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INTRODUCTION

TxDOT project 0-6706 “Design and Scope of Impact of Auxiliary Lanes” has developed
guidelines for implementation of auxiliary lanes including general guidelines on the use of
auxiliary lanes and design guidelines for auxiliary lanes. To facilitate the implementation of the
guidelines developed by this project, training strategies and materials have been developed for
providing a training session for personnel within TxDOT who are involved in the design of

freeway interchanges and ramps.

This document consists of two parts. Part I “Training Strategies” provides details on the purpose,
method, scheduling, and location for the training. Part II “Training Materials” provides a list of

the developed training materials along with the printouts of these training materials.
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TRAINING STRATEGIES

Training Objectives and Contents
The goals of the proposed training section are to introduce to traffic engineers the developed
guidelines and the use of these guidelines for implementing auxiliary lanes. The training session
will cover the following topics:

1. General Guidelines on the Use of Auxiliary Lanes

2. Design Guidelines for Auxiliary Lane

Training Audience

The potential audience for the workshop will be the engineers who are involved in the design of
freeway interchanges and ramps. It will include the personnel in TxDOT roadway design
sections in different districts and traffic engineers in local Transportation Management Centers

(TMCs).

Training Method
Researchers suggest a half-day, two-hour workshop for the proposed training. It is our belief that
a half-day course at a TxDOT host district will encourage better participation considering the

busy schedules of those individuals targeted to attend.

The workshop will introduce the general guidelines on the use of auxiliary lanes and design
guidelines for auxiliary lanes. At the end of the workshop, a workshop evaluation form will be
distributed to all attendees and will be reviewed after the workshop. The workshop agenda and
materials will be refined, as appropriate, to capitalize on comments and suggestions that will

improve the workshop in the future.



Training Scheduling and Coordination

The scheduling of workshops will be coordinated between the university workshop team leader,
TxDOT project director, and TxDOT project advisor from the Human Resources Division. The
project director will be responsible for coordinating workshops scheduling with TxDOT district
training coordinators to ensure that district training facilities will be available for conducting

workshops.

Training Location
The workshops are planned to be held in a TxDOT facility within selected host districts.
Location selection will be coordinated between the workshop team leader, project director, and

project advisors.



TRAINING MATERIALS

PowerPoint materials include:

A presentation for introducing the guidelines developed for the implementation of auxiliary lanes.

Workbook materials include:

Detailed guidelines for the implementation of auxiliary lanes.
e General Guidelines on the Use of Auxiliary Lanes

e Design Guidelines for Auxiliary Lane
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Guidelines for Designing and Methods for Assessing Auxiliary

Lanes

PowerPoint Presentation for Workshop
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Guidelines for Designing and Methods for
Assessing Auxiliary Lanes

Dr. Yi Qi, Texas Southern University (TSU)
Dr. Ruey Kelvin Cheu, University of Texas at El Paso (UTEP)

Pilot Workshop
TxDOT 0-6706: Design and Scope of

Impact of Auxiliary Lanes
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Qutline

o General Guidelines on the Use of Auxiliary Lanes

o Design Guidelines for Auxiliary Lanes
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General Guidelines on the Use of Auxiliary Lanes

Guideline 1: When to Consider the Use of Freeway Auxiliary Lanes
Guideline 2: Assessment of Operational and Safety Benefits of

Adding an Auxiliary Lane

General Guidelines @
Guideline 1-
When to Consider the Use of Freeway Auxiliary Lanes

Auxiliary lane at weaving segments
Continuous auxiliary lane should be provided:

» If the distance between an entrance ramp and an exit
ramp<1 500 ft (TxDOT Roadway Design Manual).

» If an entrance ramp is less than 2400 ft upstream from a
two-lane exit ramp (TxDOT Roadway Design Manual).

» If an exit ramp is less than 2500 ft downstream from a
two-lane entrance ramp (TxDOT Roadway Design Manual).

» If local frontage road does not exist (AASHTO Green Book, 2011).

Other factors, such as traffic volumes, speed, grade, and
safety/operational issues should also be considered in the use of
auxiliary lanes. Engineering studies are desirable on a case-by-case
basis in determining the need for an auxiliary lane.

Sources: AASHTO Green Book, 2011, TxDOT RDM 4
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General Guidelines_ TSUR/Cd

Guideline 1-
When ta Consider the Use of Freeway Auxiliary Lanes
{continued)

Auxiliary lane at merge/diverge area

» At the isolated entrance/exit ramp, a parallel
acceleration/deceleration lane should be
considered when:

o Turbulence in the traffic flow is significant that is caused by
vehicles attempting to recover and proceed on the through
lanes.

o Safety issues because of the forced merges at entrance
ramp.

o Traffic volume on freeway mainline and entrance ramp
reach to certain levels.

Sources: AASHTO Green Book, 2011, Highway Safety Manual (2010), ITE paper (2013)

Conditions for Adding the Auxiliary Lane at Entrance Ramp 8 &
(2) Ne=2lmes
£
Mmmum I, () for N-=2 lanes
¥ vz (pc/hn)

(pehlg) ["100 | 200 | 300 | 400 | 500 | 600 | 700 | 800 | seo | 1000
500 - - - - - - - - - -
750 - - - - - - - - - -
1000 - - - - - - - - - [ 100
1250 - - - ~ | 200 | 300 | 400 | 500 | %00 | 700
1500 300 | 400 | 500 | 700 | 800 | 500 | 1000 | 1100 | 1200 | 1400
1750 900 | 1000 | 1200 | 1300 [ 1400 [ 1500 [ - - - -
2000 - - - - - -

(b} Ne=3 lanes
M L (ft) for Ne=3 lanes
¥ v (pe'bln)

(chlg) 700 | 200 | 300 | 400 | 500 | 600 | 700 | 800 | se0 | 1000
500 - - - - - - - - - -
750
1000 - - - - - - - - - -
1250 - - - - - - — | 100 | 200 | 400
1500 - - ~ | 200 | 300 | 500 | 600 | 700 | 900 | 1000
1750 400 | 600 | 700 | 800 | 1000 | 1100 | 1300 | 1400 | - -
2000 1100 | 1300 | 1400 | 1500 | - - - -

(c) Ne=4 lanes
Minimum L, (ft) for N-=4 lanes
¥ yp. (ool

(pehln) [TT00 | 200 | 300 | 400 | 500 [ 600 | 700 | €00 | S00 | 1000
500 - - - - - - - - - -
750
1000 - - - - - - - - - -
1250 - - - - - - - - - 100

- - 300 | 400 | 300 | 800
E00 | 900 | 1000 | 1100 |
1300 | 1400 | 1500 | -

Source : ITE paper (2013)
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Conditions for Adding the Auxiliary Lane at Entrance Ramp
Density in the merge influence area (pcimhmr—
 Without auxiliary lane, Lys=0 ) With auxiliary lane, L=15005/
¥e T= OCm) Ye v (pe'h/ln)
(poblg) 100 200 300 400 500 600 700 800 500 1000 (eRls) 100 200 300 400 500 600 700 800 900 1000
B 500 206 500 3 75 8 9.0
ksl 750 201)208]216)223]230]238] 245 750
0 1000 21.8[ 225233240 247]235 [ 262 269 27.7 | 28.4 1000
lL 1250 157(264)272)279(286) 294 301 308 316 323 1250 207 214[222] 229
= 1500 303 318 3235]333]340] 247 1500 202)209(21.7/224(231(239]246]253] 261 268
1750 1. 1750 4T I48[ 256263270 278285292 30.0[30.7
2000 2000 28.0)287[29.5]3202]309[30.7]|324]331]339]346
¥ 3z (o) =
@emly 100 200 300 400 500 600 1000 (poiin)
500 500
750 200207 51222 230 750
0., 1.2 511227 41 256163 1000
50 T E 46 LA 7 .2) 29.0 | 19.7 1250 0.1) 20.8 | 21.5
1500 16.5 | 27.] 7.9 71294 0.9 6| 324 [ 331 1500 200|208 (215]|222(23.0[23.7]| 244252
1750 299 0. 1.3 1 28 43 1750 2220 229(236| 244251258 | 266|273 [ 280 288
2000 332[340] 347 2000 2581 265(273/280[287[295/302)|309([317] 324
C|
¥z ¥z (pob) ¥
{pcblg) 100 200 300 400 500 600 700 800 500 1000 {pcbiz)
5 500 500
E 750 207 (214|222 730
= 1000 202|209 (216224 [ 231238246253 1000
I 1230 218(225)233|240( 247|255 | 262 269|277 | 284 1250
= 1500 249257264271 (279|286 | 293 30.1 | 308 | 315 1500 207[214) 221
1750 28.0[28.8)29.5| 303 [31.0] 3.7 [ 32.5] 332[ 339347 1750 201208216223 |23.0(238| 245253
2000 31.2[319]13226]334[341] 348 2000 218)1225(232/240[247(254/262]269] 2761284
[Los [c D
| Density | <=10] 1020 [ 2028 | 2835 | >35 | Demand ExceedCapaciy

Source : ITE paper (2013)

Conditions for Adding the Auxiliary Lane at Entrance Ramp

Recommendations on when to add auxiliary lane

100 200

300

700

800

200

1000

20.6

223

230

238
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When to consider auxiliary lane:

233

Bl

BT

Gri]

284

o]

After implementation, density decreases,
LOS gets better.
Before implementation, LOS =D or E.

1000
After implementation, LOS = A, B, or C.

1250 20721412221 229
1500 20212097 2172242311230 6135373611368 |
1750 241 (248 | 256]263]27.0]278) 285 (292300 307
2000 280 (287 295]302]309 317324331 ]339] 346
= 32 (pchln)
(pehln) 100 200 300 400 500 600 700 800 900 1000
500
750
we | i
1250 _!
1500 |TTTTTTTTTTTTT
1750
2000

Source : ITE paper (2013)
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Conditions for Adding the Auxiliary Lane at Entrance Ramp £k g
Recommendations on when to add auxiliary lane
L1300 £

L w (bl

2% 100 200 300 400 500 600 700 500 900 1000
I,
i 35-:
3w -
N <3k 4|
T m

1730

2000

- 1 by

(pchly 100 200 300 400 500 600 700 BO0 900 1000
H 500
ER
Iy 1000
L 1250
= 1500

1750

2000

w Y (pely)

(pchly 100 200 300 400 500 600 700 B00 900 1000
= 500
B s
= 1000
1 1250
= 13'-:_!-3

—

Source : ITE paper (2013)

.. . . TSU @
Conditions for Adding the Auxiliary Lane at Entrance Ramp
Recommendations on the minimum length of auxiliary lane
EE iz (poh]
(pebln) 100 200 300 400 5}'&)Ep 6%)%} 700 800 900 1000
500
.')-‘5[)
1000 |
1250 I
1500
1750 |
2000
Increase length from 100ft
until LOS = C
* Minimum L, (ft) for Nz=2 lanes
¥ T
(pe/hip) 100 200 oo 400 500 600 700 800 900 1000
= 11—t
1000 - - - - B - B - - 100
1250 - - - - 200 300 400 500 600 700
1500 b1 900 1000 | 1100 1200 | 1400
1750 1500 - -
2000 -

Source : ITE paper (2013)
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Conditions for Adding the Auxiliary Lane at Entrance Ramp [l @

(2) Ne=2lames
=
Minimum I, (f) for N-=2 lanes
Vg vz (pedln)

(pehin) 100 200 300 400 500 600 T00 800 800 [ 1000
200 - - - - - - - - - -
750 -
1000 - - - - - | oo |
1250 - - - - 200 300 400 300 600 700
1500 300 400 300 700 800 900 [ 1000 [ 1100 | 1200 [ 1400

1750 900 1000 | 1200 | 1300 | 1400 | 1300 - - - -
2000 - B - - - B
(b) Ne=3 lanes
T\ Tmimmom L, (79 for Ne=3 lames
¥s, vz (pekiln)

(pehin) 10 200 300 400 £00 600 T00 800 500 | 1000
500 - - - - - - - - - -
750

1000 - B - - - B - - B -
1250 - - - - - - - 100 | 200 | 400
1500 - - - 200 300 300 600 700 900 [ 1000
1750 400 600 700 500 | 1000 | 1100 | 1300 | 1400 -
2000 1100 | 1300 | 1400 | 1300 - - - -
(€) Ne=4 lanes
Minimum I, () for N-=4 lanes
¥ vz (pehlg)

(pekin) 100 200 300 400 00 600 T00 800 900 [ 1000
500 - - - - - - - - - -
750 - -

1000 - -
1250 - - - 100
1500 - - - - - 100 300 400 500 600
1750 100 200 300 400 300 600 800 200 1000 | 1100
2000 T [ 900 | 1000 | 1100 | 1300 | 1400 | 1500 -

Source : ITE paper (2013)

724
Guideline 2- Assessment of Operational and Safety
Benefits of Adding an Auxiliary Lane

Method: Using Look-up Table Developed Based on Traffic
Simulation - VISSIM

Performance Measures Selected: Capacity, Speed, Density, Traffic
Conflicts, LOS (based on density thresholds in HCM)

Example Look-up table
Weaving Section Input Output

H " 5 Density  Speed: |Capacity LOS

gid i 2 AR SiE P L

] i AHELAEIEIR

i= i i FlE* [2]2)] % 2 3=
. &

2 | 866 | 45.30%

5| | o = | 8 e
i oo o | e

o

Average: | 2188 T

~
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Why Simulation?
¢ HCM models/Highway Capacity Software (HCS2010) has the
following problems:

1. Cannot be used directly for the freeway weaving sections

without an auxiliary lane.
2. Will generate unreasonable results for the diverging
(off-ramp) sections.
HCM models/HCS2010 can be used for:
« Freeway weaving section with an auxiliary lane ( validated).

» Merging (on ramp) sections with and without an auxiliary lane.

Why Simulation? - HCM Problem 1

e HCM models cannot be used directly for the freeway weaving
sections without an auxiliary lane.

—>
lon-ramp with adjacent lownstream off-ramp
off-ramp with adjacent upstream on-ramp”

HCM Suggested Method for Weaving Segment without Auxiliary Lanes

Density and speed are computed separately at the on-ramp junction and the
off-ramp junction by the ramp module in HCS2010.

The higher value among of density and the lower value of the speed among the
on-ramp and off-ramp was selected.

16




Why Simulation? - HCM Problem 1

e The HCM results sometimes were unexplainable for comparison
between scenarios without and with auxiliary lanes.

i
!

|
|
|
|
|
)
|
|
|
|
|
I
|
I
I,
I*|
T
|
|
]
|
|
|
i
]
|
|
|
I 1
i+
P

N
Vi
\_
Y

(a) Modeling weaving segments without auxiliary lanes  (b) Modeling weaving segments with an auxiliary lane
as two joint ramp influence areas as suggested by HCM using HCM weaving procedures

e The HCM models cannot be compared directly between without
and with auxiliary lanes = Different number of lanes analyzed.

15
Why Simulation? - HCM Problem 1
Weaving section before and after adding auxiliary lane
.i? - w. Demsiry (V/mi/lane) Speed (mph) LOS.
i j £ Ei' i!‘ Cadeulare by HEM Simulation Cudeulare by HEM Smulation :::::\Il' Simulation
A : et hia
i ii- Ll A
i A HHHE
= | == [
dE o EnEnET N ETET A e Y
Most of the speed become worse after
adding auxiliary lane.
16
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Why Simulation? - HCM Problem 2
Off-ramp section before and after adding auxiliary lane

x £ Demity  (V/mi/lane) Speed (mph) 105
h 5 . | EE
£ b £ Qi- E,B Catentate by HEM Simabatin Calcatate by HEM Stmatation ety | simatation)
i A e e T
£ £ i o ] e sl s o g
£ i § [ SRHIHIR SR HETHIE
I E a% i R s B RS RS
B ; e ; AR
Dp= 42524 0.0086v;,— U.OO‘}ED
Density estimate is too low l :
for a diverging section with 1. There is no difference between before and
parallel deceleration lanes. after adding a parallel dece_leratlon lane.
2. The length of the deceleration lane does
not have any impact on the speed of the
diverging sections.
17

[ 77

Why Simulation? - HCS Problem 2

Off-ramp section before and after adding auxiliary lane

% = Density (V/mi/lane) Speait (mph) LOS
L]
_‘é ; § ; i Calculate by HOM Simatatian Calculate by HOM Stmulation :’;:;': Simulation
gé qé is s ; Els i lslzls
i £ 4 it i1 |38)3 SENEIE
i : ¢ i & it §15 (53
£1 2.0 | 542 B 1A LA 1A
a1 51 [N B_la A Ta
— i R — . Fel 183 £ J [} *
= | =P 7 [$ 2] [ (4
1 - L& B_1A 1A
\? oo | 13 i o
— e
300 A o o g
0 8 1.7 ] B C B
Anfrage
P ed e o werm e Used HCS for the two-lane
. Nidaal 4 " off-ramp section; it even
o T el oS iy generates negative density values.
Linvl of Sarvice Durtasmination i not LOS F)
—
18
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Example Simulation for Weaving Segment

TsUb7d
Validate Simulation-Based Method far
Weaving Sections with Auxiliary Lanes

- HCM Model vs. VISSIM

o Comparison of Speed

58 - *

56 -

HCS Speed
«
T

v
N

wu
o

IS
=

N
)

60 62 64 66
VISSIM Speed
weaving oseyimenu ywwon=1, Noff=1 )
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(TSUR7 4
Simulation Method in Developing Traffic Conflict
Modification Factor (TCMF)
Surrogate Safety Assessment Model (SSAM) By FHWA

‘ TTC: time-to-collision (1.5 s)

Microscopic Traffic
Simulation Models

Conflicts Types:

»Lane-change

chicle Trajectory Data

8-8
Acceleration >Crossmg
Deceleration ’
Velocity »Rear-end ’

Position
etc.

L]
Model Inputs 8, = 85°
Surrogate Safety Assessment &
Model (SSAM) g = conflict angle

8, = rear end threshold angle
8, = crossing threshold angle

6,206,

Refer to User Manual for
more detail

21

w
Simulation Method in Developing Traffic Conflict
Maodification Factor {TCMF)

Simulation Models

chicle Trajectory Data

o Acceleration
o Deceleration
o Velocity

¢ Position

o etc.

Microscopic Traffic ‘

Safety Performance

h
o Number of conflicts TCMF
o Type of conflicts

Model
Outputs

Traffic Conflict Modification Factor (TCMF)

Test Scenarios
Before and After

Model Inputs

Surrogate Safety Assessment
Model (SSAM)

Traffic Conflict Frequency after Treatment
Traffic Conflict Frequency before Treatment

TCMF = x100%

22
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Guideline 2- /4
Assessment of Operational and Safety Benefits of
Adding an Auxiliary Lane

Weaving Section Input Output
I
= ¢ |iz .l Density Speed: Capacity -
B FozE (=i . o s |2z|<z| ¥z
i SR HEIR AR IEIR A R :
E £ =Ml = s = ] =
i ifi | i 1 Sli|t |z
e . ' '
2 L .
1500 ?
Ve )
e 4
el 50 c
D
s = g | Bz - = = = =
i 53 =2 | [ 1 il = = E ] £ & = 8 =
2 3 x| 82|43 ¥ £ | 3 5
1 i i|:l B Bl 33333l |sd a8 ]s|d)2
e b slepldele || 5 |2 |2) 3 |s8(s8| ¢ (3% |32 |z|2
R L i EE AL () S B il 6 o 2 S | =il
- S me e el
B = - STEISIIOIIIIIIIE 2| ™o 1500 |00 5] 0¥ | 3200 | ey W | hee |ami|c | B
2 b 1500 LS 1529 1580 | 0% | D C
N\ | ANk P e SR e
| ———w [l e T
::"":—'_-:n;," }-—*ﬁ‘:’f ) B 3 A28 | 00% | a0l A | A
N | e T I sas | o [ os e Th
S | s T B T | T [ Avesane | 008 s

N
w

Weaving Section ﬁ
1 H ¢ | Eleg ()8 3|5 (ol |02 .
ifs A S A R eI R
P Lo (LT TR IR A LAk i L s

oo g : soaz | wsaw wi» et Toife E
42 10% J\\& A\vniz £6.01%] Avers | 000

Operational Performance Comparison: Speed, Capacity, Density, LOS all

improved after adding AL:

Q Density reduced by 26-42%.

Q Speed increased by 2-4%.

Q Capacity of weaving segments increased by 42-56%.

Safety Performance Comparison: safety improved significantly after adding

AL (Traffic Conflict Modification Factor <1).

Safety Results Validation: the results of TCMF analysis is consistent with the

results of crash data analysis- two-lane entrance ramp section has worst

afety performance (TCMF=0.09), followed by two-lane exit ramp
section (TCMF=0.05).
24

21


http:TCMF=0.05

25
20
15

10

Average Crash Rate (crash/100
million vehicle miles traveled)

J

27.58

TSURT4

Type A

31.72
2981
o 15 locations
in Houston
and El Paso
TypeB TypeC

n n L]
T -~ T . . T \
~ ™ 1 i f

Type A generally presented the best safety performance, while
Type C was associated with highest crash frequency.

On-Ramp Section

9

Adding a Parallel Acceleration Lane

- - 4| g2 z ==z i | &=
B e Sw 5 H 3 = ® = -
£ E if k5|5, ElE|: BIE| £ |8 [ |= iE oH
2 5§ 3§ =2 (32| E| & o B (B 8 25| 52| Bz | i3 iz | & £z
iz il vE R IR O ) < | M5B |E|2
i <R g i LR 235233 F|£28]42 ef| 33 34 Bls|%
L] = |28 it | £ H 23| B g it |2 2 S| =
= = FL 4 2 ERLALARE LB L
S0 248 92 7.1 628 | -20d% 20.1% 008 | 000 | A A
% 128 ] 24 208 | «116% ~ 1594 [} 000 | B A
e 2 e e ] FrT Rl R Rl N T
.............. = 10 13041 A58 LET] il B
0 250 821 [ 1020 A A
G P () > o [0 B A
10001 PP T ) e e I 3 FxT) (]
Sl I [T % (k] O | C
w2 L [Fil ATA
W [ 2 | 7m0 | 2aow [2285 | @ B A
100 —— 3 aso2 | 7ose | raow |IEES -4
1900 |5 FE T i i 451
Average - | -25.0M% Average 0.28% Average 19™% Average ;| 0.03

Operational Performance Comparison

Q Density reduced by 25%.

Q Speed remained the same.

Q Capacity of ramp area basically remained the same.

Safety Performance Comparison: safety improved significantly
after adding AL (Traffic Conflict Modification Factor <1).

26
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On-Ramp Section
Comparison Results between HCM Model and Simulation
; «i. i Deasiny. Speed Los
iz E}; ;,' ;% g{ _ Calculate by HOM _ Calcalate by HOM. Stmulation :':::I‘ Simulaties
I AR R 8 b il b
jd PR it & |3 it & |z :
e AR aR:
The results of HCM Model and Simulation are very consistent.
27
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Off-Ramp Section
Adding a Parallel Deceleration Lane and an Additional Ramp Lane

= 5. Ee x| = = = [ e

i i CHEDRRAE N A AR A MERENE I

E3G iz ;% £| & ! |z ¥z | 32 j_i HIEAENEE

=£3 <8z By LR 2 =% | £L SF | S gl=|3

E i3 i1 || %2 | 2|3 i Sh|sE 32|28 |z|k

§ & B2 ] N H 3 E i 3° | 35 | 2% g)=
- B =t E F ;‘ L = = = E= EH

00 * o ! 600 |ooo| A | A

el - o a4 | eid | 07w T

= 12 13 owm]|c B

...vr T i = it ey I : :;: L | 22 2? : . :

=~ g o, | 2% o . IR R R

7 _-\ = 84 . (1] [50) clB

150 = :;2 a8 | 640 | o.ads g$ i‘f : T :

s $03 ) I o7 |en|c |8

Lied i rown T T R

A o] . Avepge | D Avcogr aaﬂ]

(vl

Ausilinry lanes
Freeway tn Freemay
valume (petvla) , v

deoniicesby 3000

TOMF
L00% Isafore.
LOS Afler

After
leglementation of
Ausiliary banes

Capasity - Afler

Spred-Afler (mph)

[ ——

e uf Clang im Speed

| Density-Before(vpm)

== Con

3]

1800

P P
| [ o o | o e

28

23



Off-Ramp Section /4

For exit ramp influence areas, adding a parallel
auxiliary/deceleration lane can:

Q Density reduced by about 30%.

Q Speed slightly increased by approximately 5%.

Q Capacity of ramp area remained the same for one-lane
off-ramps and slightly increased by 6% for two-lane
off-ramps.

29
General Guidelines @
Use of the Lock-Up Tables {Interpolation Method)
To estimate the traffic density after the auxiliary lane is
installed at a weaving segment with one-lane entrance ramp
and one-lane exit ramp:
» Ramp Spacing (L) — 1200 ft.
» Freeway to Freeway volume (Vg) = 1500 vph.
» Weaving Volume (Vz+Vgp) = 600 vph.
E. (=2 (25| E| 5| 2
IEAEA IR
e [£5 (32| 2| 2| 3"
2 |£5 |Fe|E|&|°
o | .j{&'. f;‘:} .T:I. 313
RELy ST ETE B L
1o |— |:1xr |q| J: '37'1":" 19.46
B W% TN i T R
500 500 9.3 6.9 | -26,09%
250 R B AR R S
1500 |56 399 | 215 | -25.09%
Average -26.43%
30
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Tools for Using the Look-Up Tables

After Implementation of Auxiliary lanes

Before Implementation of Auxiliary lanes

Baseline Case:
without Auxiliary Lanes

Type A: One-Lane Entrance Ramp and One-Lane Exit Ramp

After Implementation of Auxiliary lanes

Type B:

After Implementation of Auxiliary lanes

One-Lane Entrance Ramp and Two-Lane Exit Ramp

Type C: Two-Lane Entrance Ramp and One-Lane Exit Ramp

Inputs Outputs
Ramp Spacing < 1500 ft Dansity (vpm)
[wm T VH [pe/h/In) [ wisvid (pe/h] | Without Ausiliary Lane |  TypedA | Type® | Typec
| 1200 1500 1000 28.4 2083 | 2051 | 1619
Ramp Spacing > 1500 ft wpm
[ Le (ft) ] Vi [pe/hfin) | VireVirf (pe/h) ‘Without Auxiliary Lane Type & Type B Type C
| 2500 1500 500 25,66666667 | 19 | 19 | 1a.8333333

31

Guidelines for Design of Auxiliary Lanes

= 7=

Guideline 3: General Principles for Lane Arrangement Where

Auxiliary Lanes Are Used

Guideline 4: Methods for Dropping an Auxiliary Lane from Mainline

Guideline 5: Length of Parallel Acceleration/Deceleration Lanes

Auxiliary Lanes at Merge/Diverge Area

Guideline 6: Design of Auxiliary Lanes at Two-Lane Ramps

Guideline 7: Width of Auxiliary Lanes and Shoulders
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Design of Auxiliary Lanes TSU ﬁ
Guideline 3-
General Principles for Lane Arrangement Where
Auxiliary Lanes Are Used

» Consistency of basic number of lanes

The basic number of lanes should be consistent for a substantial
length of freeway, irrespective of changes in traffic volume.

» Principles of lane balance
There should be a balance in the number of lanes on the freeway

and ramps.
Exception
e f a=hb a b
fZe_] :E._..__ i o i . e i _{__T-' .__'_.‘
f=e //
fee-1 / Ramp spacing oqual of less than 1300 A

Sources: AASHTO Green Book, 2011 33
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» Examples of Lane Balance
There should be a balance in the number of lanes on the freeway
and ramps.
MERGING DIVERGING
—27—2— 2 22—
-1 N
—37—3— 3 3—
-1 'S
—47—4— 4 4 —
- 'S
—27—3— 3 2 —
-1 \®\
_37—4— 4 33—
-1 \®\
_27—3— 3 2=
~2 \®\
—37—4— 4 3=
2 \®\
(@ ONE LANE UNDER SPECIAL CONDITIONS
OF PRINCIPLE 2 UNDER THE SECTION

“COORDINATION OF LANE BALANCE AND
BASIC NUMBER OF LANES”

Sources: AASHTO Green Book, 2011
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Design of Auxiliary Lanes ﬁ

Example of Effectiveness of Lane Balance Principle

Location: I-610 Freeway and Stella Link Rd (Eastbound)

" s & Wik
-‘L oz § 31em
6=16
No lane balance
= = = [ ]
— — = "
T _'; Ll = T = :
R - |
e | o I
Bk artle oo I
¢ Fatltn Bindn Exth s 8
Pl By | 3l bt O
Camont @ Holla k.

Three comparative cases with lane balance were developed to testify
the effects of lane balance design.

Design of Auxiliary Lanes

Example of Effectiveness L-No |ane balance

Of Lane Balance PI’InCIp|E Base Case Il - Continuous auxiliary lane along the corridor studied

(Cont’d) ——=

£

e e

~-r _l.ane balance

Comparative Case 11 (a) - Auxiliary lane dropped within an interchange

1

— ',..__."INQ;-L»ane'balar-ic"e " ke

Comparative Case I (b) - Auxiliary lane continued to the next interchange

Comparative Case I (¢) - Auxiliary lane continued to the next interchange

and dropped within the interchange downstream
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Design of Auxiliary Lanes TSU ﬁ
Example of Effectiveness of Lane Balance Principle
Cont’d) S
F(oc\used Area cmmem
Camera @ S Main
-~ - - i/-— .
- - =~ =
; = "’% = =
248 : = = x = :
> 3 S
1540 ft Kl ‘KAF ft i 3220 2001, 1130 ft 330,
Camera @ Braeswood [
Exitto Stella Link ::;é?smi .
xit to Ki r
amera @ Stella link i 4
Length of influence area Length of influence
No. of lanes due to interchange No. of lanes area due to
with speed <| (jongitudinal, speed < | With speed interchange
Case 45 mph 45 mph) lower than 50 | (longitudinal, speed <
(cross- mph (cross- 50 mph)
sectional) Relative Actual sectional) Relative Actual
length length length length
Base Case Il 3 Base 1960 ft 3 Base 2955 ft
Case Il (a) 2-3 -1010 ft 950 ft 3 -155ft | 2800 ft
Case Il (b) 2 -240 ft 1720t 2-3 ~155ft | 2800 ft
Case Il (¢) 1-2 -1110 ft 850 ft 2-3 -955 ft | 2000 ft .

Design of Auxiliary Lanes TSU @

Guideline 4
Methads for Dropping an Auxiliary Lane from Mainline

~1500-1000]

() Auiliary lane dropped within an interchange

{e) Auiliary lane dropped beyond an imtercharze

Source: AASHTO Green Book, 2011
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Cuideline 4-
Methods for Dropping an Auxiliary Lane from Mainline

» Special notes: If the next entrance ramp has a high traffic
volume, it is desirable to drop the auxiliary lane before the
next entrance as shown in the following figure.

L
s Y
g T T T ) |
3 10T
r Ed
avy Volume

2
:
ot
1107
450m
) [=1500f1) )

(e) Auxiliary lane dropped beyond an interchange
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Guideline 4-Example of Lane Drop Methods

Location: US 59 Southwest Freeway & W. Airport Blvd. (Southbound)

high traffic demand

ot on Wrans
Tgerlew

40
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Design of Auxiliary Lanes

Guideline 4-Example of Lane Drop Methods (Cont’d)

oy 7=

Comparisoen Results

Length of
Length of influence
No. of influence No. of | areadue
lanes areadueto | |anes to
L with interchange |  with interchang
T Case | speed < [(longitudinal, speed < e
L 45 mph | speed < 45 | 50 mph | (longitudi
(cross- mph) (cross- | nal, speed
= sectional) sectional)| < 50 mph)
—TTT el Actual Actual
Comp Case | {a) - Auxiliary lane 1 to the next interchange
_— T Balse 4 1395 ft 4 1620 ft
% W0 = 1 (@) 3 1395 ft 3 1620 ft
s ot b -4 1 (b) 3 1195 ft B 1320 ft
e L3
! o i =
Comparative Case 1 (b) - Auxiliary lane dropped within an um‘-n:h:.nt;c
41
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Length of Parallel Acceleration/Deceleration Lanes
Auxiliary Lanes at Merge/Diverge Area

TAPER DECELERATION
" “ o >
p— F
_______________ L I
DECELERATION LENGTH, D (ft)
HIGHWAY DESIGN MINIMUM LENGTH OF
Ramp Speed
SPEED (mph) TAPER T (ft)
30 35 40 45 50

50 230 315 285 225 175 -
55 250 380 350 285 235 -
60 265 430 405 350 300 240
65 285 470 440 390 340 280
70 300 520 490 440 390 340
75 330 575 535 490 440 390

Source: TxDOT Roadway Design Manual
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TSU R/

Guideline 5-
Length of Parallel Acceleration/Deceleration Lanes

Auxiliary Lanes at Merge/Diverge Area (continued)

. >
/
ACCELERATION TAPER
A T
ACCELERATION LENGTH, A (ft)
HIGHWAY DESIGN |MINIMUM LENGTH OF -
Entering Speed
SPEED (mph) TAPER T (ft)
15 20 25 30 35 40 45 50
50 230 660 | 610 | 550 | 450 | 350 | 130 - -
55 250 900 | 810 | 780 | 670 | 550 | 320 | 150
60 265 1140 | 1100 | 1020 | 910 | 800 | 550 | 420 180
65 285 1350 | 1310 | 1220 | 1120 | 1000 | 770 | 600 370
70 300 1560 | 1520 | 1420 | 1350 | 1230 | 1000 | 820 580
75 330 1730 | 1630 | 1580 | 1510 | 1420 | 1160 | 1040 | 780

Source: TxDOT Roadway Design Manual
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Guideline 6-
Design of Auxiliary Lanes at Two-Lane Ramps

» Where operational problems are caused by high diverging demand at
an exit ramp, a two-lane exit ramp is recommended to increase the
diverging capacity and reduce the number of lane-changes
mandated for the diverging vehicles.

— —
—> —
—

» For parallel acceleration/deceleration lanes at two-lane ramps, the
design of auxiliary lanes can refer to the following figure (TxDOT
Roadway Design Manual, 2010).
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Guideline 6-
Design of Auxiliary Lanes at Two-Lane Ramps

3007t 1500 ft USUAL AUXILIARY LANE 24
TAPER MINIMUM L
IF ENTRANGE IS LESS THAN 2400 f
UPSTREAM FROM TWO-LANE EXIT, THEN
AUXILIARY LANE SHOLILD BE CONTINUGUS NOTE:  DIMENSIONS SHOWN ARE BASED ON
BETWEEN ENTRANCE AND EXIT TYPICAL AT-GRADE ROADWAY SECTIONS

SECTIONS ON STRUCTURE WILL VARY.

MULTILANE DIVERGE THIS SEET IS NOT INTENDED TO SHOW

STRIPING DR PAVEMENT MARKING DETAILS,
REFER TO THE TEXAS MUTCD.

1200 ft MIN. TO 1600 ft DES.

600 ft
AUXILIARY LANE
Tk
TAPER MINIMUM IF EXIT IS LESS THAN 2500 # DOWNSTREAM|
FROM TWO-LANE ENTRANCE, THEN
JALXILIARY LANE SHOULD BE CONTINUOUS
i 101

BETWEEN ENTRANCE AND EXIT.

MULTILANE MERGE

Source: TxDOT Roadway Design Manual
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Guideline 7-
Width of Auxiliary Lanes and Shoulders

Q Desirably, the width of auxiliary lanes should be equal to
that of mainline lanes (normally 12 ft).

O Where auxiliary lanes are provided along freeway
mainlines, the adjacent shoulder should desirably be
8-12 ft in width or the same width as mainline lanes, with
a minimum shoulder width of 6 ft.

Sources:

« AASHTO Green Book (2011)

« Massachusetts DOT Project Development & Design Guide (2007)
« Utah DOT Roadway Design Manual of Instruction (2007)

« Oregon DOT Highway Design Manual (2003)
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Exercise of Look-up Table

Exercise 1: The Weaving Segment

PHF =0.92 (all movements)
YFF = 1125 (pc/h/in)
YER =550 (pe/h/In)
VaF =645 (pc/h/in)
¥R =0 (pe/h/in)

L =1350 ft

Before Implementation of Auxiliary lanes

What are the expected density, speed, capacity, and conflicts for
the each type of weaving segment? What is the difference between
the before implementation of auxiliary lanes and after?

After Implementation of Auxiliary lanes

Type A:One-Lane Entrance Ramp and One-Lane Exit

Type B

Ramp

Type C:

Ramp

Ramp .
After Implementation of Auxiliary lanes

After Implementation of Auxiliary lanes

:/ N :

:One-Lane Entrance Ramp and Two-Lane Exit

Two-Lane Entrance Ramp and One-Lane Exit

47

=

Type A:With One-Lane

Before Implementation of Auziliary lanes

1500

Tepe B:With Two-Lane Exit Ramp e
= [—zae L

1 a0 2o o

FTT) T3

1540 2a I

Exhibits

Input and Output——>

Nensity for exit ramn

Sneed for exit ramn

Outputs

Conflict for exit ramn

Canarity for exit ramn 1

Worksheet

T I T

48
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Step 1: Volume Adjustment
Key volume parameters are:
¥sr = 1223 (pc/h/In)
Vn = 598 (pc/h/In)
¥zr = 701 (pc/h/In)
¥ar = 0 (pc/h/In)
¥rrT Yar = 1299 (pc/h/In)

Step 2: Determine the Speed
Select worksheet "Speed" in Excel, estimated using Ramp Space > 1000ft, then input the

key volume and length of weaving segment (Ls).

Inputs Outputs
Ramp Spacing < 1500 ft
Speed (mph)
Lam | VAT (pe/h/ln) [ VirViripeb) | Without Ausillary Lane | TypeA | TypeB | TypeC
1350 | 123 1299 583 | il ] 608 | 615

Type A: & Speed = +1.7 (mph)
Type B: &Speed = +2.5 (mph)
Type C: ESpeed = +3.2 (mph)

Using the similar way to calculate Density, Capacity and Conflicts in Step 3 to 5
Step 3: Determine the Density

Step 4: Determine the Capacity

Step 5: Determine the Conflicts

49

TSUN
Exercise of Lookup Table

Exercise 2: The Diverging Segment

PHF =0.92 (all movements)
VEE =

FF = 1219 (po/h/in) After Implementation of Auxiliary lanes

VR =216 (pc/h/in) Type A: One -Lane Exit Ramp

Lo =1s00ft

—
- _Vr
—

Before Implementation of Auxiliary lanes

Type B: Two-Lane Exit Ramp

What are the expected density, speed, capacity, and conflicts for
each type of weaving segment? What is the difference between the

before implementation of auxiliary lanes and after?




/24
Step 1: Volume Adjustment
Key volume parameters are:
¥rr = 1325 (pc/h/In)
Vg = 235 (pc/h/In)

Step 2: Determine the Speed
Select worksheet "Speed" in Excel, estimated using Ramp Space > 1000ft, then input the
key volume and length of weaving segment (Ls).

Inputs QOutputs

Parallel Deceeration Length =1000 ft

La () | Vi (pe/hla) [ Vaipem Without Auxiliary Lage [With nns- Lane Exit Ramp] With Two Lane Exit Ramy
1500 | 1325 i 235 6.9
Type A: & Speed = +3.3 (mph)
Type B: fSpeed = +3.4 (mph)

Using the similar way to calculate Density, Capacity and Conflicts in Step 3 to 5
Step 3: Determine the Density

Step 4: Determine the Capacity

Step 5: Determine the Conflicts

Thanks. Any Questions ?

Yi Qi, giy@tsu.edu

Cheu, Ruey Long (Kelvin), rcheu@utep.edu
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GUIDELINES FOR DESIGNING AND METHODS FOR ASSESSING
AUXILIARY LANES

The purpose of this document is to present guidelines for the conditions under which auxiliary
lanes should be considered and guidelines for the geometric design of auxiliary lanes. These
guidelines were developed based on the results of the literature review, the survey of traffic

engineers, and the traffic simulation and crash data analysis.

1 FRAMEWORK OF DEVELOPED GUIDELINES

The proposed guidelines include two parts: (1) general guidelines on the use of auxiliary lanes,
and (2) guidelines for design of auxiliary lanes. The recommended guidelines were highlighted

in shaded text boxes for easy reference.

2 GENERAL GUIDELINES ON THE USE OF AUXILIARY LANES

This part of the guidelines aims to provide general guidelines regarding the conditions under

which the use of auxiliary lanes is suggested.
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Guideline 1 — When to Consider the Use of Freeway Auxiliary Lanes:

Auxiliary lane at weaving segments

e If the distance between an entrance ramp and an exit ramp is less than 1500 ft, a
continuous auxiliary lane is strongly recommended.

e If an entrance ramp is less than 2400 ft upstream from a two-lane exit ramp, a
continuous auxiliary lane between the entrance and the exit should be provided.

e If an exit ramp is less than 2500 ft downstream from a two-lane entrance ramp, a
continuous auxiliary lane between the entrance and the exit should be provided.

e If a local frontage road does not exist, a continuous auxiliary lane is strongly
recommended.

Auxiliary lane as parallel acceleration/deceleration lanes

If interchanges are widely spaced (e.g., greater than 2500 ft in length), continuous auxiliary
lanes between them might not be practical or necessary. In this case, parallel acceleration/
deceleration should be considered when
e Turbulence is significant in the traffic flow because it is caused by vehicles attempting
to recover and proceed on the through lanes.
e Safety issues arise because of the forced merges at an entrance ramp.
e Traffic volumes on freeway mainline and entrance ramp meet the conditions provided
in Table 1.

Generally, traffic volumes, speed, grade, and safety/operational issues should be analyzed to
determine the need for auxiliary lanes. Engineering studies are desirable on a case-by-case
basis in determining the need for an auxiliary lane.

Auxiliary Lane at Weaving Segments

Generally, according to AASHTO Green Book (2011), operations may be improved by using a
continuous auxiliary lane between the entrance and exit ramps where (1) interchanges are closed
spaced, (2) the distance between the end of the taper on the entrance terminal taper and the
beginning of the taper on the exit terminal taper is short, and/or (3) a local frontage road does not

exist. Note that the first two conditions are related to the weaving distance. Several state DOT

designs provide more specific guidelines regarding the desired weaving distance for the use of

auxiliary lanes as follows:
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e According to the TXDOT Roadway Design Manual (2010), the provision regarding
auxiliary lanes is a major determinant of the spacing required between an entrance
ramp and a following exit ramp. It suggests the minimum spacing shall be 2000 ft
(600 m) without an auxiliary lane and 1500 ft (450 m) with an auxiliary lane.
Therefore, an auxiliary lane is desirable for a spacing of 1500 ft.

e The Arizona DOT Roadway Design Guidelines (2007) suggest that, within the
metropolitan areas and all other urban/suburban areas throughout the state, mainline
auxiliary lanes should be provided on controlled-access highways between ramp

entrances and exits of nominally one mile (5280 ft).

e The California DOT Highway Design Manual (2001) states that auxiliary lanes should
be provided in all cases when the weaving distance is less than 2000 ft (600 m).

e The lllinois DOT Bureau of Design and Environment Manual (2010), the Ohio DOT

Location and Design Manual (2011), and the Minnesota DOT Roadway Design
Manual (2001) suggest that an auxiliary lane should be provided where the distance
between the taper end of the entrance terminal and the beginning taper of the exit
terminal is less than 1500 ft.

e According to the Montana DOT Road Design Manual (2007), an auxiliary lane
should be provided where the distance between the end of the entrance terminal and

the beginning of an exit terminal is less than 1600 ft.

Based on the literature, it is strongly recommended that, if the distance between a one-lane

entrance ramp and a one-lane exit ramp is less than 1500 ft, an auxiliary lane be used.

In addition, according to the TXDOT Roadway Design Manual (2010), if an entrance ramp is less
than 2400 ft upstream from a two-lane exit ramp, an auxiliary lane should be continuous between
the entrance and the exit. If an exit ramp is less than 2500 ft downstream from the two-lane

entrance ramp, an auxiliary lane should be continuous between the entrance and the exit.

Moreover, according to the design manuals of some state DOTs, several other factors, including
traffic volume, grade, speed, etc., should be analyzed to determine the need for auxiliary lanes.
The Illinois DOT Bureau of Design and Environment Manual (2010), Indiana DOT’s Indiana
Design Manual (2011) and the Montana DOT Road Design Manual (2007) recommend that
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traffic volumes be analyzed to determine the need for auxiliary lanes. The California DOT

Highway Design Manual (2001) requires analyzing grade when considering auxiliary lanes.

Furthermore, in the nationwide survey performed in this project, other factors were identified
that should be involved in the decision on use of auxiliary lanes. They included traffic density,

safety or operational issues, percentage of trucks, and Level of service (LOS).

Auxiliary Lane as Parallel Acceleration/Deceleration Lanes

When interchanges are widely spaced (e.g., greater than 2,500 ft in length), it might not be
practical or necessary to extend the auxiliary lane from one interchange to the next. Under such
circumstances, parallel acceleration/deceleration lanes are needed if turbulence is significant in
the traffic flow caused by vehicles attempting to recover and proceed on the through lanes

(AASHTO Green Book, 2011).

In addition, the AASHTO Highway Safety Manual (2010) indicated that the installation of
parallel acceleration lanes at an entrance ramp could improve the safety performance. Therefore,
a parallel acceleration lane is preferable when there are traffic safety issues because of forced
merges that already exist at the entrance ramp. Furthermore, according to a newly published
literature (Wang et al., 2011), traffic volume conditions for adding an auxiliary lane (parallel
acceleration lane) with minimum required length at an entrance ramp were provided in Table 1.
In this table, the row index Vg is the traffic volume on the freeway mainline (pc/h/In) and the
column index VR is the traffic volume on the entrance ramp (pc/h/In). The cells correspondent to
these two indexes indicate, under the given traffic volume conditions, if an auxiliary lane (a
parallel acceleration lane) is needed or not and how long it should be. A cell with the actual
number indicates that an auxiliary lane is needed and the value of this number is the minimum

required length of this auxiliary lane (parallel acceleration lane) at this ramp.
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Table 1: Traffic Volume Conditions for Adding an Auxiliary Lane with Minimum Required Length

Minimum La~ (ft) for Ng = 2 lanes

Ve Ve (pc/h/In)
(pc/h/1n) 100 | 200 | 300 | 400 | 500 | 600 | 700 | 800 | 900 | 1000

500 - - - - - - - - - -

750 - - - - - - - - - -
1000 - - - - ] - - - - 100
1250 - - - - 200 | 300 | 400 | 500 | 600 | 700
1500 300 | 400 | 500 | 700 | 800 | 900 | 1000 | 1100 | 1200 | 1400
1750 900 | 1000 | 1200 | 1300 | 1400 | 1500 | - - - -
2000 - - - - - - - - -

Minimum L4 (ft) for Ng= 3 lanes

VE VR (pc/h/ln)
(pc/h/In) 100 200 300 400 500 600 700 800 900 1000

500 - - - - - - - - - -

750 - - - - - - - - - -
1000 - - - - - - - - - -
1250 - - - - - - - 100 200 400
1500 - - - 200 300 500 600 700 900 1000
1750 400 600 700 800 1000 | 1100 | 1300 | 1400 - -
2000 1100 | 1300 | 1400 | 1500 - - - - - -
Minimum La (ft) for N = 4 lanes
Vg VR (pc/h/In)

(pc/h/In) 100 200 300 400 500 600 700 800 900 1000

500 - - - - - - - - - -

750 - - - - - - - - - -
1000 - - - - - - - - - -
1250 - - - - - - - - - 100
1500 - - - - - 100 300 400 500 600
1750 100 200 300 400 500 600 800 900 1000 1100
2000 600 700 800 900 1000 | 1100 | 1300 | 1400 | 1500 -

*  Ng. Number of lanes on freeway (mainline).

* La. Length of auxiliary lane.

* Vg Volume on freeway(mainline).

*  Vg. Volume on on-ramp.

Generally, these guidelines are useful rules of thumb to trigger the consideration for an auxiliary
lane. For a specific application, engineering studies are desirable on a case-by-case basis in the

final decision on the use of auxiliary lanes.
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Guideline 2 — Assessment of Operational and Safety Benefits of Adding an Auxiliary
Lane:

Look-up tables presented in Table 2 to Table 7 can be used to preliminarily analyze the
operational and safety impacts of adding an auxiliary lane.

To facilitate analysis performed by engineers, a set of look-up tables was developed in this
project. The tables covered a wide range of combinations of typical geometric and traffic
conditions. They allowed the users to perform a preliminary analysis without having to conduct
the complex calculation (such as Highway Capacity Manual [HCM] procedures) or a detailed

traffic simulation-based analysis.

Note that the results of this study showed that the HCM methods might be limited in analyzing a

weaving segment without an auxiliary lane for following two reasons:

e The HCM model for weaving segments is only for the segments with an auxiliary lane
and it yields results (e.g., density and speed) for all lanes within the weaving segment
(please see Figure 1[b]). For the weaving segments without auxiliary lanes, the HCM
suggested modeling them as two joint ramp influence areas (please see Figure 1[a]).
However, this approach yielded results (e.g., density and speed) only for the two mainline
lanes next to the shoulder (i.e., two ramp influence areas). Thus, the modeling results of
these two cases cannot be compared directly.

e The results (e.g., density and speed) of Case A (without auxiliary lanes, modeled as two
joint ramp influence areas) sometimes were better than those of Case B (with auxiliary
lanes, modeled by HCM standard method), which is not reasonable because installing an
auxiliary lane should not make the segment performance become worse and the two outer
lanes next to the shoulder should be affected more by the diverging and merging traffic

than the inner lanes.
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(a) Modeling weaving segments without auxiliary lanes (b) Modeling weaving segments with an auxiliary lane

as two joint ramp influence areas as suggested by HCM using HCM weaving procedures

Figure 1: HCM Analysis for Weaving Segment without and with an Auxiliary Lane

Therefore, in this study, the traffic simulation-based approach was used to develop the look-up
tables for analyzing the operational and safety impacts of adding an auxiliary lane. Please note,
for developing the proposed look-up tables, there were several assumptions implicitly used in the
simulation studies, besides the traffic and geometric conditions shown in Tables 2 to 7.
Considerations should be given to adjust the estimates of the performance measures listed in the
look-up tables for a specific case that deviates from these assumptions. These assumptions
include: Peak hour factor = 1.0; Percentage for heavy-vehicle = 0 percent; Lane width and

auxiliary lane width = 12 ft; Grade = 0; Driver population is assumed as regular commuters.
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Table 2: Look-Up Table for Weaving Segments (One-Lane Entrance Ramp and One-Lane Exit Ramp)

L i

o) 4 ~ 2 . @ = =~ - = 5 5~ S ~

o8 o8 € |z2 | Et E | = || € 2 2 5 s || £
> |82 |2z 2| & % ElE| & |¢ |&_| £_[98 | I8 2| g
2E s g 1E35 | Sk ¢ = 2z | 5| © = 2= <= | &z | £5 s |y | €| e
EE g2 p S el 78] 8| & g% g | & o | ‘= | 53 | 2% BS | = | & <
€55 S5 5 g[8 w> | 5 = s 5 S & 50 < | »© £ 8 S g og | O @
M g <E£3 @ g | 5]l 2| T £a 8| < g ze| £ | O& |22 (38 |F |2 |8
22 22 e o2 (82|28 2 2|3 8 |27|& | =2° |28 =% S

g g g |£F |7 & 5| ° gl &1 5 |s | = S | 82

A a 7] N @)
s00 300 |95 [77.0 [-2632% | 61.8 [ 63.0 | 1.94% 1000 | 0.10 |00L | A | A
1500 | 13.3 | 10.1 | 24.06% | 569 | 56.1 | -1.41% ., [ 4137 [ 383 [009 | B | B
750 1500 1300 | 262 [ 19.1 | -27.10% | 60.7 | 623 | 2.64% 3908 | 8198 | 38.77% 705 T 110 [ 004 [ C | B
1500 | 31.5 | 24.0 | 23.81% | 55.7 | 549 | -1.44% 152.97 | 2823 | 018 | D | C
s00 |-300 |94 [769 |726.60% | 62.7 | 63.7 | 1.59% 888 | 0.0 {001 ] A | A
1500 | 13.1 | 9.5 | 27.48% | 57.8 | 59.7 | 3.29% o, [ 1202 [ 047 {004 B [ A
1500 1500|300 | 2587 [ 19.0 |26.36% | 61.6 | 626 | 1.62% 3914 | 8421 | 42.39% 5% T 010 [ 000 | C | B
1500 | 304 | 21.7 | -28.62% | 57.7 | 60.6 | 5.03% 77.75 | 260 | 003 | D | C
500 300 |93 1769 ["25.81% | 629 | 638 | 1.43% 428 | 000 | 000 | A | A
1500 | 12.9 | 9.4 | -27.13% | 58.0 | 60.0 | 3.45% ) 858 | 0.0l [000] B | A
2250 1500 L300 [ 257 [ 19.0 | 26.07% | 61.9 | 628 | 145% 3962 | 8668 | 45.39% 705 T 051 005 | C | B
1500 | 29.9 | 21.5 | -28.09% | 58.6 | 61.1 | 4.27% 1537 | 059 | 004 | D | C
Average : | -26.45% Average : 1.99% Average : | 42.18% Average : | 0.04

Note: Weaving Volume=Volume of Ramp to Freeway + Volume of Freeway to Ramp




Table 3: Look-Up Table for Weaving Segments (One-Lane Entrance Ramp and Two-Lane Exit Ramp)
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m
500 500 9.5 6.9 2737% | 618 | 63.5 | 2.75% 10.00 000 [000]A |A
— — 1500 | 13.3 9.6 27.82% | 569 | 593 | 4.22% 0 41.37 008 [ 000 |B | A
e I S 730 1500 290 I 262 | 19.1 | -27.10% | 607 | 625 | 2.97% 5908 | 8249 1 39.62% 15703 096 [004]C |B
= — e RELEETERERPERT, I~ 1500 | 315 | 224 | -2889% | 557 | 589 | 5.75% 152.97 | 1340 [ 009 | D | C
% Ls 4 L : \< 500 500 9.4 6.9 26.60% | 627 | 638 | 1.75% 8.88 005 001 ]A | A
§ . 1500 | 13.1 9.5 2748% | 578 | 60.0 | 3.81% 0 12.02 014 1001 |B | A
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Average : -29.62% Average : | 4.01% Average : | 43.63% Average : | 0.05

Note: Weaving Volume=Volume of Ramp to Freeway + Volume of Freeway to Ramp
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Table 4: Look-Up Table for Weaving Segments (Two-Lane Entrance Ramp and One-Lane Exit Ramp)
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Average : | -42.33% Average : | 3.89% Average : | 56.01% Average : | 0.09

Note: Weaving Volume=Volume of Ramp to Freeway + Volume of Freeway to Ramp
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Table 5: Look-Up Table for Merge Segments with a One-Lane Entrance Ramp
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Table 6: Look-Up Table for Diverge Segments with a One-Lane Exit Ramp
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Table 7: Look-Up Table for Diverge Segments with a Two-Lane Exit Ramp
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Example for Using the Look-up Tables

Interpolated values may be used for a rough estimation based on the tables. For the following

instance:

e Ramp Spacing (Ls) = 1200 ft.
e Freeway to Freeway volume (Vgr) = 1500 vph.

e Weaving Volume (Vgr+Vgr) = 600 vph.

Assuming an analyst needs to estimate the traffic density after the auxiliary lane is installed
at a weaving segment with a one-lane entrance ramp and a one-lane exit ramp, Table 2 can be

used as shown in Figure 2.
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Vrr Vrr ‘ 1500 300 | 257 [ 19.0 [26.13%

1500 1 299 | 21.5 | -28.04%
Average : | -26.43%

Figure 2: Demo of Analyzing the Weaving Segment Performance without and with an Auxiliary Lane
Based on the Look-Up Tables

Since the ramp spacing is given as 1200 ft, the freeway-to-freeway volume is given as
1500 vph, and the weaving volume is 600 vph, the analyst should look at the two
red-outlined areas. The interpolated values of the percentage of changes should be calculated

by the following equation:

Y1 — Yo
y=1+ (- -1'0)7jlr .
1 —Ip
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Where: y; is the upper bound performance measure (e.g., density, speed, capacity, or

conflicts).
Yo is the lower bound performance measure.
X1 1s the upper bound input variable (e.g., Ls, Vrr or VErTVRrE).
Xo 1s the lower bound input variable.

The interpolated value is calculated based on the values of the input variables listed from the
right to left in the look up table. Therefore, for the Weaving Volume (Ver+Vrr) = 600 vph,
Freeway to Freeway volume (Vgr) = 1500 vph, Ramp Spacing (Ls) = 750 ft, the interpolated

traffic density after installing auxiliary lane is equal to:
19.1+ (600-500)*(24-19.1)/(1500-500) = 19.59 vpm

Likewise, for the Weaving Volume (Ver+Vgrr) = 600 vph, Freeway to Freeway volume (Vgr)
= 1500 vph, Ramp Spacing (Lgs) = 1500 ft, the interpolated traffic density after installing

auxiliary lane is equal to:
19+ (600-500)*(21.7-19.0)/(1500-500) = 19.27 vpm

Finally, for Weaving Volume (Ver+Vgrr) = 600 vph, Freeway to Freeway volume (Vgr) =
1500 vph, Ramp Spacing (LS) = 1200 ft, the interpolated value can be calculated as follows:

19.27+ (1200-750)*(19.59-19.27)/(1500-750) = 19.46 vpm

3 GUIDELINES FOR DESIGN OF AUXILIARY LANES

This part of the guidelines aims to synthesize and recommend guidelines regarding geometric
design of auxiliary lanes. For guidelines regarding design of signage and pavement marking,
please refer to the latest version of the TXDOT Freeway Signing Handbook and the Texas

Manual on Uniform Traffic Control Devices (TMUTCD - Chapter 3).
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Guideline 3 — General Principles for Lane Arrangement where Auxiliary Lanes Are

Used:

Two basic principles are generally recommended to balance the traffic load and maintain a
uniform level-of-service along the freeway with an auxiliary lane:
e Consistency of basic number of lanes

e Principles of lane balance

These two general principles were recommended based on the AASHTO Green Book (2011).
Consistency of Basic Number of Lanes

The basic number of lanes is the minimum number of traffic lanes designated and maintained
over a significant length of a freeway. It is often determined based on the traffic demand on
freeway mainlines. According to the AASHTO Green Book (2011), the basic number of lanes
should be consistent for a substantial length of freeway, irrespective of changes in traffic

volume and lane balance needs.
Principles of Lane Balance

To realize efficient traffic operation through and beyond an interchange, the AASHTO Green
Book (2011) recommends that there be a balance in the number of lanes on the freeway and
ramps. The Roadway Design Manuals of Illinois, Indiana, Massachusetts, Minnesota,
Montana, Nevada, Ohio, Utah, and Washington explicitly mention that the principles of lane

balance should be followed.

For auxiliary lanes less than 1,500 ft in length (e.g., between closely spaced interchanges
or between the loop ramp entrance and the loop ramp exit of a cloverleaf interchange),
lane balance principles permit the termination of the auxiliary lane with a one-lane exit

ramp as shown in Figure 3.
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:/v Q
Ramp spacing equal or less than 1,500 ft

Figure 3: Principles of Lane Balance for Ramp Spacing Less than 1,500 ft

(Source: AASHTO Green Book, 2011)

Condition 2: For auxiliary lanes greater than 1,500 ft in length, lane balance principles
state that the number of approach lanes on the freeway must be equal to the number of
lanes on the freeway beyond the exit plus the number of lanes on the exit, minus one, as

shown in Figure 4.

Under Condition 2, the auxiliary lane may be terminated by one of two methods shown
in Figures 4 (a) and 4 (b). The first method, shown in Figure 4 (a), drops the auxiliary
lane with a two-lane exit. In this configuration, traffic in the auxiliary lane must exit.
Traffic in the basic lane to the left of the auxiliary lane may exit or may proceed along
the mainline. The second method, shown in Figure 4 (b), provides a one-lane exit ramp,
but carries the auxiliary lane through the exit before it is tapered into the through
roadway. This design provides a recovery lane for drivers who inadvertently remain in

the discontinued lane.



(a) Auxiliary lane terminated with two-lane exit ramp (b) Auxiliary lane terminated with downstream taper

Figure 4: Principles of Lane Balance for Ramp Spacing Greater than 1,500 ft

(Source: AASHTO Green Book, 2011)

Guideline 4 — Methods for Dropping an Auxiliary Lane from Mainline:

When it is not practical or necessary to extend the auxiliary lane from one
interchange to the next, the following alternative methods can be considered for
dropping an auxiliary lane from the mainline as shown in Figure 5.
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(c) Auxiliary lane dropped at physical nose

_ +150-300m o
+[500-1000ft]

(d) Auxiliary lane dropped within an interchange

| +450m |
- L i)
["£10006] | [£1500f]

(e) Auxiliary lane dropped beyond an interchange

Figure 5: Alternative Methods to Drop Auxiliary Lanes

(Source: AASHTO Green Book, 2011)

Please note, the findings of this project showed that extending the auxiliary lane beyond an

interchange (Figure 5 [e]) is preferable only if the entrance ramp downstream has a low

56



traffic volume or volume-of-capacity. If the next entrance ramp has a high traffic volume, it

is desirable to drop the auxiliary lane before the next entrance as shown in Figure 6.

Figure 6: Scenario when Auxiliary Lane Dropped within an Interchange Is Preferred

Guideline 5 — Length of Parallel Acceleration/Deceleration Lanes Auxiliary Lanes at
Merge/Diverge Area:

Refer to Figure 7 for lengths of taper and parallel acceleration/deceleration lanes, where
design speed represents the mainline speed and entrance-curve design speed represents the
desired speed at the street-ramp junction.

For parallel acceleration/deceleration lanes, the lengths can be determined based on the

provisions in the TXDOT Roadway Design Manual (2010).
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DECELERATION

\4

A

' | =
________________________________________
DECELERATION LENGTH, D (ft)
HIGHWAY DESIGN | MINIMUM LENGTH OF Ramn Soced
SPEED (mph) TAPER T (ft) p >P
30 35 40 45 50
50 230 315 | 285 | 225 | 175 ]
55 250 380 | 350 | 285 | 235 }
60 265 430 | 405 | 350 | 300 [ 240
65 285 470 | 440 | 390 | 340 | 280
70 300 520 | 490 [ 440 | 390 | 340
75 330 575 | 535 | 490 | 440 | 390
— —

ACCELERATION

A\ 4

A 4

A

A

ACCELERATION LENGTH, A (ft)
HIGHWAY DESIGN |MINIMUM LENGTH OF e
SPEED (mph) TAPER T (ft) £ 5P

15 | 20 | 25 | 30 | 35 | 40 | 45 | 50
50 230 660 | 610 | 550 | 450 | 350 | 130 | - }
55 250 900 | 810 | 780 | 670 | 550 | 320 | 150 | -
60 265 1140 | 1100 [ 1020 | 910 | 800 | 550 | 420 [ 180
65 285 1350 | 1310 | 1220 | 1120 | 1000 | 770 | 600 | 370
70 300 1560 | 1520 | 1420 | 1350 | 1230 | 1000 | 820 [ 580
75 330 1730 | 1630 | 1580 | 1510 | 1420 | 1160 | 1040 | 780

Figure 7: Lengths of Parallel Acceleration/Deceleration Lanes at Entrance/Exit Ramp

(Source: TxDOT Roadway Design Manual)
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Guideline 6 — Design of Auxiliary Lanes at Two-L.ane Ramps:

e Where operational problems are caused by high entrance/exit ramp demand, a
two-lane entrance/exit ramp is recommended to increase the capacity for the
merging/diverging vehicles.

e If a two-lane entrance ramp is installed because of high merging traffic demand and
the next ramp that is within the 2500 ft distance with low or moderate traftic volume,
it is recommended to extend the auxiliary lane that originated from the two-lane

entrance ramp beyond the next ramp.

e For parallel acceleration/deceleration lanes at two-lane ramps, the design of auxiliary
lanes can refer to Figure 8 (TxDOT Roadway Design Manual, 2010).

| 101t /| + 101t
o _________—_— e~ Y —___
,,,,,,,,,,,,,,,,,, —- T e ___T=—»___ 36 ft
48ft ——3 60 ft —_—
,,,,,,,,,,,,,,,,,,,,, __ T ___ : ——
- Ty = —5 T " 2 10 ft
f o || e T
| T
300 ft ‘ 1500 ft USUAL AUXILIARY LANE 241
TAPER MINIMUM 61t
IF ENTRANCE IS LESS THAN 2400 ft
UPSTREAM FROM TWO-LANE EXIT, THEN
AUXILIARY LANE SHOULD BE CONTINUOUS NOTE: DIMENSIONS SHOWN ARE BASED ON
BETWEEN ENTRANCE AND EXIT. TYPICAL AT-GRADE ROADWAY SECTIONS.
SECTIONS ON STRUCTURE WILL VARY.
MULTILANE DIVERGE THIS SEET IS NOT INTENDED TO SHOW

STRIPING OR PAVEMENT MARKING DETAILS.
REFER TO THE TEXAS MUTCD.

1200 ft MIN. TO 1800 ft DES.

600 ft AUXILIARY LANE

FROM TWO-LANE ENTRANCE, THEN
AUXILIARY LANE SHOULD BE CONTINUOUS

|
TAPER MINIMUM IF EXIT IS LESS THAN 2500 ft DOWNSTREAM
BETWEEN ENTRANCE AND EXIT.

MULTILANE MERGE

(US CUSTOMARY)

Figure 8: Lengths of Parallel Acceleration/Deceleration Lanes at Entrance/Exit Ramp

(Source: TxDOT Roadway Design Manual)

This guideline is based on the AASHTO Green Book (2011) and the TXDOT Roadway Design

Manual (2010) - Chapter 3. In addition, the results of the simulation analysis in this study

59



indicated that operational benefits were achieved by extending two-lane entrance ramp to the
next ramp if they are closely spaced. For parallel acceleration/deceleration lanes at two-lane
ramps, the design of auxiliary lanes can refer to Figure 8 (TXDOT Roadway Design Manual,

2010).

Guideline 7 — Width of Auxiliary L anes and Shoulders:

e Desirably, the width of auxiliary lanes should be equal to that of mainline lanes
(normally 12 ft).

e Where auxiliary lanes are provided along freeway mainlines, the adjacent shoulder
should desirably be 8—12 ft in width or the same width as mainline lanes, with a
minimum shoulder width of 6 ft.

This guideline is based on the AASHTO Green Book (2011), as well as the Massachusetts
DOT Project Development & Design Guide (2007), the Utah DOT Roadway Design Manual
of Instruction (2007), and the Oregon DOT Highway Design Manual (2003).

According to the AASHTO Green Book (2011), where auxiliary lanes are provided along
freeway main lanes, the adjacent shoulder should desirably be 8 ft—12 ft wide, with a

minimum 6-ft-wide shoulder considered.
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Exercise 1:

After Implementation of Auxiliary Lanes

Type A: One-Lane Entrance Ramp and One-Lane Exit Ramp

Before Implementation of Auxiliary Lanes After Implementation of Auxiliary Lanes

"
/
v
\l
|
at

Type B: One-Lane Entrance Ramp and Two-Lane Exit Ramp

After Implementation of Auxiliary Lanes

Type C: Two-Lane Entrance Ramp and One-Lane Exit Ramp

The Weaving Segment

What are the expected density, speed, capacity, and conflicts for the each type of weaving segment? What is the
difference between the before implementation of auxiliary lanes and after?

The Facts
PHF =0.92 (all movements)
vpp = 1125 (pc/h/In)
Ver = 550 (pc/h/In)
Vg =645 (pc/h/In)
Vgr = 0 (pc/h/In)
Ls=1350f

Step 2: Volume Adjustment
Key volume parameters are:
Ve = 1223 (pc/h/In)
ViR = 598 (pc/h/In)
vrr =701 (pc/h/In)
Vgrr = 0 (pc/h/In)
ViR + Vrr = 1299 (pc/h/In)

Step 3: Determine the Speed

Select worksheet “Speed” in Excel , estimated using Ramp Space < 15001t , then input the key volume and
length of weaving segment (Ly).
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Inputs Outputs

Ramp Spacing < 1500 ft

Speed (mph)
Ls (ft) VIf (pc/h/In) Vir+Vrf (pc/h) Without Auxiliary Lane Type A TypeB Type C
1350 1223 1299 583 60.0 60.8 61.5

Type A: ASpeed = +1.7 (mph)
Type B: ASpeed =+2.5 (mph)
Type C: ASpeed = +3.2 (mph)

Step 4: Determine the Density
Select worksheet “Density” in Excel , estimated using Ramp Space < 15001t , then input the key volume and
length of weaving segment (Ly).

Inputs Outputs

Ramp Spacing < 1500 ft

Density (vpm)
Ls (M) [ VIT (pe/h/In) | Vir+Vrf (pe/h) Without Auxiliary Lane ] Type A [ Type B ] Type C
1350 | 1223 | 1299 25 | 18 | 18 | 14

Type A: ADensity= -7 (vpm)
Type B: ADensity= -7 (vpm)
Type C: ADensity = -11 (vpm)

Step 5: Determine the Capacity
Select worksheet “Capacity” in Excel , estimated using Ramp Space < 1500ft , then input the key volume and
length of weaving segment (Ly).

Inputs Outputs

Ramp Spacing < 1500 ft

Capacity (veh/h)

Ls (ft) VIf (pc/h/In) Vir+Vrf (pc/h) Without Auxiliary Lane| Type A [Type B|Type C
1350 1223 1299 5913 8376 8555 | 9306
Type A: ACapacity = +2463 (veh/h)

Type B: ACapacity= +2642 (veh/h)

Type C: ACapacity = +3393 (veh/h)

Step 6: Determine the Conflicts
Select worksheet “Conflicts” in Excel , estimated using Ramp Space < 1500ft, then input the key volume and
length of weaving segment (Ly).

Inputs Outputs

Ramp Spacing < 1500 ft

Number of Conflicts (Conflicts/h/S00ft)
Ls (ft) VI (pc/h/Im) Vir+Vrf (pc/h) Without Auxiliary Lane Type A Type B Type C
1350 1223 1299 61.3 4.8 2.6 6.2

Type A: ADensity= -56.5 (conflicts/h/500ft)
Type B: ADensity= -58.7 (conflicts/h/500ft)
Type C: ADensity = -55.1 (conflicts/h/500ft)
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Exercise 2:

The Weaving Segment

The weaving segment that is the subject of this example problem is show in Exhibit-2.

After Implementation of Auxiliary Lanes

Before Implementation of Auxiliary Lanes

> Vr N Type A: One-Lane Exit Ramp

Vi
\: After Implementation of Auxiliary Lanes

Type B: Two-Lane Exit Ramp

Exhibit-2

What are the expected density, speed, capacity and conflicts for the each type of weaving segment? What is the
difference between the before implementation of auxiliary lanes and after?

The Facts
PHF =0.92 (all movements)
vg = 1219(pc/h/In)
Vg = 216(pc/h/In)
Lp = 1500 ft

Step 1: Volume Adjustment
Key volume parameters are:
vg = 1325 (pc/h/In)
Vg = 235 (pc/h/In)

Step 2: Determine the Speed
Select worksheet “Speed” in Excel , estimated using Ramp Space > 1000ft, then input the key volume and
length of weaving segment (Ly).



Inputs Outputs

Parallel Deceleration Length >1000 ft

Speed (mph)
Lo (1) [ Vi (po/hvin [ Vi (pc/h) Without Auxiliary Lane [With One-Lane Exit Ramp| With Two-Lane Exit Ramp
1500 | 1325 | 235 60.8 | 64.2 | 64.2

Type A: ASpeed = +3.4 (mph)
Type B: ASpeed = +3.4 (mph)

Step 3: Determine the Density
Select worksheet “Density” in Excel , estimated using Ramp Space > 1000ft , then input the key volume and

length of weaving segment (Ly).

Inputs Outputs
Parallel Deceleration Length >1000 ft
Density (vpm)
Lo (1) | Ve (po/h/ing | Ve (peh) Without Auxiliary Lane {With One-Lane Exit Ramp] With Two-Lane Exil Ramp
1500 | 1325 | 235 23.0 15.6 15.6

Type A: ADensity= -7.4 (vpm)
Type B: ADensity=-7.4 (vpm)

Step 4: Determine the Capacity
Select worksheet “Capacity” in Excel , estimated using Ramp Space > 1000ft , then input the key volume and

length of weaving segment (Ly).

Inputs Outputs
Parallel Deceleration Length > 1000 ft
Capacity (vel/h)

Lo () [ Vi (pc/hin) | Ve (pc/h) Without Auxiliary Lane With One-Lane Exit Ram With Two-Lane Exit Ramp
1500 | 1325 | 235 6584 6640 6995

Type A: ACapacity = +56 (veh/h)
Type B: ACapacity= +441 (veh/h)

Step 5: Determine the Conflicts
Select worksheet “Conflicts” in Excel , estimated using Ramp Space > 10001t , then input the key volume and

length of weaving segment (Ly).

Inputs Outputs
Parallel Deceleration Length =1000 ft

Number of Conflicts (Conflicts/h/S001)
Lo (ft) ] Vi (po/hing ] Ve (pefh) Without Auxiliary Lane With One-Lane Exit Ramp With Two-Lane Exit Ramp
1500 | 1325 | 235 0.6 | 0.3 0.2

Type A: ADensity= -0.3 (conflicts/h/500ft)
Type B: ADensity=-0.4 (conflicts/h/500ft)
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