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I . Introduction

The literature related to diamond inter-
changes does not emphasize the spatial design
(layout) but rather emphasizes signal op-
timization, given a pre—existing problem.
This is logical, for conventional diamond inter-

change are common and efficient low —cost

solutions for low—to moderate— volume inter-
change. However, as development takes place
and traffic volume increases, the land needed
for enhanced designs has already been taken
by the very development patterns which gen-
erate the need for the enhanced designs. Thus

one of the primary remedies available is si-
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gnalization.

This paper is written to explore the rela-
tive advantages of various diamond inter-
change configurations when total “life cycle”
costs taken account, so that logical decisions
on initial configurations can be better sup-
ported when appropriate.

If demand level and pattern were statié,
then the selection of configuration is trivial,
for the basic configurations differ markedly in
their capacities. However, the demand is not
static, so that the “life cycle cost” approach is
needed. Further, the delay costs are not lin-
early related to demand levels or pattern, so
that extensive simulation work was needed to
support the cost estimates.

The end products of this dissertation are :

+ a better understanding of the factors
which influence the operation;

+ a LOTUS spreadsheet which can be
used for life cycle cost estimating, to
better consider the alternative ;

+ the simulation work which supports the
demand/delay and other relations used
in the spreadsheet. ‘

I . Designs And Factors Considered

1. Designs

Three basic diamond configurations con-
sidered :

+ conventional diamond ;
+ split diamond ;
+ stacked diamond.

Figure 1 shows the three configurations.
Within each configuration, a number of lanes
are considered, with layouts differing in num-
ber of lanes and other geometrics(primarily

spacings).
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FIGURE 1. THREE DIFFERENT CONFIGURAT-
IONS IN DIAMOND INTERCHANGE

2. Traffic Patterns

As will be demonstrated, the traffic pat-
tern determines the nature of the interchange.
Over the life of an interchange, traffic pattern
can change. Indeed, it is so common that the
phrase “can change” is most logically replaced

by “generally does change”.
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3. Life Cycle Cost

In considering life cycle costs, the follow-

ing factors and costs are considered :

1) Factors

N years ;
traffic pattern ;
growth rate ;

initial volume ;

+ + + + +

design configuration and layout

2) Costs
+ Capital cost
— roadways and ramps
— bridges
+ land cost
— acquisition cost(capital)
— access function of road
+ facility maintenance and operation
cost
+ traffic operation cost
— user travel time and delay
—  fuel
-~ other vehicle costs
+ accident cost
— fatal rate per million—vehicle—
mile(MVM)
~ Injury rate per MVM
— property damage rate per MVM

. Key Issues

This chapter addresses key issues which
influence the overall design selections, or are

basic principles.

1. Major Traffic Pattern

The traffic patterns are an extremely im-
portant factor to consider determining the

nature of the interchange. The traffic pat-
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terns in the diamond interchange can be deter-
mined by considering location of interchanges
relative to the developments in area, both in-
tensity and location of development. Therefore,
the major traffic patterns can be classified by
the highly directional flows to traffic attrac-
tions which are central business district(CBD)
or local development(L).

Figure 2 shows six combinations in which
the flows direct to the CBD or to local devel-
opment.  Especially, these traffic patterns
with high left —turn movements on the bridge
critically impact on the capacity of inter-
change. Traffic Pattern 1 and 4 show that
flows which are directed to the CBD or to
local developments. These cases can be com-
muter trips from residential areas to working
areas in the CBD or to local developments.
Traffic Pattern 2 and 3 show flows to free-
way and to arterial which are dominant.
These cases can happen where the arterial is
served by a major road to be connected to
local developments or residential areas.
Traffic Pattern 5 and 6 are combinations of
above cases. These cases can happen where
the areas are fully developed such as urban

areas.

2. Relative Capacities

Turning movements are often high in the
interchange. Especially, left—turn move-
ments on the bridge are a critical factor im-
pacting on the capacity of the interchange.
Table 1 shows relative capacities of each con-
figuration according to changes in the per-

centages of left —turns.

1) Conventional Diamond Interchange

The conventional diamond interchange

generally provides exclusive left—turn lanes
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on the bridge. Therefore, it. must operate with
three or more signal phase as volume increase.
Storage rooms for left—turn movements in
this design are limited due to the length of the
bridge. There is a high probability of spillback
on the bridge when high left —turn movements
exist.

Given dimensions, the range of the ca-
pacities ié between 560 vphpl and 1180 vphpl.
The capacity for 35% left—turn is only 60%
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ventional diamond interchange is rather sensi-
tive to changes in the percentages of left—

turns.

2) Split Diamond Interchange

The split diamond interchange has several
advantages in handling high left —turn move-
ments. It can operate a two—phase signal

system in a one—way street system.

Therefore, it converts left —turn movements

in the conventional diamond interchange into
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through movements. As a result of this, the
left —turn conflicts are eliminated and the in-
terchange provides more storage room and
green time for left—turn movements,
therefore producing less delay.

The range of the capacities is between
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1240 vphpl for 5% left—turn and 910 vphpl
for 35% left—turn.
diamond is insensitive to changes in the per-

It means that the split
centages of left—turns. The enough spacing
should be provided where expect high left—

turning movements on the bridge.

TABLE 1. RELATIV CAPACITY BASED UPON NETSIM MODEL
Types of Facility Conventional Stacked
Layout Case C6 Case C8
2 THRU 2 THRU 2 Lanes Ramp
1EXLT 2EXLT 2 Lanes Viaduct
Storage Room For LT 15 Veh 30 Veh
Percentage of Left—Turn (vphpl) (vphpl) (vphpl)
5% 950 1180 1240
10% 890 1060 1240
15% 820 980 1230
20% 720 890 1230
25% 650 780 1220
30% 610 740 1210
35% 560 690 1210
Types of Facility Split
Layout Case S3S Case S3M Case S3L
1 THRU 1 THRU 1 THRU
1LT & TH 1LT & TH 1LT & TH
1EXLT 1EXLT 1EXLT
Spacings 600’ 1800’ 5400’
Storage Room for LT 80Veh 160Veh 430Veh
Percentage of Left —Turn (vphpl) (vphpl) (vphpl)
5% 1240 1240 1240
10% 1220 1220 1220
15% 1190 1190 1190
20% 1160 1160 1160
25% 1040 1100 1100
30% 980 1070 1070
35% 910 990 1020

Note : *Spacings : Length Between Two Bridges
*EX : Exclusive

*LT : Left Turn

*Veh ! Vehicle

*All Values are Rounded
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3) Stacked Diamond Interchange

This interchange can handle high flows to
and from the freeway with a two~phase sig-
nal operation. The range of the capacities is
between 1210 vphpl and 1240 vphpl for 5%
left—turn to 35% left turn. Therefore, it is
not impacted by changing of left—turn per-
centages and can handle capacity flows with
high left—turn movements in the arterial.
However, it is an expensive structure and can
not handle the flows on the frontage road with
a two—phase signal sys{em.

Conclusively, left;turn movements in the
conventional diamond interchange is a critical
factor in reducing the capacity, while the split
diamond interchange can handle the high left
—turn flows with enough storage room. The

stacked diamond interchange can also handle

A. TRAFFIC PATTERN 1
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the high left—turn flows, but it can’t handle
the flows on the frontage road and requires a

three —level structure.

3. Signal Progression

In order to determine signal progression
in split diamond interchange, it is necessary to
find out an optimal offset given a traffic pat-

tern.

1) Determination of Offset

An offset equation for the split diamond
interchange can be developed by a “loop”
based on prevailing traffic patterns refer to
Figure 3. The following steps are how to de-
termine offsets for each node. For an objec-
tive of setting the signal progression to
expedite the indicated flows :

B. TRAFFIC PATTERN 2

FIGURE 3. OFFSET DETERMINATION

Step 1 : Start at node 3 and consider the
green initiation to be time T;=0
T:=0

Step 2 : Move to node 4 and add Ty
Ts=0+Tx

Step 3 :Move to node 2 noting that
southbound vehicles will release
after the eastbound green is fin-
ished.

T, =0+ T4 Tu+gew..C
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Step 4 : Move to node 1 and add Ta
T1=0+Tu+Te+gew. .C+ Ty
Step 5 : Move to node 3 noting the same

as Step 3.
T3=O+T34+T‘2+ng’2C+T21+
Tla""gaw,zc

This is either T;=0 or a multiple of the cycle
length.
Therefore, the following equation can be de-
veloped :
nC=Tu+ T +gew..C+ Tor+ Ti3—gew.:C (3.1)
Where :
T; : North or southbound offset at node i
T; @ Travel time between node i and j
gew,iC : Green interval for east west
bound at node i (include amber
and all red)

2) Difference of Stndard Equation

Standard offset equation is given by :

nC:Ty+gm4C+T¢+ngzC+T2]+gl\SlC+
Tis+gew.:C (3.2)

The basic difference between Equation 3.1 and
3.2 are traffic patterns governing the signal
progression. Equation 3.1 expedite the flows
of Traffic Pattern 1 (Figure 3.A) and
Equation 3.2 expedite the flows of Traffic Pat-
tern 2 (Figure 3.B) which are also the com-

mon flows in a network grid system.

3) Effect of Vehicles Queued at Signal
Referring to Figure 3, two types of

queues will develop on each node. The minor
turning movement from link(4,2) and (1,3),
and the minor through movement from the
freeway which are random arrival flows.
Therefore, a modified offset relation con-
sidering queued vehicles at each node are as
follows
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Node 3 : T;=0
Node 4 : Ty=0+ Ty — (QH+L)

Node 2 : To=0+Ty+Te~ (QH+L) +gew L
Node 1 : Ty=0+Ty+Te— (QH+L)+gew,+
Ta—(QH+L)

Node 3 : Ts=0+Ty+Te— (QH+L) +gew,+

Tu+Ti—(QH+L) +gew..C

Therefore, the following equation can be de-

veloped :

nC=Ty+Te— (QH+L) +gew .C+ Tu+
Ti—(QH+L) +gew.sC (3.3)
Where :
Q: : number of vehicles queued at node i
H : headway

L : start—up lost time
This is a more general form of equation 3.1.

4. Construction Cost Consideration

In a conventional diamond interchange, a
wide bridge might be required according to
volume growth. It also impacts on the width
of roadway in the interface area between ar-
terial and bridge. While, two relative narrow
bridges are required in a split diamond inter-
change. It also requires a roadway parallel to
freeway (if there is no frontage roadway).
Therefore, the construction cost of a wide con-
ventional interchange may be bigger or the
same as that of a split diamond with two rela-
tive narrow bridges.

Two types of investments, which are
“build it once” case and widening retrofit”
case, can be considered for interchange bridge
construction refer to Figure 4. For “Type A”
investment, a wide bridge is constructed at
the begining of analysis period. Later as the
existing bridge has spillback problems due to

volume growth, another investment is required
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to provide more lanes on the bridge (“Type
B” investment). In this case, the costs of the
bridge widenings generally exceed the costs of
routine new bridge construction. However,
the construction cost for “Type A” investment
(P) might be less than the sum of first con-
struction cost for “Type B” investment (P))
and the present value of bridge widening cost
(P,). Other cost elements of “Type B” invest-
ment will be higher than “Type A” investment

as will be demonstrated in case studies.

P

INVESTMENT
1 TYPE A
0YR Years
P1 P2 INVESTMENT
1 1 TYPE B
OYR X YRS Years

FIGURE 4. TWO TYPES OF INVESTMENTS
IN CONVENTIONAL DIAMOND.

5. Cost Indices in Life Cycle Cost

Total input flows over life—cycle for each
configuration in the diamond interchanges
might be not same because the capacities are
different. Input flows impact the estimations
of vehicle operating cost and accident cost
among various cost elements. Therefore, total
present value will be influenced by different
input flows.

Two cost indices to be considered are :

*Total present value

* Average cost per vehicle trip

1) Cost Index 1

The first cost index is simply the total
present value of all life cycle cost elements ;
P=X P (3.4)

life cycle cost
elements 1

Total present value is given by the sum of dis-
counted annual costs over life—cycle. This
cost index is proper to compare the life cycle
costs of different configurations under same
traffic pattern (ie, same input flows for each
configuration). Total present value for each
configuration provides logical decisions on it

comparing other designs.

2) Cost Index 2

The second cost index is ;

ACPT = Average Cost Per Trip

P
Average Annual Volume

(3.5)

Where the volume is a simple undiscounted
average of all annual volumes over the analy-
sis period. In order to compare the life cycle
costs of different configurations under various
traffic patterns, the average cost index is suit-
able.

This cost index is not a conventional cost
index, in that volumes are not discounted or
weighted. It is produced as a relative indi-

cator.

6. Split Diamond Interchange in a Land—

use Plan

Two types of layout dimensions can be
considered in a land—use plan of a split dia-
mond interchange refer to Figure 5. The first
design produces shorter travel time and lower
parallel roadway construction cost. However,
its inside land can not be utilized except as
landscape or for some limited purpose. While
the second design produces longer travel time -
and higher parallel roadway construction cost,
its inside land can be utilized for other pur-
poses. Its increased land and other costs can
be compensated for by the benefits of the in-

terior utilizations.
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Figure 6 shows an example of a land—

use plan. In general, two types of activities

can be considered for a land use in its inside

land. One is highway oriented road user ac-
tivities such as motel, restaurant, auto service
stations, etc. and the other is community types
of activities such as neighborhood shopping
area, and so forth. Both avoid the problem of
residential uses near the highway, which is a
noise source. This design might not be even

perceived by the driver.

FIGURE 6. A SPLIT DIAMOND WHICH THE
DRIVER MIGHT NOT EVEN
PERCEIVE AS SUCH

6. Design Considerations

The several design considerations in
selecting a basic configuration and a detailed

layout were developed :

+ the number of lanes across freeway
bridge ;

b

FIGURE 5. TWO TYPES OF LAYOUT DIM-
ENSIONS IN SPLIT DIAMOND
INTERCHANGE

+ the roadway length parallel to the
freeway ;

+ the number of lanes on parallel road-
way ;

+ the sensitivity of parallel roadway
length to changes in traffic pat-
terns ;

+ the sensitivity of overall performance
in each configurations to the per-

centage of left turns.

IV. Demand and Delay Relation

It was expected that the delays of an in-
terchange are impacted by demand levels and
by traffic patterns. Therefore, the following
factors were considered :

+ Growth rates ;

+ Traffic patterns ;

+ Quality of progression ;
+ Layout configurations.

Figure 7 shows the annual delays for
three different configurations according to
changes in growth rates. The delays of the
conventional diamond are more sensitive to
changes in growth rates than those of the split
diamond. While the stacked diamond is not
impacted by changes in growth rates.

Figure 8 shows the average delays of
each configuration according to changes in
traffic patterns. The average delays of con-
ventional diamond are very sensitive to
changes in the percentages of left—turns as
interchange volume grow. The average de-
lays of split diamond are relatively insensitive
to changes in the percentages of left —turns,
and those of stacked diamond are not im-
pacted at three different left turns at all.
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There are two types of flows to be con-
sidered in the diamond interchange. One is
platoon flows from the arterial and the other
is random flows from the exit ramps of free-
way. In general, favorable green and offset

should be given to major platoon flows in
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order to minimize the delays of the inter-
change. Therefore, random movements will
develop queued vehicles at the interchange sig-
nal. Minor movements will also contribute to
queues at signal. The random movements ef-
fect on the delays of the link(pafallel road-
way) in the split diamond. These effects can
be' also found the same as those of turn—in
flows on regular links. Those effects can be
also found at the bridge section in con-
ventional diamond; comparing arterial
through traffic to those random flows. Figure
9 shows average delays for the link (the para-

llel roadway in split diamond) over a range of
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offset for an illustration case. As turn—in
flows (random arrival flows) increase, the av-
erage delays increase around optimal offset.
The difference between optimal and worst are
significant. The average delays at optimal
offsets are about five times as much as those
at worst offsets ; of course, this is why each
case had the signalization selected by use of a
signal optimization program.

The interchange —related delays will gen-
erally decrease, as more lanes are added on
the bridge in the conventional diamond or par-
allel roadway spacings approach the preferred

values in the split diamond.

26 =

25

24 - CYCLE LENGTH : 80SECONDS /;/ /o\ Y

23 4 FLOWS : 1600VPH AR\

22 4 g/C RATIO 105 ; ;;//\ \

21 - 3LANES ON LINK - \
-3

AVERAGE DELAYS(SEC/VEH)

T
15

- 20
OFFSET

+

0% 12.5%

25

¢ 25% 8 375%

FIGURE 9. QUALITY PROGRESSION ACCORDING TO TURN—IN FLOWS IN SPLIT DIAMOND

INTERCHANGE

V . Life Cycle Cost Model

The life cycle cost model is an me-
thodology that evaluates the relative advan-

tages of various interchange designs by con-

sidering the total present value of an inter-
change over life cycle, considering all identifi-
able cost elements. The process of this model
is as follows : (Refer to Figure 10)

Step 1 :Identify basic layouts among all
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Step 2 :
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plausible interchange disigns, consi-
dering traffic pattern and growth ;
Compute costs for facilities, based

upon available information ;

ciples. Draw conclusions on life cycle
cost versus historic capital cost

approaches.

An extensive simulation and optimization

+ P.V. AS FUNCTIONS OF COMPONENT PARTS
- COST PER YEAR GIVEN DEMAND

Step 3 : Conduct traffic operational evaluations ]

. effort supports the estimate of cost elements
for these basic layouts, to generate a ; be Lif | del. The &if )
tactical data base : or the 1be cyc.:e cozt mo e.I ) e 1edcyce

t i t -
Step 4 : Analyze traffic operational results cost can be esumated on yea.ry ase and pre
. L sent value base by wusing a LOTUS
and estimate quantitative costs for o
spreadsheet. The yearly base analysis ident-
each layout ; .
. . ifies the performance of each alternative on
Step 5 : Use analysis method(e.g. present ) )
value) year by year basis during the analysis period,
Step 6 : Generate standard displays to de- and identifies the effects of each cost element
. . .. on total costs. The present value for each
termine the relative efficiency of
. alternative provides logical decisions on the
each layout, and select an appropriate - . A
. . . most cost —effective choice.
alternative based upon life cycle prin-
@' @ O
CONFIGURATION OF TRAFFIC PATTERN LIMITING
LAYOUT FOR DIAMOND AND GROWTH CONSTRAINTS
INTERCHANGE DESIGN
[ BASIC LAYOUTS |(D
° |
DATA BASE FOR
COST INFORMATION ®
® OPTIMIZATION AND
BASIC COSTS SIMULATION
FOR EACH LAYOUT _ ®
OBTAIN TRAFFIC
OPERATIONAL MOES ’
COST INFORMATION ®
\'/ FOR
COMPUTE AND PRODUCE © | TRAFFIC OPERATIONS
+ PRESENT VALUE(P.V.)

GENERATE STANDARD DISPLAYS ®
MAKE ALTERNATIVE SELECTION

®* = STEP X

FIGURE 10. FLOW DIAGRAM FOR LIFE CYCLE COST MODEL
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VI . Case Studies

1. Effect of Traffic Patterns

Figure 11. shows average cost for two
designs according to different left—turns. In
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terms of average costs of life cycle costs, the

conventional diamond is more sensitive to

changes in percentages of left —turns than the

split diamond.

Average Cost(Dollars per Vehicle)

CONVENTIONAL VERSUS SPLIT

5 T1986 US DOLLAR
5% GROWTH RATE

$3.762

20%

The percent of Left—turn

1
15%
NOTE : INITIAL VOLUME : Vo

FIGURE 11. AVERAGE COST BASED ON PRESENT VALUE FOR TWO DESIGNS, CASE STUDY 1

2. Consideration of “Widening Retrofit”

ventional diamo

nd and split diamond. Total

case capital costs for three designs are as fol-
L . lows :
The widening retrofit case can be com-
pared to “build it once” case for both con-
Present Value Total

Capital Cost

Present Value

Average Cost

Widening Retrofit

) $ 3.4 Million $ 16.8 Million $ 4.808/veh
Conventional
Build It Once - .

. $ 4.0 Million $ 16.1 Million $ 4.586/veh
Conventional
Split $ 5.0 Million $ 15.0 Million $4.262/veh

Note : This case is for Traffic Pattern B, 25% LT and 5% Growth Rate. 1986 US DOLLAR BASE
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Among the three designs, capital cost for
the first design is less than other designs, but
average costs for this design are highest due
to high delay costs during spillback of existing
bridge, due to the construction periods, and
due to spillback of even the enhanced design.

3. Consideration of Stacked Diamond

Interchange

The stacked diamond is an extremely
expensive design with a three—level struc-
ture. When this design is compared to other
designs under low initial volumes, total pre-
sent value of this “stacked diamond” design
are always the highest among those of other
design, due to high capital cost when the in-
itial volume is low. When the initial volume is
1.6Vo, this design is better than the con-
ventional on total present value basis, how-
ever, its total cost is still higher than that of
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FIGURE 12. PRESENT VALUE OF THREE
DESIGNS FOR DIFFERENT
INITIAL VOLUME

the split diamond at any initial volume. Refer
to Figure 12. Therefore, the stacked diamond
is recommended at the design location where
one expects high traffic growth and where the
split diamond is not feasible, primary when re-
habilitating or retrofitting within very con-

strained spaces.

VE. Conclusion

The life cycle model which was developed
in this paper can be used for the purpose of
evaluating the relative advantages of various
diamond interchange designs. To be more
specific, this model considers all cost elements
related to interchange construction and oper-
ation, for specified. anm'lal demand level and
traffic pattern. This model can estimate total
present value over life cycle for each alterna-
tive configuration. Logical decisions on the
choice of appropriate initial design can be
better supported when appropriate. For the
cases studied, the capital cost of the con-
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ventional diamond is typically about $4 mil-
lion, but its total present value of life cycle
costs is about $19 million. Under the same
skinners, the split diamond typically produces
about $5 million of capital cost and $ 16 mil-
lion of total present value of life cycle costs.
Thus, use of life cycle cost frequently results
in a different selected design and a net saving
of $ 3 million, expressed in present value, for
an additional $ 1 million capital costs invest-
ment.

Further, the split diamond gets about 25
% more capacity and less sensitive to traffic
patterns and sudden growth. Properly de-
signed, it can also utilize inside land. The
stacked diamond is extremely expensive de-
sign in capital cost. Therefore, it rec-
ommended only where the split diamond is not
feasible.

The differences in alternatives selected in
the various cases studied emphasize that the
life cycle cost approach is efficient, powerful

and essential tool.
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