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Rural

Simplified Cost-Estimation Method for

Low-Volume Roads
THOMAS A. DURSTON AND FONG-LIEH OU

A reliable and fast response method for route alternative analysis is becoming
a pressing need as cost-effectiveness becomes a more important factor for low-
| roads. A simplified method for low-volume-road cost estimation is
presented. The method consists of estimating various quantities: excavation,
clearing, grubbing, seeding, ditch relief culverts, drainage crossings, and surface
rock. It is sensitive to design standards and can be use to evaluate various al-
ternatives effectively. A program called ANALYTICAL. ROAD COST has been
written for the HP41C calculator and is very convenient for making cost-effec-
tive analysis. Compared with other methods of cost estimating, the program
generally offers areater speed, accuracy, and/or flexibility in choice of design
standards. The flexibility and precision inherent in the program provide very
refined comparisons of alternative projects. The results obtained by applying
the proposed estimation method to four roads were satisfactory. Its estimates
were comparable with that made by the engineer after the completion of the
design. The method has been adopted by the Gifford Pinchot National Forest
in Washington State as a primary tool for cost estimation and can be applied to
other low-volume-road systems outside forest lands.

In the early stages of transportation planning,
route selection requires quantity and cost estimates
for economic analysis. The accuracy of these esti-
mations can be a vital factor in choosing the most
economical route. However, accurately estimating
road construction costs may be an involved and time-
consuming process. Because high construction cost
is increasingly becoming a major concern in low-
volume roads, the development of an efficient and
quick response method for estimating construction
costs with higher accuracy and less time commitment
is a pressing need. This need is confronted by the
Forest Service, U.S. Department of Agriculture,
which constructs more than 7000 miles (11 270 km) of
new roads annually.

Traditionally in the Forest Service, preliminary
construction costs have been estimated by two dif-
ferent approaches. The first and most common ap-
proach has been to compile the engineers' estimates
for several recent construction contracts. In this
approach, the previous cost estimates are grouped
into categories based on average ground slope, and a
total cost per mile is assigned to each category.
The second approach has been to estimate construc-
tion quantities and apply unit costs. Quantities
have been computed by hand by using simplified math-
ematical or graphical methods or have been taken
from tables and nomographs. However, traditional
cost-estimating methods have either been insensitive
to variation in design standards or terrain or both,

or they have been cumbersome and time consuming to
use.

In order to overcome the shortcomings of tradi-
tional estimation methods, engineers of the Willa-
mette National Forest in Eugene, Oregon, developed a
computerized estimation method based on semi-empiri-
cal quantity estimates and a cost matrix. In this
method, a construction quantity matrix was con-
structed by computing quantities based on the de-
signer's aid program (1) for 17 preselected subgrade
templates on B8 slope classes applying a set of ad-
justment factors derived from local experience.
Unit costs vary for different slope classes and
brush stocking levels. The estimation procedure is
embodied in a computer program called Road Cost
(which was developed and published by engineers at
the Willamette National Forest).

Although this method may reduce computation time
and increase accuracy when compared with traditional
approaches, it does not allow sufficient flexibility
in the choice of design parameters, such as con-
struction slope ratios and amount of turnouts.
Also, for application in different areas, a new con-
struction quantity matrix should be developed by
using adjustment factors for local conditions.
Thus, the Willamette method has limits on its spa-
tial transferability.

The purpose of this paper is to develop a simpli-
fied analytical method for estimating costs of low-
volume roads by using a program written for the
HP41C calculator. The analytical method overcomes
the problems of flexibility and transferability.
The applicability of the method was demonstrated by
several case studies in the Gifford Pinchot National
Forest in Washington State. The results of these
studies were compared with estimates made by a tra-
ditional approach and with the actual quantities and
costs as computed in the design.

METHODOLOGY

The primary objective of the proposed cost-estima-
tion approach is to develop a calculating procedure
that can be applied to various types of roads, in-
cluding single-lane roads with and without turnouts
and multiple-lane roads. The basic approach is
based on generating a typical template that is as-
sumed to be uniform except at drainage crossings.
Design assumptions are patterned after those made in
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the Forest Service road design system (l). Because
the single-lane road with turnouts is the basic type
of low-volume road on forest land, the cost-estima-
tion procedure was developed according to its physi-
cal structure. The algorithm computes quantities
and costs based on single-lane and turnout road
widthe and the percentage of road in turnouts.
Quantities and costs may also be calculated €for
double-lane roads or single-lane roads without turn-
outs by specifying no turnouts. Quantitites con-
sidered in the proposed procedure are excavation,
haul, clearing, grubbing, seeding, ditch relief cul-
verts, dralnage crossings, surface rock, construc-
tion surveying, and mobilization.

Excavation quantities are computed based on a
typical full-bench or self-balanced section. The
algorithm also considers the excavation volume nec-
essary to construct the through fills specified in
the drainage-crossing subroutine. The soil compac-
tion factor is treated as a variable in the self-
balanced-section estimation. The typical sections
and the variables used are shown in Figures la and
b. The computation of earthwork volume is accom-
plished by the following formulations.

Por estimating the balanced-section excavation
volume (2):

Vi, =(5280/27)A, L ()}
where
Vp, = balanced-section excavation volume (yd?),

Ay = cut end area in balanced sections (ft2) =
(1/2) (Dg) (W/2 + B),

L = length of road segment (miles),
D, = cut depth = (W/2 + B)/(1/S - Sg),
W = subgrade width (ft),
B = horizontal distance (ft) from centerline to
daylight point = (W/2) ({(1/s - So)/[(1/s
- 5¢) (1 + C)11¥2 - 1) = ({(1/8 - sg)/[(1/s
- Se) (1 +C)13/2 +1),
S = ground slope (decimal percentage),
S¢ = cut slope ratio,
S¢ = fill slope ratio,
C = soll compaction factor = (Ag - Ay)/Ay,
A¢ = end area of f£ill (ft?) = (1/2)(Dg) (W/2 - B),

and
Dg = fill depth (ft) = (W/2 - B)/(1/S - S¢).

For estimating the full-bench excavation volume,

Ve =(5280/27)A;L )]
where

Vg = full-bench excavation volume (yd?*),

Ry = cut end area in full-bench sections (ft?),

Ay = (1/2)WD,, and

Db = SCW/(I = SSC)-

As shown in Figure 2, the clearing is to run from
a specified upper limit to the toe of the fill. The
clearing area may be estimated by

A, =W.L/8.25 3)
where

A, = clearing area (acres),

We = C:!. + 5.Dg + W + SgDg, and

C, = distance of clearing beyond the top of the
cut (ft).

The grubbing area is illustrated in Figure 3.
Grubbing 1s required from the top of the cut to the
toe of the fill if fill depth 1s less than or equal
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to 2 ft (0.61 m) or to the point where fill depth
exceeds 2 ft on larger fills., The grubbing area for
these two cases can be computed by

Ay =W,L/8.25 (€))

where A is the grubbing area (acres), and wq
equals &c - Cy if Dg is less than or equal to
2 ft, or equals (D, + 2)/8 if otherwise.

Seeding area is taken to be the area of the cut
and fill banks, as shown in Figure 4. The seeding
area may be estimated by

Ay =(W; +W,)L/8.25 )
where

Ag = seeding area (acres),
W1 = Dg/cos(tan-!Sg), and
Wy = Dg/cos(tan-!Sg).

Note that clearing and grubbing areas are a hori-
zontal measure, while seeding area is a slope mea-
sure,

This study assumes that ditch relief culverts are
installed at given intervals. Culvert length may bhe
estimated for the three different situations shown
in Figure 5. Figures 5a and b show two different
approaches for calculating culvert length in a bal-
anced section. The culvert length in Figure 5a is
computed from the ditch line to the toe of the fill
where no down drain is required. The maximum allow-
able gradient in a culvert is assumed to be 30 per-
cent. If the computed gradient of the culvert ex-
ceeds 30 percent, it is assumed that the gradient
will be reduced to 30 percent and a down drain will
be installed. The down-drain length 1s estimated

Figure 1. Excavation volume.

(a) Balanced Section

{b) Full Bench
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Figure 2. Clearing area,

Balanced Section

Full Bench \

Figure 3. Grubbing area.

f——— Wy D=2t —————————

Full Bench \
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according to the sketch shown in Figure 5b. When a
down drain is required, an additional cost must be
added for elbows, anchors, and energy dissipators.
Figure 5c shows a sketch of the typical culvert for
a full-bench section. The equations for computing
the length of culvert for the three cases are listed
below. For a balanced section without down drain,

Lp = [(W+DySp)? + D]/ +2 ©)

Figure 4. Seeding area.

Figure 5. Ditch relief culverts,

\"f T
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(a) Balanced Section Without Downdrain

(c) Full Bench
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Cut Bank Begin Through Fill

e
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End Through Fill

Flgure 7. Surface rook velume,

For a balanced section with down drain,

1/2 -
Lp = [D& + (W+ §D)?] ' + (Dy - D)/sin[tan™! (1/8)] +2 )
For a full-bench section,
L,=W+4 ®)
where Lp = length of culvert (ft) and Dy = 0.3W/
(1 - 0.35¢) -

Figure 6 is a sketch of the typical drainage
crossing. It is assumed that additional excavation
is required to construct through-fill drainage
crossings if the typical section is self-balanced,
but no additional excavation is required in full-
bench sections. The additional earthwork is assumed
here to be the through-fill volume adjusted for com-
paction. The through-fill excavation volume for

drainage crossings is computed by Equation 9, while
the culvert length is estimated by Equation 10:

Vi = {(13)[YV + YW+ UW + X)] Le /[(1 + ©)(27)] ©)
L = [(V+W+X)? +(Y-UP] 2 (10)
where

Vy = excavation volume (yd®),

U = He = (W/2 + V) (Sy),

V = [SgHe - (W/2)5,S¢1/(1 + S,S¢),

X = [SgHge + (W/2)5,8¢1/(1 ~ SyS¢),

Y = He + (W/2 + X)S,,

Sy = gradient of drainage (decimal percentage),
He = height of f£ill at centerline (ft),

Lg = length of through f£ill (ft), and

Ly = length of the drainage-crossing culvert (ft).

Finally, based on the sketch in Figure 7, the
volume of surface rock may be estimated by

V; = (2W, + D,/6) D, L(5280/324) (1t)
where

Vy = volume of surface rock (yd?),
Dy = depth of rock (in),

W, = top width (ft), and
L = length (milea).

The above equationa for various quantities were
integrated into a computation procedure contained in
a program entitled ANALYTICAL ROAD COST (ARC) writ-
ten for the HP41C ocalculator. The program allows
the user to specify full-bench section or self-
balancing Bsection, eoll compaction factor, ground
slope, length, earthwork haul distance, rock haul
distance, cut slope and fill slope ratios, aggregate
depth, distance between culverts, road widths, dis-
tance from top of cut to clearing limit, unit costs,
and, on through-fill drainage crossings, the length
of the through fill and the depth at the drainage.
With this flexibility, the user may test the sensi-
tivity of each factor and formulate various project
alternatives. If a project consists of several road
segments with different characteristics, the program
can accumulate quantities and costs and print the
project total.

MODEL VALIDATION

In order to check the accuracy of the ARC program, a
sample of four typical roads on the Gifford Pinchot
National Forest was selected for case studies. The
result of each application was compared with a tra-
ditional method of estimation and the engineer's
estimate from the design quantities.

In these four case studies, input data for the
road cost estimates were taken from survey and de-
sign notes. Slope data were taken from preliminary
line (P-line) survey notes. The roads were divided
into segments that had roughly the same ground
slope. These segments were generally 0.3-0.5 mile
(0.48-0.81 km) in length. Road design standards and
drainage-crossing fill heights and lengths were
taken from the design. Unit costs were taken from
the engineer's estimates. WNote that the data ob-
tained in this way are more accurate than that usu-
ally available to transportation planners, so the
ARC estimates are probably more accurate in this
case than usual. The same data base was also used
for the traditional method estimates, however, and
should have reduced the error for these estimates as
well.

In this study, the traditional approach consisted
of using the average of previous engineer's esti-
mates. The engineer's estimates for 1981 construc-
tion contracts were compiled, and the average per
mile costs for five slope classes were developed.
These costs, which were used at zone II A, Gifford
Pinchot National Forest (in 1981), are gilven in the
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Table 1. Comparison of cost and quantity estimates for major iteins,

Road Road Road Road
Item 4205.025 4207.000 4207.018 4207.023
Length (miles) 0.70 2.55 137 0.80
Total cost
Engineer’s estimate ($) 85 245 277762 190795 134676
ARC (%) 73 167 262 046 165 644 123 972
Error (%) -14 -6 -13 -8
Conventional method (8) 93 968 469 160 302859 185069
Error (%) +10 +69 +59 +37
Excavation volume (yd3)
Engineer’s estimate 11158 46 545 27118 20 760
ARC 10 571 50098 23933 21 002
Clearing area (acres)
Engineer's estimate 4.40 14,30 9.74 5.51
ARC 3.41 11,25 7.07 3.59
Seeding area (acres)
Engineer’s estimate 4,25 16,33 10.25 5.31
ARC 1.94 7.07 3.99 2.37
Haul (station yd3)
Engineer's estimate 26 558 279946 134574 69 351
ARC 16 996 180746 109227 89816
Agaregate (yd?)
Engincer's estimate 1263 0 0 0
ARC 1109 v} 0 0
All dralnage costs (§)
Engineer's estimate 16 120 50 204 26 938 27097
ARC 12 051 47910 35543 32674

Notes: All conts expressed in 1982 U,8, dollars,
1 mile = 1,6 km, 1 yd3 = 0,764 m3, 1 sere = 0,404 hm2, and 1 station
=3048m,

table below (note that 12 percent/year should be
added to the costs per mile to account for infla-
tion, and 1 mile » 1,6 km):

Side Slope (%) Cost per Mile ($000s)

0-30 80
30-40 105
40-50 142
50-60 204
>60 >237

As recommended, a 12 percent inflation adjustment
was made to estimate costs for construction in
1982, A similar inflation factor is included in the
unit costs for ARC estimates and the 1981 engineer's
estimates.

Based on the given data, cost estimates for four
roads were made by ARC and the conventional ap-
proach. These estimates, along with the engineer's
estimates, are given in Table 1. Comparing esti-
mates made by ARC and the conventional approach with
the engineer's estimates indicate that ARC can make
a more accurate and consistent estimate., The esti-
mate error for ARC is less than 15 percent, while
the estimate error for the conventional method could
amount to nearly 70 percent., However, there is a
tendency that ARC made underestimates while the con-
ventional approach resulted in overestimates.

The error in the traditional method estimates was
greatest for roads 4207.000, 4207.018, and 4207.023
because these roads were designed with lower-than-
average standards, including native surface and
steeper cut banks. The error in the ARC estimates
was more uniform, since the variation in roadway
template was accounted for in the estimation of
quantities,

The sources of the underestimate in ARC can be
inferred from the quantities and costs given in
Table 1. Generally, good agreement is found between
the two in the excavation cost. ARC overestimated
the excavation quantity on road 4207.000 by 7 per-
cent and on road 4207.023 by 1 percent, but under-
estimated it on road 4207.018 by 12 percent and on
road 4205.025 by 5 percent. The discrepancy is due,
in part, to variations in terrain and the designer's
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choice of vertical and horizontal alignment. Gen-
erally, excavation volumes are higher than those
computed for a true self-balanced section due to
through cuts and fills. The addition of excavation
volume computed by ARC for through-fill drainage
crossings may add up to more or less than the earth-
work actually designed. The roads in this study are
contour-fitting roads with an average alignment fac-
tor [average horizontal curve radius (in feet) di-
vided by number of horizontal curves per mile] of
5.3. Higher excavation volumes would be expected on
roads with better alignment. Also, staked road
widthe vary from nominal road widths due to slough
widening, curve widening, and daylighting of cuts.
In using ARC, rule-of-thumb adjustments were made to
the nominal widths, These adjustments were devel-
oped from Gifford Pinchot National Forest axperi-
ence, Soll compaction factors were also developed
from local experlence. The correct cholce of a solil
compaction factor ie important for an accurate esti-
mation of quantities when using ARC, Higher soil
compaction factors may be used to model the effect
of batter alignment,

The greatest discrepancy between ARC and engi-
neer's estimates is in the clearing and grubbing
items. The ARC estimate of oclearing area is consis-
tently low because it does not account for log-
dacking areas and burn bays. Tha error averages 28
percent and is considered acceptable, since the dls-
crepancy in clearing and grubbing costs averaged
only 5 percent of total project costs and because
log-decking area and burn-bay acreage cannot be pre-
dicted in a generalized, systematic way.

The seeding acreage estimate is also low because
ARC assumes seeding only on cut and £fill banks, but
the designs called for seeding of the entire roadway
on the 4207 roads. 1In general, it is more correct
to assume, as ARC does, that the roadbed is not
seeded. Also, the ARC estimate neglects the log-
decking and burn-bay acreage.

Haul costs were also difficult to predict due to
variations in terrain and alignment. 1In using ARC,
rule~-of-thumb averages were used for haul dis-
tances, The errors in the haul quantities estimated
by ARC were -36, -35, -19, and +30 percent, respec-
tively, and the errors in haul cost fall into a
range from -2 to +4 percent of the total road cost.

Generally, the ARC program made more accurate
cost estimates than the traditional approach. In
particular, ARC was more responsive to variation in
design standards.

CONCLUSIONS

A quick turnaround cost-estimation method has been
developed for use in planning low-volume roads. The
method has been presented in a program written for
the HP41C calculator. Its applicability was demon-
strated by four case studies. The results of the
studies indicated that the developed procedure can
make more accurate and consistent estimates than a
conventional approach. Because the procedure allows
the examination of various alternatives conveni-
ently, the transportation planner may use it to plan
a more cost-effective low-volume-road system under
pressing deadlines.
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