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Interrelationship of Load, Volume Change, and 
Layer Thicknesses of Soils to the Behavior of 
Engineering Structures 

C H E S T E R M C D O W E L L , Senior Soils Engineer, 
Texas Highway Department 

I n the preparation of this report an attempt has been made to comprehend most of 
the variables necessary to formulate an engineering approach to the vertical move­
ment of the earth's surface caused by the shrinking and swelling properties of soils. 
Calculation of such movements by the proposed methods establishes data which are 
valuable for use in analyzing long-time performance or behavior of engineering struc­
tures. I t wi l l also be shown that the behavior of pavements, whose failures are not 
attributable to the use of inferior quality material or to the depths of material, can 
be explained on the basis of volume change. I n order to establish a rational approach 
to the problem, this report sets for th the following: 

1. The relation of volumetric swell to linear swell. 
2. The relation of moisture change to volume change for soils having various 

shrinkage characteristics. 
3. Relation of moisture contents to the LL of clays taken from subgrades under­

neath old pavements. 
4. The relation of load to the volume change (swell) of soils involving behavior of 

both sublayers and overburden strata. 
5. Calculation of potential vertical rise for layered systems. 
6. Relation of P . I . and thickness of soil layer to potential vertical rise. 
7. Relation of potential vertical rise to behavior of concrete pavements and struc­

tures. 
I t is suggested that the use of potential vertical rise calculations (also referred to 

as P.V.R.) wi l l make i t possible to determine the following: 
1. Whether pavements wi l l develop irregular riding due to movements not attribut­

able to the thickness of materials or the use of materials of inadequate quality. 
2. Whether or not culverts, buildings, and other fightweight structures wi l l rise 

excessively. 
3. When i t is desirable and feasible to suspend floor slabs from foundation shafts 

or to utilize suljgrade soils as the supporting medium. 

• I T is not uncommon to find pavements procedures and techniques, at least for in-
and other lightweight structures which have terpretative purposes, are in order. I t is the 
moved excessively even though they are under- intent of this report to point out some of the 
laid by very firm soils. After observing and aspects of the problem and to offer some 
testing soils from many such cases, i t occurred methods for its solution, 
to the author that movements were due pr i - A t the outset i t was necessary to determine 
marily to volume change caused largely by the relation of volumetric sw^ell to linear or 
fluctuation of moisture contents. I f this is vertical swell. Figure 1 shows the relation of 
true, and most engineers and scientists seem these two types of swell obtained by measure-
to agree that i t is, then i t seems that some ment of a number of triaxial specimens which 
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Figure 1. Relat ion of volumetric to l inear swell . 

were held at a lateral pressure of approxi­
mately 2 psi during absorption. 

I t may be noted on this chart that the usual 
formulae for converting volume change of a 
cube to lineaz' change straddle the experi­
mental data. I t is realized that such labora­
tory data, in the absence of actual field meas­
urement, are incomplete and also that the 
data shown in Figure 1 were not sufficiently 
complete within themselves to analyze re­
corded field movements where only moisture 
contents and soil constants are known. There­
fore, Figure 2 was prepared which shows the 
relation of volume change to moisture change 
for soils having various shrinkage factoi-s. 
Table 1 shows data taken in a heavy clay area 
of Navarro County where soil constants and 
moisture contents wei-e determined. Elevations 
were also obtained on bench marks set in the 
ground at various levels ( / ) . B y plotting 
moisture ranges in Figure 2, percent volume 
change was obtained graphically by differences 
and recorded in Table 1. Positive values are 
shown in cases where moistuix; increased and 
negative values are recorded i f moisture con­
tents decreased. Volume change was con­
verted into linear change by use of Figure 1. 
For this conversion the shrinkage curve was 
used when moisture was lost and the volume 

increase curve when moisture contents gained. 
Knowing the thicknesses of layers, the vertical 
linear movement was calculated. I t is interest­
ing to note that the total estimated rise of the 
ground during the period involved was 0.208 
foot. Precise levels run on bench marks set at 
various levels indicated the upper bench mark 
(the bottom of which was set at the 1-foot 
level) actually rose 0.235 foot. This is a sur­
prisingly close check to the value estimated. 
I t may be that vertical volume change of soils 
in deep cuts and under certain types of struc­
tures wi l l be greater than that shown, due to 
restraint of side walls causing most of the 
swell to move veitically; however, the portion 
of soil moving upward must overcome its own 
shearing strength before this can happen. Cuts 
in marls and clays usually heave more than 
other sections because of their low moisture 
contents. 

I n order to pursue this problem further, i t 
was necessary to obtain a means of estimating 
moisture fluctuations. The points plotted in 
Figure 3 show the moisture contents found 
immediately beneath old pavements, through­
out vai'ious parts of Texas, which were placed 
on various types of soils containing no aggre­
gate. The line represented by the equation 
0.47LL - f 2 corresponds to the maximum 
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Figure 2. Relat ion of moisture change to free (i.e., neglecting expansion pressures a n d surcharge loads) volume 
change. 

T A B L E 1 
M O I S T U R E C O N T E N T S A N D E L E V A T I O N S A T 60 

F O O T R T . S T A T I O N 497 -|- 50, H I G H W A Y 14, 
N A V A R R O C O U N T Y 

Depth 
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Summer 1934 Spring 1936 
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Surface 
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per­
cent 

per­
cent percent percent 

0-1 15 10 - 9 -3 .1 
1-3 20 34 -1-16 -1-6.1 
3-5 21 28 -1-9 -1-2.9 
6-7 22 27 -1-7 -1-2.3 
7-9 22 26 -1-4 - H . 3 
9-11 22 24 -1-3 -f l .O 

11-13 24 25 -1-1 -1-0.4 
13-16 27 27 0 0 
15-17 27 25 - 2 - 0 . 7 
17-18 29 27 - 2 -0 .7 

Total, 

Vertical 
Linear 
Move­
ment 

Seet 

-0.031 
-1-0.102 
-0.068 
--0.046 
--0.026 
--0.020 
4-0.008 

0 
-0.014 
-0.007 

-1-0.208 

iVo(e; B M at 20-foot depth did not move during this 
period; therefore moisture below 18-foot level must have 
been constant during this period. 

capillary absorption obtained by laboratory 
tests on specimens molded at optimum. During 
or shortly after rainy seasons some broken or 
poorly drained pavements show greater mois­
ture contents than 0.47LL -|- 2, but this 

usually applies only to a thin layer near the 
bottom of pavement. The line represented by 
the expression ( L L — 15) 0.4 indicates the 
driest condition to be expected under old 
pavements. Therefoi'c, i t is possible that 
moisture contents of subgradcs at shallow 
depths may fluctuate between these limits. 
These limits of variation in moisture change do 
not occur at greater depths because surcharge 
restraint affects absorption. Another notable 
exception where some of the absorption varia­
tion previously mentioned does not produce 
swell is in those cases where the shrinkage 
hmits are higher than respective values of 
0.4 (LL — 15). The minimum moisture con­
tents from which swelling clays usually expand 
are represented bv the line expressed as 
0.2LL - I - 9. 

Since i t is rather obvious that restraint 
affects the movement of soils, i t became neces­
sary to establish a set of swell-pressure curves 
as shown in Figure 4. The points plotted were 
obtained by measuring the expansive pressures 
of } ^-inch height by 4-inch diameter specimens 
by use of the Standard Harvard Consoli-



M C D O W E L L : S O I L M O V E M E N T S A N D S T R U C T U R E B E H A V I O R 757 

1-I 
J. 

o 

e 

%̂  . 
@ ^ 

© © ^ ^ ' ® 
<9—: 

-39-//-A)iP. 

-* ' J 

J9-/0-M 

® 

© ® 
/J" 

39-7-M 

I jb/Xf •5)̂ ;'̂ / 

P r 
2/ 1 1 

/ o 20 £0 70 ao v70 -^O s o 

L/Q(y/0 L / M / r 
Figure 3. Moisture data for subgrade soils under pavement. Samples contained from 90 to 100 percent soil binder. 

dometer equipment. Expansive pressures were 
obtained on specimens molded to various 
moisture-density conditions. A family of 
swell-pressure curves has been established in 
Figure 4 which is identified on the chart by 
its volume-change values at no restraint con­
dition. The range of moisture content fluctua­
t ion of from 0.2LL - f 9 to 0.47LL - f 2 in 
conjunction wi th Figure 2 is useful in identi­
fying the volume change family member curve. 
To illustrate how this works and also to 
determine how well the method checks field 
conditions, the following example involving 
the previously mentioned Navarro County 
bench marks is presented: 

The subsoil existing at the 25-foot level has 
an L L = 80 and an <SL = 9. I f this soil were 
at the surface of the ground under a pavement, 
its moisture content would vary f rom as low 
as 0.2(80) - I - 9 = 25 percent to as high as 
0.47 X 80 -F 2 = 39 percent. From Figure 2 
the volume change would be 38 percent for 
39 percent moisture—25 percent for 25 percent 
moisture = 13 percent. I f this free swelling 
condition is restrained by IJ-^-psi surcharge 
(weight of B.M. and 1 foot of soil), percent vol­
ume swell wi l l be equal to 11 (see Figure 4). 
By interpolation from the family of curves in 
Figure 4, i t may be observed that a load of 
27 psi would be required to prevent a soil of 

ji.O/iO W PS/ 
Figure 4. Relat ion of load to the volume change of 

swelling clay soil . 

this type f rom swelling. The hydrostatic load 
from a column of soil 25 feet deep weighing 125 
pounds/cubic foot would be approximately 
equivalent to 23 psi. I t is interesting to note 
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Figure 5. Potential vertical rise for underlying layers 
of subsoU 60 feet or more thick. 

that level readings made over a period of two 
years on bench marks set at various levels up 
to 25 feet in depth showed that only the B.M. 
at the 25-foot level was free f rom vertical 

movement. The 25-foot-level B.M. might have 
moved if levels had been run over a greater 
period of time. 

Figures 4 and 5 show clearly that some load­
ings on soils of certain volume-change char­
acteristics create conditions capable of pro­
ducing settlement. Such loadings are not 
ordinarily encountered in placing lightweight 
structures on clay soils which are saturated in 
excess of 0.48LL - j - 2. I n dealing with fight 
loads on such weak, "mucky" soils, or wi th 
firmer clay soils to carry heavy loads, con­
sideration should be given to several of the 
following aspects which are not covered in 
this report. 

1. Shearing strengths of soils required to 
prevent shear failures or plastic flow. 

2. Consolidation. The standard methods in 
common use are recommended. 

Tables 2 through 6 show the computations 
(based on interpolations f rom Figui'e 4) of 
potential vertical rise for thick layers of clay 
soils having volume changes of 35, 25, 22.5, 
15, and 7.5, respectively. Data from these 
tables are plotted in Figure 5 pertaining to 
thick layers of subsoil. Data f rom these tables 

T A B L E 2 
C O N V E R S I O N O F V O L U M E C H A N G E TO P O T E N T I A L V E R T I C A L R I S E W H E N A N 18-INCH P A V E M E N T 

O V E R L I E S A C L A Y H A V I N G 35 P E R C E N T V O L U M E S W E L L I N A N U N L O A D E D C O N D I T I O N 

Percent Swell 

Load Av. Load Depth of Layer 
Volume Linear 
average 

psi psi feel 

0 35 
1.5-2.5 2 27 6 8 3 1 X 1 15 1.15 
2.5-5 3 75 24 7 3 2 5 X 1 15 = 2.87 

5-7.5 6 25 20 5 6 3 2 5 X 1 15 2.87 
7.5-10 8 75 18 5 5 8 2 5 X 1 15 2.87 

10-12 5 11 25 16 5 5 2 2 5 X 1 15 = 2.87 
12.5-15 13 75 14 7 4 7 2 5 X 1 16 2.87 

15-17 5 16 25 13 5 4 3 2 6 X 1 16 = 2.87 
17.5-20 18 75 12 0 3 8 2 6 X 1 16 = 2.87 

20-22 5 21 25 11 0 3 5 2 6 X 1 15 = 2.87 
22.5-25 23 75 9 9 3 2 2 5 X 1 15 2.87 

25-27 5 26 25 8 9 2 8 2 5 X 1 15 = 2.87 
27.5-30 28 76 8 0 2 6 2 5 X 1 15 = 2.87 

30-32 5 31 25 7 3 2 4 2 6 X 1 15 = 2.87 
32.5-35 33 76 6 6 2 1 2 5 X 1 15 = 2.87 

35-37 5 36 25 6 7 1 9 2 5 X 1 15 2.87 
37.5-40 38 75 5 1 1 7 2 5 X 1 16 = 2.87 

40-42 5 41 25 4 6 1 5 2 5 X 1 16 = 2.87 
42.5-45 43 75 4 0 1 3 2 5 X 1 16 = 2.87 

45-47 5 46 25 3 5 1 1 2 5 X 1 16 = 2.87 
47.5-50 48 75 3 0 1 0 2 5 X 1 15 = 2.87 

50-52 5 51 25 2 6 0 9 2 5 X 1 15 = 2.87 
52.6-65 53 76 2 3 0 7 2 5 X 1 15 = 2.87 

55-67 5 56 26 2 0 0 6 2 5 X 1 15 = 2.87 
57.5-60 58 75 1 7 0 6 2 5 X 1 15 = 2.87 

60-62 5 61 26 1 4 0 6 2 5 X 1 15 = 2.87 
62.5-65 63 76 1 1 0 4 2 5 X 1 16 2.87 

65-67 5 66 26 0 8 0 3 2 5 X 1 16 = 2.87 
67.5-70 68 76 0 6 0 2 2 6 X 1 16 = 2.87 

70-73 71 50 0 3 0 1 3 X 1 15 3.45 

Total depth 82.09 

Vertical Movement 

inches 

X 1 16 X 12 1 16 
X 2 87 X 12 = 2 51 
X 2 87 X 12 = 2 17 
X 2 87 X 12 = 2 00 
X 2 87 X 12 = 1 79 
X 2 87 X 12 1 62 
X 2 87 X 12 1 48 
X 2 87 X 12 = 1 31 
X 2 87 X 12 1 20 
X 2 87 X 12 = 1 10 
X 2 87 X 12 = 0 96 
X 2 87 X 12 = 0 89 
X 2 87 X 12 = 0 83 
X 2 87 X 12 = 0 72 
X 2 87 X 12 = 0 65 
X 2 87 X 12 0 68 
X 2 87 X 12 0 52 
X 2 87 X 12 = 0 45 
X 2 87 X 12 0 38 
X 2 87 X 12 - 0 36 
X 2 87 X 12 - 0 31 
X 2 87 X 12 0 24 
X 2 87 X 12 = 0 20 
X 2 87 X 12 = 0 17 
X 2 87 X 12 0 17 
X 2 87 X 12 0 14 
X 2 87 X 12 = 0 10 
X 2 87 X 12 = 0 07 
X 3 45 = 0 03 

8.3% 
7.3% 
6.3% 
6.8%, 
6.2% 
4.7% 
4.3% 
3.8% 
3.5% 
3.2% 
2.8% 
2.6% 
2.4% 
2.1% 
1.9% 
1.7% 
1.5% 
1.3% 
1.1% 
1.0% 
0.9% 
0.7% 
0.6% 
0.5% 
0.5% 
0.4% 
0.3% 
0.2% 
0.1% 

Total P .V.R. due to swell = 24.09 
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T A B L E 3 
C O N V E R S I O N O F V O L U M E C H A N G E T O P O T E N T I A L V E R T I C A L R I S E W H E N A N 18-INCH P A V E M E N T 

O V E R L I E S A C L A Y H A V I N G 25 P E R C E N T V O L U M E S W E L L I N A N U N L O A D E D C O N D I T I O N 

Load Average Load 

pst 
0 

1.5-2.5 
2.5- 6 

5-7.5 
7.6- 10 

10-12.5 
12.5-15 

15-17.6 
17.5-20 

20-22.5 
22.5-25 

25-27.5 
27.5- 30 

30-32.5 
32.6- 35 

35-37.6 
37.5- 40 

40-42.5 
42.8-45 

45-47.6 
47.6- 50 

50-62.5 

Psi 

2 
3.75 
6.25 
8.76 

11.25 
13.75 
16.26 
18.76 
21.25 
23.75 
26.25 
28.75 
31.25 
33.76 
36.25 
38.75 
41.25 
43.75 
46.25 
48.75 
61.25 

Percent Swell 

Volume 
average 

25 
18.2 
15.6 
13.0 
11.1 
9.5 
8.3 
7.2 
6.2 
5.4 
4.6 
3.8 
3.3 
2.7 
2.3 
1.8 
1.6 
1.2 
0.9 
0.6 
0.4 
0.0 

Linear 

5.7 
4.9 
4.18 
3.56 
3.06 
2.66 
2.36 
2.05 
1.75 
1.5 
1.2 
1.1 
0.86 
0.75 
0.56 
0.5 
0.36 
0.26 
0.2 
0.15 
0.0 

Depth of Layer 

feet 

0 
1.15 X 1 
1.15 X 2.5 
1.16 X 2.5 
1.16 X 2.6 

2.5 
2.5 
2.5 
2.5 
2.5 

1.16 X 
1.15 X 
1.15 X 
1.15 X 
1.15 X 
1.15 X 2.6 
1.15 X 2.5 
1.16 X 2.5 •• 
1.15 X 2.5 ^ 
1.16 X 2.5 
1.15 X 2.5 
1.15 X 2.5 
1.15 X 2.6 
1.15 X 2.5 
1.15 X 2.5 
1.15 X 2.6 
1.15 X 2.5 

1.15 
2.87 
2.87 
2.87 
2.87 
2.87 
2.87 
2.87 
2.87 
2.87 
2.87 
2.87 
2.87 
2.87 
2.87 
2.87 
2.87 
2.87 
2.87 
2.87 
2.87 

Total depth = 58.66 

Vertical Movement 

6.7% 
4.9% 
4.18% 
3.55% 
3.06% 
2.66% 
2.36% 
2.05% 
1.75% 
1.6% 
1.2% 
1.1% 
0.86% 
0.75% 
0.55% 
0.5% 
0.36% 
0.26% 
0.2% 
0.15% 

0% 

inches 

X 1.15 
X 2.87 
X 34.4 
X 34.4 
X 34.4 
X 34.4 
X 34.4 
X 34.4 
X 34.4 
X 34.4 
X 34.4 
X 34.4 
X 34.4 
X 2.87 
X 34.4 
X 34.4 
X 34.4 
X 34.4 
X 34.4 
X 34.4 
X 34.4 

X 12 
X 12 

X 12 

0. 79 
1. )9 
1.44 
1.22 
1.05 
0.91 
0.81 
0.70 
0.60 
0.52 
0.41 
0.,38 
0.30 
0.26 
0.19 
0.17 
0.12 
0.09 
0.07 
0.05 
0.00 

Total P . V . R . due to swell = 11.77 

T A B L E 4 
C O N V E R S I O N O F V O L U M E C H A N G E T O P O T E N T I A L V E R T I C A L R I S E W H E N A N 18-INCH P A V E M E N T 

O V E R L I E S A C L A Y H A V I N G 22.5 P E R C E N T V O L U M E S W E L L I N A N U N L O A D E D C O N D I T I O N 

Load Average Load 

Percen 

Volume 
average 

t Swell 

Linear 

Depth of Layer Vertical Movement 

psi P si feet inches 

0 22 5 
1.5-2.5 2 16 3 5 15 1 15 5 15% X 1 16 X 12 0 71 
2.5-5 3 75 14 0 4 47 2 87 4 47% X 2 87 X 12 = 1 54 

5-7.6 6 25 11 5 3 7 2 87 3 7% X 34 4 = 1 27 
7.5-10 8 75 9 5 3 1 2 87 3 1% X 34 4 1 07 

10-12.5 11 25 8 1 2 62 2 87 2 62% X 34 4 = 0 90 
12.5-15 13 75 6 8 2 2 2 87 2 2% X 34 4 = 0 76 

15-17.6 16 25 6 7 1 86 2 87 1 85% X 34 4 0 64 
17.5-20 18 76 6 0 1 6 2 87 1 6% X 34 4 0 56 

20-22.5 21 26 4 2 1 35 2 87 1 35% X 34 4 0 46 
22.5-25 23 75 3 5 1 15 2 87 1 15% X 34 4 0 40 

25-27.6 26 25 2 9 0 95 2 87 0 95% X 34 4 0 33 
27.5-30 28 76 2 4 0 8 2 87 0 8% X 34 4 0 28 

30-32.5 31 26 1 9 0 6 2 87 0 6% X 34 4 = 0 21 
32.6-35 33 76 1 6 0 6 2 87 0 5%, X 34 4 = 0 17 

35-37.6 36 25 1 3 0 4 2 87 0 4% X 34 4 0 14 
37.6-40 38 76 0 9 0 3 2 87 0 3% X 34 4 = 0 10 

40-42.5 41 25 0 6 0 2 2 87 0 2% X 34 4 0 07 
42 6-45 43 76 0 4 0 15 2 87 0 15% X 34 4 = 0 05 

45-47.6 46 25 0 2 0 05 2 87 0 06% X 34 4 — 0 02 

52.81 Total P . V . R . due to swell = 9 67 

are also used to plot curves in Figure 6 which 
pertains to potential vertical rise of a 33-foot 
layer of clay subgrade. Figures 7, 8, 9, and 10 
are also plotted from data shown in Tables 2 
through 6. Figures 7A and B, 8B, 9B, and lOB 
and C show the effects of surcharge weight 

such as might be found from heavy structures 
or layers of inactive overburden upon vol­
umetric swell. 

Figure 5 indicates that a pavement having 
a surcharge weight of 1 >^ psi constructed on a 
thick layer of clay soil has a potential vertical 
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T A B L E 5 

C O N V E R S I O N O F V O L U M E C H A N G E T O P O T E N T I A L V E R T I C A L R I S E W H E N A N 18-INCH P A V E M E N T 
O V E R L I E S A C L A Y H A V I N G 15 P E R C E N T V O L U M E S W E L L I N A N U N L O A D E D C O N D I T I O N 

Percent Swell 

Load Average Load Depth of Layer Vertical Movement 
Volume Linear average 

psi psi feel inches 
0 15 

1.5-2.5 2 9.1 2.9 1 X 1.15 = 1 :5 2 9% X 1.15 X 12 0 40 
2.5-5 3.75 7.5 2.4 2 5 X 1.15 = 2.87 2 4% X 2.87 X 12 = 0 82 

5-7.5 6.25 5.5 1.8 2 5 X 1.15 = 2.87 1 8% X 34.4 0 62 
7.5-10 8.75 4.5 1.5 2 6 X 1.15 = 2.87 1 5% X 34.4 0 62 
10-12.5 11.25 3.6 1.1 2 5 X 1.15 = 2.87 1 1% X 34.4 0 38 

12.5-15 13.75 2.6 0.8 2 5 X 1.16 = 2.87 0 8% X 34.4 0 28 
15-17.5 16.25 2.0 0.6 2 6 X 1.15 = 2.87 0 6% X 34.4 0 21 

17.5-20 18.75 1.5 0.5 2 6 X 1.16 = 2.87 0 5% X 34.4 = 0 17 
20-22.5 21.25 1.0 0.3 2 5 X 1.16 2.87 0 3% X 34.4 0 10 

22.5-25 23.75 0.8 0.25 2 6 X 1.16 = 2.87 0 25% X 34.4 0 09 
25-27.5 26.25 0.5 0.2 2 5 X 1.15 = 2.87 0 2% X 34.4 0 07 

27.5-31 29.25 0.2 0.1 3 5 X 1.15 - 4.03 0 1% X 4.03 X 12 = 0 05 

Total depth 33.88 Total P . V . R . due to swell = 3 71 

T A B L E 6 

C O N V E R S I O N O F V O L U M E C H A N G E T O P O T E N T I A L V E R T I C A L R I S E W l I l i N A N 18-INCH P A V E M E N T 
O V E R L I E S A C L A Y H A V I N G 7.5 P E R C E N T V O L U M E S W E L L I N A N U N L O A D E D C O N D I T I O N 

Load 

psi psi 

0 
1.5-2.5 2 
2.5-5 3.75 

5-7.5 6.25 
7.5-10 8.75 
10-12.5 11.25 

12.5-15 13.75 
15-16 15.5 

Average Load 

Percent Swell 

Volume 
average 

7.5 
3.5 
2.4 
1.4 
0.8 
0.5 
0.3 
0.1 

Linear 

1.1 
0.8 
0.45 
0.25 
0.15 
0.10 
0.05 

Depth of Layer 

feel 

0 
1 X 1.15 
2.5 X 1.15 
2.5 X 1. 
2.5 X 1. 
2.5 X 1. 
2.5 X 1. 
1.0 X 1. 

1.15 
2.8 
2.8' 
2.8' 
2.8 
2.8' 
1.15 

Total depth = 16.65 

Vertical Movement 

inches 

0 
1.1% 
0.8% 
0. 45% 
0.25%, 
0.15% 
0.1%, 

1.15 
34.4 
34.4 
34.4 
34.4 
34.4 

0.05% X 13. 

X 12 = 0.16 
= 0.29 
= 0.15 
= 0.09 
= 0.05 
= 0.03 
= 0.01 

Total P . V . R . due to swell = 0.77 

rise of inch if the clay has 6]-^ percent 
volumetric swell. Figure 11 shows that this 
average amount of swell correlates wi th a 
plasticity index of 33. Figure 12 shows that 
thick layers of clay subsoils in Guadalupe 
County having a P . I . above 33 were unsatis­
factory subgrade for 6-inch concrete pavement 
regardless of whether or not sub-base materials 
were used. Therefore, i t is most likely that soil 
layers having a vertical potential rise of }i inch 
or more are destructive to pavements or light 
structures. 

I n a similar manner i t can be shown from 
Figures 6, 8, 9, and 10 that thin layers of 
clays having a vertical potential rise of }i inch 

can have amounts of volumetric swell far in 
excess of 63.̂  percent. 

Figure 11 indicates that the stability of soils 
wi th plasticity indexes below an average of 11 
should be li t t le affected by volume change 
and that soils having plasticity indexes of 33 
would have an average of 6>2 percent volu­
metric swell. The soils having a P . I . of 33 
swelling f rom drier and wetter conditions 
would have and 4J.̂  percent volumetric 
swells, respectively. 

Data for theoretical points used in plotting 
curves shown in Figure 11 are summarized as 
follows: 
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Lab. No. LL PI SL 

Abs. Moisture 
Condition 

0.47 LL + 1 

Opt. Condition 
of Soils 

Dry Conditions 
for Swelling Soils 

0.2 LL + 9 

Effective Percent Volumetric 
Swell 

Lab. No. LL PI SL 

%M. 
% vol, 
swell­
ing* 

%M. 
% vol. 
swell­

ing 
% U . 

% vol. 
swell­
ing* 

From opt. to 
abs. 

moisture 

From dry 
moisture 

conditions to 
abs. moisture 

39-59-MR 52 31 11 26 22 22 17 19 13 22 - 17 = 5 22 - 13 = 9 
39-11-MR 74 45 12 37 32 30 25 24 19 32 - 25 = 7 32 - 19 = 13 
46-420-E 79 55 8 39 40 31 31 25 24 40 - 31 = 9 40 - 24 = 16 

* Taken from Figure 2. 
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Figure 5. Potential vertical rise for underlying layers 
of soil 33 feet thick. 
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Figure 7. Potential vertical rise for some subsoil layers. 

I t was the writer's privilege to observe the 
performance of the previously mentioned ex­
perimental project on U . S. 90 in Guadalupe 
County (^) over the period 1933 to 1948 
at which time modifications in sections dic­
tated recovering all of the old concrete pave­
ment with asphaltic concrete. Just before 
resurfacing the entire project, a condition 
survey of the 38 sections was made and results 
of that survey, together with minimum and 
maximum plasticity indexes of the top 36 
inches of a deep subgrade soil, are shown in 
Figure 12. The sections classified as "poor" 
were patched extensively and those called 
" fa i r" were patched somewhat. Most sections 
classified as "good" were cracked but had good 

riding characteristics and were not covered 
with A.C. or patched. Figure 12 indicates that 
in general most sections having any subgrade 
with a P . I . in excess of 33 or an average per­
cent volume swell of 6}^ or greater (see Figure 
11) did not perform well, the onlj- exceptions 
being sections 9, 10, 11, and 12 which were 
10-8-10 slabs. Sections 28 and 31 were also 
8- inch slabs which were covered wi th as­
phaltic concrete. A l l other sections consisted of 
9- 6-9 concrete pavement slabs. Many other 
jobs have given similar performance where 
subsoil layers are thick. I f slabs thicker than 
6 inches are placed on thin layers of soil, the 
maximum allowable P . I . probably could be 
somewhat higher. A few of the many examples 
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/O ZO ^ -40 ^ 

Figure 8. Potential vertical rise for some subsoil layers, 

Figure 9. Potential vertical rise for some subsoil layers. 

of 6-inch slabs whicli have performed well on 
thin clay layers with rockj- substrata may be 
found on U . S. 67 south of Waxahachie, Texas; 
U . S. 81 near Jai-rell, Texas, and U . S. 84 east 
of McGregor, Texas. These heavy traffic roads 
served well for many years on subgrades at 

/O 30 40 SO £0 

Figure 10. Potential vertical rise for several subsoil 
layers. 

many places with P . I . ranging from 38 to 45. 
Moisture control during and subsequent to 
construction can also be very helpful in re­
ducing movements particularly of clay soils 
with P . I . in excess of 30. I n order to obtain 
maximum subsequent stabihty, the control of 
density for all soils is a well-known pre­
requisite. The author expressed his views on 
this subject in two reports to the Highway 
Research Board (3, 4)-

Many 9-6-9 sections of concrete pavement 
in Texas built on deep strata of low volume 
change sand-clays have served satisfactorily 
for many years. Heavy loads have caused 
more cracks to appear than desired but gen­
erally they are still valuable pavements. Such 
pavements buil t on sand-clays underlaid by 
clay have not served nearly so well because 
P.V.R. values are in excess of M inch. 

Over 20 years ago, the author served as 
water subgrade inspector on concrete paving 
projects in Shelby, Williamson, Lee, and 
Brazos Counties. A great deal of test data 
f rom these jobs was recorded and has been 
studied from time to time in conjunction with 
the service behavior of these projects. Results 
of these observations have been in line with 
the interpretations pertaining to potential 
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vertical rise as described in this report. Addi­
tional data showing correlation between po­
tential vertical rise and performance of 
structures are shown in this report under 
"Examples Showing Use of Potential Ver­
tical Rise." 

D E T E R M I N A T I O N O F P O T E N T I A L V E R T I C A L R I S E 

The following is a suggested outline for 
determination of potential vertical rise 
(P.V.R.). 

1. Thicknesses of Layers. Determine thick­
nesses of soil layers, especially clay layers 
existing below structure. I n the case of massive 
clay layers, the maximum depth to investigate 
wil l depend upon the position and amount of 
load proposed and the expansive characteris­
tics of the clay (P.I. , moisture content, and 
density). Usually, depths of 30 feet are suffi­
cient for most situations. 

2. Expansion Characteristics of Soils. Deter­
mine expansion characteristics of soil by use 
of one of the following three methods: 

(a) The preferred way is to obtain undis­
turbed cores and subject them to capillary 
absorption and measure volume change as 
outlined in test procedure THD-80 of "Soil 
Testing Procedures" Nov. 1953, Texas High­
way Department [or see (5)]. 

(b) Expansion characteristics f rom undis­
turbed cores after absorption also may be 
determined by use of the Harvard consolida­
t ion type of equipment provided specimens 
are trimmed to layers not to exceed } ^ inch 
in height. 

(c) B y use of Figure 11, expansion char­
acteristics of disturbed clay soils also may be 
estimated from their respective plasticity 
indexes provided portions of sample retained 
on the No. 40 sieve are considered to be inert 
on some proportional basis. Disturbed soils 
also may be remolded at desired or anticipated 
moistui'e-density conditions and tested in 
accordance with steps 2(a) or 2(b). 

3. Identification of Swell Curve Family 
Member. After expansion characteristics have 
been obtained at some convenient surchai'ge 
load in accordance with step 2, the data may 
be entered in Figure 4 to identify the member 
of the swell family of curves to which the soil 
belongs. When this is done, i t is possible to 
determine graphically the potential volume 
changes under almost any condition of load­
ing fi 'om structure and/or surcharge. 

4. Loadings. Calculate the unit loads from 
structure and soil of both the top and bottom 
of each clay layer involved. For this purpose, 
use of unit weight of structure plus hydro­
static pressures of soils wi l l be preferable. The 
use of hydrostatic pressures in soils in this 
case is justified because if swell produces a 
rise, i t must l i f t the weight of soil and water 
above the point which is swelling. 

5. Estimation of Volume Change. Enter 
loadings found in step 4 on member of swell 
curve family found in step 3 in Figui'e 4. A 
summary of the difference of the range of 
volume change between the top and bottom 
of clay layer represents the total potential 
vertical rise only in terms of percent volu­
metric swell. Since the swell pressure relations 
are in the form of curves, increments of the 
above range showing percent volumetric 
swell should be tabulated as shown in Tables 
2 to 6. 

6. Conversion of Volumetric Swell into Linear 
Swell. For this purpose convert volume change 
values obtained in step 5 to linear volume 
change by use of Figure 1 and tabulate. 

7. Calculation of Potential Vertical Rise. 
Mul t ip ly each thickness of layer by its respec­
tive percent linear swell. See Tables 2 to 6. A 
total of all increments is equal to the potential 
vertical rise. 

E X A M P L E S SHOWING U S E O F P O T E N T I A L 
V E R T I C A L R I S E 

When architects began preparation of plans 
for Saint Paul Lutheran Church Parish Hall , 
they asked the writer if floors should be 
suspended from foundation or be supported 
by the subgrade soil. Being able to utilize 
subgrade support would result in considerable 
savings. A n investigation of the site revealed 
that over half of the building was on a gravelly, 
sandy soil underlaid with chalk. The rear half 
of the building was located on a 3-foot thick 
layer of black clay having a plasticity index 
of 33 and underlaid by a thick stratum of very 
low-volume change chalk. By the use of 
Figures 4 and 11 (Vs = 6.5), the following 
tabulation was prepared (A). 

Inasmuch as the above movements did not 
seem excessive and since the concrete floor of 
the Parish Hal l was to be overlaid \\-ith a hard­
wood floor at the conclusion of construction, i t 
was decided that the floor did not have to 
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(A) 

Percent Swell 

Load Average Load Depth of Layer Potential Vertical Rise Load Average Load 
Average 
volume 

Average 
linear 

Depth of Layer Potential Vertical Rise 

psi fsi feet inches 

0 
1.0* 
1.0*-2.5 
2.5 -3.6 

0 
1.0 
1.75 
3.0 

8 
6.5 
4.0 
2.5 

1.3 
0.8 

1.5 X 1.15 = 1.72 
1.1 X 1.15 = 1.27 

Total depth = 2.99 

1.72 X 1.3% X 12 = 0.27 
1.27 X 0.8% X 12 = 0.12 

Total P . V . R . = 0.39 

' Weight of floor and sand cushion. 

(B) 

Load Average Load Average 
volume 

Average 
linear Depth of Layer Potential Vertical Rise 

psi psi Jeet inches 

0 0 11.0 
1* 1.0 9.5 
1.0-2.5 1.76 7.0 2.3 1.6 X 1.15 = 1.72 1.72 X 2.3% X 12 = 0.47 
2.5-3.6 3.0 5.5 1.8 1.1 X 1.15 = 1.27 1.27 X 1.8% X 12 = 0.29 

Total depth = 2.99 Total P .V .R . = 0.76 

* Weight of floor and sand cushion. 

be suspended from foundation shafts if the 
subgrade was ponded. 

Unfortunately, the subgrade became very 
dry and the contractor did not pond i t with 
water. Therefore the problem was recalculated 
using the upper curve in Figure 11 for dry 
conditions as in (B). 

I t is interesting to note that at the conclu­
sion of construction when the time came to 
place the hardwood floors, the floor sills in the 
rear of the building had to be reduced % of an 
inch in thickness in order that a level floor 
could be constructed. After four j-ears' service 
there are no other signs of movement. Ponding 
was emploj-ed in the constmction of two ad­

jacent buildings, neither of which has shown 
any signs of movement in a period of three 
years. 

The Casis Community Center of West 
Austin, which was constructed in 1953, 
afforded another opportunity for the author 
to utilize the elements of this report as a basis 
upon which to make recommendations to the 
owner and contractor. The building (see 
Figure 13) with plate-glass fronts was to be 
bui l t on a 15-foot-thick gravel bed which was 
underlaid with a thick layer of j-ellow clay 
out of the Del Rio geological formation having 
a P . I . of 45. The following computations were 
made (C). 

(C) 

Percent Swell 

Load Average Load Depth of Layer Potential Vertical Rise 
Average Average 
volume linear 

psi 
0 

psi feet inches 

1* 
14t 
14-17.6 16.75 1.4 0.4 3.5 X 1.16 = 4.0 3.5 X 0.4% X 12 = 0.17 

17.5-20 18.76 1.0 0.3 2.5 X 1.15 = 2.87 2.87 X 0.3% X 12 = 0.10 
20-22.5 21.26 0.8 0.25 2.5 X 1.15 = 2.87 2.87 X 0.25% X 12 = 0.08 

22.5-25 23.76 0.4 0.1 2.5 X 1.15 = 2.87 2.87 X 0.10% X 12 = 0.03 

Total depth active below gravel = 12.61 Total P . V . R . = 0.38 

From Figure 11, % volume swell @ 1 * surcharge for average soil conditions = 10. 
* Weight of floor and sand cushion 
t Weight of floor and sand cushion plus weight of 15-foot gravel layer. 
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Since this project appeared to have nearly 
a J^-inch potential vertical rise, all of the 
steps for reducing volume swell suggested in 
this report were carried out and the concrete 
floor slab and sand cushion were placed on top 
of the gravel strata. After two years' service, 

only a few small cracks, probably caused by 
shrinkage of overhead concrete beams, have 
appeared in the rear corners of the buildings; 
otherwise, the buildings are performing per­
fectly. 

Foundation footings and basement floor of 

Figure 13. Parking area used to prevent drying of subsoil. 

r 
Figure 14. Showing cracks in T.H.D. Reproduction building. 
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the Texas Highway Department Reproduction 
Building were placed directly on a yellow 
clay soil out of the Eagle Ford geological 
formation having a P . I . of 60. Wi th in two 
years' time, serious damage to floors, overhead 
beams, and brick walls was evident. Estimates 
of potential vertical rise, not tabulated in this 
report but calculated in the manner proposed, 
indicate that the P.V.R. for a light floor would 
be between 3 and 4 inches. There is evidence 
of this much movement (see Figures 14 and 
15). 

Figures 16 and 17 show evidence of distor­
t ion of a multiple box culvert over Mayhard 
Creek on U . S. 183, Travis County, south of 
Austin. The subsoil consisted of yellow clay 
f rom the Kemp M a r l geological formation, 
having a P . I . between 30 and 40. This culvert 
was constructed after four, consecutive dry 
years. On the basis of dry condition curve in 
Figure 11, a P.V.R. of approximately l}i inch 
should have been anticipated. I t appears that 
ends of the multiple box culvert remained 
relatively free f rom movement, but the ex­
pansion span in the center of the structure 
probably moved upward because i t acted as a 
hinge for the bridge. 

Figure 15. Siiowing drain spout bolt sheared from 
vertical movement of T.H.D. Reproduction building. 

Engineers f rom the Portland Cement Asso­
ciation (6) ponded (for a long period of time) 
a small area of a dry bulb of the Wilson top 
soil over the Taylor formation in McLennan 
County on U . S. 81, north of Waco. The follow­
ing tabulation hsts calculations of potential 
rise for the soils at a locatioi on U . S. 81, 5.76 
miles north of Waco. Since the soils were 
taken from an unpaved dry area, i t was 
assumed that the soils were dry enough to 

Figure 16, Showing multiple box culvert on U, S. 183 over Mayhard Creek. Note vertical rise at midstream. 
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-

Figure 17. Showing opening of expansion joint at 
midstream of M.B.G. on Mayhard Creeic. 

just i fy using the upper line for P . I . versus 
swell in Figure 11 for the driest condition. 
Other sampling locations in the same vicinity 
indicated that the P . I . of subsoils below the 

10-foot level was in the vicinity of 45. The 
following calculations were made (D). 

The actual rise measured in the field from 
this operation was approximately 4 inches 
which is in close agreement wi th the above 
calculations. 

A bridge consisting of 19 piers resting on 
spread footings was constructed in 1941-42 on 
U . S. Highway 183 over the E lm Fork of the 
Tr in i ty River in Dallas County. Consolida­
tion tests were run and size of footings de­
signed so that not more than 1 inch of settle­
ment would occur. Levels have been run at 
several different times over a period of time 
f rom 1941 to 1950 which indicate some of the 
piers rose instead of setthng. Enough soil data 
were taken near Pier 18, which rose approxi­
mately inch, to apply to the theory of this 
report. This pier was constructed on a 9' by 9' 
footing which was resting on a thick layer of 
clay soil having an LL = 65, P. I . = 40, and a 
moisture content of 21 percent. 

From Figure 11, volume swell is 12 percent 
for P . I . = 40 and 1 # surcharge at dry condi­
tion of 0.2LL -|- 9. Figure 4 shows family 
curve to be the 16 percent volume swell Une 
(E). 

Eighteen other piers were constructed on 
above project on various soils varying in P . I . 
f rom 25 to 50 at various moisture contents. 
Some piers settled to as much as l}i inches. 
Others rose to as much as l}i inches. A period 
of two to five years was required for comple­
t ion of rise for this particular set of piers. 
Unfortunately, the soil and moisture data are 

(D) 

P.I . Load Average 
Load 

Percen 

Average 
volume 

t Swell 

Linear 

Depth of Layer Potential Vertical Rise 

psi psi feet inches 

20 0-2.5 1.26 5.0 1.6 2.6 X 1 15 = 2.87 1.6% X 2.87 X 12 = 0.56 
20 2.6-6 3.75 2.6 0.8 2.6 X 1 15 = 2.87 0.8% X 2.87 X 12 = 0.28 
20 6-7 6 1.6 0.6 2 X 1 15 2.30 0.6% X 2.3 X 12 = 0.14 
30 7-10 8 3.6 1.1 3 X 1 16 = 3.45 1.1% X 3.45 X 12 = 0.46 
45 10-12.5 11.26 5.0 1.6 2.5 X 1 15 2.87 1.6% X 2.87 X 12 = 0.66 
45 12.6-15 13.76 4.0 1.3 2.5 X 1 15 = 2.87 1.3% X 2.87 X 12 = 0.46 
45 16-17.5 16.25 3.4 1.1 2.5 X 1 15 = 2.87 1.1% X 2.87 X 12 = 0.38 
45 17.5-20 18.76 2.6 0.8 2.5 X 1 15 = 2.87 0.8% X 2.87 X 12 = 0.28 
45 20-22.6 21.26 2.0 0.6 2.5 X 1 15 = 2.87 0.6%, X 2.87 X 12 = 0.21 
45 22.6-26 23.76 1.6 0.5 2.6 X 1 15 = 2.87 0.6% X 2.87 X 12 = 0.17 
45 26-27.5 26.26 1.2 0.4 2.5 X 1 15 = 2.87 0.4% X 2.87 X 12 = 0.14 
45 27.6-30 28.76 0.8 0.3 2.6 X 1 15 = 2.87 0.3% X 2.87 X 12 = 0.10 
45 30-32.5 31.25 0.6 0.2 2.5 X 1 15 = 2.87 0.2% X 2.87 X 12 = 0.07 
45 32.5-35 33.75 0.4 0.1 2.6 X 1 15 = 2.87 0.1% X 2.87 X 12 = 0.03 
45 35-37.5 36.25 0.2 0.1 2.5 X 1 15 2.87 0.1% X 2.87 X 12 = 0.03 

Total potential vertical rise, 3.84. 
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(E) 

Percent Swell 

Average Load Depth of Layer Potential Vertical Rise Load Average Load 
Average 
volume 

Average 
linear 

Depth of Layer Potential Vertical Rise 

tsi psi led inches 

0 
1 

20* 
20-22.5 

22.5-25 
25-27.5 

27.5-32.5 

0 

21.25 
23.75 
26.25 
30.0 

16.0 
12.0 

1.3 
0.8 
0.7 
0.3 

0.4 
0.25 
0.2 
0.1 

2.5 X 1.15 = 2.87 
2.5 X 1.15 = 2.87 
2.5 X 1.15 = 2.87 
5 X 1.15 = 6.75 

0.4% X 2.87 X 12 = 0.13 
0.25% X 2.87 X 12 = 0.09 
0.2% X 2.87 X 12 = 0.07 
0.1% X 5.75 X 12 = 0.07 

Total depth active below footing = 14.36 Total P . V . R . = 0.36 

• Dead load of super structure, pier, overburden soil, and footing. 

not complete enough to apply to calculation of 
movements at other piers. 

Since i t is a tedious and laborious job to 
carry out calculations like those shown in the 
various tabulations in this report, the author 
has developed a slide rule which enables en­
gineers, architects, contractors, inspectors, 
etc., regardless of whether or not they are 
familiar with soils engineering, to rapidly per­
form the necessary calculations for P.V.R. 

S T E P S FOR R E D U C I N G D E T R I M E N T A L E F F E C T S 

O F S W E L L I N G S O I L S 

When potential vertical rise calculations are 
3-i inch or less, most lightweight structures and 
pavements designed in accordance with good 
practice can be expected to perform satis­
factorily. For flexible pavements to be de­
signed jji-operly, utmost care must be taken 
to prevent wheel load stresses from exceeding 
strengths of soils [see Texas Triaxial Method 
{5)]. 

I n cases where potential vertical rise calcu­
lations are in excess of l-i inch, the following 
steps may be taken to reduce the detrimental 
effects of swelling soils: 

1. Reduce swelling pressures by ponding the 
area in question for two or three weeks prior 
to placing of foundation or paving. I n such 
cases, holes for foundations should be opened 
up after ponding but precautions should be 
taken to prevent drying. I n the case of earth 
fills, moisture-density relations during and 
subsequent to construction should be con­
trolled. Subsequent loss of moisture may be 
prevented by application of asphalt mem­
branes, paving of parking lots, or placing 
layers of granular materials shortly after pond­
ing or rolhng. 

2. Use steel reinforcing in both top and 
bottom portions of foundation grade beams. 

3. Use a heavy gauge of reinforcing steel in 
foundation shafts and isolate walls of shafts 
f rom clays. 

4. Leave an air space between bottom of 
foundation grade beams and the surface of the 
ground. 

5. I f possible, suspend floors from founda­
tion shafts. I f this is not possible, the floor 
should be separated from foundation grade 
beams by insertion of expansion joints. 

C O N C L U S I O N S 

The foregoing report makes i t possible to 
utilize swell tests and soil constants in deter­
mining : 

1. Whether or not a pi-oblcm is one of 
shrink-swell or of settlement due to flow and 
consolidation. 

2. Whether pavements on swelling clays 
wil l develop irregular riding surfaces from 
causes not attributable to the use of inade­
quate thicknesses or poor pavements, base 
and/or surfacings. 

3. Whether or not lightweight structures, 
such as light buildings, box culverts, etc., wil l 
move excessively. 

4. AVhether or not to suspend floor slabs 
from foundation shafts or let the existing soil 
subgrade support them. 

I t is believed that this report enlarges upon 
the significance and usefulness of swell tests 
and the soil constants extensively. 

The determination and use of ])otential 
vertical rise (P.V.R.) should be as common­
place as the performance and use of identifica­
tion, consolidation, and stability tests. This 
simple term, P.V.R., summarizes the effects 



770 S O I L S , G E O L O G Y A N D F O U N D A T I O N S 

of all the following important variables: 
1. Type of soil. 
2. Density. 
3. Moisture fluctuations. 
4. Thickness and significance of sublayer. 
5. Effect of sui-chai-gc load from structure 

and/or overburden. 
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DISCUSSION 
RAYMO.ND ( ' . H E R N E R , Chief, Air-port Division, 
CAA Tcfhnical Development and Evaluation 
Center—We are indebted to Mr. McDowell for 
an able and interesting discussion of problems 
associated with volume change in .soils. While 
all of \is recognize the existence of such prob­
lems, we find l i t t le in the literature to help solve 
them. By combining theory with long years of 
experience in dealing with critical soils, Mr. 
Mcl5owell now suggests a relatively simple and 
practical approach to the normal design prob-
em. 

Universal application of this method requires 
the ability to forecast soil moisture fluctuation 
over a wide range of climatic and environmen­
tal influences. Mr . McDowell relates these 
fluctuations to the soil constants, particularly 
the liquid l imit , and furnishes field data to 
support these relationships. I t woidd appear 
desirable to supplement these data with similar 
information from other sources before accept­
ing the suggested relationship for universal 
use. This is intended only as a word of caution, 
not as a criticism of this excellent and worth­
while pajjer. 

Several years ago the writer had occasion to 
make a limited investigation of soil moistures 
under pavement and foimd, like Mr . McDowell, 
that the best correlation was with the liquid 
limits of the soils involved. Other investigators, 
however, have reported their most consistent 
correlation with the plastic l imit or with op­

timum moisture, and usually have not even 
reported liquid limits of the soil. The proper 
committee of the Highway- Research Board 
could make a real contribution b}' encouraging 
some research agency to gather together the 
soil-moisture data available from various 
sources and to attempt some universal method 
of correlation. I t also might set up suggested 
standards for future investigators so that test 
data wi l l be obtained on a common t)asis. 

F. L . D . WooLTORTON, Planning Engineer, 
Public Works Department, Kenya Colony, Nai­
robi, Africa—Mr. McDowell's paper is not only 
of the greatest interest but also is most oppor­
tune. The phenomenon discussed is undoubt­
edly responsible for one of the most prevalent 
of the yet-to-be-thoroughly-examined causes of 
road pavement failures. I t is particularly active 
under roads constructed over clay soils subject 
to desiccation and is especially common in 
tropical regions. Its effects are sometimes most 
blatently obvious imder even temperate 
climates after those rare droughts occasionally 
experienced in such areas. 

I t is prol)ably far more responsible for road 
failures in temperate regions than is at present 
realized because desiccation, productive of 
later distortion, may occur in localized areas 
due to an enforced temporary change in soil 
climate not in any way connected with any 
climatic drought. 
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Mr. McDowell's approach to the solution of 
this problem of differential heaving is particu­
larly interesting, as i t runs parallel to that 
adopted in volume-change and pavement-dis­
tortion studies made by Wooltorton'. 

Before commenting on the paper, i t is de­
sired to refer to some of the results obtained 
during a study in pavement distortion the 
writer has been carrj-ing out during the past 
three years. 

A short section of a dual carriageway (pave­
ment 21 in. thick and bituminized, carriage­
ways 30 f t wide to a hanging-lie and separated 
by a 10-ft w îde grassed median) constructed in 
East Africa over a so-called blaekcotton soil 
(characteristics similar to those of sample 
46-420-E) was precision leveled soon after con­
struction and periodically releveled after­
wards. 

Data not yet completely plotted indicated 
that (a) Points on the center lines had moved 
sinusoidally with time, varying by as much as 
0.75 in. above to 2 in. below their original level; 
(6) Edge movements were from 2 in. above to 
3 in . below initial levels; and (c) A pivoting 
effect occurred whereby the curbs oscillated 
about a point some 7 f t in from each edge. The 
relative over-all movement about the pivot 
points (which also moved) reached ma.vimum 
values of about 2% in . This up and down move­
ment relative to the pivot points had already 
lead to evidence of stripping along the longi­
tudinal pivot lines. The pivoting effect was 
more severe along the lower and drained car­
riageway edges than along the higher and un-
drained edges. 

Relation of Volumetric to Linear Swell 

I t is not clear whether the data used for 
Figure 1 were obtained for disturbed samples in 
which the clay particles would probably form 
a random pattern (as in fills) or for undisturbed 
samples when the micelles might he oriented 
(as in cuts). 

Should the material be f i l l , or contain clay of 
spherical or aggregated microstructure, the 
apparent assumption that linear changes are 
equal in the horizontal and vertical directions 
is l ikel j ' true; but should the material be in cut 
and of a single-grained laminar microstructure, 
there is some evidence' that the two values 
may have a very different ratio. 

Relation of Moisture Content to Volume Chanye 

The curves of Figure 3 are of interest in view 
of the world-wide desire to be able to estimate 
the eciuilibrium or the maximum moisture con­
tent under a pavement and in view of the up-to-
now lit t le stressed desirability of knowing the 
likely minimum moisture content as well. 

The latter is of value in estimating the im­
portant design consideration of whether in­
cipient slaking is likely to occur. The author's 
endeavor to determine the minimum moisture 
content is the first seen in print. 

England has advocated the suction-pressure 

method of determining the equilibrium value, 
whereas Wooltorton' has s\iggested i t can be 
more easily obtained from density-moisture 
content change curves or, i f a quick estimate 
obtained from density-moisture content change 
curves or, if a quick estimate is required, from 
the field moisture equivalent—an approach 
which can be supported on a pF basis. The ap­
proximate value would be 0.75 F.M.E. for more 
stable A-6 clays varying to 1.00 F.M.E. for 
those less stable A-7 clays for which the mini­
mum moisture content may approach the ap­
propriate shrinkage l imi t . 

I t should be kept in mind, when considering 
data of the nature of McDowell's results for 
volume changes, that volume change and mois­
ture intake depend not only on the "soil con­
stants" but also on density, any desiccation, 
and on the structure of the soil material. 

When no external energy is applied, i t ap­
pears' that the volume change per unit weight 
of dry soil, or the dry density change per unit 
volume increases as the moisture content de­
creases below optimum or as the percentage 
compaction at optimum decreases (i.e., as the 
percentage of air voids increases) and there is 
artificial desiccation, unt i l , more generally, a 
maximum value is reached. 

Minimum values appear to occur for mini­
mum air voids content as in a sample prepared 
for shrinkage test. This explains the value of 
"ponding" referred to by McDowell as a 
measure for reducing detrimental volume 
change. 

Structure, whether mechanically imparted, 
as in the compaction of fills, or w^hether built 
up by chemical and natural physical processes 
during aging, as in cut subgrades, affects vol­
ume change but these effects are too intricate 
to be perused here. 

The inferences from considerations of such 
variables not normally studied are: 

(a) Graphs of the nature of Figure 3 must 
invariably indicate appreciable point scatter. 

(b) Graphs of the nature of Figure 2 may 
only be strictly applicable to fu l ly saturated 
remoulded soil material or material acting as 
such, us some friable-when-dry A-7 clays. 

Another cohesive soil variable which may be 
important in this problem in its general ap­
plication, but which has not yet been con­
sidered by any known person studying such 
problems, is the change in the value of the in 
situ shrinkage l imit with change in density and 
change in soil structure. An undisturbed soil, 
as in cut, may have a very much higher S.L. 
than that determined by accvistomed test. For 
disturbed soils, as fills com))acted under a given 
compaction effort, the active shrinkage l imit 
appears to increase as the percentage compac­
tion at optimum increases, reaching a maximum 
and approaching the test value for a percentage 
compaction slightly in excess of 100 percent. 
Despite its high shrinkage l imi t , an \mdis-
turbed soil may be much more resistant (o 

'"Tlie Scientific Basis of Road Design", F . L . D. Wool-
torton, E d . Arnold, London .1954. 
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desiccation forces than a disturbed soil because 
of its chemical water-resisting structure. 
Swelling Pressure and Vertical Rise 

As the various estimates of vertical rise have 
apparently been based on the use of Figures 1 
and 4, i t is not clear whether the approach used 
is applicable without modification to profiles 
which normally act as desiccated soils and gen­
erally contain appreciable air under all natural 
conditions of moisture content. 

C H E S T E R M C D O W E L L , Closure—Additional 
studies of fluctuations of moisture contents 
certainly are in order. We attempted to corre­
late moisture absorption for non-granular soils 
with various of the soil constants and reached 
the same conclusion mentioned by Mr . Herner; 
namely, that the liquid l imit correlated with 
moisture absorption more satisfactorily than 
any of the other soil constants. 

i n the case of coarse granular soils the LL 
is not nearly as indicative of moisture absorp­
tion as we would like for i t to be; therefore, we 
are finding some indications that some selected 
optimum moisture contents are related to 
absorbed moistures. Under conditions con­
tributing to high absorption, very stable base 
materials probably wil l absorb lesser amounts 
than optimum, intermediate good soils wil l 
absorb amounts about equal to optimum mois­
ture, and plastic clays wi l l absorb from 4 to 
10 percent in excess of their respective optimum 
moistures. Therefore, i t is suggested that a 
study of optimum moistures relation to ab­
sorption be made in connection with the project 
suggested by Mr . Herner. 

Mr . Wooltorton's comments and experiences 
are extremely interesting and are of much value 

to this subject. Points shown in Fig. 1 were ob­
tained by testing specimen molded of disturbed 
soils; however, six out of seven examples show­
ing correlation of theoretical movement to 
actual movement involved some undisturbed 
desiccated clays. Therefore, i t is believed the 
proposed method is applicable to both dis­
turbed and undisturbed soils. However, the 
question of particle orientation may be of 
greater importance than previously considered. 
I t is believed that desiccated soils have a slower 
rate of absorption than most other soils but 
given enough time they wil l swell too. One of 
the reasons for using the term "Potential 
Vertical Rise" is because some such soils ab­
sorb moisture so slowly—cases of damage to 
structures due to high volume change soils in 
the deserts of Arizona and California have been 
frequently reported in the literature. 

The author's principal concern about the 
swelling properties of desiccated soils is that 
the upper curve in Fig. 11 is probably too low 
for use in all cases. In such cases percent vol­
umetric swell probably should be obtained from 
swell tests run on undisturbed samples. When 
soils are compacted to a low density and on the 
dry side of optimum moisture, they wil l shrink 
to a density which is less than that found at 
the standard shrinkage l imi t . When soils wi th 
such low densities absorb moisture, they wil l 
swell less than denser samples but they wi l l 
have such low load-carrying capacities that 
they may be susceptible to flow and/or consol­
idation. I t has been found that specimens com­
pacted at or above optimum moisture wi l l 
shrink to a density approaching that found at 
the standard shrinkage l imit but none meas­
ured by us have exceeded i t . 




