY .GT .0.0) SPEC': JH, 1 )=-SPEC(JH,I) 
IF(DX.LT.O.O.AND.DY.GT.O.O) SPEC(JM,2>=-SPEC(JM,2) 

c 
C THIRD 
C 

IF( OX. GT .0.0 .AND.DY. GT .0 .0) SPEC( JM,I )=-SPEC(JH,1 > 
IF(DX.GT.O.O.AND.DY.GT.O.O) SPEC(JM,2)= SPEC(JM,2) 

C 
C FOURTH 
C 

IF\I)X.L T.O.O .AND.DY .LT.O .0) SPEC(JM,l)= SPEC(JH ,I.) 
IF(DX.LT.O.O.AND.OY.LT.O.O) SPEC(JH,2)=-SPEC(JM.2) 

C 
C FIFTH 
C 

I F(DX. EIl.O.O .AND .0'( • OT .0.0) SPEC(Jt1, 1 )=-SPEC( JH.I) 
C SIXTH 

IF<DX.EQ.O.O.AND.DY.LT.O.O) SPECIJM,I)=SPEC(JM,I) 
C 
C SEVENTH 
C 

IF<DX.GT .0.0 • AND .DY .EIl.a.O) SPEC(JH. 2)=SPEC(JM, 2) 
c 
C EIGHTH 

I FiD,-< .• L T • 0.0 .AND.DY • E(LO .0) SPEc(JM ,2)=-SPEC\.Jt1 ,;n 
c 
C*****PRINT 699,JH,SPEC(JH,l),SPEC(JH.2.l 

699 FORMAT(!10,5X,'11/,3X,2FIO.2) 
c 

C 
700 Ctl'4TINUE 

RETURN 
END 
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Appendix B 

Listing of Program USNEG 
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:'~::j~ ·jSNEG; '. ~i,F; ... -: ,j;.;:~ Lr;' ,~ ... ~ ~S= l~'i='V~ • 7 ... F·~6=C~;'!F\.:7 I :~;':5: . * ,APES2 ,7H?E6:, TA?E6:;', 

-~E ?ROGRtlM IS OEVE~:)?ED FOR C~tC<NG iH£ NE,~i::··::·~:tP-1 
NuDES FRI11. THE R.~2 Q~ :FU: ~ 7HEt·~ RE?l.AC!NG THt .J~:. ~iE7i~ORr· 

WjT;i :m. ~;E7WDRK 

:APE~ - "JL[; Rt~l 1~JFU: 

~A?E5L- 'C,~D ~/A2 :NPFT 

)j~~P;::.:J.; :;E~' :~:(;C: ,~:~LC(PE·:;j · • .:'~.~C·Fc~1jC 
DINP~5!8~~ ,;:~\ e ~:QR~qGOC.i· ,~;.~~ ~J~~: IN~:2·:-: "~'I' .. = .':1.'.' 

:~ ::"ErEI t:ti ~~:.:i;.: ~:O.! J~C~~:,' : J30 \ ,:'!.;t4(::C ! ,:~:: ... 

~·~L ;;:~[}I:.j,lG21~t··'l,~'E· 2,~:·.'~,,~·: 

~"'. :JR"1A;('i'"t.\5,~:,,~:,!-,;,,~~!,~, ,M .... 
1~"KE-:~ .::] ... r~·:.HNL~,Ei2.=~._;:~': -J'. ."1: 

........ -n c.·.· 
1;'_ ;\. .,J>.iL., 

~~~~G=·: 

:~~E~i 

';~:C ~E~D·,:'~~dl:i·:: .. ·;\:E~l,"i'';E .. :.:::: : I :~;'. 

:?:0 ::O~~A"C5,4FE.2.,2~> I3'O:I~:,~;:':'.J·: 

P:;:.EG.D)GO"':'] 9C~ 

:;"~£P':J.I.~T.O.' NO[J<NEG:.J 
11= :DEP( J i ,~~ • G •. I ~JR!"!'E ': 6~ ,222. :NE: ,NOl": :'~E:: 

~22 ::OPl'1A'T(2;~,F1C.3: 
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IF(DEP,,:I.l;.~. INE6=INEG+, 
;f'\~EP(,!'.l·.3. ~~E6=tflEG+l 

; F (I)EP(r:' .~". ~. NQ!)(JNEG);!( 
iF ,OE?(K '.l. T.O. :.RlTE t 6J ,2m INEG.NO~( :Ut:b 1 ,LiEF',K: 
!F:~E;:m .L; .fl.) INEG=INEG+j 
IF (DE?' Kl .~ ~ .0.) ttlEG=tflES+j 
NRi'1A2=llR!'lt2+ : 
GO TO 900 

Be 5 ~tt\7 ir~UE 
IFGflElUiE.\)) WR;,t(61,224 ) 

224 FD~"',. THE ~iD~E2 ~:s;c~ .;BJVt' ARE ;:R~ ~:~:- ;TEilA7HJif) 

::2!J ~EMi:' ~< .ll)~.~ r·.Et ~ • KE~ 1, ~E13, ~:'(4 
:F<Kc'f~ <EG ... t=PS.AN~.~~'·:!IE& _i="~;'Gti TO 83: 
GO "'c 820 

NRt'A:l=~ 

tt'Er",v 
;',E9=1 

~4n R:><0'.5!,an j,XVELJ,Yi;Ei.I,)EP"; ,:,,;;:',;1. 
l' .X:E ~::. 1 "!,;EL'~ 1 :;cp '::.. I E~=U2 

IF':J,EIl,OJGD -;-G 1':f) 

:FiDE;~~'.;, -.J" rflEIJ;tI,EG+' 
:;:; 'DEP:~' .~ -.[, I ";0D" ;NE~ I:~ 

;~~~;EP:F d .. ~ .U.I jNEf~ttlE~+l 

:: :;EP k, - .: ',1iE,:;'"~tiE;·. 

t.jil!~2=·iI\l'A2. 

3C -0 ;~( 

:l)\: ;'\~£ 
:r'_:t~ES.i~E.~A~~~-E· ~1122:) 

~"F ;Cl?4F~.J "'HE N~JES :"IS7ci) ~9'JJE ~H[ FI':~ :::::~. -fri47::jr,. 

READ;: 5 ,5000 I ~ !TL: 
502:: ~JP'>~;':\20A4" 

*I~;'" ~~RE~D,; S ~ 50: 0 f lEt?, ~PR; t ~Pfli, ~:-E!it if~, :~;J1 :Ctp {:R~~'4 :Bl!' .~:~~n-
~: ... ~ ~: ,; CHK ,NAZ~ I~X6 
:;:~c :;::DRt.!A1.:1615';· 
~i!7 w 6 ,SOla! i SL?, lPR1' ,1Plfl.; ~EN, !='O.!RO, i?P, ;;p,,' 3:N ,LlNl~ 
.,!~~: ,ICHK ,NXZI.,W,XP 
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~ ~~f7 ,*nE.AD;' 5 t 50 J ! HOR!: ,~.:~R~ • .xSC~~:, YSCHLE ,~~ ,XF4C":' j'{F4C1 
:~:; FGR!'¥"~ -: SF! C .2) 

: t~; f1fwj'(;:E \ 6.50 j 1) ~CRI Z ,VERT ,/SCALt t ~ SCA~t .AR l.:\r~C";" I '.'rAC~ 

RS;~(S ,50l2)X;'!. ,(:'L ,X~iR, YUR ,~SCALE, ~2C'KE ,AR 
:::~ ~aWAi':4FjC.QI3~lO,3) 

uI~r7E·~ 6 I 50 12~ XLL IY~~ ,XUR I YUR.,:J.S:'A~E ,''iSCA~E .A~ 

READ( 5,5013),00, '(00 
5[:3 r~:~~T':2Fl0 .0) 

1,~~'::Ej~ ~,SGj 3 )XGO. YOO 

,E,:,v" 5, 599fil,-X2L ,~~DSLQP ,N~j D 
5';?O FC~FT(3!5:i 

~~!TE ': 6 I ~.'j·ii lW(2~ l~mSlOP ,N[~~l D 

NLPJ=:J 
DO J3C ;:: ,NDSL;Jp 
DC !?2 l~=: .>~iEC, 
:r':~SLJPE;:~,EG .. ·~O~:·'J :,:-',-,:: >;,,::,i..::~:' .. 

: 32 Wi"':~,UE 

: 30 C cr~"T H;UE 
.~~: ... : '!o, :~";'.; {JS~OPE ~N:I ,:,~S~,jP:, .: :~OPE ',~~ I ' ,:-'t=:: ,:;D~,~:iF I 

REA[i"5 . 59~~, :~SN'N) ,;~::l,NNAl J: 
5?Q~ ;:-':r;~,:,;..:.'-' :i.'~ 

14G ::ctfr iNiJE 
~,~RF E (.5! 5995 j a~S!~l~~') ,N:: ~ ,,'~~'1J 0; 

!EL8i=f 
NEL&I:'::D 

2:l~ REALh5ISG22)J,:!~X,~M~ 

5&22 j:'ORr-'A-;!C::,F1G.C~ 

IF(~~.G=.';I999j GIJ TO 21~ 

EL.EM': !ELEM)=J 
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DO 212 ~{=j,a 

NOP,: i E .. EM, K:=!tW K) 
212 CLt·j7!NUc 

1K<\1'( IELEM'=jlt< 
NKEI1=tiELEH' 1 
I ELEN= I E .. ttI. J 
GO 10 210 

215 [i)JiINJE 

C~tCK ~HE NE3ATlt)E-DE?TH NODES 

00 250 :r""A= ~ ,~E~::·J, 
}C m :1B=: ,; 
:1(: ~30 iM(:=: ,:;~E3 

:..iR:"'Ei.t,:02;· !~·;·;~·1 
lE2:· ~DR:'~.; :5··· 

NCCT=(: 
270 REHD(5~S024;,: ,~.·<tW~O 

~~:24 i=JR~Ti !S,:?~~~.2~ 

~~':J.G~,;'9r,r,·\3e 70 ~80 
NCGP[H ; .:.:7:='; 
CaR[;( I ,::c~ .; .,=c,;: 
COR[I'l~C7 .2,=:C/i.2"' 
~~D' .. : cc~ ·,:::.4[:[", 

ICCT:l~~~T: 

:)C jl)·:' :AA: i j~{·C··:-

~< 29C: r36;:~/"~\E~: 

~;"','~c:'9ri(!~·j,c~,NOD{;S8·:\:)·: --. :.,.,~ 

:.. - J. : :j'-":- ; :'~~.:' 

~i~:-:-:' .,,:,I)~'; ~~~::·;'0{ :~! I(J~;,' 1AAr~ ·ICG~::': .A...i;l:: :i> ~,;~ 
)"J" 2L"':~·;~ ;,',Lc 

,,:~:TE'.C,\ :;; _.:: ~':;''iq~ 

~<: ~J., ,",i(;::~.:i:i~_ 

~.EAi)( ~. 5,j3C i (NL: ';1' ':i'Y., ,;.~. , , 
>:! ·3~: :i<j=: ,~~ 
DJ 3l~ :":~·-::1 ,t"'~E;j 

GO T~ 318 
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317 ~~"Ri-:-E:6t~D3C)~~LP,: 

GC l'Q 3~(' 

i: 2, :lRlTE( 6.5030l(NllSTiNJ .tl=I,l6l 
;.j; ~;Jt;i jNwE 

ilR;~E.i, 50i~:: :9999 

... ~EAD', 5, ~:G3!J ,~.J~! S--:-,'N) .N=~ ,! 6) 
:;C jJ rJ~.~A-;-,' 1 !oj ~ .. 

;"'iL:.37.j \ ,i.Q"~"?9lGD '0 m 
whITE· o. 5D3~ J :~~,,"!ST(~,~ /~=l, 16) 
'3C "'0 32~) 

36[, ~!)~f1NiJE 

:~.~ ~P:Ti,5033dP9Q~ 

SC32 FJIJM,:i; IS) 

REHL)' 52, i(:~"O :-:- .. C~ 

qCD~ FJii-~; \ "2CAil 

~:;-[ , "; ~ , ~'j:::', ' .. :. :V~ ~ .~~F·' ,;,E:>" I : ,:.~: ..... NC ~ , ::.':;~~[~ Ir~e .~i~ .. ,; ~:~: \:10P-
002 j FGRfI~-;-, j e.!:' 

;:;:EA["'( ~2. '?D:·:. ,;,;-! ,t;l-rl ,,'KE.~· ,~iSi~R~ I )E ..... 7t14.:..' 
:;OC2 ~Opt·JrA::'!:5,2t:~. ~ 

REqD (:.~ . ,.; ~ ~: ~ '. '.' . ' ;: :E;:: , .. : \ ~:. i , ~. -::; .5:' 
"805 F:J~'T:"l10 ,~r!D .~~ IF ~,~, ~.l 

-;C06 CJ['iNUE 
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~o ';O~~ l=l,NCL 
READ':S2,9C06!(UNE(J ,f' ,~=I.IO.J 

l~oa 'QRfiqTIi6!~) 

~~ 901U ii=,,10 
~O 9010 .J=1.:.r':G 
IFC.lNEd ,Ii).EG.NODIJJlISC ,D 9C20 

;j j 0 CCtmt~uE 
DD 9015 :K¥=; .IV 
.. iNE"IO'. ::i:;CL.: iI'·'=L ir~E c j , 1 ~k· 

'~c: 5 CCt,TjNiJt 
', ... NCL=ri"NC:~' : 
it.l~:L=!~~C\" t; 

;:;2~ :rNT ]!,,:: 

; ffiax= j 
~'~6A=~' 
2:: 9~,4~ :'!=~ ,;~B> 

~Et!~'.52!¥C25·!"1}:.'::~:~~.:/· - ,".' 
1C~5 ;::)~:~7!:;![ I: 6.1: ,:1 ,2A,.3~: ~.2·, 

:;0 :;':30 l~~=:, ;l~t:· 

IFi;!~XYZql t! .Ei1J-~0~; jr,l J;\. ;'~4(: 

;J3:~i Ccr~T:NL:E 

'1XYZtiEiO( : !fiB ,; ,=f'lXYZ' f".: 
M.;(" Z~~ti;': l HNB ··:,2 :,=l1/'! Z \~~ ~ 2 .. 1 

i'1X'!'Z~~E\~1 jff~8/ ,il=M'x~':d~ t Z.' 
aX'i ~NE~~i 1 t-riB'( I' J=;r~ :~ ~;J ,4·' 
:cIZr~Ei...;'. i~.B\.,l i=X":Z :~~'~.' 
.X"l 2NEt~ ,; j Iil\B~': I 2 ,.:.{{: ,:~.: 12·: 

~y ~NEw( 1 "~Bx I 3 i':): I·~ (t1, 3.\ 
: HN6.~=j H.'~5.'·. -: 
"ffiaX=,,,·"~D;;· : 

i..JK ~"'E . 62 .1DJ~) ~EGA, E .. E',)\.,i, T89 ,.;';SCALEE ,;;: 3~.r\~i::; 
;.4R liE ... ~L; ·;G::;:, \j-: !\: ~.: .~~c;·:. ,~~S-~R- L : .. :- "';~~, 

:~p.~'E;::.~.1D~·51 : ,,,CCE:i:" I .iI=: ,: ,:=, ,~;-:.:.-

i.ijRi\E(6~,)G~~~( .. :;·;E~~':: ,};. ,,-.-=: ,h 

CiD60 '::~~~::~\.:E 

;:',iRt~ 

tN!; 

'. -•• l!:.' 
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