Basic Freeway Segments Worksheet
Number of Lanes Required (N)

Speed-Flow and Density Curves (see Exhibit 23-3 and Equation 23-4)

The functions defined here are only used to plot the Free-Flow Speed and Density curves of Exhibit 23-3.
These curves are shown at the end of the worksheet.

Function to evaluate the Average Passenger-Car Speed (SS9 for different free-flow speeds. The arguments of
the function are the flow rate (vp) and the free-flow speed (ffs). This function uses the equations shown in the

notes of Exhibit 23-3.

SS(vp,ffs) := |if ffs=75
ffs if O£ vp £ (3400 - 30 xffs)
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Function to evaluate the Average Passenger-Car Speed (ss) for different densities. The arguments of the
function are the flow rate (vp) and the density (DD). This function uses the Equation 23-4.

vp
ss(vp,DD) = —
(vp,DD) oD
Units definition

Definition of new units. In this case the unit for liters (L) is used, but any other units could be used.

L L L L
veh = — pc:=— In:=— | :=—

L L L L
General Information Site Information
Analyst: Analyst Highway/Direction of Travel: Highway/Direction
Agency or Company: Agency or Company From/To: From/To
Date Performed: Date Performed Jurisdiction: Jurisdiction
Analysis Time Period: Analysis Time Period Analysis Year: Analysis Year

Freeway segment area: ¥ Fural " Urban

Type of analysis: ) Disige " Planning Minimum LOS desired: m



Flow Inputs

veh
Volume: V= 4000h— Peak-hour factor: PHF := 0.85
r
. 1 veh % Trucks and buses:  Pr:=15
Annual avg. daily traffic : ADDT :=0—
day % RVs: PrR:=3
Peak-hour proportion of ADDT: K :=0
General terrain:
Peak-hour direction proportion: D :=0
Grade:
Directional desian-hour volume: A
DDHV := ADDT xK xD 2%  ppHy = 0" ength = om
- hr " hr UpDown := 0%

Driver type: ¢ Commuter Wyeekday i Recrestionaliieckend

Note: 1. If ADDT s not provided, v, is computed using V. Otherwise v, is computed using DDHV.

Variables used in this section and not defined in HCM

ER23: matrix of Eg values for upgrades between 2% and 3%
ER34: matrix of Eg values for upgrades between 3% and 4%
ER45: matrix of Eg values for upgrades between 4% and 5%
ER5:  matrix of Eg values for upgrades greater than 5%
ET23: matrix of E; values for upgrades between 2% and 3%
ET34: matrix of E; values for upgrades between 3% and 4%
ET45: matrix of E; values for upgrades between 4% and 5%
ET46: matrix of E; values for downgrades greater than 4%
ET56: matrix of E; values for upgrades between 5% and 6%
ET6:  matrix of E; values for upgrades greater than 6%

Gt: defines the type of terrain of the freeway

Grade: defines whether a specific grade exists or not

Length: length of freeway grade

PRB: vector of percentage of RVs

PT: vector of percentage of trucks of Exhibit 23-11

PTB: vector of percentage of trucks and buses of Exhibit 23-9
UpDown: freeway grade

Passenger-Car equivalents for trucks and buses on upgrades (see Exhibit 23-9)

The Et matrices are the transpose of Exhibit 23-9. This is done in order to match the data of the matrices
with the vector of percentage of trucks and buses (PTB)
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Passenger-Car equivalents for trucks and buses on downgrades (see Exhibit 23-11)

The first two rows of Exhibit 23-11 are not used, because all the values are the same and therefore the Et
value is the same for any % of trucks (see below for calculation of E; for downgrades).

The Et matrix is the transpose of Exhibit 23-11. This is done in order to match the data of the matrix with
the vector of percentage of trucks (PT).

Passenger-Car equivalents of Trucks and Buses (see Exhibit 23-8, Exhibit 23-9 and Exhibit 23-11)

If no specific grade exists (Grade = 1), the first row of Exhibit 23-8 is used to define the Et value. If specific
upgrades exists (Grade = 2), the Exhibit 23-9 is used and if specific downgrades exists (Grade = 3), the
Exhibit 23-11 is used.
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Om £ Length £ 0.25m
0.25m < Length £ 0.5mi
0.5m < Length £ 0.75mi
0.75m < Length £ 1mi
Im < Length £ 1.5mi

Length > 1.5mi

Om £ Length £ 0.25mi
0.25m < Length £ 0.5mi
0.5m < Length £ 0.75mi
0.75m < Length £ 1mi
Im < Length £ 1.5mi

Length > 1.5mi

Omi £ Length £ 0.25mi
0.25m < Length £ 0.5mi
0.5m < Length £ 0.75mi
0.75mi < Length £ 1mi

Length > 1mi

Om £ Length £ 0.25m
0.25m < Length £ 0.3mi
0.3m < Length £ 0.5mi

0.5m < Length £ 0.75mi

Gt = 1: Level terrain
Gt = 2: Rolling terrain
Gt = 3: Mountainous terrain

The value of Ey is calculated
linear interpolation of the % ti
and buses (Pt) at the vector |

the matrix ET. The grade det
which matrix ET must be use
the length of the grade define
column of that matrix must be
in the interpolation
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Iinterp(PT, EI'46éOﬁ, PT) if (4% £ UpDown £ 5%) U Length > 4mi
15 if (5% < UpDown £ 6%) U Length £ 4mi
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Passenger-Car equivalents for RVs on upgrades (see Exhibit 23-10)

The value of Et is calculated
linear interpolation of the % ti
and buses (Py) at the vector |

the matrix ET46. The downgr
the length of the grade define
column of that matrix must be
in the interpolation

The Et matrices are the transpose of Exhibit 23-10. This is done in order to match the data of the matrices

with the vector of percentage of RVs (PRV)

g2 0 2 39 225 39 p85 4 450
c4x c12 15. 612 25 25- ¢2 3 35:
€5~ €12 15+ C12 2 25~ ¢2 3 37
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Passenger-Car equivalents of RVs (see Exhibit 23-8 and Exhibit 23-10)
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If no specific grade exists (Grade = 1), the second row of Exhibit 23-8 is used to define the Eg value. If
specific upgrades exists (Grade = 2), the Exhibit 23-10 is used, and if specific downgrades exists ( Grade = 3),

the grade is treated as level terrain (see Page 23-11)



Er:= |if Grade=1

: Gt = 1: Level terrain

12 if ga=1 . .
? Gt = 2: Rolling terrain

20 if &=2 Gt = 3: Mountainous terrain

40 if & =3

if Grade=2

12 if (UpDown £ 2%) The value of ER is calculated using a

if 29% < UpDown £ 3% linear interpolation of the % RVs (PR)
_ & _ _ _ at the vector PRV and the matrix ER.
Imterp(PRV, ER23 PR) if Om £ Length £ 0.5mi The grade defines which matrix ET
_ & _ _ must be used and the length of the
Imterp(PRV, ER23 ,PR) if Length > 0.5mi grade defines which column of that

if 3% < UpDown £ 4% matrix must be used in the

L interpolation
Iinterp(PRV, ER3AY PR) if Omi £ Length £ 0.25mi

4o
Iinterp(PRV, ER3A Y ,PR) if 0.25mi £ Length £ 05mi

|interp(PRv,ER3439n,PR) if Length > 05mi
if 4% < UpDown £ 5%

Iinterp(PRV, ERas D | PR) if Omi £ Length £ 0.25mi
A
Iinterp(PRV, ERas ,PR) if 0.25mi £ Length £ 05mi

Iinterp(PRV,ER45a2n,PR) if Length > 0.5mi
if UpDown > 5%

Iinterp(PRV, ERSaOn, PR) if Om £ Length £ 0.25mi

i
Iinterp(PRV, ER5al ,PR) if 0.25m £ Length £ 0.5mi

Iinterp(PRV,ERSaQn,PR) if Length >0.5m

12 if Grade=3 Downgradgs are trea'Feq as
level terrain (see Exhibit 23-8)

% of trucks and buses and % of RVs

Convert the % values to decimal values in order to use them in the equations

_Pr
Pr = 100
R
R 100

Calculate Flow Adjustments

Driver population factor: fp =

Passenger-car equivalents for truck/buses: Er =15

Passenger-car equivalents for RVs: ER=12
1

Heavy-vehicle adjustment factor: fyy = fyy = 0.925

1+ Prx(Er- 1) + PrRx(Er - )



Speed Inputs

Lane width Lw := 12ft
Rt.-shoulder lateral clearance Rdc := 6ft

I
Interchange density Id:=15—

mi
Free-flow speed (measured) FFS:= Omph
Base free-flow speed BFFS := 70mph

Variables used in this section and not defined in HCM

FID: vector of adjustments for interchange density

FLC: matrix of adjustments for right-shoulder lateral clearance
FLW: vector of adjustments for lane width

FN: vector of adjustments for number of lanes

FSA: freeway segment area, 1 for rural areas and 2 for urban areas.
IPM:  vector of interchanges per mile

LW: vector of lane widths

NL: vector of number of lanes

RSLC: vector of right-shoulder lateral clearance

Adjustment for lane width (see Exhibit 23-4)

Two vectors are created, one of lanes widths and one of adjustments for lane width. In order to use the
interpolation function (linterp(vx,vy,x)) of MathCad, the x vector (vx) must be in ascending order. That is the
reason why the data is in inverse order as it appears in Exhibit 23-4.

ad06 a6 6
UN::Ellzﬂ HAN:ZElSZmph
el2g €00g

If there is no FFS measured (FFS = Omph), f v is calculated interpolating the lane width (Lw) at the vector LW
and FLW. Otherwise f ,y is not calculated.

fuw = | linterp(LW,ALW , Lw) if FFS = 0mph
Omph otherwise

Function to compute the adjustment for right-shoulder lateral clearance (see Exhibit 23-5)

A vector of right-shoulder lateral clearance and a matrix of adjustments for right-shoulder lateral clearance are
created. In order to use the interpolation function (linterp(vx,vy,x)) of MathCad, the x vector (vx) must be in
ascending order. That is the reason why the data is in inverse order as it appears in Exhibit 23-5.

B0 286 24 12 06§
éll éso 20 10 05.
G2+ C24 16 08 04+

RSLC:= §371t FLC:=%18 12 06 03 mph
g4; 812 08 04 02+
G5+ 06 04 02 01~
86 800 00 00 00g



If there is no FFS measured (FFS = Omph), f, ¢ is calculated interpolating the Rt.-shoulder lateral clearance
(Rslc) at the vector RSLC and matrix FLC. Otherwise f, . is not calculated.
If the number of lanes in one direction is greater than 5 (N > 5), the last column of the matrix FLC is used for

the interpolation.
If Rslc is greater than 6, the first row of the matrix FLC is used. All the elements of that row are 0, therefore
for any Rslc greater than 6, f - is 0 (0.0mph otherwisg

fLa(N) := |if FFS=0mph
if Oft £ Rc £ 6ft
nmaJRac;léw*ﬂRsJifzﬁNgs

Iinterp(RSLC, FLCaGn

0.0mph otherwise

,Rslc) if N>5

Omph otherwise

Adjustment for interchange density (see Exhibit 23-7)

Two vectors are created, one of interchanges per mile and one of adjustments for interchange density.

oo o

90.75; :
GL00+ C25+

—Caoet ] —Coo™

IPM = %125 "— FID := ¥3.7 "mph

Tm -

91.50+ (;5.0+
G175+ ¢63~

r = r =
e200g e75g

If there is no FFS measured (FFS = Omph), fp is calculated interpolating the interchange density (Id) at the
vector IPM and FID. Otherwise f is not calculated.

fip := |linterp(IPM,FID,Id) if FFS=0mph
Omph otherwise

Function to compute the adjustment for number of lanes (see Exhibit 23-6)

Two vectors are created, one of number of lanes and one of adjustments for number of lanes. In order to use
the interpolation function (linterp(vx,vy,x)) of MathCad, the x vector (vx) must be in ascending order. That is
the reason why the data is in inverse order as it appears in Exhibit 23-6.

30- =
FN:=%"" “mph L=¢

C15+ ca+

€00g e5g

fy is calculated only if FFS is not measured (FFS = Omph), otherwise fy is 0. fy is O for rural freeway
segments (FSA = 1). For urban areas (FSA = 2), fy is calculated interpolating the number of lanes (N) at the
vector NL and FN.



fN(N) = |if FFS=0mph
00mph if FSA =1
if FSA =2
linterp(NL,FN,N) if 2ENES5
0.0mph otherwise
Omph otherwise

Function to compute the 15-min passenger-car equivalent flow rate (see Equation 23-2)

If the annual avg. dalily traffic is not provided (ADDT = 0), v, is computed using the hourly volume (V).
Otherwise v, is computed using the directional design-hour volume (DDHV), which is computed in the Flow
Input section of the worksheet.

Vv
Vp(N) = if ADDT=0
PHF xN xfyy Xfp

DDHV
PHF xN xfyy xfp

otherwise

Function to compute the average passenger-car speed (see Exhibit 23-3)

S is computed using the equations presented in the note of Exhibit 23-3.

Units have been added to the ranges of values of v, and FFS. These ranges define when each of the
equations is applicable.

The units of v, and FFS are removed to perform the computations.

S[FFS,Vp) = |if 70mph < FFS £ 75mph
FFS if Ox—— £V, £ Ba00x—Lo— . 30x—Lo xprs?
hr xIn e hr xIn mi xIn 1]

e 2.6
S V
€ P a2 g? U
e c,_Pc Imph = u
2 160 . § G hrx = u ;

Frs- &ffrs- —mphgxg rn — s ?’%,4ooxhpcl - x F’CI xFFsO
g€ 3 : 0x S 1000 D e rxin mi xIn g
é e Imph g 0

if 55mph £ FFS £ 70 xmph
FFS if 0x—o— £V, £ Ba00x—L"— . 30x xpps?
hr xIn e hr xIn mi xIn )]

e .2.6()
S Y
< P L= g0 U
e Cq pc Imph - u
€1 hr x| = U

FFS- @ x(7xFFS- 340mph) xg rn — Dot 8 xhpcl ] PCI
¢ A LR rn m >in
é e Imph g 0

Omph otherwise




Function to compute the Density (see Equation 23-4)
V,
D(S,Vp) = ?p if St omph

0 otherwise

pc
mi xIn

Function to compute the Level of service (see Page 23-3)

If % is greater than 2400 pc/hr/In the LOS is "Oversaturated” ("O")

. pc pc
LOS D, V,) = |if O £V £ 2400
S( p) hr xIn P hr xIn
A if 02 gpg <
m xIn mi xIn
"B if 11— <pg 185
mi xIn m xIn
e if 18— <pgoE
mi xIn m xIn
D" if 26— <pg35PC
mi xIn mi xIn
e if 35—° <pgasPC
mi xIn mi xIn
"Fif D> 45—=
mi xIn
"O" otherwise

Desired level of service

Convert the desired LOS from the number assigned by the list box (see inputs) to its equivalent in letters
(HCM definition).

LOStesign := |"A" if LOSpegign =1
"B" if LOSpesign = 2
"C" if LOSpeggn = 3
"D" if LOSpesign =4
"E' if LOSpesign =5
"F" if LOSpesign = 6

Calculation of Number of Lanes required, N

The procedure starts with an N = 2. A LOS is calculated for that N, and then compared to the desired LOS.
If the calculated LOS is less (better) or equal to the desired LOS the procedure stops, otherwise N is
increased by 1 and the procedure is computed again. The procedure returns a matrix with the speed
adjustments and FFS (SpeedAdjFFS) for each iteration, a matrix with the LOS and performance measures

(LOSPerformance) for each iteration and the coordinates to plot the Average Passenger-Car Speed vs. the
Flow Rate for each of the iterations.
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SpeedAdiFFS ¢

g]_OSPerformance; )
¢ =10
¢ X -
. . LOSnay - "Z"
e Y [} _
while LOShew > LOSgesign
Ni - 2+
fLWi - fLw

iLe - fLC(Ni)
fiD, = fip
N, - fN(Ni)
FFSealc, -
FFS otherwise
VPedc. - Vp(Ni)
Sedc, S{FFSea VPeat)
Dot O[Sty Ve
LOScalc. - LOS(DCdCi,VpCaCI)

LOSnaw LOS(Dchi ,Vpcdcl)

BFFS - fLWi - fLCI - fIDi - fNi if FFS=0xmph

Adjustment for lane
Adjustment for right

Adjustment for inter

Adjustment for num

Free-flow speed (FF
otherwise FFS is thi

15-min passenger-c
Average passenger-
Density

Level of service

hr xIn Create the coordine
X 7 VPedc * o segment. The x coc
Passenger-Car Spe
1
yl - SCdC x
i mph
i-i+1
flw  fL fID N FFSac 60
?augmentffa?\l , , ¢ , , , Scdc 99 Output
C e 1xmph 1xmph 1xmph 1xmph 1xmphg-
¢ VPcac  Scd Dcal o -
c augmentg?\l, ¢ » Ch’ ¢ ,LOSgc: =+
C xm C .
g C 1 x—p P 1 x—P - -
c e hr xIn mi xIn g =
¢ X -
f“ -
e v 7]
Speed Adjustments and FFS
Number of lanes, N 2 3 4 5
Adjustment for lane width (mph), f 0 0 0 0
Adjustment for right-shoulder lateral clearance (mph), f, - 0 0 0 0
Adjustment for interchange density (mph), fip 5 5 5 5
Adjustment for number of lanes (mph), fy 0 0 0 0
Free-flow speed (mph), FFS 65 65 65 65
SpeedAdiFFS' =
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LOS and Performance Measures

Number of lanes, N 2 3 4 5
15-min passenger-car equivalent flow rate (pc/hin), V,, 2543.5| 16957 | 12718 | 1017.4
Average passenger-car speed (mph), S 0 64.6 65 65
Density (pc/mi/in), D 0 26.3 19.6 15.7
Level of service, LOS "o "D nen B
LOSPerformance’ =
D = 11pc/mi/ln D = 18pc/mi/ln D = 26pc/mi/ln
80
FFS = 75mi/h
70 FFS = 70mi/h h\
= T D = 35pc/mi/ln
E FFS = 65milh
g_ 60 FFS = 60mi/h
® _‘_H_H"-"‘\
Q FFS = 55mi/h
o)
g -\ D = 45pc/mi/ln
LOS A LOS B LOS C LOS D
E 50 LOSE
[«})
g
o
>
<
40
30
0 400 800 1200 1600 2000 2400
Flow Rate (pc/h/In)

Note: to see all annotations, right-click on the graph and choose "Send to Back"

12



