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ABSTRACT: The Construction Congestion Cost System (COP) is an integrated
set of tools to estimate the impact of traffic maintenance contract provisons on
congestion, road user cost, and construction cost. We use CO? to produce redistic
budgets and select practical contracting methods that provide an acceptable bal-
ance between construction cost and congestion. This paper describes the underly-
ing CO® model of traffic demand, delay, and user cost, particularly the methods by
which CO? calculates traffic backup and delay, diverted and cancelled trips, and
road user cost. It provides examples that illustrate the CO® model and methods.
CO® models the common characteristic of construction work zones by which road
capacity can vary from hour to hour as lanes close and open and work conditions
change. Traffic demand also varies with time of day, and drivers may divert to an
alternate route or cancel trips because of delays caused by construction. CO® esti-
mates traffic delay due to traffic congestion as a function of demand and capacity
and it estimates traffic cancellations and diversions as functions of traffic delay.

1 INTRODUCTION

The Construction Congestion Cost System (COP) is an integrated set of tools to estimate the
impact of traffic maintenance contract provisions on congestion, road user cost, and construction
cost (Carr 1997). With it we estimate and calculate traffic input variables, traffic delay and user
cost impact, construction cost impact, integrated user cost and construction cost impact, period
costs for contract provisions, and traffic related contract payments. We use CO?® to produce real-
istic budgets and select practical contracting methods that provide an acceptable balance between
construction cost and congestion. We compare user cost and construction cost of aternative
contract provisions to help us select the best project alternative. Therefore, CO® helps us select
among alternative methods of maintaining traffic during construction, and it helps us select con-
tract period costs for contract provisions that provide incentives for reducing congestion impacts
during construction. This paper describes only the underlying CO® mode of traffic demand, delay,
and user codt, particularly the methods by which it calculates traffic backup and delay, diverted
and cancelled trips, and user cost.

CO® models the common characteristic of construction work zones by which road capacity can
vary from hour to hour as lanes close and open and work conditions change. Traffic demand also
varies with time of day, and traffic backs up when demand exceeds capacity. Some motorists di-
vert to an alternate route or cancel trips because of delays caused by construction. Road user cost
results from traffic delays, from increased travel time and distance of aternate routes, and from
trip cancellations caused by congestion. CO® calculates backups, delays, diverted traffic, and can-
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celled traffic to measure congestion. It calculates user cost as a measure of congestion that isin-
tegrated with construction cost in selecting among alternative contract provisions.

CO® models the circular relationship between work zone demand and delay, in which diversions
and cancellations are functions of delay, work zone demand is a function of diversions and can-
cellations, and delay is a function of work zone demand. It models traffic as an integrated stream
of two classes of vehicles, trucks and cars, that share backups but differ in diversion and cancella-
tion sengitivity. It models and estimates traffic delay due to traffic congestion as a function of de-
mand and capacity and it estimates traffic cancellations and diversions as functions of traffic delay.
It calculates traffic backup that is due to actual demand on the work zone exceeding work zone
capacity.

The CO® system is implemented in a Microsoft Excel spreadsheet. The spreadsheet and CO?
User Manual can be downloaded from the worldwide web at http://grader.engin.umich.edu/. CO®
was developed with financial support from the Michigan Department of Transportation to allow it
to reduce the impact of highway construction on Michigan travelers.

2 BACKGROUND

An analytical procedure to estimate traffic delay and congestion and assess the tradeoffs in
cost-effectiveness of alternative measures was described in (“Alternative” 1978). This was imple-
mented in a microcomputer spreadsheet that is still widely used (Morales 1986). The underlying
model includes only delay and user cost of vehicles in the queue formed by demand exceeding ca-
pacity. The QUEWZ model provides a recent model of traffic flow through lane closures in free-
way work zones and queue lengths and road user costs that result (Krammes, Ullman, Memmott,
and Dudek 1993). QUEWZ was designed for Texas urban freeways with continuous frontage
roads, and it diverts all traffic that would cause a queue greater than a specified maximum length
or motorist delay greater than a specified maximum delay. Microscopic traffic simulation models
can aso be applied to freeway incident management (Cragg and Demetsky 1995). However, this
is generally impractical for broad application to work zone analysis for incentive contracts, par-
ticularly for project scope and budget decisions.

The FHWA has provided for incentive/disincentive and related clauses for highway construc-
tion based on road user costs since 1984 (“Incentive/disincentive” 1989), and practicalities of
such clauses were described by Riley (1984), and Newman and Heljl (1984). Construction work
zones can be considered a special case of freeway incident management in which interruptions of
normal traffic is planned and controlled, and much can be learned from freeway incident manage-
ment literature (Reiss 1991). Traffic/congestion management recommendations are summarized in
(“Traffic” 1992), and dternative contract management techniques are described in (* Contract”
1997). Incentive-based highway contracting methods of various forms have been widely imple-
mented with significant success (Jaraiedi, Plummer, and Aber 1995) (Herbsman, Chen, and Ep-
stein 1995) (Herbsman 1995). The FHWA 1998 Nationa Strategic Plan includes initiatives to
stabilize congestion and reduce delays caused by construction (* Federal” 1997).

3 DEMAND, ROUTES, AND DELAY

3.1 DESIGN DEMAND

Design demand (Vph) = number of vehicles that travel through the site under normal condi-
tions when it is not a construction site. Design demand is generally based on historical demand =
sample(s) of number of vehicles per hour that traveled through the site under normal conditions at



the most recent sampling. Design demand can be estimated directly, but it normaly will be di-
rectly calculated from historical demand, with adjustment for years of growth between the year
in which historical demand is determined and the year in which the work will be performed, based
on estimated annual traffic growth using input shown in Fig. 1. CO® calculates design demand
using the following equation:

design demand = (historical demand)* [1+ (annual traffic growth)](years of growth)
For example, using values in Fig. 1, if a period's historical demand = 3,124 Vph, the period's
design demand is

design demand = (3,124)* (1+0.03)2 = 3,314 Vph

These values of historical demand and design demand are shown for 8:00 am to 9:00 am (8A) in
Table 1, which also includes values for 9:00 am to 2:00 pm. [Note: For brevity, the example in
this paper is for six periods, as shown in Table 1, rather than the 24 periods of CO® software.]
period length (min) 60
annual traffic growth (%)] 3.00%
years of growth 2

VEHICLE INPUT cars trucks
design demand (%)] 90.0% 10.0%

Fig. 1 - Input of Traffic and User Cost Constants®

Table 1. Period Capacity and Demand

total car truck
historical design period actual actual actual
period capacity demand demand decrease demand demand demand
(hr) (V/hr) (V/hr) (V/hr) (V/hr) (V/hr) (V/hr) (V/hr)
©) @ (©) Q) ©) (6) @) ()
8A 3,400 3,124 3,314 0 2,983 331 3,314
9A 1,400 2,436 2,584 571 1,773 240 2,013
10A 1,400 2,051 2,176 810 1,177 188 1,366
11A 1,400 1,436 1,523 431 955 137 1,092
2P 1,400 1,513 1,605 282 1,171 152 1,323
1P 3,400 2,099 2,227 0 2,004 223 2,227
Total 12,400 12,659 13,430 2,095 10,064 1,272 11,335

3.2 WORK ZONE AND DIVERSION ROUTES

Fig. 2 shows travel routes that are important to calculations of extra distance and time that
may be required during construction, relative to normal travel when there is no work zone. We
differentiate between a method route and a normal route for work zone travel and for diversion
travel. Vehicles travel a method route while a construction method is being applied. Diversion
method distance = the route vehicles follow between leaving and returning to the normal route if
they divert around the work zone. Work zone method distance = zone method distance = distance
vehicles follow from one side of the work zone to the other if they do not divert. The normal
route is the comparable route vehicles travel when there is no construction. Therefore, diversion
normal distance = distance on the normal route between the points a which diverting vehicles
leave and return to the normal route. Work zone normal distance = zone normal distance = dis-
tance on the normal route between one side of the work zone to the other when there is no work

% Fig. 1, Fig. 5, and Fig. 8 show the format of CO® software input.



zone. Fig. 2 (a) shows the distances when there is no detour, in which case work zone method
distance = work zone normal distance. Fig. 2 (b) shows the distances where there is a detour and
no vehicles travel the normal route through the work zone, in which case generally the work zone
method distance > work zone normal distance.

diversion method distance

Without Detour
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L diversion normal distance
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v

(a) Without Detour

diversion method distance

With Detour
L zone normal distance

zone method distance (detour)

d |

diversion normal distance

(b) With Detour

Fig. 2 - Work Zone and Diversion Distances

3.3 DELAY

A work zone can cause three types of delay:

(1) speed delay = difference in time to travel the method travel distance through the work
zone (or around it if a detour is required) during construction and the normal time
when there is no work zone..

(2) backup delay = time vehicles wait to enter the work zone when work and traffic
maintenance conditions reduce capacity below design demand, and

(3) diversion delay = difference in time to travel the diversion travel distance around the
work zone during construction and the normal time when there is no work zone.

Vehiclesthat travel through the work zone experience

work zonedelay = speed delay + backupdelay - -« -« v oviiii (2
whereas vehicles that divert around the work zone experience diversion delay.

3.4 ACTUAL DEMAND

Demand through the work zone (or detour) decreases when drivers divert to other routes or
cancdl trips to avoid the work zone conditions and possible delays associated with it. Actua de-
mand in a period consists of vehicles that arrive at the work zone during the period, which is de-



sign demand minus vehicles that cancel trips or divert around the work zone. At any capacity, the

decrease in traffic from diverted and canceled vehicles is modeled in four components for both

cars and trucks:
decrease (with no delay) = diverted (with no delay) + canceled (with no delay) traffic
that occurs even in periods in which there is no significant delay at the work zone.
Thisis expressed in percent.
decrease (with delay) = diverted (with delay) + canceled (with delay) traffic that oc-
curs due to delay at the work zone. This is expressed in percent decrease per minute
of delay.

Therefore, demand = actual demand is a function of work zone delay:

decrease (%) = [decrease (with no delay) (%)]
+[ decrease (with delay) (%/ min)]* [work zone delay (min)]

where decrease (%) = per cent of design demand that diverts or cancels its trips. This is demon-
strated in Fig. 3 (a) for diverted cars. Total decreases are the sum of diverted and cancelled cars
and trucks,

Demand decrease = decrease in design demand is a function of decrease (%) and design de-
mand,

decrease (Vph) =[decrease (%)]*[design demand (Vph)]
[ decrease (with no delay) (%)]

={ +[decrease (with delay) (%/ min)]} *[design demand (Vph)] 4)
* [work zone delay (min)]
and demand = actual demand is calculated by
actual demand (Vph) =[design demand (Vph)] - [decrease(vph)] o

=[design demand (Vph)]* {1- [decrease (%)]}
4 SPEED DELAY

4.1 GENERAL

Vehicle speed through a construction zone may be lower than speeds outside the zone, due to
pavement conditions, traffic conditions, routing through a detour, or other work zone conditions.
If a detour is used, it adds distance and time. The increase in time required to traverse the work
zone is speed delay, and this section describes input variables and calculation of speed delay.

4.2 SPEED DELAY = FUNCTION OF DEMAND AND CAPACITY

Speed delay is the difference in time to travel the method travel distance through the work
zone (or around it if a detour is required) during construction and the time it would take if there
were no construction. Threshold capacity for speed delay is the capacity at and below which
speed delay occurs. Generdly, threshold capacity for speed delay for aday is the capacity through
the work zone that day during construction. If there are different capacities at different times
during a day of construction, the threshold capacity for speed delay is generdly the largest of
them. Speed delay is calculated for al periods with capacity £ (threshold capacity for speed de-
lay), which alows speed delay of a vehicle to vary as work zone conditions and traffic conditions



change. Work zone conditions change from time to time as lanes or ramps are closed and opened
or as traffic is routed over temporary paving or detours. Therefore, capacity changes occur when

work zone conditions change. Traffic conditions change as work zone conditions change and as
demand changes.
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Fig. 3 Percent Decrease in Car Demand for Threshold and Range Values

Speed delay is modeled as a function of period capacity (C) and period zone demand (D),
where period zone demand = vehicles that enter the work zone during a period (as opposed to
period actual demand = vehicles that arrive at the work zone during a period). That is, each pe-
riod with capacity £ (threshold capacity for speed delay) has a speed delay function. For each pe-
riod the value of its speed delay is a function of the ratio D/C = (demand that enters the zone
during the period) / (period capacity), and D/C can have any value between 0 and 1. Fig. 4 shows
this relationship between speed delay and zone demand. Speed delay never exceeds its value at
D/C = 1, because traffic flow through the zone cannot exceed capacity, by definition, and al de-
mand greater than capacity backs up and waits to enter the zone.
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(b) With threshold and range capacities for speed delay
Fig. 4 Speed Delay as Function of Capacity and Demand

The speed delay function for each period with capacity £ (threshold capacity for speed delay)
is therefore defined by three variables, which are shown in Speed Delay Input in Fig. 5 (a) for
threshold values:

capacity for speed delay = capacity for the period.

speed (when D ~ 0) = speed when demand is very low.

speed (when D = C) = speed when the number of vehicles that enter the zone during
the period equals its capacity.

Fig. 5 (a) shows these values where (threshold capacity for speed delay) = 1400 Vph. For
cases where different periods during a day have different capacities and the different capacities



allow different speeds that differ from normal travel speed, another set of values, called range in-
puts, is needed in addition to threshold inputs. Fig. 5 (b) shows values of the three inputs for both
threshold values and range values. When there are range inputs, the computer calculates speed
delay by interpolating between the threshold inputs for the threshold capacity and the range inputs
for the range capacity.

4.3 THRESHOLD CAPACITY FOR SPEED DELAY

4.3.1 Normal Travel

Travel timeisafunction of travel distance and speed,
imes QINCE (6)
Speed
For the highway under study, we estimate normal traffic speed = 70 mph when there is no con-
struction work zone. The project considered will require work zone distance = 2 mi, for which
normal travel timeis

) rk zone normal di
normal time = work zonenormal distance @)

work zone normal speed

= 2™ 02857 hr = 1.71 min,
70 mph

4.3.2 Low Demand (D»0)

We estimate that closing one lane of the example two-lane highway during construction will
reduce capacity to 1400 Vph over the two miles of lane closure. At capacity = 1400 Vph, we es-
timate average vehicle speed at low traffic will be reduced from normal speed = 70 mph to
[method speed (when D » 0)] = 50 mph due to construction conditions.

Travel time during construction at low traffic is calculated from:

method time (when D » 0) = work zonemethod distance (8)

work zone method speed (when D » 0)

= 2™ _ 504t = 240 min.
50 mph
and
delay = (method ti me) - (norma| ti me) .................................................... (9
From this, speed delay at low traffic is calculated below and shown as work zone travel in Fig.
5.
speed delay (when D » 0) = [method time (when D » 0)] - [normal time]-------..oooveenn. (10)

=240-171=0.69min



VEHICLE INPUT cars trucks VEHICLE INPUT cars trucks
user cost per hour ($/V hr)] $12.00 $30.00 user cost per hour ($/V hr)] $12.00 $30.00
user cost per mile, ($/V mi)]  $0.30 $1.00 user cost per mile, ($/V mi)] $0.30 $1.00

user cost per cancellation, ($/V)| $4.00 $10.00 user cost per cancellation, ($/V)| $4.00 $10.00

DISTANCE AND SPEED INPUT distance speed DISTANCE AND SPEED INPUT distance speed

work zone method travel 2.0 see delay work zone method travel 2.0 see delay
work zone normal travel 2.0 70 work zone normal travel 2.0 70
diversion method travel 10 45 diversion method travel 10 45
diversion normal travel 4.0 70 diversion normal travel 4.0 70
SPEED DELAY INPUT threshold range SPEED DELAY INPUT threshold range
capacity for speed delay (V/hr) 1400 capacity for speed delay (V/hr) 1400 1000
speed (when D~0) (mph) 50 speed (when D~0) (mph) 50 45
speed (when D=C) (mph) 40 speed (when D=C) (mph) 40 20
WORK ZONE TRAVEL threshold range WORK ZONE TRAVEL threshold range
method travel time (when D~0) (min) 2.40 method travel time (when D~0) (min) 2.40 2.67
normal travel time (min) 1.71 normal travel time (min) 1.71 1.71
speed delay (when D~0) (min) 0.69 speed delay (when D~0) (min) 0.69 0.95
method travel time (when D=C) (min) 3.00 method travel time (when D=C) (min) 3.00 6.00
speed delay (when D=C) (min) 1.29 speed delay (when D=C) (min) 1.29 4.29
WORK ZONE SPEED DELAY USER COST threshold range WORK ZONE SPEED DELAY USER COST threshold range
car speed delay user cost (when D~0) 0.14 car speed delay user cost (when D~0) 0.14 0.19
truck speed delay user cost (when D~0) 0.34 truck speed delay user cost (when D~0) 0.34 0.48
car speed delay user cost (when D=C) 0.26 car speed delay user cost (when D=C) 0.26 0.86
truck speed delay user cost (when D=C) 0.64 truck speed delay user cost (when D=C) 0.64 2.14
DIVERSION TRAVEL DIVERSION TRAVEL
method travel time (min) 13.33 method travel time (min) 13.33
normal travel time (min) 3.43 normal travel time (min) 3.43
diversion delay (min) 9.90 diversion delay (min) 9.90
extra diversion travel distance (mi) 6.0 extra diversion travel distance (mi) 6.0
DIVERSION USER COST cars trucks DIVERSION USER COST cars trucks
diversion delay user cost $1.98 $4.95 diversion delay user cost $1.98 $4.95
diversion distance user cost $1.80 $6.00 diversion distance user cost $1.80 $6.00
diversion user cost $3.78 $10.95 diversion user cost $3.78 $10.95
backup delay balance (min) 17.62 20.62 backup delay balance (min) 17.62 20.62
(a) With threshold capacity (b) With threshold and range capacity

Fig. 5 - Speed Delay, Diversion, and User Cost

4.3.3 High Demand (D=C)
Travel time during construction at high traffic is calculated below and shown as work zone
travel in Fig. 5.
work zone method distance

methodtime (WhenD=C)=—————————— ... ... (12)
work zone method speed (when D = C)
= 2M__605hr = 3.00min.
40 mph
speed delay (when D = C) =[method time (when D = C)] - [normal time]- -+ -+ ovvvnns (12)

=300-171=129min

Col. 4 of Table 3 shows average speed delay = 1.29 min for 9:00 am to 11:00 am, where ca-
pacity = 1,400 Vph < actual demand = 2,013 Vph, and for 10:00 am to 12:00 pm, where there is
backup for the entire period and traffic flow through the zone = capacity = 1,400 Vph.



4.3.4 Intermediate Demand (0 <D <C)
The genera equation for speed delay as a function of zone demand = D and capacity = C is
speed delay = [speed delay (when D » 0)]

d del h = E
+ {[Spee elay (when D C)] }* (R) ® FOrD<SC cvvrnrnnnnnnnnnnns (13)

- [speed delay (when D » 0)]| \C

=[speed delay (when D = C)] forD3 C
where Es = speed delay exponent (default Es = 2). Fig. 4 illustrates Eq. (13).

Speed delay at an intermediate demand between zero and capacity, such asat D = 900 VPH at
which D/C = 900/1400 = 0.643, is calculated using Eq. (13),

2

speed delay (when D =900) = 0.69+(1.29- 0.60)* (54—(2;2))

= 0.69+(0.69)* (0.643)% = 0.69+0.29 = 0.98min

4.4 RANGE CAPACITY FOR SPEED DELAY

As described in Sec. 4.2 above, we sometimes need range inputs to describe vehicle speeds at
one or more capacities below the threshold capacity for speed delay. For example, outside of
working hours, capacity and speeds of a signed work zone are often lower than normal, and ca-
pacity and speeds during work periods are even lower. Or capacity and speed may be higher while
a lane is being closed than when work is proceeding close to traffic. An example of such range
input is shown in Fig. 5 (b). Fig. 4 (b) shows range speed delay and its relationship to threshold
speed delay. Range travel time and speed delay follow Eq. (6) to Eq. (12), which produces the
range travel times and speed delays shown for work zone travel in Fig. 5 (b). Range speed delay
for intermediate demand (0 < D < C) follows Eg. (13). For example, this produces [range speed
delay (when demand = 900 Vph)] = 3.66 min.

4.5 CAPACITY ! THRESHOLD CAPACITY OR RANGE CAPACITY

When thereis range input as well as threshold input, CO® calculates values of any variable xc =
value of x at capacity = C < threshold capacity by the following interpolation:
(threshold capacity)- C

Xc = (threshold x) +[(range x) - (threshold x)|* {(threshold capecity) - (range capacity) |

where (threshold x) = value of x at threshold capacity and (range x) = value of x at range capacity.
The dashed lines in Fig. 4 (b) show interpolated values for capacity Cp, where (threshold ca-
pacity) > C, > (range capacity) and extrapolated values for capacity Ci< (range capacity). Thus
for our example we can model any capacities below 1400 Vph. For example, we can calculate
travel time and speed delay for capacity = 900 Vph using Eq. (14),
1400 - 900
1400 - 1000}

= 2.40 +[0.27]* [125] = 2.40 + 0.33 = 2.73min

method time (when D » 0) = 2.40 +[2.67 - 2.40]* [

10



method time (when D = C) = 300 +[(6.00) - (3.00)]* [ 1400 - 900 }

1400 - 1000
=3.00+[3.00]* [125] =300+ 3.75=6.75min
These are 2.0 mi travel times at [average speed (when D » 0)] = (2.0 mi) / [(2.73 min)*(60
min/hr)] = 38.1 mph and [average speed (when D=C)] = 17.8 mph. Smilarly, Eq. (14) calculates
speed delay for capacity = 900 Vph,
1400 - 900
eed delay (when D » 0) = 0.69+[0.95- 0.69|* | ——
® ¥ > 0) [ ] [1400- 1000
1400 - 900
1400 - 1000

which agree with Eq. (12), from which [speed delay (when D » 0)] = 2.73 —1.71 = 1.02 min, and
[speed delay (when D = C)] =6.75—-1.71 = 5.04 min.

}:lOZmin

speed delay (when D = C) =129 +[4.29- 129]* [ } = 5.04min

4.6 USER COST OF SPEED DELAY

User cost = monetary equivalent of any extratravel time and distance that vehicles incur due to
construction. We calculate speed delay user cost using Eqg. (15), for which Fig. 5 shows an exam-
ple of user cost per hour ($/V-hr) and user cost per mile ($/\V-mi).

user cost = [delay (hr)]*[user cost per hour ($/ hr)]

... (15)
+{[method distance (mi)] - [normal distance (mi)]}* [user cost per mile ($/ mi)]
For example,
129 min
eed del st (whenD=C)=———*($12. h
car sp ay user cost (when ) 80 min e ($12.00/ hr)

+(2.0 mi- 2.0 mi)* ($0.30/ mi) = $0.26

Similarly, truck speed delay user cost (when D = C) = (1.29 min) * ($30.00 / hr) / (60 min/hr) =
$0.645. Speed delay user cost ($/V) for other conditions for cars and trucksis shown in Fig. 5.

5 BACKUP DELAY

5.1 GENERAL

A backup is a queue of vehicles that is waiting to enter a work zone, and backup delay is the
time a vehicle waits in the queue to enter the zone. CO® assumes arrivals and departures are uni-
formly distributed over each period. Backup is the excess of demand over capacity, and all vehi-
cles ahead of a particular vehicle must pass through the zone before it can. Therefore, a vehicle
that arrives when there is a backup must wait to enter the zone until the backup ahead of it has
entered the zone. If there are By vehicles backed-up when vehicle N arrives, and the capacity
(V/period) of the zone is capacityn following the arrival of N, vehicle N is delayed by
(backup del ay)BN while it waits to enter the zone, where

_[BN(W)][60 (min/ hr)]

[backup defay (min)]g = [capacity  (Vph)]

11



These relationships are shown in Fig. 6, in which Bsop i = backup at start-of-period i, and
Beop i = backup at end-of-period i. Of course, the start-of-period backup of one period = end-of-
period backup of the previous period, or

Boop i+1 = Begp i+ v et (17)

Vehicles arriving a the start-of-period 1 are behind backup Bsop 1- The last vehicle in that
backup enters the zone at time a, after which time the first vehicles arriving in period 1 will start
entering the zone. The number of period 1 vehicles that enter the zone during period 1 =e —d . If
period 1 demand = demandj 1, then end-of-period 1 backup = Begp 1,1 = start-of-period 2
backup = Bsop 2,1 - and the last arriving period 1 vehicle will be backed-up until time b, at which
time al of demand; 1 will have entered the zone. Thus, all period 1 vehicles will have entered the
zone before end-of-period 2, and end-of-period 2 backup = Beop 1,1 = 0. The tota vehicle-
periods period 1 vehicles will have spent in backups is the cross-hatched area <55 = (total
backup delay)1 1.

However, if period 1 demand = demand; » , then period 1 vehicles will remain into period 3,

the latest arriving period 1 vehicles will be backed-up from end-of-period 1 until ¢, and the total
vehicle-periods of backup delay accumulated by period 1 vehicles will be the area 0 = (total
backup delay)q 2.

Thus, the total vehicle-periods of delay due to backups experienced by vehicles that arrive in a
period is a function of the backup at the start of the period, the period demand, and the period
capacity. It is also a function of the following periods capacities, if the initial start-of-period
backup and period demand exceed the period capacity.

5.2 BACKUP AS FUNCTION OF DEMAND AND CAPACITY

The relationship among these variables, as demand and capacity vary from period to period, is
shown in Fig. 7. The dopes of the dashed line along the top of the crosshatched areas represent
the period demands, and the slopes of the solid line along the bottom represent the period capaci-
ties. Each point along the demand line represents arrival of a vehicle at the zone on the vertical
axis and the time the vehicle arrives on the horizontal axis. A horizonta line drawn from that
point intersects the capacity line at the time the vehicle enters the zone. The horizontal distance
between the point of arrival on the demand line and the point of entering the zone on the capacity
line represents the backup delay for the vehicle. For example, the vehicle that arrives at 9 (point
A) will enter the zone as shown by point B, and it will be backed up for time AB.

A period's demand does not start to enter the work zone (or other primary path) until all pre-
ceding backed-up vehicles have entered the zone. Thus, the first vehicles arriving 7-8 can enter
the zone immediately. However, no vehicles arriving 9-10 can enter the zone until well into time
11-12.

Similarly, the last vehicle to arrive in a period is backed-up until the earlier arriving vehicles,
including those backed-up from prior periods, have entered the zone. Thus, vehicles that arrive
just before 8 will be backed-up until almost 9, because demand7-g significantly exceeds capacity7-
0. Vehicles arriving just before 10 will be backed-up until past 12, because the backup at 9 plus

demandg-10 exceeds capacity9-12.
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Fig. 6 Comparison of Backup Delay for Two Demands

The CO® model determines the vehicle-periods of delay for the each period’s demand by
tracking the period demand through successive periods until all of its vehicles have entered the
zone. CO® first calculates the period's vehicles' delays for the period in which they arrive. If vehi-
cles remain at the end of the period, those vehicles delays are calculated for the succeeding pe-
riod. If vehicles remain at the end of the succeeding period, their delays are calculated for the next
succeeding period. This continues until none of the initia period’ s vehicles remain. The sum of the
delays for those periods is the total backup delay of the vehicles that arrived in theinitial period. If
the periods are one hour in length, then total backup delay is measured in vehicle-hours (V-hr).

5.3 INITIAL PERIOD AND FOLLOWING PERIOD CONDITIONS

The initial and following period backup conditions for vehicles arriving during a period are in-
dicated by the following terms:
| = Initia, indicating the initial period = the period in which the demand occurs.
F = Following, indicating a period following the period in which the demand occurs.
B indicates a start-of-period backup < (D = initial period demand).
D indicates afollowing period start-of-period backup 3 (D = initial period demand).
R indicates 0 < end-of-period backup < (D = initia period demand).
O indicates there is no backup, i.e., backup = 0.
These terms are combined to describe the different possible conditions for which to calculate
period backup and delay. The start-of-period and end-of-period condition classes are described in
Table 2.
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Fig. 7. Backup, from Cumulative Demand and Capacity
Period 1, which is the initial period considered in Fig. 6, is IBR for both demandy 1 and de-
mand1 o, because it has start-of-period backup = d > 0 and end-of-period backup > 0. Period 2,
which follows period 1, is FRO for demand 1 , because period 2 capacity exceeds period 1 end-

of-period backup, and no period 1 demand is backed up at end-of-period 2. However, if period 1
demand = demand » , then period 2 is FRR and period 3 is FRO, because the last part of period

1 demand is still backed up at end-of-period 2 but all of it has entered at end-of-period 3.

Each period in Fig. 7 is labeled to show its condition. Fig. 7 shows each of the nine possible
period conditions, with severa possible condition sequences. For example, period 9-10 demand
proceeds through sequence IBD, FDD, FDR, and FRO in periods 9-10, 10-11, 11-12, 12-1 re-
Spectively.

For each period i, the sum of initial period demand and start-of-period backup is compared to
initial period capacity to determine the initial period class. The initial period delay and end-of-
period backup are calculated using formulas appropriate to that class. If the initial period end-of-
period backup is greater than O (i.e, if Beop | = Beop i > 0), then end-of-period backup is com-
pared to the following period capacity to determine the following period class. The following pe-
riod delay and end-of-period backup are calculated using formulas appropriate to that class. This
continues from following period to following period until all the initial period demand has been
accommodated (i.e., until Beop F = 0). At this point (backup delay), = total backup delay for ve-
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hicles that arrive during period i and (average backup del ay)i = average backup delay per vehicle
that arrives during period i can be calculated.

(backup del ay)i = é (backup del ay)i,j ............................................. (18)
1]
j=ii L1+ 2
(backup delay).  (backup delay).
average backup delay). = L= L 19
(avereg P delay), (actual demand), D (19)

where (backup del ay)i i = the delay during period j, for vehicles that arrived in period i.

Table 2. Period Backup Condition Relationships

Start of Period End of Period
Class | Symbol Condition Symbol Condition
@ 2 (€) @) ©)
(a) Start of period and end of period backup for | = initid period
IOR R D; >Bgyn >0
_ "1 5 Boop. =0 | ~ Beop|
IBR B Bsop >0 R Dj > Begp >0
(b) Start of period and end of period backup for F = following period
FDD D Beop-£ ® D
FDO 0 Beop-£ = 0
FRR R D| > Begp.p >0
— R D >B 3
FRO 1> Bsopr® 0 775 BeopF =0

5.4 PERIOD BACKUP FORMULAS
For each initial period, Beop:l = (end-of-period backup), is calculated from

Beopx = Bsopx +D-C forBSOpx R 1 O (20)

Beopx =0 for Bsopx F D E C ettt (21)

Classes IOR, IBD, and IBR follow Eg. (20), and class IBO follows Eg. (21) and has no end-
of-period backup. Similarly, we calculate Beop-F of each following period, using

Beop*: = Bsop>F -C for Bsop>F S (22)

Bmp>F = O for Bg)px: £ C ......................................... (23)

Classes FDD, FDR, and FRR follow Eg. (22), and classes FDO and FRO follow Eg. (23) and
have no end-of-period backup. Appendix 2 shows the period demand, capacity, start-of-period
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backup, and end-of-period backup for each initial period and following backup condition de-
scribed in Table 2.

5.5 BACKUP DELAY EXAMPLE

Table 1 shows an example of capacity and historical demand inputs into CO® and calculated
values for design demand from 8:00 am (period 8A) through 2:00 pm (period 1P) using Eq. (1).
Normal capacity is 3,400 Vph, and work zone capacity is reduced to 1,400 Vph due to lane clo-
sure from 9A to 12P. Table 1 aso shows calculated actual demand, and Table 3 shows backup
and delay times. CO® caculation of backup demand is shown in this section, and calculation of
actual demand is described in Sec. 6.

CO?® calculates each period's backup delay from its capacity and actual demand and from ca-
pacity in the following period(s) if vehicles are backed up at end-of-period. Drawings and equa-
tions in Appendix 2 shows relationships of actua demand, capacity, backup, backup delay, and
speed delay for the period classes described in Table 2.

Though Table 1 does not show values before 8A, (capacity before 9A) = 3,400 Vph, which
exceeds both threshold capacity for speed delay and design demand. Therefore, before 9A there is
no speed delay or backup delay, actual demand = design demand, and all periods before 9A are
class100.

In Col. 2 of Table 3 we see period 9A has no start-of-period backup, because 8A end-of-
period backup = 0. We use Eq. (20) to calculate 9A end-of-period backup = Beop 9A = 0+ 2013
—1,400 = 613 V, as shown in Cal. 2 in Table 3 for 9A. Period 9A is class 0B, because it is an
initial period, Bspp 9A = 0, and demand = Dga, = 2,013 > Begp 9a = 613> 0. From Eq. (38),
(backup deIaY)gA,gA _ D2 C_ 2,0132l400

By EQ. (23), For 9A demand, period 10A is class FRO, because it follows 9A, it has capacity = C
= 1,400 > Bgpp 10A = Beop 9A = 613, and by Eq. (23) Begp 10a = 0 because Bgpp 10A < C&
pacity10a = 1,400. Therefore, from Eq. (53),

_ B&p _ (613)2
9A,10A — 2% C - 2% 1400
From Eq. (18) and (19),

(backup delay)g, = (backup delay)gA’gA + (backup delay)gA,1OA =307+134=441V -hr

=307 V-hr

=134V -hr

(backup delay)

(backup delay)gn (441 V - hr)* (60 min/ hr)
Doa 2013V / hr

=1314 min

(average backup delay)g, =

asshownin Col. 3 of Table 3.
Similarly, we use Eq. (20) to calculate Beop 10A = 613 + 1,366 — 1,400 = 579 Vph, as shown

for 10A in Table 3. Therefore, for 10A demand, period 10A is class IBR, because it is an initial
period, Bgop 10A = Beop-9A = 613 > 0, and demand = D10a = 1,366 > Begp 104 = 579 > 0.

From Eq. (43), (backup delay)10a 10A = 0.5 * [1,366 — (1,400 — 613)2 / 1,400] = 462 V. For
10A demand, period 11A is class FRO, because it follows 10A, it has capacity = C1oa = 1,400 >
Bsop 11A = Beop 10A = 579, and by Eq. (23) Begp 10A = 0 because Bgypy 114 = 579 < capac-
ity114 = 1,400. Therefore, from Eq. (53), (backup delay)10a 11A = (579)2/ (2 * 1,400) = 120
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V-hr. From Eq. (18) and (19), (backup delay)10a = 462 + 120 = 582 V-hr, and (average backup
delay) 10a = (582 V-hr) * (60 min/hr) / (1,366 Vph) = 25.55 min. as shown in Col. 3 of Table 3.

5.6 USER COST OF BACKUP DELAY

In parallel with speed delay user cost, we calculate backup delay user cost using Eg. (15).
Method distance and normal distance have no meaning for backup delay. Therefore, backup delay
user cost = (backup delay) * (user cost per hour). From this, (car backup user cost)ga = (backup

delay)gpa * (car user cost per hour) = (13.14 min) * ($12.00 / hr) / (60 min/hr) = $2.63. From
Col. 6 of Table 1 for (car actual demand)ga = 1,773 Vph, (total car backup user cost)gp =
(1,733) * 2.63 = $4,558. Similarly (truck backup user cost)ga = (backup delay)ga * (truck user

cost per hour) = (13.14 min) * ($30.00 / hr) / (60 min/hr) = $6.57. From Col. 7 of Table 1 for
(truck actual demand)ga = 240 Vph, (total truck backup user cost)ga = (240) * 6.57 = $1,577.

Total backup user cost is the sum of car and truck backup user cost = 4,558 + 1,577 = $6,135.
Table 3. Period Backup, Delay, and User Cost

end of average average total
period backup speed average period delay decrease user
period backup delay delay delay delay cost cost cost
(hr) V) (min) (min) (min) (V hr) 9 ®) 9
(1) 2 3 ) ©) (6) () (8 €)
8A 0 0.00 0.00 0.00 0 $0 $0 $0
9A 613 13.14 1.29 14.43 484 $6,846 $2,325 $9,172
10A 579 25.55 1.29 26.83 611 $8,846 $3,316 $12,162
11A 271 18.22 1.29 19.50 355 $5,065 $1,760 $6,825
12P 194 9.63 1.10 10.73 237 $3,329 $1,146 $4,475
1P 0 0.28 0.00 0.28 11 $145 $0 $145
Total 1,697 $24,231 $8,547 $32,778

5.7 AVERAGE AND TOTAL DELAY AND USER COST

In accord with Eq. (2), average delay for vehicles that arrive at the work zone during a period
= average work zone delay = sum of speed delay and backup delay. Period delay = total period
delay is calculated,

(period del ay)i = (a\/erage del ay)i * (actua| demand)i ..................................... (24)

and period delay cost is calculated from Eq. (15). From Table 3, (average delay)ga = 13.14 +
1.29 = 14.43 min = 0.2404 hr. Then (period delay)ga = (0.2404 hr) * 2,013 = 484 hr. Using car
and truck actual demand from Table 1, (delay cost)ga = (0.2404 hr) * [(1,773 cars) * ($12.00 /

car-hr) + (240 trucks) * ($30.00 / truck-hr)] = (0.2404) * [21,276 + 7,200] = (0.2404) * [28,476]
= $6,846, as shown in Col. 7 of Table 3.

6 DECREASES TO DESIGN DEMAND
6.1 DEMAND DECREASE = FUNCTION OF DELAY

CO? provides for cars and trucks to divert to an alternate route or cancel their trips as vehicles
are delayed by backups and speed reductions at work zones. EQ. (3) describes the general equa-
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tion for decrease (%) = % decrease in demand, which is demonstrated in Fig. 3 (a) for diverted
cars. Total decrease isthe sum of diverted and cancelled cars and trucks,

{ decrease (%) } ) {[car decrease (%) (with no delay)] }
( -

with no delay) + [truck decrease (%) (with no delay)]

[diverted cars (with no delay)] +
(% cars)* _ )| | e (25)
[cancelled cars (with no delay))

[diverted trucks (with no delay)] +
+(% trucks) * %)

[cancelled trucks (with no delay)]

decrease (%/ min)]  [[car decrease (with delay) (%/ min)]
[ (with delay)

+[truck decrease (with delay) (%/ min)]

[diverted cars (with delay)] +| / o4
(% cars)* _ (—) ......... (26)
[cancelled cars (with delay)] |\ min

min

ks [ {[diverted trucks (with delay))] +}( % )]

[cancelled trucks (with delay)] min

Magnitudes of the decrease (%) variables are functions of users knowledge of conditions (in-
cluding diversion routes), users' access to diversion routes, and delays encountered by users. De-
crease (Vph) = decrease in design demand is a function of decrease (%) and design demand, as
shown in Eq. (4), from which demand = actual demand is calculated by Eg. (5).

6.2 THRESHOLD CAPACITY FOR DEMAND DECREASE

If (1) capacity is the same for all periods during construction or if (2) al capacities during con-
struction have the same demand decrease vaue, then we input only threshold values for demand
decreases, as shown in Fig. 8 (a). This shows threshold capacity for decreases to design demand =
1,400 Vph. Fig. 3 (a) shows the relationship between diverted cars and delay for the threshold
capacity. To demonstrate the CO® model, we first start with (car design demand)gpa = (car design
demand % = 90%) * [(design demand)gp = 2,584] = 2,326 Vph. For capacityga = threshold ca-
pacity for demand decrease = 1,400 Vph, we input diverted car values from Fig. 8 (a) and the
(average delay)ga = 14.43 mininto Eq. (3),

[diverted cars (%)],, = [diverted cars (with no delay) = 3%)]

]9A
+[diverted cars (with delay) = 1%/ min]*[(delay)g, =14.43 min]

=3%+14.43% =17.43%
Therefore, (diverted cars)gp = (17.43%) * (2,326) = 406 V. Similarly, (cancelled cars)gp =
[2.0% + (0.3%)(14.43 min) = 2.0 + 4.33 = 6.33%] * (2,326) = 147 V. From this, (car de-
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crease)gp = 406 + 147 = 553 Vph, and (actual car demand)ga = 2,326 — 553 = 1,773 Vph, as
shownin Col 6, Table 1.

Similarly, usng values from Fig. 8 (a) for total traffic, from EqQ. (25) [decrease (%) (with no
delay)] = (90 %) * (3% + 2 %) + (10%) * (0 + 0) = 4.5 % and from EQ. (26) [decrease (%/min)
(with delay) ] = (90 %) * (1 %/min + 0.3 %/min) + (10 %) * (0.5 %/min + Q) = 1.22 %/min.
From Eq. (3), total traffic [decrease (%)]ga = 4.5 % + (1.22 %/min) * (14.43 min) = 4.5+ 17.6 =
22.1 %. From Eq. (4), traffic (decrease)ga = 22.1 % * 2,584 V = 571V, and (actual demand)ga

=2584-571=2,013V asshown in Col. 8 of Table 1.

6.3 RANGE CAPACITY FOR DEMAND DECREASE

In paradld with Sec. 4.4 above, we sometimes need range inputs to describe vehicle decreases
at one or more capacities below the threshold capacity for demand decrease. An example of such
range input is shown in Fig. 8 (b). Fig. 3 (b) shows range diverted cars and its relationship to
threshold diverted cars. Range decreases and actual demand follow Eg. (3) and (5) in pardle with
threshold decrease and actual demand calculations.

Also in parald with speed delay, when there is range input for demand decrease, as well as
threshold input, CO® calculates values of any demand decrease value at capacity = C < threshold
capacity using Eg. (14). The dashed lines in Fig. 3 (b) show interpolated values for capacity Co,
where (threshold capacity) > C, > (range capacity) and extrapolated values for capacity Ci<
(range capacity). Thus for our example we can model any capacities below 1400 Vph. For exam-
ple, using Eqg. (14) we can calculate [diverted cars (with no delay) for capacity = 900 Vph] = 3%
+ (6% — 3%) * [(1,400 —900) / (1,400 — 1,000)] = 3% + (3%) * (1.25) = 6.75%.

DECREASE TO DEMAND INPUT threshold range DECREASE TO DEMAND INPUT threshold range
capacity for decrez:\js;s];gdd(e\f/igrr; 1400 capacity for decrez:\js;s];gdd(e\f/igrr; 1400 1000
canceled cars (with no delay) (%) 2.0% canceled cars (with no delay) (%) 2.0% 4.0%

canceled trucks (with no delay) (%) canceled trucks (with no delay) (%)
canceled cars (with delay) (%/min) 0.3% canceled cars (with delay) (%/min) 0.3% 0.3%

canceled trucks (with delay) (%/min) canceled trucks (with delay) (%/min)
diverted cars (with no delay) (%) 3.0% diverted cars (with no delay) (%) 3.0% 6.0%

diverted trucks (with no delay) (%) diverted trucks (with no delay) (%)
diverted cars (with delay) (%/min)| 1.0% diverted cars (with delay) (%/min)| 1.0% 1.0%
diverted trucks (with delay) (%/min) 0.5% diverted trucks (with delay) (%/min) 0.5% 0.5%

(a) With threshold capacity (b) With threshold and range capacity

Fig. 8 Input for Decrease to Demand

7 DELAY, DEMAND DECREASE, AND ACTUAL DEMAND

7.1 GENERAL

Speed delay and backup delay are functions of actual demand, which is afunction of traffic de-
crease, and traffic decrease is a function of speed delay and backup delay. This circular depend-
ency requires an iterative solution for work zone delay and actual demand for many scenarios.
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CO? iterative solutions calculate and test successive trial values of actual demand and work zone
delay until they converge to an acceptable solution.

However, speed delay occurs only when capacity £ (threshold capacity for speed delay). Traf-
fic decreases = diversions + cancellations occur only when capacity £ (threshold capacity for de-
mand decrease). Otherwise, (actual demand) = (design demand). Backup delay occurs only when
(actua demand) > capacity. Therefore, we can have speed delay without backup delay or traffic
decreases. We can have backup and backup delay without speed delay or traffic decreases. We
can have traffic decreases due to [decreases (with no delay)] when there is no speed delay or
backup delay. Because of constraints and relationships such as these, we can directly calculate
work zone delay, decreases, and actual design for severa scenarios without an iterative solution.

For example, Table 1 shows capacityga = 3,400 Vph, which is larger than (1) (design de-
mand)ga, (2) (threshold capacity for speed delay), and (3) (threshold capacity for demand de-
crease). Considering that (start-of-period backup)ga = O, then from the above we know that in

period 8A there will be no backup, no speed delay, and no demand decrease.

7.2 CoMMON CASE

The most common case of backup, speed delay, and demand decrease is (1) where a period's
[(demand) + (start-of-period backup)] > capacity, and (2) where capacity is constant during the
time al the period's vehicles enter the zone. We call periods that exhibit these two conditions the
Common Case. The hatched area in Fig. 9 and both hatched areas in Fig. 6 satisfy the Common
Case. These conditions are a'so met for demands of periods 7, 10, and 11 in Fig. 7. Periods 8 and
9 are not Common Case, because each demands enters the work zone when there is more than
one capacity. For example, demandg enters the work zone with capacities from 8 to 12, and ca-

pacityg  capacityg = capacityjg ' capacityq1. Period 12 is not Common Case, because de-
mandq 2 + (start-of-period backup) 12 < capacityq 2.

Similarly, in our example, Table 1 shows demandga = 2,013 Vph and capacityga = 1,400
Vph. From this we determine that demandgp + (start-of-period backup) ga = 2,013 + 0 = 2,013
> capacitygp, = 1,400 Vph. This satisfies Common Case condition 1. We calculate (end-of-period
backup)ga = 2,013 — 1,400 = 613 V, asis also shown in Col. 2 of Table 3. We also see capac-
ity10A = 1,400 Vph > (end-of-period backup)gp = 613, so the 613 V of demandgp, remaining at
10A enters the work zone in period 10A. Therefore, al of demandgp, enters the work zone under
the same capacitygp 104 = 1,400 Vph, which satisfies Common Case condition 2. Therefore, pe-

riod 9A is Common Casg, as are 10A and 11A.
However, 12P is not Common Case. From Eq. (20) we caculate Beopop = 271 + 1,323 —

1,400 = 194 V. Thus the first 1,323 — 194 = 1,129 V of demandqop enters the zone at capac-
ity12p = 1,400 Vph and the last 194 V of demandjop enters the zone at capacityqp = 3,400 Vph

1 1,400 Vph. Therefore, Common Case condition 2 is not satisfied, and period 12P is not Com-
mon Case.
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Fig. 9 Constant Capacity for Period’s Demand

Each of the hatched areas of Fig. 6, Fig. 7, and Fig. 9 shows total backup delay. For the Com-
mon Case periods identified above, the hatched area is a rhomboid, whose areais

total backup delay (hr) = (demand) * (demand + 2* .backup - Cepadity) (27)
2* (capacity)
from which we can calcul ate average backup delay per vehicle,
(total backup delay)* (60 min/ hr)
demand
_ 30* (demand + 2* backup - capacity)
(capecity)

We calculate demand = (actual demand) by combining Eg. (28) with Eq. (2), (3), and (5) to
produce

backup delay (min/ V) =

[% decrease (without delay)]
[% decrease (with delay)]
= i *11-
demand = (design demand) .| |(speeddelay) (29)
* N 3O[demand+2* backup - capacity]
capacity
which resolves to a direct solution for demand,
{(design demand) * (capacity)} |
1- [% decrease (without delay)]- [% decrease (with delay)]
* backup
* eed delay) +60* - 30
[(Sp i (Capaci ty) }
demanrd=0——+—+-—— @@ @@0- OO OO O i (30)

capacity +30* (design demand)* [% decrease (with delay)]
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We can calculate demandgp, by inserting [speed delay (when D = C)] = 1.29 min calculated in

Sec. 4.3.3, [decrease (with no delay)] = 4.5 % and [decrease (with delay)] = 1.22 %/min calcu-
lated in Sec. 6.2, (design demand)gp, = 2,584 Vph and capacitygpa -1p = 1,400 Vph from Table 1,

and (start-of-period backup)gpa = (end-of-period backup)ga = 0 from Table 3 into Eq. (30),

[(2,584)* (1,400)}
1- [0.045 ]- [0.0122]

' *[(1.29)+60*[1,200)- 30}

demand)qpy == = =2,013 Vph

( Jo 1,400 +30* (2,584)* (0.0122) P

as shown in Col. 8 of Table 1. From Eq. (28), (backup delay)ga =30 * (2,013 + 2* 0 - 1,400) /
(1,400) = 13.14 min, as shown in Col 2 of Table 3. By Eq. (2), (work zone delay)ga = 1.29 +

13.14 = 14.43 min, as shown in Col 5 of Table 3.
Similarly, for period 10A, which has (start-of-period backup)10a = (end-of-period backup)ga

=613V from Table 3,

{(2,176)* (1,400)}
1- [0.045 ]- [0.0122]

' *[(1.29)+6o*[ 613 ) 30}
1,400

(demand)ion =™ 200+30* (2.176) (00122) 00 VPN

as shown in Col. 8 of Table 1. (backup delay)10a = 30 * (1,366 + 2 * 613 — 1,400) / (1,400) =

25.55 min, as shown in Col 3 of Table 3. By Eq. (2), (work zone delay)1p0a = 1.29 + 25.54 =

26.83 min, as shown in Col 5 of Table 3.

7.3 CONVERGING ON ACTUAL DEMAND AND DELAY

As stated in Sec. 7.1 above, CO® solves iteratively for actua demand and work zone delay
when a direct solution is not possible. Fig. 11 shows the iterative steps used to calculate demand
and vehicle delay for a period. In summary, a trial demand = demandyjg IS calculated as an

estimate of actual demand. A trial delay = delayyyjg is calculated from demandyig, @ new demand
= demandngy, is calculated from delayyrig, and a new delay = delaypgy is calculated from
demandngy. Demandngy is then compared to demandyig, and delaypey is compared to
delaytrig- If either new vaue differs significantly from its respective trial value, another
demandyyjg is calculated, and the steps are repeated until new values are not significantly different

from the trial values on which they are based. This section describes the method of calculating
trial demands such that the overall iterative process converges efficiently on accurate values of
actual demand and vehicle delay.

Demandyyjg 1 for the first iteration j =1 is calculated based on Eq. (30). Demandyyjg 2 for the

second iteration, j = 2, is the average of demandyyjg) 1 and demandpgy 1, in accord with

22



demandyyjg i +demand i
demandtrlal,]+1 = n ’J 2 naN’J ......................................... (31)

This averaging formula is generally not applied to succeeding iterations, because it does not
aways converge. High values of [decrease (with delay)] can cause repeated flip-flopping between
two alternative sets of trial and new values. Fig. 10 demonstrates such a sensitive case. In Fig. 10
the vertical scale indicates the magnitude of demand, and the arrows indicate that demandyrig,

produced demandngyyj, and demandyig|, j—1 produced demandney, j—1. When demand and delay
are related, Fig. 10 illustrates that the lower the value of demandyig, the higher the value of de-
mandngy- Therefore, the two arrows cross. To provide dependable and efficient convergence,
CO® sets demandyyig, j+1 = the value of demandyjg with which to start the next iteration, j+1, is
the value of demand at which the two arrows intersect,

demandyyig, j * demandpey, j-1 - demandyyig,j-1* demandpey,j

demandyia j+1=F——F o (32)
; demandyyg j +demandpey,j-1- demandyrig j-1- demandpey,

\ trialj -

demand

trialj; 1 #=————

trial j - trial j_1

trialj_l —~—

—ner

Fig. 10 Calculation of New Trial Actual Demand [change i to j above]
For each iteration j, we consider a new value is significantly different from its corresponding
trial value if its absolute difference exceeds the alowable difference we select,

DX,j = Xnew,j - Xtrial,j-l >DX3“OW8b|e ................................................ (33)

where x = “demand” or “delay”.
To test significance of differences of trial and new values of demand and delay, we input into
CO® vaues for Dgemand-allowable = Maximum alowable difference in demand values and

Ddelay-allowable = maximum allowable difference in work zone delay values. For our example
problem, we set Dgemand-allowable = (0.1 %) * (maximum design demand) = 0.001 * [(design
demand)ga = 3,314 Vph] = 7 Vph and Dygl gy -allowable = 0.1 min = 6 sec.

For iteration j = 1 for the 12P values of our example, CO® uses Eq. (30) to calculate
demandiyjgl 1 = 1,315.75 Vph. From this CO?® calculates delayyyi al,1 = 0.17643 hr = 10.586 min.

From this CO® calculates demandnpey, 1 = 1,325.88 Vph, from which delaypgy 1 = 0.17936 hr =

10.762 min. The absolute values of differences between tria and new values of demand and delay
are calculated using Eq. (33), Dgemand,1 = ¥4.315.75 — 1,325.88%2 = 10.13 Vph >
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Ddemand-allowable = 7 Vph and Dgelgy,1 = /40.586 — 10.7622= 0.176 min > Dgelay-allowable
= 0.1 min. We must perform another iteration, because Dgemand,1 €xceeds Dgemand-allowable
and also because Dgel gy, 1 €xceeds Dyglay-allowable

We use Eq. (31) for iteration j = 2 to calculate demandyyjg 2 = (1,315.75 + 1,325.88) / 2 =
1,320.81 Vph. From this CO® calculates delaytrig 2 = 0.17789 hr = 10.763 min, from which
demandnpey 2 = 1,324.17 Vph, from which delaypgy, 2 = 0.17886 hr = 10.732 min. The absolute
vaues of differences between trial and new values of demand and delay are Dgemand 2 =
Y4,320.81 — 1,324.17/2= 3.36 Vph < Dgemand-allowable = 7 Vph and Dgglgy,2 = ¥40.763 —
10.732%2= 0.031 min < Dgelay-allowable = 0.1 min. We need not perform another iteration,

because differences between trial and new values of both demand and delay are within their
allowables and are therefore not significant. If either Dgemand,2 OF Ddelay,2 exceeded its
allowable, CO® would have used Eq. (32) to calculate demandyyig) 3
demandyig 3 = 1,320.81*1,325.88- 1,315.75* 1,324.17 ~ 132332 Vph
"~ 1,320.81+1,325.88- 1,315.75- 1,324.17
For its output, CO® uses the latest value calculated. Therefore, delayop = delaynew 2 =
0.17886 hr = 10.73 min as shown in Col. 5 of Table 3. From this CO® calculates demandop =

1,323 Vph, as shown in Col. 8 of Table 1.

7.4 OVERALL VIEW OF CONVERGENCE

As stated above, demand decrease, actual demand, and delay cannot always be calculated di-
rectly, because demand decrease is dependent on average delay per vehicle, and average delay per
vehicle is dependent on actual demand, which is dependent on demand decrease. CO® uses the
following iterative method where necessary to calculate these variables for each period, which is
diagrammed in Fig. 11.

1. Estimatetrial value of actual demand = demandyig for period i, based on input data:

2. Cadlculate trial values of delay: (backup delay)irig and (speed delay)irig, based on
demandyyig for i:

3. Cadlculate atrial average delay per vehicle = delayyyjg = (backup delay)iyig and (speed
delay)yyig.

4. Cadculate new estimate of decrease in demand = decreasenq,, based on delayyyig-

5. Calculate new estimate of actual demand = demandng,, based on decreasengy-

6. Calculate new estimates of delay: (backup delay)na, and (speed delay) gy, based on
demandpgy-

7. Calculate new estimate of average delay per vehicle = delayngy = (backup delay) ey
and (speed delay)ney-

8. Determine whether the new estimates of demand or delay are significantly different
from the trial estimates. |.e., is demandngy significantly different from demandyyjg or

is delayney Sgnificantly different from delayyyjg ?
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If either new estimate is significantly different, calculate atrial value of demand =
demandyyjq based on the current and immediate-past values of demandyyjg and

demand,gyy, and repeat steps 1-8 for the new demandyig|.-

If neither new estimate is significantly different, then set the values of actua de-
mand, average delay, and other demand and delay variables for period i to the
new estimated values, and perform steps 1-8 above for time period (i + 1) = pe-
riod following i.

8 USER COST OF DEMAND DECREASES

8.1 GENERAL

Decreases in design demand consist of cancellations and diversions of cars and trucks. User
cost per vehicle of decrease is

decrease user cost ($) = [user cost per decreased vehicle ($/ V)]

* [demand decrease (V)]

8.2 USER COST OF CANCELLATIONS

User cost per cancellation isinput, as shown in Fig. 5 (). For example, in Fig. 5 (a) (user cost
per car cancellation) = $4.00 /V and (user cost per truck cancellation) = $10.00 / V. Inputting
canceled car values from Fig. 8 into Eq. (4) for period 9A, (canceled cars)ga = [(2 %) + (0.3
%/min) * (14.43 min)] * [(90 %) * (2,584)] = [6.33 %] * [2,326] = 147 V. From Eq. (34), (can-
celed car user cost)ga = ($4.00/ V) * (147 V) = $588, (canceled truck user cost)gp = 0, because
Fig. 8 shows that no trucks cancel dueto delay.

8.3 USER COST OF DIVERSIONS

For calculating diversion user cost, diversion travel times are calculated by Eqg. (6), into which
we input values from Fig. 5 (a),

diversion normal time = dversonnormd distance (35

diversion normal speed

4 mi

= =0.05714 hr = 3.43 min.
70 mph

diversion method time = diverson methoddistance (36)

diversion method speed

_ 10 mi
45 mph

=0.22222 hr = 13.33 min.
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For period i: Estimate demandyjg

p A\—>Area = (total backup delay)irjal A
©
=
g
(speed delay)i i <T —— — — ——
demandiyjg) S N N |
capacityj,q | >
demandyi,jg — actual
: ; - ; > demand
Bsop.i:[ i/ i+1 i+2 |capacity; time (hr) Calculate (speed delay)y,j,| = [speed delay (when D~0)] (Vph)
- + [speed delay (when D=C) - speed delay (when D~0)]
Calculate (backup delay) g c(demand, . /capacity)Ems
= [(total backup delay)iyia|] / (demandyjg) ) trial

Calculate delayyirjg) = (backup delay)irjg) + (speed delay)irial

(car decrease W)pew < — — — — —

(truck decrease %) ey

|
I
| delay (min.)

delayiriag  —
Calculate decreaseneW = (car decrease %)pq, )*(design demand)q,,

+ (truck decrease %), g, )*(design demand) ek

Calculate demandy, g\ = (design demand)*(1 - decreasepgy, ) |

% A—\>Area = (total backup delay)new A
2
s (speed delay)
new -
demandnew (speed delay)yyial ] |
demandiigy  — | |
L
capacityjyq demandiig — | act.ual
| : - : > demandneW_I demand
Bsop.i:[ i/ i i+2 |capacity, time (hn) Calculate (speed delay)q,, = [speed delay (when D~0)] (Vph)
- + [speed delay (when D=C) - speed delay (when D~0)]
Calculate (backup delay), o\ . . \Ems
(demandp g / capacity )
= [(total backup delay),ewl / (demandpay )

Calculate delay gy = (backup delay)p oy *+ (speed delay)qew Ricarr FLOWS.CVS

Test for Change: If [abs(delaygyy - delayirjg)) ® €gel OF @abs(demand gy, - demandyjg ) ® epl

then estimate new demand;j; based on old demandy,j,) and old demand and Recycle for i,

new

else set (actual demand) = demand delay = delayqg,, , Do calculations for period i+1

new '

Fig. 11 Steps in Calculating Actual Demand and Delay for Period i.
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By Eg. (9), (diversion delay) = 13.33 — 3.43 = 9.90 min, as shown in Fig. 5 (a). User cost per
diversion is calculated using Eq. (15). For example,

9.90 min . . .
———*($12.00/ hr) + (10 mi - 4 mi)* ($0.30 / mi

60 min/ hr ® )+ ) (%0 )
=0165* (12.00) + 6* (0.30) = $1.98 + $1.80 = $3.78 / V

as shown in Fig. 5 (a). Smilarly, truck diversion cost uses the same (diversion delay) = 9.90 min

and distances, but different costs per hour and per mile to produce (truck diversion user cost) =

0.165 * (30.00) + 6 * (1.00) = 4.95 + 6.00 = $10.95/ V.
Inputting diverted car values from Fig. 8 into Eq. (4) for period 9A, (diverted cars)ga = [(3

%) + (1 %/min) * (14.43 min)] * [(90 %) * (2,584)] = [17.43 %] * [2,326] = 405 V. From Eq.
(34), (diverted car user cost)ga = ($3.78 / V) * (405 V) = $1,531. Also, (diverted trucks)ga =
[(0 %) + (0.5 %/min) * (14.43 min)] * [(10 %) * (2,584)] = [7.22 %] * [258] = 19 V, and (di-
verted truck user cost)ga = ($10.95/ V) * (19 V) = $208. Adding these costs produces

decrease cost = canceled COSIS + diVErSION COSE - -« v v v v vmrmmemn e i e aeaannnns (37)
and (decrease cost)ga = 588 + 0 + 1,531 + 208 = $2,327 @$2,325 as shown in Col. 8 of Table 3,
within round-off errors.

car diversion user cost =

9 SUMMARY AND CONCLUSIONS

Design demand is the normal demand when there is no work zone. Capacity of awork zone is
less than normal, and maximum speed in a work zone is less than normal. Demand is closer to
work zone capacity than normal, because capacity is less than normal, which reduces work zone
speed further. Reduced work zone speed produces speed delay. Backup occurs in the amount by
which work zone demand exceeds capacity. Backup delay occurs as vehicles in the backup queue
wait to enter the work zone. Work zone delay is the sum of speed delay and backup delay.

When work zone delay causes traffic to divert or cancel trips, actual demand through the work
zone becomes less than design demand. Traffic that diverts has its own delay due to the additional
distance and lower speeds of aternate routes. Work zone delay, diverted and cancelled traffic,
and work zone demand share a circular dependency.

As CO® users, we estimate traffic distances and speeds under normal and work zone conditions
and along aternate routes. We also estimate the dependency between work zone delay and the
fractions of car and truck traffic that divert and cancel trips. From this input, CO® calculates de-
lays, diversions, cancellations, and actual demand for each period. CO? is unique in resolving the
interdependency between work zone delay and work zone demand.

Based on input of car and truck user cost per hour and mile of travel and per cancellation, CO?
calculates road user cost for work zone demand, diversions, and cancellations. For each period
CO? provides detailed output of car and truck diversions, cancellations, and work zone demand;
backup, backup delay, and speed delay; and user costs of delay and traffic decreases. Output pro-
vides a detailed view of construction impact for each period and each day. We can input aterna-
tive lane closure patterns and calculate and compare the impact of alternative traffic maintenance
plans. By integrating traffic impacts and user costs with construction costs of alternative plans
(not shown here), we can select a preferred method of performing construction and maintaining
traffic that is an acceptable balance of public cost and benefit.
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APPENDIX 2 PERIOD DELAY EQUATIONS
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