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DECISION MAKING IN A MULTIPLE -USE APPROACH

TO THE RECLAMATION OF STRIP -MINED LANDS

by

Ambrose Goicoecheal, Lucien Duckstein2 and Martin Fogel3

ABSTRACT

With the advent of ever -increasing energy needs, large -scale surface mining has gained new impetus,
and there is much concern about reclaiming the mine spoils to bring about beneficial land uses. This
paper presents a decision making algorithm labeled PROTRADE, and a case study of the Black Mesa region
in Northern Arizona. PROTRADE considers a set of objective functions, a set of physical constraints,
articulates the preferences of the decision maker in a progressive manner, and generates a set of alter-
native solutions. The decision maker is then able to trade level of achievement, for each objective
function, against the probability of achieving that level.

INTRODUCTION

Can the mine spoils created by large -scale surface mining be reclaimed so as to lead to beneficial
land uses? This is a crucial question in many areas in the southwest where the potential for surface
mining exists. In the Black Mesa region in Northern Arizona, on the lands of the Navajo Nation, an area
of some 5,700 hectares will eventually be turned upside -down to strip -mine for coal over the next 30
years.

This paper considers a multiple -use approach to the reclamation and management of the Black Mesa
region and, toward that end, applies PROTRADE, a Probabilistic Tradeoff Development Method (Goicoechea
et al. 1976a). Once a set of objective functions and a set of physical constraints for the problem have
been identified, this method allows the decision maker (DM) to articulate his preferences in a progres-
sive manner and generates a set of alternative solutions. In the process, the DM is able to calculate
and trade off, for each objective function, the level of achievement against the probability of achiev-
ing that level; there are four steps in the method, whose description is illustrated throughout by the
case study of the Black Mesa region.

THE PROBLEM

This semiarid area, shown in Figure 1, has been and is still being used as rangeland, a practice
which has been abused and has resulted in heavy overgrazing with detrimental consequences ( Verma and
Thames, 1975). Considering the poor range conditions of the Black Mesa region, surface mining and sub-
sequent reclamation programs offer to the appropriate managing agency an opportunity to design and im-
plement multiple land uses, once the decision to mine for coal has been made. Current coal mining ac-
tivities in the area are being conducted by the Peabody Coal Company.

Five objectives are considered: 1) livestock production, 2) augmentation of water runoff, 3) farm-
ing of selected crops, 4) control of sedimentation rates, and 5) fish pond- harvesting. Verma and Thames
(1975) and Brinck et al. (1976) have reported preliminary findings to the effect that reclaimed water-
sheds in the area have a potential for use as rangeland, in harmony with the preferences of the Navajo
Nation. Opportunities for water yield augmentation through vegetation and soil treatments exist;
results obtained on experimental watersheds have been reported by Cluff (1971). Some of these treat-
ments also have the potential to decrease sedimentation rates. Current research on fish pond- harvesting
by Kynard and Tash (1975) is also used in this study to ascertain the feasibility offish production and
its extent. Also competing for the use of water made available through runoff practices and rainfall
will be the farming of selected crops in the area; again, this is an activity in harmony with the pre-
ferences of the Navajo Nation.

1Graduate Research Assistant, Department of Systems & Industrial Engineering, University of Arizona,
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2Professor on joint appointment, Departments of Systems and Industrial Engineering, and Hydrology and
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Figure 1 The Black Mesa Region in northern Arizona.

METHODOLOGY

FORMULATION OF POLICY VARIABLES, OBJECTIVE FUNCTIONS AND CONSTRAINTS

Policies or practices. In the first part of the methodology, policy variables (or practices) are
defined, objective functions and constraints are modeled and formulated; in the second part, the step -
by -step algorithm for solution is presented along with numbers from the case study. In reference to our
study area, the managing agency must decide on the extent of new practices which would contribute to
achieving the five objectives outlined above.

The practices considered in this study are represented by the following decision variables in
hectares of mined land:

xi = area with current management practices (no land reclamation program),

x2 = area with contoured -furrowing and good range conditions,

x3 = area with contoured -furrowing and poor range conditions,

x4 = area with compacted earth (CE) treatment to increase water runoff,

x5 = area with compaction and salt treatment to increase water runoff,

x6 = area treated with plastic cover and gravel to increase water runoff,

x7 = area farmed for wheat production,

x8 = area farmed for corn production,

x9 = area farmed for alfalfa production,

x10 = area farmed for barley production,

x11
= area farmed for sorghum production,

x12 = area to be allocated for fish ponds.

The above practices are of current interest in the case study but any others could be brought into
the analysis as additional needs and concerns materialize.

Objective functions. With these practices in mind, the five objectives have been cast into the
form of linear functions of such practices as follows:
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livestock production: f (x) = E li xi ,

1 1 =1

12

water runoff: f2(x) = E rixi,

1 =1

12

selected crops: f3(x) = E cx.,
1 =1

1 i

12

sediment: f4(x) = E six"
i =1

12

fish yield: f5(x) = E fixik
i =1

animal units [over a two -year period] (1)

cubic meters (2)

kgms. (3)

cubic meters (4)

kgms. (5)

In the above functions, l'. represents the number of lifestock heads (e.g., animal units) (AU) per
hectare of land with practice or treatment i, r. is the water runoff yield in cubic meters /ha., ci is
the crop yield in kgs /ha., si is the sediment yield in cubic meters /ha. Of these noncommensurate
objective functions, the one corresponding to sediment, (4), is to be minimized and the others are to be
maximized subject to land, water, and capital constraints to be specified later.

The time horizon of 30 years which has been chosen for the case study is intended to reflect the
effective lifetime of the mechanical soil treatments and seeding to be implemented (Cluff, 1971;
Bartlett, 1974), and of the mining program presently envisioned. The division of this 30 -year period
into fifteen two -year subperiods is deemed necessary because water runoff rates, sedimentation rates,
operating costs, and so forth, are not expected to remain constant during the entire period.

A brief explanation of the formulation of the five objective functions (Equations 1 to 5) follows.

Rationale for objective functions. Livestock Production (Equation 1). The livestock production

model used herein is t e one previously developed by Brinck et al., (1975). It is an event -based model

which accounts for precipitation, infiltration, runoff, and sedimentation to describe discrete storm

events and their effects. The storm events occur in a sequence throughout the years of program lifetime

separated by random time intervals. For each storm event, a pair of dependent drawings of rainfall

depth and event duration are made from their joint distribution. The runoff and peak flow, if any, are

computed with the Soil Conservation Service (SCS) formulas for each event for furrowed and for unfurrowed

slopes, respectively.

Water Runoff Augmentation (Equation 2). Existing water supplies for livestock production and irri-

gation in the Black Mesa area are not sufficient to satisfy requirements. The use of runoff farming

techniques offers an economic alternative to these lands which, otherwise, might revert back to desert
when the groundwater supplies are exhausted or can no longer be exploited economically. Opportunities

for water yield augmentation through mechanical treatment of the mine spoils are considered, and a pro-
gram of soil treatments and maintenance requirements is suggested. Performance and cost parameters for
this program have been made available through the water harvesting studies at the University of Arizona
(Cluff et al., 1971) which were initiated in 1963. Table 2 lists the three catchment methods used in

the analysis.

Farming of Selected Crops (Equation 3). Another activity which is in harmony with the preferences
of the Navajo Nation is the farming of crops that require relatively small amounts of water. To com-

pete for the water made available through rainfall and runoff augmentation practices, the farming of
some selected crops is suggested, such as wheat, corn, barley and sorghum.

Control of Sedimentation Rates (Equation 4). An undesirable by- product of the runoff augmentation
treatments suggested to increase water availability is the production of large amounts of sediment.
Runoff from rangelands and strip -mined lands, particularly, is the primary force in initiating soil
movement and transporting sediments to nearby reservoirs and rivers. This sediment adversely affects
water quality and operational costs (Smith et al., 1977).

Fish Pond Harvesting (Equation 5). Fish production in reclaimed spoils catchments would provide a
protein source, job opportunities, and would help develop the recreational potential of the area. How-

ever, for fish to survive and grow normally in these catchments, the necessary physico- chemical condi-
tions must be present. To determine the feasibility of fish production, a cooperative research effort
was conducted during the summer of 1975 in the Black Mesa region by the University of Arizona School of
Natural Resources and the Peabody Coal Company (Kynard and Tash, 1975).

Tables 1 through 4 in the appendix present the parameters used in the analysis for the various ob-
jective functions and associated physical models.

Set of constraints. For each two -year subperiod, the five objective functions are satisfied sub-
ject to specified constraints on land, capital, and water, e.g.:
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land:

capital:

water:

xl + x2+ ... + x12 =

qlxl + g2x2 + ... + g12x12 = bq

wlxl + w2x2 + ... + w12x12 = bw

where the parameter q represents the cost of implementing the ith practice (e.g. treatment), w the

water consumption of thethe practice, b = 380 ha., b = $35,000, and bw is the water availablé forthattwo -year subperiod through runoff peactices and rginfall.

(6)

(7)

(8)

IMPLEMENTATION OF THE PROTRADE ALGORITHM

The steps of the algorithm are described along with the case study.

Step 1. The objective functions, (1) through (5), have been formulated in the preceeding section. Here,

they are slightly rearranged so that the optimization process will involve maximization, only. Let

zi(x) = fi(x) for i = 1,2,3,5,

z4(x) = -f4(x).

Next, maximization and minimization of each individual objective function, subject to constraints
(6), (7) and (8) (constraint set Dl) yields vectors Ul and M:, respectively

52.00 x 10 0.00 AU livestock,

541.91 x 103 30.00 x 103 cu. m. runoff,

Ul = 331.97 x 100 M = 0.00 kgs. crops,

-58.14 x 10 -7549.08 cu. m. sediment,

14.78 x 10 - 0.00 kgs. fish.

An initial surrogate objective function (SOF) is formulated as follows:

5

i =1

Z (x)
min

5

Gi(x)
(

* ) imin i =1

Maximization of F(x) subject to x E Dl yields an initial solution x1, and goal vector G1,

x = [157.37, 69.06, .00, 69.06, 69.06, .00, .00, .00, 13.75, .00, .00, 1.70], GT = [0.183, 0.401, 0.306,

0.585, 0.431];

from G1 we observe that the level of achievement of livestock production, for instance, is only 18.3% of
the maximum possible value, and that the other levels fall quite short also. These levels, however,
conform with the physical realities of the problem. We would like, at this point, to have the DM
express his preference structure or set of "worth values" to search for another solution, if necessary.
In this case study, John Thames was asked to assume the role of the DM.

Step 2. To assist the DM in articulating his preferences for this particular problem, the following
multiattribute utility function (Fishburn, 1970; Keeney, 1974) is suggested:

5

1 + ku(G) = n [1 + k ki ui(Gi)].
i =1

To evaluate the parameters k, k., and the form of the single- attribute utility function u1(G.), the DM
was asked a series of questions! i

a) The DM was asked to rank the five objectives in order of importance or worth to him, and the following
ranking was determined: G,, crops > G1, livestock > G4, sediment > G2, runoff > G5, fish, e.g., G3 is
more important than G and so on;
b) Considering two objectives at a time, the DM was asked to assign a relative worth to each objective,
with the following response:

n- = 0.6,
3

- =

1

0.8, G2 = 0.9,
1

- - 0.5
2

e.g., the DM is indifferent between 60% of the crops and 100% of the maximum livestock possible;
additional questions and answers from the DM led to the evaluation of parameters shown below:

k3 0.519, k
1
= 0.260, k4 = 0.223, k2 = 0.201, k5 = 0.081, k = -.534.

1. Dr. John Thames is a Professor in the School of Renewable Natural Resources at the University

of Arizona. He is currently supervising a research program in the Balck Mesa region and has been instru-
mental in procuring field data.
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The surrogate objective functions is now redefined as follows:

5 au(G)
S1(x) = E wiGi(x), where wi = 1.0 +

G auG
i =1 i( 1) i

G.

accordingly,
a) Compute u(G ) to yield 0.493.
b) Ask the DM to decide on an incremental utility Au(G); a value of 0.20 was elicited by the DM.
c) The elements (weights) wi were then found to be:

w1 = 1.807, w2 = 1.205, w3 = 2.067, w4 = 1.178, w5 = 1.073.

Each wi value can be thought of as the relative "weight" that the DM places on the ith objective. For

instande, G3 is weighted more heavily than G G is weighted more heavily than GA, and so forth. We

notice that whereas initially the DM ranked de objectives in order of importaíce, here the DM has
actually quantified the relative worth of the objectives.

Step 3. An alternative solution is generated this time reflecting the preferences of the DM,

max S1(x) = 1.807 G1(x) + 1.205 G2(x) + 2.067 G3(x) + 1.178 G4(x) + 1.073 G5(x)

subject to x e D1. The optimal solution x2 is given below and was used to generate the vectors

x2 = [.00, 140.00, .00, 100.73, 118.05, .00, 8.82, .00, 12.32, .00, .00, .06], G2 = [0.370, 0.480,

0.354, 0.998, 0.016], U2 = [19.25 x 103, 275.75 x 103, 117.71 x 103, -63.73, .24 x 103].

Several iterations were required to match the amount gf water used (mainly for crops) and the amount of
runoff (plus rainfall) needed, approximately 300 x 10 cu. meters.

Goal values and their respective probabilities of achievement are then given by vector V1,

(0.370, 0.500)
(0.480k, 0.500)

Vl = (0.354, 0.500)
(0.998, 0.500)

(0.016, 0.500)

i.e., Prob [Gl > 0.370] > 0.500.

At this point in the analysis, the DM has been able to state his preferences for the various goals
(which may generally be in conflict with the "realities" of the problem, e.g., the constraints of the
problem are not satisfied), and Step 3 has now reconciled these preferences and realities. Assume that
the vector U2 is not satisfactory to the DM, and continue.

Ste 4. The DM is asked to select the objective function z (x) with the least satisfactory pair
Gk xa) 1 - a ) The DM specifies that he would like to have G3, crops, increased from 0.354 to 0.450
and with a probability of 65% or better,

Prob[zx) > (0.450)(331.97 x 103)] > 0.650.

A new solution space, D2, is now defined to include the DM's requirement;
D2:

xl + x2 + ... + x12 = 380, Land,

ql xl + q2 x2 + ... + q12 x12 `- 35, Capital,

wl x1 + w2 x2 + ... + w12 x12 `- W, Water,

3ElE(c.)x. + Ka3[xTAx]1 /2 > (0.450)(331.97 x 103),

where the variance- covariance matrix A is given by

rvar(c.) ... cov(c1,c12) 1
A

cov(c12,c1) . var(c12)

For our problem, it is reasonable to assume mutual stochastic independence between the random variables
ci, such that cov(ci,c.) = 0 for i ; j. Estimates of these variances are presented in Table 4. Also,
ka3 is such that

''normal(Ka3)
1 - 0.650

and from standard normal tables we find ka3 = 0.385. The last constraint then becomes,
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1/2
12

E(C.)x. - 0.385
[ 12

E var(C
j

) x,
2

j =1

> (0.450)(331.97 x 103),
j =1 J J j

W, in the water constraint, is varied parametrically to match the amount of water made available through
rainfall and runoff.

Now maximize S1(x) subject to x e D2. This optimization yields vector x3,

x3 = [0.00, 120.10, .00, 120.10, 96.21, .00, 22.76, .00, 13.10, .00, .00, .00] V2 = [(0.370, 0.340),

(0.480, 0.409), (0.450, 0.650), (0.998, 0.525), (0., 0.)].

With this new vector, x , we are able to achieve G = 0.450 with a minimum probability of 0.650, for
instance; a cutting- plaltie method (Goicoechea et al3, 1976a, b and c) was used to solve the nonlinear
problem above.

The DM has gained knowledge about how the various goals trade off from V2 and is willing to accept
the levels and probability of achievement for the first four goals. However, he finds fish to have an
unacceptable level, G5 = 0. He would like to have G5 = .10 with a minimum probability of achievement
of 0.70. Now, the optimization problem becomes

max S2(x) =
i¢E3

wi Gi (x)

subject to:
xl + x2 + ... + x12

+ q2 x2 + ... + q12 x12
q1 x1

w1 x1 + w2 x2 + ... + w12 x12

12

E E(Cj)xj - 0.385

j=1

0.525 [var(f12)x12E(f12)x12

where 4,(- 0.525) = a5 = 1 - 0.70.

The above optimization yields vector

X = [0.00, 48.10, .00, 168.00, 122.30,
(0.480, 1.000), (0.450, 0.650), (0.998,

= 380.,

`- 35.,

`- W,

12

j

E

k

var(Cj)xj2J
=

2 ]

X4,

.00, .00,

0.511), (0.100,

1/2
l

> (0.450)(331.97 x 103)

1/2
> (0.100)(14.78 x 103)

.00, 20.66, .00, .00, .66], V3 =
0.700)].

[(0.127, 0.500),

RESULTS AND DISCUSSION

It is important to realize that in order to provide additional water for fish harvesting, G =

0.100 with a probability of 0.700 or butter, the last optimization allocated additional runoff (With a
total runoff plus rainfall of 400 x 10 cu. meters, approximately). This is the reason why G2 = 0.480
with a probability of 1.0.

Water availability was critical in most of the preceding optimizations. That is, runoff augmenta-
tion practices played an important role in supplying the water needed by the various objectives in the
study. Capital availability, on the other hand was not a determining factor.

As shown in vector V,, the goal values obtained are far from their maximum value of unity, with
sediment being the exception. This was to be expected as all the objectives were very much in conflict
and competition with each other, particularly in competition for water.

Expressing the objective functions in their respective natural units, rather than in dollars,
allowed the DM to bring social, environmental, and aesthetic concerns into the analysis.

The preceding example has attempted to demonstrate the applicability of PROTRADE, a multiobjective
algorithm, to realistic problems. The following observations are made:

1) The algorithm allows for a dynamic weighting of the objectives as the preferences of the DM are
articulated. Also, once the trade -offs among the objectives are quantified, the DM is able to "change
his mind" if he so desires to accommodate his new expectations.

2) Analysis results for each two -year subperiod and the entire 30 -year period reflect that particular
value structure exhibited by our DM. We can imagine that replacing the single DM with a group of
decision makers able to reflect the needs of each constituent, in some manner, and able to cast these
into a single vote would alter the choice of an acceptable policy.
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3) The randomness of some of the parameters was effectively handled in the analysis, thus making the
algorithm applicable to real world situations. The random variables considered were assumed to be nor-
mally distributed, for convenience. Current literature (Goicoechea, 1977e, b), however, now makes it
possible to consider random variables with any type of distribution, as the problem at hand may dictate.

4) With this uncertainty -handling capability, the DM is no longer limited to considering expected
values alone as he trades off the various objectives against one another. The DM can now demand proba-
bilities of goal achievement higher (or lower) than .50 and thus provide for project success and safe-
guard more effectively his personal reputation, if he so desires.

5) Computational requirements are kept to a minimum since there is no need to resort to Monte Carlo
simulations to arrive at or maintain a given probability of achievement.

6) Once an acceptable policy is identified for a two -year subperiod, present values for the various
objective functions over the entire 30 -year period can be readily obtained by considering the sum of
discount rates operating on the appropriate objective, itself a random variable, provided the DM's
preferences are time -invariant.

7) The use of the cutting -plane technique to solve this nonlinear problem has been demonstrated to be
an effective tool.

8) Now that the DM has been able to see the results above, which adhere to the physical constraints of
the problem and reflect his own preferences, he is still able to initiate a second iteration, with new
expectations, if he chooses to do so.
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Parameter expected
value

standard
deviation

units

12
.1375 .0550 AU /ha.

t3 .0365 .0130

ti, i #2,3 0 0 "

ri 428 223 m3 /ha.

r2 98 152

r3 79 89 "

r4 990 223 "

r5 1,410 223

r6 1,980 223

ri, i #1[1,6] 0 0 "

c7 3,024 505 kgs. /ha.

c8 1,568 249

c9 7,392 1,037 "

c10 3,169 102 "

cll 2,576 249 "

TABLE 1

Parameters for livestock production, runoff and crops
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Catchment Methods Approx. cost
per ha.

Efficiency
in percent

Estimated
life

Compacted Earth* $ 50.60 30 -60 indefinite
Compacted Earth*
sodium treated

85.20 40 -70 indefinite

Graveled Plastic ** 191.60 60 -80 20 -25 years

* Prices and efficiency are dependent on soil type, cost of clearing and
shaping. Maintenance consists of weed removal and recompaction as needed.

** Price of catchment is primarily dependent on the cost of the gravel and to
a lesser extent on the cost of clearing and shaping. 10 mil black poly-
ethylene is used.

TABLE 2

Soil treatments for water runoff

Treatment i K C P LS E(si)
m3/ha.

[VAR(si)]1/2
m3/ha.

1 0.40 1.00 1.00 4.50 19.86 20.63

2 0.40 0.10 0.50 0.50 0.11 0.12

3 0.40 0.15 0.50 0.40 0.15 0.17

4 0.30 0.25 0.70 0.40 0.24 0.36

5 0.25 0.20 0.70 0.40 0.16 0.37

6 0 0 0 0 0 0

7 0.40 0.20 0.60 0.40 0.24 0.40

8 0.40 0.30 0.60 0.40 0.33 0.33

9 0.40 0.10 0.60 0.40 0.11 0.12

10 0.40 0.20 0.60 0.40 0.21 0.29

11 0.40 0.30 0.60 0.40 0.35 0.44

K, soil erodibility factor
C, cropping management factor
P, erosion control factor
LS, slope length and gradient factor

TABLE 3

Sediment parameters
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Costs and yield estimates:

$50 /cage

30 cages /ha. of pond
pond depth is 1.5 meters
0.5 kg. of fish require about 2.0 kg. of food pellets
in 1 -year term

500 fish units /cage, assume an expected mortality rate
of 50% over a 1 -year term

. $0.374/kg. of food pellets
$0.05 /fish unit, initial cost
0.5 kg. /unit, market weight

cages

(30 cages /ha.)($50 /cage) $1,500 /ha.

food pellets

(30 cages /ha.)(250 units /cage)(2.0 kg /unit)

($0.374/kg.) $5,610 /ha.

initial cost of stock

(30 cages /ha.)(500 units /cage)(2.0 kg /unit) $ 750 /ha.

digging of pond (reclamation program)

transportation to and from power plant

($10.15 /man- hour)(100 man- hours /ha) $1,015 /ha.

E(g12) Total

E(f12), expected yield

(30 cages /ha.)(250 units /cage)(0.5 kg. /unit)

VAR(f72), yielf variance (assumed)

TABLE 4

Fish harvesting parameters

$8,875/ha.

3,741 kg/ha.

(2,000 kg/ha)2
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