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TRIGRS—A Fortran Program for Transient Rainfall
Infiltration and Grid-Based Regional Slope-Stability
Analysis, Version 2.0

By Rex L. Baum, William Z. Savage, and Jonathan W. Godt

Abstract

The Transient Rainfall Infiltration and Grid-Based Regional Slope-Stability Model (TRIGRS) is a Fortran program
designed for modeling the timing and distribution of shallow, rainfall-induced landslides. The program computes
transient pore-pressure changes, and attendant changes in the factor of safety, due to rainfall infiltration. The program
models rainfall infiltration, resulting from storms that have durations ranging from hours to a few days, using analytical
solutions for partial differential equations that represent one-dimensional, vertical flow in isotropic, homogeneous
materials for either saturated or unsaturated conditions. Use of step-function series allows the program to represent
variable rainfall input, and a simple runoff routing model allows the user to divert excess water from impervious areas
onto more permeable downslope areas. The TRIGRS program uses a simple infinite-slope model to compute factor of
safety on a cell-by-cell basis. An approximate formula for effective stress in unsaturated materials aids computation of
the factor of safety in unsaturated soils. Horizontal heterogeneity is accounted for by allowing material properties,
rainfall, and other input values to vary from cell to cell. This command-line program is used in conjunction with
geographic information system (GIS) software to prepare input grids and visualize model results.

Introduction

The Transient Rainfall Infiltration and Grid-Based Regional Slope-Stability Model
(TRIGRS) is a Fortran program for computing transient pore-pressure changes, and attendant
changes in the factor of safety, due to rainfall infiltration. The original version (Baum and others,
2002) was based on the method outlined by Iverson (2000), with implementation of complex storm
histories, an impermeable basal boundary at finite depth, and a simple runoff routing scheme. In
version 2, we have retained the features of the original version. We have, however, expanded the
model to address infiltration into a partially unsaturated surface layer above the water table by
using an analytical solution of the Richards equation for vertical infiltration (given by Srivastava
and Yeh, 1991). The analytical transient flow model is one-dimensional and represents the vertical
infiltration in homogeneous isotropic materials that occurs during a storm. To improve usability,
we have implemented property zones to simplify model input and have made numerous small
changes. The program operates on a gridded elevation model of a map area and accepts input from
a series of ASCII text files. Infiltration, hydraulic properties, and slope stability input parameters
are allowed to vary over the grid area thus making it possible to analyze complex storm sequences
over geologically complex terrain. The optional routing scheme achieves mass balance between
rainfall input, infiltration, and runoff over the entire grid by allowing excess water to flow to
downslope cells that are receiving less direct precipitation than they are able to absorb. The
program saves output to a series of text files that can be imported to GIS software for display or
further analysis.



Analyses using TRIGRS are applicable to areas that are prone to shallow precipitation-
induced landslides and that satisfy other model assumptions reasonably well. These assumptions
include a well-documented initial water table and steady background flux, and relatively isotropic,
homogeneous hydrologic properties. The soil-water characteristic curves are approximated by an
exponential function (Gardner, 1958). However, we have not evaluated the magnitude of such
possible errors. Model results are very sensitive to the initial conditions, particularly the steady
component of the flow field and initial depth of the water table. Consequently, the model may
produce questionable results where the initial water table depth is poorly estimated.

The TRIGRS program runs from the command line or in a simple input/output window with
relatively little user interaction. The user controls an analysis by means of an initialization file that
contains the names of all other input and output files as well as other parameters needed to run the
program. The following discussion will briefly describe system requirements for running the
program, installation, and features and limitations of the program, and will provide a detailed
description of the initialization file. An included tutorial helps familiarize the user with program
features and operation.

System Requirements

The TRIGRS program will run on computing platforms that support Fortran 77 and Fortran
90/95. The main program is written in standard Fortran 90 and uses Fortran 90 and Fortran 77
subroutines.' This distribution includes the source code and executable’ files that will run on
Windows and Mac OS computers. The Windows version requires Windows 2000/XP and a
Pentium-class processor. The Mac OS version requires Mac OS X (version 10.2 or later) and a
PowerPC G3 (or higher) processor; TRIGRS runs from the command line, inside the Terminal
application. The amount of RAM required depends on the problem size and the operating system.
Analysis of a 24-period storm over a typical 30-m DEM for a USGS 7-1/2 minute quadrangle,
which has about 175,000 cells, requires about 44 MB of dedicated RAM (in addition to what is
required by the operating system). Analysis of the same storm over a 10-m DEM (about 1,575,000
cells) requires about 400 MB of dedicated RAM. The executable programs, source code, and
tutorial/test data sets occupy about 2.2 MB of disk space. Disk space for data storage requirements
depend on the problem size and output options, but can become large (hundreds to thousands of
MB).

Installation

The software can be downloaded from the U.S. Geological Survey publications web server
at http://pubs.usgs.gov/of/2008/1159/. Check http://landslides.usgs.gov/research/software.php for
updates and bug fixes to the code. After decompressing the archive file (OF20081159_W.zip, for
Windows or OF20081159_M.zip, for Mac OS X), copy the folder TRIGRS to any desired folder on
your Windows PC, or Macintosh computer. Appendix 1 contains a listing of files included in this
distribution. Appendix 2 gives a brief tutorial to acquaint the user with program operation.

Features

As mentioned previously, TRIGRS implements analytical solutions similar to those
described by Iverson (2000) to compute both transient pore pressure due to vertical infiltration and

' Some of the subroutines make use of widely implemented, but non-standard, Fortran 77 extensions for string
manipulation (“adjustl()”) and type declaration (“implicit none”).
? Portions of this program include material copyrighted © by Absoft Corporation 1988-2005.
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attendant changes in factor of safety in a digital landscape. We have extended Iverson's analysis by
adding solutions for an impermeable basal boundary at a finite depth, an optional unsaturated zone
above the water table, and a simple runoff-routing scheme to disperse excess water from cells
where the application rate (rainfall intensity) exceeds the infiltrability (or infiltration capacity,
Hillel, 1982). The program allows the following input parameters to vary from cell to cell
throughout the model: precipitation intensity, slope, soil depth, initial water-table depth, saturated
vertical hydraulic conductivity, hydraulic diffusivity, a three-parameter soil-water characteristic
curve, cohesion for effective stress, angle of internal friction for effective stress, and total unit
weight of soil. The precipitation rate may vary through time and may include water from other
sources, if desired. The user can observe the changes in the pore pressures and factors of safety as
the storm progresses (after program execution is completed). The program reads ASCII grid files
in standard formats that can be output by recent versions of ArcGIS (version 9.2 and earlier) and
GRASS GIS (version 6.3 and earlier). Program output is in the same ASCII grid format as the
input except for an optional file that contains a listing of pore pressure and factor of safety at
various depths for each grid cell. The TRIGRS program restricts the factor of safety to a maximum
of 10 to facilitate plotting and eliminate division by zero in computing the factor of safety on flat
slopes. To speed computation, the user can specify a minimum slope angle for computations; cells
that are flatter than the minimum slope are assigned a factor of safety of 11 to distinguish them
from the others.

The main program was written in Fortran 90 to take advantage of its ability to allocate
arrays dynamically. Consequently, TRIGRS can be used to analyze grids of various sizes and
storms having an arbitrary number of periods of different rainfall intensity without the need to
recompile the program. The upper limit of the problem size that can be analyzed depends on
compiler options, the operating system, and hardware being used. The interested user can find the
source code in the TRIGRS folder.

Changes from Previous Version

The addition of the previously mentioned new features, primarily the unsaturated infiltration
model and the introduction of property zones and a property-zone grid in place of individual grids
for each physical property parameter, required major restructuring of the initialization file. Users
of the previous version should consult the section on "Program Operation" for information about
the new organization of the initialization file, new options, and related topics. The Mac OS version
now runs from the command line, inside the Terminal application, and all input and output files
now use UNIX line endings.

In the original version of TRIGRS each run analyzed the data for a single specified elapsed
time in the storm sequence. To observe how pore pressures and factors of safety change during a
storm, it was necessary to run TRIGRS for different values of elapsed time, 7. Addition of an
unsaturated zone above the water table necessitated restructuring of TRIGRS to solve for multiple
elapsed times during a single program run. This restructuring now makes it possible to compute
pore pressures and factors of safety for multiple elapsed times during a storm sequence; results are
saved to a series of grid files for different elapsed times.

Theoretical Basis of the Program

TRIGRS combines models for infiltration and subsurface flow of storm water, routing of
runoff, and slope stability to calculate the effects of storms on the stability of slopes over large
areas. The following is a brief description of the basic models and formulas used by TRIGRS to



represent these processes. Formulas used in TRIGRS refer to the coordinate system depicted in
figures 1 and 2.

Infiltration Models for Wet Initial Conditions

The infiltration models in TRIGRS for wet initial conditions are based on Iverson’s (2000)
linearized solution of the Richards equation and our own extensions to that solution (Baum and
others, 2002; Savage and others, 2003, 2004). Iverson’s solution consists of a steady component
and a transient component. The steady seepage component depends on the initial depth to the
water table and a steady infiltration rate. The steady infiltration rate, the saturated hydraulic
conductivity, and the slope angle determine the steady (initial) flow direction (within the x-z plane).
The steady vertical hydraulic gradient is a function of the slope, the initial (steady or background)
infiltration rate, and the saturated hydraulic conductivity. Model results are very sensitive to the
steady-seepage initial condition. Consequently, accurate initial conditions are probably the most
significant input for the model. Obtaining accurate initial conditions requires a significant number
of field observations possibly supplemented by steady-flow modeling to extrapolate between
observations. In the absence of accurate initial conditions, use of TRIGRS is limited to modeling
hypothetical scenarios.

The transient component assumes one-dimensional, vertical downward flow, with a simple
specified time-varying flux of fixed duration and intensity at the ground surface and a zero flux
condition for times greater than the starting time at an infinitely deep basal boundary (fig. 3).
These infiltration models apply to saturated or tension-saturated initial conditions, so that flow is in
the linear range for Darcy’s law and the hydraulic diffusivity is approximately constant. We have
used a series of Heavyside step functions to implement Iverson’s (2000) suggested summation of
his original solution for rainfall of constant intensity to represent a general time-varying sequence
of surface fluxes of variable intensities and durations. This generalized solution used in TRIGRS is
given:

v(Z.1)=[Z-d]p

23 sz (om0 Dy (11, )] ferfe| —— 2 (14)

= Kz 2[D,(t-1,) ]2

N, >, z
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In equation 1A,
7 is the ground-water pressure head;
t 1s time;
Z =z/cosd , where Z is the vertical coordinate direction (positive downward) and depth
below the ground surface, z is the slope-normal coordinate direction (also positive
downward), and & is the slope angle (figs. 1 and 2);
d is the steady-state depth of the water table measured in the z-direction;



B =Acosé , where A =cosé —[I,/K,],, and the subscript, LT denotes long term;
K, is the saturated hydraulic conductivity in the Z direction;
I, is the steady (initial) surface flux;

I,  isthe surface flux of a given intensity for the n” time interval;

D, = D, cos’ § , where D, is the saturated hydraulic diffusivity (D, = K /S, where K is
the saturated hydraulic conductivity and S is the specific storage);
N is the total number of time intervals;
H(t - tn) is the Heavyside step function.
The function ierfc is of the form

. 1 2
1erfc(n):ﬁexp(—n )—n erfe(n)., (1B)

where erfc(n) is the complementary error function. The first term in equation 1A represents the

steady part of the solution and the remaining terms represent the transient part. Figure 4 illustrates
the kind of storm history that equation 1A is capable of modeling.

As an alternative to the solution with an infinitely deep basal boundary, we have added and
implemented in TRIGRS a solution for pore pressure in the case of an impermeable basal boundary
at a finite depth (fig. 3). This solution is given:

v (Z.1)=[2-d]p
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Except for the addition of d,,, the depth of the impermeable basal boundary measured in the Z-
direction, the notation in equation 2 is the same as that in equation 1. The infinite series in
equations 1 and 2 converge rapidly so that in computation, only the first few terms of the series are
needed. The version of TRIGRS described in this report tests these series for convergence so that
the minimum number of terms needed to achieve accurate, consistent results is used at each grid
cell.

Equations 1 and 2 represent two different subsurface conditions (fig. 3). Equation 1 applies
where hydraulic properties are uniform with depth and equation 2 applies where a well-defined
decrease in hydraulic conductivity exists at a finite depth. For example, equation 2 would apply
where loose relatively permeable slope deposits overlie relatively impermeable bedrock. We
considered allowing the user to specify a flux at the basal boundary; however, this would add
another unknown to the problem without adding significantly to the program’s analytical
capabilities. Note that only one solution (either equation 1 or 2) is applied to all cells in an
analysis.



Following Iverson (2000) we impose an additional physical limitation that pressure head
under downward gravity-driven flow cannot exceed that which would result from having the water
table at the ground surface, that is:

w(Z,0)<Zp (34)

Thus, TRIGRS automatically reduces pressure head to Z3 anywhere that equation 1 or 2 has
computed a value that is higher than ZB. Setting the background flux, 7, ,, to zero results in a

limiting pore pressure distribution equal to what occurs during slope-parallel flow. As a result of
user requests, we have somewhat relaxed this requirement by allowing the user the option to
specify a value of B that represents either hydrostatic (8 =1) or slope-parallel (8 = cos’ &) flow
conditions rather than using the more general definition used by Iverson (2000).

TRIGRS applies a modified form of equation 3A at cells where the initial flow direction is
upward. If the steady water table is at the ground surface, then exfiltration occurs and any
precipitation runs off along with the exfiltrating water. If the initial water table is below the ground
surface and flow is upward, then TRIGRS allows precipitation to infiltrate until it raises the water
table to the ground surface. This adjustment is accomplished by adding the transient and steady
pressure-head components above the water table as at other cells by applying either equation 1 or 2
and by maintaining the steady upward hydraulic gradient below the water table as indicated in
figure 5. The following formula applies below the water table in such cells.

w(Z,6)=(Z-d)B; Z>d (3B)

In equation 3B, d, is the depth to the transient water table.

Both equations 1 and 2 are generalizations of analogous heat-flow problems (Carslaw and
Jaeger, 1959). Equations 1 and 2 are valid for saturated and nearly saturated soils for which the
infiltrability and hydraulic conductivity approximately equal the saturated hydraulic conductivity.
The solutions are strictly valid only where transient infiltration is vertically downward, but, in
application, computed pore pressures will likely be accurate enough if the transient lateral flow
component is relatively small. However, because the steady-flow component may have any
direction consistent with possible values of S, superposition of the transient and steady
components can result in flow in an arbitrary direction within the x-z plane. As a result of
approximations made in linearizing the Richards equation, the formulas are valid for homogeneous
soils and for depths that are shallow compared to the square root of the upslope contributing area
(Iverson, 2000).

The formulas for both solutions of the infiltration model (equations 1 and 2) include the
complementary error function. The program, TRIGRS, uses an approximation of the error function
that was developed by W.J. Cody of Argonne National Laboratory (Cody, 1969). The original
Fortran source code, also by W.J. Cody, is archived online at http://www.netlib.org/specfun/erf
(accessed 10/17/2006).

Infiltration Model for Unsaturated Initial Conditions

To make the TRIGRS model applicable to a wider range of initial conditions, we have
added an analytic solution for unsaturated flow as an option for estimating infiltration at the ground
surface. This option treats the soil as a two-layer system consisting of a saturated zone with a


http://www.netlib.org/specfun/erf

capillary fringe above the water table overlain by an unsaturated zone that extends to the ground
surface (fig. 6). The unsaturated zone absorbs part of the water that infiltrates the ground surface
and the remaining water passes through the unsaturated zone and accumulates at the base of the
unsaturated zone above the initial water table (fig. 7A and 7B). The unsaturated zone acts like a
filter that smoothes and delays the surface infiltration signal at depth (fig. 8).

This model uses four parameters to approximate the soil-water characteristic curve for
wetting of the unsaturated soil (Gardner, 1958) and approximates the infiltration process as one-
dimensional, vertical flow (Srivastava and Yeh, 1991; Savage and others, 2004). The infiltrating
water accumulates at the base of the unsaturated zone and thus raises the water table. The load of
water accumulating above the original water table propagates downward as a series of diffusive
pressure waves, thus raising pore pressure at depth. For relatively thin saturated zones, like those
common in hillsides, the pressure waves propagate to the basal boundary very rapidly. A separate
analytical solution models propagation of these pressure waves through the saturated zone. In the
following paragraphs we first describe formulas used for computing flux, hydraulic conductivity,
and pore pressure distribution in the unsaturated zone. Next, we describe the procedure for
estimating water-table rise from the unsaturated zone computations and then describe how pore
pressure changes are computed below the original water table.

Governing Equations

A one-dimensional form of the Richards equation describes infiltration at the ground
surface and vertical flow through the unsaturated zone (Freeze and Cherry, 1979).

P _3a wy _
=" aZ{K(w ~ ﬂ (44)

As shown by Srivastava and Yeh (1991), the exponential hydraulic parameter model of
Gardner (1958) can be used to linearize equation 4A and provide an analytic solution for transient
infiltration through the unsaturated zone. Gardner’s (1958) unsaturated conductivity model is
generally considered appropriate for coarse-grained soils. In this model, dependence of hydraulic
conductivity, K (l//), and fluid content, 8, on pressure head in the Richards equation is given by the

following formulas:

K(y)= K, exp(ay *) (4B)

6=0+(0,—0,)expay*) (4C)

In equations 4B and 4C, v is the pressure head, y* =y —y,, where y, is a constant defined below,
K is the saturated hydraulic conductivity, K (y/) is the hydraulic conductivity function, 6 is the
volumetric water content, 0 is the residual water content, and 6, is the water content at saturation.

The parameter o is obtained by fitting equation 4B to a characteristic curve for soil such as that
shown in figure 9. As we recall from the discussion of figure 6, the hydraulic conductivity is
constant, independent of pressure head, and equal to K within the capillary fringe and below the

water table. Also as shown by Gardner (1958), 1/« represents the (vertical) height of the capillary



fringe above the water table and, thus, at the top of the capillary fringe the pressure head is
v, =—1/a . By substituting v, = —1/c into the formula for y *, equations 4B and 4C reduce to

K (1//) =K and 0 =0, at the top of the capillary fringe, and we obtain the soil water characteristic
curve shown by the solid line in figure 9.

Substitution of equations 4B and 4C into the one-dimensional version of the Richards
equation 4A, leads to a linear partial differential equation with the solutions given below
(Srivastava and Yeh, 1991). Note that for the coordinate transformation for the sloping ground
surface we use the following: o, = a cos’§ .



Basic Solution for Constant Surface Flux

The flux at the base of the unsaturated zone, obtained by solving the linearized Richards
equation, is given:

_ a,d t*7]
1,-4(1, _IZLT)GXP(#}XP[_?}

Q(duat) = i Am Sin(alAmdu) expl:_Azt*] (SA)
m=l ] dz“ +2A2d,

in which ¢* is a dimensionless time defined:

*_ oKt sB
“"%.-0) 8

In equation 5A, d, is the depth of the unsaturated zone, I,,, is the steady, long-term background

flux and the values of A, are the roots of the characteristic equation shown below. All other

notation is identical to that used previously.
The hydraulic conductivity in the unsaturated zone varies with time and depth according to
the following formulas. The initial condition, K(Z,0), is given:

K(Z’O) =1y - (IZLT - K, exp(alll/o ))exp[— «, (du - Z)] (50)
and the hydraulic conductivity solution for the unsaturated zone is given:

K(z,n=1,-(1,,-K)exp(-a, (d, - Z))

Z t*
—4(1,, - [ZLT)exp[OC2 jexp(—qj (5D)
sina,A,, (d, - Z)sin(a,A,d, )

»

exp(—AZt*
mel 1+ a;‘ +2A2d, ( )

The values of A are the positive roots of the pseudoperiodic characteristic equation,

tan(Ad, )+2A=0. (6)



In TRIGRS, we solve for values of A, by a combination of bracketing, bisection, and Newton-
Raphson iteration (Press and others, 1986).

Early-Time Solutions for Constant Surface Flux

The Fourier series in equations 5A and 5D converge slowly for very early times, and for
values of #*<0.05, we substitute the following expression for equation 5A:

Z
(InZ =1y ) eXp (alTj

ex [alZJrﬁJerfc uZz + ﬁ
q(du,t): p ) 4 N 4 (74)

2d -7 * 2d -7 *
—exp(—al( il )+%]erfc(—al(2j%* )+ %J

VA
IZLT _(IZLT _Ks)exp(_al (du _Z))+2(1nZ _IZLT)eXp£a12 J

—exp(alz+ﬁjerfc %2 + =
K(z.1)= 2 4 T (7B)

Later-Time Solutions for Variable Surface Flux

To accommodate the time-varying input at the upper boundary, such as would occur during
a rainstorm with varying intensity, we have put the solutions for unsaturated zone infiltration into
Heavyside series expansions. In the expansions given below, ¢, is the time at the n" step. In the
formulas that use Heavyside series expansions, we use the appropriate time difference, -1 , or
t—t ., ,to agree with the argument of the Heavyside step function when evaluating ¢ *.

We use the following formula for the basal flux arriving at the base of the unsaturated zone;
itis a generalized form of Srivastava and Yeh’s (1991) solution given above as equation 5A.
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Computation of K (Z, t) is based on a generalized form of the solution of Srivastava and Yeh
(1991):

u

iH(f—fn) ~4(L, =1y eXp( )exp[——}

= sina,A, (d, —Z)sin(a,A,d,)
=

1,-(1,-K,)exp(-a, (d, - Z))

exp[ ~A’t, *]

m M

1+ “+2A2
2

(d,-2))

gexp[ ]
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InZ - (InZ )eXp(

_4(InZ ZLT exp(

>

m=1 1
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“ +2A d,
2

Pressure head in the unsaturated zone is obtained from equations 4B and 8B.

1 K(Z,t
_111{—5@ ) + all//0:|

a

y(Z,1)=

The user may specify one of two values for y,, either y,
agreement with the solutions of Srivastava and Yeh (1991), or y

11

(84)

(8B)

9)

=0, for computation at the water table in
=— 1/ a , for computation at the



top of the capillary fringe as suggested by Savage and others (2004). When using y,, =0, the depth
of the water table, d, is automatically substituted in place of d, in all formulas presented here. As

a result of the greater depth involved, using y, =0 results in a slower rise time for the water table.

The volumetric water content is computed by substituting the results of equation 9 into equation
4C.

Water Table Rise

Water-table rise occurs in response to vertical infiltration when the amount of infiltrating
water reaching the water table exceeds the maximum amount that can be drained by gravity. For
the one-dimensional geometry assumed by our infiltration models, the long-term vertical hydraulic
gradient is 8 —1, the maximum rate of drainage, ¢, 1S

D = Ks(B-1) (104)

and excess flux, g, , is determined by the following formulas:

Qe = 0,1 q(d,,1) <y (e — 17 €086 (10B)
or
qux = q(du’t)_cd (quax _IZLT COSS) 4 lf q(dzut) > Cd (QZmax _IZLT 0086) (IOC)

where the basal flux, q(du , t) , 18 given by equation 8A. The constant, c,, is 1 for the case where
the basal no-flow boundary is at infinite depth, and is arbitrarily set to 0.1 when the basal no-flow
boundary is at finite depth. If the user selects a slope-parallel final pressure distribution, steady
background flux is ignored, /,,, = 0; in addition, selecting hydrostatic-pressure distribution
prevents all basal drainage, so that g,,_. =0 in equations 10A-10C.

The equations governing transient water-table rise are nonlinear and we are unaware of any
techniques for solving the equations analytically to produce a continuous solution for pore pressure
above and below the water table. Such problems are usually solved by numerical methods (see
Freeze and Cherry, 1979; Huyakorn and Pinder, 1983). Consequently, we use approximate
formulas to estimate the rate of water-table rise and pressure head in the vicinity of the rising water
table.

To compute the water-table rise, we assume that the water table rise and rise of the capillary
fringe resulting from infiltration are approximately equal. We integrate the excess flux arriving at
the water table (equation 10B or 10C) over time to compute the volume of water (per unit area)
accumulating at the base of the unsaturated zone, V, (t), and compare it to the volume of empty
pore space (also per unit area) available above the initial water table (and capillary fringe) after any
given time, V, (Z,t), as shown in figure 7. Numerical integration of g, by repeating Simpson’s

three-point rule over successive time steps yields V, (t); numerical integration is necessary because
the analytical solution for the time integral of equation 5A converges poorly. We compute the
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fillable volume (available pore space) per unit (plan-view) area, V, (Z,t), above the water table by
integrating the fillable porosity 6, from the initial top of the saturated zone up to various equally

spaced heights above it in the unsaturated zone. (All pore space is considered to be filled in the
capillary fringe directly above the water table.) The result is shown:

Vf(Z,t)=(OS—0,,)[(dl,—Z)+T(Z,t)] (11)

In equation 11, T(Z,t) is the transmissivity of a layer between the top of the saturated zone and
some depth Z in the overlying unsaturated zone. In figure 7C, the roughly triangular areas between
the water-content curve labeled ¢,, the dashed vertical line labeled O, , and the dashed horizontal

lines labeled Z, or Z,,, represent the volume V,(Z,r) in equation 11. We obtained formulas for
T(Z,0) and T(Z,r) by integrating K(Z,0) and K(Z,r) with respect to Z, from the top of the
saturated zone, d,, to Z:

7(2,0)=1,,(d, —Z)+ai(1m —KS)(exp(—al (d, —Z))—l) (124)

1
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No early-time equivalent of equation 12B is available. We use numerical integration of the results
of equation 8B for rare cases in which early-time results are needed for computation of the water-
table rise.

The water-table rise is first bracketed between the two nearest depths, Z, and Z,,, at which

the available volume has been computed, such that V,(Z,,t)>V, ()= V,(Z,,,.t), and then it is

estimated by linear interpolation between Z, and Z, ,(fig. 7C). Due to the slope of the water

content curve directly above the capillary fringe (fig. 7B), the method outlined in figure 7C may
slightly overestimate the actual rise of the water table, Ah. The error can be reduced by reducing
the depth increment, Z,,, —Z, .

Pressure Diffusion Below the Water Table

Once the water-table rise has been computed at a grid cell for time increment n, we apply
the load (as measured by the computed water-table rise, £,) at the initial top of the saturated zone
and compute the pressure head using formulas for a constant head boundary condition that have
been adapted from analogous heat-flow problems (Carlslaw and Jaeger, 1959) and generalized for
time-varying water-table rise, s,. For consistency with equation 3A, pressure head, v, , applied

by the newly accumulated water above the initial water table is v, = Bh, .
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Infinite-Depth Basal Boundary, Variable Applied Head

The computer program TRIGRS uses pressure-diffusion formulas for computing head
changes below a rising water table. For relatively homogeneous hillsides, a model having an
impermeable basal boundary at infinite depth can approximate the pressure rise.

N 7 N V4
Z,t)= hH(t—t)erfc| —=u— |- h H(t-t,, )erfc| —=o| (13
viZ.0) Z_:‘ (1=t )er {L/Dl(t—tn)] Z::‘ ( Jer C[z,/Dl(t—tHlJ (1

In equation 13, Z,is the vertical distance below the initial water table, Z, =Z —d,.

Finite-Depth Basal Boundary, Variable Applied Head

For hillsides that have a strong permeability contrast at shallow depth, such as many
hillsides that have a colluvial mantle only a few meters thick, a model that has an impermeable
boundary at finite depth can estimate pressure rise.

Early-Time Formula

As with the infinite depth model, a solution that provides accurate results for early and
intermediate times is based on the complementary error function:

2| (2m=1)d,,-Z,
;(—1) erfc[ ; '—Dl(t—tn) }

> m+1 (Zm—l)dLZ+Z1
+Z(—1) erfc[ 2\/Dl =N }
) (14)

°° 2m-1)d,, —Z
)" erfe ( Lz !
2(-) [ 2D, (t-t,,,) }

n=1 0 —
+Z(_1)m” erfc (2m-1)d,; +2
2\/Dl (t_tn-H)

v (Z00)= L hH G-

In equation 14, d,, denotes the vertical height or thickness of the saturated layer, from the initial
water table down to the impermeable boundary.

15



Later-Time Formula

At later times, we use a formula that is based on a Fourier series solution.

m— 1 (2m—1)2 7T2D (t—t )
_1 1 _ 1 n
2" g e 4d>,

o0
m=1

v (Z,t)=Y hH(t-t,)

o 3 am-] -1

(15)

The step-function series in equations 13—15 contain N successive time steps to represent
water-table rise from the initial base of the unsaturated zone. The time steps correspond to those in
the unsaturated infiltration series. All time steps are completed at one grid cell before proceeding
to the next cell.

Infiltration, Runoff, and Flow Routing

The program, TRIGRS, uses a simple method for routing of surface runoff from cells that
have excess surface water to adjacent downslope cells where it can either infiltrate or flow farther
down slope.” We assume that runoff occurs when the precipitation and runoff supplied to a cell
exceed its infiltrability. The saturated hydraulic conductivity, K, generally equals the infiltrability,

i, for saturated and tension-saturated soils (Hillel, 1982; Iverson, 2000). The purpose of routing
the surface runoff is to prevent the loss of excess precipitation that cannot infiltrate at the cell of
origin and to improve the performance of the model in urbanized or other areas where pavement or
other impervious surfaces exist. However, the user may bypass the runoff routing, if desired.
Running TRIGRS without routing would be appropriate where a complex system of storm drains
complicates runoff routing.

We compute the infiltration, /, at each cell as the sum of the precipitation, P, plus any
runoff from upslope cells, R , with the limitation that infiltration cannot exceed the saturated

hydraulic conductivity, K :

I=P+R,if P+R, <K, (16A)

or
1=K, ,if P+R, >K, (16B)

* Runoff routing is applied only to the transient part of the solution. If TRIGRS detects that the steady infiltration rate
at a cell exceeds the saturated hydraulic conductivity, it reduces the value of [ / K to a value that makes B =0 at the

cell, with the result that pressure head above the user-specified steady water table is zero. Cells where this occurs are
identified in the log file, so that the user can go back and correct the input data.
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At each cell where P+ R, exceeds K, the excess is considered runoff, R,, and is diverted to
adjacent downslope cells.

R,=P+R,— K, if P+R —K, >0 (17A)
or
R,=0,if P+R —K, <0 (17B)

Overland flow between adjacent cells is assumed to occur instantaneously; we have made
no attempts to model the rate of overland flow. Consequently, individual storm periods should be
long enough to allow surface water to flow to adjacent cells. The routing method enforces mass
balance for each time step through the storm; the total precipitation at all the cells must equal the
water that infiltrates at all the cells and the water that flows to edges of the problem domain (or any
closed depressions) without infiltrating. Thus, excess precipitation that cannot infiltrate at its cell
of origin has the opportunity to infiltrate at some point down slope. However, TRIGRS does not
carry runoff over from one time step to the next, nor does it track water that enters storm drains. In
other words, water that runs off a cell during any given time step will either infiltrate at another cell
or reach the edge of the model (or some other sink) within that time step.

In addition to runoff from cells where precipitation exceeds the infiltrability, water is
assumed to run off from any cells where the water table is initially at the ground surface and the
initial (steady) rate of infiltration is negative. Water is exfiltrating from such cells and runs to the
adjacent downslope cell(s). The TRIGRS program tracks exfiltrating water in the mass balance
calculations.

By computing the infiltration and runoff at cells in order from the topographically highest
cell(s) to the lowest, the program TRIGRS avoids the necessity of iterating to reach a solution that
satisfies mass balance. Mass-balance calculations for each storm time step verify that all water
applied as input is accounted for as either infiltration or runoff. Mass balance will be achieved only
if the topographic data have been correctly indexed. A digital elevation model (DEM) can be
indexed correctly only if it has been adjusted in GIS software to be hydrologically consistent. This
adjustment is a selective smoothing process accomplished by raising the elevation of single-cell
closed depressions to match surrounding cells, and slightly raising or lowering the elevation of cells
in flat areas to produce flow directions that are consistent with surrounding topography. The
TRIGRS program writes the results of the mass-balance calculations to a log file, named
"TrigrsLog.txt", in the same folder as the application.

Topographic Indexing

We include a companion utility program, Topolndex (Topographic Index). Topolndex
prepares a group of data files for the runoff-routing calculations. These output files contain a list of
cell numbers ranked in order from highest to lowest elevation and a grid of cell numbers indicating
the neighboring cell on the steepest downslope path. Figure 10 illustrates the grid cell numbering
scheme. The TRIGRS program uses these data to control the order of runoff routing calculations as
described above. If any of these files are missing, then TRIGRS will compute infiltration based on
the rainfall input without routing any excess surface water. The output files of Topolndex also
contain a list of grid cells and their downslope neighbors, along with a list of weighting factors that
determine what proportion of the runoff is transferred to each neighboring downslope cell.

The program Topolndex uses a two-step process to index the cells from highest to lowest
elevation. The first step, sorting the cell elevations, consists of defining an index using the
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“Heapsort” algorithm (Press and others, 1986). The second step corrects the index by comparing
the indices of neighboring cells to their relative positions along downslope paths. If the indices of
two neighboring cells that have the same apparent elevation (due to numerical rounding or
truncation) are out of order, they are swapped. This iterative step continues until the number of
corrections on the last pass equals zero. Figure 11 compares grid cell elevation (fig. 11A) and cell
index (fig. 11B) for a sample grid. We have successfully tested TopoIndex on a grid of a
approximately 2 million cells. The TRIGRS program uses output files from Topolndex to
implement the runoff-routing scheme described in the previous paragraphs. Our tutorial (appendix
2 of this report) describes how to operate the utility program and prepare data for the analysis.
Figure 12 shows the designation of D8 flow directions used by Topolndex in contrast to the ESRI
direction codes. Successful operation of Topolndex requires the use of a hydrologically consistent
DEM as input. Topolndex does not account for storm drains and similar artificial drainage
diversions that are not expressed in the topography.

Topolndex allows the user considerable latitude in determining how excess water, R, will

be distributed among the downslope cells. Table 1 outlines the available choices of distribution
patterns, which (in this implementation) apply only to square cells. Many of the patterns depend on
an exponent, @, and the slopes between the current grid cell and its downslope neighbor cells
similar to the method of Freeman (1991). The same exponent is used in computing weighting
factors throughout the grid. Figure 13 illustrates how the choice of distribution patterns affects the
output. Figure 13A and 13B show cell numbers and elevations from part of the sample grid. The
default case (@ > 20, fig. 13C) is to divert excess water only to the adjacent cell on the steepest
downslope path (the D8 method of O'Callaghan and Mark, 1984). Letting @ = 0 distributes the
excess water evenly among all adjacent downslope cells; this pattern has the greatest dispersion of
all the choices (fig. 13E). If o =1 (fig. 13F), then flow is distributed among all downslope cells in
proportion to the slope, which is equivalent to the method of Quinn and others (1991). Tarboton
(1997) showed that this method has significant dispersion. Choosing higher exponents decreases
the dispersion and diverts increasing proportions of the flow to the cell on the steepest downslope
(D8) path (figs. 13G, H). Negative exponents are not implemented because they would concentrate
flow on flatter slopes.

If the user enters a negative exponent in the Topolndex initialization file, it acts as a flag to
select a method that is similar to Tarboton’s (1997) D-infinity method (fig. 13D). The D-infinity
method assumes that water flows down the steepest slope, computes the direction of steepest slope
and attempts to direct flow in that direction by partitioning the flow between the two cells nearest
to the steepest slope direction. In this case, Topolndex uses the D8 direction as a starting point and
compares the slopes of the two neighboring directions to identify the triangular facet that contains
the steepest slope. If the steepest slope coincides with the D8 flow direction, then all flow is
diverted to the cell in that direction. Otherwise flow is distributed between the two cells that
straddle the direction of the steepest slope; the weighting factors are proportional to the angles
between the grid directions and the dip direction of the facet as described by Tarboton (1997).

Each of the runoff distribution patterns has its peculiar characteristics. The D8 method is
the simplest and has the lowest dispersion; however, the resulting runoff distribution is irregular
and somewhat unrealistic. We prefer the D-infinity method because it is physically more realistic
than any of the other methods implemented in Topolndex. The D-infinity method is used in the
steady-state regional slope stability program SINMAP (Pack and others, 1998). The remaining
methods, in which the weighting factors are proportional to the slope raised to an exponent, are
provided to allow the user to achieve greater dispersion or smoothing of the runoff distribution if
desired.
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Slope Stability

Following Iverson (2000), we model slope stability using an infinite-slope stability analysis
(Taylor, 1948). In his analysis, failure of an infinite slope is characterized by the ratio of resisting
basal Coulomb friction to gravitationally induced downslope basal driving stress. This ratio, called
the factor of safety, F\, is calculated at a depth Z by

FS — tan¢ + c _V/(Z’t)yW tan¢ (18)
tan 6 y¢Zsind coso

where ¢’ is soil cohesion for effective stress, ¢’ is the soil friction angle for effective stress, y,, is
unit weight of groundwater, and ¥ ¢ is soil unit weight. The pressure head, q/(Z , t), in equation 18 is

subject to the limitation imposed by equation 3 and is obtained from either equations 1, 2, 9, or 13—
15 depending on the particular conditions modeled.
Factors of safety, F, are calculated by equation 18 for transient pressure heads at multiple

depths Z (fig. 14). Failure is predicted when F; <1 and stability holds where F >1. The state of
limiting equilibrium exists where Fg =1. Thus, the depth Z where Ffirst drops below 1 will be the

depth of landslide initiation. This initiation depth depends on soil properties and the time and depth
variation of pressure head, which, in turn, depends on rainfall history.

In the unsaturated zone we use a simple approximation for Bishop’s (1959) effective stress
parameter, y , in computing the factor of safety. Vanapalli and Fredlund (2000) defined the

approximation, y = (0 -0, )/ (OS -0, ) , which has subsequently been adopted by others (see Lu and
Likos, 2004). To compute the factor of safety above the water table, the matric suction, y(Z,?)y,, ,

is multiplied by y . In TRIGRS, we compute a depth-averaged soil unit weight for use in equation
18 to account for the lower unit weight of partially saturated soil above the water table.

Limitations

All numerical and analytical models of ground water flow and slope stability are subject to
limitations imposed by simplifying assumptions, approximations, and other shortcomings in the
underlying theories. The TRIGRS program is based on transient vertical infiltration models
combined with a simple slope stability model and is subject to the same limitations that are inherent
in the original models (Srivastava and Yeh, 1991; Iverson, 2000; Savage and others 2003):

* The model assumes flow in homogeneous, isotropic soil; thus, application to areas with marked
soil anisotropy or heterogeneity in hydrologic properties may cause errors in the solution.

e The TRIGRS program models only one-dimensional vertical infiltration, which is dominant in
determining pore pressure change early in a storm. During longer storms and periods between
storms, lateral flow also has a significant influence on the magnitude and distribution of pore
pressure. Estimates of pore pressure using the TRIGRS model may be in error once lateral flow
begins to respond to the storm. Consequently, TRIGRS is not suitable for modeling long-term
effects of alternating periods of rainfall and evapotranspiration, and choosing the correct initial
conditions for a given storm is critical to obtaining accurate results. The most suitable method
for handling lateral flow within the TRIGRS framework is currently under investigation. Users
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may estimate “worst-case” pressure-head conditions resulting from late-storm slope-parallel
flow by setting the initial water table at the ground surface and setting the steady background
flux to zero or by using the slope-parallel option (tables 2 and 3) to obtain a pore pressure
distribution equivalent to slope-parallel flow.

The results are very sensitive to the initial conditions. Ideally, the user should know the initial
water-table depth and something about the initial flow field throughout the study area. The user
must specify the initial depth of the water table and steady infiltration or exfiltration rate at each
cell or estimated values for the entire area. The initial water-table depth and rate allow the user
to represent fairly general initial flow conditions. In urban and suburban areas, data from
geotechnical borings and monitoring wells for environmental remediation projects may provide
estimates of the initial conditions. In the absence of detailed information, simple ground-water
flow models that can be adapted to hill-slope conditions might provide reasonable estimates
(Beven and others, 1984; Beven, 2004).

The program uses a simple method for routing surface runoff from cells where precipitation
exceeds the infiltrability (K| for saturated and tension-saturated soils) to neighboring downslope
cells. This method does not account for evapotranspiration, which is expected to be low during
most storms. Furthermore, the runoff routing model cannot be used to estimate stream flow
because runoff from cell to cell is assumed to happen instantaneously and the runoff receives no
contributions from subsurface flow, except for cells where steady exfiltration is specified in the
initial conditions.

Procedures for correcting and preprocessing digital elevation models (filling pit artifacts or one-
cell depressions, and computing flow directions) are not included in TRIGRS or Topolndex.
However, such procedures are available in modern GIS software. Topolndex and TRIGRS
require a DEM that has been corrected to remove noise, such as one-cell depressions.

Model results are sensitive to the engineering properties of geologic units in the model area,
some of which may vary over orders of magnitude. For any geologic material the hydraulic
conductivity and diffusivity may vary over several orders of magnitude.

The slope-stability model is based on an infinite slope analysis, which assumes uniform slope,
thickness, physical properties, and that pore-water pressure is a function of only depth and time.
Applying this method over a grid that represents three-dimensional topography may result in
errors where slope, thickness, physical properties or pore pressure changes abruptly. Non-
uniform lateral stresses (or inter-cell forces) and non-planar failures may occur in areas where
the infinite slope assumptions are violated. Thus, the model is more accurate where conditions
favor planar failure, which typically occur at depths that are shallow compared to the width of
the grid cells and in areas where slopes are smooth and have a relatively uniform mantle of
weathered material. Based on published comparisons of various methods of slope stability
analysis, we expect the model to compute lower factors of safety than more rigorous methods of
stability analysis would in areas where failures tend to be non-planar (Duncan, 1996).

The TRIGRS model is not recommended for use on slopes steeper than 60°. For slopes steeper
than about 50°-60°, depending on the depth, cohesion, and other parameters, equation 18
predicts increasing, rather than decreasing, values of F§ for constant depth. The safety factor
increases for slopes steeper than 50°-60° because the thickness of the sliding mass, Z coso,
decreases as the slope becomes steeper, with the result that the proportion of shearing resistance
contributed by cohesion increases significantly over that contributed by friction. Although this
difficulty can be overcome by dividing a depth grid by cos ¢ to effectively transform it to a
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thickness grid and using the transformed grid with TRIGRS, this transformation will not
overcome the uncertainty resulting from use of a one-dimensional model to represent the
infiltration process on slopes steeper than 60°-70°.

* The program does not check for consistent units of measurement between the different input
parameters. However, we have provided a simple utility program called UnitConvert that can
be used to convert data contained in grid files between different systems of units.

* A lack of information about how conditions change once a slope has failed limits the ability of
TRIGRS to forecast what happens after the factor of safety has fallen below unity (failure) at
any particular grid cell. Although it is feasible to modify TRIGRS to update the properties and
hill-slope geometry after failure occurs, the main difficulty lies in predicting what the updated
properties and geometry should be. In many instances, the scars of shallow failures expose
more competent material, and considerable time (years to decades) must pass before sufficient
weathered material accumulates to allow failure at the same location. However, depending on
cell size, successive failures might occur at neighboring locations within the same cell during a
storm or later storms. Consequently, for computational purposes, we have treated cells as if
they are unchanged by failures during a given simulation—in other words, TRIGRS does not
modify the soil thickness or properties when F <1.

Program Operation

The Windows versions of the programs TRIGRS, Topolndex, Gridmatch, and UnitConvert
are launched by double clicking their icons. These programs have a command line interface, and
run in their own console windows. Mac OS versions are started from the command line in the
Terminal application.” Upon starting, TRIGRS opens a user-supplied initialization file found in the
present working directory, and reads a list of file names and parameters needed to compute the pore
pressures and factors of safety in each cell. The program then opens and reads files of input data,
computes the results, and saves the output to a series of files. The program exits automatically
when it is finished. The TRIGRS program writes a brief log file that may be useful in
troubleshooting or in keeping a record of successive analyses. The log file includes a record of the
starting and ending time, any errors that occurred, a copy of data from the initialization file,
statistics on convergence of series solutions, and other information useful in interpreting program
output. The utility programs, Topolndex, GridMatch, and UnitConvert, operate in the same
manner. Successful operation of the programs requires that the initialization file and other input
files be organized and formatted correctly. Therefore, we describe the format and contents of these
files before presenting a brief tutorial (appendix 2).

TRIGRS Initialization File

The initialization file (table 2) controls input and output. Use of an initialization file
accelerates analysis when compared to the alternative of repeatedly choosing input files from
interactive dialog boxes. The initialization file is in ASCII text format and contains a list of header

*To run TRIGRS from the command line, start Terminal, type cd and drag the (main) TRIGRS folder icon to the
Terminal window. After the path name of the folder appears on the command line, press return. Drag the TRIGRS
program icon (in the folder TRIGRS/bin) to the terminal window and press return. TRIGRS will launch immediately
and look for the initialization file in the present working directory, which in this case is the folder selected using the cd
command.
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lines, input file names, and constants needed to complete the analysis. To change problem
parameters, the user edits the initialization file using a text editor. Consequently, most runtime
errors result from mistakes in editing the initialization file or errors in the input grids. To reduce
errors in editing the file, a descriptive or explanatory heading precedes each line (or in one case a
group of related lines) of data in the initialization file. The first line of data contains a project title.
It is followed by several lines of numeric data including program parameters, properties for each
zone, rainfall infiltration rates and times; the second group of lines contains names of input files;
and the third group of lines specifies which output files will be saved, as well as their file names
and paths. The fourth and final group contains user options that affect how the analysis is
performed. Table 2 shows the organization of the initialization file and defines the input file names
using partial path names (starting at the current folder). The next few paragraphs describe the
structure of the initialization file and general characteristics of the data. We have provided a more
detailed explanation of the initialization data needed to perform a simulation in the tutorial
(appendix 2).

Numeric data.—The file contains several lines of numeric data needed to determine array
sizes, model parameters, precipitation history, initial conditions, and physical properties. An
explanatory heading precedes each line of data. The file is organized with a project title and
heading on the first two lines, numerical input data and headings on the next six lines, followed by
two lines of headings, one line of data for each property zone, and two more lines each for rainfall
rate, corresponding times, and their respective headings (table 2). The user may set physical
parameters, such as soil and water table depths, background flux, and rainfall (infiltration) rates to a
constant value over the entire grid by specifying a positive value. A negative value for any of these
parameters prompts the program to read an input grid for spatially variable data. The user
determines the number of property zones and assigns physical properties (soil strength parameters
and hydraulic properties) to each zone (one line per zone). A single property-zone grid maps all
these properties to the model. Table 3 defines the numeric variables listed in table 2 and indicates
appropriate ranges of values.

Input files.—The user must specify a file name for each input file. The TRIGRS program
automatically reads a name for each potential input file; therefore the user must provide a
placeholder for any input file that either does not exist or will not be used for a given simulation.
The TRIGRS program can accept either full or partial path names’ as long as 255 characters;
however, the rules for specifying path names vary between operating systems. If the paths are
typed incorrectly, the program will report an error. To minimize errors in specifying file path
names, the user may place all the input data files needed for a given simulation into a specific
folder. On Windows systems, placing a copy of the executable program (TRIGRS.exe) and
initialization file into the folder where the data reside will further simplify operation. By doing so,
the user needs only to specify the file names and does not need to worry about the paths.

In table 2, path names of input files are on the next group of lines after the numeric data
described previously. Each file name occupies a single line in the file. The total number of lines in
the file depends on the number of property zones and number of periods of different rainfall
intensity. Be sure to include a file path name, rifil(), for each period, but only one heading for this
group of file names. In this example, the rainfall rates during the storm are set constant over the
grid. Two storm periods are specified, so two lines are needed for the rainfall rate input file names
(placeholders in this case).

* The full path is the concatenation of the drive name, the folder name(s), and the file name. For example, C:\\Program
Files\TRIGRS\TRIGRS.EXE is a full path name and TRIGRS\TRIGRS.EXE is a partial path name. Parent directories
can be specified by typing "..\" in Windows or ".." in Mac OS and UNIX.
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Output files.—Table 4 lists the names and describes the contents of the output files that
TRIGRS can generate. A series of eight logical values (true or false) determines which output grid
files are saved to disk. These are listed directly after the input file names (table 2). A numeric flag
at the end of the list of output file choices determines whether the cell-by-cell list file is saved and
whether it contains optional data. Note that this file can become very large, particularly if the
analysis includes multiple time steps. This option should be reserved for use with small test grids
to prevent filling the disk drive. The user may specify an identification code to group files from a
particular simulation. Users may also specify a separate folder where the output files can be saved.
Certain output grids can be saved at selected times during the simulated storm.

Model options.—The last few lines of the initialization file (table 2) allow the user to select
options that control how the model performs certain functions in the unsaturated zone (appendix 2).
These options allow the user to compute the fillable porosity either analytically or numerically,
compute positive pressures above the original water table as water accumulates at the base of the
unsaturated zone, and determine how the capillary fringe is treated. The final option allows the
user to select the slope of the beta line, which determines maximum pore pressure at each depth.

On start-up, TRIGRS will look for the default initialization file, "tr_in.txt", in the same
folder where the program file resides. If it is not present, then TRIGRS prompts the user to enter
the name of the initialization file. Topolndex, GridMatch, and UnitConvert follow a similar
convention.

Input File Format

Most input files contain gridded data and all grid files use the same basic format, consisting
of a short list of file parameters followed by the grid data. File parameters can be entered in
formats that support either ESRI ArcGIS or the open-source GRASS GIS. The files are in space-
delimited ASCII text format and can be viewed or edited with a text editor.

The first six lines of the ArcGIS ASCII grid file contain parameters defining the grid. Table
5A shows an elevation grid from the tutorial data folder. The first two lines define the number of
columns and rows in the grid. The third and fourth lines indicate the coordinates of the lower-left
(southwest) corner of the grid, the fifth line indicates the grid spacing, and the sixth line defines the
value used to identify cells where no data exists. Each parameter is preceded by a text label up to
14 characters long (table 5A). Text labels for the ArcGIS ASCII grid format should appear exactly
as shown in table SA. The remaining lines (line 7 and beyond) contain the value (topographic
elevation in this example) of each grid cell. The grid data begins at the northwest corner cell in the
upper left-hand corner of grid and the cells are listed from left to right (west to east), and row-by-
row from top to bottom (north to south). The grid data may be written in either decimal or
scientific floating-point format. Single-precision arrays hold the grid data. Spaces, commas, or
tabs may be used as delimiters. The default "no data" (null) value for cells to be excluded from the
analysis 1s -9999.

The header for a GRASS GIS two -dimensional ASCII grid format also lists six lines (table
5B). The first four lines list the north, south, east, and west boundaries of the grid in UTM or
similar coordinates, and the last two lines contain the number of rows and columns in the grid.
Grid values are arranged and formatted the same way as for the ArcGIS files. The GRASS GIS
software allows the user to specify the value for no-data cells, but the header does not specify this
value, so we suggest setting the no-data (null) value to -9999 to agree with the default value in
TRIGRS.

The only exceptions to the grid-file format are files used to control the routing of excess
water. These text files include three lists as shown in tables 6, 7, and 8. Table 6 illustrates the
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format of a file containing a list of cells downslope from each grid cell. Table 7 follows a similar
format and contains the weighting factors for the corresponding cells listed in table 6. Table 8
illustrates the format of the index file that indicates the order in which cells are analyzed to
correctly partition infiltration and runoff. The input routing method also uses a grid file that
indicates which neighboring cell is on the steepest downslope path.

Output File Formats

The TRIGRS program automatically generates a log file and can generate optional output
files (if specified in the initialization file, table 2). The log file (always named "TrigrsLog.txt")
contains information about program operation and repeats the data from the initialization file. By
renaming the file (add the identification code applied to the other output files from the simulation),
the user can save a record of the simulation to keep with the other output files. Most of the optional
output files follow the same grid format as the input files. Three of the files contain (1) the
minimum factor of safety, (2) the pressure head, and (3) the depth at which the minimum occurs.
In case of runoff, TRIGRS saves a file showing runoff at the end of each storm period.

Another optional output file contains a cell-by-cell listing of the pore pressure and factor of
safety at each depth in the profile (fig. 14 and table 9). This file can become quite large because its
size increases with the user-specified number of vertical increments (fig. 14) and with the number
of cells in the grid. For example, on a grid with 20,522 cells, the profile data using five vertical
increments (six points per cell) occupied about 5 MB, where the ASCII grid output files occupied
368 KB each. The suggested use of this file is for tracking time histories of a few representative
cells organized into a small grid for model calibration.

Topolndex Initialization File

Topolndex requires less input than TRIGRS, but its initialization file is similar in design.
Table 10 shows an example initialization file for Topolndex. The first two lines contain numeric
data needed to control program operation and establish array sizes. The next two contain the names
of input files and the remaining lines control output. Table 11 lists the output files. TRIGRS uses
four of the seven output files that Topolndex is capable of generating (indicated by * in table 11).
The other three are provided as a convenience for the user in visualizing the data.

Troubleshooting

The following suggestions will help to ensure that TRIGRS and associated programs work
as expected.

e Use GIS software to hydrologically correct (remove pit artifacts from) the digital
elevation model (DEM).

e Make sure that all grid files (1) are in one of the specified formats, (2) have the same
numbers of rows and columns, and (3) have the same number of no-data cells in the
same locations (fig. 10). We have provided a utility program “GridMatch” to help
the user verify that all input grids have the same structure. It checks the number and
locations of no-data cells as well as verifying that the number of rows and columns
are the same. Table 12 is a sample listing of the initialization file for GridMatch.
Results of the file comparison are saved in the file gridmatchLog.txt. Sample
mismatching grid files, used to demonstrate the operation of GridMatch, are found
in the folder Data/gridmatch/ within the TRIGRS distribution.
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e Check the path names of all files listed in the initialization file for correct location
and spelling.

e Be sure that the initialization file is in the same folder as the program file on
Windows systems or in the present working directory on Mac OS X and other
UNIX-based systems.

e Save and close the initialization file and all other input files before attempting to run
TRIGRS or one of the associated utility programs

A list of common problems and solutions appears in table 13.

Comparison of Computed Results with Published Analyses

We tested TRIGRS against Iverson’s (2000) examples from the Minor Creek landslide and
from an experiment at the USGS debris-flow flume and were able to reproduce his results for pore
pressure and factor of safety profiles. Thus, we were able to verify that the computer code
accurately implements Iverson’s (2000) formulas for pore pressure and factor of safety. After
publishing the original version of TRIGRS, students of Ricardo Rigon (University of Trento,
Trento, Italy) pointed out an error in the coordinate transformation in Iverson’s (2000) original
paper. Correction of that simple error causes our numerical results to differ somewhat from
Iverson’s (2000) published values, though preserving their basic form. Folders named
“MinorCreek” and “flume” contain files with necessary data to reproduce these results. By varying
elapsed time, 7, in the initialization file, the user can compute pressure head and factor of safety
profiles like those of figures 7, 8, 10, and 11 of Iverson (2000). Note that the computed profiles
conform to the limit imposed by equation 3. We have also verified that the new version of
TRIGRS described in this report reproduces the published results of Srivastava and Yeh (1991).
Data in the folder “sy91” produce profiles that allow the user to reproduce the curves plotted in
figure 3 of Srivastava and Yeh (1991).

Acknowledgments

Mark Reid and Jon McKenna (both USGS) provided critical reviews of the original
program and documentation. John Michael (USGS) prepared GIS grids used in development and
testing of the programs. Bill Schulz (USGS) tested the tutorial and software and provided helpful
suggestions. Diana Salciarini (University of Perugia, Italy) provided suggestions for improving the
user interface, and Silvia Simoni (University of Trento, Italy) made us aware of minor errors in the
original code. Carlo Sica (University of Salerno, Italy) and Dianne Brien (USGS) provided critical
reviews of the present version.

25



References Cited

Baum, R.L., Savage, W.Z., and Godt, J.W., 2002, TRIGRS—A Fortran program for transient
rainfall infiltration and grid-based regional slope stability analysis: U.S. Geological Survey
Open-File Report 02-0424, 35 p., 2 appendices.

Beven, K.J., 2004, Rainfall-runoff modeling: The Primer: Chichester, United Kingdom, Wiley, 372
p.

Beven, K.J., Kirkby, M.J., Schofield, N., and Taqq, A.F., 1984, Testing a physically-based flood
forecasting model (TOPMODEL) for three UK catchments (Crimple Beck, Hodge Beck, Wye):
Journal of Hydrology, v. 69, p. 119-143.

Bishop, A.W., 1959, The principle of effective stress: Teknisk Ukeblad, v. 39, p. 859-863.

Carslaw, H.S., and Jaeger, J.C., 1959, Conduction of heat in solids: New York, Oxford University
Press, 510 p.

Cody, W.J., 1969, Rational Chebyshev approximations for the error function: Mathematics of
Computation, v. 23, p. 631-638.

Duncan, J.M., 1996, Soil slope stability analysis, in Turner, A.K., and Schuster, R.L., Landslides—
Investigation and mitigation: Washington, D.C., National Academy Press, Transportation
Research Board Special Report 247, p. 337-371.

Freeman, T.G., 1991, Calculating catchment area with divergent flow based on a regular grid:
Computers and Geosciences, v. 17, no. 3, p. 413-422.

Freeze, R.A., and Cherry, J.A., 1979, Groundwater: Englewood Cliffs, N.J., Prentice Hall, 604 p.

Gardner, W.R., 1958, Some steady-state solutions of the unsaturated moisture flow equation with
application to evaporation from a water table: Soil Science, v. 85, p. 228-232.

Hillel, Daniel, 1982, Introduction to soil physics: San Diego, Calif., Academic Press, 364 p.

Huyakorn, P.S., and Pinder, G.F., 1983, Computational methods in subsurface flow: New York,
Academic Press, 473 p.

Iverson, R.M., 2000, Landslide triggering by rain infiltration: Water Resources Research, v. 36, no.
7, p. 1,897-1,910.

Lu, Ning, and Likos, W.J., 2004, Unsaturated soil mechanics: New York, Wiley, 584 p.

O'Callaghan, J.F., and Mark, D.M., 1984, The extraction of drainage networks from digital
elevation data: Computer Vision, Graphics and Image Processing, v. 28, p. 328-344.

Pack, R.T., Tarboton, D.G., and Goodwin, C.N., 1998, The SINMAP approach to terrain stability
mapping, in International Congress of the International Association of Engineering Geology and
the Environment, 8th, Vancouver, British Columbia, Canada, September 21-25, 1998,
Proceedings: Rotterdam, Netherlands, A.A. Balkema, v. 2, p. 1,157-1,165.

Press, W.H., Flannery, B.P., Teukolsky, S.A., and Vetterling, W.T., 1986, Numerical recipes, the
art of scientific computing: New York, Cambridge University Press, 818 p.

Quinn, P, Beven, K., Chevallier P., and Planchon, O., 1991, The prediction of hillslope flow paths
for distributed hydrological modeling using digital terrain models: Hydrological Processes, v. 5,
p. 59-80.

Savage, W.Z., Godt, J.W., and Baum, R.L., 2003, A model for spatially and temporally distributed
shallow landslide initiation by rainfall infiltration, in Rickenmann, D., and Chen, C., eds., Debris-
flow hazards mitigation—mechanics, prediction and assessment: Rotterdam, Millpress, p. 179—
187.

Savage, W.Z., Godt, J.W., and Baum, R.L., 2004, Modeling time-dependent aerial slope stability,
in Lacerda, W.A., Erlich, M., Fontoura, S.A.B., and Sayao, A.S.F., eds., Landslides—Evaluation

26



and stabilization, Proceedings of the 9th International Symposium on Landslides: London, A.A.
Balkema Publishers, v. 1, p. 23-36.

Srivastava, R., and Yeh, T.-C. J., 1991, Analytical solutions for one-dimensional, transient
infiltration toward the water table in homogeneous and layered soils: Water Resources Research
v. 27, p. 753-762.

Tarboton, D.G., 1997, A new method for the determination of flow directions and contributing
areas in grid digital elevation models: Water Resources Research, v. 33, no. 2, p. 309-319.

Taylor, D.W., 1948, Fundamentals of Soil Mechanics: New York, Wiley, 700 p.

Vanapalli, S. K., and Fredlund, D.G., 2000, Comparison of different procedures to predict
unsaturated soil shear strength, in Shackelford, C.D., Houston, S.L., and Chang N.-Y., eds.,
Advances in unsaturated geotechnics. (Proceedings of Geo-Denver 2000, Denver, Colo., August
5-8, 2000): Reston, Va., American Society of Civil Engineers, Geotechnical Special Publication
99, p. 195-2009.

27



Figure 1. Sketch showing local xyz coordinate system with x tangent to the local surface slope, y
tangent to the local topographic contour and z normal to the x-y plane; the slope angle, ¢ , is with
respect to the horizontal.
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Figure 2. Sketch showing the definition of the vertical coordinate, Z = xsiné + zcos & , used to
compute the depth at an arbitrary location. If Z and z have a common origin, then Z = z/cos 0
(after lverson, 2000).
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Figure 3. Schematic cross sections showing boundary conditions assumed in deriving the two
infiltration formulas (equations 1 and 2). The dimension Z___ corresponds to the input variable

max

zmax, and the initial depth to the water table, d, corresponds to the input variable cdep (table 3). A,
The infinite-depth boundary condition, which is assumed in equation 1, is appropriate for areas
where the vertical hydraulic conductivity is relatively uniform with depth, B, The finite-depth
boundary condition, which is assumed in equation 2, is appropriate where a more permeable
surficial layer overlies a less permeable substrate, such as regolith over bedrock.
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Figure 4. Hypothetical rainfall history of varying duration and intensity. In practice, the initial time,
t,is setto zero. Times ¢, ..., t,,, are stored in the array capt() (see tables 2 and 3). The first

rainfall period begins attime ¢, and ends at time ¢, ; the i" rainfall period begins attime ¢, and ends
attime ¢,,,. Rainfall intensities for each period are stored either in the array cri(), if constant over

the study area, or in the files rifil(1), ..., rifil(nper) if intensity during each period varies over the
study area (table 2).
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Figure 5. Example of transient water-table rise and pressure-head changes in response to
precipitation at a cell where steady upward flow occurs but the water table is initially beneath the
ground surface. The TRIGRS program maintains the initial upward hydraulic gradient below the
water table and adds the transient infiltration solution to the initial condition above the water table.
In the example shown here: K=1x10"m/s, D,=1x10°m’/s, 5 =31°, 1,,,=-1.0x10°, I ,=5x 10°m/s

(see equations 14, 2, and 3B).
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Figure 6. Shallow ground-water conditions in hillside soils. The unsaturated zone above the water
table has depth d,. The capillary fringe is between the unsaturated zone and the water table at

depth, d. The lower boundary, which is treated as impervious in this model, is at depth Z .
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