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COMPACT — A REcLAMATION SoiL COMPACTION MODEL
PART I. MODEL DEVELOPMENT

R. L. Bingner, L. G. Wells
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ABSTRACT

A physically based, event oriented soil compaction
model, known as COMPACT, was developed as a
management or research tool to evaluate the effect of
surface mining systems on compaction of soil material
during reclamation. Simulation of compaction throughout
the soil profile at a surface mining reclamation site requires
information describing how equipment moves on the site.
The compaction processes that are caused by vehicles
throughout the soil profile are described by applying the
pressure distribution of the surface contact area of a tire or
track to determine stresses in the soil profile. A virgin
compression curve is then used to determine bulk density
at any point within the soil profile. COMPACT predicts
compaction of reconstructed patterns, type of vehicles, and
type of soil material. Development of the simulation model
is described in this article. KEYWORDS. Soil compaction,
Modeling.

INTRODUCTION

ederal law mandates that reclaimed land must
Fproduce crops at the same level that occurred before

surface mining activities began. For crops to produce
at their maximum level, the compaction of the soil should
be considered. Research has shown in the agricultural
sector that compaction caused by machinery traffic can
affect yields (Negi et al., 1981; McKyes et al., 1979;
Phillips and Kirkham, 1962; Wittsell and Hobbs, 1965). By
simulating the machinery traffic at surface mine sites, the
compaction of the soil material can be studied for the best
plant growth with the least cost.

The purpose of this study was to develop a physically
based model that can be used to simulate the surface-
mining reclamation operations in moving soil material, the
operations necessary to stabilize the material, and the
compaction of the material that results from these
operations. Part II (Bingner and Wells, 1992) will describe
the performance and applications of the model.

COMPACTION AND SOIL CONDITIONS

To understand compaction, the relationships between
soil conditions and compaction need to be examined. If
these relationships are known, then the accuracy of
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predicting soil compaction can be improved. Soane (1985)
provides a detailed literature review of studies concerning
compaction and soil conditions brought about by vehicle
traffic and the resulting effect on plant growth.

Extensive studies have been performed to define the
relationships between compaction and soil conditions. A
detailed compilation of these studies is presented by
Barnes et al. (1971). An extensive theoretical analysis of
soil conditions related to compaction is found in Lambe
and Whitman (1979). Fundamentally, when compaction
occurs most of the soil physical properties change. Studies
of the influence of compaction of organic matter
(Free et al., 1947), rock content (Gordon et al., 1965),
permeability (Poskitt, 1969), pore size (Ahmed et al.,
1974), and soluble salts (Pohiakas, 1966) show the wide
range of parameters related to compaction. These soil
parameters are shown to effect compaction, but the major
factor is moisture content. Many of the compaction
theories only relate soil moisture content to compaction.
Bames et al. (1971) showed moisture content to be a major
factor in determining the density of a soil when it is
subjected to a load. This is reasonable because liquid or gas
has to be expelled from the pore spaces to compress a soil.

SURFACE MINING MODELS

Several computer models of surface coal mines have
been developed. Most modeling efforts have been aimed at
increasing the efficiency of surface mining operations and
thus reducing production costs (Bandopadhyay et al., 1981;
Kim and Ibarra, 1981). A computer model focusing on
reducing reclamation costs has also been developed
(Gibson et al., 1981). Models developed by the Forest
Service (1979) can be used in planning and designing
surface mining and reclamation operations. These models
are concerned with how to remove the mineral material and
reclaim the land with the least cost consideration of the
interaction of the vehicle and the reconstructed soil and
spoil material as operations are performed. If a model
could include interactions between vehicles and
overburden, certain costs associated with some operations,
such as compacting, land ripping, and revegetation, may be
reduced.

MoODEL DEVELOPMENT

The model COMPACT (Compaction of Overburden by
Machinery Processes Associated with Contemporaneous
Translocation) was developed to simulate surface mining
reclamation operations and resulting compaction caused by
the involved vehicles. The program was written in the
GASP 1V simulation language (Pritsker, 1974), which
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contains ANSI FORTRAN 77 standard subroutines that
ease the description of the surface mining systems and
allows the addition of user-written subroutines. Users
determine the GASP IV inputs required by the simulation
language to describe the filing system, initial conditions of
certain parameters and other related attributes needed to
define the GASP IV portion of the simulation. Following
the GASP IV inputs, user-defined inputs for COMPACT
need to be entered.

The model was developed to simulate traffic patterns of
various operations associated with surface area mining and
then to predict resulting soil compaction. The model was
thus divided into two main components:

1. Simulation of surface area mining operations.

2. Simulation of the compaction of soil material

resulting from surface area mining operations.

SURFACE AREA MINING OPERATIONS COMPONENT

The simulation of surface area mining operations was
developed so the information obtained for the vehicles’
movements over the mining area could be used to simulate
the resulting soil bulk density. Rectangular areas called
crossing-sections were defined at various locations within a
simulated field. The crossing-sections monitor the
movement of vehicles over the field by storing a vehicle’s
passage over the crossing-section as an entry in a file to be
retrieved by the compaction component of COMPACT.
The model is a discrete-event simulation using any time
increment required by the user to complete the activities
for the desired system.

The model has been developed so the following
equipment may be used as components of surface area
mining systems: (1) Scrapers, (2) Bulldozers, (3) Trucks,
(4) Loaders, (5) Draglines, (6) Bucket wheel excavators,
and (7) Shovels.

The various component variables and a schedule of
operations for a mining system must be provided as input
information. Any combination of the above machines can
be used so long as a schedule of the correct sequence of
operations with each type of equipment is provided as
input. Figure 1 demonstrates the equipment that the model
simulates and the sequence of operations that surface
mining systems normally follow. A complete description of
the logic used to move vehicles around and remove or
deposit soil material at the mine site is given by Bingner
(1988).

CoMPACTION SIMULATION COMPONENT

The equations and relationships used in COMPACT
were selected or developed to consider the conditions of
the soil at the time of vehicle loading and the loading
applied to determine the resultant dry bulk density. This
section will provide a detailed description of the equations
used to density of soil (surface and subsurface horizons) at
a surface mine site.

Deformation due to stress in more than one dimension is
very difficult for a model to determine. Larson et al. (1980)
studied one-dimensional compression of a large number of
soils in the laboratory and proposed the following
relationship:

P = lp,+k, (Sn-5)|+C,10g(3)

where

p = dry bulk density (g/cm3),

P, = dry bulk density at minimum applied stress
(9.8 kPa) and at minimum degree of saturation
(g/cm3),

k, = slope of bulk density at a given stress versus
degree of water saturation,

Sn= degree of water saturation of the soil material
corresponding to maximum soil compressibility
(%),

S = degree of water saturation of the soil material (%),

C, = primary or virgin compression index,

= minimum applied normal stress associated with p,
(kPa), and
O, = applied vertical stress (kPa).

When this equation is plotted with bulk density versus
the logio of the applied stress, a straight line results and is
often called the virgin compression curve (VCC) with a
slope called the compression index (C,). At high stress, the
VCC becomes non-linear and asymptotically approaches
the maximum density of the soil material. This behavior at
higher stresses is brought about because the soil material
has been compressed such that reduced pore spaces
become filled with water, and considerably more stress is
required to remove more water and further compress the
soil material.

A secondary compression curve (SCC) will result when
the soil is subjected to a stress after having been previously
subjected to a stress. The SCC can be described by
equation 2:

p = 0} +C,log(22) @

where p# is the known density as computed from the
previous point on the VCC, and C; is the slope of the
secondary compression curve.

As stated in Lambe and Whitman (1979), “The exact
cause of secondary compression is not known...”, but could
be “...caused by the continued reorientation of particles,
possibly influenced by the extrusion of water that is held
by the attractive forces from the soil particles”. Equation 2
was developed based on the slope of the SCC and a known
stress at a known density. The C; can be measured for a
soil after a confined stress is unloaded and the soil
expands. The known stress, G, is assumed in COMPACT
to be 9.8 kPa, the minimum applied stress that can be
expected. The known density for the SCC (pg) at the
known stress will be the same density that is computed for
the VCC at an applied stress resulting from the immediate
previous vehicle loading. Using the point of density
determined from the VCC for an applied stress and 9.8 kPa
and C,, the intersection of the SCC and the VCC can be
determined. For repeated loads, any stress below this

TRANSACTIONS OF THE ASAE
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Figure 1-The equipment COMPACT simulates and the combinations of equipment that can be defined.

intersection will follow the SCC and any loads above this
intersection will follow the VCC.

The method that is used to determine the density can be
illustrated using figure 2. The example shows that if an
initial stress, Gy, is applied over virgin soil then the density
p; results. If another stress, 65, is applied over the same
soil that is less than the stress at the intersection of VCC
and SCC, then p, results. This secondary compression
curve is determined from the density that was determined
from o, as it applies at the minimum stress. Normally, the
slope of the SCC is flat relative to the VCC, but the SCC
has been distorted for illustration purposes. The SCC
continues until the intersection with the VCC. If a third

VoL. 35(2): MARCH-APRIL 1992

crossing occurred with an applied stress of 03, beyond the
intersection of the SCC and the VCC, the density, p3, is
computed from equation 1. If a fourth crossing occurred
with a stress of G4, then the density is computed from
equation 2 (the SCC) which resulted from the density
caused by 03.

The VCC typically has an initial nonlinear portion for
the soil materials which partially could define the SCC. As
Larson et al. (1980) states, “this is because of soil
aggregate densities greater than the bulk densities...” or
“...from a major rearrangement of soil particles with
respect to each other.” This initial curved portion of the
VCC was not included by Larson et al. (1980) because no
method has yet been described to define it. If the initial
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Figure 2-Example of the method used to determine the density from
the stress of a vehicle.

pass of a vehicle produces a stress great enough to fall in
the straight portion of the VCC, then the effect of the initial
curved portion will be minimal.

Equation 2 does not show a dependence on the degree
of saturation. This is true in that the density values of the
SCC do not decrease as the degree of saturation decreases.
The C; has been shown by Lambe and Whitman (1979) to
increase when the moisture content increases. Lambe and
Whitman (1979) were unable to derive any equation that
could explain this increase so any relation would only be
approximate, thus this interaction was not included in
equation 2.

The secondary compression curve is used without any
consideration of the rebound of the soil after the vehicle
passes over. Since there is little data to suggest how the
material may rebound within a short period, as would be
necessary in the simulation of the mining systems, this
aspect of the soil was not included. Simulated densities
would be expected to be slightly higher than the measured
densities because of this, but because the slope of the SCC
was small, only small discrepancies might result.

The VCC and the SCC were developed from static
compressive loads. Soehne (1958) suggested that the soil
compaction resulting from moving tires follows the same
relationship as the pressure distribution in the soil from
static loading. Determining the pressure distribution from
moving tires makes the estimation of the soil compaction
much more complex than from static loads. Equations 1
and 2 can then be made to apply to vehicles moving over
the soil material when combined with equations that
determine the pressure distribution within the soil.

Since equations 1 and 2 are one-dimensional equations,
a method was required to determine the applied stress
through the depth of the soil material. Soehne (1958) used
an equation developed by Froehlich (1934) to develop a
method (eq. 3) that applies a point load at the surface, Q, to
produce vertical compressive stresses, T,, throughout the
soil profile. Equation 3 assumes that the soil material is
homogeneous and isotropic:

o, = [m] cos“+2 9 A3)
T 22
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——
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Figure 3-Pressure within the soil at a depth determined from
Soehne’s surface pressure description.

where
o, = vertical compressive stress (kPa),
Q = applied load (N),
z = depth (cm),
v = concentration factor, and
0 = angle formed by a line connecting a point within a

soil mass and the point of load application and a
vertical line passing through the point of load
application. Thus, directly below the point of
application, 0 is 0 and cos 6 = 1.

As it travels over the surface, a tire does not impart
vehicle load at a single point or evenly distribute the load
across the tire footprint. Soehne (1958) suggests three
relationships that distribute vehicle load and produce
various pressure distributions at the tire-soil interface that
depend on the concentration factor, v. For a hard, dry soil
with a high density, equation 4 is used:

P.=

516
y . 3
5= Puax ik ifV <45 @)

= surface pressure from the tire at increment
ij (kPa),

Pax = maximum pressure produced by the tire,
described by the expression, 1.125 P, (kPa)

Ppean= average pressure over the contact area
(kPa),

R = one half of the width of the tire,

= respective distance of the increment from

S
1) A
the center of the tire at the surface,
v = Soehne’s concentration factor.

For a fairly moist and dense soil, equation 5 will be
used:

51
) P
Pm[l RJ, if45<v<55 )

TRANSACTIONS OF THE ASAE



Figure 4-Interactions involved which effect the load that the vehicle applies to soil material.

where P .. = 1.5 P ean-
Finally for a very wet or soft soil, equation 6 will be used:

2
ij

R

P.= P

ij max

; ifv 25.5 ©)

where P .. = 2.0Ppean

The model assumes that P,.,,, the average pressure, is
the load of the vehicle applied to the tire or track over the
contact area of the tire or track. The contact area of the tire,
an input to the model, is divided into 36 equal segments
along the width, i, and length, j, of the tire footprint. Thus,
each width segment is divided into 36 square increments
along the length. Each tire increment then has a pressure
associated with it as computed from equations 4, 5, or 6.
Since Soehne (1958) states that equations 4, 5, and 6 are
computed when the concentration factors are 4, 5, or 6,
respectively, the model assumes the use of equation 4 when
v is less than 4.5, equation 5 when v is between 4.5 and
5.5, and equation 6 when v is greater than 5.5.

Soehne (1958) has shown that the concentration factor
can vary with the density of the soil material. Since the

VoL. 35(2): MARCH-APRIL 1992

concentration factor can have a major effect on equations 3
through 6, equation 7 was developed:

v = 6-2 x(_____-"‘ Posin ) %)

Pmax— pr;lin

where
v = the concentration factor,
p = dry bulk density of the soil (g/cm3),
Pmax = Maximum dry bulk density of the soil (g/cm3),
Pmin = Minimum dry bulk density of the soil (g/cm3).

The concentration factor has been assumed to vary with
the current soil density, the minimum density, and the
maximum density of the soil material. The minimum and
maximum densities are input parameters to the model but
can have different values for various layers with depth. As
the density varies, the concentration factor will vary
between the values four and six. The values four and six
were chosen from the work of Soehne (1958) because four
was defined for a hard soil and six was defined for a wet
soil. Equation 7 is only an assumption that was seen as
necessary to produce an interaction between the soil
density and the concentration factor required for equations
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Figure 5-A crossing point of a cross-section and the soil profile below
side 1 at the mine sites final state.

3 through 6. Further validation of this assumption is
needed.

Once all the surface pressures for each increment are
computed, then the stresses within the soil are computed by
superposition of stresses which is given by an integration
of equation 3, producing equation 8.

i
o,= [ ( ; :2) } cos**2 0,(z) j I Pyd;d; ®
00
where
P;j = surface pressure from tire from the first to
the last increment, ij (kPa),
d; = width of the ij increment of the tire footprint
(cm),
d; = length of the ij increment of the tire
footprint (cm), and
0;jz) = angle between the center of the footprint

increment ij and the point in question at
depth, z, below the center of the footprint
or contact area.

Each tire contact area or footprint is divided into
increments ij of d; by d; area. For the soil beneath each
increment of the tire contact area, the cumulative stress
resulting from the pressure associated with the other tire
increments are added to determine a final stress within the
soil at a given depth (fig. 3). The density equations 1 and 2
are then used with the stress within the soil at each depth
increment to determine the compaction. The stress
resulting from the static weight of the soil is not included
in the equations. For shallow depths, the static weight of
the soil would not be much of a factor in determining
density. Future development of the model could easily
include the static weight of the soil so a more accurate
analysis could be made at deeper depths into the soil
profile. Equations 1 through 8 represent a method of
determining soil compaction on an agricultural field or a
reclaimed surface mine site with a minimal requirement in
programming and computer run time.

MobEL Logic

The simulation of soil compaction was developed to
obtain information from the simulation of the surface area
mining operations and can be used to determine the soil
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Figure 6-The first crossing of a point from the example and the resulting elevations of density determinations.
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density at various locations and elevations. This
information was stored in a file from the operations
simulation component. Each rectangular crossing-section is
divided into its four sides, with each side partitioned into
5 cm increments along its length. Each 5 cm side increment
has the depth below it subdivided into 5 cm depth
increments.

The simulation monitors each vehicle crossing to see
which crossing-section has been entered by the vehicle.
The range of points that a vehicle’s tire or track crossed in
the section is determined and placed into the appropriate 5
cm side increments. With the vehicle’s pressure on the soil
from the weight and contact area, the density calculations
can be determined. Figure 4 shows the interactions that
would normally be involved to determine the pressure that
the vehicle imparts to any soil material. The model does
consider these factors except the inflation pressure and the
ability of the vehicle’s weight to affect the size of the
contact area brought about by the tire or track. When a
vehicle enters into a crossing-section the following
information would be recorded in a file: 1) X, Y crossing
point; 2) crossing-section location area identification; 3)
elevation of the point (meters); 4) type of soil material; 5)
vehicle identification number; 6) total vehicle weight (kg);
7) percent saturation of the soil; 8) direction of vehicle
travel (degrees); 9) contact area (cm); 10) width of tire
(cm); 11) time vehicle entered the crossing-section; and 12)
portion of the tire crossing the crossing-section.

Each point that a vehicle has crossed a crossing-section
is retrieved from the storage files starting with the earliest
time of a crossing. The density of the soil is then
determined from this history of loads occurring over the
crossing-section as material was placed on it.

VoL. 35(2): MARCH-APRIL 1992

The side that a vehicle enters a crossing-section will be
determined according to the point under a tire that crossed
a side of the crossing-section. The side of the crossing will
then be divided into 5 cm increments. By knowing the
width of the tire or track, the side increments that the tire or
track will fall into can be determined. For each side
increment the tire or track crosses, the pressure of the tire
will be applied over the length of the increment based on
equations 4, 5, or 6. The stress within the soil will be
determined from equation 8 by knowing the weight over
the tire or track, the contact area, and the concentration
factor that will result from the density of the soil. The
pressure over the increment will then be used to determine
the density of the soil beneath the side increment. A stress
is determined at each 5 cm depth increment below the side
increment of the crossing-section. The density equations 1
and 2 are then used with the stress computed at the
increment depth.

After density is determined at a depth, COMPACT
determines if the density computed by equation 1, the
VCQC, is less than or equal to the minimum density for the
soil layer. When the computed density for the 5 cm
increment depth at the side increment is equal to the
minimum density, then the soil pressure will no longer
have an effect on the density of the soil and the
calculations for this 5 cm side increment stops at that 5 cm
increment depth. If the computed density is greater than the
minimum density, then the depth into the soil increases by
5 cm and the stress within the soil is recalculated.

At the end of the simulation the model determines if any
soil has previously been crossed at the same elevation
point. If the elevation point has been crossed before and no
new elevation has occurred, then a new concentration

411
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Figure 8-The third crossing of a point from the example and the resulting elevations of density determinations.

factor will be determined according to the density of the
soil (eq. 7) for that depth increment.

From the surface elevation of the new layered soil at the
crossing point, the density is determined at 5 cm depth
increments until previously compacted soil is encountered
or the minimum density (defined as an input parameter) is
reached. The density of new soil in the loose state for the
initial pass of a vehicle is computed using equation 1 which
is the VCC. The density computed will act uniformly
through the 5-cm increment depth. The inputs required for
equation 1 which depend on the type of soil are: 1) the
density at a known stress; 2) the known stress; 3) the
compression index; 4) the degree of water saturation; 5) the
desired degree of water saturation; and 6) the slope of the
bulk density versus the degree of water saturation curve at
a given stress.

Usually the VCC becomes non-linear as maximum
density is approached. Approximating the VCC as strictly
linear will result in a maximum density being attained at a
lower stress than is actually the case.

If the soil has previously been subjected to an applied
stress by a vehicle, the bulk density relationship that
follows the SCC (eq. 2) will be computed. The SCC will be
determined from the density of the last stress that fell on
the VCC and an applied stress of 9.8 kPa, with a slope that
is defined for that layer of soil. An applied stress of 9.8 kPa
is assumed to be the minimum allowed stress that matches
the minimum density in the soil. The highest density
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computed from either the VCC or the SCC, up to the
maximum density, will be used for that layer of soil. This
procedure is used for each of the layers of the placed soil.
After all the densities for each side and depth are
computed, the model averages all of the side increments at
each 5-cm depth increment. If some side increments did
not have any values contained in them, then the soil was
assumed to have a density for the increment equal to the
minimum density.

As an example of how the model determines the density
at a point at an elevation, the point of crossing from
figure 5 is used. A crossing occurred at side 1 of the
crossing-section over the side increments 3-4, 4-5,and 5-6.
The portion of the vehicle’s tire or track that crossed the
side increment will be used to determine the effect of the
pressure onto the increment. For side increment 5-6 the
pressure applied at the surface was determined from one of
the equations 4 through 6. The stress within the soil at the
first 5-cm depth increment was computed using equation 8.
The density then is computed using equation 1 since this is
virgin soil that has not yet been compacted. This procedure
continues through each 5-cm depth increment until the
density reaches the minimum density for the soil layer. The
next side increment (4-5) that the vehicle crosses, has the
density of the soil beneath it computed as the last side
increment (5-6) but would result in a different surface
pressure and thus a different density value.

TRANSACTIONS OF THE ASAE



From the first crossing of the point (fig. 6), soil was
added to the new elevation. The density was determined
until the pressure had no affect on the soil density. A
second crossing occurred at the point (fig. 7) resulting in a
new elevation. The density was computed at new depth
increments as before. Since the pressure from the vehicle
acted did not reach the first layer, the density below the
second crossing point (where the pressure no longer had an
effect) remained at the loose density state.

A third crossing occurred at the point (fig. 8), again
resulting in a new elevation. The density was determined
for each 5-cm depth increment as before until the depth
increments reached the depth increments that had been
previously compacted. A concentration factor will be
determined for the increment that has been previously
compacted based on equation 7. This may then change the
surface pressure equation that is used and thus the resulting
stress within the soil at this depth increment. The density
for the previously compacted soil will then be the greater
of the density of the VCC or the SCC. When the stress
within the soil results in a density, as computed from the
VCC, less than or equal to the minimum density then the
vehicle no longer affects the density and depth increments
below will remain at the same state as previously
calculated or at the loose density.

SUMMARY

The formulation of a model to determine resultant bulk
density of reconstructed soil compacted by vehicles is
described. The model will help estimate the effectiveness
of various surface mining reclamation operations in
managing compaction that will affect plant growth and
groundwater flow. The model uses equations that
determine the soil stresses of many increments beneath a
tire or track. Virgin and secondary compression curves are
then used to determine soil density, depending on the
simulated history of surface stress application, to determine
the density at increments in the soil profile.

Using the methods described in this article, a relative
prediction of the density profile within a surface mining
reclamation site can be made. A relative prediction could
then be used to evaluate the various reclamation systems.
As improved compaction equations are developed, they can
be easily included into the model.
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