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Abstract

The estimation of capacities and traffic performance at two-way-stop-controlled (TWSC) intersections has been the subject
of investigations conducted by many researchers. The results of these investigations are incorporated in highway capacity
manuals like the US. Highway Capacity Manual (HCM) or the German Handbuch fiir die Bemessung von Strassen (HBS).
Although the underlying methodologies are similar, there are two major differences between the current HBS 2015 and
HCMé: (a) the procedure for the impedance factor for movements of rank 4 and (b) the procedure for estimating the capac-
ity of shared short lanes for both minor and major movements. In HBS 2015, new developments are accounted for and the
accuracy of capacity and traffic quality estimations significantly improved. In HCM6, these two procedures have not been
updated. Therefore, the replacement of the two procedures in HCM6 is recommended. In both HCMé and HBS 2015, the
procedures for calculating delays at shared lanes or shared short lanes are inaccurate and they also should be updated. In
most cases, the delays are significantly underestimated. Recently, the authors have developed a new methodology dealing with
this problem which can be easily incorporated into future versions of HBS and HCM. In this paper, the theoretical back-
grounds of the three new methods are presented and major results are summarized. Compared with HCM6, the advantages
of the new developments are highlighted. As a recommendation, three corresponding procedures for estimation of capacity
and delay are given for potential use in a future version of HCM.

Highway capacity manuals such as the German
Handbuch fiir die Bemessung von Strassen (HBS 2015) (1)
or the U.S. Highway Capacity Manual (HCMO6) (2) offer
methodologies for the calculation of capacities and
delays at two-way-stop-controlled (TWSC) intersections.
These methodologies are the results of a decades-long
series of investigations conducted by researchers in
Germany, primarily Harders (3), Siegloch (4), and
Grossmann (5). Their investigations have delivered the
theoretical fundamentals of the current highway capacity
manuals. Many other authors have also contributed sig-
nificant input (6—10).

Comparing the current HBS 2015 and HCM6 with
each other, however, one can recognize two major differ-
ences in the calculation procedures. There are two recent
developments in calculation procedures which are
already incorporated in HBS 2015 but not in HCMe6.
The first is the procedure for calculating the impedance
factor for movements of rank 4 (//) and the second is

the procedure for estimating the capacity of shared short
lanes (/2, 13). There is also a third new development
considering the estimation of delay at shared short lanes
(14), which should be incorporated into future versions
of both HBS and HCM.

The first two procedures, considering the impedance
factor for movements of rank 4 and the capacity of
shared short lanes, are incorporated in HBS 2015 but
have not yet been considered in HCM6. These two pro-
cedures significantly improve the accuracy of estimations
of capacity and traffic quality at TWSC intersections
and they are much easier to use than the procedures in
the current HCM6. The third is rather new and it should
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be incorporated in future highway capacity manuals
(e.g., HBS and HCM).

In this paper, the theoretical backgrounds of the three
items are presented and the major results are summar-
ized. Compared with the current HCM6, the advantages
of the new developments are highlighted. As a recom-
mendation, three corresponding procedures for capacity
and delay estimation are formulated for a future version
of HCM.

This paper is organized as follows. First, a summary
of the three new developments is given to point out the
requirements for improvements. Then, based on the
results of the approaches, three ready-to-use recommen-
dations in the style of HCM procedures are formulated.
Finally, some conclusions are given in the light of the
results.

Nomenclature

q = traffic flow rate (vehicles per hour, vph)

¢ = capacity (vph)

x = degree of saturation = f'(¢, ¢) [-]

b = service time = 3600/c (s)

w = total delay in the system = b + d (s)

d = delay in the queue (s)

k = number of queue places on a short lane (vehicles,
veh)

r = rank of priority for a movement [-]

Ppo= probability of queue-free state [-]

Impedance Factor for Movements of Rank 4
or Higher

First, a major difference between the current HCM6 and
HBS 2015 is addressed, that is, the calculation of the
impedance factor for movement of rank 4. In HCM6, an
adjustment developed by Grossmann (5) is applied to
address the dependence between the queue-free states in
the movements of rank 2 and 3 (Equation 20-52 in
HCMG6). Unfortunately, this adjustment leads to an
overcorrection of the impedance factor and therefore to
an overestimation of capacity of rank 4 (cf. /7). In HBS
2015, a theoretically more reasonable model by Wu (/1)
is utilized. The impedance factor for movements of rank
4 can be directly obtained without an adjustment.
According to Wu (/1), the queues in higher-ranked
movements (cf. Figure 1, higher ranked than the subject
rank 4 movement, e.g., rank 2 and rank 3 movements)
are considered as one big queue. This means that one
imagines that the conflict area can be passed by vehicles
in movements of different ranks, one after the other. The
order of the departures of the vehicles is not crucial for
the consideration. Queuing vehicles thus form one virtual
common queue with rank 2 in front and followed by rank

Rank 2
— .

--------------------------- L
] oy

Rank 4

Figure 1. Queues in movements of different ranks and the
operation sequence (cf. Wu, 1998 [/ I7).

3. Furthermore, the queues in the movements of different
ranks and the big queue are considered as M/M/1 queu-
ing systems. Thus, the total impedance factor for a move-
ment of rank r, that is, the probability of queue-free state
in all movements of ranks lower than r, is

1
f:;nk:r = (po)r=2tor—l = r—1 =
1+ 3 1= (P0)rank = s
i=2

0)rank = i

1

r—1
L+ 422((170)1 -

rank =i

(1)

Thus, the impedance factor for the movement of rank
4 (cf. HBS 2015) is

S s = (0) - 1
rank = 4 0)rank = 2and 3 1 + 1
(PO rank = 2 (PO) rank = 3

()

-1

In Figure 2, the impedance factor for rank 4 move-
ments from HCM6 and HBS 2015 is compared with
simulation results. If the guideline procedure delivered
the correct result, the data points should be on the diago-
nal line. However, the HCM procedure reveals higher
values, meaning that HCM overestimates the impedance
factor (Figure 2a). The overestimation can lead to as
much as 20% overestimation of the capacity of rank 4
movements. Equation 2, that is, the procedure in HBS
2015, matches quite well with the diagonal (Figure 2b)
which underlines the validity of this equation.

Capacities of Shared Short Lanes at TWSC
Intersections

At TWSC intersections, there are often lanes for left-turn
movements which might be too short to accommodate
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Figure 2. Impedance factor for movements of rank 4 from (a) HCMé and (b) HBS 2015 (cf. Wu, 1998 [/ ).
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Figure 3. Possible queues and lane configurations at approaches of two-way-stop-controlled intersections: (a) major approach, (b)

minor approach (cf. Wu, 1999 [/2], VWu and Brilon, 2010 [/3]).

the queue of turning vehicles. Such short lanes can exist
both on the minor and major approaches, as illustrated
in Figure 3. The indices L, 7, and L + T in Figure 3
refer to the left-turn, through, and shared movement
(left + through). The right-turn movement is not expli-
citly considered here. As an approximation, it can be
included into the through movement. There are com-
mon situations at TWSC intersections where two traf-
fic movements each use their own short traffic lane
near the stop-line but share a common traffic lane
upstream from the short lane. This constellation is
called shared short lane (SSL). The queues on both
lanes L and T can block each other and the resulting
total capacity has to be estimated. Wu (/2) developed a
general methodology dealing with the capacity of those
configurations. The proposed model can also be used
for calculating impedance effects of left turners from

the major street (/3). This model was verified by simu-
lation studies.

In HBS 2015, the model from Wu (/2) is incorporated
for calculating the capacity of the SSL at the diverging
point. In this model, there is a generalized system with m
sub-movements, all of which develop at point 4 from
one shared lane (cf. Figure 4). The sub-movement i/ has
the parameters ¢, ¢;, and x; The capacity ¢; and the
saturation degree x; = ¢;/c¢; are calculated for exclusive
long lanes of the subject movement i. Accordingly, the
shared lane has the parameters ¢sz, csy and xgg.

Point 4 must be equally occupied from left (shared
lane) and from right (all sub-movements) by waiting
vehicles, that is, the probability Py s that Point A is
occupied on the side of the shared lane is equal to the
probability Po; that Point A4 is occupied on the side of
the sub-movements. Thus,
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Figure 4. Relationship between a shared lane and its sub-
movements (cf. Wu, 1999 [/2]).

PO,SH = PO,l + PO,Z + ...+ PO,i + ...+ PO,m =
m

Z Po.;, subject to Po sy =<1 (3)
i=1

The probability that Point 4 is occupied (the prob-
ability that a sub-movement is at or upstream of Point
A) by a sub-movement is equal to the probability that
the queue length in this sub-movement is larger than the
length of the queue space (section from the stop-line to
Point A). The capacity of the shared lane is reached by
setting Po.sy = 1. Thus, for a SSL with two sub-
movements L and 7, considering the queuing system in
the sub-movements as an M/M/1 queuing system yields

_ 9L *gqr
X[ + T, minor (4)

qrL+r1

CL + T,minor —

XL + T, minor

(subject to ¢z + 7. minor = capacity of a single lane)

with the definition

1
XL 4+ T,minor — (ka+1 +ka+l)kH (5)

In HCMG6, a pragmatic procedure is used for calculat-
ing the capacity of minor approaches with SSL (called
flared lane in HCM®6). The procedure (cf. Equations 20-
60 through 20-63 in HCM®6) is complex, and the accu-
racy of the estimated capacity of the flared lane is poor.
The capacity can be overestimated or underestimated
depending on traffic flow rates of both movements and
the length of the short-lane area. The HCM procedure
delivers up to 10% of differences in capacity compared
with the HBS procedure, which is based on Wu (/2)
and verified by comprehensive simulation studies. In
Figure 5, a comparison of calculated SSL capacities cgz;
from HBS 2015 and HCM6 is depicted for a T-junction
with traffic flow rates of ¢, = 450vph, g3 = 150vph,
q4 = 100 vph, and ¢; = 400 vph. The proportion of the
left-turn flow rate in the minor approach «; varies from
0.3 to 0.7 with an increase of 0.1.

Note that there is no HCM procedure for determining
the capacity of the major approach with SSL. In HBS
2015, the capacity of an SSL at the diverging point
in major approaches (Figure 3a) is calculated as follows
(cf. 13).

qr + qr
XL + T, major (6)

_ qr+r _
CL + T,major — =
XL + T, major

(subject to ¢z + r,major = capacity of a single lane)

with the definition

Pl =o'
XL + T,major = XL (1 + ) (7)
1 — X7

Note that the degrees of saturation of the SSL x; 4 7
do not have the same expression for a minor and a major
approach (cf. 12, 13) because of different queuing

---a-L=0.3 ¢-SH_HCM
—e—2a-L=0.3 ¢-SH_HBS
-+--a-L=0.4 c-SH_HCM
—=—2a-1=0.4 c-SH_HBS
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Number of waiting places in short lane k [veh]

(b)
0.12 -
——a-1=0.3 Diff
01 —+-a-L=0.4 Diff
0.08 \ o-a-L=0.5 Diff
T 006 \ —+-a-L=0.6 Diff
T
3:” 0.04 \ ——a-L=0.7 Diff
2 0.02
2
= 0 —
]
o -0.02
-0.04
-0.06
-0.08
0 2 4 6 8 10 12 14
Number of waiting places in short lane k [veh]

Figure 5. Capacity of shared short lane at a minor approach, according to the HCMé6 and HBS 2015 procedures: (a) capacity c and (b)

deviaition of xgp.
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Figure 6. “Two-queue” system at a shared short lane: Queue I: M/G/1, Queue Il: M/M/1 (cf. Wu and Brilon, 2019 [14]).

processes. Other than a left-turning vehicle, a vehicle in
the major-through movement does not have to stop at a
“stop” line. The same expression as Equation 7 is also
adopted in HCM6 (Equation 20-43) for calculating the
queue-free state in the major approach (2).

Queuing System in SSL at TWSC
Intersections

Once the capacity is given, the performance of traffic
flow can be assessed using average delays. Although the
capacity manuals (e.g., HBS 2015, HCMO6) provide
methodologies for calculating capacities and delays for
most of the geometric configurations, there are no meth-
ods for estimating delays at an SSL at a TWSC intersec-
tion. Actually, the queuing system at an SSL is a system
consisting of two queues (cf. Figure 6), a short queue II
at the stop-line and a queue I upstream from the diver-
ging point of the two sub-movements. In the guidelines
(1, 2) the delays can be calculated for the two queuing
systems separately—for queue II, however, only under
the assumption of two exclusive lanes. There is no model
to estimate the total average delays experienced by the
two movements when passing through the two subse-
quent queues I and II. In addition, the service times at
the stop-line are not calculated reasonably for these
situations. Therefore, the methodology in these guide-
lines leads to a significant misjudgment of average delays
and thus to an incorrect assessment of traffic quality.
The authors have developed a model dealing with this
specific problem (/4). Based on the capacity (Equations
4 and 6), the total delays of SSL can be estimated. The
queuing system at an SSL can be considered as a system
of two interrelated queues: the shared-lane section
upstream of the diverging point (queue I) and the section
downstream from the diverging point (queue II) with
two parallel short lanes of length k. The two queues are
connected at the position & + 1. Approximately, the two
queues in section II can be treated as independent M/M/

1 queues. The queue I upstream from the diverging point

is considered as a general queuing system of type M/G/1.
Either at a minor or a major approach the total delay

of a left-turn vehicle in the “Two-Queue” system is then

(3)

wy = by + Cydvmr, + Crdvaci,z + r(Co,r + 1)

where

C2 =1- Xlz,

Cr=1-x;

dyay = delay in the queue for an M/M/1 queue
system,

dyg; = delay in the queue for an M/G/1 queue sys-
tem, and

Var(by + 1)
bZ

CO’L+T:%(1+ L+T
for the stochastic properties of the M/G/1 queuing
system

The total delay of a through vehicle in the “Two-
Queue” system is different for a minor approach and for
a major approach. For a minor approach, the total delay
of a through vehicle is

) = parameter  accounting

Wr minor = b7 + Cadvmi,r + CidmciL+ 7(Co.r+ 1) (9)

For a major-through vehicle, there is no delay in
queue II and the service time occurs only by queuing in
queue I on the position k + 1. The total delay of a major-
through vehicle is

WT, major — Ci (bT + dMGl,L + T(CO,L + T)) (10)

The parameter Cy ;7 for the M/G/1 queue in the
SSL is (cf. 14, 15)

C C C C
Corsp=1+4 Lt (u, 1)% L (ﬂ, 1)a”
cr cr cr cr
(11)

For a minor approach it is
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Figure 7. The results from the authors’ proposed new model (a) and the HCMé procedure (b) compared with simulation results.

1L \k
ar.p =aL<xL(ka+l +ka+1) kﬂ) and

__1L\K
arﬂb:ar(xr(kaJrl +X7"k+l) k+1) (12)
For a major approach it is
k
k+ 1\ “FrT
app = aL<1 + T > and
1—xT
k+ 1N\ “EET
ar.p = ar oLl ()CT 1+ T )k (13)
l—xT l—xT

The parameters @, ;, and ar, can be significantly sim-
plified by setting k = 0 as an approximation with a very
simple expression. The resulting deviations are very small
and they are not significant for practical use (/4).

In the current HCM6, the total delay in the SSL is
calculated using the same formula for both the left-turn
and through movements. The delay formulas there are
derived based on an M/M/1 queue. That is

Wi HCM = WrHCM = WL+ T = br w1+ dwnp+ 1 (14)
where

b1 = % =arb; + arbr

In HBS 2015, the delays of individual movements
(L and T) and the delay of the diverging point (L + T) are
examined separately. The longer delay is the decisive one to
determine the level of service. The procedures in both
HCMG6 and HBS 2015 lead to inaccurate delay estimations
and thus to an improper assessment of traffic quality.

The results from the new, correct model and from the
HCM procedure are summarized in Figure 7, compared
with simulation results. It shows to what degree the
model results represent delays obtained by simulation:
delays as estimated by the new model match quite well
with simulated results (Figure 7a¢) and the HCM results
are rather misleading (Figure 7b). It can be seen that the
current HCM procedure can deliver an error of up to 20
s in estimated delay.

Correspondingly, using the same model considera-
tions, the percentiles of queue lengths can be estimated
as well (14).

Recommendations for Procedures to Be
Incorporated in a Future Version of HCM

The three new developments mentioned above can be
easily incorporated into a future version of HCM. In the
following, they are formulated in the style of HCM6 with
corresponding numbers of calculation steps, exhibits, and
equations.

Recommendations can be made for

e Step 9a:
Movements

e Step 10b: Flared Minor-Street Lane Effects

e Step 10c: Shared Major-Street Lane Effects (an
additional step to HCM6)

e Step 11b: Compute Control Delay to Rank 1
Movements (Major-through)

Rank 4 Capacity for One-Stage
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e Step 1lc: Compute Control Delay to Major Left-
turn Movements

e Step 11d: Compute Control Delay to Minor
Movements at Flared Approach

e Step 13: Compute 95th Percentile Queue Lengths
Including Shared Lanes and Flared Approaches

Because of a necessary additional calculation step
(Step 10¢) and a few new equations, the equations num-
bers in HCM6 cannot be used consequently. Thus, in the
following recommendations, there are some supplemen-
tary numbers in the enumeration of equations to show
the possible positions of the equations in a future HCM.

HCM6 pages 20-26 through 20-27

Step 9a: Rank 4 Capacity for One-Stage Movements. The
probability that higher-ranked traffic movements will
operate in a queue-free state is central to determining
their overall impeding effects on the minor-street left-
turn movement. However, not all these probabilities are
independent of each other. Specifically, queuing in the
major-street left-turning movement affects the probabil-
ity of a queue-free state in the minor-street crossing
movement. Applying the simple product of these two
probabilities will likely overestimate the impeding effects
on the minor-street left-turning traffic (see Wu, 1998).

The queue-free probability within statistically depen-
dent queues in movements of ranks 2 and 3 is determined
from Equation 20-52.

. 1
Equation20 — 52p' = 1+ L _q
DPo.j Po.k

where

p' = adjustment to the major-street left, minor-street
through impedance factor,

Do; = probability of a queue-free state for the conflict-
ing major-street left-turning traffic, and

Do = probability of a queue-free state for the conflict-
ing minor-street crossing traffic.

When determining p’ for rank 4, movement 7, in
Equation  20-52, po; = (po.)(Po.a) and  pox = (po.11)-
Likewise, when determining p’ for rank 4, movement 10,

Do, = (Po.1)(Po.4) and py . = (po.g)-

Note:

The new solution is very simple and elegant, and has fewer
computational steps. It is theoretically solid (Wu, 1998). It is
already incorporated in HBS (2001, 2015).

Equation 20-52 in HCM 6th Edition overestimates the capacity.
Exhibit 20-16 in HCM 6th Edition is no longer necessary because
Equation 20-52 is very simple.

HCMé Pages 20-28 through 20-3 1

Step 10b: Flared Minor-Street Lane Effects. To estimate the
capacity of a flared right-turn lane (such as in Exhibit 20-
17), the average queue length for each movement sharing
the right lane on the minor-street approach must first be
computed. Figure 8.

Where several movements share the same lane, the
capacity for this lane results from the capacity of the indi-
vidual movements. If the shared lane flares out near the
entrance to the major street more than one vehicle can
stand near the stop-line side by side (as in Exhibit 20-17),
which increases the capacity. To estimate the capacity of
a flared right-turn lane, Equation 20-60 is used to com-
pute the flared lane capacity (see Wu, 1999):

VR T VL4 1H

e [ () D\ D
CR CL+TH

Equation20 — 60 cp =

where

¢ = capacity of the flared lane (veh/h), subject to less
than the saturation flow rate of the considered lane
(default assumed to be 1,800 veh/h; however, this para-
meter can be measured in the field),

¢r = capacity of the right-turn movement (veh/h),

¢r+ 1 = capacity of the combined through and left-
turn movements (veh/h),

vg = right-turn volume (veh/h),

vy + 7 = combined through and Ileft-turn volume
(veh/h), and

ng = storage places in the flared area (veh, see Exhibit
20-17).

For the special situation of shared lanes without any
flaring effects (ngz = 0), Equation 20-60 yields Equation
20-59.

Exhibit 20-17. Capacity of a Flared Lane Approach.



Transportation Research Record 00(0)

Note:

The new solution is a simple, elegant, one-step solution. It is
theoretically solid and all boundary conditions are held
automatically (Wu, 1999). It is already incorporated in HBS (2001,
2015).

The current solution in HCM 6th Edition is only a pragmatic
solution. It delivers deviations of up to 10% in capacity estimation.
Furthermore, the boundary condition must be checked
additionally.

HCMé Page 20-29pp, Additional Step

Step 10c: Shared Major-Street Lane Effects. Where the left-
turn lane on the major approach is too short to accom-
modate the queue of the left-turn movement, the major-
through movement can be impeded by the left-turn
queue. Equation 20-63(+ 1) is used to compute shared
lane capacity (Wu and Brilon, 2010).

Equation20 — 63( + 1) css =

vitvintovp

(np + 1)
(n, +1) X142
xj[ L+ I=xi1+2

,subject tox; | +2<1

with
. V; V; Vv
Equation 20 — 63(+ 2)x; = L and x; 4+, = at g e
Cm,j Sil S
where

¢ss = capacity of the shared short lane on the major
street, subject to < s;1,

j=1+1U and 4+ 4U (major-street left-turning
vehicular movements),

il=2 and 5 (major-street
movements),

i2=3 and 6 (major-street right-turning vehicular
movements),

(When j=1+1U, il =2,
j=4+4U,il =5,and 2 = 6.)

x; = degree of saturation for the major-street left-turn
movements

X;1+2 = combined degree of saturation for the major-
street through and right-turn movements,

¢,; = movement capacity of the left-turn movement
(veh/h),

s; = saturation flow rate for the major-street through
movements (default assumed to be 1,800 veh/h; however,
this parameter can be measured in the field),

sp = saturation flow rate for the major-street right-
turn movements (default assumed to be 1,500 veh/h;
however, this parameter can be measured in the field),

v; = major-street  left-turn movement flow rate
(veh/h),

through vehicular

and 12 =3; when

v;] = major-street flow

(veh/h),

through-movement

vp» = major-street right-turn flow rate (veh/h) (0 if an

exclusive right-turn lane is provided), and

n; = number of vehicles that can be stored in the left-

turn pocket (see Exhibit 20-15).

For the special situation of shared lanes (n; = 0),
Equation 20-63(+1) becomes Equation 20-63(+3) as

follows.

.+ i + ;
Equation 20 — 63(+ 3) css = Vvitva tva

ol + AR
J 1=xi1+2

Vi + v+ vp), subject tox; 1 2 <1

I —xi1+42
xj (

where all terms are as previously defined.

Note:

HCM 6th Edition does not offer a procedure for calculating the
major approach capacity with shared lanes. This capacity is
required for further delay calculation.

The new solution fills this gap (VWu and Brilon, 2010). It is already
incorporated in HBS (2001, 2015).

HCM6 Page 20-30pp

Step | Ib: Compute Control Delay to Rank | Movements (Major-
Through). The effect of a shared lane on the major-street
approach, where left-turning vehicles may block rank 1
through or right-turning vehicles, can be significant. If
no exclusive left-turn pocket is provided on the major
street, a delayed left-turning vehicle may block the rank
1 vehicles behind it. This will delay not only rank 1 vehi-
cles but also lower-ranked movements. While the delayed
rank 1 vehicles are discharging from the queue formed
behind a left-turning vehicle, they impede lower-ranked
conflicting movements.

Field observations have shown that such a blockage
effect is usually very small, because the major street usually
provides enough space for the blocked rank 1 vehicle to
bypass the left-turning vehicle on the right. At a minimum,
incorporating this effect requires estimating the proportion
of rank 1 vehicles being blocked and computing the aver-
age delay to the major-street left-turning vehicles that are
blocking through vehicles (Wu and Brilon, 2019a).

ny
Equation 20 — 65 dgaw 1 = <Vﬁ>
Css

3600
+9007 | X5 — 1 + (Vﬁ -
CRank 1 Css css

L EE
1) + XN o+ 5

4507
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with

Equation20 — 65(+1)Cp =1 + ajcﬁ <C§_ 1) +

G NG
a Css (Css 1> ta Css (CSS 1>
i — - — | ——
Si1 \Sil Si2 \Si2
where

"L
_ vj X+ P
a=——"——(1+ " R

ooyt vt I —xi1+42

subject to x; 1 +2 <1,

Vil Xj

a; =
Vit vt vpl —xi 142

ny + 1 =™

xi,1+2L np +1 .

X142 1+ ,subject to x; 1 +2<1,
1—Xi,1+2

Vi2 Xj

ap =
Vit v Fvpl —xi142

P N e

Xi1+2"" e .

Xiteo| 1+ 20— ,subject to x; | + 2<1,
L—xi1+2

or as recommended simplifications

Vi
aj~—->T——
Vj + Vil + Vio
Vil X .
an ~ d / ,subject to x; 1 + 2 <1,
vitvir tval —xi142
Vi2 X .
an ~ ! / ,subject to x; 1 +2<1,

Vit tvpl —xi142

css = capacity of the shared short lane on major
streets from Equation 20-63(+ 1),

Cy = parameter accounting for the stochastic charac-
teristics of the queue system (—),
Rank 1 =il or i2

j=1+ 1U and 4 + 4U (major-street left-turning vehi-
cular movements),

i1=2 and 5 (major-street through vehicular
movements),

i2=13 and 6 (major-street right-turning vehicular
movements),

(when j=1+1U, il1=2 and 1i2=3; when

j=4+4U,il =5and 2 =6.)

s;1 = saturation flow rate for the major-street through
movements (default assumed to be 1,800 veh/h; however,
this parameter can be measured in the field),

sp = saturation flow rate for the major-street right-
turn movements (default assumed to be 1,500 veh/h;
however, this parameter can be measured in the field),

v; = major-street left-turning movement flow rate
(veh/h),

vj1 = major-street
(veh/h),

v = major-street right-turn flow rate (veh/h) (0 if an
exclusive right-turn lane is provided),

n; = number of vehicles that can be stored in the left-
turn pocket (see Exhibit 20-15), and

Xj, X;1+2 = Equation 20-63(+2).

through-movement flow rate

Note:

With the proposed procedure, delays of rank | movements
upstream from the diverging point at a major shared short-lane
can be estimated. Furthermore, using the parameter Co, the
service time of different movements can be accounted for
properly (VWu and Brilon, 2019a).

The procedure in HCM 6th Edition does not consider both
effects. The delay is generally underestimated.

With the recommended simplifications, the calculation of Cy is of
sufficient precision.

Step | Ic: Compute Control Delay to Major Lefi-Turn Movements.

3600
Equation20 — 65( + 2)d; = +d +dy +5

7

where
d, = delay downstream of the diverging point

(W_1>2+(3":.,‘?°)(f—;)

Cj 450T

v. VIL v
= (1—1) 9007 | L —1 +

G G

d> = delay upstream of the diverging point

e
1 ) + css css C

4507 "

nr
:<vﬁ) 9007 |V — 1 + (Vﬁ—
css css css

All symbols are previously defined in Equation 20-65.

Note:

With the proposed procedure, delays of major left-turn
movements, downstream und upstream from the diverging point
at a shared short-lane can be estimated. Using the parameter Co,
the service time of different movements can be accounted for
properly (see Wu and Brilon, 2019a).

The procedure in HCM 6th Edition does not consider both
effects. The delay is generally underestimated.

With the recommended simplifications, the calculation of Cy is of
sufficient precision.
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Step | 1d: Compute Control Delay to Minor Movements at Flared
Approach. To estimate the delay a flared right-turn lane
Equation 20-65(+ 3) is used to compute the flared lane
delay:

_ 3600

Cm

Equation 20 — 65( + 3)d,

+dy+dy+5

where
d; = delay downstream of the diverging point

_ (1_VL+TH> 900T[VL+TH_1+
CL+TH CL+TH

2 3600 VL+TH
<VL+ TH B 1) + CL+TH CL+ TH C(),l ’

ClL+TH 4507

d;; = delay upstream of the diverging point

m= 1L, THor R,
¢r+ 1 = capacity of the combined minor-street left-
turn and through movements (veh/h)

36OO(VL + VTH)
Yoo Vi ’
cr CTH

=CL+TH =

cr = capacity of the minor-street right-turn move-
ments (veh/h),

vz = minor-street left-turning movement flow rate
(veh/h),

Vg = minor-street
(veh/h), and

vg = minor-street right-turn flow rate (veh/h) (0 if an
exclusive right-turn lane is provided), and

ng = actual storage area for right-turning vehicles as
defined in Exhibit 20-17.

through-movement flow rate

= (V—F>nﬁ900T A (V—F— 1)2 + 7(@) () ol
Cr CFr CF

450T
VL CL+TH <CL+TH_1>

Coj] =1+
v + VTH Cr, Ccr

+ VrH  CL+ TH <CL + TH 1)
9
vt vy Crm CTH

cr [c c c
C0—1+LZLF<F—1)+GTHF<F—1)
cr \cp CtH \CTH

ng
a = VL VL + TH/VF
L= —
vt v T v \CL+1H CF
nR
VrH (VL - TH V_F>

v tvig tvr\cL+1H" CF

np
dn = VR VR/VF
p= —~ (£ /E
v +veg +vp \cr' cr)

or as recommended simplifications

arg =

aL% #’
v + VTH + VR
o~ —H
vy + VTH + VR
VR
ap =~

VL+VTH+VR’

cr = capacity of the flared approach on minor streets
from Equation 20-60,

Co.1, Cy = parameters accounting for the stochastic
characteristics of the queue system (—),

Note:

With the proposed procedure, delays of minor movements,
down- and upstream from the diverging point at a shared short-
lane can be estimated separately. Furthermore, using the
parameter Co, the service time of different movements can be
accounted for properly (Wu and Brilon, 2019a).

The procedure in HCM 6th Edition does not consider both
effects. The delay is generally underestimated.

HCMé6 Page 20-32

Step 13: Compute 95th Percentile Queue Lengths Including
Shared Lanes and Flared Approaches. Queue length is an
important consideration at unsignalized intersections.
Theoretical studies and empirical observations have
demonstrated that the probability distribution of queue
lengths for any minor movement at an unsignalized
intersection is a function of the capacity of the move-
ment and the volume of traffic being served during the
analysis period. In addition, a parameter C, accounting
for the stochastic characteristics of the queuing system
has to be considered. Equation 20-68 can be used to esti-
mate the 95th percentile queue length on a traffic lane
for any minor movement at an unsignalized intersection
including major shared short-lanes and minor flared
approaches during the peak 15 min period on the basis
of these three parameters (/0, Wu and Brilon, 2019b).

Equation 20 — 68 Qg5 =

(@)
1) + Cm, x Cm,x C Cm’xT

Vm, x Vi, x
= 1+ mxr
< 1507 0 4

Cm,x Cm,x

where
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Qo5 = 95th percentile queue from the stop-line on the
considered traffic lane (either an exclusive lane, or a
shared major approach/lane), or a flared minor
approach/lane (veh),

v, = flow rate for the considered traffic lane x (veh/h),

¢m.x = capacity of the considered traffic lane x (veh/h),

Cy = parameter accounting for the stochastic charac-
teristics of the queuing system (for an exclusive lane
Co = 1; use Equation 20-65(+ 1) for major approaches
and 20-65(+ 5) for minor approaches), and

T = analysis time period (0.25h for a 15 min period) (h).

Note:

The same procedure can be used for exclusive lanes and shared
short-lanes with an additional parameter Cy, (VWu and Brilon,
2019b).

The 95th percentile queue is the 95th percentile queue from the
stop-line (Wu and Brilon, 2019b).

References for HCM
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Conclusions

Three new developments in the theory of TWSC intersec-
tions account for: (a) the impedance factor for move-
ments of rank 4, (b) the capacity of shared short-lanes,
and (c) delays at SSLs. The first and the second issue are
already incorporated in HBS 2015 but not in HCMG6.

According to simulation studies, the procedures in the
current HCM6 are not up-to-date and they lead to sig-
nificant misjudgments in capacity and delay estimations.

The current procedure in HCM6 for calculating the
impedance factor of rank 4 movements is a simple regres-
sion approach. This procedure underestimates the queu-
ing impedance in movements of higher ranks and thus
overestimates the capacity. These overestimations can
sometimes be as large as 20% of the expected capacity of
a rank 4 movement. The procedure in HCM6 for esti-
mating the capacity of SSLs is a very pragmatic one and
it delivers up to 10% of differences in capacity compared
with simulation studies. For estimation of SSL delay, the
procedures in both HCM6 and HBS 2015 lead to inaccu-
rate delay estimations and thus to an improper assess-
ment of traffic quality. The current HCM procedure can
lead to an error of up to 20s in estimated delay.

To enhance the accuracy of the TWSC procedures,
the three new developments are formulated as calcula-
tion procedures in the style of the HCM6 for inclusion in
a future version of the HCM. The same procedure for
estimation of SSL delay can also be incorporated into a
future version of HBS.
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