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Circular Reinforced Concrete Columns 

Nubjected to Direct Stress and Bending 

Based on the American Association of 

State Highway Officials’ bridge specifica- 

tions for allowable loads, a procedure for 

designing eccentrically loaded round col- 

umns has been developed by the author. 

Under the enlarged highway construction 

program, bridge engineers will more fre- 

quently be confronted with the problem of 

designing round columns for bridge pier 

bents. 

The principal benefit of this article will 

be derived from the method outlined in the 

text, which will assist bridge designers who 

may want to expand the graphs presented 

here or make similar graphs for different 

bridge column sections. Plotted curves 

are given for a range of 24- to 60-inch 

diameter columns in 6-inch intervals and 

for three quantities of reinforcing steel. 

In design problems for which the graphs are 

applicable, considerable tedious work will be 

avoided. 

HE 1957 American Association of State 

Highway Officials’ specifications (1) ? on 

the design of eccentrically loaded columns 

state that for ratios of eccentricity to depth 

(diameter) not greater than 0.5, the allowable 

load could be calculated on the basis of un- 

eracked section, and for ratios greater than 

0.5 the design or the allowable load should be 

based on the theory of cracked sections. 

Based on these specifications, a procedure 

for designing eccentrically loaded columns has 

teen developed and is presented here. Curves 

have also been prepared for 24- to 60-inch 

diameter columns in 6-inch intervals for three 

percentages of steel in each case. 

The problem of designing or investigating 

round columns subject to bending is more 

difficult than the same problem for rectangular 

columns. With the increased activity in 

highway construction, many engineers will be 

confronted with the design of round columns 

for bridge pier bents. To facilitate the design 

and investigation of such columns, a method is 

presented in the following discussion. The 

method hinges on the ability of the designer 

to guess at the position of the neutral axis; 

the designer then calculates the allowable 

stress and makes proper use of the expression 
N/A,4+Mc/I; Once the position of the 

1 This article was prepared by Professor Toprac, As- 

sociate Professor of Civil Engineering, University of Texas, 

while employed during the summer months of 1958 by the 

Bureau of Public Roads, Texas Division office, Austin. 

2 Italic numbers in parentheses refer to the list of references 

on p. 245. 
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neutral axis is checked, properties of the cross 

section such as r? and K are calculated and 

used to obtain allowable stresses. 

Approaches to Problem of Eccentri- 
cally Loaded Columns 

The author found three methods which are 

used to solve the problem of eccentrically 

loaded columns. Although these methods 

are based on the same fundamental laws of 

equilibrium, on the surface they look different. 

Consequently, it is worthwhile to outline 

them in short form. 

1. In the first of these methods, used by 

Boguslavsky (2), the effective portions of a 

cracked round section are a circular segment of 

concrete in compression and a circle of steel 

bars; some of them in compression, others in 

tension. The internal stresses acting on the 

transformed section vary elastically from 

f./n to f. in straight-line proportions. The 

resultant C of the compressive stresses acting 

on the circular segment of concrete is repre- 

sented by the volume of the ungula (wedge 

cut by a sloping plane from a circular prism), 

while the tensile resultant 7’ of the tensile and 

compressive stresses acting on the concrete 

ring, which replaces the steel, is represented 

by the volume obtained by multiplying the 

area of the ring by the surface of the circular 

prism, intercepted between the horizontal 

and sloping planes. Formulas are used 

for C and 7’, for their moment arms from the 

axis of the column, and for the moments. 

The derivation of these formulas, which 

contain one-half the angle subtended at the 

center -of the circle by the chord on the 

neutral axis, may be found in Peabody’s 

Design of Reinforced Concrete Structures (8). 

2. In the second method, presented by 

Dunham (4), an analysis of the stress dia- 

gram shows that the imaginary solid that 

represents the compression upon the concrete 

is an ungula of a circular cylinder (a wedge- 

shaped solid). In order to simplify the cal- 

culations, the longitudinal rods in the column 

are assumed to be replaced by a hollow steel 

shell or pipe which has the same cross-sec- 

tional area as that of all of the longitudinal 

reinforcement. This steel shell is subjected 

to compression upon part of its area and to 

tension upon the rest of its cross section. 

Therefore, the diagrams that represent the 

stresses upon these two parts of the ring will 

be like hollow ungulas or like wedges cut from 

a pipe. In order to have equilibrium, it is 

8 Letter symbols used in this article are defined on 

pp. 244-245. 
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obvious that 2V=0O and ZM=0. Curves 

prepared by Dunham give the volume and 

the moment of ungula about the neutral axis 

for the concrete in compression. Similar 

curves give the volume and moment of wedge 

of hollow cylinder (for the steel) about the 

same neutral axis. Then, the desired allow- 

able stresses are obtained by applying the two 

equations of equilibrium. 

3. The third method, presented by Large 

(5), involves the following computations: 

(1) Calculate trial stresses by N/A;+ Mc/I,, 

assuming no area lost by cracking, and from 

the stress diagram determine the approximate 

depth of the crack. 

(2) Compute corrected stresses by N/A;+ 

Mc/I,, of the cracked section, using curves 

developed by Professor J. R. Shank for the 

properties of circular segments. The curves 

(6) showing these properties are presented in 

figure 1. 

Approach Adopted 

Of the three methods the last one was 

found to be relatively more practicable and 

was adopted in the preparation of curves 

plotting load versus eccentricity. To facili- 

tate computations, figure 2 was prepared. 

1.0 

| of e |hseaeel soe Ee | He a 
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Area=Bxt® 08 —4— ‘ 
I,=0xR 

“fl | 
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0.7 Wie |r 4h (Enter diagram 

\ | | with* value) (6) t 

gale For *=3=0.75 

w im fal 1 Arm=0.17x6=1.02" 
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w 0.5 leecenl| alia =91 IN2 
= 
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| 
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Figure 1.—Properties of segments of a circle. 

(Courtesy of the American Concrete In- 

stitute.) 
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ECCENTRICALLY LOADED COLUMNS 

Given: t= 36" t'=3" d=33" 

Eff. Area of 
Concrete 

Coeff. 

Moment of Inertias 

v\2 

Steel Stresses 

fs = 17,000 

f',= 2nf = 16,000 

N = 100,000 x fe 
c 

Ag =12.7in? 

Area of Steel Transf. N Xe 

slice el | 
}o.20| 259 | 429 _| 233 |065) 
}o2ie| 262 | 127 jossuz7-aq| 172 | 454 | 220 |osad 
}0.25| 324 | 127 josexz7=49| 175 | 499 | 200 [059 
Pe ee 

100,000 x a> 

109,000 Ibs. 

x 

For X=10.8" 

cos p= 1-48 = 0.48 
%=61.3° 
259 x 11.72 = 3030 

43x12.3 = Soo 3560 
356007 a6 
4291 0 

Xe-X =11.72-8.30=3.42 
X'- X =12.3-8.3= 4.0 

1050 X= 
963 

Formulas rent ieve tite C=R-X=18-8.3=9.7" 
Lt reas) x (dist. _ 

Ac= Bt? en ee e'= 30-8.3 = 21.7 

Ic= OR* X' = c.g. dist. from ¢ 

of A’ =573R Sine 
Xo= AR ? 

= $°7180 cos. p =I- = where 

cC=R-X a=X-ft' 

Ag = 1018in? p=0.0125 n=10 

Combined 
Stresses Concr. Ne'(R'+X) icombioedas 

A’g(x'-X)? c Tt 

Eccentricity,)e = 30"; % = 0.833 

Xe“) ~ Centroid of 

NAs 

Complete Ring 

Figure 2.—Sample calculations for design graphs (figs. 3-6). 

To solve for the allowable load a column could 

carry for a given e/t ratio, the steps are as 
follows: 

1. Assume distance of neutral axis to ex- 

treme compression fiber in the conerete and 

calculate k=z/t. 

2. Referring to figure 1, coefficients A, B, 

and D are obtained for the calculation of the 

distances 2,, A., and I,. 

3. The steel reinforcement is replaced by a 

ring of equivalent area nA, and a circular 

segment in the compression side, equal to 

nA’, in area. This last steel is considered 

because the AASHO specification 1.7.8(f) 

states that ‘In such cases the value of the 

compressive reinforcement may be taken as 

twice the value given by a straight-line rela- 
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tionship between stress and strain and the 

modular ratio,n .. .” 

4, Find the direct stress N/A, assuming 

N= 100,000 pounds. 

5. Find x for the neutral axis for bending 

only, by finding the center of gravity of the 

transformed area and calculating the moment 

of inertia of the transformed area to be used 
in the expression Mc/I. 

6. Calculate the actual stresses for 100,000 

pounds eccentric load, 

ar Chea ee iVicuee Ni 
fersty eh and fal ae Teta sais 

7. Calculate the allowable compressive 

stress f, and check the stresses in the tension 

and compression steel that correspond to this | 

calculated fe. 

8. The eccentric allowable load then is | 

N= 100,000 X (allowable compressive stress/ 

actual compressive stress). 

The above procedure was used in the prepa- 

ration of the curves given in figures 3-6. 

Practical Illustrations 

The following are illustrative examples 

which show the various steps just mentioned. 

Example I.—Given a 

as longitudinal reinforcement, calculate the 

allowable compressive load applied 5 inches 

from the center of the column, if f’.=3,000 

p.s.i. and n=10. 
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36-inch outside | 

diameter tied column with 10 No. 10 bars | 



Sa 350 

s 
= 200 

a 

= 8" 9 Bars, p=0.0177 
E 8”8 Bars, p=0.0/40 
—_ m5 z p=0.0106 

* 150 
= 

100 

50 

ECCENTRICITY (INCHES) 

Figure 3.—Maximum load for 24-inch circular-tied columns in direct stress and bending. 

Solution.—Since e/t=5/86=0.139 which is 

less than 0.5, use of the uncracked section is 

allowed by the specifications. 

P,=0.8 (0.225 f’.AgtAafs)=0.8 (0.225X 
3,000 X 1,018 + 12.7 X16,000)=0.8 (686,000 
+ 203,000) =713,000 pounds centrally applied 

load. 

The transformed area, A;=1.018+9X 12.7 

=1,133 in? 

The concrete compressive stress, fa 

=713,000/1,133=628 p.s.i. 

Then C,=f,/0.40f’ -=628/1,200=0.523. 

The moment of inertia of the transformed 

area, J,=1,.+1,. Where J,=areaX#/16 

=1,018X1,296/16=82,500 in.4, and J,=area 

X (t— 2t’)2/8=115 X 302/8= 13,000 in.4 Thus, 

I,=82,500+ 13,000= 95,500 in.! 

r?= J ,/A,=95,500/1,133=84.0, and K=#/2r? 

= 1,296/2 84=7.70. 

C,K=0.523X7.70=4.03, and 1+C,K(e/t) 

=1-+ 4.03 X0.139=1.560. 

N=P,/1+ CK (e/t) =713,000/1.560 = 457,000 

pounds. 
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Example II.—Same as example I, except 

e=30 inches. 

Solution.—Since e/t=30/36=0.833 which is 
greater than 0.5, use method of cracked 

section. To facilitate calculations, figure 2 

is used. Assume kt=10.8 inches and k=0.30. 

From figure 1 coefficients B, A, and D are 

found to be 0.20, 0.65, and 0.02, respectively. 

The compression concrete area then is 

0.20 X 362=259 in.2 The equivalent concrete 

that replaces the reinforcing bars is a ring of 

nx Ay=10X12.7=127 in? 

Since the AASHO specification 1.7.8(f) 

states that “. . . the value of the compressive 

reinforcement may be taken as twice the 

value given by a straight-line relationship 

between stress and strain and the modular 

ratio ...”, a circular segment of the 

equivalent concrete ring is added to the 

remaining area. A factor, A, is calculated for 

this purpose based on the angle ¢° (half of 

the angle subtended at the center of the 

column by chord which coincides with the 

assumed neutral axis). This angle is given 

by the expression cos ¢=1—a/R’ =1—7.8/15 

=1—0.52=0.48; then the angle ¢=61.3°. 

The amount of additional compressive steel is 

CHLSO PA s— O46 2) — 4S oe Ce Sul 

the transformed area of the cracked section 

becomes equal to 429 in.2 Assuming the load 

on the column to be N=100,000 pounds, the 

direct compression stress is N/A,=233 p.s.i. 

The same transformed section is also in 

bending because of this load N, which is 

applied eccentrically. Bending takes place 

around a neutral axis (for bending only) 

which passes through the center of gravity 

of A,=429 in.? 
The center of gravity of the concrete area 

is 0.6518 inches=11.72 inches from the 

center of the column. By taking the first 

moments of the areas, the bending neutral 

axis is found to be =8.30 inches away from 

the center of the column. The moment of 

the concrete is 3,030 in.2 and that of the 

additional compressive steel is 530 in. The 

moment arm of this steel is obtained by the 

expression, 2’ = (57.3R’) sin $/¢° = (57.3/61.3°) 

(15) (sin 61.3°) =14X0.877= 12.3 inches. 

To calculate bending stresses, the formula 

Mc/1 is used where the moment of inertia 

I=I,. The moment of inertia for the trans- 

formed area around the bending neutral axis, 

I,, is calculated as follows: 

The moment of inertia, J, of com- 

pressive concrete around its 

center of gravity is, [-=0.02 

Additional moment of inertia, J, 

to transfer above to neutral 

axis equals 259 X 3.42?=___---- 3, 000 

Moment of inertia, JZ, of the 

equivalent ring, Ate 

(2B!)2/8= 127 430) /(8==__- 

Additional moment of inertia, J, 

to transfer above to neutral 

axis equals nA ,(%)?=127 X8.3?= 

Moment of inertia, J, of addi- 

tional compressive steel equals 

A’, (a —%)?=43 X 4.0?=- __---- 

8, 750 

Moment of inertia for trans- 

formed area around the bending 

TROUT La RLS og eee 28, 740 in.! 

The bending moment then is equal to 

Ne’=100,000 X21.7 inches, and the extreme 

fiber concrete stress Ne’c/[,;=733 p.s.i.; the 

bending tensile stress equals 1,760 p.s.i. 

The combined stresses are 733+ 233=966 

p.s.i. compression in the concrete and — 1,760 

+233=—1,527 p.s.i. tension in the steel. 

However, these stresses require that kt=12.8 

inches which is larger than the assumed 10.8 

inches. Therefore a new value must be 

assumed and checked. This has been done 

twice and the values appear in figure 2. It will 

be noticed that the second guess of s=kt=11.5 

inches resulted in a calculated = 12.7 inches. 

Having these two trial values, the designer 

can obtain the exact value of « by plotting the 

difference between the assumed and calculated 

values against the assumed z as abscissas, 

Such a plot indicates that 2=12.6 inches, 
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800 

30" & 36" COLUMNS 

O= 36" 
10# 11 Bars, pz0.0153 

/0#/0 Bars, p=0.0/25 

10#9 Bars, p=0.0098 

MAXIMUM LOAD(KIPS) 

D=sOe 
8#/0 Bars, p=0.0/144 

8R9 Bars, p=O.OHSZ 

8#8 Bars, p20.0089 

O 
O 5 10 15 20 (ae) 30 35 

ECCENTRICITY (INCHES) 

Figure 4.—Maximum load for 30- and 36-inch circular-tied columns in direct stress and 
bending (f'-=3,000 p.s.i.; n=10; intermediate, hard and rail steel grade reinforcement). 

which when used in the third trial, checks out. 1400 
After the value of « has been determined, 

the C, and K quantities and f,=628 p.s.i. 

(see example I) are used to obtain the allow- 

f-/f-=100,000 X (1,050/963) =109,000 pounds. 

stant for a given eccentricity, e, and are in- 

dependent of the load, N. The load therefore 

is directly proportional to stresses. Conse- 

quently, the allowable load is, N=100,000 

Nomenclature 

A=coefficient (see fig. 1). 
A .=compression area of a column, A,= Bt. 

A,=gross cross-sectional area, square inches. 

A,=cross-sectional area of longitudinal steel. 

A’,=hA,=additional compression steel (see 

definition of X). 

A,=total transformed area. 

a=f—t . 

B=coefficient (see fig. 1). 

C=compressive force. 

Ci=f e/OA0f%.. 

c=concrete extreme fiber distance from 

bending neutral axis. 

D= coefficient (see fig. 1). 

d= depth from extreme compression concrete 

fiber to extreme tensile steel fiber. 

e=eccentricity measured from center of 

column. 

e’=eccentricity measured from neutral axis 

for bending of transformed area. 

fa=P,/A,, stress in concrete of uncracked 

section. 

f-=computed compressive concrete stress 

when JN is assumed to be 100,000 pounds. 

f’-=cylinder strength at 28 days, p.s.i. 

f-—maximum allowable compressive stress in 

columns subjected to combined axial and 

bending stress, p.s.i. 

fs=working stress for longitudinal steel, 

nominal or computed. 

I,=Dk*= moment of inertia of compression 

concrete around diameter parallel to 

neutral axis. 

I;,=moment of inertia of steel ring around 

diameter. 

LOAD CKIPS) 

MAXIMUM 

42" & 48" COLUMNS 4= able compressive stress. Then, 1200 

= 1+ K (e/t) 
fe=fa Geserecs --AASHO spec. 1.7.8(f) 

= ++ =628 ( 1+ 11.2 0.833 1000 rar 
Te ki 0 523711 <0 833 

= 628 x 739 _1,105 psi. \ 
He 88 800 lg# // Bars, pz0. O155 

Oo 
a 

3 
. S 18#/08 0.0126 7 0= 48" A check for the Stress of the compression = 188 9 gee ne 0.099 

steel shows that it is critical; and if f-=1,105 = 

p.s.i. is used, f’,/2m will exceed the allowable = 

value of 800 p.s.i. (f/s=2n X stress in equiva- = 600 
lent concrete =16,000). If the value of 800 < 

p.s.i. is used, then f, is reduced to 800 

(12.6/9.6)=1,050 p.s.i. The stress in the 

tension steel becomes 17,000 p.s.i., and in the 

compression steel, 16,000 p.s.i. 

For any column cross section, the properties 

of the cracked section (14, c, %, etc.) are con- 200 

400 

12410 Bors, p=0.0/1/0 
129 Bars, p20.0087 

Figure 5 (right).—Maximum load for 42- 

and 48-inch circular-tied columns in di- 

rect stress and bending (f’-=3,000 p.s.i.; 

n=10; intermediate, hard and rail steel 5 . 10 15 20 

grade reinforcement), ECCENTRICITY (INCHES) 
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Vl 22" 9 Bars, p+0.0078 

: aS 1000 \ ae 

_ \ 
BeeN 

%, 

0-54 
20 I/ Bars, p=O0.0/356 

20#10 Bars, p=O0.0ll/ | 
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200 
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Figure 6.—Maximum load for 54- and 60-inch circular-tied columns in direct stress and 

bending (f'.=3,000 p.s.i.; n=10; intermediate, hard and rail steel grade reinforcement). 
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I,=total moment of inertia around neutral 
axis for bending. 

K=/2r?, a factor used in the design of 
eccentrically loaded columns. 

k=x/t, ratio of depth of compression area to 
the diameter of column. 

M=pbending moment. 

N=eccentric load. 

n=ratio of modulii of steel to concrete. 
P,=total load on tied column centrally ap- 

plied, pounds. 
p=ratio of longitudinal steel area to gross 

column area. 

R=radius of column=t/2. 

hk’ =radius of steel ring = R-t’. 

r=radius of gyration of transformed section. 
t=diameter of column. 

t’=amount of concrete cover for longitudinal 
reinforcement. 

x=kt, depth of compression area. 
x-=AR=distance from center of column to 

c.g. of compression concrete. 

£= distance from center of column to neutral 

axis of transformed area considering 
bending only. 

z’=center of gravity distance of A’, from 

centerline of column. 

A\=6/180=A’,/A,=ratio of additional com- 

pression steel to total area of ring where 

cos 6=1—a/R’ and a=z—?’. 
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Sampling Techniques Applicable to 

the Collection of Economic Data 
BY THE HIGHWAY NEEDS AND ECONOMY DIVISION 

BUREAU OF PUBLIC ROADS 

Sample survey techniques are used in 

many data-collecting phases of highway re- 

search. However, not all who must practice 

sampling have been trained in modern 

sampling theory. This article presents an 

account of the theory and its application 

which is directed primarily to those engaged 

in sampling for economic data. 

Included is a discussion of the basic con- 

cepts of sampling, and the advantages and 

disadvantages of several alternative sam- 

pling methods. Proportional stratified sam- 

pling and optimum allocation among strata 

are discussed. Criteria are offered for choos- 

ing between these two alternatives with 

some consideration given to cost factors. 

The author suggests one possible applica- 

tion of the theory and offers an illustration 

based on hypothetical data. 

DMINISTRATORS require sufficient and 

accurate data upon which to base de- 

cisions on broad general policies, as well as on 

day-to-day problems. Decisions must be 

made whether pertinent data are available or 

not. Therefore, data collection and data 

analyses are the ever-present concern of ad- 

ministrators. 

Solution of the problem of data collection 

is made more difficult by several limiting 

factors. Two of these are lack of time and 

lack of money. Sampling is a tool to mini- 

mize, to some extent, the effect of these limit- 

ing factors. Because sampling cannot effect 

a limitless spread of resources, administrators 

must decide on priorities among the data to be 

collected and on the amount of money to be 

spent in collection and analysis. 

Modern statistical theory not only lights 

the way to good sample design as an aid to 

data collection, but it also emphasizes tech- 

niques for drawing logical inferences from the 

the data as an aid to analysis. This latter 

aspect of statistical theory is not sufficiently 

emphasized or practiced. 

Sampling is not just a stop-gap or substitute 

for the collection of all data relating to a 

particular study. It is often not realized that 

estimates based on relatively small samples 

may be more reliable than results of complete 

censuses. Since fewer personnel are needed 

for sample studies than for complete censuses, 

there is opportunity for more thorough train- 

ing and for better supervisory control of 
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employees than is possible in complete cen- 

suses. 
limited time are not amassed for sample 

studies in the same huge quantities as for 

complete censuses, an opportunity is pre- 

sented for better control of the various data 

processing operations to attain better quality 

of output. The stress is laid on the word 

“opportunity.’”’ Sampling does not assure 

quality; it makes improved quality possible 

with the funds available. 

All decisions based on the data collected by 

the State highway departments and by the 

Bureau of Public Roads are supported, in one 

sense, by sample studies. Even complete 

censuses may be considered sample studies; 

they are samples in time. Administrators 

must assume a certain degree of stability or 

variability over time when making decisions 

based on such studies. Therefore, anyone who 

decides to use a complete count is not voting 

against sampling, but rather against a sample 

of a given size. In other words, the individual 

believes that the estimates yielded by the 

smaller sample will not be sufficiently reliable 

for the decisions that must emanate therefrom. 

Distribution of Sample Estimates 

Statistical theory is based on probability 

samples only. Probability samples are those 

in which the chance of any element being 

selected can be calculated before selection 

and can be expressed as a mathematical ratio. 

When this condition is satisfied, the proba- 

bility calculus can be applied to the sample 

data to make possible meaningful deductions 

on the reliability of the results, and to fashion 

improved designs for future sample studies. 

Use of the probability calculus is impossible 

with non-probability samples. 

Samples yield estimates of the true values 

of the characteristics of a population. In this 

context, the word “‘population”’ represents the 

totality of all elements from which a sample 

may be drawn; the true value is obtained from 

a study of all elements of a population, not a 

sample. The word “‘true’’ does not imply 

that the value is fixed even for a point in 

time. The methods used in determining a 

true value also influence its magnitude. For 

example, interviewers possess a given com- 

petency and training. The designs of question- 

naires and other forms have varying effi- 

ciencies in extracting data of high quality. 

Because data to be processed in a” 

Reported by NATHAN LIEDER, 
Statistician 

Supervisors and data processors have their 

own degrees of competency. A change in any | 

of these components will likely result in a |) 

different true value. | 

Sample data collected and processed under 

a given set of conditions will yield an estimate |, 

of the true value that would have been ob- |; 

tained from all elements under the same set of |; 

operating conditions. The sample estimate 

will differ from the true value by an amount of 

unknown magnitude. Another sample of the 

same size as the first will yield another esti- 

mate of the true value. Usually the estimate 

yielded by the second sample will differ from 

the one yielded by the first sample. 

Standard deviation 

Consider the estimates from all possible 

samples of the same size drawn from a speci- 

fied population. These estimates from all 

possible samples of the same size form another 

population of their own—a population of 

sample estimates. They will have a distribu- 

tion from low estimate to high estimate. As 

a general rule, the estimates will tend to clus- 

ter about the true value. The measure of the 

scatter of the population of sample estimates 

about their average value, generally the true 

value, is called the standard deviation of the 

population. The standard deviation of the 

derived population is a function of the stand- 

ard deviation of the original population. 

Normal distribution 

The distribution of the population of sample 

estimates tends toward the normal. The 

graph of the mathematical function describing 

the normal distribution exhibits a symmetri- 

cal, bell-shaped curve. The area under this 

curve is distributed in a fixed fashion, what- 

ever the values assigned to the constants in 

the mathematical function. Distributions of 

many types of sample estimates approximate 

the normal with increasing sample size. The 

larger the sample size, the more closely will 

the derived population of sample estimates 

approach the normal distribution. Further- 

more, the larger the sample size, the more 

closely will the sample estimates cluster 

around the true value, and consequently the 

smaller will be the standard deviation. The 

normal distribution is a very satisfactory 

approximation of the distribution of estimates 

derived from samples of the sizes ordinarily 

used by highway departments for economic 

studies. 
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Hypothetical population 

Some of the remarks on the distribution of 
sample estimates may be clarified by an il- 

lustration based on a hypothetical population 

of six households which compose a hypotheti- 

cal State. Assume that residents of five of 

these households own passenger cars and 

travel the following annual mileages: 

Household Annual 
number mileages 

ere re oe sh ee 0 
Og Sais en pee aed eee 2, 000 
Se et tray 8 Ce a ae 6, 000 
1 SS eo Pg AS eh AR eA aR ne ai 7, 000 
bro ae ee toe ee ns a 12, 000 
Us Sas ses SOE ae SoS Tee eee ee 8, 000 

otal tra volmeeeiresto. 26 sate S36. tks .-- 45, 000 

Further assume that it is desired to select a 

simple random sample of these households in 

order to estimate the total vehicle-miles for 

the State, and that the estimate is obtained | 
by multiplying the sample values by the 

reciprocal of the sampling fraction. 

The distribution of estimates from all pos- 

sible samples, as well as the value of the 

standard deviation and the square of the 

standard deviation (the variance) for each 

sample size, is reported in table 1. The 

formula for calculating the variance, ¢?, is, 

N N 2 

Sx (33x) apiebebenn Yo\sd 
N N? 

Where: 

N= The total number of possible samples. 

X;=The estimate obtained from the 

atk sample. 

The average values for travel shown im- 

mediately below the column totals of table 1 

illustrate what is meant by an _ unbiased 

estimate. A technique yields an unbiased 

estimate when the average value of all pos- 

sible estimates of the same item obtained by 

the application of the technique equals the 

population value that is being estimated. 

In this example, the population value is 

45,000 vehicle-miles of travel. 

A frequency distribution of the estimates 

in table 1 is presented in table 2 to emphasize 

the tendency of sample estimates to cluster 

in a fairly symmetrical fashion about a central 

value with increasing sample size. 

Standard Error of Estimate 

Ordinarily, the results of only one sample 

are available, not of all possible samples. 

From this one probability sample can be 

calculated not only an estimate of the true 

value, but also an estimate of the standard 

deviation of the population of sample true 

values. The latter estimate is called the 

standard error of estimate. The larger the 

sample size for a given design, the smaller 

will be the standard error of estimate. 

Using the sample estimate of the true value 

and the standard error of estimate calculated 

from the sample, a range of values can be 

determined within which the unknown true 

value probably lies. This statement may or 

may not be correct in a given situation. 

Because the distribution of estimates from 

large samples tends to approximate the nor- 

mal, it can be shown that, were similar state- 
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Table 1.—AlIl possible sample estimates of total travel and all corresponding standard 
deviations derived from a hypothetical population of 6 households 

Sample number 

Total, all samples__.__-_____ 

Estimated travel (in thousands of vehicle-miles), based on all possible samples of— 

1 household | 2 households | 3 households | 4 households | 5 households | All households 

Average per Sample___________ 
Verianices seer eee. ae mee 

ments made for all possible samples of the 

same size, using the individual sample esti- 

mates each time, approximately 67 percent 

of the statements would be correct, provided 

that the range were based on one standard 

error of estimate. Approximately 95 percent 

of the statements would be correct, provided 

the range were based on two standard errors 

of estimate. In any given case, it may be 

assumed that the sample is one of 67 out of 

100 (one standard error) that yields ranges 

which include the true value; or, that it is 

one of 95 out of 100 that yields such ranges 

based on two standard errors. The confi- 

dence levels based on the results of a single 

sample can therefore be controlled by the 

number of standard errors that are used in 

defining the range. Moreover, for a given 

confidence level, the larger the sample size, 

the narrower is the range within which the 

true value probably lies. 

Within practical limits, the more important 

the decision to be based on the results of a 

sample, the more money will be paid to reduce 

the range, determined for a given confidence 

level, within which the true value lies. In 

other words, the more important the use to 

which the estimate will be put, the greater is 

the precision desired in the estimate. 

Some of the characteristics of standard 

errors of estimate and of their squares, the 

variances, can be illustrated with the hypo- 

22. 5 32. 4 45 
30.0 RE al benim rece om 
31.5 45:6 ene |!) a eee eee 
37.5 40, Sig) | aoe es 
39.0 1. Om) [ypsseessaaoe 
40.5 54S Oe oo eee 

CBE ee 40.5 eee aetna ee 
a 46.5 Seta as PS ae 
a ee re 48.0 SSeReemee See ot aeau 
pees eee 49.5 eee ican ees 
Sess no Se 54. 0 Bi ee PES ES - 
sanxsceoee 55 5 Sn Sa one dee eee 
set ee 57.0 Sotho coss bssee scat 
Pee 58. 5 See sees aaa S 
ee 64.5 eee SAN boa 

675 270 45 

45 45 45 

thetical population of six households. The 

values for the variances and standard devia- 

tions, shown in table 3 and illustrated in figure 

1, were derived from the formula, 

N-n i a=] > AT? 2 8 [» NA | n oa 

n 2 | 1 

Where: 

N=The population (six households). 

n=The sample size. 

xi=The value of the 7‘* household in a 

sample. 

The following observations may be made 

concerning table 3: (1) A sample containing 

only one unit cannot yield an estimate of the 

spread of the population of estimates from all 

possible samples which contain only one unit. 

(2) The formula results in an unbiased esti- 

mate of the variance as shown by comparing 

the values on the last line of table 3 with the 

next to the last line of table 1. (3) Similarly, 

the standard error of estimate is not an un- 

biased estimate of the standard deviation of 

the population of estimates from all possible 

samples of a given size. The bias decreases 

with increases in sample sizes. (The sample 

sizes ordinarily employed by the State high- 

way departments in planning studies should 

result in standard errors with negligible bias.) 

(4) The larger the sample size, the more stable 

Table 2.—Frequency distribution of all possible sample estimates of total travel derived 

from a hypothetical population of 6 households 

Class limits of estimated travel 
(1,000 vehicle-miles) 

Number of samples having indicated range of travel, based on all possible 
samples of— 

Nr wWrNwWRe 

9, 
LOO S100 (05sec oe ee ee ee 1 

1 household | 2 households | 3 households | 4 households 5 households | All households 
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Table 3.—Standard errors of estimates, s, and their squares, s?, for each of all possible estimates of travel derived from a hypothetical 
population of 6 households 

Oo ———————— 

Standard errors and their squares for estimates of travel, based on all possible samples of— 

Sample number 1 household 2 households 3 households 4 households 5 households All households 

s? s s2 Ss s? s s? s 3? Ss s? s 

(1) (1) 24 4.9 56 7.5 32. 75 5.7 26. 16 5.1 0 0 
() (1) 216 14.7 7 8.8 84. 00 9.2 58. 56 77 ll eas | 
() () 294 ia 86 9.3 86. 75 9.3 65. 76 S51 Bi ee ee eee 
(1) (1) 96 9.8 248 15.7 72. 75 8.5 65. 04 an Ms eee, Pi) sn 
(1) (1) 150 12.2 42 6.5 195. 00 14.0 54. 96 TAT Mee eee | eee 
(1) () 864 29. 4 216 14.7 194. 75 14. 0 45. 60 6.8" Ae ee ee 

chek ae Fe eS eae 6 2.4 218 14.8 50. 75 fil Bet ee ee pa == ee eee 
a ees ll Ree 600 24.5 584 24. 2 168. 75 13.0 yeas ees oe, |. eee ee a ee en | 
ot ee | = eee 1, 944 44.1 152 12.3 216. 00 14.7 ce Saas Jibs ts Pe - poi eee ae 
Ps 228 Gee 216 14 7 150 12. 2 140. 75 11.9 oo ee bp .. Se e SS Pee 
Se EN eee 150 1252 504 22.4 180. 00 13. 4 aoe Be caterer LA & Paninis ere 
oy tere A Pee as 1, 5386 39. 2 494 22.2 174. 75 13. 2 et, Se E Sar doe a Sea ee 2 ands Piatt 
oe ea) a eee Ss 864 29. 4 62 7.9 147. 00 12.1 oe Ts bse oie SS = See 
eee Bees ee 726 26.9 416 20. 4 140. 75 11.9 re es eee pote eS! oes tees 
re oe ll ge eer ee 216 14.7 402 20. 0 90. 75 O55 — PT eS - OED. DO ee tS Se ee | eee 
Be cee et) ees oe | ee | ee ee 504 22.4 coat ae os aes iE nes SS pe AS wr Leet aks seer ta 
SAE SOSA ec eee | eee eee ee a2 = 266 16.3 eS pee tng ct, beer Stem Bch & 2 Ph Se 
Me a tee P| eee | eee 392 19. 8 wees ae ~~ ee ee ATE ete vi Sd Ae: a 
ca ee A eS See eae re ee OM A oe eee 216 14 Te Wilh. Be WN Ook ce ee ee | ee 
ee ee en ee et  e  e a 182 13. 5 ee eS fee peti Pe) os pi wigs Se ee es | Sot oS 2a 

Ho talsrel| Sagi LOS ees se ee ees || eee es || ee 7, 902 296. 2 5, 268 305. 6 1, 975. 50 167. 5 316. 08 43. 2 0 0 

Averare perisallplese= seen set pee te | eee eenee 526. 8 19:7 263. 4 15.3 131. 70 ie? 52. 68 5D) 0 0 

1 Not applicable. 

is the value of the standard error from sample 

to sample. 

The length of each horizontal line in figure 1 

represents twice the standard error given in 

table 3 for each of the sample estimates. The 

starting point, indicated by the fork at one end 

of each horizontal line, is the estimate of total 

travel shown in table 1 for each sample of a 

given sample size. Each horizontal line is ex- 

SAMPLE SIZE - 5 

SAMPLE SIZE - 4 

SAMPLE SIZE - 2 

0 1O 20 30 40 50 

tended in the direction of the true value of 

total travel, the heavy vertical line at the scale 

value of 45. If the sample estimate is less 

than 45, the value of 2 standard errors is 

added; and if the sample estimate is greater 

than 45, the value of 2 standard errors is sub- 

tracted. The spacing between horizontal 

lines has no significance. 

Figure 1 shows that the various sample esti- 

60 70 80 90 100 
SAMPLE ESTIMATES OF TOTAL TRAVEL 

Figure 1.—All possible samples of a given sample size, plus or minus twice the correspond- 

ing standard errors (45 is the population value being estimated). 
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mates of total travel (table 1) plus or minus 

twice the corresponding standard errors (table 

3) produce ranges of values which include the 

population total that is being estimated in the 

following proportion of cases: sample size 2, 

11/15; sample size 3, 15/20; sample size 4, 13/15; 

and sample size 5, 5/6. These proportions are 

poor approximations of the proportion of 95 in 

100 which was previously mentioned. It must 

be remembered that the illustration is based on 

a small population with small sample sizes. 

Optimum Sample Design 

An important area in modern sampling 

theory has been the development of criteria for 

designing samples that will yield optimum 

results. The optimum is defined either as a 

specified standard error for the least cost, or 

as the smallest standard error for a given cost. 

Two sets of estimates and a predetermined 

standard are required in order to make use 

of the theory. The required sets are esti- 

mates of the unit costs of various study opera- 

tions and the standard deviations of the 

several groupings into which will be allotted 

all the elements making up the original popula- 

tion. The organization paying for the study 

must predetermine either the total amount 

of money to be spent on a study, or the 

standard error to be attained for a given 

sample estimate. Often the latter is specified 

and an upper limit is placed on the money to 

be spent. 

Estimates of the standard deviations of the 

several groupings must be calculated from 

data obtained in previous samples, from 

small-scale pilot studies, or from more or less 

educated guesses. Estimates of unit costs 

can be based on past experience. 

Insufficient data on variances and costs 

have made it difficult to ascertain whether 

an optimum sample design has been attained 

in past studies in which the Bureau of Public 

Roads has been interested. However, efforts 

have been made to achieve a specified standard 

error. For example, in both the latest motor- 
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_ vehicle-use studies and motor-vehicle accident 

cost studies, the samples were designed to 

attain standard errors that would be about 

7 percent of the estimate for a given total at 

the level of one standard error. 

One complication in the consideration of 

optimum design is that economic and traffic 

studies have been multi-purpose studies, and 

will likely continue to be multi-purpose 

studies. It is impossible to design one sample 

survey to produce a multitude of estimates, 

each with its own prespecified standard error. 

Someone must determine which single esti- 

mate, or possibly two or three estimates, are 

the most important. The sample is designed 

to attain the specified standard error or 

standard errors for these important estimates. 

The standard errors of the other subsidiary 

estimates must be accepted at whatever value 

the sample yields. For example, in the 

motor-vehicle-use studies the aim is now to 

attain the specified standard errors for two 

estimates: the total vehicle-miles for passen- 

ger cars driven by residents of a State, and 

the total vehicle-miles for trucks registered in 

a State. In the accident cost studies for 
passenger cars, the aim is now to attain the 

specified standard errors for three estimates: 

direct costs of fatal accidents, injury accidents, 

and property-damage-only accidents. 

Considerations in Sample Design 

Basic elements 

Thus far, some of the broad aspects of sample 

design have been viewed from afar. At this 

point some of the details of the problem of 

sample design will be considered at close range. 

This consideration begins with two defini- 

tions: An elementary unit is an individual 

member of the particular population on which 

measurements are desired and for which 

analyses are to be made from the survey 

results. A sampling wnit is either one ele- 

mentary unit or a number of elementary units 

which are grouped and treated as one for 

sampling purposes. 

Equating precision and cost 

Determination of the optimum sampling 

unit is not always simple. For example, a 

city may be regarded as a number of city 

blocks, a number of households, or a number 

of persons. The optimum unit is one which 

gives the desired precision for the sample 

estimate at the smallest cost, or the greatest 

precision for a fixed cost. For a given sample 

size, a large sampling unit is usually less 

expensive than a small unit, but it is often 

less precise. To attain a specified precision in 

the overall sample, it is often necessary to get 

data from more elementary units when they 

are grouped into sampling units than if the 

elementary units are sampled directly. The 

choice of sampling unit involves striking a 

balance between relative precision and rela- 

tive cost. Elementary units are grouped most 

often into sampling units when the sample 

design calls for one or more stages of sub- 

sampling. 

Two types of grouping of sampling units 

are practiced: units grouped into strata and 
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units grouped into clusters. Each type is 

formed under different conditions, but the 

underlying sampling principle is to achieve 

maximum precision per unit of cost. Both 

types of groupings may be practiced in the 

same sample design; use of one does not 

eliminate the other. 

Stratified samples 

A stratified sample is one in which the 

elements of the population are separated into 

fairly homogeneous groups and a sample is 

drawn to represent each group, each sample 

being independent of the one drawn from 

any other group. Stratification is resorted to 

in the hope of attaining increased precision 

for a given sample size, or a specified pre- 

cision for a smaller sample size. The amount 

of increase in precision of sample estimates 

accomplished by stratification will depend on 

the degree of homogeneity that is achieved 

within strata. This, in turn, depends on how 

effectively the strata have been defined. 

In defining strata, use should be made of 

all information that helps classify members 

of the population into groups which differ 

from one another with respect to the charac- 

teristic being measured, or with respect to 

the cost of collecting data. But, within each 

stratum, the sample must be a probability 

sample. 

Unless relatively large differences can be set 

up among the strata, the gain in precision will 

be only moderate or perhaps barely noticeable. 

Stratification is sometimes adopted for admin- 

istrative convenience and money savings with 

no prospect of reducing standard errors. This 

often occurs when a stable field organization 

exists, and it is less costly to use the estab- 

lished setup than to form a temporary organi- 

zation for a single effort. 

The criteria used in forming strata should 

be fairly well correlated with the changes in 

the value of the important characteristic so 

that stratum boundaries may be readily 

determined. As a general rule, most of the 

gain in precision has been attained with the 

use of one criterion that is strongly correlated 

with the values of the item to be estimated. 

Other criteria that are well correlated with the 

values of the item to be estimated are prob- 

ably also well correlated with the first cri- 

terion. For two reasons, therefore, it is often 

uneconomical to spend much time on stratifi- 

cation. In the first place, stratification may 

provide little gain in precision since no marked 

differences can be segregated; and secondly, 

most of the gain has been realized in the 

application of one or two well-correlated 

criteria. 

The preceding discussion should not lead 

anyone to forget the obverse. Stratification 

can yield marked gains in precision, the 

amount of the gain being proportional to 

sizes of the differences among the strata. 

A general rule for optimum results is that 

the number of sampling units to be selected 

from any stratum should be directly propor- 

tional to the variability of the units and 

inversely proportional to the square root of 

the costs for collecting and processing the 

data from the stratum. 

Cluster samples 

The formation of clusters for sampling pur- 

poses is most often resorted to in area sam- 

pling. Clusters are formed from the sampling 

units or elementary units that are found in a 

more or less compact area. Cluster sampling 

may also be applied to lists or to files of 

reports as a technique to save examination of 

every unit or to save listing costs. 

The guiding principle in the formation of 

clusters is that the component units be as 

heterogeneous as possible. This is the op- 

posite of the rule for forming strata. Insofar 

as possible, each cluster is made as hetero- 

geneous as the population, or as some sub- 

population. If this were perfectly possible, 

the examination of all elements in one cluster 

would be sufficient to yield an acceptable 

estimate. This is generally not possible. 

Contiguous units tend to have similar charac- 

teristics. Because of this tendency, a cluster 

sample of a given size yields less precise 

estimates than stratified samples of the same 

size. Hence, somewhat larger sample sizes 

are required for cluster samples than for 

stratified samples to attain a desired precision 

of estimate. The increase in sample size is a 

function of the average similarity of the units 

composing the clusters. 

Despite the increase in sample size, cluster 

sampling often results in reduced costs, and 

the cost reduction may be substantially greater 

than that experienced with simple random 

sampling of ungrouped data or stratified 

sampling. These cost economies are realized 

in savings in travel costs, administrative costs, 

and listing costs. 

Stratification and cluster sampling may be 

used in the same sample survey. They are 

merely methods of grouping. Stratification 

xan yield a gain in precision for a given sample 

size or result in a smaller sample for a given 

precision. Clustering can yield a savings in 

certain aspects of survey costs despite an 

increase in sample size. 

Selecting the Sampling Method 

Whether sampling units are grouped or not, 

they must still be selected for a study. Three 

selection methods are in common use: simple 

random sampling, systematic sampling, and 

sampling with unequal probabilities. 

the first two methods are often treated syn- 

onymously, and since the third may be un- 

familiar, it may be well to define these terms. 

A simple random sampling of n sampling 

units is one selected so that each combination 

of the n units has the same chance of being 

selected as any other combination. 

A systematic sample of n sampling units is 

one in which a constant selection interval is 

applied n times in step fashion to the ordered 

elements of a population. 
A sample selected with unequal probabilities 

is one in which the sampling units composing 

a population have been assigned varying 

weights, and the chance for the selection of 

any unit is proportional to its assigned weight. 

The basic difference between systematic and 

simple random samples is that not every com- 

Since 

(Continued on page 252) 

249 



250 

STATE LEGAL MAXIMUM LIMITS OF MOTOR VEHICB! 

Prepared by t : 

a Longin tet? Musaeeniat temeditnne Kale lsadasounds siete 

Freer na ae ores oe ae 
; ruc mie Fi ; 

ne Saris eae Hodis : : ie Bre Seni Full eailer ; Including t Including s ed 

ae rock oa semi- cored trailer trailer and full UES) statutory Ba tLey/ statutory ype of restri 

fenee nation Peller limit enforcement limit enforcement 

tolerance | tolerance 
cl | dE 

1 | Alabama 96| °12-6 35 40 50 NP 1 NP NP 18, 000 19, 800 36, 000 39, 600 | Table 
2 | Arizona 96 13-6 40 40 65 65 1 1 2 18, 000 32, 000 Table 
3 | Arkansas 96 13-6 35 40 50 50 1 1 NP 18,000 718,500 32, 000 32, 500 | Spec. maximum® 
4 | California 96 13-6 35 35 10°65 10 65 NR NR NR 18,000 sel sial 32, 000 Table 

Ee ime ie T T igi aaa = 
5 ‘|Colorado 1196) 1213-6 35 40 60 60 1 2 2 18, 000 36, 000 Formula-spec. lis 
6 | Connecticut 102 12-6 50 50 50 NP 1 NP NP 22, 400 22, 848 36,000 36, 720 | Spec. lim.-tire ca 
7 | Delaware 96| °12- 49 42 50 60 ] ] 2 20, 000 36, 000 able-spec. limit 

| _8 [District of Columbia 96| 12-6 35 35 50 80 1 1 NP | 22, 000 38, 000 Table 
Ee ei sal 

9 | Floride 96| °12-6 14 35 40 50 50 1 NP 20, 000 22,000 40, 000 44,000 | Table 
10 | Georgia % 13-6 15 +39 15 +45 50 50 1 NP 18, 000 20, 340 36, 000 40, 680 | Spec. maximum! ¢ 

V1 | Hawaii 108 13-0 40 40 55 65 1 7 24, 000 32, 000 Formula!” 
12 | idaho 18 96 14-0 35 19 49 60 65 1 2 20 18, 000 20 32, 000 Table? 

Baek 4 — a ae 

13 | IWlinois % 13-6 42 42 50 50 1 2| 2118, 000 | 32, 000 Spec. lim.-tire ca 
14 | indiana 96 13-6 36 40 50 50 1 2} 7318000) 23 19,000 | 7°32,000}  2333,000 | Spec. lim.-tire cx 
15 |lowa 56 13-6 35 19 49 50 NP BO NP 18, 000 18, 540 32, 000 32, 960 | Table 
16 | Kansas 96 13-6 35 19 49 50 50 | 1 NP | 18, 000 4 32, 000 Table 

Soe =I —- 
17 [Kentucky 96 | 2513-6 26 35 2635 27 50 NP 1 NP NP 18,000} 2818, 900 32,000 | 7°33, 600 | Spec. lim.-tire cc 

18 | Lovisiana 96| §12-6 35 19 40 50 60 1 ] NP 18, 000 32, 000 Axle lim.-tire ca 

19 | Maine 96| °° 12-6 50 50 50 50 1 1 NP 3° 92, 000 30 32, 000 Table-tire cap. 

20 | Maryland 96 eanls8 | 55 55 55 55 NR NR NR 22, 400 31 40, 000 Formula 
ces - + ees | 

21 | Massachusetts 96 NR 35 19 40 3150 NP ] NP NP 22, 400 36, 000 Table-spec. lin 

22 | Michigan 96 13-6 35 40 55 55 1 1 2| 33 18,000 3432, 000 Axle lim.-tire ¢ 

23 | Minnesota 96 13-6 40 40 50 50 i) 1 NP 18, 000 32,000 Table 

24 | Mississippi 98 | © 12-6 35 40 Bord 0) 50 1 1 | NP 18, 600 28,650! 3532, 000! Table-tire cap. 

25 | Missouri 96 12-6 35 40 50 50 if 1 2 18,000 32, 000 Table 

26 | Montana 18 96 13-6 35 40 60 60 1 ] 372 18, 000 32, 000 Table | 

27 | Nebraska 96 13-6 40 40 60 60 1 1 2 18, 000 18, 900 32, 000 33, 600| Tabie 

28 | Nevada 96 NR NR NR NR NR NR NR NR 18, 000 18, 900 32,000 33, 600| Table 

eae ms as ae { 
29 | New Hampshire 96 13-6 35 35 40 50 50 NR NR NR 22, 400 36, 000 Tables-spec. li 

30 | New Jersey 96 13-6 35 39 35 45 0050 1 1 NP 22, 400 23, 520 32, 000 33, 600| Spec. limits 

31 | New Mexico 41 96 13-6 40 40 65 65 1 1 2 21,600 34,320 Table 

32 | New York 96 13-0 35 We NS 50 50 1 1 NP 22,400 36, 000 Formula 
= 4 

33 | North Carolina f 96| © 12-6 35 19 40 B50) 43° 50 1 ] NP 18, 000 19, 000) 36, 000 38, 000/ Spec. limits 

34 | North Dakota 96 13-6 14 35 19 40 60 60 1 1 2 18, 000 32, 000 Formula 

35 | Ohio 96| 13-6 35| 1940 50 60 1 NR NR 19, 000 4481’ 500 Formula 
36 | Oklahoma 96 | 13-6 35 45 50 50 au 1 = 18, 000 | 32, cal Table 

37 | Oregon ; 96 #2 12:6 35 35 4Q} 46,35 55 35 65 1 1 352) 47 18,000 47 32, 000 Table48 
38 Pennsylvania 96 12-6 35 19 40 50 40 50 1 1 NP 22, 400 23, 072 36, 060 37, 080] Spec. limits 4? 
39 | Puerto Rico 96 12-6 NS NS NS NS NS NS NS NS Spec. lim.-tire ¢ 
40 | Rhode Island 102 12-6 40 40 50 50 1 1 NP 22, 400 NS Spec. limits 

41 | South Carolina 96 |45 12-6 14°35 19 40 50 60 ] 1 NP 20, 000 32, 000 Table 
42 | South Dakota 96 , 13-0 35 40 50 60 ] xe ] 2 18, 000 32, 000 Table 
43 | Tennessee 96 12-6 35 40 50 50 ] 1 NP 18, 000 32, 000 Table 
44| Texas 96 ea 35 40 50 50 | VW 1 NP 18, 000 18, 900 32, 000 33, 600| Table >* 

- Lesh : pe Pe 45 45 60 60 NR NR NR 18, 000 33, 000 Table 

47 | Virginie 96 | $12.6 35| 3840 20 3) NP} 18,000 57 32, 000 Tele a f ; able 
48 | Washington 96 13-6 35 19 40 oo) 58 65 ] 1 ae) 18,000} °° 18,500 32,000 | 5° 33,000! Table-spec. lim 

—— —t —t —+——— —- 

49 West Virginia 96 : 12-6 35 19 40 50 50 1 ] NP 18, 000 18, 900 32, 000 33, 600 Table | 
50 Wisconsin 96 12-6 35 40 50 50 1 1 NP 18,000} °° 19, 500 30, 000 32, 000| Table-formula®’ 
51 | Wyoming 96 13-6 40 + 40 60 60 1 1 2 18, 000 32,000 | °? 36,000} Table | 

he. 52 | Alaska 96 12-6 35 19 40 60 60 1 1 2 18, 000 32, 000 Table-tire cap. 
— —}- te + ——E u 

AASHO Policy 96 12-6 35 19 40 50 | 60 1 1 NP 18, 000 32, 000 Table { 

Higher 3 30 18 29 18 10 6 8 25 31 29 Formula | 
Number of States Same 49 22 34 19 33 12 46 40 27 21 21 Table 

Lower | 0| 0 0 4 1 30 0 4 0 0 2] _|[Specitied limits 

NP—Not permitted. NR—Not restricted. NS—Not specified. 14 Three-axle vehicles 40 feet. 

Various exceptions for farm and construction equipment; public utility vehicles; house trailers; urban, suburban, and school 15 Truck 39,55 feet; bus 45.20 feet. 
oes aes of gee as and forest products; at wheels of vehicles; for safety accessories, on designated highways, and as 1663280 pounds maximum, except on roads under Rj 

administratively authorized. 17700 (L+40) when L is 18’ or less; 800 (L+40) wh 
2 Various exceptions for utility vehicles and loads, house trailers and mobile homes. with span is 20’ Ss over. 

‘ When not Fpl to number possible in practical combinations within permitted length limits; various exceptions 18 Buses 102 inches on highways of surfaced width: 

or farm tractors, mobile homes,etc. 19 Less than three axles 35 feet. 

Legally specified or established by administrative regulation. 20Ssecial limits for vehicles hauling timber and tim 
Computed under the following conditions to permit comparison on a uniform basis between States with different types of including livestock; single axle 18,900 pounds, tandem 

regulation: mitted 66,000 pounds maximum at 21-foot axle spacing, 
A. Front axle ae of 8,000 pounas: foot axle spacing. 

B. ooh Be an eiadiny seg lihel length limits: 210n designated highways; 16,000 pounds on other 

inimum front overhang of 3 feet. 22 Without tandem axles 45,000 pounds. 
(2) In the case of a 4-axle truck-tractor semitrailer, rear overhang computed as necessary to distribute the maximum 230n designated highways; single axle 22,400 poun 

possible uniform load on the maximum permitted length of semitrailer to the single drive-axle of the tractor and to the tandem excesses of weight under one or more limitations of axl: 
axles of the semitrailer, within the permitted load limits of each. 241 imited to4 wheel trailer towed by truck not exce: 

(3) In the case of a combination having 5 or more axles, minimum possible combined front and rear overhang as- 25 Class AA highways; 12 feet 6 inches on other hig 

sumed to be 5 feet, with max imum practical load on maximum permitted length of semitrailer, subject to control of loading on axle 26On designated highways; trucks 26.5 feet and bus 

groups and on total wheelbase as applicable. 27Class AA highways; 45 feet on other highways. 
: C. including statutory enforcement tolerances as applicable. 28Class AA highways only. 
awe transports 13 feet 6 inches. ; 29 Maximum gross weight on Class A highways 42,0( 
Mia oes sry to romplnatlons siatincen ee ee ee etc 30 Including load 14 feet; various exceptions for veh 

i pounds on load-carrying axles, exclusive of steering-axle load. 31 Effective September 21, 1959. 

: - ect ice os or suburban service under special permit from P.U.C. 40 feet, also 3-axle buses with turning 32 Subject to axle and tabular limits. 

radius less than 45 feet without restriction. 33 Single axle spaced less than 9 feet from nearest < 
ay eeoee Tenenetity 18, 1959 on Interstote, 4-lane, and designated State highways. 340n designated highways only and limited to one to 

uses inches. 35Qn designated highways only. 
12Qn designated highways; 12 feet 6 inches on other highways. 36 Auto transports permitted 50 feet. 
13 Legal limit 60,000 pounds, axle spacing 27 feet or more. 37Semitrailer and semitrailer converted to full traile 

December 1959 e PUBLIC ROADS 

thd 

dt 

dt 

Ind 



iD WEIGHTS COMPARED WITH AASHO STANDARDS 

wads, July 1, 1959 

Specified maximum gross weight—pounds * Practical maximum gross weight—pound s° 

Total Other Other Li 

hee! combi- = ne 
an 2-axle 3-axle 3-axle 4-axle 5-axle Pe cis 2-axle 3-oxle 3-axle 4-axle 5-axle sia 

only 

; x 27,800 47,600 47,600 60,01 o| 64,650 NP| 1 
Under 18 Over 18 26,000 40,000 44,000 58,000 72,000 76,800 2 
er near iss spe 40,500 45,000 59,000 65,000 65,000 3 

ver nder e 6,000 40,000 44,000 58,000 72,000 76,000 4 

30,000 46,000 26,000 44,000 44,000 62,000 76,000 76,000 5 
32,000 50,000 50,000 60,000 60,000 NP 30,848 44,720 51,000 61,200 | 61,200 “NP 6 
30,000 46,000 48,000 60,000 60,000 60,000 28,000 48,000 48,000 56,350 60,000 60,000 7 

30,000 46,000 52,000 58,450 61,490 64,650 8 
+ + a 

30,000 52,000 52,000 65,200 73,095 73,095 
63,280 28,340 48,680 48,680 | 63,280 63,280 63,280 

32,000 38,800 56,000 62,800 69,600 78,000 
[ al 26,000 40,000 44,000 | ‘A 72,000 76,800 

36,000} 7? 41,000 45,000 59,000 72,000 72,000 26,000 40,000 44,000 58,000 72,000 72,000 
72,000 27,000 41,000 45,000 59,000 23 73,000 | 23 73,000 

Beas: 40,960 45,080 | 59,500 73,280 NP 
6,000 40,000 44,000 55,470 63,89 63,890 

fi Seer —+ — nee —— + — a 

36,000 50,000 54,000 59,640 59,640 NP 26,900 41,600 45,800 59,640 59,640 NP 17 
Se 26,000 40,000 44,000 58,000 72,000 76,000 18 

32,000 50,000 50,000 60,000 60,000 60,000 30,000 40,000 52,000 60,000 60,000 60,000 19 
65,000 65,000 65,000 65,000 30,400 48,000 52,800 65,000 65,000 65,000 20 

52 46,000| 32 60,000} 3260,000| 32 60,000 32 60,000 NP 30,400 44,000 52,800 60,000 60,000 NP 21 
26,000 | *°5 40,000 44,000 | °5 58,000 35 66 000 |§5 102,000 22 
26,000 40,000 44,000 58,000 68,000 72,500 23 

be 26,000 36,650 44,000 54,650 35 58.000 | 35 58,000 24 

26,000 L 40,000 44,000 55,470 64,650 64,650 25 
Over 18’ 26,000 40,000 44,000 58,000 72,000 76,060 26 

36,000 54,000 54,000 71,146 71,146 71,146 26,780 41,200 45,320 59,740 73,280 73,280 27 
Over 18’ 26,900 41,600 45,800 60,000 74,000 76,800 28 

33,400} °8 47,500 52,800 66,400 30,400 44,000 52,800 66,400 66,400 66,400 29 
30,000 40,000 60,000 60,000 60,000 60,000 31,500 41,600 55,040 63,000 63,000 63,000 30 

Under 18’ 29,600 42,320 51,200 63,920 76,640 86,400 3] 
65,000 65,000 30,400 44,000 52,800 65,000 65,000 65,000 32 

31,500 46,200 46,200 65,100 $5,100 65,106 27,000 46,000 46,000 65,100 65,100 65,100 
Under 18' 26,000 38,000 44,000 56,000 64,000 64,000 

27,000 39,500 46,000 58,500 71,000 78,000 
xX 26,000 40,000 nas) 58,000 72,000 73,280 

Under 18’ Over 18’ | 48 74,000 | 48 76,000 26,000 40,000 44,000 58,000 48 72,000 | 48 76,000 37 
33,000 47,000 50,000 60,000 60,000 62,000 31,072 45,080 51,500 61,800 61,800 63,860 38 

39 
5036000; 51 44,000| 550,000 13 60,000 60,000 88,000 30,400 44,000 50,000 60,000 60,000 88,000 40 

28,000 40,000 48,000 $0,000 66,839 71,115 4l 
26,000 40,000 44,000 58,000 72,000 73,280 42 
26,000 40,000 44,060 58,000 61,580 43,500 43 
26,900 41,600 45,800 60,500 75,200 75,600 44 

26,000 ip 41,000 44,000 59,000 74,000 79,900 45 
30,000} 55 50,000 50,000 | 5° 60,000 56 69000 | 5° 60,000 30,000 | 55 50,000 50,000 60,000 60,600 60,000 4 

35 56800 | 35 56,800 26,000 40,000 44,000 56,800 56,800 56,800 47 
28,000 36,000 46,000 60,000 68,000 72,000 26,000 36,000 44,000 60,000 68,000 72,000 48 

X 26,900 41,600 45,800 57,844 63,840 63, 840 49 
xX 27,500 40,000 47,000 59,500 68,000 68,000 50 
x 26,000 44,000 62,000 73,950 73,950 5] 

Under 18’ 29,000 43,000 47,000 61,000 75,000 75,000 26,000 40,000 58,000 72,000 75,600 52 

47 40 25 
18 3 2 0 

| 1 9 26 

1000 pounds maximum. 
900 (L+40) on highways having no structures 

vise as administratively authorized. 

\entrates, aggregates, and agricultural products 

ts weight table: vehicle with 3 or 4 axles per- 

ixles permitted 79,000 pounds maximum at 43- 

rounds; tolerance of 1,000 pounds on total of all 

sight. 

ivays. 

lighways 30,000 pounds. 
slucts and construction materials. 

unds. 

n; otherwise 26,000 pounds. 
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38 Dual-drive axles; otherwise 40,000 pounds. 
39 Or as prescribed by P.U.C. 
4° Exception for poles, pilings, structural units, etc., permitted 70 feet. 

410n designated highways 102 inches. 
42 Trackless trolleys and buses 7 passengers or more, P.S.C. certificate 40 feet. 

43 Including front and rear bumpers. 
44 Approved equipment 73,280 pounds. 
45 Certain types of vehicles and commodities under special permit on designated highways up to 13 feet 6 inches. 

4660 feet allowed truck tractor semitrailer on major routes designated by permit. ; 
47 Logging vehicles permitted 3-foot wheelbase tolerance, 19,000-pound single axle, 34,000-pound tandem axle. 
48 Governs gross weight permitted on highways designated by resolution of State highway commission or by permit. 

49Single unit truck with 4 axles permitted 60,000 pounds. 
50 Axles spaced less than 6 feet 32,000 pounds; less than 12 feet 36,000 pounds; 12 feet or more gross weight governed by 

axle limit. 
51 Single vehicle with 3 or more axles spaced less than 16 feet 40,000 pounds; less than 20 feet 44,000 pounds; 20 feet or 

more governed by axle limit. 
52 Tractor semitrailer with 3 or more axles spaced less than 22 feet 46,000 pounds; not less than 27 feet 50,000 pounds. 

53 Limited to 3,500 pounds. 
54 Effective January 1, 1960. 
55 On Interstate routes 40,000 pounds. 
56 Tandem axles on trailer equipped with adequate brakes. 
57 Vehicles registered before July 1, 1956, permitted limits in effect January 1, 1956, for life of vehicle. 

58 Three-unit combinations on designated highways. 
59 Vehicles hauling logs permitted wxeelbase and gross weight tolerances. Discretionary enforcement tolerances not in- 

cluded in computation of practical maximum gross weights. 
6 axle load 21,000 pounds on 2-axle trucks hauling unmanufactured forest products. 

610n Class A highways. 
62 Based on ruling of Attorney General. 
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(Continued from page 249) 

bination of n sampling units has a chance of 

being selected when sampling systematically. 

The emphasis here is on the word ‘‘combina- 

tion,’’ because in both schemes each sampling 

unit has the same weight and the same chance 

of selection. The difference in the two tech- 

niques can easily be seen in the following 

example. 

Assume a population of 6 sampling units, 

numbered 1, 2, 3, 4, 5, and 6, and that it is 

desired to select 2 units for the sample. With 

simple random sampling, 2 random numbers 

less than or equal to 6 would be found in a 

table of random numbers to determine the 

units selected. One of the following 15 pos- 

sible combinations would be chosen: 

IY ak oo pe 2 3, 5 
(7335-2 ee aA Oa 3, 6 
en ee are 955 1 Rae EAe 4, 5 
ee ee en 2eG2 eeeoe 4, 6 
1 6:2 58a Sek. - aay” 5, 6 

With systematic sampling, a random start 

less than or equal to 3 would be found in a 

table of random numbers and every third 

sampling unit thereafter would be selected. 

One of the following 3 combinations would 

be chosen: 1 and 4, 2 and 5, or 3 and 6. Note 

that each sampling unit in a systematic sample 

can appear in only one combination of units. 

Each such combination may be considered a 

cluster. One cluster is selected in systematic 

sampling. 

Simple random sampling 

Simple random samples are generally not 

drawn for large-scale sample surveys. It is 

time-consuming and difficult to administer and 

control the selection and the use of n random 

numbers in a large-scale sample survey. How- 

ever, the use of this technique, when it is 

beneficial from the cost standpoint, makes 

possible the calculation of an unbiased esti- 

mate of the contribution by a population or a 

stratum to the sampling variances. 

Systematic sampling 

Systematic sampling has two possible dis- 

advantages. The first occurs when a popula- 

tion contains periodicities or is subject to trend. 

Systematic samples may then be ineffective in 

revealing the variation in the data. For ex- 

ample, assume that it was desired to sample 

enlisted personnel living on army posts in order 

to get data on motor-vehicle use. Further, 

suppose that a listing of names by barracks 

were available, that the name of a master 

sergeant generally headed the listing for each 

barracks, that 50 men were quartered in each 

barracks, and that the sampling rate were 1:25 

with a random start of 1. The systematic 

sample would contain an excess of master 

sergeants whose characteristics, insofar as 

motor-vehicle use is concerned, would prob- 

ably differ markedly from personnel of the 

lesser grades. This example also illustrates 

one of the criteria for cluster sampling—the 

need for making each cluster as heterogeneous 

as possible. As noted earlier, a systematic 

sample may be regarded as a single selected 

cluster. When a population contains peri- 
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odicities and the sampling rate coincides to 

some extent with the period, the resulting 

sample is unduly homogeneous. The second 

disadvantage to systematic samples, usually 

surmountable, is that calculation of an un- 

biased estimate of the sampling variance is 

impossible with most designs employing this 

technique. 

Systematic sampling has two important 

advantages. First, it is easy to administer; 

and second, if the arrangement of the popula- 

tion is such that the sampling units are essen- 

tially stratified, a systematic sample will be 

equivalent to a proportionate stratified sample 

with whatever gains in precision may be 

yielded by stratified sampling. For example, 

a file of reports may be arranged by counties 

within State highway districts. Sampling 

systematically from the file results in a sample 

that is stratified geographically. 

Sampling with unequal probabilities 

Underlying the techniques of simple random 

sampling and systematic sampling is the as- 

sumption that each sampling unit has approx- 

imately as much to contribute as any other 

sampling unit; hence, all units should be 

assigned equal weights. Also underlying 

these techniques is the second assumption 

that any one possible combination of sam- 

pling units is as acceptable as any other possible 

combination. When either of these two as- 

sumptions is grossly unrealistic, sampling with 

unequal probabilities is employed. 

When the first assumption is not applicable, 

the technique most frequently adopted is to 

select sampling units with probability propor- 

tionate to some measure of the size of each 

sampling unit. Size does not necessarily 

mean volume or area. It means a function 

of the value of some characteristic, such as a 

total or the square root of a total, that is of 

interest in a sample study, or a function of 

the value of some other nonstudy character- 

istic that is highly correlated with the one 

being investigated. Sampling with proba- 

bility proportionate to size often results in 

precision attained at a cost that is satisfac- 

torily close to that yielded by an optimum 

design. 

Sampling with probability proportionate to 

size has been practiced in the motor-vehicle- 

use studies conducted by some States. These 

studies are based on samples of dwelling units 

selected after several stages of sampling. 

In the first stage, all areas and places in a State 

are stratified. The estimated number of 

dwelling units in each area or place composing 

a stratum determines the chance for the selec- 

tion of the area or place. 

Problems of Nonresponse and Quality 

Control 

In addition to the foregoing general treatment 

of some of the problems of sample design and 

sampling practices, two problems will now be 

discussed that apply as much to complete 

censuses as tosamplesurveys. These problems 

are nonresponse and quality control. 

The larger the rate of nonresponse in any 

study, the more questionable the results of 

the study when applied to the entire popula- 

tion. It is often comfortably assumed that |} 
the nonrespondents have the same distribu- | 

tion of characteristics as respondents. Too | 

often this assumption is not justified. Infer- | 
ences of greater validity concerning the entire | 

study population will be drawn if the nonre- | 

sponse rate is reduced to such a level that, | 

whatever the distribution of characteristics in 

the nonresponse group, it would not seriously 

have changed the distribution as estimated 

from the data received from the respondents. 

Research studies form the basis for decisions 

of some importance or they would not be con- 

ducted. The decisions should be based on | 

relatively accurate data. A rule of thumb 

that has recently been applied by the Bureau 

of Public Roads in sample studies designed to 

obtain economic data is that the nonresponse 

rate should not be greater than 8 percent. 

To attain this rate or better can be costly, 

but possibly less costly than the results of 

decisions based on inaccurate estimates. 

In modern sampling practice, considerable 

stress is given to the control of the quality of 

the final product. Sampling theory as de- 

scribed in this article and as presented in the 

literature aims at getting estimates of so- 

called true values with a given precision at 
minimum cost. Poor quality in question- 

naire design, interviewer training, supervision, 

data processing, or any combination of these 

will generally yield different estimates of true 

value and precision than would have been 

obtained had a better quality of work been 

sought. Is a true value based on work of 

poor quality an acceptable outcome for a 

research study? The answer is obvious. 

No inference is intended with respect to the 

quality of any past sample studies. The 

intent is to foster a greater awareness of 

procedural pitfalls that may beset researchers 

in areas other than sample design. 

Variations in Stratified Sampling 

Procedure 

Since stratified sampling has been adopted 

in many designs used by the State highway 

planning organizations, a closer look at two 

variations of this procedure may prove helpful. 

These variations are proportionate stratified 

sampling, in which the same proportion of 

sample cases is selected from each stratum, 

and optimum allocation, in which the number 

of sample cases to be selected from each 

stratum, not the proportion, is determined so 

as to yield optimum results. In both varia- 

tions simple random sampling is used to select 

sampling units from each stratum. 

Symbols will be used to generalize the 

exposition of the two variations. Some de- 

ductions will be drawn from the generalized 

expressions, and some explanation will be 

given. No attempt will be made to prove 

the formulas.! 

1 For a more detailed explanation of these and of other as- 

pects of sample design, the reader may refer to Sample Survey 

Methods and Theory, Volume I, Methods and Applications, 

by Morris H. Hansen, William N. Hurwitz, and William 

G. Madow, or to Sampling Techniques, by William G. 

Cochran. Both texthooks were published by John Wiley 

and Sons, Inc , New York, 1953. 
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N, =Total number of sampling units 

in ht’ stratum. 

n>», = Number of sampling units selected 

from h** stratum. 

L =Total number of strata. 

L 

N = >)N,=Total number of sampling 
h 

units in the population. 

L 

n => )n,=Total sample size. 
h 

Xni= Value of a characteristic of 7 

unit in h¢* stratum. 

Th 

Xo. > »X n= Value of a characteristic 
i 

for all units selected from h‘* stra- 

tum. 

IL Mm, 

=>) >)Xn=Value of a charac- 
h i 

teristic for all sample units. 

Th 

Deis 
Xa= a aoe! = Mean of the char- 

e Th Nh 

acteristic for the sample units in 

hth stratum, 

— N,2 
X,=NaXa= 7 D4 X hi 

h ji 

= Estimate of a total for the ht 

stratum. 

L L Np Wh 

Xa es Xx,= De Ge Py X n= Esti- 

h h Ls 

mate of a total for the population. 

‘s =Reciprocal of the sampling irac- 
h 

tion used in the h‘* stratum. 

mr oF 

DS (X ni— X 2)? 
i 

n,—1 

= An estimate from the sample of the 

$= 

square of the standard deviation, 

(the variance), of the population 

of sampling units in the h* stratum. 

H(n Bx) 
Nn 

Si= Nil 
=The variance of the population of 

sampling units in the h** stratum. 

Yar=An estimate of the value of the 7‘ 

unit in the h‘* stratum obtained 

from sources other than thesample. 

Nh Na 2 

Ne (ya)? — > ye) 
t 

T= Ni(Na—D 
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= An estimate of the variance, S?, of 

the population of sampling units in 

the hth 

sources other than the sample. 

stratum obtained from 

cL 
2 (Na—nn) ee sy hh Ua 2 x a h Ninn Sh 

= The square of the standard error of 

estimate of XY’. 

Since n;/No=no/ No Ni 

tionate stratified sampling, a 

formula for this design would be 

in propor- 

simplified 

Nana 
ps > Nns} 

mM h 

In proportionate stratified sampling, once 

n is known, the various n, values are de- 

termined from n,=N, (n/N). In optimum 

allocation, the various n;, values are de- 

termined by one of the two following formulas: 

NSa Sr=V Ci, 
n or n,=— — 

=(N,Sn-VG,) 

Where: 

C,=The variable cost from stratum to 

stratum for collecting and processing 

the data. 

The first allocation formula should be 

used in all cases except when the variation 

in the cost factors among the strata is of the 

magnitude of 3 or more, since it is the square 

root of the costs that enters into the formula. 

Since proportionate stratified sampling 

uses a constant sampling traction, it is rela- 

tively simple to produce estimates of popula- 

tion characteristics from the sample. This 

advantage is worth preserving unless optimum 

allocation producas a marked gain in sample 

efficiency. The following computations will 

aid in arriving at a choice between the two 

alternatives. 

L 

aS SEN (Se Ts, N Lad 3 

or 

2 1 a m kage ty _ | )2 oT aN 24 N,(T Te) 

Where: 

L L 

Si i arvel IMs je 

oS, i 
2 ==——— SS 

Vas (Bye OT CP): 

When V5, or Vp, equals one-third, optimum 

allocation will yield a squared standard error 

of estimate that is about 90 percent as large 

as that yielded by proportionate stratified 

sampling. 
When V2, or V7, equals 1, optimum alloca- 

tion will yield a squared standard error of 

estimate that is about 50 percent as large 

as that yielded by proportionate stratified 

sampling. 

Therefore, it would be good practice to use 

proportionate stratified sampling when VS, 

is of the magnitude of one-third or smaller; 

otherwise use optimum allocation. 

Implicit in the preceding formulas is the 

assumption that good estimates are available 

for S;, the population values of each stratum’s 

standard deviation. When good estimates 

of the S, values are not available, but it is 

possible to determine a measure of size, Ya, 

for each stratum, and it is known that the 

Y, values are fairly stable over the years, 

then a good approximation to optimum 

allocation can be determined by 

So-called “optimum allocation’? may yield 

less precise results than proportionate strati- 

fied sampling if good estimates of S$, values 

are not available or the Y, values are not 

suitable. 

Thus tar, some formulas have been pre- 

sented for determining the allocation of the 

total sample to each of the strata. No for- 

mulas have been given to calculate the total 

size of sample to be allocated. The following 

formulas may be applied in the ease of pro- 

portional stratified sampling: 

NS N WZ 
n= 2 NiSi or 5, > N27? 

Where: 

no= First estimate of total sample size. 

d?=The square of the desired standard 

error of estimate. 

If n,/N is of the magnitude of one-tenth or 

greater, compute 

2|5 

The following formulas may be used for 

optimum allocation: 

Gray (bur) 
>> NS? “aH N,T? 

In area sampling especially, strata often 

vary considerably in size. A good rule when 

different sampling fractions are used for the 

several strata, as in optimum allocation, is to 

define strata measuring approximately equal 

in size. It may be found that some areas or 

clusters of sampling units are much larger 

than the generality. Each of these large 

areas may be set apart as a self-representing 

area composing a stratum. A _ satisfactory 

arbitrary rule to follow is to define a stratum 

with only one area or extra large cluster when 

the following relationship holds. 

Y, 
Yorea=5, 
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Where: 

Yarea= Measure of size for the area. 

Y =Total measure of size. 

n = Desired sample size. 

Possible Application of Sampling 

Procedures 

The theory and formulas presented in this 

article should find ready application in much 

of the data collection activities of highway 

planning organizations. One such activity 

may be singled out as an illustration, namely, 

the collection of data on local government 

finance. In most States, data are collected 

from the entire population of local govern- 

ments. <A stratified sample may be designed 

as an alternative. 

Local governments may be stratified for 

example on the basis of total receipts, total 

expenditures, or the sum of the two. If some 

local governments levy one type of tax which 

others do not, this may serve as a basis for 

stratification. The relatively few large cities 

may be set up as self-representing areas. 

Values of 7; for each stratum may be com- 

puted from data for the preceding year. The 

Nx values will be known. Either a propor- 

tional stratified sample or a sample using 

optimum allocation may be drawn, depending 

on the value of Vr, If it is decided to adopt 

optimum allocation, the allocation formula 

probably need not take the square root of 

cost, VC, into consideration. 

The opportunity to improve the quality of 

the data should not be overlooked. It may 

be possible, with sampling, to modify forms 

and techniques to assure better quality. 

Modification of procedure 

One objection that has been raised to the 
application of sampling in this field is that 

some important items of local finance, such as 

bond issues, are too rare and unpredictable 

for a sample to result in acceptable estimates. 

This is true. However, it is also true that it 

is uneconomical to include the whole popula- 

tion in a study in order to obtain an acceptable 

value for a scarce item. The alternative is to 
find some inexpensive method for singling out 

such items for special treatment. One pos- 

sible means is to inquire by mail or telephone 

to determine whether or not the rare event 

has occurred. Local authorities who reply 

in the affirmative may be asked to supply the 

data. The sample will yield information 

concerning all other matters of local finance. 

Since the sample will be designed on the 
basis of the 7% values, it would be well to 

collect data from the entire population peri- 

odically, possibly in 5- or 10-year intervals. 

Local governments grow or decline; some taxes 

gain or lose importance; new taxes are levied; 

and new demands on receipts are made. All 

of these may call for new stratification or 

new allocation, or both, 

Application of method illustrated 

The following hypothetical case will illus- 

trate the numerical calculations involved in 

the use of the preceding formulas. Assume 

that a State has 104 incorporated places of all 
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Table 4.—Highway expenditures by incor- 

porated places under 10,000 population 

in a hypothetical State 

Highway expenditures for capital outlay 
and maintenance by incorporated 
places under 10,000 population 

Stratum 1, 
63 incorpo- 
rated places 

Stratum 2, 
24 incorpo- 
rated places 

Stratum 3, 
10 incorpo- 
rated places 

$10, 500 
11, 200 
14, 000 
14, 800 

9, 700 

392, 500 
1 (6, 200) 

401, 700 
1 (16, 700) 

410, 800 
1 (41, 100) 

1 Average expenditures per incorporated place. 

sizes, that 7 of these have 10,000 or more 

people each, and that the population of; the 
next largest community is about 7,000. ; It 
is desired to estimate total highway receipts 

and expenditures, as well as various subclasses 

of receipts and disbursements, for all incorpor- 

ated places. The decision is made to include 

the seven larger places and to sample the 

smaller places. It is also decided that the 

objective upon which to base sample size 

should be an estimate of total capital outlay 

plus maintenance costs for highways in which 

there is confidence that in 2 chances out of 3 

the sample estimate for the remaining 97 

places will differ no more than 5 percent from 

the true value. In the preceding year, when 

no sample was drawn, this value was $1,205 

(000). Assuming that this amount has not 

changed radically, the desired standard error 

of estimate, d, would equal (0.05) (1,205) 01/8" 
60.25. The value of d? would be 3,630.0625)) {he 

It is decided to stratify. Three strata ar¢|), 

determined on the basis of the previous year’s 

values of capital outlay plus maintenance 

expenditures. Table 4 gives the distributior 

of these values by strata. 

The formula and values for estimating the 

population variance of capital outlay plus 

maintenance expenditures for each stratum, 

based upon the previous year’s values, are: 

= (me) Vii 

2 

63>) (yi)? (> ns) 

(63) (62) 
. (Stratum 1) 

__ 63 (2,683.81) — (892.5)? 
3,906 in 

15,023.78 _ 

T,=1.96 (estimate of the standard devia- 

tion). 

24 24 2 

24 yy, wd —(S i) 

718 et ee eS 
, (23) (24) 

_-24 (6,842.35) — (401.7)? |. (Stratum 2) 
552 

2,853.51 _ 
= 550-1694 

fins OI 

10 10 2 

10 2) (ysi)?—( 2a um) 
a 1 

ge ()0) 

__10(18,907.12) — (410.8)? 

90 

. (Stratum 3) 

20,314.56 _ 
GOT ae Bo 173 

Ts= 15.02 

The following calculations lead to a choice 

between optimum allocation and proportional 

allocation: 

T=[1.964+2.27+ 15.02] +3=6.417- 

(P)2=41.18 

4, = pe (63(1.96—6.42)2+-24(2.27 
— 6.42)?-+10(15.02—6.42)9] 

=5 [2, 406.1108] = 24.8053 

OAL 
i oo 

cueed TAS pata 

Therefore optimum allocation would be the 

preferred procedure. 

A table similar to table 5 could be used to 

aid in the calculation of the sample size and 

in the allocation of the sample to the several 

strata. 
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General comments 

The sample design was based upon one 

,} important characteristic of local finance, an 

— estimate of total capital outlay plus mainte- 

nance costs for highways. Parenthetically, 

other characteristics that are highly correlated 

with the selected characteristic and which 

exceed it in dollar value, such as total highway 

expenditures, can be estimated from the sam- 

ple with greater confidence than the selected 

design characteristic. Also, a different char- 

acteristic highly correlated with the design 

characteristic, if readily available, could have 

been used as the basis for stratification. 

Seven incorporated places that could not 

conveniently be represented by other incor- 

porated places were included with certainty 

in the total number of places to be selected. 

The remaining 97 incorporated places were 

grouped into three strata on the basis of the 

value of the design characteristic determined 

in the preceding year on a non-sample basis. 

An estimate was calculated of the variance 
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Table 5.—Data for estimating sample size and strata allocations 

Stratum 

1 n= (328.16)?/[3630.0625-4-2623.5555] =17.2 (rounded to 18). 

for each stratum on the basis of the previous 

year’s value of the design characteristic. The 

square root of each of these values yielded an 

estimate of the standard deviation of the popu- 

lation of values in each stratum. The vari- 

ance of these standard deviations about their 

average value was then calculated, and the 

ratio of this variance to the square of the aver- 

age standard deviation was determined. Since 

this ratio was greater than one-third, optimum 

allocation was adopted rather than propor- 

tionate stratified sampling. 

Motor-Vehicle Size 
and Weight Limits 

A comparison of State legal limits of motor- 

vehicle sizes and weights with standards 

recommended by the American Association of 

State Highway Officials is given in a table on 

pages 250-251. The statutory limits reported 

in this tabulation, prepared by the Bureau 

of Public Roads as of July 1, 1959, have been 

reviewed for accuracy by the appropriate 

State officials. 
Statutory limits are shown for width, 

height, and length of vehicles; number of 

towed units; maximum axle loads for single 

and tandem axles; and maximum gross 

weights for single-unit trucks, truck-tractor 

semitrailer combinations, and other combi- 

nations. 

NxT? 

242. 3169 
124. 0656 

2257. 1730 

2623. 5555 

The calculations described in the preceding 

paragraph provided all values, except d?, 

needed in the formulas for determining the 

total sample size and the allocation of this 

total among the three strata. The value of 

d? was fixed earlier when deciding on the 

sample design. It is the square of the range 

of values centered on the sample estimate 

which it is anticipated that the sample will 

yield. If the actual results do yield the design 

value of d, then the desired standard will 

have been attained. 
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Factors Influencing Mass-Transit 

and Automobile Travel in Urban Areas, 
BY THE DIVISION OF HIGHWAY PLANNING 
BUREAU OF PUBLIC ROADS 

The objective of the research discussed in this article is to develop a relation- 

ship between the use of public and private transportation in urban areas and 

the principal factors influencing that use. If that can be satisfactorily done, 

an estimate can be made of the usage of each form of transportation under a 

given set of influencing factors and, as a consequence, estimates can be made 

of the total construction and operating costs involved in providing the required 

transportation system, including terminal facilities for each travel mode. The 

final step is to estimate the benefits of each plan or program in relation to cost. 

By means of multiple regression analysis, data for 16 cities were used to 

develop a relationship between relative urban travel mode use and its principal 

influencing factors. Subsequently, this relationship was successfully tested 

through application of the derived equation to data received from five addi- 

tional cities. The establishment of this relationship should materially aid in 

urban transportation planning, as the use of the equation makes it possible to 

predict relative transit use with an acceptable degree of accuracy. 

A similar relationship between relative mode use and the principal influenc- 

ing factors is also being investigated for major subdivisions of each urbanized 

area. Preliminary analysis indicates that the relationship for the subdivisions 

will be similar to that for the whole urbanized area. 

ITHIN the next 25 years, there undoubt- 

edly will be changes in modes of urban 

transportation. It is quite doubtful, however, 

that drastic changes will take place so rapidly 

that the basis for planning will be nullified 

overnight. At least so far as can be foreseen, 

the establishment of the relationship between 

the use of public and private transportation 

will permit the preparation of transportation 

plans on a more realistic basis. 

A start has been made in establishing this 

needed relationship. The results of the in- 

vestigation described here indicate that the 

approach will yield relationships, sufficiently 

accurate for transportation planning, that 

will enable planning officials to predict the 

travel mode split for a specific set of conditions. 

In most urban areas since the late 1920’s 

and excluding the depression and war years, 

the automobile has been supplanting public 

transportation as the mass carrier of people. 

The rate of change, however, has not been 

uniform from city to city or from year to year. 

In some metropolitan areas, principally the 

larger cities east of the Mississippi River, the 

decline in transit riding apparently is tending 

to level off. The trend from transit to auto- 

mobile, however, has been continuing at either 

an accelerated or constant rate in many cities 

across the nation. 

Public and private organizations have long 

been seeking a means for determining the 

change in both relative use and actual use of 

transit and automobile in urban areas. 

Transit and regulatory agency officials need 

this information to establish an equitable fare 
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structure and to provide adequate transit 

service. Highway engineers have been faced 

with the necessity of determining whether the 

cost of street improvements, parking facilities, 

and transit facilities on highways will be jus- 

tified by future use. Planning and municipal 

agencies are concerned with the interrelated 

effect of land-use distribution and population 

on the one hand, and the use of transit and 

automobile with the accompanying effect on 

public utilities on the other. Municipal au- 

thorities must also determine the impact on 

the tax structure of relative travel mode use, 

especially if transit operations should become 

the responsibility of a public agency.  Pri- 

marily, all of these groups are concerned with 

the factors and elements that cause variations 

in mode of travel and their relation to the 

economic and political system. 

Study Procedure 

In previous studies, attempts were made to 

establish relationships between transit-riding 

habits and several related factors. In gen- 

eral, these factors were population, automo- 

bile registrations, transit service, economic 

welfare, and transportationcosts. The studies, 

however, have not yielded conclusive results. 

They did not develop relationships that would 

make it possible to forecast relative mode use 

with an acceptable degree of accuracy. 

In the last few years, more attention has 

been given to land use as one of the prin- 

cipal factors affecting urban transportation. 

Studies have indicated an appreciable degree 

of correlation between travel mode on the one 

p= Popll 

hand, and residential, commercial, and indus} sit\’ 

trial land use on the other. 

In this study, a land-use distribution facto: 

has been combined with factors relating tc 

h —\eal 

ment, dwelling units, transit-service ratio 

and size of urbanized area in order to develoy 

a basis for forecasting travel mode use. 

Source of Data 

The home-interview origin-and-destination 

survey reports for all cities completed since?) ' 

January 1948 were reviewed; cities not having} '~* 

transit service were naturally eliminated. 

Cities in which surveys were made prior to 

1948 were not considered, principally because 

war-caused distortions still exerted a major 

influence through 1947, and the quality of 

many of the early surveys was questionable. |: 

Of the 30 cities studied, 8 surveys were com- 

pleted in 1948, 7 in 1949, 6 in 1950, 3 in 1951- 

52, and 6 in 1953. 

Through the cooperation of the American 

Transit Association, information on transit 

service at the time of the origin and destina- 

tion survey was obtained from the transit 

companies in 22 of the 30 cities. Since 

previous studies had indicated that one of the 

key factors in any developed relationship 

might be land-use distribution, such informa- 

tion corresponding to the origin-and-destina- 

tion survey period was also requested from the 

planning agencies of each city. 

Methods of Analysis 

Simple and multiple regression equations 

were developed and tested in the study of the 

relationship of travel mode to various factors. 

Among the simple factors examined were 

population, automobile ownership, trips to 

work, and total survey land area. Among 

the compound factors investigated were 

population density, automobile ownership 

per capita, and employment per capita. 

Also tested were the regression relationships 

between travel mode split and factor combina- 

tions, including various compound factors 

such as employment and automobile ownership 

per capita. None of these relationships 

yielded either an acceptable standard error of 

estimate or a high degree of correlation. 

Ing i 

lacto 

facto 

doy 

facte 

the. 

TH 

Symbols and definitions 

Letter symbols used to represent the various 

factors discussed in subsequent sections of 

this article are defined as follows: 
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A,=Commercial and industrial land area 

(sq. mi.) within a 1-mile radius of the 
CBD center. 

4,-=Commercial and industrial land area 

(sq. mi.) within the entire urbanized 
area. 

a=Number of automobiles owned. 

D= Parking demand as related to the num- 

ber of types of employment. 

E=Economic factor as determined 
(P/e)3-5(h/e)15(P/a)!-9(h/a) 15, 

e=Number of employees going to work on 

an average weekday. 

F=Terminal or parking facility factor. 

h=Number of dwelling units. 
M= Urbanized land area in square miles. 

P=Population over 5 years of age in the 

survey urbanized area. 

R,-= Mean distance of commercial and indus- 

trial land within a 1-mile radius of the 

CBD center. 

R,.= Mean distance from the csp center of 

commercial and industrial land within 

the entire urbanized area. 

R,=Mean distance of center of population 

from the cgp center. 

R,= Mean distance of entire urbanized area 

from the cpp center. 

r;= Land-use distribution ratio, 1—(R,/R.). 

ro=Land-use distribution ratio, R,R;./Ru. 

r3= Land-use distribution ratio, A;-/A te. 

rs=Land-use distribution ratio, (Aj./AteR te) 

= (1/R te) ° 

75= Land-use 

A telvsele 

S,;= Ratio of the square root of the average 

vehicle speed for the different travel 

modes. 

T=Transit-service ratio factor as deter- 

mined by [V1?-9/P1-50149-25](8,)(F/D). 

U=Land-use distribution factor as deter- 

mined by (71) (74) (75). 

V=KEquivalent revenue vehicle-miles oper- 

ated per weekday during the survey. 

y= Reported percentage of total person 

trips made via transit. 

yi1= Estimated percentage of total person 

trips made via transit. 

by 

distribution ratio, (41.R;-/ 

Development of equations 

As transit service information was received, 

tests were made to determine whether there 

might be a significant relationship between 

transit service data and travel mode split. 

As the lone independent variable, transit 

service did not produce a satisfactory estimat- 

ing equation. Using a transit-service ratio 

factor in conjunction with a population 

factor, a combination automobile and em- 

ployment factor, and an urbanized land-use 

factor, semilog multiple variable equations of 

the form y,;=A+b,; log P+. log H+; log 

T+bs log M were developed that gave the 

results shown in figure 1 for the cities with 

available data for 1948, 1949, and 1950. 

' These results indicated that there might 

be at least one other factor which, if included, 

would produce the relationship sought regard- 

less of the year. From previous studies, it 

was believed that this factor might be largely 

based on land-use distribution, for with each 

succeeding year since 1948 there has been an 

increasing decentralization of residential, com- 
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BEFORE INCLUDING LAND USE DISTRIBUTION 

Figure 1.—Relationship of reported relative transit use to that derived from estimating 

equation, before inclusion of the land-use distribution factor. 

mercial, and industrial land use with respect 

to the central business district (cBp). Tests 

were made of ranges of various ratios and 

combinations of ratios involving distribution 

of land used commercially and industrially 

within and about the cBp, population distri- 

bution with respect to the center of the ur- 

banized land area, and population distribution 

with respect to employment location. Al- 

though there were differences in the amount 

of variation explained, nearly all combinations 

tended to reduce the year-to-year variations. 

Using the semilog equation y;=A+; log 

P+b, log E+b3; log T-+b, log U+bs log M, 

the land-use distribution factor, U, brought. 

the 16 cities listed in table 1 into a straight- 

line relationship as shown in figure 2. 

As additional information is obtained, the 

land-use distribution factor as well as other 

factors in use may require modifications. 

Table 1.—Basic data for 16 cities used in developing relative transit use equation for entire 

urbanized area 

Popula- 
tion over 
5 years 
of age 

Dwelling 
units 

O-D survey year and 
urbanized area 

Em- 
ployees 
going to 
work per 
average 
weekday 

e 

Equiv- 
alent 

revenue 
vehicle- 
miles per 
average 
weekday 

V 

Urban- | Land-use 
ized land | distribu- 

area tion 
factor 

M U y 

Reported 
relative 
transit 

use 

1948: 
Washington Dies ==seen aes 
Allentown-Bethlehem, Pa 
Tacoma, Wash 
Tucson, Ariz 

1949; i 
Albuquerque, N. Mex--__.__-- 
Madison, Wis 

Sharon-Farrell, Pa 
1950: 

ID allese he yaa saan oe ele ene 
Rockford, Il 
Altoona, Pa 
Kenosha, Wis 

1953: 
Detroit, Mich 
ELOUSTON PALO xe Soe aeeneees 
San Diego, Calif. 
Stockton, Calif 

Ratio 
0. 00456 

. 00628 

. 03350 

. 07398 

. 02035 

. 03034 

. 06204 

. 19520 

. 00253 

. 05248 

. 03204 

. 19264 

Miles 
155, 060 
12, 490 
11, 960 
3, 610 

4, 510 
5, 780 
3, 210 
1, 530 

57, 900 
6, 020 
3, 680 
2, 580 

183, 170 
48, 020 
36, 170 
3, 000 

Sq. mi. 

108. 80 
18. 95 
45. 80 
41, 00 

38. 93 
20. 40 
11. 56 
8. 08 

Percent 
39.3 

173. 20 
24, 54 
15. 82 
8. 32 

548. 85 
244, 50 
152. 01 
31. 89 

Or oO o1r0O eS be Sd ed 

for) 

. 00004 
. 00024 
. 00025 
. 01109 

50) 

cCnon 
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Variations in some factors bave been investi- 

gated, and several satisfactory estimating 

equations with only minor variations have 

been developed. All equations have yielded 

a standard error of estimate of less than 1.5 

percentage points, and several have yielded 

less than 1.0 percentage point of the reported 

transit use as a percentage of total person 

trips for the entire urbanized areas of the 16 

cities. Transit usage as reported in table 

1 for these cities ranged trom 8 to 40 percent 

of the total trips made by persons, with a 

mean of approximately 20 percent. Thus, a 

standard error of 1.5 percentage points is 

equivalent to 7.5 percent of the mean value of 

20 percent for total transit trips per weekday. 

Of the semilog, multiple regression egua- 

tions developed, the following equation was 

used in this study: y:=—2.6466+3.7084 log 

P+0.3912 log H+2.3757 log T-+-0.4918 log 

U—0.9708 log M. The basic data for this 

equation are found in table 1. 

Since developing the estimating equation, 

complete information has been obtained from 

5 cities in addition to the 16 cities listed in 

table 1. Applying the equation to the data 

for the five cities, the results, as illustrated 

in figure 3, were found to be within the pre- 
viously stated standard error of estimate. 

Discussion of Factors 

In the estimating equation, the three com- 

pound factors—economic, transit service, and 

land use—have been developed through test- 

ing variations of each over a range that would 

determine the maximum effect of each variable 

in correlation with other potential variables. 

As more information is obtained from the 

cities mentioned in this article as well as addi- 

tional cities, and as this information is adapted 

to electronic computer programing, it is 

anticipated that more precise parameters will 

be established. 

Economic factor, E 

Apparently there is a high degree of correla- 

tion between relative use of each transporta- 

tion mode and some economic factor. Many 

contend that this factor is either income or 

wealth. But what income or wealth? Is it 

gross or net? What should be included and 

what deducted? Moreover, how could accu- 

rate measurements of income or wealth be 

made? Correlating travel mode use and re- 

lated origin and destination information with 

sufficiently accurate income or wealth data 

will be most difficult under legal restrictions 

applying to the release of the latter. 

There may be other economic items that 

have a higher degree of correlation with travel 

mode than the ones used in this study— 

population, number of dwelling units, number 

of automobiles owned, and number of em- 

ployees going to work on an average weekday. 

These four items seem to be the best available 

that can be accurately measured. The simple 

linear correlation coefficient relating the vari- 

ous compounds of the components of H 

(economic factor) with relative mode use 

varied between 0.40 and 0.60. 

The use of both population and number of 
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REPORTED PERCENT OF TOTAL PERSON TRIPS MADE VIA TRANSIT 

35 

y= ESTIMATED PERCENT OF TOTAL PERSON TRIPS MADE VIA TRANSIT 

Figure 2.—Relationship of reported relative transit use to that derived from the estimating ‘‘' 

equation, after inclusion of the land-use distribution factor. 

dwelling units in relation to the number of 

automobiles owned and the number of em- 

ployees going to work per average weekday 

may be challenged. The correlation obtained 

by use of these factors in combination has 

been greater than when only one factor has 

been used. This may be due to compensating 

errors in the origin and destination surveys, 

and to the effect of differences in population 

per dwelling unit. 

Transit-service ratio factor, T 

Although not approaching unity, there is a 

significant degree of correlation between the 

developed transit service variable and the 

dependent transit use variable. The simple 

linear correlation coefficient for the transit- 

service ratio factor and relative transit use 

has ranged from 0.30 to 0.45. The degree of 

correlation not only varies from city to city, 

but also within many cities there is likely to 

be an even greater variation among subdivi- 

sions (sectors, districts, etc.) or transportation 

channels. Furthermore, the effect of each of 

the components in the transit service factor 

apparently varies among cities and their 

subdivisions. 

Equivalent revenue vehicle-miles, V.—Equiv- 

alent revenue vehicle-miles operated per week- 

day are expressed in terms of a 50-seat bus 

revenue-mile. Included are all revenue ve- 

hicle-miles operated per weekday, regardless 

of the number of passengers carried on each 

vehicle trip. This item has been derived by 

applying a carrying capacity factor to the | 

average weekday revenue vehicle-miles re- | 

corded during the survey. The capacity | 

factor has been developed through assignment | 

of each vehicle size, by time periods, in pro- 

portion to the ages of the active vehicle groups. | 

Inasmuch as it is impossible to obtain actual |.,, 
average carrying capacity during the surveys 

without a prior uniform arrangement with the 

transit operators, this derivation gives an 

arbitrary, but uniform, estimate for all cities 

that most nearly approaches the 

average. 
Average vehicle-speed ratio, S;—The ratio of 

the square root of the speeds of automobile and 

transit vehicle travel is one of the components 

of the transit-service ratio factor. There are 

few who do not consider this ratio an influenc- 

ing item in determining the travel mode split. 

Yet based on available data, the standard error 

is increased by only 0.1 percent when the speed 

ratio factor is excluded. This would indicate 

that the variation of this ratio from city to city 

is not appreciable with respect to the entire 

urbanized area for each city. Due to the 
limited amount of data available and the ap- 

parent relatively small effect on the standard 

error, the speed ratio factor has not been in- 

cluded in the estimating equation adopted for 

this article. The investigation so far has 

borne out that the use of the ratio of the square 

root of the speed of each travel mode, although 
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reducing the sensitivity of the component, ap- 

pears to be most satisfactory. 

The limited work done to date by subdivi- 

‘fsion of urban areas has pointed to a much 

greater influence of the speed component for 

‘} subdivisions and transportation channels than 

| for entire urban areas. This is accounted for 

by the greater spread of relative speeds within 

The results still indicate, 

however, that the ratio should be based on the 

square root of the respective speeds. 

It is quite possible that additional data may 

establish that different ratios should be ap- 

plied to the two principal components of over- 

all travel time for each travel mode, namely, 

vehicle speed and the terminal factor. The 

effect of these components must be more ac- 

curately determined not only to estimate 

transit and automobile usage under specific 

conditions, but also to develop the required 
transit, parking, and highway capacities with 

attendant capital and operating costs for the 

estimated use of each travel mode, 

Land-use distribution factor, U 

‘The land-use distribution factor is a complex 

one that has been developed from a series of 

studies within the limitations of available ma- 

terial, time, and computing equipment. In 

relating this factor to travel mode use, the 

simple linear correlation coefficient varied 

from 0.60 to 0.75. It appears likely that 

more efficient analysis of present and future 

PUBLIC ROADS e Vol. 30, No. i1 

Heh aie ne as as i 

nN oi 30 35 40 
y,; ESTIMATED PERCENT OF TOTAL PERSON TRIPS MADE VIA TRANSIT 

Figure 3.—Relationship of reported relative transit use to estimated relative use in five 

cities. 

data by means of an electronic computer pro- 

gram will produce either more precise values 

for the factors now being used or simpler fac- 

tors that may prove to be more satisfactory. 

For the entire urban area and for the subdivi- 

sions investigated, there appear to be five 

land-use distribution ratios about the cBp 

center that should be considered. These 

ratios are listed on page 257 as 71, r2, 73, 74, and 75. 

In arriving at the mean distance to the cBpD 

center from the centroid of each of the items 

included in the land-use ratios, the same 

procedure was used for each item. Therefore, 

a detailed description of the derivation of one 

item (commercial and industrial land use) 

will suffice for all. Each city was divided 

into four quadrants by rectangular coordinate 

axes passing through the csp center. In 

each quadrant, the area of each industrial 

and commercial parcel, or each group of 

adjacent parcels, actually used for one of 

these purposes at the time of the origin and 

destination survey was multiplied by the 

distance from the csp center to the centroid 

of the parcel or group of parcels. These 

products were then summed for the four 

quadrants, and this summation was divided 

by the summation of the areas of all the 

industrial and commercial parcels in the 

urbanized area. 

In some instances it was found to be more 

efficient to determine the mean distance 

through summing the products obtained by 

multiplying the areas by their distances to 
the two coordinate axes, and then extracting 
the square root of the sum of the squares of 
those two product summations. 

In the estimating equation adopted, ratios 
72 and rg were not included in the land-use 
distribution factor. Studies which have not 
been concluded indicate, however, that the 
inclusion of ratios r; and rz with possible 
modification of the other ratios would reduce 
the standard error of estimate. 

The present study has shown that it is not 

necessary to differentiate between commercial 

and industrial land for the entire urban area. 

This is apparently due to the balancing effect 

of the two land uses over a complete urban 

area. Within highly specialized subdivisions 

or transportation channels serving predomi- 

nantly one type of land use, the investigation 

shows that the two uses will have to be con- 

sidered separately. It may even be necessary 

to subdivide the two classifications into four 

classes: industrial, office, shopping durable, 

and shopping service and convenience. Based 

on probable accuracy of land-use forecasts, it 

is questionable whether further breakdowns 

can be justified for transportation channel 

subdivisions and even much less justifiable 

for subdivisions comparable to origin and 

destination districts. To justify more classi- 

fications of land use, a much greater special- 

ization of land use in a transportation channel 

subdivision would be required than has been 

found or seems probable in the future. 

Urbanized land area factor, M 

Defining urbanized area boundaries is of 

utmost importance in determining the relative 

use of transit vehicles and automobiles. Ur- 

banized areas, as used in the present study, 

have been confined to contiguously developed 

land, and future estimates must be based on 

anticipated contiguously developed land. 

Furthermore, such land must have a minimum 

residential population per area unit of 500 

persons per square mile, or a minimum num- 

ber of 2,000 trip-ends per square mile to be 

included as part of the urbanized area. 

Islands of vacant land should be included if the 

land outside is sufficiently developed to bring 

the combination of vacant land and adjacent, 

outside developed land up to the minimum 

requirements just stated. Pockets of vacant 

land at the origin and destination boundary 

not meeting these specifications should be 

excluded. 

Many subdivisions with population or trip- 

ends above the minimum requirements cannot 

be served by transit unless the service costs 

are partially defrayed by either the subdivision, 

the entire urban area, or the entire transit 

system. In border subareas where either the 

residential population or number of trip-ends 

is less than the minimum, the only mode of 

urban transportation will be the privately 

owned automobile unless transit service is 

furnished by an intercity carrier, or it is almost 

entirely underwritten on a service charge 

basis due to relatively low transit use. If 

border land with subminimum population or 

trip-ends is included in the study, the urban- 

259 



ized area factor, M, would be appreciably 

changed. 

Work in Progress 

Of the factors investigated so far, the three 

that contribute most in explaining the vari- 

ance are the transit-service ratio factor, the 

land-use distribution factor, and the economic 

factor. Some of the factors are still being 

studied to determine whether they should be 

modified or replaced. It is possible that the 

estimating equation may be appreciably 

changed as a result of these continuing studies. 

If the work in the past, however, is a criterion 

for the future, the estimating equation will 

not likely be altered significantly. 

Expansion of project 

In addition to continuing research on the 

whole metropolitan area, this study is now 

being expanded in two directions. General- 

izing, it can be stated that the present esti- 

mating equation is an expression of the divi- 

sion of trips between transit and automobile 

in relation to factors pertaining to the home 

area (employment, automobile ownership, 

and population distribution), and to factors 

applying to the entire metropolitan area 

(land-use distribution, transit-service ratio, 

total population, and urbanized land area). 

The equation is presently being tested to 

determine whether it, or a modification there- 

of, will apply to subdivisions of each metro- 

politan area. At the present time, sufficient 
information to investigate such application 

has been obtained from only three cities. 

The results so far indicate that the equation, 

after modifying the land-use and _ transit- 

service ratio factors, will make it possible to 

forecast with acceptable accuracy the split 

between transit and automobile trips for 

each subdivision. Two items that apparently 

have more influence on the travel mode within 

each subdivision than for the whole urban area 

are the average ratio of overall trip time by 

the two transportation modes, and the ratio 

of commercial to industrial land use. Since 

only 20 subdivisions have been partially in- 

vestigated, a precise basis for modifying the 

transit-service ratio and land-use factors has 
not yet been developed. 

The other extension of the project has been 

an attempt to determine the influence on the 

estimating equation of other factors in desti- 

nation areas. In this subphase, even less 

information is available. A limited amount 

of information on cpp destination factors has 

been gathered in several cities, and the relation 

between these factors and the travel mode 
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split has been tested. Foremost among the 

items that apparently should be introduced 

into the equation is & parking facility factor. 

The equation, modified by this factor, appears 

to yield a low standard error of estimate in 

predicting the travel mode split in destination 

areas. The factor, however, is not confined 

to total parking space in each destination 

area; it also includes accessibility to demand 

as expressed by a relationship including park- 

ing charges and walking and parking time. 

Areas of future research 

Only the surface has been scratched in 

attempting to establish factors and estimating 

equations pertaining to the travel mode split 

by home and destination zones. Relation- 

ships by subdivision should also be developed 

for the peak travel period. Some work is under 

way on this peak period relationship for the 

entire metropolitan area. 

The results of research accomplished so far 

seem to indicate that the speed factor, in 

general, varies as the ratio of the square root 

of trip speed. Convenience and _ irritation 

items, to the extent that it has been possible 

to measure them, and modified somewhat by 

cost, are apparently as important, if not more 

so, than absolute vehicle speed. This ob- 

servation, however, may not hold for freeway 

and rapid-transit operation. In fact, testing 

additional data for vehicle operation on un- 

restricted rights-of-way may alter the findings 

in this field. The analysis of the Chicago 

origin and destination survey should yield 

much information on this phase. It is the 

only city with both rapid transit and a limited 

amount of freeway traffic data now available 

for testing. 

To carry out further analyses of relation- 

ships, much additional information will be 

needed. Many cities and transit companies 

have cooperated. If the needed relationships 

are to be established, it will be necessary to 

call on these and other cities for more basic 

data from time to time. Much of the infor- 

mation should be gathered at the time of the 

origin and destination survey; in fact, it 

should be made a part of it. It will take time 
and money to gather and assemble the infor- 

mation, but it should be beneficial to both city 

planning agencies and transit companies. 
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