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teported by ' GEORGE W. RING, III, 

to achieve an equilibrium condition. 

find a rapid and reliable substitute. 

Introduction 

|! (WHE PERFORMANCE of engineering 
i structures is sometimes affected by the 

i) hrinking and swelling of soils. Pavements 

secome wavy as the result of differential 

lolume change of the subgrade. Uneven 

yj brinking or swelling of the foundation soils 

ause unsightly and dangerous cracks to 

evelop in buildings. Pipelines are deformed, 

* iisalined, and occasionally ruptured by 

ee change of the soil in which they are 

_ mbedded. Sometimes concrete canal linings 
‘i’ taek when water seeps through construction 

ints and causes uneven swelling of the 
goaeiying clays that have a high change of 

‘® iolume. Engineers need to know whether 

ie soils to be used in construction may 

‘ -eate problems because of excessive volume 

jer lange. 
_ This is a report on a laboratory study to 

_ avelop a method of evaluating the shrink- 
yell potential of a soil—a measure of how 

uch the soil may change in volume as 

oisture content changes. The report in- 
udes (1) a brief literature survey reviewing 

echanics of yolume change of soils, (2) re- 

ilts of a new test developed to measure 

sume change of soils when they are alter- 

ately wetted and dried  (shrink-swell 

»tential), and (3) a comparison of the results 
this test to many standard tests used to 

easure shrinking and swelling characteristics 

soils. 

. 

i, 

tt 

lions appear to occur. These, as illustrated 

figure 1, are: (1) elastic bending or un- 
nding of soil particles, (2) interlayer ex- 
sion or contraction of certain layered 

Presented at the 44th annual meeting of the Highway 

h Board, Washington, D.C., January 1965. 

Shrink-Swell Potential of Soils 

BY THE STRUCTURES AND 

APPLIED MECHANICS DIVISION 

This article describes a laboratory study conducted to develop a new test 

method for measuring the shrink-swell potential of a soil, independent of its 

molding moisture and density. The method consists of measuring the volume 

change that occurred when the soil was dried after cyclic wettings and dryings 

As the shrink-swell potential test requires 

from 1 to 100 weeks to complete, swell-potential test results on 12 soils were 

compared to results obtained by 8 standard test methods in an attempt to 
Good relationships were obtained with 

plasticity index, Georgia volume change, surface area, and linear shrinkage. 

Of these eight, linear shrinkage shows the most promise as a rapid, reliable 

substitute for the longer shrink-swell potential method. 

clay minerals, (3) osmotie imbibition, which 

is a change in the thickness of water films 

on the exterior surfaces of soil particles. 

All of these are usually associated with 

changes in moisture content of the soil, 

although elastic bending may occur to a 

limited extent without moisture change. 

There may or may not be an associated 

change in the volume of the air in the soil. 

Mechanisms of swelling have been studied 

by many investigators. Gilboy (1) * suggested 

that the amount of elastic deformation that 

occurs in a soil under a given load may depend 

on particle shapes that promote bending 

and unbending (figure 1, part A). His 

experiments with mixtures of mica and dune 

sand showed that the consolidation and 

rebound of the compacted mixtures were 

proportional to the amount of mica present. 

The results of his tests on three different 

mixtures are, as follows: 

Mica in Decrease in Void Ratio Increase in V oid Ratio 

Mixture Under 10 kg./cm.? When Load is Removed 

Percent Percent Percent 

10 36 26 

20 47 31 

40 51 42 

From X-ray diffraction studies, Bradley, 

Grim, and Clark (2) noted that one clay 

mineral, montmorillonite, expanded by taking 

on molecular layers of water internally 

(fig. 1, part B). Fink and Thomas (3) 

studied this phenomenon and found that the 

unit thickness of one layer of a lithium bento- 

nite (montmorillonite) crystal increased about 

780 percent when allowed to absorb water. 

Ladd (4) showed that a saturated clay soil 

swelled less in salt solutions than in water. He 

attributed this to the fact that less liquid was 

2 References indicated by italic numbers in parentheses 

are listed om page 105. 

BUREAU OF PUBLIC ROADS 

imbibed (fig. 1, part C) when the soil was 

soaked in the salt solution. Compacted 

Vicksburg buckshot clay, soaked in a 5-molar 

solution of CaCl, swelled about 6 percent 

less than when it was soaked in water. Allen 

and Johnson (4) determined that the amount 

of swell of a compacted soil was greatly affected 

by the initial moisture condition of the soil 

and to a lesser extent by the initial density. 

A soil compacted in a dry condition swelled 

much more than when compacted to the same 

density in a wet condition. Similar results 

were obtained by Holtz and Gibbs (6). 

Conclusions 

On the basis of the new work reported herein, 

these conclusions have been made; 

The objective of this study appears to have 

been reasonably well achieved: An alternate 

wetting-and-drying procedure was developed 

to establish the shrink-swell potential of 

soils. The wide range of soil types used for 

this study provided a broad enough base to 

indicate that the linear-shrinkage test has 

real potential as a substitute for the very 

time-consuming wetting-and-drying method. 

BENDING OF FLAT PARTICLES 

A P 

oe : OO 
Oo () 

LOADED NO LOAD 

INTERLAYER EXPANSION 

OF A MONTMORILLONITE CRYSTAL 

B esse 

a2) 
SURFACE WATER MOLECULES 

EXTERNAL WATER FILMS (IMBIBED) 

C 

=—— 
= ———w 

DRY WET 

Figure 1.—Some mechanisms of volume 
change. 
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Figure 2.—Variation of swell with molding 
Valley moisture and density of Hybla 

clay. 
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O— — MOLDED AIR-DRY (LOOSE) 

&—— MOLDED AIR-DRyY (COMPACTED) 
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) aa 
/ | / ; \ 
u 

EPEC 
D, eet CYCLE 

Figure 4.—Height change of 3 specimens of Iredell clay 
when alternately wetted and dried under a 0.25 p.s.i. 

Shrink-Swell Potential 

The study discussed here is concerned 

primarily with the problem of predicting 

potential shrinkage and swelling of soils, as 

this activity affects roadways and other types 

of structures. In the bulk volume of a soil- 

water-air mixture, shrinkage is the decrease 

caused by drying, and swelling is the increase 

caused by wetting. Measuring an inherent 

property of soils, such as shrink-swell potential, 

is difficult, not only because of the many types 

of mechanical actions taking place but also 

because the measurements may be radically 

affected by environmental conditions. For 

Figure 3.—Apparatus for cyclic wetting and 
drying test. 

0.850 

OF,O8 

0.700 

HEIGHT OF SOIL SPECIMEN, INCHES 

fo) ron) oO fe) 

example, figure 2 shows how the swelling 

one soil, as measured during the Califor 

Bearing Ratio (CBR) test, changed as t 

compacted density and molding moisti 

content changed. It was necessary to mi 

mize these effects to determine a true measi 

of shrink-swell potential. 

Existing laboratory test methods for det 

mining the shrink-swell properties of s¢ 

usually fall into one of two categories:  eitl 

a volume change test or a swell-pressure te 

Information on 10 volume change tests a 

4 swell pressure tests is shown in tables 

and 2, respectively. Some volume char 

tests measure swelling; other volume char 

tests measure shrinkage. The Georgia meth 

(7) for determining volume change measu 

both swelling and shrinkage. Two identi 

specimens are compacted, then one is soak 

while the other is dried. The test result 

determined from the combined volume char 

of the two specimens. H. C. Porter 

suggests that alternately wetting and dry 
a soil rapidly may achieve an equilibrium c& 

dition, regardless of the initial moisture a 

density of the soil specimen. 

Consequently, to determine the m 

suitable test for measuring shrink-sv 

potential, the Georgia volume change test a 
Porter’s findings were investigated furth 

The tests were intended to be rapid a 

O— — MOLDED AIR-DRY (LOOSE) 
OQ—— MOLDED AIR-DRY (COMPACTED) 

@— — —-— MOLDED AT OPTIMUM MOISTURE 

W, WETTING CYCLE; D, DRYING CYCL 

Figure 5.—Height change of 3 specimens of Cecil : 
when alternately wetted and dried under a 0.25 p 
surcharge. 
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ling ( Table 1.—Types of volume change tests 

Use of test results Test procedures 

Identify swelling soils. __ 

Determine relative swell- 
ing potential of soils. 

Identify swelling soils 
for flexible pavement 
design. 

Measure relative amount 
of swell for different 
conditions of moisture 
and density. 

Determine rate and 
amount of consolida- 
tion or swell. 

Classify embankment 
soil, subgrade, and 
base course materials 
for pavement design. 

Calculate: (1) shrinkage 
limit, (2) shrinkage 
ratio, (3) volumetric 
change, and (4) linear 
shrinkage. 

Identify high volume- 
change soils. 

Identify high volume- 
change soils. 

Study primarily of ele- 
mental soil properties. 

Soil lightly tamped into glass Jena tube and 
permitted to absorb liquid of known dielectric 
constant. Test repeated with liquid having 
different dielectric constant. Relative 
amounts of the two liquids absorbed indicates 
swelling activity of soil. 

Soil slowly added to 100 ml. graduate of water. 
After soaking, volume of soil-water mixture 
is measured on the graduate. 

Soil is compacted into mold, usually by dynam- 
ic compaction (for undisturbed samples, mold 
is forced into soil), trimmed, and soaked 
under a surcharge. Change in height is 
determined. 

Similar to above, smaller mold, usually statically 
compacted. 

Similar to two procedures noted above, except 
specimens are smaller and test conditions 
are more variable. 

Two identical specimens dynamically compacted. 
One specimen soaked and permitted to swell; 
the other specimen is oven dried at 110° ©, 
Total volume change is then calculated.! 

Soil-water mixture is placed into dish of known 
volume and tapped firmly to release entrapped 
air. After drying, volume of dry soil pat is 
determined by measuring displacement. 

Soil is mixed with sufficient water so that a 
groove in a half-inch thick pat just closes with- 
out jarring. Soil is placed in rectangular 
mold and dried. Length of dry soil is 
measured and compared to original length. 

Soil is mixed with sufficient water until free 
water is visible on surface. Thirty minutes 
after mixing, excess water is decanted; soil 
is remixed and placed in mold. Dry length 
of soil is compared to original length. 

Measured reflections from a beam of X-rays 
directed at different angles onto thin layer of 
soil (clay) shows thickness of basal layer spac- 
ings in crystalline structure. 

V,=Original volume soaked specimen. 
V2=Final volume of soaked specimen. 
V3=Original volume of dried specimen. 
V4= Final volume of dried specimen. 

ifon, 

4§ {| General type Specific Size of test Initial moisture Soaking or drying sy examples specimen content of soil time 

) mht ae 
Free swell._.------| Method pro- Oo er amie = oe Dessicated over 24 Noise ee 188 posed by P20s5. _ 

Winterkorn 
and Baver. 

ee 

f 9 ; Free swell in Variable, gener-3| Air dry _ 22. -2-_.._2 24 NOUUSH. cae eee tith) graduate of ally 1 to 10 
re ta} water. grams. 

ts i Swell or consoli- | CBR---..------- 6-in. dia. by Optimum Adaya tenes ea ee wot 
' dation with 45%- to 7-in. (AASHO: T 99) tbl, surcharge (con- length. or field moisture 

( ti fined laterally). content. 

chan a as ’ 4 AASHO; T 116__| 4-in. dia. by Variable—usually Until swell is no more Inethi} 1.5625-in. at optimum mois- | than 0.001 in. in 18 
03H | length. ture content hours; maximum 7 

(AASHO: T 99). days. 
lene ‘ EDU . z : 
a Different types | Variable, usual- | Variable, to fit Mariablet cose eee soa} of odometers. ly from 1.5- to problem. 

cxilt | 4-in. dia. and 
| 0.5- to 1.5-in. 

chign length, 

le |) Swell and shrink- | Georgia volume | 4-in. dia. by Optimum 48 OUrs se) ne eae dnl age. change. l-in. length. (AASHO: T 99). 

Um ty} 

Wt) Volumetric AASHO: T 92__"| 1.75-in. dia. by Liquid limit to 1.1 Air dry to change in 
_ shrinkage. 0,.50-in, x liquid limit. color, then oven dry 
| length. at 110° C. to con- 

4 ni stant weight (usual- 
‘au ly 4 hours or more). 

NK-SP 
testi Linear shrinkage_-} Texas Bar 5-in. length by Slightly wetterthan | Air dry to change in 
& i) Linear 34-in. square. liquid limit. color, oven dry at 
furth | Shrinkage 105° C- 
S| Test. 

pid 

| Saturated linear | 10-in. length by | Sufficient to pro- Air dry at 70° F. for 
shrinkage. 1-in. dia. vide free water 4 hrs., then oven 

| (semi- after thorough dry at 105° C, for 
circular). mixing. 24 hours. 

Change in thick- | X-ray diffrac- A few milli- Variables oo. -2—es- | Not applicable... ____ 
—j} hess of clay tion test. grams. | 

mineral 
) | crystal. 
CTE 

STUR | Potal volume change(V) is calculated: where, 

1% 
(ea Vi Ve V4 
iste) 

ij 

3iple. The first tests were made by the 

Corgia method. In these tests, some medium 

cE low plasticity soils exhibited high swelling 

eiacteristics when soaked, evidently as the 

A sult of the compaction of the specimen. 

ho, some high plasticity soils swelled much 

__tire during a second soaking than during 
bs first soaking period. Because of these 

turrences, an approach based on Porter’s 

dies was thought to possibly be more 

ical. A test procedure was devised to 

ermine whether alternate wetting and 

7ing, 4s suggested in Porter’s studies, would 

uleve an equilibrium condition of shrinking 

iswelling, regardless of initial moisture and 

sity condition. In this procedure, three 

cimens of each soil were molded to the 
tial moisture and density (percentage of 

SHO: T 99) conditions, as follows: 

Density 
Specimen Moisture content percent 

1 Optimum 100 
2 Air dry 100 
3 Air dry 64-83 

Specimens No. 1 and 2 were compacted 

tically to a height of 0.5 inch and a diame- 

of 2.0 inches. The height of the uncom- 

ted specimen (No. 3) depended on the 

FBLIC ROADS e Vol. 33, No. 6 

SeRINK= SWELL. POTENTIALS PERCENT 

PLASTICITY 

SEE STABLE 4-FOR 
SOIL IDENTIFICATION 

INDEX 

Figure 6.—Relation of plasticity index to shrink-swell potential. 
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Table 2.—Types of swell pressure tests Table 4.—Shrink-swell potential of 12 soi 

Change in Soil Shrink-swell 

i iti i potential 
Size of test Initial height or : 

specimen— moisture rep Use a tie Comments on tes > 

diameter X content of permitted— res 

length soil per 1 p.s.i. No. Type ae 

pressure 1 bake ap ee a eee een Se ae 
2 Cll: 2 keto Se ee i 

= 3 HyblaValleyseecten sence 13.9 

Flours "yo Enched «1 * ence |e yetieenntae ated ake 4 Williams. ..------------------ 10.8 
SHO: T190- Determined 16 to 20 : n thickness | Specime! : 

Srey Reet a exuda- design of kneading compactor and 5 Davidson =s2-=seeseenea eae ie 

tion pres- flexible staticloading. Placed in 6 Parsoms- ~~ --5----=54---<---- gs 

sure criteria. pave- expansion frame; swells 7 oe J Reb y det see yee 

Moisture ments. pag hiton pn aie wee 8 redell._j. 52.2522 aeeesaaaes % 

content calibrated spring stee 

cere peas 10 2 cos Bengaite kee ae 313 
ees 1 | Na Bentonite: ic cases ee 
AASHO:T 12 Berthodd i ..262-2e 24.0 

99. 

Strom and 4 X1.5to2.5__| Variable May be Notstated._| Compacted_ similar to 

Hennes swell 4 varied above. Placed in pres- 

pressure test. sure cell and surrounded 
by air or shale Sel eae 
i t of restrain : ° . | 
desired. Side wall fric- soil type, as the soil for the specimen w 
ere Se ane poured loosely into the mold. The sat 

to be eliminated. Pres- amount of soil was used for all three spe 

sp ES mens. After being molded, all the specime 
FHA swell 2.75 X 0.85_.-_| Air dry or at Identify Specimen compacted into were subjected to four cycles of alterns 

index (soil optimum high swel- ring by impact compac- ; : fi 3 Wetti 

PVC meter). (AASHO: er von, einned to aie. wetting and drying, figure 3. etting w 
T 99). shrinking oil expands agains : f 4 qs 

soils. proving ring when soaked continued on each soil until swelling ¢é 

miata Dip Che came parently ceased. This period of time rang} 
is related to, the pie from about 200 minutes for low plastic! 
tial volume change (non- a : | 
critical; marginal; criti- soils to 200,000 minutes (140 days) for t 

cal, very critical) of soil. bentonites. Drying wasat 110°C. Althou) 
Odometer Varied, but Varied to fit | Variable! csc ek Type of gore Cea: ney the drying temperature may be regard. 

ylaced in uni- usually 1.5 problem. specia men size, Soi ensity, H 
versaltesting | to4 X 0.5to problems, | and moisture conditions by some as too severe, tests on Parse} 

eee pede seater ie baa and Davidson soils showed that this tempe' 

ture had little or no effect on subsequent cye; 

1 Usually no more than 1 week. of wetting and drying. The volume char: 

Table 3.—Test data for soils used in shrink-swell potential study 

Surface area 
of material Clay minerals in material finer 
finer than than 2 microns 
0.42 mm. 

Soil class Mechanical analysis, soil 
finer than—(mm.) 4g © oO 

BPR sample No., 
soil, and source 

4 

Unified Predominant Accessory 
moisture content 

Maximum 
density dry 

Shrink-swell potential Plasticity index Liquid limit Specific gravity Linear shrinkage Optimum External Internal 

S 30470, Portneuf A-4(8) 100 2) le 3}2. 7: : : 4.0 25 27| Montmorillonite__| [lite and 
silt loam, Idaho. | | kaolinite. 

S 14335, Cecil clay, A~7-5(17) 100| §¢ : y : PA, é 3 x Kaolinite Degraded mica, 
Ala, and free iron 

oxides. | 
8 35732, Hybla A-7-6(11) 100 32| 25 2. 76 . 8 . ‘ : Montmorillonite__| Small amounts 

Valley clay, Va. | of illite and — 
kaolinite. 

S 30088, Williams A-6(12) 100 i Pa : ? 5} Montmorillonite__| Ilite and 
loam, N. Dak. | kaolinite. 

$ 37000, Davidson A-7-5(20) 100 7 ye : Degraded mica____| Kaolinite, 
clay loam, Va. amorphous 

iron oxides 
; and quartz. 

S 30375, Parsons silt | A-7-6(20) CH 100} 99] §¢ a. 2. 6! 2 ; 29. 2| 6. ve Montmorillonite__| Kaolinite. 
loam, Okla. 

S 30907, Winterset | A~-7-5(20) CH 100; 99) 98 2| 4! 2: O21t evi be 3 Montmorillonite__| [lite and 
ated clay loam, kaolinite. 
owa, | } 

S 30932, Iredell silt A-7-5(20) MH-CH | 100} 97} 91 ) 2|2. : 2 Montmorillonite__| Kaolinite and 
loam, Va. | | | . halloysite. 

S$ 16313, Potomac A-7-6(20) CH | 100} 100} 97} 87) 5:5 ¢ pees y pe 93| Kaolinite__..._____| Ilite and mont 
clay, D.C. morillonite. 

S 36004, Bentonite A-7-6(20) Cit | 100, 100} 100) | 2. 8 . 78 E e 2; Montmorillonite None 
(calcium ion), : 5 Ey ; 
Miss. | i | 

S$ 36005, Bentonite A-7-6(20) 100, 100) 100) : 5/2. ays Montmorillonite None 
(sodium ion), Wyo. ; rj ; 

§ 35332 and S 35365 A-7-6(14) | 100, 100) 95) Vermiculite and Kaolinite and 
(combined), Bert- montmorillo- illite 
houd, Mont. nite. ‘ 

1 Could not be determined by hydrometer method. Not determinable by Georgia method. 
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fable 5.—Relationships of standard test 
results to shrink-swell potential 

Quality of 
Test method | relationship 
y or to shrink- 
measurement swell _ 

potential 

Remarks 

Plasticity May overestimate 
Index. shrink-swell poten- 

tial of soils containing 
l iron oxides and in- 

_isplacement. 
xpressed: 

active clays. 
Shrinkage Underestimates 
limit. shrink-swell poten- 

tial of bentonitic 
soils. 

AASHO: Molding moisture 
> T 190. and density con- 

ditions not suitable 
for prediction of 
shrink-swell 
potential. 

Relationship with 
shrink-swell poten- 
tial slightly 
improved for 
specimens molded 
to AASHO: T-180. 

May overestimate 
the shrink-swell 
potential of soils 
sensitive to method 
of compaction. 

May overestimate 
shrink-swell poten- 
tial of micaceous 
soils; method not 
suitable for bento- 
nite.soils. 

May overestimate 
the shrink-swell 
potential of high- 
activity clays mixed 
with sands. 

Test fairly rapid and 
easy to perform. 

Linear 
shrinkage, 

pene ee oe 

f the specimens was determined during 

he fourth drying period. The volume of 

he wet specimens was calculated from their 

aeasured height and diameter; the volume 

f the dry specimens was measured by mercury 

The total volume change was 

| 

a 
-otal vol. change 

_ Vol. wet specimen—Vol. dry specimen 

Volume wet specimen 

x 100 

Tests were made on 12 soils to confirm the 

quibrium hypothesis postulated from 

orter’s work. The texture of these soils 
anged from a loessial silt having a PI of 4 
low shrink-swell potential) to a bentonite 
aving a PI of more than 300 (very high shrink- 

well potential). Test data and other charac- 

sristics of the 12 soils are shown in table 3. 

‘he volume change of the soil specimens was 

leasured under a 0.25 p.s.i. surcharge to 

rovide a reasonable restraint without mask- 

ig volume change. 
Wet-dry cyclic changes in height for two 

f the soils that had very different volume- 
nge characteristics are shown in figures 

BLIC ROADS e Vol. 33, No. 6 

VOLUME CHANGE, PERCENT 

O 3) 10 he 

SHRINKAGE LIMIT = 

LOSRERGE NT 

20 ae, a0) 25 40 

MOTSrURES CONTENT=, PERCENT 

Figure 7.—Phenomenon of shrinkage limit. 

4 and 5. Primary “observations in this test 

series were: (1) The fat clay (Iredell) 

specimen molded at optimum moisture con- 

tent swelled much more after being dried 

than when it was initially at optimum mois- 

ture content; (2) during the first soaking, 

the specimens of both soils compacted when 

air dry showed a change in height that was 

disproportionately greater than subsequent 

height changes; (3) in both cases, the height 

change of all specimens became essentially 

constant after several cycles of wetting and 

drying—at this point, the effects of the 

difference in initial density and moisture 

content appeared to have been minimized. 

Because the equilibrium shrink-swell condi- 

tion was achieved by the procedure described 

in the foregoing paragraphs, shrink-swell 

potential is defined as the volume change (in 

percent) that occurs under a 0.25 p.s.i. sur- 

charge during the fourth drying in four cycles 

of wetting and drying of a soil compacted at 

optimum moisture content to 100 percent of 

the AASHO: T 99 maximum density. The 

shrink-swell potential for each of the 12 soils 

used in this study is listed in table 4. 

Up to this point, the study was directed to 

a method of determining shrink-swell potential 

uninhibited by molding moisture, density, 

particle orientation, or the like. The method 

involved alternate wetting and drying of the 

soil and required one or more weeks to com- 

plete a test. In an effort to shorten the time 

required to obtain an estimate of shrink-swell 

potential, it was hoped that a relationship 
could be developed with the results obtained 

by some other test method that could be 

performed in a shorter time. For this reason, 

the same 12 soils were tested by 8 standard 

or universally accepted volume-change or 

swell-pressure tests, and the results were 

compared with the shrink-swell potential. 

A method proposed by Seed, Woodward, 

and Lundgren (9), for determining swelling 

potential only, consists of compacting a soil 

to maximum density at optimum moisture 

content and measuring the percent of swelling 

after the specimen has soaked under a 1-p.s.i. 

surcharge. The authors concluded that for 

practical purposes, however, the swelling 

potential of a soil could be predicted from the 

plasticity index, but that the actual amount of 

swelling a soil may have in the field can only 

be determined from swelling tests conducted 

under conditions that are as similar as possible 

to anticipated field conditions. 

In the study reported here, data obtained 

from shrinking and swelling tests showed that 

the plasticity index is also a good predictor of 

shrink-swell potential. In addition, the data 
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O71, 
Na BENTONITE 

Ca BENTONITE 

SHRINK-SWELL POTENTIAL , PERCENT 

15 

SEB TABEESSSEOR 

SOIL IDENTIFICATION 

20 as) 30 S)8) 40 

SHRINKAGE LIMIT 

Figure 8.—Relation of shrinkage limit to shrink-swell potential. 

a ee S 

Figure 9.—Apparatus for AASHO: 
expansion pressure test. 

T 190— 

compiled showed: (1) The results obtained 

from a variety of other types of tests on soils 

having a wide range of shrink-swell potential, 

and (2) factors affecting these test results. 

Limitations of some of the methods and the 

test results are discussed. 

NOTE: 

EXPANSION PRESSURE DETERMINED 
FOR SPECIMENS HAVING AN EXUDA — 

TION PRESSURE OF 300P.S.1., 

SEE TABLE 4 FOR 

SOIL IDENTIFICATION 

SHRINK -SWELL POTENTIAL, PERCENT 

Oo 0.5 1,0 
EXPANSION PRESSURE, P.S.1. 

Figure 10.—Relation of expansion pressure 
by AASHO: T 190-61 to shrink-swell 
potential. 

a 

Figure 11.—Apparatus for CBR volume 
change test. 

Test Results Compared 

In the following part of this article t) 

shrink-swell potential test results are compari 

to the results obtained from standard tests « 

the same 12 soils. In an attempt to find) 
rapid, reliable substitute, the standard tes} 

were evaluated for their ability to predict t 

shrink-swell potential. The eight tests studi! 

are listed as follows, with AASHO test desi: 

nations where applicable: Plasticity indi 

(PI), T 91-54; shrinkage limit (SL), T 92-6; 

40 

30 

SEE TABLE 4 FOR 
SOIL IDENTIFICATION 

| 3% 
4 6 8 oy 

CBR SWELL, PERCENT 

SHRINK-SWELL POTENTIAL , PERCENT 

Figure 12.—Relation of CBR swell to shrin 
swell potential. 
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“Figure 13.—Apparatus for AASHO: T 116— 
Volume Change Test. 

‘/axpansion pressure, T 190-61; CBR volume 

lum shange, T 193-63 with modification; volume 

change of soils, T 116-54; Georgia volume 

change; total surface area; and linear shrinkage. 

Plasticity index 

A The plasticity index (PI) is the range of 

‘moisture content over which the soil is in a 

° slastic condition. Figure 6 shows the rela- 

. tionship of PI to the shrink-swell potential for 

r she 12 soils tested. The relationship for 10 
ni xf the soils was fairly good. Based on the 

NY relationship for these 10 soils, the other 2, 

- Oeil and Davidson, had only about one-half 

‘a she shrink-swell potential that would have 

il seen anticipated on the basis of their PI’s. 
4 Perhaps this was because these soils had high 

contents of iron oxide. The Davidson soil 

slosely resembled lateritic soils normally 
leveloped in the tropics. 

ag Shrinkage limit 

_ The shrinkage limit (SL) is the calculated 
noisture content below which a soil has only 

small change in volume as moisture content 

s further reduced. Figure 7 shows a plot of 

~ volume change versus moisture content; SL 

5 indicated at the intercept of zero volume 

vhange and 15 percent moisture content. The 

3L of soils is generally inversely related to PI 
_— md fineness of soils. Figure 8 shows the 

‘elationship of shrink-swell potential to SL for 
dL12 soils. The relationship was fair, except 

jor the two bentonites that showed much 

jigher shrink-swell potential than would have 

— heen expected from their SL’s 

AASHO: T 190 

| 
| 

“OR } 

TION 

| 
The expansion pressure test described in 

—7 \ASHO: T 190 measures swell pressure (fig. 

\). Figure 10 shows little relationship be- 
-jween shrink-swell potential and expansion 

a ressure, as determined by AASHO: T 190 

" yrocedures. In general, when these proce- 

Ol UBLIC ROADS e Vol. 33, No. 6 

| 

SHRINK-SWELL POTENTIAL, PERCENT 
SEESIABEEL 4 EOR 

SOIL IDENTIFICATION 

AASHO: TIlI6-54 VOLUME CHANGE, PERCENT 

Figure 14.—Relation of AASHO: T 116-54 volume change to shrink-swell 
potential. 

dures are used, silty and permeable lean clay 

soils have medium to high swelling charac- 

teristics, and relatively impermeable fat clay 

soils have low to medium swelling charac- 

teristics. Specimens of fat clays tended to 

dry and shrink on the bottom during the soak- 

ing period. Covering the bottom of these 

soils with a rubber disk caused higher swelling 

pressures. Soaking times longer than 16 to 

20 hours also caused higher swelling pressures 

for fat clays. 

CBR Volume Changes 

The CBR test measures the change in 

height that occurs when a compacted soil 

specimen is soaked, usually for 4 days (fig. 

11). The soaking procedure is conducted 

primarily to place the soil in the weakest 

condition it may attain under pavements, 

although the measurement of height change 

during soaking apparently gives a fair indica- 

tion of how much trouble can be anticipated 

because of volume change. Figure 12 shows 

the relationship of swelling during the CBR 

test to shrink-swell potential test results. 

For the limited data, the relationship was 

better for CBR specimens molded to 95 per- 

cent of the AASHO: T 180 maximum density 

than for those molded to 95 percent of the 

AASHO: T 99 maximum density. 

AASHO: T 116 

The test for determination of volume change 

of soils, AASHO: T 116, is similar to the CBR 

swelling procedure, except that the specimen 

is smaller, the soaking period is longer, and 

the specimens are usually compacted statically 

instead of dynamically. A soaking specimen 

is shown in figure 13. The relationships 

between the results of this test and shrink- 

swell potential are shown in figure 14. The 

Potomac clay soil did not appear to fit the 

relationship, possibly because this soil was 

very sensitive to loading conditions and type 

of compaction. 

Georgia Volume Change 

The Georgia test was developed to classify 

subgrades for road construction. Two iden- 

tical specimens of each soil are compacted at 

optimum moisture content. One specimen is 

allowed to dry; the other is soaked, as shown 
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Figure 15.—Georgia volume change test: 
one specimen soaking, one specimen 
drying. 

in figure 15. The soil classification is based 

on the combined volume change of the two 

specimens and its laboratory compacted 

density. The volume change of 9 of the 12 

soils studied showed a fair to good relationship 

with shrink-swell potential (fig. 16). The 

Cecil soil had a different relationship, perhaps 

because the mica in this soil caused high swell- 

ing characteristics the first time it was wetted 

after being compacted. The Na and Ca 

bentonites could not be tested by the Georgia 

method because the top of the soaked samples 

curled and cracked as a result of the inability 

of the specimens to soak up water quickly 

enough to prevent the top of the specimens 

from drying. 

90 
NOTE: 

Total Surface Area 

Measurement of the total surface area is 

not a standard test method, but the results 

correlate so well with shrink-swell potential 
that these measurements are included here as 

a matter of interest. Total surface area is 

the sum of the external and the internal 

surface areas (see fig. 1, part B), expressed in 

square meters per gram of soil passing the 

No. 40 sieve. The values reported were 

measured by the Diamond and Kinter (10) 

glycerol retention method. The relation of 

total surface area to shrink-swell potential is 

shown in figure 17. The gradation of the 

Hybla Valley clay caused the shrink-swell 

potential to be about one-half the anticipated 

value based on the total surface area. Al- 

though the clay portion of this soil was 

chiefly montmorillonite, a material having a 

high surface area, there evidently was sufficient 

sand to form a resistance to shrinkage. 

Linear Shrinkage 

Linear shrinkage is the decrease in length of 

a bar of soil-water mixture that is dried until 

shrinkage ceases; it is expressed as a percent- 

age of the original length of the bar. In 

GEORGIA VOLUME CHANGE FOR Na AND Ca BENTONITES 
NOT DETERMINABLE 

80 

“NJ oO 

ce) oO 

oO oO 

OW a oO Oo 

SHRINK-SWELL POTENTIAL, PERCENT 
nm oO 

O 10 20 

SEE TABLE 4 FOR 

SOIL IDENTIFICATION 

30 40 50 
GEORGIA VOLUME CHANGE, PERCENT 

Figure 16.—Relation of volume change by Georgia method to shrink- 
swell potential. 
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addition to being a test that is fairly reid 
and easy to accomplish, the dry length of 

specimen at the end of the test, comparec 

the length of the mold, provides a physig 

sense of the soil’s susceptibility to shrink 

or swelling (see fig. 18). ; 

For purposes of this study, linear shrink 

tests were made on soil that was sligl 
wetter than the liquid limit. Teflon ? mds 

were used that were 20 em. long by 2.54 

diameter and had a semicircular cross-sectin, 
They were lubricated with 0.3 g. petroler 

jelly and the specimens were dried in an o 

at 70° C. +5°. The drying temperature 

selected on the basis of results of tests 
dicating that linear shrinkage was affec 

only slightly by differences around the 70'C. 

This procedure produced a very good corr 

tion of linear shrinkage with shrink-swell jo 

tential (fig. 19). 

Review of Relationships 

The results of the eight standard tits 

studied are related to shrink-swell poterial 

with different degrees of success. Tabl { 

lists the general quality of the relations|ps 

and presents possible explanations as to vay 

certain soils did not readily conform. Fu 

of the tests—plasticity index (PI), Geofis 

volume change, surface area, and lita 

shrinkage—were closely related to shri 

swell potential. Of these four, the PI 
quires only a few hours to perform wet 

rapid drying equipment is available; but 

linear shrinkage requires about 16 hap 

(overnight drying). However, by the PI 

lationship, the shrink-swell potential of fe 

grained but inactive clays was appareily 

overestimated by about two to one. 

the PI is not so easily related to shrink-s@ll 

potential as is an actual volume change tif, 

such as linear shrinkage. Linear shrinkag és 

the easiest to perform of any of the tits 

studied. 

The relationship of linear shrinkage te 

shrink-swell potential was very good for 

linear shrinkage test method described in 

article. However, further investigations, ¢ 

reported here, were devoted specifically te 

factors influencing the linear shrinkage tif. 

The primary purpose of these investigatins 

was to find a modified procedure that wel 

provide an even better correlation. Rest 

obtained by an alternate procedure, dev 

as a result of the supplementary studies, 

not correlate as well with shrink-swell poten 
as those obtained by the test method he 
described. The study, however, did slwW 

the variables and their quantitative eft 

on linear shrinkage test results. A limijd 

supply of an informal report on the sup 

mentary study is available. Interested & 

searchers may obtain copies without cost 
addressing requests to the Bureau of Pu 
Roads, Washington, D.C., 20235, attenti 

Materials Division, Office of Research ; 
Development. 

’ Trade name for polymerized tetrafluoro ethylen 

synthesized plastic. 
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SPECIMENS MOLDED 
AT LIQUID LIMIT 

O 100 200 300 

| \Figure 17.—Relation of total surface area to shrink-swell potential. 
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400 

SEE TABLE 4 FOR 
SOIL IDENTIFICATION 

500 

SURFACE AREA, SQUARE METERS PER GRAM 
600 

SHRINK -SWELL POTENTIAL, PERCENT 

DAVIDSON 

Na BENTONITE 

Figure 18.—Dried linear shrinkage specimens of two soils, 
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Friction Reducing Mediums for 

Rigid Pavement Subbases 
BY THE STRUCTURES AND 

APPLIED MECHANICS DIVISION 

BUREAU OF PUBLIC ROADS 

Increased interest in the use of prestressed concrete pavements has been ac- 

companied by an awareness of the need for friction reducing mediums between 

the subbase and the slab in order to minimize the required prestressing force. 

The Bureau of Public Roads has tested several different mediums in a winter- 

spring study and a summer study. 

in this article. 

The findings from these studies are discussed 

In the studies, concrete slabs 6 feet square were moved horizontally, alternately 

forward and backward, several times to simulate the movement of pavements in 

service. The thrust necessary to cause horizontal movement and the magnitude 

of displacement caused by the thrust were measured from the first detectable 

movement until free sliding of the slab began. 

All the slabs used in the test were 5 inches thick but weights were added for 

two sets of tests so that the effects of 8- and 11-inch slabs were obtained. Re- 

sistance to slab movement was determined for the seven underlying materials: 

a plastic subgrade, two types of granular subbases, and four types of mediums 

on a granular subbase. Most of the tests were made at a very slow rate of 

loading, but for comparison purposes some tests were run at medium and fast 

rates, 

The least resistance was recorded when the medium was either a thin layer 

of sand or a double layer of polyethylene sheeting on a thin, leveling course 

of sheet asphalt. Both of these mediums were considered effective in reducing 

friction between the subbase and the slab. 

Introduction 

S EARLY as 1924 the Bureau of Public 

Roads conducted studies to determine the 

magnitude of the resistance offered by the 

underlying material to the horizontal move- 

ment of concrete pavement slabs. Data from 

these early studies clearly showed that the 

resistance differed considerably according to 

the type of material upon which the pave- 

ment rested. Increased interest in the use of 

prestressed concrete pavements been 

accompanied by an awareness of the need for 

mediums between the subbase and the slab 

that have a low resistance to slab movement. 

For many years pavement designers have 

known that mediums having a low resistance 

to slab movement will reduce materially the 

direct tensile induced in concrete 

slabs by resistance to movement during con- 

traction. Because direct tensile stresses are 

generally very small for the relatively short 

slabs of conventional concrete pavements, 

little use made of friction reducing 

mediums until the advent of the use of pre- 

stressed concrete pavements. 

Prestressed concrete pavement slabs having 

lengths up to 800 feet require mediums that 

has 

stresses 

was 

1 Presented at the 43d annual meeting of the Highway 

Research Board, Washington, D.C., January 1964. 
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have a low friction coefficient for the most 

efficient use of the prestressing force. A 

medium that would reduce the frictional 

resistance of the subbase by 50 percent could 

make possible a 30- to 40-percent reduction 

in the required prestressing force. 

Previous investigators have established that 

the resistance to slab movement could be de- 

creased by different means. In 1924 Gold- 

beck (1)? reported that the elimination of 

ridges and depressions in the subgrade or the 

introduction of a sand layer between the sub- 

grade and the pavement caused an appreciable 

decrease in the coefficient of friction. Re- 
cently, Stott (2), of the Road Research 

Laboratory of Great Britain, presented the 

results of a comprehensive investigation of 

different materials used as sliding layers over 

granular subbases, including polyethylene 

sheeting, paraffin wax, bitumen, and _ lubri- 

cating oil. 

Heretofore, a thin layer of sand has been 

the most commonly used medium to reduce 

friction between the subbase and the slab. 

However, many engineers now believe that 

sand layers should not be used under the 

relatively thin prestressed highway pavements 

because of the possibility of aggravation of edge 

2 References indicated by italic numbers in parentheses 

are listed on page 111, 

Reported by! ALBERT G. TIMMS 

Highway Research Enginee 

pumping. In recognition of the importance ¢ 

friction reducing mediums for construction ¢ 

prestressed concrete pavements, the Burea 

of Public Roads undertook a study designe 

to develop comparative data on several type 

of mediums that have been proposed b 

designers of such pavements. 

Conclusions 

The following conclusions are based on th 

analysis of the data developed in the stud 

reported here: 

e For granular subbase materials, th 

magnitude of the coefficient of sliding frictio 

was unaffected by (1) differences in sla 

thicknesses of 5, 8, or 11 inches or (2) b 

seasonal differences in subgrade moisture cor 

tent. When the friction reducing mediur 

was a double layer of polyethylene sheetin 

on a thin leveling course of sheet asphalt, th 

thickness of the slab did not cause any di 

ference in the magnitude of the coefficient 

friction. The effect of seasonal differences 

subgrade moisture on the friction coefficier 

was not determined when the polyethyler 

sheeting was used. 
e For a thin layer of sand on a granule 

subbase, the coefficient of friction was ul 

affected by rate of application of the thrustir 

force (rate of loading), which ranged from 1 

to 90 minutes for total applied force. Tr 

effect of rate of loading on the coefficient © 

friction was pot determined for the othe 

mediums used. 

e The coefficient of friction for the initi) 

movement of a slab was appreciably great« 

than for subsequent movements; essentii 

stability of resistance was obtained after o 

2 or 3 cycles of movement. 

e Mediums of both a thin layer of sand ar 

of a double layer of polyethylene sheeting ¢ 

a thin leveling course of sheet asphalt we) 

effective in reducing friction between the sul 

base and the slab. 

Scope of Study 

Resistance to slab movement was dete 

mined for a plastic subgrade, two types » 

granular subbases, and four types of mediun 

on a granular subbase. These underlyil 

materials were: (1) Subgrade soil consistit 

of micaceous clay loam and referred to | 

this article as plastic soil; (2) a granular su 

base consisting of material that met tl 
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ayer covered by 1-ply building paper; 

Bureau of Public Roads grading and plasticity 

‘equirements for Federal highway projects 

(3); (3) a granular subbase consisting of a 

slend of washed sand and gravel; (4) a granu- 

ar subbase, same as No. 2, and a 1-inch sand 

(5) 
, granular subbase, same as No. 2, and a 

ayer of emulsified sand asphalt about 1 inch 
hick; (6) a granular subbase, same as No. 2, 

MS and a thin leveling course of sheet asphalt 

Nt) ,overed by a double layer of polyethylene 
sheeting that contained a special friction 

seducing additive; and (7) a granular sub- 
nase, same as No. 2, and a layer of sheet 

asphalt about one-half inch thick. The 
ohysical properties and AASHO classification 
yf the subgrade and subbase materials, and 

uec}nformation on the sheet and emulsified 

uj asphalts, are listed in table 1. 
ww) For each underlying material, force- 

ig displacement curves were developed from 

iy data obtained by movirg concrete slabs, 6 

djveet by 6 feet, horizontally, alternately for- 

ward and backward several times to simulate 

the behavior of pavements in service. The 

Jorce or thrust necessary to cause horizontal 

_ movement of the slab and the magnitude of 

_, lisplacement caused by the thrust were 

* measured from the first detectable movement 

ie free sliding began. 

, The testing program was divided into a 

winter-spring study and a summer study, when 

the absorbed moisture in the subbase and 

subgrade were at the maximum and minimum, 

a: of the annual cycle of moisture 

, Change. 
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Table 1.—Physical properties of subgrade and subbase materials, and sheet asphalt 
and emulsified asphalt ! 

; Sand in Sand in 
Properties Subgrade | Granular sheet emulsi- 

| subbase asphalt fied as- 
phalt 

Mechanical analysis: 
Passing, sieve size: 

Ct EAN epee Re ees eek aN ee ee DONC et eee =e LOO eee met one 
PEW aL) ee ste Ae Ae RMB ee ce Jo GH ee Le phe Bie he pepe |g ote aS 98 
134-1n Chess 22" eS a ee ee eee dom cl eee ee | eee Re OV re 
LA CHU SCE we ee ae ee eee eee dowc-s | ees a yl (tee Gini eemiged | wes ai aN 
qh ile SAM eee RINE Ah Sie WEEE Gs og eg an 84 She Shia ip eS 
$6-inCh 525. Jo Sa ee a ee ee Ores! 100 Ate Ga.) Gee 100 
IN Qe ec ee oe do--_-} 99 61 100 95 
No 1) Ee SRE ae olin YEE ak hate tots fe Gees a 98 54 98 87 
No AQ eo 2 ee a ee dds. = 94 36 68 37 
IN 05 BO oe oe ee ce Co aN per B= Seam |< SS 30 9 
INO: 200). ceo ee ee ee ee eee ee ae Gores) 78 15 12. 5 4 

Biguid. limits 4-3. 5S Bs See ee ee ee ae | 40 33 
Plasticity Index. 62.26) oe ee eee BL 15 16 SO Se Gd | teh Giles 
Classifications... =<: eos au a ae en Bey en A=G(L0) a 2-00) eee ene ee 
Penetration... a. hess es ae a ere I ys gl ee ae 60-70 | 60-70 
Asphalt: content:<-.. 285.226 a oe ee ee enna eee percents) EAcn. FF ee ee 8.8 7.5 

| 

1 No information was available for the subbase of blend washed sand and gravel. 

develop data on force-displacement curves for 

8- and 11-inch thick slabs, 100-pound weights 

were dispersed uniformly on top of the 5-inch 

slabs to provide the equivalent weights. A 

general view of the test slabs and a 5-inch 

slab loaded to the weight equivalency of an 

11-inch slab are shown in figure 1. 

Test Procedure 

A schematic arrangement of the test slabs 

and the testing apparatus is shown in figure 

2. Five wooden posts, 1-foot square, were 

set 3 feet deep in the ground on 9-foot centers 

to serve as reaction abutments for the hydrau- 

[else 

lic jack used to apply the thrusting force. 

The subbases and sliding mediums were 

placed symmetrically in 8-foot squares be- 

tween the wooden posts. The 6-foot square, 

5-inch thick concrete slabs were cast in place 

and centered in the 8-foot squares. The 

thrusting force was applied by a hydraulic 

jack to the concrete slab through a 3-foot 

long, 4-inch channel bearing plate. Hori- 

zontal displacement was measured by a 

micrometer dial on the side of the slab 

opposite the thrusting force. 

In most of the tests the thrusting force 

was applied continuously for 5-minute in- 

C=s at ee laioo Ss a Re 1 
tie! ' 
tet ! 
peal) I 

O O 
| I rs 

Rea l 
io! 1 

Po ener lg das See A Maa a peg ee ------ 

ANCHOR 

WEIGHT 
REFERENCE 

ANGLE 

| 
| 
| 
| 
4 1N. CHANNEL 
BEARING PLATE 

WOOD POST 
ASE Wee al) 

CONCRETE SLAB 

6FT. X GET. 

DIAL 

MICROMETER 
HYDRAULIC 

JACK 

PREPARED SUBBASE 8FT. X 8FT. 

ee ee et ee ee 

Figure 2.—Arrangement of test slabs and testing apparatus. 
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0.05 

a25 
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0.40 0.30 
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0.35 

Figure 3.—Typical force-displacement curves. 

tervals and the load increased in increments 

of 200 pounds on 5-inch slabs, 320 pounds on 

8-inch slabs, and 440 pounds on 11-inch 

slabs. The thrusting force was held constant 

during the 5-minute interval between the 

added increments. The displacement of the 

slab was measured immediately after the 

application of each increment of force and 

immediately before the next increment was 

applied. These two readings were averaged 

for a single displacement value. Incremental 

loading was continued until the slab was 

sliding freely and the thrusting force could not 
be increased. 

The thrusting foree was removed every 5 

minutes in load decrements of 400 pounds for 

the 5-inch slabs, 640 pounds for the 8-inch 
slabs, and 880 pounds for the 11-inch slabs. 
When the thrusting force was released, the 
slabs tended to move in a reverse direction. 
This return movement was recorded in selected 
tests; it was measured immediately after the 
removal of each decrement of force and just 
before the removal of the next decrement. 

Force-displacement diagrams at two addi- 
tional rates of loading were also developed for 
the 5-inch slab on the granular subbase and 
sand layer. One loading rate was very fast— 
a force of 200 pounds was applied every 10 
seconds; the other loading rate was twice as 
slow as the described rate—200 pounds every 
10 minutes. 

In general, the slabs were moved back and 
forth three times, a total of six instrumented 
runs. The slab under test was protected from 
the elements by a canvas shelter, which was 
removed when figure 1 was photographed. 

Test Results 

The data obtained in the testing of the slabs 
are shown in different ways in figures 3 to 11, 
inclusive. These figures illustrate certain 
characteristics of foree-displacement behavior 
that have been reported previously by other 
investigators (2, 4). 

Figure 3 shows typical data developed in 
two of the tests. Each point on the curves 
represents an average for results of six dis- 
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placement tests, three in a forward and three 

in a backward direction. As the increments of 

force were applied, the successive increments 

of displacement increased in a ratio that 

closely approximated a parabola. After free 

sliding occurred, the thrusting force could not 

be increased beyond the force at which the 

slab began to slide. The slab returned slightly 

toward its original position upon release of 

the thrusting force. This return movement 

was believed to have been the result of elastic 

deformation of the soil and, as mentioned 

previously, was measured in only a few of the 

tests because such information had little value 

for the purpose of this study. 

250 

0.10 

5- INCH SLAB 
|- INCH SAND LAYER 
GRANULAR SUBBASE 

0.15 0.20 0.25 0.30 

DISPLACEMENT, HUNDREDTHS OF AN INCH 

Figure 4.—Effect of rate of loading on force-displacement 
relations. 

The effect of rate of loading on the di 

placement of a slab cast on the granul? 

subbase and sand layer is shown in figure | 

The total thrusting force was applied 

approximately 114, 45, and 90 minutes for t 

fast, medium, and slow loading rates, respe 

tively. Analysis of data collected shows 

that the rate of loading had no appreciak 

effect on the displacement of slabs on sar 

layers. This finding agrees with that of St 
(2) who observed that restraint offered by 

friction reducing layer of sharp sand was n 

THRUSTING FORCE, PERCENTAGE OF SLAB WEIGHT 

0.10 0.15 
DISPLACEMENT, 

5-INCH SLAB 
EMULSIFIED SAND ASPHALT 
GRANULAR SUBBASE 

5-INCH SLAB 
POLYETHYLENE SHEETING 

5-INCH SLAB 
| -INCH SAND LAYER 
GRANULAR SUBBASE 

0.20 0.25 0.30 

HUNDREDTHS OF AN INCH 

0.35 0.40 

Figure 5.—Effect of successive slab movemen ts on force-displace- 
ment relations. 
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markedly affected by differences in the rate of 

slab movement between 0.08 inch and 0.5 
inch per hour. 

Successive Slab Movements 

As mentioned previously, the test slabs 

were moved back and forth several times. 

Examples of data obtained from these succes- 

sive movements are shown in figure 5 for each 

of the 5-inch thick slabs cast on the sand 
ayer, polyethylene sheeting, and emulsified 

5-INCH SLAB 
|-INCH SAND LAYER 
GRANULAR SUBBASE _ 

8- INCH SLAB 
|- INCH SAND LAYER 
GRANULAR SUBBASE 

I1- INCH SLAB 
|- INCH SAND LAYER 
GRANULAR SUBBASE 

THRUSTING FORCE, PERCENTAGE OF SLAB WEIGHT 

0.15 

em em WINTER 

\ 0.25 
DISPLACEMENT, HUNDREDTHS OF AN INCH 

| Figure 6.—Force-displacement curves for concrete slabs on plastic 
| soil. 
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Figure 8.—Force-displacement curves for concrete slabs on blend 
of washed sand and gravel subbase. 

sand asphalt, When free sliding occurred at 

first movement, the slabs moved so rapidly 

under the built-up thrusting force that 

accurate force-displacement measurements 

were unattainable. Therefore, plotted data 

on the first movement curves terminate at the 

point where free sliding began. 

As expected, all three of the proposec. fric- 

tion reducing mediums produced greater 

resistance to slab displacement in the first 

movement than in the following movements 

0.25 0.30 0.35 0.40 

Figure 7.—Force-displacement curves for concrete slabs on gran- 

ular subbase, BPR grading and plasticity requirements. 

(fig. 5). It is evident, however, that a condi- 

tion of essential stability of resistance was 

obtained after only two or three movements. 

The data also show that the magnitude of the 

coefficient of friction—thrusting force at free 

sliding expressed in terms of percentage of 

slab weight—was considerably greater for the 

emulsified sand asphalt than for the subbases of 

the polyethylene sheeting and the sand layer. 

Tests of the emulsified sand asphalt were 

discontinued after the second movement of the 

slab because of the large thrusting force 

required to cause free sliding. Likewise, tests 

of the sheet asphalt were concluded after the 

first movement of the slab because the thrust- 

ing force required to start free sliding was 

three times the weight of the slab. Both of 

these mediums bonded to the bottom of the 

slab; this indicated the need for use of an 

intermediate sliding medium beneath pre- 

stressed pavements. 

Winter-Summer Comparisons 

Force-displacement relations were obtained 

in the summer and again in the winter-spring 

period for 5-, 8-, and 11-inch thick concrete 

slabs on the: (1) plastic subgrade soil, 

(2) granular subbase, (3) blend of washed 

sand and gravel subbase, and (4) the sand 

layer on a granular subbase. A 5-inch slab 

was cast on each of the underlying materials 

and, in turn, weighted to the equivalent of 

8- and 11-inch slabs. The data developed in 

these tests are shown in figures 6 through 9. 

Each plotted point is the average value of 

displacement of five slab movements. The first 

movement of the slab in each of the six runs 

included in the average. Conse- was not 

109 



100 
5-INCH SLAB 
|-INCH SAND LAYER 
GRANULAR SUBBASE _ 

5-INCH SLAB 
GRANULAR SUBBASE 

8- INCH SLAB 
1- INCH SAND LAYER 
GRANULAR SUBBASE 

8-INCH SLAB 
GRANULAR SUBBASE 

FORCE, PERCENTAGE OF SLAB WEIGHT 

THRUSTING FORCE, PERCENTAGE OF SLAB WEIGHT 

|1- INCH SLAB 
|- INCH SAND LAYER 
GRANULAR SUBBASE = 

z 
a II-INCH SLAB 

> GRANULAR SUBBASE 
x— —xX—-—*x WINTER = 

= Oo——O0——-OSUMMER 
x-— —x——x WINTER 

ie) 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 

DISPLACEMENT, HUNDREDTHS OF AN INCH i 0.10 0.15 0.20 0.25 0.30 0.35 0.4¢ 

DISPLACEMENT, HUNDREDTHS OF AN INCH 

Figure 9.—Force-displacement curves, concrete slab on granular Figure 10.—Force displacement curves, leveling course of shee 
subbase, and 1-inch sand layer. asphalt covered by double layer of polyethylene sheeting. 

quently, the force-displacement values repre- time of the summer and the winter-spring smooth and sandy in texture. The relatio 

sent a condition of essential stability of tests. The coefficient of friction tended to recorded in the tests show that (1) the mag: 

resistance to slab movement. The subgrade decrease in magnitude as the slab thickness tude of the friction coefficient for the granu! 

was not frozen at the time of the winter-spring was increased. This same tendency was _ subbase, unlike that for the plastic subgrac, 
tests. observed by Teller and Sutherland (4), who tended to remain constant as the slab thickni 

The force-displacement relations for the noted that such a decrease in friction coefficient was increased, and (2) the shape of t: 

slabs on the plastic subgrade soil are shown might be related to resistance to movement  force-displacement curve for the granu 

in figure 6. For a displacement up to about caused by an elastic or semielastie deformation subbase, again unlike that for the plas} 

0.1 inch, less thrusting force was required to within the soil itself. soil, was unaffected by moisture conditics 
move the slabs on the subgrade in the winter Force-displacement relations for slabs on related to the season of the year. 

than in the summer. However, in the free the granular subbase are shown in figure 7. The force-displacement relations for 1 

sliding range, the thrusting force necessary to The surface of granular subbases may differ tests in summer and winter-spring for t 

move the slabs in the winter was at least considerably in roughness according to the slabs on the blend of washed sand and gra‘l 

equal to that required in the summer. The type of granular material and construction and for the slabs on the 1-inch sand lay, 
moisture in the top half inch of the subgrade practices. In the study discussed here, the re Shown respectively in figures 8 and 

soil was 22 and 25 percent, respectively, at the surface of the granular subbase was relatively | Except for the winter data oP the 5-inch sli} 
the force-displacement relations for the ble! 

of washed sand and gravel were very simil 

SHEET to those for the granular subbase. The da, 
ASPHALT as shown in figure 9, conclusively establistl 

Ch) that the coefficient of friction for the slabs 1 
EMULSIFIED Ce S oo - the subbase of 1-inch sand layers on granul 

ASPHALT RRR WS AN Spo San Six seme ae subbases were unaffected by seasonal diff 
(5) ences in subgrade moisture or by slab thi: 

manne nesses. These conditions appear to be typi! 
ne Se ee for slabs on granular materials. i" 

(1) DB—ERDOEKEC IDWS Force-displacement relations were obtairi 

cee only in the summer for the slabs on a dou! 
BLEND a ———— mT layer of special polyethylene sheeting ove! WASHED EER ES 

fod atl ROARS MOQ gg thin leveling course of sheet asphalt. Fri 
(3) ~ ee the force-displacement relations, which 2 

GRANULAR [SEE shown in figure 10, it is evident that sl 

J hickness h: i ffec agnitte SUBBASE Rox thickness ‘ ad little effect on the magn 

(2) of the coefficient of friction. 

SAND) EE icti ients ji ree. — Summary of Friction Coefficients J} 
(4) WWW“ E5 []] FiRST MOVEMENT 3d-Inch Slabs 

POLY - ses reecrreeeen AVERAGE SUBSEQUENT MOVEMENTS Coefficient of friction data for the 5-ir 

Satins MOON a thick slabs on each of the seven underlyi; 

(6) materials studied are summarized in figt: 

e) | 2 3 11; the materials are arranged from top 

Z bottom in the descending order of the magr- 

OEFICIENT OF FRICTION tude of related coefficient of friction valu. 
Figure 11.—Summary of coefficients of friction for slabs 5 inches The numbers in parentheses identify them 

thick. derlying materials with the seven listed unc 
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Bape of Study, p. 106. These coefficients are 
e maximum developed in the tests at free 

liding regardless of the season of the year. 

Two significant facts were apparent from 

he test data—they are illustrated in figure 11: 

1) The friction coefficient for the initial 

ovement of a slab was appreciably greater 

an the coefficient for the average of sub- 

squent movements, regardless of the under- 

ing material. This difference in the coeffi- 

ient for the first movement ranged from 35 

ercent greater for the slabs on the 1-inch 

and medium to about 90 percent for the 

cat) ’ 

‘nag 

ran | 
Ibgrat 

hickte 

af f 

eran | 

plas 

nditit 

for t 
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id Lap 

and 
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emulsified asphalt. (2) The lowest coefficients 

of friction were obtained for the polyethylene 

sheeting: the coefficient of friction for the first 

movement was 0.9, and the average for sub- 

sequent movements was 0.5. The next to 

lowest coefficients of friction were recorded 

for the l-inch sand layer: 1.0 for the first 

slab movement and 0.7 for the average of 

subsequent movements. 
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Simplified Procedures for 
Determining Travel Patterns 

Evaluated for a Small Urban Area 

BY THE OFFICE OF PLANNING 

BUREAU OF PUBLIC ROADS 

Procedures and results obtained therewith from a two-fold research project 

aimed at (1) testing whether the gravity model theory would simulate travel 

patterns for Sioux Falls, South Dakota; and (2) evaluating simplified procedures 

for calibrating a gravity model for the same area are presented in this article. 

The application of the gravity model theory in simulating travel patterns for 

Sioux Falls, South Dakota, is discussed first. In 1956 a comprehensive 12.5 

percent Origin-Destination survey was conducted in this small urban area, 

which had a population of 62,000 at the time of the survey. A three-purpose 

gravity model based on this full O-D survey was developed and tested. The 

gravity model distributions were compared with the O-D data and tests were 

made on trip time length frequency distributions, average trip time lengths, 

sereenlines, and volume counts. In addition, identical tests were made on 

one- and six-purpose gravity models based on the same comprehensive O-D 
survey data. 

For the second objective, to evaluate simplified procedures for calibrating 

a gravity model in the same small urban area, data from Sioux Falls and from 

several other cities were analyzed to determine the minimum acceptable sample 
size for use with the simplified procedures. The analyses indicated that a 

599 home-interview sample might be adequate for calibration of a three-purpose 

gravity model. Then, the trip information available from the external cordon 

survey and from a subsample of 599 interviews of the original home-interview 

survey was used in calibrating the model. The necessary zonal production 

and attraction figures were determined from detailed socio-economic data by 

using simplified procedures. Subsequently, the synthetic gravity model distri- 
butions were checked against the data obtained from the full home-interview 
survey. 

Although the evaluation showed that the simplified procedures were satis- 
factory for Sioux Falls, they may not be applicable to cities having different 
travel characteristics. 

Introduction 

A THEORY that less data on travel patterns 
may be sufficient for urban transportation 

planning than was necessary before the devel- 
opment of travel models provided the premise 
for the research reported in this article. 

Since the early 1940’s, the number of 
transportation planning studies being con- 
ducted in urban areas of the United States 
has been increasing. Basic data on travel 
patterns, social and economic characteristics 

! Presented at the 43d annual meeting of the Highway 
Research Board, Washington, D.C., January 1964. 
?Mr. Bouchard is presently Director, Rhode Island 

Statewide Comprehensive Transportation and Land Use 
Planning Program. 
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of tripmakers, uses of land, and the type and 

extent of available transportation facilities 
have been collected. The interrelationships 

between the different kinds of data have been 

analyzed, and several theories of urban 
travel have been formulated. These theories 
are presented as traffic models (equations) 

composed of the parameters that influence 

the generation and distribution of urban 
trips, as well as the routes of the trips. One 
of the most widely used theories is the gravity 
model, which utilizes a gravitational concept 

to describe the distribution of trips between 

parts of an urban area. 

Although interest has developed in the past 
few years (1959-63) in the use of a small 
sample of home-interview data for calibrating 

traffic models, particularly the gravity mod 
little has been done to test and evaluate 4p 

accuracy and validity of the theories basi 
on this limited data. For example, in ie 

Hartford Area Traffic Study (1),* travel dia 

were collected from only 200, or 0.1 perce, 

of the dwelling units within the study ar, 

In the Southeast Area Traffie Study (2), sul 

data were collected from 1,384 or 2.0 perce, 

of the dwelling units within its study ar, 

Similar sampling rates have been used 1 

other studies (3, 4). 

Specifically, the research described he 
had two main objectives: (1) to examie 

whether a gravity model would adequaty 

reproduce trip distribution patterns ford 

particular small urban area when comp+ 

hensive O—D data were used in the calibratic; 

and (2) to evaluate simplified procedures ‘tf 

calibrating a gravity model trip distributil 

formula for the same urban area. 

In researching the first objective, full 1 

was made of comprehensive O—D data and t2 

resultant traffic movements calculated wi 

the gravity model were compared with the 

recorded in the O-D survey. 

For the second objective the trip informatil 

available from the external cordon survey al! 

from a subsample of the original hon: 
interview survey was used to calibrate t 

model. Simplified procedures were used — 

determine zonal productions and attractic 

from detailed socio-economic data. 

check was made to determine whether t? 

results obtained with the model, which W: 

based on limited data, simulated travel p# 

terns in the study area. This determinati. 

was made by comparing the resultant tri 

with comparable data obtained from the O-} 

survey of the same area. | 

The small urban area selected for t 

research described here was Sioux Fal 

S. Dak., which had a 1956 population © 

3 The italic numbers in parentheses identify referen 

listed on page 123. 



62,000 (5). In that year, a comprehensive 

home-interview O-D survey was conducted 

n 12.5 percent of the nearly 20,000 dwelling 

‘mits in the area. This survey was conducted 
the rate recommended by the U.S. Bureau 

ff Public Roads (6) for urban areas in which 

he population is 50,000 to 150,000. In 

dition to this home-interview survey, the 

tandard external cordon and truck and taxi 

urveys were also conducted, as were surveys 
f the land use and the type and extent of 

he area’s transportation facilities* Data 

vere available on labor force, employment, 
‘etail sales, and the results of a 1960 parking 

uurve; (7). The study area was divided into 

4 traffic zones and 10 external stations. 

lor summary and general analyses, these 

"\#ones and stations were combined into 28 
istricts, as illustrated in figure 1. 

| 

ivi 

| Conclusions 

i Based on results obtained in the research 

-eported herein, the following conclusions 

ym spear to be Pred: 

late i e The gravity model formula provided an 

¥ dequate framework for determining trip 

ll listribution patterns for Sioux Falls. 
lt) e A three-purpose trip stratification of 

pe home based work, nonwork, and nonhome 

(ya pased trips was sufficient for the small urban 

’), i erea. 

pet) e The synthetic procedures used in this 

ya psearch to compute zonal trip productions 

sed nd attractions were satisfactory for this 

mall urban area when used in combination 

a j ith detailed socio-economic data and witb 
og Mited travel data from a small sample 

equit HEVEY - 
{fg @ For Sioux Falls, a 600 home-interview 
wu Maple used in combination with detailed 
bral peio-economic data and the standard ex- 

yes (Tmal cordon survey provided sufficient data 

ib er a three-purpose gravity model calibration. 

chis is a self-contained urban area having a 

ingle center and no strong travel linkages 

ote other urban areas. The city does not 

sf ave any social or economic factors that 

niin have had a significant effect on travel 
atterns, and that might have required adjust- 

rents to the trip distributions as calibrated by 
tll ag gravity model formula. Therefore, the 
vel! ndings for Sioux Falls may not apply to 
i having different travel characteristics. 

ate hurther research should be conducted to 

nf etermine whether the findings for this small 
rban area can have wider application. 

full! 

tract 

all © - The Gravity Model Theory 

The gravity model theory can be stated in 
te following described manner. The trip 

\terchange between zones is dependent upon 

le relative attraction of each of the zones and 

gon some function of the spatial separation 

atween zones. This function adjusts the 

aracteristics of Sioux Falls transportation facilities, retail 

‘es figures by zone, and certain employment and labor 

ee statistics were made available to the U.S. Bureau of 

iblie Roads by the South Dakota Department of 

ighways. 
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O EXTERNAL ZONE 
OR DISTRICT 

Figure 1.—Sioux Falls, S. Dak. study zones and districts. 

relative attractiveness of each zone for the 

ability, desire, and necessity of the tripmaker 

to overcome spatial separation. Mathemati- 

eally this theory is stated: 

: P,Aj,F i;Ki; T j= es 

A pF iKaj 
i=1 

Where, 

T,;= trips produced in zone 7 and attracted 

to zone 7. 

P,=trips produced in zone 7. 

A;=trips attracted to zone j. 

F ,,;=empirically derived traveltime factors 

(one factor for each 1-minute incre- 

ment of traveltime) that are a func- 

tion of spatial separation between 

zones. These factors reflect the aver- 

age areawide effect of the spatial 

separation on trip interchange. 

a specific zone-to-zone adjustment 

factor to allow for the incorporation 

of the effect on travel patterns of 

social and economic linkages not other- 

wise accounted for in the gravity 

model formula. 

Ki= 

Five separate parameters are required for 

calibration of the gravity model before trip 

interchanges can be calculated. Two of 

these parameters include the use of the land 

in the study area and the social and economic 

characteristics of the people who make trips; 

these are the number of trips produced and the 

number of the trips attracted. The third 

parameter reflects the extent and the level of 

service provided by transportation facilities 

in the area—the measure of spatial separation 

between zones—and is usually denoted by the 

minimum path traveltime between zones. 

The fourth parameter, the traveltime factor 

expresses the average areawide effect of this 

spatial separation upon trip interchanges 

between zones. 

The fifth parameter in the gravity model 

formula is the zone-to-zone adjustment 

factor. It may be incorporated into the model 

to account for social and economic conditions 

and political boundaries that might have 

a significant effect on travel patterns, but are 

not otherwise accounted for in the model 

theory. In the study reported here, uo need 

was developed for use of K factors. 

Testing the Gravity Model Theory 

A gravity model was calibrated from data 

obtained in the Sioux Falls O-D survey and 

was tested to determiue whether its use would 

simulate the travel patterns of the O-D 

survey. The steps followed in this testing 

were identical to those documented in two 

recent publications by the Bureau of Public 

Roads (8, 9). Essentially these were: 

e Processing basic data on the travel 

patterns and transportation facilities in the 

area, to provide three of the basic inputs to 

the gravity model formula; namely, zonal 

trip production, attraction figures, and the 

spatial separation between zones, as measured 

by traveltime. 

e Developing traveltime factors to express 

the effect of spatial separation on trip inter- 

change between zones. 
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Table 1.—Distribution of vehicular trips, 
Sioux Falls, S. Dak., 1956! 

Traveltime,| Average 
total travel- 

time 

Trips 
Purpose of trip made 

Minutes | Minutes 
209, 128 7.00 

404,749 
360, 736 

974, 613 6.13 

Number 
29, 882 

65, 759 
63, 280 

Home based work. 
Home based 
nonwork 

Nonhome based -- 

6.15 
5.70 

TOTALS ese 158, 921 

1 Based on O-D survey, for 24-hour period. 

e Balancing zonal attraction factors to assure 

that the trips attracted to each zone, as cali- 

brated by the gravity model formula, were in 

close agreement with those shown in the O-D 

survey data. 

e Examining the estimated trip interchanges 

to determine the need for adjustment to reflect 

factors not directly included in the model 

formula. 

e Comparing the final trip interchanges ob- 

tained by using the gravity model with those 

obtained in the home-interview survey, to test 

whether the model would simulate the 1956 

travel patterns in the Sioux Falls area. 

For this research, the total daily vehicular 

trips were used that had either origins or 

destinations within the study area; through 

trips were excluded. The trips were stratified 

into the following listed categories: (1) home 

based auto-driver work trips, (2) home based 

auto-driver nonwork trips, and (3) nonhome 

based vehicular trips. 

The measure of spatial separation between 

zones was composed of the offpeak minimum 

path driving time between zones plus the 

terminal time in the production and attraction 

zones connected with the trip. Terminal time 

was added to driving time at both ends of the 

trip to allow for differences in parking and 

walking time in the zones because of differ- 

ences in congestion and available parking 

facilities. 

Table 2.—Traveltime factor adjustment 
process—work trips 

Percent 
trips, 
esti- 
mate 
No.1 

| Travel- 
time 
factor 
No. 2, 
from 

figure 2 

Percent| Travel- 
trips, | time 

| actual | factor 
| No.1 

Adjusted 
travel- 
time 

factor! 

Driving 
time 

220 
210 
185 
150 
125 

110 
100 
085 
079 
067 

061 
057 
050 

1 Derived from figures in col. 2 divided by those in col. 4 
and multiplied by those in col. 3. 
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Basic data 

Information from the home-interview, exter- 

nal cordon, and truck and taxi surveys was 

verified, coded, and punched on cards. These 

cards were edited to ensure that all pertinent 

information had been recorded correctly, and 

the edited cards were separated into the three 

trip-purpose categories. A table of zone-to- 

zone movements was then prepared for each 

trip purpose category. Each trip record was 

examined, and the number of trips from each 

zone of production to each of the other zones 

of attraction was accumulated. During this 

accumulation process, the total number of 

trips produced by and attracted to each zone 

was also determined. These zonal trip- 

production-and-attraction figures were sub- 

sequently used to calculate trip interchanges 

by using the gravity model formula. 

Just as the results of the travel pattern 

inventories had to be processed, so did the 

data from the transportation facilities inven- 

tory. The processing of these data allowed 

the computation of the spatial separation 

between zones. Interzonal driving times were 

obtained by using a standard tree-building 

computer program. Intrazonal driving times 

were determined from an examination of the 

speeds on the highway facilities in each zone. 

Terminal times in each zone were determined 

by analyzing the results of the 1960 parking 

survey (7). Terminal time used for central 

business district zones was 3 minutes and for 

all other zones, 1 minute. 

Traveltime factors 

The best set of traveltime factors reflecting 

the effect of trip length on tripmaking was 

determined through a process of trial and 

adjustment. First the trip time frequency 

distribution was obtained for each trip pur- 

pose, by determining the number and percent 

of trips for each minute of minimum path 

driving time between all zone pairs. In table 
1 this information is summarized for all three 

trip-purpose categories. Sets of traveltime 

factors were determined by drawing a line of 

best fit on the trip time frequency curves and 

by taking the traveltime factors directly 

from the line of best fit. 

Next the gravity model formula was utilized 

to calculate estimated trip interchanges and 

trip time frequency curves using the initially 

estimated traveltime factors, zonal produc- 

tions and attractions, and zonal separation 

information (traveltime). The results ob- 

tained indicated close agreement between 

the actual and the estimated trip time length 

frequency distribution curves and the average 

trip time lengths. However, the discrepancies 

between the actual and the estimated figures 

were larger than desired by the research 

staff. (The established criteria were +3 per- 

cent difference on average trip time length, 

and the trip time length frequency curves 

closely parallel to each other.) Consequently, 

a revised gravity model estimate was needed. 
To make a revised estimate, new sets of 

traveltime factors were calculated for each 
trip purpose category. The percentage of 
survey trips for each minute of driving time 

Table 3.—Final traveltime factors by tri 
purpose, Sioux Falls, S. Dak.—1956 

Final travel time factors for~ 

Driving time 
Work Nonwork | Nonhome 
trips trips based trips 

| eed oe eS eS 220 280 300 
25a eee ee 210 260 270 
Docks eee 185 220 210 
1 eee ies. Re eS 150 160 120 
5 ee 125 130 100 

G2 eee ees 110 090 080 
if op ee Seen wae 100 085 070 
a ieee ee 085 070 060 
0248 Ue ee ee 079 060 055 
LOS. see 067 050 044 

1h eae ee O61 039 038 
| aetlies. = 2Eeye e. 057 035 032 
Lot]. eee ee 050 027 030 
1K DOs pee Se 048 025 026 
Lon ease ae ee 045 021 023 

163 een 010 016 014 
1 oe em ae eS 002 000 005 
18. 2i3 sees 000 000 000 
19° ee 000 000 000 
20 ee eee es 000 000 000 

was divided by the percentage of trips obtaine 

using the gravity model and the results ¢ 
this division were multiplied by the initi 

traveltime factors, see table 2. These a 

justed traveltime factors were plotted on lc 

log paper and a smooth curve was draw 

through the points as shown on figure 2. 

The new set of traveltime factors, as repr 

sented by the smoothed curves, was subs 

quently used in the second calibration of tl 

eravity model. The resultant trip tin 

length frequency curves and average tr 

time length figures were again compare 

with the O-D data. The estimates obtainc 

during the second calibration were with 

the established criteria. Consequently, tl 

second estimate of traveltime factors wi 

judged to adequately describe the effect ) 

spatial separation on trip interchange b 

tween zones. These final traveltime facto 

are shown for each trip purpose in table 

Adjustment of Zonal Trip Attractior 

Generally, when the gravity model formu 

is used to distribute the trips, the obtaine 

zonal estimates do not equal the trips show 

by the O—D surveys as actually attracted © 

the zones because the gravity model formu 

does not have any built-in adjustment ~ 

ensure such results. This difference 
number of zonal attractions is a difficult 

inherent in all currently available trip di 

tribution techniques. Therefore, the num 

of trip attractions for each zone was adjusts 

to bring the number of trips distributed to 

given zone into balance with the number 

trip attractions of that zone, as determined I 
the survey. 

Prior to balancing attractions, the est 

mated attractions obtained from calibrati 
No. 2 were compared with the actual tri 

shown in the survey to determine the di 

ferences. The two items of information f¢ 

each zone were plotted for each trip purpo 

A technique developed by Brokke and Soss 

(10) was used to judge the adequacy ¢ 

February 1965 e PUBLIC ROAD 



TRAVELTIME FACTOR 

t 

a 10 
. DRIVING TIME, MINUTES 

| | Figure 2.—Revised traveltime factors for work 
trips, Sioux Falls, S. Dak., 1956. 

ane) 

liste estimated figures. This earlier work by 

uittirokke and Sosslau established a reasonable 

¢ proximation of the error that can be ex- 
ukpeted from O-D surveys of different sample 

ie, depending on the number of trips 

|. \easured. 

Mt) To determine the reliability (the degree of 

‘lls ceptability of the estimates obtained with 
fe gravity model) of the number of trips 

iit tracted to each zone in the study area, the 

'/MS error for each volume group for the 

pi. 5-percent sample was plotted and the 
iill'yints connected by the dashed lines, as 
il own in figure 3. Because two-thirds of the 
, }hints indicating the differences between the 

‘Wirvey and gravity model estimated zonal 

“tip attractions fell within these dashed lines, 
|) adjustments were required. 

ct Although not required, for the sake of 

lt Search, the zonal attraction figures for each 
ip purpose were adjusted in order to obtain 

' | more realistic measure of the error in the 
‘tad distribution of the number of trips. 

be adjustment was made by dividing the 

imber of zonal trip attractions from the 

a survey by the number of trips attracted 

each zone, as developed by the gravity 

odel, and then multiplying the result by 

e original zonal trip attraction factor 

‘veloped from the O—-D survey. The amount 

adjustment required for each trip purpose 

48 relatively small—in most zones, less than 

! percent and never more than 20 percent. 

ae required adjustment had no discernible 

ttern. 

The interchange figures obtained through 

@ gravity model formula were then recal- 

lated, using the adjusted zonal attraction 

| tors. The slight differences between cali- 

ations No. 2 and No. 3 showed that the 

nal attraction factor adjustment had very 

le effect on the trip volumes. This can 

explained on the basis of the rather small 

justments that were required to balance 

e zonal adjustment factors. 

vt 

til 
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Geographical bias 

In using the gravity model formula, several 

researchers have discovered the need for 

adjustment factors to account for special 

conditions within an urban area that affect 

travel patterns, such as river crossings. For 

example, results from a study in Washington, 

D.C., (11) showed that the Potomac River 

crossings had some influence on trip distribu- 

tion patterns. Similar findings from a study 

in New Orleans, La., (12) indicated similar 

problems connected with river crossings. <A 

study in Hartford, Conn., (1) indicated that 

toll bridges crossing the Connecticut River 

also had a similar effect on travel patterns. 

In each of these cities, the effects of these 

conditions were adjusted by time penalties 

added to those portions of the transportation 

system for which discrepancies in the model 

distribution were observed. 

Also, in results obtained through using the 

gravity model formula, some studies have 

indicated geographical bias that has been 

caused by factors other than topographical 

barriers. For example, in the Washington, 

D.C., study, adjustment factors were needed 

to account for the medium-income blue-collar 

workers residing in certain parts of the 

Washington area and having no job oppor- 

tunities within the central parts of the city. 

If work trips for the Washington study had 

been further stratified, perhaps the need for 

adjustment factors would have been reduced. 

Several tests were conducted on the results 

of calibration No. 3 to determine the need for 

any adjustment factors. One of these tests 

involved the Big Sioux River, which bisects 

the Sioux Falls area (fig. 1). For the number 

of trips crossing the Big Sioux River, the 

total number of trip interchanges in the O-D 

home-interview survey were compared directly 

with the number obtained by using the 

gravity model formula. In addition, both of 

these numbers were compared with actual 

counts taken on all the bridges crossing this 

river. The very close agreement between 

000 1,500. 2,000 2,500 
ACTUAL TRIP ATTRACTIONS 

3,000 

Figure 3.—Work trip attractions, calibration No. 2, Sioux 
Falls, S. Dak., 1956. 

these three sources of information as shown 

in table 4 indicated that the Big Sioux River 

was not a barrier to travel. 

Another test for geographical bias was 

conducted on trips to the central business 

district (CBD) of Sioux Falls. Trips from 

each district to the CBD, by trip purpose, 

as shown in calibration No. 3 of the gravity 

model, were compared directly with the same 

information from the O-D survey. Results 

for work trips are shown in figure 4. No 

significant bias was present for any of the 

trip purposes in the model; furthermore, the 

gravity model estimates were close to the 
figures compiled in the O—D survey. 

Final Tests 

The total number of trips obtained from 

the final calibration of the three-purpose 

gravity model was assigned to the transpor- 

tation network, and the same assignment was 

Table 4.—Comparison of vehicular trips 
crossing Big Sioux River, S. Dak., 1956 

Vehicular trips 
Syn- 
thetic 
gravity 
model 

estimate 

Facility ( atte 
mode 
esti- 
mate 

O-D 
survey 

Volume 
count 

Cherry Rock 

Cliff Avenue, 
Tenth Street 
Eighth Street 
Sixth Street 3, 576 
McClellan Street _ 2 2, 032 
Cliff Avenue, N-- j , 156 3, 904 

43, 344 

1, 660 
9, 444 | 

16, 648 
6, 080 

TOTAL...-.-----< 

Percent difference 
from volume ae 

Percent difference 
from O-D 
survey 



Table 5.—Comparison of total trips crossing screenlines for O-D survey, and synthetic, one-, 

three-, and six-purpose models, Sioux Falls, S. Dak., 1956 

Trips 

Screenline | 
O-D 

|} survey 

Synthetic model One-purpose model Three-purpose model Six-purpose model 

Number 
7, 952 

21, 012 
13, 516 
11, 384 
9, 744 

Number 

8, 784 
6, 280 
6, 568 

2, 264 
17, 448 
5, 868 

5, 592 
3, 656 
2, 908 

33, 220 
, 032 

3, 424 

9, 724 
, 060 

5, 332 
8, 496 

13, 332 
41, 500 

Number 
7, 280 

21, 120 
13, 224 
10, 428 
8, 516 

8, 440 
6, 520 
6, 100 
1, 980 

18, 420 
4, 836 

3, 872 
15, 280 
23, 584 
33, 204 
10, 996 
14, 220 

12, 200 
10, 720 
5, 476 
8, 364 

14, 192 
41, 468 

Percent } 
—8. 5 

+0. 
aw a) 

St 
—12.6 

BP 
+3.8 
ani 

—12. 
+5. 6 

=17..6 

—30. § 
+10. 6 

9 

Number 
6, 996 

20, 580 
14, 216 
12, 344 
9, 332 bo > bo 

9, 500 
6, 788 

Ne Pwr bh 

POAInDoe 14, 016 

10, 324 
11, 352 
5, 240 
9, 056 

14, 612 
40, 660 

or) o>) > ~100 bo 

Ns oo 

Number 
7, 344 

20, 460 
13, 900 
12, 060 
9, 252 

9, 392 
6, 824 
7, 032 
2, 676 

17, 592 
6, 532 

6, 412 
14, 840 
23, 040 
32, 144 
10, 012 
13, 760 

10, 276 
11, 044 
5, 420 
9, 136 

14, 504 
41, 852 

| Percent } 
= 1215 
—2.6 
+2.8 
+5. 

aOnnNnanin WooNmrFAIOo OfO 

00 00 MI OONT 

Number | Percent} 
7, 440 =a) 

20, 552 —2. 
13, 222 —2 
11, 956 +5. 
9, 336 =i! 

9, 444 
6, 852 
7, 152 
2) 648 

17, 668 
6, 704 

6, 392 
13, 924 
22,720 
34, 005 
10, 120 
14, 012 

wmNowne 

wWwoorc 

10, 424 
11, 092 

whwh OO mR COOW 

1 Percentage difference from O-D survey. 
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Figure 4.—Corridor analysis, actual versus estimated home based auto-driver work trips 
to CBD, Sioux Falls, S. Dak., 1956. 
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Figure 5.—Location and identification9f 
comprehensive series of screenlines, Sits 
Falls, S. Dak., 1956. 

made for the total number of trips obtaiid 

from the O-D survey. An examination 

the results was made by comparing the nt 

ber of trips crossing a very comprehense 

series of screenlines. Figure 5 shows tis 
comprehensive series of screenlines and 40 

identifies each. Table 5 contains tabulatils 

on the actual and the estimated numberjf 

trips crossing each of the screen lines identiid 

in figure 5. Only four differences betwi 

the surveyed and estimated trip volumes we 

larger than 10 percent but none had abso 

volume discrepancies large enough to afl 

design considerations. 

One final test was made to determine & 

Statistical significance of the differen 

between the gravity model trip volume e! 

mates and O—-D survey data. The results 

this test are shown in table 6. When th 

results were compared with the O-D sury 

error (10), the gravity model estimates |] 

almost the same degree of reliability as 

O-—D survey data. 

When the calibrated three-purpose gray) 

model was used, the results adequately st 

wlated the trip distribution patterns of 

O-D survey. Nevertheless, it is desirable 
have a measure of the differences in the rest 

that would have been obtained for lesser £6 

higher degrees of trip stratification than | 

three trip purposes used in this research. 

date, little has been done to investigate th! 

differences. The results of additional analy 

performed are not conclusive but do sl 

considerable light on the subject. In ti 

analysis, gravity models were calibrated 

the following listed trip-purpose stratificatio 

e One-purpose model—total vehicular triy 
e Six-purpose model—(1) home based ‘au 

driver work trips, (2) home based auto-dri 

shopping trips, (3) home based auto-dri' 

social-recreation trips, (4) home based aur 

driver miscellaneous trips, (5) nonhome bag 

vehicular trips, and (6) truck and taxi trips 



SAMPLE SIZE [SAMPLE SIZE 1,457 | 742 196 
TOTAL TRIPS 3 [TOTAL TRIPS 26,207 | 25,781 | 26,080 ners sar 14 } t AVG. TRIP TIME 9.48] 9.33 | 10.10 

12 4s + = re 
“ap wv 742 oe aE i C eS SUBSAMPLE “pserFy iit 

c fF '0 + } Soivece Ts is Bay ee as 
2 a Ro: l\tE nt f 5 ie | \E/ Ni 4 2 = Jie | : 5 q | 
f u oe TRV ALY iz 196 us Cae a “ : i” SUBSAMPLE 

1,384 \ E 6 fy : ae : SAMPLE * ra RS oe F ia] : WW Si \ 
g \, S Ws var \ 
a i 4 ; <i tees cai: oc ; —— \ a 4 me : as 

y |e : : i : 
2 ; + ak +——_} 

b is NO one 1,457 
poe SAMPLE 

3 oF fe) See oe 1 a GeaCE Mie oueissAeoa cas) so as 2 4 6 8 0.” 1S IASG 16 1G» BOP 22 
DRIVING TIME, MINUTES 

Conn., 1960. 

| The same techniques and the same number 

f ealibrations were made in these two models 

tim 8 were made in calibrating the three-purpose 
‘Sinodel. The same tests were also performed 

n these models as on the three-purpose model ; 

esults had about the same degree of accuracy. 

iii he absolute and percentage differences 

‘i etween the number of O-D survey trips 
lrossing the comprehensive series of screen- 

‘els nes (fig. 5) and those determined by using the 

‘'ne-purpose, three-purpose, and _ six-purpose 

ult alibrated models are shown in table 5. The 

al ‘ ecuracy of the three-purpose model was 
ibe ightly better than that of the one-purpose 
uinodel. The use of the six-purpose model, 
pet} 

ies W 

bs 'able 6.—Differences between O-D data and 
0 ai} gravity model estimates for district-to- 

district auto-driver trips, for three pur- 
ind poses, by volume groups ! 

fer | - 
} | Trip volume | O-D survey trips RMS error 

me 

sili} HOME BASED WORK TRIPS 
on Ey 

)sil!  Growp Mean | Frequency, Absolute | Percent 2 
pe? ---------- 1 400 17 80. 95 
WR SOO—199__ 2 133 40 47 35. 34 
- 9§ | 200-299____- 259 13 87 33. 59 

| 300-499... ___ 402 13 85 21.14 
 500-1,499_____ 920 8 166 18. 04 

| 
aly | HOME BASED NONWORK TRIPS 

5 Off 
; ie a 27 423 24 88. 89 
a} 100-199____-_- 136 53 83 61. 03 
ore} 200-299... 239 28 87 36. 40 

| 300-499... __ 380 22 112 29. 47 
etl} 500-999. ___ 728 22 231 31. 73 
hal 1,000-2,999.__} 1,711 9 276 16. 13 

ch. 
d ' NONHOME BASED TRIPS 
tet 

ul oe 25 473 22 88. 00 
100-199_______ 144 62 63 43.75 
200-299... __ 241 30 100 41.49 

773 9 119 15. 39 
1, 695 

1956 O-D survey data versus gravity model estimates, 
ative difference measured in terms of percent root-mean- 
dare error. 

ve (d)2 
Percent RMS error=100 

here, 
=difference between surveyed and estimated 
’=number of district-to-district movements 
©=mean of surveyed trips. 
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a 

igure 6.—Trip length frequency distribution, home based 
auto-driver work trips, southeast area transportation study, 

which required an extensive amount of addi- 

tional effort, produced no improvement in 

accuracy over the three-purpose model. 

Inevstigation of Simplified 

Procedures 

The second phase of the research was 

accomplished in the following steps: 

e The minimum sample size of home- 

interview survey required to provide the in- 

formation necessary to develop the gravity 

model for Sioux Falls was determined. This 

step involved the analysis of subsample data 

and the development of curves that could be 

used to determine the relative error that would 

occur for different size samples. 

e Zonal trip production and trip attraction 

values for each trip purpose were estimated 

by utilizing the total trips from the small 

sample, the split among the three purposes, 

and certain social and economic characteristics 

for each zone. Zonal trip productions and 

trip attractions were developed by using 

synthetic procedures because these data are 

not available from small sample data. 

e Gravity model trip interchanges were 

determined for each trip purpose by using the 

small sample data and the synthetic pro- 

TRAVELTIME, MINUTES 

Figure 7.—Trip length frequency distribution, home based 
auto-driver work trips, N.C. study, 1963. 

ductions and attractions. The synthetic trip 

distribution patterns were then compared 

with the comprehensive O—D survey data. 

Overall Travel Characteristics 

According to reports on studies of other 

small home-interview samples, the data 

collected were adequate for calibrating a 

eravity model (1, 2). The small home- 

interview samples provided data useful for 

developing the total number of trips in the 

area, as well as the percentage of trips for each 

trip purpose and travel mode category. These 

small samples were also reported to have pro- 

vided sufficient information on the time 

length of urban trips, which is an important 

parameter in the calibration of travel models. 

Some evidence is available from other re- 

ports to substantiate the findings reported in 

references 1 and 2. In a recent study by the 

Connecticut State Highway Department,® 

subsamples of 153 and 592 home interviews 

were used to compare the total universe of 

5 Unpublished data on analyses made in connection with 

the southeast area traffic study (2) were made available to 

the Bureau of Public Roads by the Connecticut State High- 

way Department. 

Table 7.—Comparison of total trip productions for three samples—southeast area traffic 

study, 1962 

Sample size and percent of dwelling units (sample rate) 

1,384 
Trip purpose 2.4 percent 

153 
0.3 percent 

592 
1.1 percent 

Percent 
of total 
trips 

Expanded 
trips trips 

Expanded 
| 

Percent 
of total 
trips 

Differ- 
ence ! 

Percent | 
of total | 
trips 

Differ- 
ence ! 

Expanded | 
trips 

Number 
2, 006 
8, 446 
1, 040 

Percent 
32.9 
51.3 
15.8 

Number 
2, 067 Home based work 
3, 218 

990 
Other home based 
Nonhome based 

Percentage difference from sample of 1,384, 

| 

Percent | Percent 
—6.3 
oun §) 

—13. 2 

| Percent 
32.6 
52.9 
14.5 

Number 
1, 936 

3, 139 
859 

Percent 
—3.0 
+7.1 
+5.1 
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Table 8.—Comparison of total trip productions for six samples—N.C. research project, 1963 

ey ee ee eee ee Se eee 

Sample size 

1,457 742 196 383 248 192 

pe | F | r i i t | Differ- Ex- Percent | Differ £Xx- -ercent Ex- | Percent | Differ- Ex- Percent | Differ- Ex- Percent | Differ- Ex- Percen i 

cennet tr total Banded of total | ence! | panded | of total | ence! | panded | of total | ence! panded | of total | ence ! panded | of total | ence! 

trips trips trips trips trips trips trips trips trips trips trips trips 

Number | Percent | Number | Percent |Percent| Number | Percent |Percent| Number | Percent |Percent| Number | Percent | Percent Number | Percent | Percen 

7 7, 5 — — f —1.1]| 27,498 39.3 +4.9 Home based work_--_-| 26, 20 38.9 25, 781 38. 6 —1.6 | 26,080 39.0 0.5 | 24,382 38. 5 7.0 | 25,920 40.0 i ao 

Other home based_---| 27, 760 41.2 27, 887 41.7 +0. 5 27, 101 40.5 —2.4 27, 983 44.2 +0. 8 27, 896 43. 0 +0. 5 26, 637 Se 3 a 

Nonhome based - ----- 13, 437 19.9 13, 194 19. —1.8 | 138,720 20. 5 +2.1) 10,991 17.3 —18.2 | 11,053 17.0 —17.7 | 15,802 i +17. 

eS 

1 Percentage difference from sample of 1,457. 

Table 9.—Comparison of total trip productions for three samples—Pittsburgh, Pa., 1958 

Sample size and percent of dwelling units (sample rate) 

16,169 2,021 404 
Trip purpose 4.0 percent 0.5 percent 0.1 percent 

Expanded | Percent | Expanded | Percent Expanded | Percent : 
trips of total trips of total | Difference ! trips of total | Difference! 

trips trips trips 

Number Percent Number Percent Percent Number Percent Percent 
Home based work- ---- 796, 195 34.1 792, 576 33.9 —0.5 765, 480 33. 3 —3.9 
Home based other_---_- 425, 074 18. 2 440, 784 18.8 3.7 436, 920 19.0 2.8 
Home based soc-rec___- 288, 047 12.3 293, 752 12.6 2.0 311, 280 13.5 8.1 
Home based shop-.----- 286, 883 12.3 276, 416 11.8 —3.6 289, 640 12.6 1.0 
Home based school__--- 232, 875 10.0 218, 264 9.3 —6.3 191, 920 8.4 SUVA 
Nonhome based ------- 306, 915 13.1 318, 688 | 13.6 3.8 303, 520 13, 2 —1,1 

1 Percentage difference from 4 percent sample. 

Table 10.—Comparison of total trip productions for three samples !—Sioux Falls, S. Dak., 

1956 

Sample size and percent of dwelling units (sample rate) 

2,399 
12.5 percent 

Trip purpose 

Expanded percent of 
trips total trips trips 

Expanded 

599 199 
3.1 percent 1.0 percent 

Percent of Difference 2 
total trips 

Expanded | Percent of} Difference 2 
trips total trips 

Number 
26, 564 
53, 848 
28. 516 

Percent 
24.2 
48.9 
26.9 

Number 
25, 161 

50, 782 
27, 924 

Number 
26, 292 
47, 232 
26, 040 

Percent Percent 
24.4 5.6 
49.4 6.0 
26.2 24 

Percent Percent 
26.4 4.5 
47.4 —7.0 
26.2 —6.8 

! These figures are from home-interview person trip data only; they do not include information available from the 
external cordon survey. 
synthetically. 

* Percentage difference from 12.5 percent sample. 

trips, as well as the trip time length frequencies 
for each of three trip purposes. The sub- 
samples were taken from an original home- 

interview sample of 1,384, in itself a small 
sample and one that contained inherent 
sampling error. Some of the results are shown 
in table 7. This study showed that a sample of 
592 home interviews produced approximately 
the same results for the total number of trips, 
by trip purpose, as the use of the 1,384 inter- 
views. The trip time length frequency distri- 
butions and average trip time lengths for 
each trip purpose and sample size were also 
compared and the results showed that the 
trip time length frequency distributions and 
mean trip time lengths were very similar 
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Auto-driver trip data from both of these sources of data were used in developing trip interchanges 

for the sample sizes of 1,384 and 592. An 

example for work trips is shown in figure 6. 

Further verification of the procedures used 
in the two Connecticut studies came from a 

study made in North Carolina (13). The 

total trips and trip percentages for three trip 

purposes for subsamples of 192, 196, 248, 383, 

and 742 were compared. These subsamples 

were drawn from an original sample of 1,457 
home interviews in Fayetteville, N.C. (popu- 
lation 47,106). Some of the results reported 
were: (1) samples as small as 742 interviews 

might produce approximately the same data 
for total trips by purpose as the larger sample 
of 1,457 interviews (table 8), (2) trip time 
length frequency distributions and mean trip 

times were similar for the 742 sample and © 

1,457 sample (see figure 7), and (3) a sample 

more than 3883 interviews is necessary 

adequate reproduction of mean trip times. 

Recently the Urban Planning Division 
the Bureau of Public Roads made a sim: 

study of the differences in total number 

trips, purpose split, average trip time lengt 

and trip time length frequency distribut 

for subsamples of 2,021 and 404 home int 

views from a total sample of 16,169 in 

views.® The results of the comparisons of 

total number of trips and purpose for e: 

subsample are shown in table 9. Trip ti 

length figures for each of the six purp 

in each of the sample sizes tested showed t 

these small samples yielded adequate data 

these overall travel characteristics, results 

work trips are shown in figure 8. 

The minimum acceptable sample ¢ 

for the Pittsburgh study, however, was abr 

2,000 interviews, a sample _ considera 

larger than the minimum acceptable sa 

size from the Connecticut and North Carol 

studies. This larger minimum accepta 

sample was not surprising in that per; 

trips for six trip purposes were analyzed 

this major urban area. The smaller C 

necticut and North Carolina studies requi 

the analysis of only auto-driver trips 

three trip purposes. A _ six-purpose str: 

fication requires a larger sample size 

develop estimates of the same accur: 

because of the reduced number of trips 

each purpose. 

Several subsamples of the Sioux F; 

home-interview data were also examined 

accuracy of figures on total number of ft 

productions, average trip time lengths, ¢ 

trip time length frequency distributions 

trip purpose. The results of these anal 

for 599 and 199 dwelling-unit subsamry 

and the Sioux Falls O-D 2,399 sample 

shown in table 10 and figures 9, 10, and 

These results reinforced the findings of © 

previously mentioned studies, which indica 

that samples as small in number as | 

might be used to determine the ove; 

average characteristics of travel in t 

6 Unpublished summary of procedures and results 0} 

analytical study of subsamples in which data from the 

Pittsburgh Area Transportation Study were used. 
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Figure 10.—Trip length frequency distributions, home based 
nonwork trips, Sioux Falls, S. Dak., 1956. 

SAMPLE SIZE 
TOTAL TRIPS —_—-| 27,924 | 28,516 | 26,040 
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!\ igure 9.—Trip length frequency distributions, home based 
- stt| auto-driver work trips, Sioux Falls, S. Dak., 1956. 

size | 

ecu ’ 
iis nall urban area when only three trip strati- samples for making estimates of trip produc- 

oations are used. tion and average trip time length characteris- 

,}| The results of the tests made with the 
ef OUX Falls subsamples were analyzed to 
(f?termine whether general curves could be 
jy i?veloped to approximate the error that 

‘ont ould occur in mean trip time length, total 

yi 1PS by trip purpose, and trips per dwelling 
sa AG for different sample sizes. The curves 

pet fare developed and are shown in figures 12 
yi td 18. They show for Sioux Falls the 
_ (tor that could be expected to occur in the 
ni dicated parameters for different sample 

es, based on the known variance in the 

They were developed from the 
lationship between the standard deviation 

the mean and the square root of the 

‘imple size. 

A statistical analysis of small samples of 
als He Pittsburgh, Pennsylvania, trip data was 

tht y ber . lade to determine the reliability of small 

cit BLIC ROADS e Vol. 33, No. 6 

tics. The results of this analysis (figs. 14 and 

15) show the reliability of small sample home 

interview surveys in determining the overall 

travel characteristics of an urban area. 

Zonal Trip Productions and 

Attracitons 

The part of the research discussed in the 

following paragraphs was based entirely on 

the sample-size analyses. The results of the 

599-interview subsample of the Sioux Falls 

O—D home-interview survey and the standard 

external cordon survey were combined with 

simplified estimating procedures and used in 

calibrating a synthetic gravity model. 

As previously stated, two of the basic 

parameters required to estimate trip inter- 

changes by using the gravity model formula 

8 10 12 4 16 18 20 22 

TRAVELTIME, MINUTES 

Figure 11.—Trip length frequency distributions, nonhome based 
trips, Sioux Falls, S. Dak., 1956. 

are the number of trips produced in each 

zone and the number of trips attracted to 

each zone for each trip purpose category. 

Because this information cannot be obtained 

directly from a small sample home interview, 

some assumption must be made as to how the 

total number of trip productions and trip 

attractions are distributed on a zonal basis. 

The assumptions made and procedures used 

to obtain zonal trip production and attrac- 

tion figures in this research were similar to 

synthetic procedures that have been previously 

reported (4, 14). In these procedures de- 

tailed socio-economic data are used to develop 

estimates of productions and attractions for 

use with the gravity model trip distribution 

technique. For example, data on the labor 

force was used in developing work trip produc- 

tion figures; employment, for work trip 

attractions; and retail sales, for nonwork trip 

attractions. 
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Table 11.—Vehicular trip productions and attractions, by trip purpose, Sioux Falls, 

S. Dak., 1956 

Productions Attractions 

Trip Purpose Trips Der eee ere te EE 

car | 
y Internal? | External* Total Internal 2 | External ? Total 

Home based work 27,475 2,175 29, 650 28, 212 1, 438 29, 650 

Home based nonwork------ 57, 219 8, 010 65, 229 60, 123 5, 106 65, 229 

Nonhome based . 98 59, 966 4, 956 64, 922 59, 847 5, 075 64, 922 

Total vehicular 144, 660 15, 141 159, 801 148, 182 11,619 159, 801 

1 Information includes travel data from both the 600 home-interview sample and the truck and taxi surveys. 

2 These figures were obtained by multiplying the trip rates by the total cars owned by the residents of the study area 

8 These figures are from the standard external cordon survey. 

PURPOSE ME AN TRIP: TIME 

WORK TRIPS SoG 

NONWORK TRIPS 8.42 

NONHOME BASED TRIPS 8.59 

TOTAL TRIPS 8.75 

AUTO-DRIVER TRIPS PER 
OWELLING UNIT 4.44 

PERCENT STANDARD ERROR OF THE MEAN, a CONFIDENCE oO 
100 1,000 10,000 100,000 

SAMPLE SIZE, DWELLING UNITS 

Figure 12.—Percent standard error of mean trip time versus sample size in dwelling 
units (log scale), Sioux Falls, S. Dak., 1956. 

AUTO-DRIVER TRIPS 
PER DWELLING UNIT 4.44 

CONFIDENCE MEAN TRIP TIME 
OF TOTAL TRIPS 8.75 

(3 

PERCENT STANDARD ERROR OF THE MEAN, "3 
100 1,000 10,000 100,000 

SAMPLE SIZE,OWELLING UNITS. 

Figure 13.—Percent standard error versus sample size in dwelling units (log scale) for 
mean trip time and trips per dwelling unit, Sioux Falls, S. Dak., 1956. 

The average number of trips made in each total number of trips, by trip purpose, was 
car owned by the persons interviewed totaled obtained. The total number of automobiles 
7.18 (table 11); 1.36 were work trips, 2.84 for any study area can be obtained from sev- 
were nonwork trips, and 2.98 were nonhome _ eral sources, such as census data (only for the 
based trips. By applying these rates to the census year), State, county, or city auto regis- 
total number of automobiles in the area, a tration records, or special surveys. For the 
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Table 12.—Percentage of all work trips mz 
by transit! 

Cars per Net land per family—in sq. feet 
1,000 

persons 
10,000 | 5,000 | 2,500 | 1,200 

11 19 
13 21 
15 23 
17 25 
19 
20 

21 
22 
23 
24 
25 
26 

1 From Use of Mathematical Models in Estimating Tr 
by Alan M. Voorhees, Journal of the Highway Divis 
Proceedings of the American Society of Civil Engim 
vol. 85, No. HW4, December 1959, pp. 131-132. 

study reported here, the information \ 

obtained from a comprehensive home-int 

view O-D survey (1956, Sioux Falls, S. Dal 

The resultant estimates of total trip prod 

tion for each trip purpose are shown in ta 

11. As total trip productions for the ent 
study area must equal total trip attractions 

the entire study area for each trip purp 

category, estimates of total trip attracti: 

were also made and are shown in table 11. 

Home Based Auto-Driver Work Tri 

Zonal production and attraction figures 

home based auto-driver work trips w 

derived chiefly from employment and la! 

force statistics. 

Zonal trip productions 

Zonal work trip productions in the 74 

ternal zones were derived from zonal la 

force information. Labor force data 

generally available from census reports, la 

statistics, and labor reports. In the resea 

reported here, the information for each z 

was taken from data available for Sioux Fa 

Information reported in studies made in ot 

areas (4, 14) is that there are about 0.80 dé 

one-way work trips produced by each per: 

in the labor force. This figure is not 1.0 w: 

trips per person because some persons in 

labor force are unemployed, on vacation, 

walk to work, ete. Trip patterns shown 

the O-D survey data in Sioux Falls w 

similar. Therefore, to determine the tc 

number of work trip productions in each z¢ 

the number of persons in the labor force 

each internal zone was multiplied by 0.8( 
To determine transit usage the zonal 

formation on car ownership and net residen 

density was used. An index of transit usé 

shown in table 12, was developed f1 

Chicago, Ill., O-D survey data. By using 

data from this table, the zonal indexes 

transit usage were obtained. The result 

zonal indexes were then totaled and equa 

to the work trip transit usage for Sioux 

as determined from the small sample of 

7 See footnote 4, page 113. 
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PURPOSE MEAN TRIP TIME 

WORK 16.57 

OTHER 11.89 

SOC.-REC, 13.46 

SHOP 10.92 

SCHOOL 9.76 

NONHOME BASED 13.63 

TOTAL 13,58 

10,000 
SAMPLE SIZE, DWELLING UNITS 

Figure 14.—Percent standard error of mean trip time versus sample size in dwelling 
units (log scale), Pittsburgh, Pa., 1958. 

The application of 

he characteristics of variation in transit 

The number 

ransit work trips from the total person 

york trips for each zone. To adjust for car 

yecupancy and to arrive at auto-driver work 

rips, the number of persons per car was 

ipplied to the total number of automobile 

jerson work trips previously developed for 

The relationship between car 

mwhership and car occupancy is shown in 

able 13. 
For each of the 10 external stations in 

fioux Falls, the number of automobile work 

a 

ah) 

onal i? 
+1 ae 
dell ig 4 

RUF IHC MtAN, 3 UCUNFIVDE 

1,000 

trips produced by each station was estimated 

as a percentage of the adjusted total number 

of trips for all purposes recorded at all 

stations during a standard external cordon 

survey. The adjusted total number of trips 

for all stations was obtained by deducting the 

number of through trips from the total number 

of external station trips and analyzing the 

remaining number of trips. The adjusted 

total number of external station trips consisted 

of auto and taxi trips between the external 

stations and the zones. The percentage of 

automobile work trips produced by the 10 

external stations was determined to be 20 

percent of this adjusted external station 

volume. 

To determine the accuracy of these pro- 

cedures, the number of auto-driver work trip 

productions estimated for each zone was 

PERSON TRIPS PER 
DWELLING UNIT 5.44 

MEAN TRIP TIME 

OF TOTAL TRIPS 

10,000 
SAMPLE SIZE, OWELLING UNITS 

Figure 15.—Percent standard error versus sample size in dwelling units (log scale) for 

mean trip time and trips per dwelling unit, Pittsburgh, Pa., 1958. 

100,000 

Table 13.—Relationship between persons 
per car and car ownership for total work 
trips ! 

Persons 
per car 

Cars per 
1,000 persons 

500 . 20 
450 . 23 
400 27 
350 . 30 

300 33 
250 - 40 
200 . 46 
150 . 52 
100 1, 65 

1 From Use of Mathematical Models in Estimating Travel, 
by Alan M. Voorhees, Journal of the Highway Division, 
Proceedings of the American Society of Civil Engineers 
vol. 85, No. HW4, December 1959, pp. 131-132. 

’ 

compared with those from the 1956 O-D 

survey. These comparisons were also an- 

alyzed, using the RMS error criteria, and 

the analysis showed very close agreement 

between the actual and the estimated figures. 

The limits of 1 RMS error are shown as 

dashed lines in figure 16. 

Zonal trip attractions 

Zonal work trip attractions for each of the 

74 internal zones were developed from zonal 

employment information. Information on 

the number of people employed in each zone 

and other statistics had been collected in a 

special survey by the Sioux Falls Chamber of 

Commerce. An analysis of these data showed 

that each employee in Sioux Falls was 

responsible for about 0.83 one-way person 

work trips per day. To obtain an estimate of 

the total number of person work trips attracted 

to each zone, zonal employment figures were 

multiplied by 0.83. Corrections were then 

made for transit usage and car occupancy to 

arrive at the number of auto-driver work trip 

attractions—information in table 12 and the 

tabulation for work trip productions were 

used. A control figure for the number of 

work trips to the CBD was also applied. 

Essentially, the estimated number of auto- 

driver work trip attractions to the CBD were 

factored to agree with the number from the 

small sample and the external survey. All 

auto-driver work trip attractions to non-CBD 

zones were factored in a similar manner so 

that the total number of auto-driver work trip 

attractions remained the same. 

For each of the 10 external stations, the 

number of auto-driver work trip attractions 

was determined in the same manner as the 

number of external station auto-driver work 

trip productions. The percentage of total 

station auto-driver trips (minus through trips) 

that were attracted by the external stations 

was determined to be 6.0 percent. 

To assure the accuracy of these procedures, 

the total 

attractions estimated for each zone was com- 

number of auto-driver work trip 

pared with the attractions from the 1956 

O-D survey (figure 17). 

were analyzed in the same manner as the work 

These comparisons 

trip productions, and the actual and the 

estimated figures agreed closely. 
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Figure 16.—Synthetic versus surveyed auto-driver 
home based work trip productions, Sioux Falls, 
S. Dak., 1956. 
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Figure 18.—Trip 
auto-driver work trips, Sioux Falls, S. Dak., 1956. 

3,500 

3,000 

2,500 

SYNTHETIC GRAVITY MODEL TRIP ATTRACTIONS 

w 
Zz 

° 
Ke 

) q 
oe 
- 

& 2,000 2,000 

& 
x 

= 1,500 1,500 
= 
i 
WwW 

= 
S 1,000 1,000 
> 

w 

500 500 

0 10) 
re) 500 1,000 1,500 2,000 2,500 3,000 

SURVEYED TRIP ATTRACTIONS 

Figure 17.—Synthetic versus surveyed auto-driver Figure 
home based work trip attractions, Sioux Falls, 
S. Dak., 1956. 

Home Based Auto-Driver Nonwork 

Trips 

Zonal trip productions 

Zonal nonwork trip productions in the 74 
internal zones were derived from zonal data 
on car ownership, which were obtained from 

the O-D survey. The figure of 2.84 home 

based auto-driver nonwork trips per car 
(table 11) was applied to the number of ears 
owned by the residents in each of the internal 

zones to determine trip production figures 

for home based auto-driver nonwork trips. 

For the 10 external stations, the number of 

nonwork trip productions—30 percent of the 

total station volume—was obtained in the 

same manner as described for those in the 

external station auto-driver work triv produc- 

tions. 
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To test the accuracy of these procedures, 

the total auto-driver nonwork trip production 

estimates for each zone were compared with 

the production from the 1956 comprehensive 

O-D survey and the actual and the estimated 

volumes agreed very closely. 

Zonal trip attractions 

Zonal nonwork trip attractions for the 74 

internal zones were derived from zonal data 

on population and retail sales. The total 

number of internal auto-driver nonwork trip 

attractions divided into the total population 

figure for the area produced the population 

figure per attraction for this purpose. Re- 

peating this process for the total retail sales 

in the area produced the unit of sales per 

attraction. Dividing the larger of these rates 
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length frequency distribution, home bas 

(population) by the smaller (retail sal 

showed that 1.69 units of retail sales y 

required to attract each nonwork trip, 

though it took 1.00 unit of population 

attract each nonwork trip. Using this te 
nique a weighting factor 

(population+ 1.69 retail sales) 

was established as an indicator of the num 

of auto-driver nonwork trip attractions 

each zone. The total number of attracti: 

for this purpose was prorated to the zones 

use of this weighting factor. The numbe 

nonwork trip attractions also was factored 
ensure that the number of CBD attractir 

was equal to those in the small sample sury 

data. The non-CBD attractions were 

justed accordingly to keep the total num 

of attractions the same as in the small sam 
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™ 

EELS 1000 
ACTUAL TRIPS TO THE CENTRAL BUSINESS DISTRICT 

1,250 

‘igure 20.—Actual versus synthetic model 
-nonhome based vehicular trips to CBD, 
Sioux Falls, S. Dak., 1956. 

, 

For the external stations, the number of 

uto-driver nonwork trip attractions was ob- 

xined in the same manner as described for 
ae external station auto-driver work trip 

roductions. Nonwork trips were 20 percent 
fthe total station auto-driver trips (excluding 

ie through trips). 

+ To test the accuracy of these procedures, 

jie total auto-driver nonwork trip attractions 

stimated for each zone were compared with 

ie attractions from the 1956 O-D survey. 

he actual and the estimated volumes agreed 

—)asonably well. 

_— 

lable 14.—Differences between O-D data 
__ and synthetic gravity model estimates for 

| district-to-district auto-driver trips, for 
three purposes, by volume groups ! 

| Trip volume | O-D survey trips RMS error 

| 
i HOME BASED WORK TRIPS 
00 —— 

Fa i> Group Mean |Frequency| Absolute | Percent? 
mol | [De 2 400 20 95. 24 
WE 100-199_____. 133 40 58 43.61 
tio!) 200-299 _____ 259 13 119 45. 95 

| 300-499______ 402 13 98 24.38 
500-1,499-_| 920 8 186 20. 22 

HOME BASED NONWORK TRIPS 

@ 
meo0- 27 423 28 103.70 

3 | 100-199. __| 136 53 83 61. 08 
‘i 200-299______ 239 28 103 43.10 
MP) 800-499. 380 22 166 43. 68 
tion | 800-999______ 728 22 282 38. 74 
j é 1, 000-2, 999__} 1,711 9 343 20. 05 
is - - i 

| NONHOME BASED TRIPS 
| 

nu oy-290. | ~~ 241 30 122 50. 62 
| 300-499. | «= 385 33 157 40.78 
il | 500-999. 773 9 289 37.39 
ati) 1,000-3, 999") 1,311 

one 
1956 O-D survey data versus synthetic gravity model 

ul" ‘imates—relative difference measured in terms of percent 
0 Mean-square error. 

i =(d)2 
("Percent RMS Error=100 nD 

x sf 

ot! here, 
_ l= difference between surveyed and estimated trips 
?= number of district-to-district movements 
= mean of surveyed trips, 
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Nonhome Based Auto-Driver Trips 
Zonal trip production and attraction 

In several studies it has been reported that 
auto-driver nonhome based trip production 
is associated with car ownership (4, 14). 
Also, from the definition of trip production 
and attraction for nonhome based trips, 
production and attraction values should be 
equal on a zonal basis as well as on a study 
area basis. As trip origins should closely 
agree with trip destinations on a zonal basis 
during the 24-hour day, trip productions 
must also agree closely with attractions. 
This information was used in determining 
zonal trip productions and attractions for 
nonhome based auto-driver trips. Zonal 

nonhome based trip productions and attrac- 

tions for the 74 internal zones were derived 

from the zonal data on car ownership. The 

figure of 2.98 nonhome based trips per car 

(from table 11) was applied to the number of 

cars owned in each internal zone to determine 

nonhome based trip productions. For the 

10 external stations, trip productions and 

attractions were obtained in the same manner 

as described for external station auto-driver 
work trip productions. Nonhome based 

productions and attractions were 18.5 and 
19.0 percent, respectively. 

To test the accuracy of this procedure, the 

total nonhome based trip productions and 

attractions estimated for each zone were 

compared with those from the 1956 O-D 

survey. The actual and estimated values 

indicated poor agreement. An examination 

of the internal nonhome based trip productions 

and attractions from other studies also showed 

similar poor agreement. This is the most 

serious weakness of the small sample pro- 

cedures. 

Trip Distribution Patterns 

The previously describec procedures provide 

zonal trip production and attraction values 

for each of the three trip purpose categories. 

However, before trip interchange patterns 

could be calculated by using the gravity 

model, some measure of spatial separation 

between the zones had to be developed. For this 

phase of the research, the same information on 

the minimum path driving times between zones, 

the intrazonal times, and the terminal times 

was used as developed in the first part of this 

research. In addition, some measure of the 

effect of the spatial separation on trip inter- 

changes between zones (IF) was also required. 

In this phase of the research, full use was 

made of the traveltime factors already 

developed for each trip purpose. This was 

done because of the similarities of the trip 

time length frequency curves between the 

total OD sample and the subsample of 599 

household interviews. 

After all the required parameters had been 

determined, the gravity model calculations 

were made to obtain a synthetic trip distribu- 

tion pattern. This synthetic pattern was 

compared with the O-D survey data to 

determine its accuracy. Several tests were 

involved in the comparisons. First, the 

synthetic trip time length frequency distribu- 

tions and average trip time lengths were 

compared with those from the O—D survey for 
each trip purpose category ; they agreed closely. 
The results for work trips are shown in figure 
18. 

The number of trips attracted to each zone, 
as computed by the gravity model, were 
compared with those shown by the synthetic 
procedures, for each trip purpose. The 
results for nonwork trips, which had the largest 
scatter, are shown in figure 19. Another test 
was made of the number of synthetic trips 
crossing the Big Sioux River. The figures 
compiled for this test were compared with 
those from the O—D survey (table 4). 
the differences were small. 

Synthetic trips to the CBD, for each trip 
purpose, were also compared with the actual 
O-D movements. The results for auto-driver 
nonhome based trips are shown in figure 20. 
No geographical bias was present in the syn- 
thetic trip interchanges, and the discrepancies 
between the two sets of information were very 
small. Synthetic trip interchanges for total 
trips were assigned to the minimum path 
driving time network. The expanded number 
of trips from the full O-D sample were likewise 
assigned. These two sources of information 
were then compared (table 5) by analyzing the 
differences over a comprehensive series of 
screenline crossings, these are shown in figure 5. 

Finally, a statistical comparison of the 
actual and the estimated number of trips was 
made for each trip purpose. The results of 
the comparisons are shown in table 14. 

Results were acceptable for all purposes. The 

accuracy of this synthetic model calibration 

was equivalent to the accuracy attained with 

the model calibrated with all the Sioux Falls 
O-D data (table 6). The accuracy of the 

synthetic calibration also compared favorably 
with the results from other studies (12, 15, 16) 

when the models were calibrated with the 
O-D data, 

Again, 
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Highway Progress, 1964 

Annual Report of the Bureau of Public 

Roads Fiscal Year 1964 

A review of the accomplishments of the 

Bureau of Public Roads, U.S. Department 

of Commerce, during the fiscal year 1964, 

particularly those related to the Federal-aid 
highway program, is presented in the annual 

report, Highway Progress, 1964. The 107- 

page illustrated publication contains a de- 

scriptive account of the progress made during 

fiscal year 1964 on construction of the 

National System of Interstate and Defense 

Highways, and on the improvement of pri- 

mary highways, secondary roads, and urban 

arterials under the regular Federal-aid pro- 

gram. 

Also described in the annual report is the 

highway construction work undertaken di- 

rectly by the Bureau of Public Roads in 

national forests and parks and on other 

Federal lands, as well as Publie Roads activi- 

ties in providing technical assistance to 

foreign countries to further their programs of 

highway development. 
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Reported on at length are the activities and 

accomplishments of Public Roads in manage- 

ment, highway planning and design, urban 

transportation planning, safety, and in the 

extensive and varied research and deyvelop- 

ment program. Statistical information on the 

progress and activities of the Federal-aid 

program during the fiscal year 1964 is pre- 

sented in 19 statistical tables included as an 
appendix to the report. 

Highway Progress, 1964, may be purchased 

from the Superintendent of Documents, U.S. 

Government Printing Office, Washington, 

D.C., 20402, for 35 cents a copy. 

Highways and Economic and Social 
Changes 

The results of more than 100 economic 

impact studies in which State highway depart- 

ments, universities, and the Bureau of Public 

Roads have cooperated are analyzed in 

Highways and Economic and Social Changes, 

which was issued in November 1964 by the 

U.S. Bureau of Public Roads and is now avail- 

able from the Superintendent of Documents, 

Government Printing Office, Washington, 

D.C., 20402, for $1.25. Because only 
limited number of the individual reports w 

printed, this publication provides a historic 

record of the research in these areas throu, 

1961. Since 1961 additional economic stud 

have become available, and other resear 

has been started on the impact of bighw. 

interchanges upon adjacent areas and relat 

subjects. The appendix contains lists 

the economic impact and interchange stud 

that have been completed since 1961 a 

those that are now in progress. 

The attraction of activities to highw 

channels and the relationships of highw 

improvements to economic and social chan 

are described in the factual materials gather: 

for the studies in this publication. T 

dramatic changes wrought by highways up 

people, homes, businesses, and land ¢ 

discussed. This publication will be use 

as a source book of the economic and soe 

effects of highways for transportation resear 

and planning personnel, as well as those in t 

fields of community planning, land acquisiti¢ 

and economic development. 
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