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Page 52, the text table should read:

Property Value
Specific gravity 2.70
Atterberg limits, percent

Liquid limit 21

Plastic limit NP
Textural composition, percent

Gravel, 3 in. to 2.00 mm 20.5

Sand, 2.00 t0.0.074 mm 29.5

Silt, 0.074 to 0.005 mm 46.0

Clay, <0.005 mm 4.0

AASHO classification A-4(3)
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FOREWORD

Using natural earth materials in roadways not only conserves resources
but also produces economies in construction. Because natural soil is so
variable, investigation and development of ways to stabilize the soil have
been continuing activities. This RECORD presents the results of studies
on cement treatment of earth materials and will be of interest to re-
searchers in the soil-stabilization field and to design and construction
engineers as well. Yedavally and Anderson present a simplified design
method for the stabilization of Alberta sands. The method shortens test-
ing time and permits adjustment during construction when new materials
are disclosed. Dempsey and Thompson demonstrate the effects of "frost-
action' parameters in a laboratory freeze-thaw durability test and conclude
that the cycling of freezing should be only that necessary to obtain complete
specimen freezing and that the number of test cycles should be related to
the geographic location and the position of stabilized layer in the pavement
system. Wang and Huston; Fossberg, Mitchell, and Monismith; and Chiang
and Chae all deal with stresses and strains in a cement-stabilized soil.
Wang, Moultrop, and Nacci describe the performance of test pavements
in studies to evaluate the usefulness of soil cement in bases and subbases.



SIMPLIFIED SOIL-CEMENT MIX DESIGN METHOD FOR
ALBERTA SANDS

Somayajulu P. Yedavally and K. O. Anderson, University of Alberta, Edmonton

Because the conventional procedures for soil-cement mix design are usu-
ally quite time-consuming, a simplified method utilizing both 7-day uncon-
fined compressive strength and freeze-thaw loss is proposed. The method
is based on an analysis of mix design data collected on more than 100
sources of sand found in Alberta andused for soil-cement base construction.
Unconfined compressive strengthand freeze-thaw loss at 7 days, tested ac-
cording to local procedures, have been related to cement requirements for
various sands by use of granulometric and density considerations. Least
squares fit and linear regression methods have enabled charts to be pre-
paredindicating cement requirements for desired levels of unconfined com-
pressive strength and freeze-thaw losses for various density ranges. The
charts developed are considered useful for initial selection of cement re-
quirements for various sands or for adjustments during construction. Al-
though the analysis hasbeen based on local data, more widespread applica-
tion may be possible.

eCONVENTIONAL laboratory techniques following AASHO, ASTM, or PCA procedures
for the mix design of soil-cement are widely used all over the world. Those techniques
are modified depending on the climatic conditions and other relevant factors of the lo-
cality. The large amount of mix design data accumulated and the experience gained
through years with the use of soil-cement could make it possible to derive short-cut
methods such as those proposed by PCA (1) or more recently by Kemahlioglu, Higgins,
and Adam (2_). These methods help in cutting down the normal testing time. Because
the methods are derived from statistical analysis of the data of standard procedures,
they could be expected to be fairly reliable for the particular local circumstances. The
simplified method proposed in this paper is one such method.

Although construction of soil-cement bases was initiated in Alberta in 1953, only
since 1959 has construction taken place on a larger scale. Between 1959 and 1968,
about 800 two-lane miles of this type of pavement were built on the provincial highway
system. Primarily the extensive use of soil-cement base construction in Alberta has
been brought about by the depletion of available gravel sources used in standard base
construction and the extension of highway surfacing into regions that are void of suitable
gravels (3). Large deposits of sand, for use in place of gravel, are available through-
out many parts of the province and the utilization of these sand deposits provides sub-
stantial savings in haul costs.

Conventional procedures of ASTM and AASHO for soil-cement mix design are gener-
ally used with certain modifications. Experience with the sandy soils in Alberta reveals
that the wet-dry test does not govern the cement factor and, therefore, is not included
in the design procedure. The freeze-thaw test is considered to be a governing criterion
for cement content of soil-cement mixes. The effects of freeze-thaw on soil-cement
specimens were compared by molding 2 sets of specimens at varying cement contents
and at optimum moisture and maximum standard Proctor density. That is, 9 specimens
were formed for "control" compressive strengths and were broken after 7 days of curing
in ideal moist conditions. The remaining 9 specimens were subjected to 12 freeze-thaw
cycles after 7 days of curing in ideal moist conditions. A freeze-thaw cycle was a period
of 24 hours at a constant temperature of -10 F, during which the specimens were per-
mitted to absorb water through the base they were set on, and a period of 23 hours at a
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temperature of 70 F and 100 percenthumidity. The freeze-thaw specimens were brushed
by means of a calibrated wire brush only after the final cycle (this is not in accordance
with standard ASTM procedures). Generally, 2 to 3 percent of loss due to freezing was
considered acceptable. The percentage of loss was computed by determining the quan-
tity of material brushed from the specimens and calculating as a percentage of the dry
weight of the specimen.

An extensive evaluation and testing program has been conducted by the Department
of Highways and by the Alberta Cooperative Highway Research Program since inception
of this type of construction within the province. Design data consisting of the sand
source pit numbers, gradations, cement contents, compressive strengths (psi at 7 days,
at 28 days, and after 7 days of freeze-thaw), average density (Ib/ft’), and freeze-thaw
loss (percent) are available for each of the mix designs.

An analysis has been made of the design data of more than 100 sand sources so that
design charts, could be prepared and used to estimate the cement requirements of any
sand in the province for stabilization. Such charts permit realistic adjustments to the
construction cement contents without much field testing (é). The analysis was made on
granulometric and on density considerations.

GRANULOMETRIC CONSIDERATIONS

The grain size characteristics of the sands were determined with a sieve series in
which the diameters of successively smaller sieve openings decreased by one-half. The
relative surface area per unit weight of spherical particles having the same specific
gravity varied inversely with the diameter of the particles. Therefore, the surface
area per gram of sand retained within a given sieve interval of the sieve series may
conveniently he assumed to be double that of the previous coarser sieve interval. The
grading modulus was calculated from the sum of the products of the percentage of the
weight retained in each sieve interval and the corresponding surface area factor, di-
vided by 100.

Larnach (5) has shown that the unconfined compressive strengths developed by a
sand stabilized with portland cement may be defined by Feret's strength law:

S = A(C/V)"

where S is the unconfined compressive strength psi, A is essentially the strength of
the cement but is influenced by material and packing, C is the absolute volume of cement,
V is the absolute volume of voids in the sand, and N is a constant depending on material
and geometrical factors. Hutchinson (6) attempted a graphical model of shear strength
development and based it on triaxial tests carried out on 11 sands. His analysis indi-
cated that the factor N was related to the grading modulus GM by the relationship N =
3.373 - 1.131 logio GM, and the factor A, presumably dependent also on cement type and
curing environment, was related by A = 1,054 N*"**,

In this study the representative soil-cement design data from 100 sand sources were
arranged into various groups of grading modulus at a regular interval of 5. In these
data, the unconfined compressive strengths developed by each sand at 7 days can be de-
fined by Feret's equation that was fitted to the experimental data for each sand according
to the least squares criterion. The values obtained for A and N did not seem to have
any trend with respect to the grading modulus of the sand.

The compressive strength values at 7 days and the corresponding C/V values of all
sands lying in a grading modulus range were fitted by the least squares criterion, and
the A and N values for groups together with correlation coefficients are given in Table
1. Even now, careful examination of the tabulated values shows that the values of neither
N nor A indicated any definite trend with respect to the grading modulus. However, by
least squares fit, the values of A and N were related by A = 3,626 N*** with a correlation
coefficient of 0.9736. Contrary to what was reported by Hutchinson, N and GM were not
related at all.
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The erratic behavior of A and N with respect to the grading modulus may be explained
as follows: In Feret's strength law, A is defined as essentially the strength of the ce-
ment but as being influenced by the material and packing. Grading modulus, obviously,
does not reflect either of these characteristics. N is said to be a constant depending
on material and geometrical factors. It is doubtful whether the grading modulus takes
care of the geometrical factors like shape, surface texture, and so on. Therefore, the
granulometric properties of the sands, as defined in terms of the grading modulus, are
not satisfactory. The grading modulus is not a clear reflection even of the grading of
a material because of the weightage factors given for the different sieves. According
to the definition, grading modulus is highly susceptible to the percentage of materials
passing sieves No. 50, No. 100, and No. 200 inasmuch as the weightage factors for
those sieves are high. A low grading modulus may only mean coarse aggregate, and
a high GM may mean more of finer fractions. A well-graded material will have an
intermediate value of GM. Two different materials having the same GM may not have
the same grading. Therefore, GM that is not truly representative of the gradation can-
not be a satisfactory criterion for assessing the development of unconfined compressive
strength of soil-cement mixtures.

DENSITY CONSIDERATIONS

Housel (7), Catton (8), Felt (9), and many other investigators have shown that max-
imum density of soil-cement is a significant factor in the design and performance of
soil-cement construction, and it is also generally accepted that a densely compacted
material has necessarily high compressive strength. Housel further stated that the
consistent relation between density and mechanical analysis is yet another important
factor. Variation in texture and grading is quite accurately reflected in the compacted
density that gives a measure of the total void content in the mix. The variation in the
density can be assessed from a comparison between the ideal gradings and the actual
grading, and this is facilitated by the BPR gradation chart (10). (Numerous plots have
been prepared and are included in another report (4) but not in this paper.) The BPR
chart enables the plotting of the gradations of the different sands and provides at the
same time a comparison with the theoretical maximum density grading corresponding
to the particular maximum size of the particle of the sand under consideration. The
sands that have their gradations farther away from the maximum density line result in
low densities; those that lie nearest give high densities. These plots clarify further
the fact that the grading modulus does not reflect either the grading or the density.

With the thought that, rather than the GM, the density obtainable with a particular
sand would be a more reliable reflection of the grading, we regrouped the soil-cement
data on the basis of density ranges.

Relation Between Unconfined Compressive Strength and C/V Values

The 7-day unconfined compressive strength values and the corresponding C/V values
of all sands lying in a density range were fitted by least squares criterion, and the A
and N values for groups together with the correlation coefficients are given in Table 2.
In 5 groups out of the 7 density groups the value of N has a definite trend with respect
to density, whereas in 2 groups it is erratic. A term defined as the logarithm of mean
density has been used to relate N to density. For the 5 groups, a relation of the form
N = 8.26 logio (mean density) - 15.59 could be established with a correlation coefficient
of 0.9750, a standard error of 0.0436, and a modified standard error of 0.0563. The 5
pairs of values of A and N were related by least squares criterion that resulted in the
equation A = 3,672 N 7" with a correlation coefficient of 0.9798, a standard error of
1,066, and a modified standard error of 1,376. These 2 relationships were combined
to prepare a graphical model (Fig. 1) relating the unconfined compressive strengths to
values of C/V for various densities.
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Table 1. Unconfined compressive strength and C/V values based on grading modulus.

Group Values  Number Coefficient
————— of Data of
Group GM Range Sand Source Numbers in Group N A Points Correlation
1 7.6 to 12.5 23, 121, 123, 159, 77, 46 1.060 3,511 18 0.6383
2 12,6 to 17.5 61, 107, 55, 80, 103, 29, 122, 125 1.376 6,217 24 0.6253
3 17.6 to 22.5 101, 89, 203, 64, 62, 98, 106, 69 1.637 14,668 29 0.8599
4 22.6 to 27.5 49, 91, 160, 32, 114, 35, 120 2.302 43,987 21 0.8014
5 27.6 to 32.5 96, 22, 119, 124, 118, 78, 116, 72, 100,
141, 82 1.644 15,282 36 0.9605
6 32.6 to 37.5 47, 63, 93, 95, 108, 145, 53, 71, 41,
75, 102, 204, 28, 143, 140 1.339 7,186 50 0.8540
7 37.6 to 42.5 81, 43, 110, 115, 92, 60, 166, 87, 147,
67, 88, 83, 57, 74, 76 1.398 9,116 46 0.8814
8 42.6 to 47.5 48, 34, 207, 79, 56, 149, 54, 36, 84,
65, 50, 112 1.596 14,932 41 0.9630
9 47.6 to 52.5 70, 94, 33, 90, 104, 44 1.276 6,379 25 0.8879
10 52.6 to 57.5 109, 113, 86, 105, 66 1,099 4,713 17 0.8553
11 57.6 to 62.5 68, 45, 155, 30, 42 1.488 9,753 16 0.9744
12 62.6 to 67.5 97 0.8450 2,618 3 0.9929
13 67.6 to 72.5 167, 209, 152, 206 0.8670 3,261 13 0.9137
14 72.6 to 77.5 40, 117, 39 1.223 6,719 10 0.9337
15 77.6 to 82.5 98, 85 1.143 4,920 6 0.9796
16 92.6 to 97.5 38 1.667 20,112 3 0.9999
Table 2. Unconfined compressive strength and C/V values based on density.
Group Values Number Coefficient
Sand Source Numbers in ——— Log Mean of Data of
Group Density Range Group N A Density Points Correlation
1 101 to 105 54, 95, 167 0.9870 3,858 2.0128 11 0.8902
2 106 to 110 33, 38, 40, 57, 85, 94, 105, 155,
206 1.2260 6,341 2.0334 31 0.9060
3 111 to 115 28, 30, 32, 35, 36, 39, 42, 44,
50, b3, 77, 86, 89, 91, 97, 98,
104, 106, 113, 117, 143, 152,
204, 207 1.4350 8,682 2.0531 5 0.6989
4 116 to 120 23, 34, 43, 45, 48, 49, 60, 63,
64, 65, 67, 68, 69, 71, 72, T4,
75, 76, 79, 80, 81, 88, 90, 92,
99, 102, 103, 118, 119, 124,
140, 141, 145, 147, 160, 209 1.5660 11,663 2.0719 122 0.8176
5 121 to 125 29, 46, 47, 55, 61, 66, 70, 83,
84, 87, 93, 96, 100, 109, 110,
112, 114, 115, 116, 120, 166 1.1670 5,112 2,0899 71 0.6894
6 126 to 130 22, 56, 62, 78, 82, 101, 159 1.7830 21,579 2.1072 23 0.9809
7 131 to 135 41, 107, 108, 121, 122, 123,
125, 203 1.3790 10,163 2.1239 . 25 0.9327
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The strength values are higher for low density than for high density groups for the
same value of C/V, up to C/V values of 0.14 to 0.15. For C/V values beyond 0.15, the
higher the density is, the greater is the compressive strength for the same value of
C/V. The trend is more and more distinct with increasing values of C/V. This can be
explained by the fact that the factor C/V takes care of both cement content and density
of a soil-cement mixture. The percentage of cement content is higher in low density
groups than in high density groups at the same value of C/V and, hence, the strength
is higher. (The variation in the density with cement is assumed to be negligible in this
connection.)

Relation Between Unconfined Compressive Strength and Cement
Content

In the previous analysis, it is clear that C/V covers the 2 variables in a soil-cement
mix, namely, cement content and density. Because all the data had been grouped by
density ranges, a study of the direct relationship of strength to the cement content
seemed appropiate. Coefficients were computed by linear regression for the relation
between 7-day unconfined compressive strength and the cement content and are given
in Table 3. A design chart was prepared (Fig. 2) that relates the unconfined com-
pressive strength with the cement content for various density ranges. For low density
ranges, particularly from 100 to 115 1b/ft°, the increase in strength with increase of
cement content is not significant, whereas the variation is more significant for density
ranges from 115 to 125 1b/ft’. In the high density range of 125 to 135 l1b/ft® the increase
in strength for any increase in cement content is highly significant.

Relation Between Freeze-Thaw Loss and Cement Content

Experience with the sandy soils used in Alberta has caused the freeze-thaw test to
be a governing criterion for cement content of soil-cement mixes (3). Circeo, David-
son, and David (11) reported that a strong logarithmic relationship was found to exist
between the cement content and the freeze-thaw loss of a soil-cement mixture. By cor-
relation, they established that 2 freeze-thaw tests would reveal the logarithmic rela-
tionship for any soil type. The data for cement content by weight and freeze-thawlosses
for each density range were analyzed by correlation analysis and are given in Table 4.
From this analysis, a chart was developed (Fig. 3) relating the cement content and
freeze-thaw losses for the different density ranges so that the cement content needed
for a specified freeze-thaw loss for any sand producing a particular density could be
read. The variation in cement requirements for density ranges from 101 to 125 1b/
ft* is not very significant.

CEMENT CONTENT REQUIREMENTS OF VARIOUS SANDS

The Portland Cement Association has suggested that a study of the strength data is
of particular value in the selection of cement contents for investigation. The Associa-
tions handbook states, ''generally, a soil-cement mixture having a compressive strength
that is approximately 300 1b/in.? or more at 7 days, and is increasing, will pass the
wet-dry and freeze-thaw tests satisfactorily' (1). Later research shows that strength
requirements may vary from 300 to 800 psi for acceptable durability; however, the ce-
ment content for the 300 psi has been determined for comparison purposes.

Dacyszyn (3) stated that generally 2 to 3 percent of freeze-thaw loss is acceptable
for soil-cement mix design. Based on these 2 criteria, the cement requirements of
the sands analyzed have been taken from charts shown in Figures 2 and 3 and are given
in Table 5. The actual recommended average cement contents have also been extracted
from designs of the Department of Highways of Alberta (DHA) and are tabulated for com-
parison. It is observed that the cement requirement from the consideration of freeze-
thaw loss is usually more than that needed to produce an unconfined compressive strength
of 300 psi at 7 days. The recommended cement contents of the DHA are found to be
quite in agreement with those suggested by the charts except in one density range, 131
to 135 1b/ft’. This was probably due to the fact that the DHA recommendation was for
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Figure 1. Strength versus C/V values for different

densities.
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Figure 2. Strength versus cement content for

different densities.
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Table 3. Unconfined compressive strength and cement content based on density.

Group

Density Range
(Ib/1t")

Sand Source Num-
bers in Group

Slope

Inter-
cept

Number
of Data
Points

Coeffi-
cient of
Correla-
tion

Coeffi-
cient of
Deter-
mina-
tion

Standard
Error of
Estimate

101 to 105
106 to 110

111 to 115

116 to 120

121 to 125

126 to 130

131 to 135

54, 95, 167

33, 38, 40, 57, 85, 94,
105, 155, 206

28, 30, 32, 35, 36, 39,
42, 44, 50, 53, 77,
86, 89, 91, 97, 98,
104, 106, 113, 117,
143, 152, 204, 207

23, 34, 43, 45, 48, 49,
60, 63, 64, 65, 67,
68, 69, 71, 72, 74,
75, 76, 79, 80, 81,
88, 90, 99, 102, 108,
118, 119, 124, 140,
141, 145, 147, 149,
160, 209

29, 46, 47, 55, 61, 66,
70, 83, 84, 87, 93,
96, 100, 109, 110,
112, 114, 115, 116,
120, 166

22, 56, 62, 78, 82,
101, 159

41, 107, 108, 121,
122, 123, 125, 203

44,64

54.93

62,72

83.78

71.83
145.93
143.06

14.19

-48.58

-103.03

-184.46

-14.78
-295.37
-72.54

11
31

75

122

kit
23
25

0.8855

0.9187

0.7174

0.8019

0.7174
0.9885
0.8202

0.7830

0.8420

0.5140

0.6430

0.5140
0.9760

0.6720

56.38

51.65

118.28

130.74

147.03
49.64

191,22




Table 4. Freeze-thaw loss and cement content based on density.

Coeffi- Standard Error
Coeffi- cient of of Estimate
Inter- Number cient of Deter-
Density Range Sand Source Numbers Slope cept of Data Correla- mina- Cement

Group  (Ib/ft") in Group B A Points tion tion Log C  Content
1 101 to 105 54, 95, 167 -0.2070  0.9430 10 -0.9636 0.9285 0.0360° 1.086
2 106 to 110 38, 40, 57, 85, 94, 105,

155, 206 -0.1687 0.9675 27 -0.7758 0.6018 0.0779 1.196
3 111 to 115 28, 30, 32, 35, 36, 39,

42, 44, 50, 53, 71, 86,

89, 91, 97, 98, 104,

106, 113, 117, 143,

152, 204, 207 -0.1951 0.9585 70 -0.8610 0.7413 0.0497 1.121
4 116 to 120 23, 34, 43, 45, 48, 49,

60, 63, 64, 65, 67, 68,

69, 71, 72, 74, 5, 76,

79, 80, 81, 88, 90, 92,

99, 102, 103, 118, 119,

124, 140, 141, 145,

147, 149, 160, 209 -0.2031 0.9148 116 -0.8539 0.7291 0.0619 1.153
5 121 to 125 29, 46, 47, 55, 61, 66,

70, 83, 84, 87, 93, 96,

100, 109, 110, 112,

114, 115, 116, 120, 166 -0.1861 0.8918 66 -0.8237 0.6784 0.0730 1.183
6 126 to 130 22, 56, 62, 78, 82, 101,

159 -0.2561 0.8002 23 -0.8936 0.7985 0.0705 1.176
7 131 to 135 41, 107, 108, 121, 122,

123, 125, 203 -0.2552 0.7487 23 -0.8036 0.6457 0.1139 1.300

Figure 3. Freeze-thaw loss versus cement
content for different densities.
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Table 5. Recommended cement content requirements.

300-psi,
7-Day 2to3
Compres- Percent Average
Density Range  sive Freeze- DHA
Group (Ib/ft") Strength Thaw Loss Design
1 101 to 105 6.5 7.0to 7.7 8.67
2 106 to 110 6.5 7.8 to 8.3 8.2
3 111 to 115 6.5 7.3 to 8.0 8.03
4 116 to 120 5.65 6.6 to 7.2 6.92
5 121 to 125 4.2 6.4 to 6.9 6.41
6 126 to 130 4.1 4.8 to 5.3 5.3
1 131 to 135 under 4 4.3t04.75 3.72
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cement-treated bases in which case the specification would be less rigorous.

The densities used in the development of the charts are laboratory densities, and,
because the cement contents suggested by the charts are based on these, they will be
valid only in case the field densities are almost the same as laboratory densities; other-
wise, the cement contents have to be adjusted to the density attained.

USE OF THE CHARTS AND THEIR LIMITATIONS

For any particular sand, if the laboratory density can be determined, the cement
content required for a specified permissible freeze-thaw loss can be determined from
the chart shown in Figure 3. The unconfined compressive strength that is expected to
be developed can be read out from the chart shown in Figure 2 at the cement content
indicated earlier. Thus, the charts could enable realistic adjustments to the construc-
tion cement contents without much field testing in the event of major changes in grading
developing.

Although the analysis has been based on actual mix design data of the Department of
Highways of Alberta and can be ¢onsidered to be a reliable guide for quick field adjust-
ments, it has certain limitations. Anderegg (12), in discussing the factors affecting
the development of compressive strength, stated that the amount of cement hydrated,
the properties of the aggregate including especially the surface condition, the work-
ability of the mix, and the keying effect of the large particles are all factors important
in the order cited. Felt (9) stated that sandy soils, too, may react differently with ce-
ment depending on their chemical makeup and surface chemical properties. Another
important factor that has pronounced influence on the physical properties of soil-cement
mixtures is the water added. Because some of these factors could not be considered
in the analysis, the charts developed have their limitations.

CONCLUSIONS
The following conclusions have been drawn from this study:

1. The grading modulus of a sand is not a reliable criterion for the design of soil-
cement mixes;

2. The sand density attainable provides a useful parameter for estimating the ce-
ment requirements for various sands;

3. The BPR gradation chart gives a comparative assessment of the density attainable
with a particular sand, when the gradation of the sand is plotted on the chart;

4. The charts developed from the analysis contained in this paper are useful for
quick adjustments of the construction cement contents without much field testing, are
particularly useful for the Alberta sands, and may have general application even for
other areas if similar charts are developed; and

5. The use of this method results in a decrease in testing time to about 2 days,
which is only the time needed for the Proctor density tests on the sand concerned.
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EFFECTS OF FREEZE-THAW PARAMETERS ON THE
DURABILITY OF STABILIZED MATERIALS

Barry J. Dempsey and Marshall R. Thompson,
Department of Civil Engineering, University of Illinois

A study was conducted to evaluate the effects of various frost-action
parameters on the freeze-thaw durability of stabilized materials and to
determine which parameters could be modified so that a characteristic
freeze-thaw cycle could be adapted to laboratory use. 'The parameters
studied were cooling rate, freezing temperature, length of freezing period,
and thawing temperature. The cooling rate was found to be an important
factor affecting the freeze-thawdurability of stabilized soils. Lower cool-
ing rates (0.2 to 2.0 F/hr) that correlated best with quantitative field data
were generally the most detrimental to durability. A sustained freezing
study revealed that the length of the freezing period did not have to be
greater than that required to accomplish complete freezing of the test
specimen. The study further indicated that freezing and thawing tempera-
tures should be representative of those for in-service pavement systems.
Thawing temperatures for some stabilized materials are important because
strength increase caused by a pozzolanic reactionis possible at high tem-
peratures. The number of cycles used in a laboratory freeze-thaw test
should be related to geographical location, climatic conditions, and posi-
tion of the stabilized layer in the pavement system. For Illinois climatic
conditions, a laboratory freeze-thaw cycle representative of field condi-
tions would require a completion period of 48 hours.

eSTABILIZED materials such as soil-cement, lime-fly ash, and lime-soil mixtures
are used extensively as base and subbase layers in pavement construction. In areas
where frost action occurs, these materials must retain their integrity and maintain
adequate residual strength at all times in order to provide adequate structural perfor-
mance.

The laboratory testing procedure used to evaluate the freeze-thaw durability of sta-
bilized soils and materials should be representative of field conditions. In an effort to
develop a rational durability testing procedure, Thompson and Dempsey (1) used a
pavement heat-transfer model to generate quantitative data for describing frost action
in pavement systems.

A characteristic freeze-thaw cycle for central Illinois is shown in Figure 1 and in-
cludes all of the important frost-action parameters as follows: cooling rate, freezing
temperature, length of freezing period, warming rate, thawing temperature, length of
thawing period, and number of freeze-thaw cycles. Illinois frost-action parameter
data (1) showed substantial variability as related to the effects of geographical location,
climate, and position in the pavement system.

When an accelerated freeze-thaw durability test is developed, it may be desirable
to change some of the frost-action parameters so that the period of time to complete
a freeze-thaw cycle can be shortened for laboratory use. However, any changes made
in the cycle should not substantially alter its representation of the frost action that
actually occurs in field pavement systems.

The purpose of this study was to evaluate the effects of various frost-action param-
eters on the freeze-thaw durability of stabilized materials and to determine which
parameters can be modified so that the characteristic field frost-action cycle can be
adapted to laboratory use. i

0
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PREPARATION OF TEST SPECIMENS

Materials

The frost-action parameter study was limited to 2 typical Illinois soils that can be
effectively stabilized with various stabilizing agents. These soils included Illinoian
till and Ridgeville fine sandy loam. Table 1 gives the natural properties of the soils
used in the parameter study. A hydrated high calcium lime containing 96 percent avail-
able Ca(OH). with 95 percent passing the No. 325 sieve was used to stabilize the Illinoian
till. A Type 1 portland cement was used to treat the Ridgeville fine sandy loam.

Mixture Design

Currently recognized strength and freeze-thaw durability testing procedures were
utilized to establish the mixture designs. The amount of lime added to the Illinoian
till consisted of the optimum percentage (dry-weight basis) determined from previous
strength studies by Thompson (2). The soil-cement was prepared and tested according
to AASHO T135 and T136 procedures, and Portland Cement Association criteria were
employed to establish the design cement content for the Ridgeville fine sandy loam.
Table 1 gives the specimen sizes, curing periods, mixture designs, and density prop-
erties for the stabilized materials used in this study.

Compaction Procedures

All freeze-thaw test specimens were molded in 2-in. diameter by 4-in. steel molds
in 3 equal layers. Each layer was scarified to ensure bonding between the layers. The
compaction hammer had a 2-in. diameter base, and the compactive effort was applied
by a 4-1b weight falling freely through a distance of 12 in. The compactive efforts for
the lime- and cement-stabilized materials were established to produce average densities
equivalent to those obtained by AASHO T99 compaction procedures.

Curing Procedures

Immediately after compaction, the test specimens were removed from the molds,
marked, and weighed. The lime-soil specimens were cured in sealed plastic bags for
48 hours at 120 F. The soil-cement specimens were cured for 7 days in a room having
a relative humidity of 100 percent and a temperature of 77 ¥. The accelerated curing
periods used in the laboratory have generally been found to approximate field curing.

FREEZE-THAW TESTING PROCEDURE

The parameter study was conducted with a specially designed freeze-thaw durability
testing unit that can be programmed to accurately control both the top and the bottom
temperatures on a specimen. Either closed- or open-system moisture conditions can
be provided. A more detailed discussion of the testing unit can be found in previous
work by Dempsey (3).

In the parameter study the freeze-thaw test consisted of a combination of open and
closed conditions depending on whether the free water near the base of the specimens
was in a frozen or an unfrozen condition. The test specimens were supported on ‘4-in.
porous stones that were in contact with the free water surface.

The freezing gradient in the test specimens was one dimensional and proceeded from
the top to the bottom during freezing. A temperature differential between the top and
bottom of the 4-in. specimens was maintained at approximately 3 F in all of the test
series, based on the results of pavement heat-transfer model studies of typical Illinois
pavements.

The freeze-thaw cycle programmed into the testing unit was variable depending on
the frost-action parameter being investigated. Cooling rates of 0.2, 0.5, 1.0, 2.0, 5.0,
and 10.0 F/hr were studied. The cooling rate was defined as the rate of temperature
change at the surface of the test specimens. The minimum freezing temperatures were
25 F for the 0.2 F/hr cooling rate and 18 F for the remaining cooling rates. The time
required for the temperature to cool from 30 F to the minimum freezing temperature
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Figure 1. Characteristic frost-action cycle for central lllinois.
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Table 1. Natural and mixture properties of samples.

Property

Illinoian
Till

Ridgeville Fine
Sandy Loam

Natural Properties
Location
Description

AASHO classification
Atterberg limits
Liquid limit, percent
Plasticity index,
percent
<200 sieve, percent
<2-u clay, percent

Mixture propertics
Specimen size, in.
Stabilization agent
Content, percent
Curing

Dry density, 1b/ft’®
Water content, percent

Sangamon County
Calcareous loam till of
Illinoian age

A-4(4)
21

6
57
18

2 by 4

lime

3

48 hours at 120 F sealed

121.0
13.0

Iroquois County

B-horizon of profile
developed in fine sandy
outwash material

A-4(1)
25

7
37
17

2 by 4
cement

7 days at 77 F in 100
percent relative humidity

114.8

14.3

Time
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ranged from a maximum of 24 hours for the slowest cooling rates (0.2 F/hr and 0.5
F/hr) to approximately 1 hour for the fastest cooling rate (10 F/hr). The freezing
period lasted about 30 hours for the slowest cooling rates and 12 hours for the fastest
cooling rate. A warming rate of 2 F/hr was used in all of the tests. The thawing
temperature was set at 40 F. The length of time to complete 1 freeze-thaw cycle in
the laboratory varied between 24 and 48 hours. A maximum of 6 freeze-thaw cycles
was considered sufficient to determine whether there was a significant influence of a
particular parameter.

At the end of the sixth freeze-thaw cycle a freezing duration study was conducted.
A sustained freezing period of 96 hours was used to determine whether prolonged freez-
ing influenced the durability of stabilized materials.

EVALUATION METHODS AND TEST DATA

Unconfined compressive strength change, moisture content change, and unit length
change were used to assess the freeze-thaw durability of the stabilized materials dur-
ing cyclic freezing and thawing and sustained freezing. Generally, evaluation tests
were conducted on specimens at the end of 3 and 6 freeze-thaw cycles and specimens
subjected to sustained freezing for periods of 48 or 96 hours after the sixth freeze-
thaw cycle.

The average values for the data collected from the freeze-thaw parameter study
are given in Table 2. The data listed are for 2 stabilized mixtures that were subjected
to different freeze-thaw environments.

Unconfined Compressive Strength Change

Changes in unconfined compressive strength were determined by testing 4 specimens
at various times during the freeze-thaw period. Specimens tested immediately after
the cure period (0 freeze-thaw cycles) were used as the reference for determining
strength change.

Moisture Content Change

Townsend and Klym (4) and Dempsey and Thompson (5) have indicated that the rel-
ative increase in moisture content and moisture distribution in lime-soil mixtures
may be related to freeze-thaw durability. The vertical distribution of moisture and
the rate of moisture movement in test specimens subjected to one-directional freezing
are indicative of permeability and capillarity that can influence heave and associated
strength loss. In this study, the effects of freeze-thaw cycles on moisture content
changes in the stabilized specimens were analyzed. Moisture content determinations
were made for the middle layer of 2 unconfined compressive strength specimens after

they had been tested.

Unit Length Change

Length changes in 2 specimens were continuously monitored by use of linear motion
potentiometers that had been calibrated to record relative length changes on a strip
chart. The total specimen length change was measured to the nearest 0.001 in. The
unit length change was determined as the inches of length change per inch of specimen
height.

ANALYSIS AND DISCUSSION OF FROST-ACTION PARAMETERS

Earlier studies by Thompson and Dempsey (1) have indicated that cooling rate,
freezing temperature, and length of freezing period are the most significant parameters
influencing cyclic freeze-thaw deterioration. Kaplar (6) has indicated that the cooling
rate is a major factor influencing the rate of heave in soils. Work at the University of
Illinois has shown that the thawing temperature is also an important parameter in
freeze-thaw durability studies of stabilized materials that gain strength through a
pozzolanic reaction.
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Frost-action literature generally shows that the number of freeze-thaw cycles has
a substantial influence on the durability of pavement materials. In freeze-thaw dura-
bility testing it is important that the number of freeze-thaw cycles used be related to
the geographical location, climatic conditions, and the depth in the pavement system
where the stabilized material is placed.

Cooling Rate

The rate at which a stabilized material cooled during freezing was expected to have
considerable influence on freeze-thaw durability. Figure 2 shows the influence of cool-
ing rate on the moisture change, unit length change, and unconfined compressive strength
change of soils stabilized with lime and cement after 3 freeze-thaw cycles. Figure 3
shows a similar plot for the stabilized soils after 6 freeze-thaw cycles. The slower
cooling rates (0.2 to 2.0 F/hr) generally have the most detrimental influence on
freeze-thaw durability. This fact is important because quantitative frost-action data
based on heal-lrunsfer model studies (1) show that cooling rates in Illinoig gencrally
vary between 0.2 and 1.0 F/hr. -

Table 3 gives data from the statistical analyses of the influence of cooling rate on
moisture change, unif length change, and unconfined compressive strength change after
3 and 6 freeze-thaw cycles. Moisture change in the middle layer of the lime-soil
specimens was significantly influenced (a = 0.05) by cooling rate. Although the data
were not significantly different, the soil-cement did show substantial moisture in-
creases at the lower cooling rates. Cooling rate did not significantly influence the unit
length change in the stabilized soils. However, inspection of the data indicates that
cooling rate appears to have some effect on the unit length change. The soil-cement
generally experienced greater unit length changes at the lower cooling rates. Uncon-
fined compressive strength change was significantly influenced (@ = 0.05) by cooling
rate. In some cases it would appear that greater strength losses occurred during the
slower cooling rates.

The stabilized materials used in the study were designed to be durable mixtures.

It is probably for this reason that significant influences of cooling rate were not evident
for some of the methods used for evaluating freeze-thaw durability. It is apparent that
unconfined compressive strength change was a valid indicator of the freeze-thaw de-
terioration of these stabilized soils.

Freeze-thaw durability evaluation of stabilized soils and materials has shown that
the data are highly variable and the variability tends to increase with the number of
freeze-thaw cycles. Unpublished data at the University of Illinois have indicated that
the coefficient of variation of unit length change data for a stabilized soil after 6 freeze-
thaw cycles often exceeds 20 percent. Similar findings are true for moisture change
and unconfined compressive strength change. Because of the substantial variability
in freeze-thaw durability evaluation, statistically significant differences are difficult
to establish but important qualitative trends can be discerned.

Freezing Temperature

The freezing temperature used in the study ranged from 18 to 25 F depending on the
cooling rate. These temperatures are realistic for frost-action analysis in Illinois.
It must be emphasized that the magnitude of the freezing temperature is dependent on
factors such as geographical location, climatic conditions, pavement composition, and
position in the pavement system.

Length of Freezing Period

The length of time that specimens should remain in a frozen condition is an impor-
tant parameter in the development of an accelerated freeze-thaw test. In this study a
sustained 96-hour freezing period was used after the specimens had been frozen for
the sixth cycle. It was hypothesized that, once freezing of a specimen had occurred,
additional freezing time would not have a detrimental effect on durability.

Table 4 gives the results of a statistical evaluation of the influence of sustained
freeze-thaw durability. Unconfined compressive strength change, unit length change,
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Figure 2. Effect of cooling rate on Figure 3. Effect of cooling rate on
moisture change, unit length change, moisture change, unit length change,
and unconfined compressive strength and unconfined compressive strength
change after 3 freeze-thaw cycles. change after 6 freeze-thaw cycles.
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Table 2. Average data for frost-action parameters.
Unconfined Compressive Moisture Content Change
Strength Change (psi) at Middle Layer (percent) Unit Length Change (in./in.)
Hours of Hours of Hours of
Stabi-  Cool- Freeze-Thaw Sustained  Freeze-Thaw Sustained Freeze-Thaw Sustained
lized ing Cycles Freezing Cycles Freezing Cycles Freezing
Mate- Rate
rial (F/hr) 0 3 6 48 96 0 3 6 48 96 3 6 48 96
Illinois 0.2 410 166 110 140 140 10.6 12.6 13.4 13.4 13.2 +0.0078 +0.0150 +0.0150 +0.0150
till + 0.5 386 102 76 103 82 9.7 15,2 14,5 - — +0,0062 +0,0237 +0.0231 +0.0231
lime 1.0 354 141 85 - — 114 13,5 153 - — +0,0052 +0.0260 - —_
2.0 382 145 109 - - 11,2 13.0 14.0 - — +0.0046 +0.0232 - -
5.0 408 116 74 63 17 10.1 12.8 13.2 14,9 16.1 +0.0069 +0.0221 +0.0425 +0.0554
10.0 321 122 63 67 63 11.1 13,5 13.7 14,5 13.9 +0.0092 +0.0465 +0.0466 +0.0431
Ridge- 0.2 634 492 421 486 458 12,9 13.5 153 16.0 14,1 +0.0046 +0.0016 +0.0016 +0.0004
ville 0.5 893 438 450 446 489 11,7 14.5 13.5 14.3 14.1 +0.0010 +0,0015 +0.0000 +0.0001
sand 1.0 704 418 425 - - 1.7 142 15.1 - - +0.0025 +0.0016 - -
+ce- 2.0 737 513 415 558 468 12,9 12.8 13,5 14.0 14,7 -0.0006 +0.0001 -0.0001 -0.0001
ment .5.0 579 451 376 458 405 12,5 12,9 15,1 16.0 15.0 40,0006 -0.0002 -0.0015 -0.0005
10.0 673 388 431 547 514 13,2 14.0 14,2 13.6 14.6 -0,0006 +0.0004 +0.0000 -0.0001
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Table 3. Results of statistical analysis of effect of cooling rate.

Stabi-
lized Freeze- Cooling Rate (F/hr) F F
Evaluation Mate-  Thaw (calcu- (a¢=  Differ-
Method rial Cycles Test 0.2 0.5 1.0 2.0 5.0 10.0 lated) 0.05) ence®
Avg uncon- Illinois 3 A® -244 -284 -213 -237 -292 ~199 10.15 2.7 Y
fined till + D° -292 -284 -244 -237 -213 -199
compres- lime
i 6 A ~300 -310 -269 -273 -234 -258 10.79  3.03 Y
strengh D -334  -310 _ -300  -273  -269  -258
change,
psi
Ridge. 3 A -142 -455 -286 -224 -128 -285 14.60 2.81 Y
sand D -455 __ -286 -285 -224 -142 -128
+ ce-
ment o A -213 -443 -2179 -322 -208 -242 7.86  2.81 Y
D -443 -322 -279 -242 -213 -203
Avg mois- Illinois 3 A +2.0 +5.5 +2.1 +1.8 +2.7 +2.4 77.66 439 Y
ture con- till + D +5.5 +2.7 +2.4 +2.1 +2.0 +1.8
tent lime
Ch.‘;fl‘ﬁzat 6 A +2.8 +4.8 +3.9 +2.8 431 426 8.50 439 Y
mn D +4.8 +3.9 +3.1 +2.8 +2.8 +2.6
layer,
percent
Ridge. 3 A +0.6 +2.8 +2.5 -0.1 +0.4 +0.8 3.90 439 N
sand 6 A +2.4 +1.8 +3.4 +0.6 +2.6 +1.0 1.72 439 N
+ ce-
ment
Avg unit Illinois 3 A +0.0078 +0.0062 +0,0052 +0.0046 +0.0069 +0.0092 1.41 439 N
length till+ 6 A +0.0150 +0.0237 +0.0260 +0.0236 +0.0221 +0.0465 3.00 439 N
change, lime
in./in. Ridge. 3 A +0.0046 +0,0010 +0.0026 10.0006 10.0006 10.0006 2.17 4.39 N
sand 6 A +0.0016 +0.0015 +0.0016 +0.0001 -0.0002 +0.0004 0.45 439 N
+ Cce-
ment

2N = no significant difference; Y = significant difference.
¢Duncan’s multiple range. Any 2 means underscored by same line are not significantly different; any 2 means not underscored by same line are significantly

different,

Figure 4. Effect of curing temperature on
change in unconfined compressive strength.
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Table 4. Results of statistical analysis of effect of sustained

freezing.
Cooling Rate (F/hr)
Stabilized
Material Evaluation Method 0.2 05 1.0 20 50 10.0
Illinois till  Unconfined compres-
+ lime sive strength change N N - - N N
Unit length change N N - - ¥ N
Moisture content
change at middle
layer N - - - Y N
Ridgeville Unconfined compres-
sand + sive strength change N N - N N Y
cement Unit length change N N - N N N
Moisture content
change at middle
layer N N - N N N

Note: a=0.05. N = no significant difference; Y = significant difference; and — = no data.
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and moisture content change at the end of the sixth freeze-thaw cycle are compared
with data for continuous freezing periods of 48 and 96 hours. Regardless of the cool-
ing rate, an increase in the length of the freezing period generally (23 out of 26 cases)
did not significantly influence (& = 0.05) the freeze-thaw durability of the stabilized ma-
terials tested.

Thawing Temperatures

Work by Thompson and Dempsey (1) indicated that thawing temperatures in stabilized
materials are considerably lower than those specified in the standard freeze-thaw dura-
bility testing procedures. Generally, thawing temperatures ranging from 35 to 45 F
are common in Illinois, depending ongeographical location, climatic conditions, and
depth in the pavement system (1).

The durability of stabilized materials such as lime-soil mixtures and lime-fly ash-
aggregate mixtures that gain strength through a pozzolanic reaction can be substantially
influenced by the magnitude of the thawing temperature. Figure 4 shows the effect of
curing temperature on the change in unconfined compressive strength of 2 reactive
soils stabilized with lime. It is shown that strength increases with an increase in cur-
ing temperature. At temperatures below approximately 40 F the strength increase
with curing time essentially ceases.

If realistic durability evaluation is to be ensured, it is apparent that the thawing
temperature used in a freeze-thaw durability test for stabilized materials should be
representative of the thawing temperatures in the field.

SUMMARY AND CONCLUSIONS

Frost-action parameters that were expected to influence the development of a lab-
oratory freeze-thaw durability test for stabilized soils and materials were studied.
Although the data showed substantial variability, cooling rate was found to be an im-
portant factor affecting the freeze-thaw durability of stabilized soils. The lower cool-
ing rates, which correlate best with quantitative field data, were generally the most
detrimental to durability.

Data analyses for the frost-action parameter study indicate that a rational labora-
tory freeze-thaw durability test for typical Illinois climatic conditions should have the
following characteristics:

1. A slow cooling rate, possibly between 0.2 and 1.0 F/hr;

2. TFreezing and thawing temperatures similar to those of the in-service pavement
system;

3. A freezing period not necessarily greater than that required to accomplish com-
plete freezing of the test specimen; and

4. Number of cycles related to geographical location, climatic conditions, and
position of the stabilized layer in the pavement system.

The laboratory freeze-thaw cycle now being used to test stabilized materials at the
University of Illinois requires 48 hours to complete. This length of time was necessary
because it was found that, for Illinois climate, the cooling rate in pavement systems is
quite low (approximately 0.25 F/hr). Although the length of time to complete a freeze-
thaw cycle is quite long, it is believed that the laboratory testing procedure is repre-
sentative of field temperature conditions.
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DIRECT-TENSILE STRESS AND STRAIN OF A
CEMENT-STABILIZED SOIL

Mian-Chang Wang and Milton T. Huston, University of Rhode Island

A direct-tension test that permits determination of stress and strain is
described. An equation for prediction of direct-tensile strength of a
cement-stabilized silty soil compacted at standard AASHO optimum mois-
ture content and cured at 70 F in a moist room is given as a function of
cement content and curing time. Relations among the direct-tensile
strength, unconfined compressive strength, and split-tensile strength for
the conditions studied are established. Results show that the strain at
failure in compression and tension respectively remains constant as long
as dry density, molding moisture content, and curing conditions are the
same. The cement-stabilized soil possesses different moduli in tension
and compression; the modular ratio is proportional to the strength ratio.
Both strength and strain at failure vary significantly with curing tempera-
ture; decreasing curing temperature decreases the strength but increases
the strain at failure.

*BECAUSE of its inherent appreciable tensile strength, cement-stabilized soil has
demonstrated itself as one of the most favorable materials for pavement construction.
Development of a rational approach to the design of pavement requires establishment
of both strength and failure strain criteria intension and in compression sothat stresses
and strains developed in the pavement can be limited within a permissible range.

The importance of the property of stabilized soils under tension has provoked con-
siderable study for years. Most studies (1, 2, 3, 4, 5), however, concentrate on the
property of tensile strength determined by using the split-tension test; information on
the deformation modulus and failure strain in tension is scarce.

A testing method that permits determination of both tensile stress and strain was
developed. The developed testing method was used to study the stress-strain behavior
of a cement-stabilized soil under uniaxial tension. This paper describes the test
method and test results obtained to date.

TEST METHOD

Providence silt, a common glacial deposit in Rhode Island, was used for study.
Classification test results of Providence silt are as follows:

Property Value
Specific gravity 2.75
Atterberg limits, percent

Liquid limit 28

Plastic limit 24

Plasticity index 4
Grain size, percent

0.02 to 2.0 mm 9

0.002 to 0.02 mm 54

Finer than 0.002 mm 37
Classification

Unified soil system ML

AASHO system A-4(8)
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The test soil was treated with Type 1 portland cement. Tap water was used for mix-
ing throughout.

The test samples were prepared at an optimum moisture content and a maximum
dry density (14.5 percent and 106.5 1b/ft® respectively) determined prior to treatment
by using the standard AASHO compaction effort. The test specimens were 1 % in. wide
over the central section and 3 in. wide at the ends with a thickness of approximately

1% in. (This thickness was chosen to make a square cross section at central portion
of the test specimen.) The overall height of the test specimen was 7 in., including one
2-in. midsection, two 1-in. butted ends, and two 1/4-in. transition sections connecting
the central portion and both ends. Detailed dimension is shown in Figure 1.

The necked-down test specimens were molded in 3 equal layers by using the static
compaction method. Each end of the specimen was reinforced in each layer with a
steel reinforcement to ensure a rupture at the central portion. The reinforcement was
/16 in. in diameter and was fabricated to a shape shown in Figure 1. The tip of the re-
inforcement was 2 in. off midpoint of the test specimen.

The test specimens were clamped on 2 acrylic jaws. The jaws are dimensioned to
fit snugly to the ends of the test specimens. The test specimens could, therefore,
slide into position very easily. The jaws were connected to the testing machine by us-
ing a spherical contact at each joint to provide a better alignment during loading.

Tests were conducted by using a Wykeham Farrance strain rate control machine.

A strain rate of 0.050 in./min was used throughout the test. A diaphragm type of load
cell was used for determination of applied load, and a pair of linear variable differential
transformers (LVDT) was used for measurement of deformation over the central section
of the test specimens. Both load and deformation were monitored by using an elec-
tronic recorder.
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The mode of failure in tension is t ' e
strains develop before failure occurs (Flg. 2). The rupture plane, in general isnearly
perpendicular to the direction of loading. Figure 2 shows the typical stress-strain re-
lationship in both tension and compression for the test soil treated with 3 percent
cement and cured at approximately 70 F in a moist room.

Figure 2 also shows the difference in stress-strain behavior between tension and
compression. The test specimens failed at considerably greater stress and strain in
compression than in tension; however, the modulus of deformation was considerably
higher in tension than in compression. Both tensile and compressive strengths in-
creased significantly with increasing curing time and cement content of the test speci-
mens. The test results accumulated to date suggest that the tensile strength of cement-
treated Providence silt compacted and cured at the conditions mentioned can be pre-
dicted reasonably well by using the following expression:

o= {(1/2) + [60 c%/(sz + c%)]} {1 % [2 log”® t/(z 4 log% t)]} (1)

o = direct tensile strength, psi,
¢ = cement content by weight of solid, percent, and
t - curing time, days.
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A correlation between the direct-tensile strength and the unconfined compressive
strength of the test soil is shown in Figure 3. The unconfined compressive strength
was determined from 1.4-in. diameter specimens. The tensile-to-compressive strength
ratio varies approximately from10 to 20 percent increasing with an increase in the
compressive strength for the conditions studied.

Tensile strength of the test soil was also determined by using the split-tension test.
The split-tension test specimens had a diameter of 3 in. and a height of 2 in, and were
tested at a rate of loading equal to that of the direct-tension test. Figure 4 shows a
comparison between direct- and split-tensile strengths. The direct-tensile strength
is approximately 15 percent higher than the split-tensile strength.



Figure 1. Test setup.
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The ratio of split-tensile to unconfined compressive strength (Figs. 3 and 4) ranges
from about 9 to 18 percent depending on the strength level. Kennedy et al. (5) corre-
lated the split-tensile strength with the unconfined compressive strength of cement-
treated aggregates. They suggested that within the range of conditions studied, viz.,
between approximately 500 and 2,000 psi unconfined compressive strength, the split-
tensile strength increased from about 14 to 16 percent of the unconfined compressive
strength as the strength level increased. These results are reasonably close to the
upper boundary, 18 percent, of the test results. The materials studied by Kennedy
et al. had a strength considerably higher than that of the material used in this study.

Because of the ease in testing, the split-tension test is often used for evaluating the
tensile strength properties of stabilized materials. However, the split-tension test
does not provide a test-loading condition to resemble that in the field, nor does it per-
mit determination of tensile strain during loading. In addition, Adepegba (6) concluded,
from his study on a cement-stabilized laterite and a cement-stabilized sand, that the
stabilized solls can easily deform al load puinls and lhat such deformations are usually
large enough to invalidate o = 2P /mdt, the formula normally used for calculating the
split-tensile strength. All of these constitute disadvantages and, therefore, restrict
the application of the split-tension test for determination of tensile-strength property
of stabilized soils.

Figure 5 shows that the strain at failure ranged between 0.9 and 1.5 x 107* in./in. in
tension and between 60 and 90 x 10™* in./in. in compression. Cement content and curing
time had essentially no influence on the strain at failure. The tensile strain at failure
is approximately 1.0 to 2.5 percent of compressive strain for all cement contents and
all curing times studied. The compressive strain at failure for cement-treated silty
clay, reported by Wang et al. (7), ranged from 80 to 100 x 107* in./in. regardiess of
change in cement content (from 3 to 6 percent), curing age, and effect of repeated load-
ing and a 1.3-hour delay in compaction. They also reported that the flexural strain at
failure for the same material ranged between 3 and 5 x 107" in_/in. independent of the
factors studied. The compressive strain at failure coincides surprisingly well. It
appears that the strain at failure in tension and compression respectively remains con-
stant as long as the dry density, molding moisture content, and curing conditions are
the same.

Although the strain at failure remains constant with respect to the curing time and
cement content, the increase in strength with increasing curing time and cement con-
tent would cause an increase in the initial tangent modulus of deformation. Figure 6
shows the variation of initial tangent modulus with the strength in both tension and com-
pression. The test results suggest that the modulus is directly proportional to the
strength with a proportional factor approximately 12,000 and 185 respectively for ten-
sion and compression. Based on these 2 factors, the modular ratio can be expressed
in terms of the strength ratio as follows:

tensile modulus direct-tensile strength @)

compressive modulus unconfined compressive strength

where the strength ratio is a function of strength level as shown in Figure 3.

The modulus of deformation is one of the basic factors required in pavement stress
and strain analysis. Figures 3 and 6 provide data sufficient for evaluation of both ten-
sile and compressive moduli from the uncontined compressive strength for the soil
studied.

Equation 2 indicates that the cement-stabilized soil possesses different moduli in
tension and compression, except when the tensile strength equals approximately 1.5
percent of the compressive strength. According to data shown in Figure 4, the strength
ratio varies from 10 to 20 percent and, therefore, the tensile modulus ranges between
650 and 1,300 percent of the compressive modulus. It would appear, therefore, neces-
sary to treat the cement-stabilized soil as a material with moduli that are different in
tension and compression in the analysis of stress and strain in cement-stabilized soil
pavements.



Figure 4. Relation of direct-tensile strength
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All preceding test results were established for the test specimens wrapped and
cured at approximately 70 F in a moist room. The influence of curing temperature on
the tensile strength property was studied by wrapping the soil specimens compacted to
identical conditions and curing them at temperatures of 25 and 45 ¥. The test results
(Fig. 7) indicate that decreasing curing temperature decreases the strength but in-
creases the strain at failure probably because of the retardation of cement hydration
at low temperature. The same effect of curing temperature on the compressive and
tensile strength of lime-treated material was obtained respectively by Ruff and Ho (8)
and Moore et al. (4).

Test results would imply that, if a representative field-strength property of cement-
stabilized soils is obtained, the test specimens used in the laboratory study should be
cured at the same temperature as that which occurs in the field. Furthermore, selec-
tion of strength and failure strain criteria for a design of cement-stabilized soil pave-
ments requires consideration of the effect of ambient temperature.

SUMMARY AND CONCLUSIONS

A testing method that permits determination of both stress and strain during the
course of uniaxial tension was described. A study of the direct-tensile stress and
strain behavior of cement-stabilized Providence silt leads to the following conclusions:

1. The mode of failure in tension is typical of brittle fracture although appreciable
strains develop before failure;

2. Both strength and failure strain in tension are considerably smaller than those
in compression (for the conditions outlined, the direct-tensile strength of the test soil
ranges approximately from 10 to 20 percent of the unconfined compressive strength,
and the failure strain in tension ranges between 1.0 and 2.5 percent of that in compres-
sion for all cement contents and curing times studied);

3. The cement-stabilized soil possesses different moduli in tension and in com-
pression, and the modular ratio is directly proportional to the strength ratio; and

4. Decreasing curing temperature decreases the strength but increases the failure
strain in both tension and compression.
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CRACKING AND EDGE-LOADING EFFECTS ON STRESSES
AND DEFLECTIONS IN A SOIL-CEMENT PAVEMENT

Per E. Fossberg, International Bank for Reconstruction and Development; and
James K. Mitchell and Carl L. Monismith,
Institute of Transportation and Traffic Engineering, University of California,
Berkeley

Two 8/-in. thick panels of stiff soil-cement base were constructed on a
soft clay subgrade, and one of them was loaded to crack. Both pavements
were then tested in repeated loading, unsurfaced and surfaced with 1, 3,
and 5 in. of asphalt concrete. Deflections, stresses, and strains under
loading were recorded and compared. Vertical deflections were greater
by about 20 percent, and subgrade stresses directly under the load were
greater by at least 50 percent in the cracked section than in the uncracked
pavement. Cracking had a large influence on horizontal strains near the
crack in the base but had only a small influence on strains in the asphalt
concrete surfacing. A saw-cut was made through the uncracked pavement
surfaced with 5 in. of asphalt concrete, and repeated plate-load tests were
done with the plate center 24 and 8 in. from the cut. Loading at 24in. had
negligible effects on vertical deflections but increased subgrade stresses
near the cut by about 40 percent. Loading at 8 in. increased vertical de-
flections by at least 60 percent and subgrade stresses near the cut by about
100 percent. Laboratory-determined values for the elastic properties of
the clay, the soil-cement, and the asphalt concrete and the various
assumed loading conditions were used as input for computer predictions of
stresses and deflections. Very satisfactory agreement was obtained be-
tween the predicted and measured stresses and deflections.

*EXPERIENCE and theoretical investigations have shown that most soil-cement pave-
ments are subject to cracking due to shrinkage stresses during curing, traffic loadings,
and temperature stresses. Although it has long been realized that cracking in soil-
cement bases is likely to be the rule rather than the exception, recent studies have been
aimed at the explanation of crack development, and some study has been made of tech-
niques for minimizing crack formation (2, 3, 4). Little is known, however, about the
relative performance of cracked and uncracked soil-cement slabs under load.

During a recent investigation at the University of California, Berkeley (1), the op-
portunity arose to carry out field measurements of stresses and deformations associated
with edge loading and cracking of a soil-cement pavement. A recently developed finite-
element program, capable of 3-dimensional analysis (5, 7), provided a tool for analyti-
cal treatment of the problem and thus allowed for correlation to be drawn between field
measurements and theoretical analysis.

This paper gives an outline of the study, reports on field test results, describes the
method of analysis, compares the results of the theoretical analyses with field data,
and draws conclusions relative to the design and performance of soil-cement pavements.

OUTLINE OF STUDY

Two panels of soil-cement base (cement-treated granular material meeting Portland
Cement Association's criteria for wet-dry and freeze-thaw testing) were constructed,
each approximately 8.5 in. thick and 20 ft square in plan on top of a natural clay sub-
grade. Classification properties of the subgrade clay are as follows:
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Property Value
Yellow plastic clay
Water content, percent 18 to 30
Liquid limit, percent 56
Plasticity index, percent 34
Dry density, b/ft® 92 to 102
CBR 2to5

Unconfined compressive strength, psi 10 to 50

A cement content of 5.5 percent and well-graded gravel with fines were used in the soil-
cement as follows:

Sieve Size Percent Finer by Weight

% in. 100
No. 4 62
No. 16 39
No. 50 25
No. 200 17

One of the two pavement sections was loaded until it cracked. On top of the base, 5 in.
of asphalt concrete surfacing was constructed in 3 lifts, permitting determination of
the influence of asphalt concrete thickness on the performance of the pavement sections
with both cracked (pavement 1) and uncracked (pavement 2) soil-cement base.

Repeated-load plate tests (20 load applications per minute of 0.1-sec duration) were
carried oul. On the subgrade, plate diameters of 24 in. and 30 in. with pressures up
to 5 psi were used. On the soil-cement base and the successive lifts of asphalt con-
crete, the plate sizes ranged from 8 to 24 in. in diameter with plate pressures from
2.5 to 150 psi, depending on plate size. For each repeated-load plate test, vertical
deflections at the pavement surface, at the surfacing-base and base-subgrade inter-
faces, and at various depths into the subgrade were measured. Vertical stresses and
horizontal strains were measured at various locations in the subgrade, soil-cement
base, and asphalt concrete surfacing of both pavement structures. Figure 1 shows the
location of the gauges in the pavement structure. A complete description of the in-
strumentation and test procedures is given elsewhere (1).

As a final test on the uncracked pavement, after the full 5 in. of asphalt concrete had
been placed and the load tests completed, the pavement was cut with a diamond saw
over its full length and full depth of surfacing and base. Repeated-loading tests were
then carried out with the center of the plate 24 in. (position A, Fig. 1) and 8 in. (position
B) from the cut. This arrangement permitted study of edge loading in an instrumented
part of the pavement. Figure 1 shows the position of the saw cut in pavement 2 and the
position of the crack in pavement 1.

Laboratory tests were used to ascertain the elasticity and strength characteristics
of the pavement materials. The tests were done on cylindrical samples of undisturbed
subgrade clay, on soil-cement beams, on cylinders and prisms prepared in the labora-
tory or cut from the test pavements, and on beams and prisms of asphalt concrete also
cut from the test pavements. A triaxial apparatus, allowing for independent application
of axial and radial stresses, was used to test the clay and soil-cement cylinders. For
the subgrade cylinders and some of the soil-cement specimens, strains were recorded
with linear variable differential transformers (LVDT); for the asphalt concrete and
other soil-cement specimens, bonded strain gauges were utilized. For all tests, the
load frequency and duration were the same as those used for the repeated-load plate
tests on the prototype pavements.

Laboratory data used in the theoretical analyses were determined to correspond to
the appropriate field conditions, e.g., subgrade moisture content, soil-cement curing
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time, and asphalt concrete temperature. On this basis the following values were se-
lected (Fig. 2):

1. The subgrade was nearly saturated but with water content varying with depth as
shown in Figure 2, Poisson's ratio was assumed to be 0.48, and the elastic modulus
varied between 1,600 and 18,000 psi;

2. Field testing was started on the soil-cement base approximately 6 weeks after
construction at which time the elastic modulus had reached a relatively constant value
of 2,800,000 psi and Poisson's ratio was determined to be 0.16; and

3. The asphalt concrete temperature was comparatively uniform—65 F—for all the
field tests at which Poisson's ratio was taken to be 0.35 and the elastic modulus was
350,000 psi.

FIELD TEST RESULTS

Cracking of Soil-Cement Base

On the basis of recorded tangential and radial strains in the base, it was postulated
that the position of the crack caused by overloading was approximately as shown in
Figure 1. Figure 3a shows the radial strains close to the top (gauge 2-6) and the bot-
tom (gauge 2-8) of the unsurfaced soil-cement slab and at a horizontal distance of 3 in.
from the center of the load plotted as a function of plate load and pressure. For the
8-in. diameter plate, the load-strain relationship recorded on gauge 2-8 was close to
linear and of about the same magnitude as found for the uncracked slab. For the 12-in.
and 16-in. diameter plates, however, a drastic increase in strains was recorded on
gauge 2-8, indicating cracking under the 12-in. plate load. (After cracking had occurred
the ""strain' recorded on the LVDT type of strain gauge mainly reflects the gap at the
crack. Thus, a recorded strain of 160 x 107° on a gauge where the anchor plates are
2 in. apart represents a gap of about 320 x 107° in.)

The plate size appears to be of little significance for the induced strain, the deter-
mining factor being plate load. Gauge 2~6 showed that, for the 12-in. diameter plate,
tensile strains occurred even at a depth of 1% in. below the top of the pavement. This
may be taken as a further indication of the position of the crack.

The data shown in Figure 3a have been replotted in terms of a profile through the
soil-cement slab (Fig. 4). The large difference in strains at the bottom of the base,
as recorded under the 8-in. diameter plate (base uncracked) and the 12-and 16-in.
diameter plates (base cracked), is evident.

Figure 3b shows tangential strains close to the top (gauge 2-5) and the bottom (gauge
2-7) of the soil-cement slab, 6 in. from the center of the load, and in a direction nearly
parallel to the apparent direction of the crack. From the load-strain patterns observed
for the 8-in. diameter plate (compression near top, tension near bottom), zero tangen-
tial strains would occur about midheight in the uncracked slab. For the cracked slab,
in the direction of gauges 2-5 and 2-7, the data for the 12-and 16-in. diameter plates
show that this pattern remains essentially unchanged, although the strains are some-
what larger for the cracked slab. Had the slab remained uncracked for the 12-in. and
16-in. diameter test plates, the strains should have been somewhat less than those
recorded for the 8-in. plate for a given plate load. The data shown in Figure 3b indi-
cate that the strains inthe positions of gauges 2-5 and 2-7 have increased by at least
20 percent because of the cracking. This increase is important because the tensile
stresses at the bottom of the slab, near the crack, and in a direction parallel to it may
be critical for the propagation of further load-associated cracking.

Vertical deflections under repeated loading are shown in Figure 5. For the 8-in.
diameter test plate, when the slab was not cracked, the load-deflection relation is close
to that shown for the uncracked slab. However, for the cracked slab subjected to re-
peated loading on 12- and 16-in. diameter plates, deflections are increased. Based on
argument in the preceding paragraph, Figure 5 shows that cracking of the pavement
causes an increase in deflection of at least 20 percent. The increases postulated for
tangential strains at positions 2-5 and 2-7, and for the vertical deflections, are thus
in a agreement.



Figure 1. Positions of stress and strain
gauges, crack and pavement cut, and

loads Aand B. :

Figure 2. Property values used for structural analysis of

pavement.

Figure 3. Resilient strains under
repeated loading of unsurfaced,
cracked soil-cement pavement
near top and bottom.

Load Position B ond

Ap A ey B 40 Lo
-— I | ) VI = ———
+ 43 " sphott C (]
EH g0 LVDT Sirain goge E48 {4-0-'1—‘— + e MR T Coernls,
@ Verticel Sess gage a2 ! ! EE
4 4 Bonded Stroingoge l ——cpr 4 o i -:,' —SaTeRmEAT
A Lood Posltion A a3 | - A
£l 1]
|

Central Looding

£
28 Eag
Y
£ 6" o
7
,s_.__L.A‘..A -8
>
“Ar—t. 2
aif|re 2e|  I¥5
W
v
e
a7
a6 —
51y a-——
z'z"ﬂ" 5
o

E » Young's Modulus

V= Paisson’s Ralio

a) RADIAL STRAINS 3" FROM LOAD CENTER

PLAN VIEW
Aspholl Concrete] E+ 3 PR N
- 8.5 Content,%
Soil - cement E+2,800,000pu V0.6 0 20 30
E « 1,600 p3i ¥1048 |-
€ = 4,400 psi v=048 N
8
Clay £:10,000 psi V=048
a2
48"
E =18,000 psi v=N48
Depth,
inchas

b) TANGENTIAL STRAINS &° FROM LOAD CENTER

-
% 2
20.9% o,
]
Gage 26 R 40
12" trom o
prtv of bate oSt
3
#0 w0 &40 20 © AO0 8OO0 =£
Plate Pressure,psi Plate Lood, by s
20 §
Qe
Goge 2-5
L W2 teom
top of bose
Wwo DN G T o 7 "
BO 60 40 20 © 4000 8000
Plate Pressure, psi Plote Lood, Ibs
1408 res
2 iy =
Crocked ¥ © 8"¢ plote
120 ® 17 $ picte
2 816" plote ©
100 ¢ 502
] Crécked o
o ® 1408
s =€
Goge 2-8 § o §
12" trom €0 W53
botlom of base T =
40 wg
2 Gaga 2-7
Uncracked 12" trom
‘Ko\o\ Uncracked bottom of base
i i i, - = 1 L L L 1 't 1 i 1 1 i L
80 60 40 20 O 4000 8000 80 60 40 20 O 4000 BOOO
Plate Pressure, psi Plate Lood, Ibs Plate Pressure, psl Plgle Load, Ibs

Figure 4. Resilient radial strains under repeated loading of unsurfaced, cracked soil-cement pavement at 3-in.

distance from center of load.

Loaod

* 6" ¢h piote

¥ " Load, Presaure,

I—— l% 1bs psl

v Before | o 1000 20

| Cracking s, ® 2000 40

' A 3000 60
A 4000 80

i ("I

20 30 -10‘
Tensile Strain x i0
(nofe scale)

Load
12°$ plate

o 1700 15
| After ® 3400 30
. Cracking A 5100 45

A 6800 60

0 40 80 120 160
Tensile Sirain x 10

Lood
g‘ 18" ¢ plate
! After 0 2000 10
Cracking ® 4000 20
] 4 6000 30
’ A 8000 a0
146 80 20 160,200

3 (3
"'—'( Tenslle Strain x 10



29

Figure 6 shows the vertical stresses obtained for gauges 2-1 and 2-2 installed 6 in.
beneath the top of the subgrade and at horizontal distances of 22 and 3 in. respectively
from the center of the loaded area. It will be noted that for gauge 2-1 the stresses were
of the same magnitude as reported for the uncracked slab. For gauge 2-2, however,
which was situated close to the center of the load and presumably close to the crack,
the cracking seemed to have a more profound effect. Although the stresses before
cracking (8-in. diameter test plate) are about equal to those obtained for the uncracked
slab, cracking caused a sharp increase in stress at the position of gauge 2-2. It appears
that the subgrade stresses near the crack increased by at least 50 percent as a result
of cracking of the slab, based on the values recorded for the 12- and 16-in. diameter
plates.

For both the cracked and the uncracked pavements, the provision of 5 in. of asphalt
concrete surfacing reduced the base deflection and subgrade stresses by only about 20
percent. This relatively small effect can probably be attributed to the fact that the
asphalt concrete in this experiment had a stiffness only about one-eighth of that of the
soil-cement. The asphalt concrete had, however, a large effect in reducing the vertical
stresses at mid-depth in the base. Cracking of the base had a large influence on hori-
zontal strains near the crack in the base but had only a small influence on strains in
the asphalt concrete surfacing.

Edge Loading

Repeated loading was carried out on the sawed pavement by using 8-, 12-, and 18-in.
diameter plates with the centers located 24 and 8 in. from the cut (load positions A and
B respectively shown in Fig. 1). The saw cut was made near the end of the test program
after tests were made of the completed pavement structure containing a 5-in. thick
asphalt concrete surfacing.

Figure 7 shows the deflection patterns under a 12-in. diameter plate at load positions
A and B. Although the deflection was considerably increased when the loading was close
to the edge, the difference is accounted for mainly in the deformation of the upper 1 ft
of the subgrade. For load position A, the maximum deflection occurred under the load
and not at the edge. This is contrary to what one might have expected, considering the
high stiffness of the soil-cement base. An interesting observation is that the soil-
cement slab on the other side of the cut also deflected somewhat. There is no doubt
that the saw cut extended right through the pavement; hence, the observed deflection
of the adjacent slab must have been due to the subgrade '"pulling' it down. This again
was unexpected in view of the high slab stiffness and the absence of load transfer across
the cut.

The deflections of the base course under the center of the load, as functions of plate
size, pressure, and load are shown in Figure 8 for load positions A and B. In both
cases, the deflections were closely related to the plate load, irrespective of plate size,
a finding in agreement with the cases of central loading of the slab. Conversely, the
deflections increased rapidly with plate size for any given pressure intensity on the
plate. Loading at position A gave deflections only slightly larger than those at central
loading, and loading at position B gave deflections at least 50 percent larger. A ten-
tative conclusion is, therefore, that for a soil-cement pavement loading 2 ft or more
from the edge can be treated as central loading and loading very close to the edge may
cause considerably larger deflections and also higher stresses and strains in the base.

Figure 9a shows the stresses in the clay subgrade (gauge 2-2)as a function of the
plate size, pressure, and load for test position A; Figure 9b shows the same data for
test position B. As in the case of deflections, the stresses in both cases were uniquely
related to the plate load, irrespective of plate size. A comparison of these load-stress
diagrams with values for central loading shows that the stresses obtained by central
loading were increased by approximately 40 percent and 100 percent for load positions
A and B respectively.

Figure 10 shows the load-strain data for 4 of the 10 gauges positioned on top of the
various asphalt concrete lifts. In these diagrams, the full and dashed lines represent
load positions A and B respectively. In the following, some of the most significant as-
pects will be discussed.
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On gauge 4-1 compressive strains were observed when the load was at-position A.
Good agreement is obtained between these strains and those obtained in the central load-
ing case for gauge 4-2 in about the same position relative to the load. (The inflection
points of the deflection basin under central loading of this pavement system lie on a
circle with a radius of approximately 2 ft. Thus, for loading 2 ft from the edge, which
is position A, strains recorded in the vicinity of the load should be comparable with
those obtained in the central loading case.) In the present case, the strains are rela-
tively little affected by the plate size. From the geometry of the loading (Fig. 1) it is
entirely logical that relatively large tensile strains should be recorded on this gauge
when the load is at position B. The data shown in Figure 10 indicate that this is cor-
rect. Although the changes in strains from compression to tension, depending on load
position, are important when fatigue is considered, the stresses resulting from the
strains here encountered are not critical for the asphalt concrete.

On gauge 4-3, with the load at position A, relatively small compressive strains were
recorded for the 12- and 18-in. diameter plates, and no strains were recorded under the
8-in. plate. The position of this gauge (tangentially 3 in. from the center of the load)
was comparable to that of gauge 4-1 in the case of a central loading (6 in. from the load).
Relatively good agreement was found to exist between strains recorded in the two cases.
When tests were made at position B, higher compressive strains were recorded. Be-
cause this strain was measured in a direction parallel to and relatively far from the
edge and tangential to the load, one may expect a relatively close agreement with the
readings for the same gauge under central loading. A comparison with the data for
gauge 4-3 under central loading shows excellent agreement.

Gauge 4-7 recorded compressive strains at both edge load positions. As expected,
the largest strains were experienced for load position B, this being the more severe
loading condition and the one where the load was the closer to the gauge. With the load
8 in. from the edge, strains 2-3 times larger than those of the central loading case were
measured.

On gauge 4-11, compressive strains were recorded at load position A. For load
position B, strain recordings were only obtained for the 18-in. diameter plate. Al-
though these strains were smaller than those recorded by the same gauge with the load
at position A, they were slightly larger than those recorded by the gauge in the same
position relative to a central load, which is to be expected. Furthermore, for load
position B, the strains recorded on gauges 4-11 and 4-3 were about equal, which is rea-
sonable according to the geometry shown in Figure 1.

METHOD OF ANALYSIS

Explicit solutions for 2- and 3-layered pavement systems and computer solutions
based on multiple-layer theory and on finite-element systems are readily available for
the theoretical analysis of axisymmetric (central) loading of pavements. Although these
solutions are not directly applicable to the analysis of loading near a pavement edge or
a crack, recent developments in finite-element analysis make it possible to also treat
these cases of'loading analytically.

Wilson (7) developed a finite-element computer program for a 3-dimensional pris-
matic solid. This program, which was adapted for pavements by Pretorius (E), was
used in the present study to evaluate the effects of traffic loads close to the pavement
edge. A transverse section of the structure illustrating the configuration of the finite
elements (each element representing a longitudinal prism) is shown in Figure 11. Al-
though the element properties could be varied at will in the transverse plane (limited,
however, to 12 linearly elastic material types), these properties remain constant along
the prisms in the longitudinal direction.

The system is essentially 2-dimensional, with the third dimension introduced into
the idealized structure by expressing the load as a Fourier series in this direction.
Stresses and deformations caused by each Fourier term are summed, and the process
is continued until further additions become insignificant. The number of Fourier terms
required increases with the ratio between the '"longitudinal distance between planes of
symmetry" (where the loads are applied) and the ""loaded length." For a stiff pavement,
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Figure 10. Resilient strains in asphalt concrete under repeated loading on edge of pavement with 5-in. asphalt
concrete surfacing (load and gauge positions as shown in Fig. 1).
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the distance between loads has to be large to avoid mutual interference, yet the loaded
length has to be commensurate with the size of the loading plates. In the present study,
the distance between planes of symmetry was chosen to be 240 in., and the plate size
was 16 by 16 in. (corresponding to an 18-in. diameter circular plate). For these condi-
tions 16 Fourier terms were required to obtain the desired accuracy. For the finite-
element grid shown, each Fourier term required nearly 2 minutes of time on a CDC
6400 computer; hence, the complete solution took approximately half an hour. For this
reason, only 2 solutions were obtained, viz., with the load center 8 in. and 24 in. from
the pavement edge.

The same computer program was used to analyze stresses and deformations in the
cracked soil-cement pavement. The configuration of elements used near the cracked
zone is shown in Figure 12. It was assumed that the crack passed through the center-
line of the loaded area. In this way, the plane of the crack acted as a plane of sym-
metry, and only the system on one side of the crack needed to be analyzed. This rep-
resents a less severe condition than if the total load were concentrated on one side of
the crack. However, when one considers that shear stresses can be transmitted through
the cracked zone, and also the likely position of the crack as shown in Figure 1, the
assumed system appeared reasonable.

The finite-element grid shown in Figure 12 extends to the same depth as the grid
shown in Figure 11, 1In the horizontal direction the subgrade extends to 240 in. and
the soil-cement base extends to 120 in. from the crack, thus simulating the actual
dimensions of the pavement prototype. The analysis was based on loading a 16-in.
square plate and a distance between planes of symmetry of 240 in. in the longitudinal
direction.

The field observations indicated that the crack caused by overloading the plate did
not extend to the surface of the base. This would be expected because, even for the
cracked base, the uppermost part will be subjected to horizontal compressive bending
stresses. One may rationalize, therefore, that, once the base cracks in flexural ten-
sion (i.e., when the tensile stress reaches the tensile strength), the crack will propa-
gate upward to the point where the tensile stress falls below the tensile strength. The
extent of the crack propagation can be determined by analyzing the stress conditions
for various crack depths. In the finite-element grid shown in Figure 12 provision was
made for this procedure in that a narrow column of elements adjacent to the crack
could be assigned various elastic properties. For the uncracked pavement, the narrow
elements were assigned the same elastic properties as the adjacent elements. Then,
assuming a crack propagating upward, we consecutively assigned elements 62, 71, 80,
and 89 a very low elastic modulus (1 psi) to reflect the cracked condition.

RESULTS OF PAVEMENT ANALYSES

Cracking of Soil-Cement Base

Analyses were based on the assumption that cracks extended upward from the bot-
tom of the soil-cement 0, 1/, 3, 4%, and 6% in. The assumed loading was 6,400 1b on
a 16-in. square plate (corresponding to an 18-in. diameter circular plate). The re-
sults of these analyses are shown in Figure 13a. In the uncracked condition the maxi-
mum tensile stress is approximately 100 psi. If a crack is initiated at this stress
(i.e., if the tensile strength is 100 psi), stress concentration at the end of the crack
will cause the crack to propagate. Thus, for upward crack propagations of 1% and 3in.
the maximum tensile stress will be at least 120 psi and 140 psi respectively as shown
in Figure 13a. Once the crack rises to 4% in., a reduction of the maximum tensile
stress (at the end of the crack) is evident, although it is still likely to be well above
100 psi. However, had a crack risen 6% in. above the bottom of the slab, the computer
solution indicates that only compressive stresses would occur. This may not be quite
so, however, because the compressive stress indicated (40 psi) is an average of the
stresses over the uncracked top 2 in. of the slab (element 98, Fig. 12). Thus, because
the maximum horizontal compressive stress at the top of the element is likely to ex-
ceed 80 psi, it is likely that tensile stresses will still occur at the bottom of the ele-
ment. This tensile stress is not likely to reach 100 psi, so one may assume that at
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least the upper 2 in. of the pavement would remain uncracked. It should be borne in
mind, however, that, because of the characteristic stress singularity at the crack tip,
the finite-element solution may not be valid in this region. Hence, the stresses com-
puted for the crack tip may be in error. A general conclusion of this analysis is,
nevertheless, that, for materials and geometric conditions similar to those in this
experiment, a crack in a soil-cement slab once initiated in bending is likely to extend
upward some % to % of the slab thickness. Such cracks once initiated in bending may
ultimately extend over the full depth because of thermal and shrinkage stresses inas-
much as shrinkage and thermal cracks originate at the top surface and propagate
downward,

Figure 13b shows the horizontal stresses 6 in. from the crack. As expected, a
stress relaxation develops, particularly in the lower part of the slab with upward prop-
agation of the crack. Thus, for a 6%-in. crack height, the maximum stresses at top
and bottom are approximately % and /4 respectively of the stresses in the uncracked
slab. It is noteworthy that the neutral axis stays close to the middle of the slab, even
for the cracked pavement.

Figure 14a shows the crack openings calculated for various hypothetical crack
depths. For a crack depth of % to % of the slab thickness, a maximum crack opening
of about 7 to 8 x 107 in. can be expected under the given load of 6,400 Ib on a 16-in.
square plate. Comparing the calculated crack opening with the field strain gauge obser-
vation (in terms of linear displacement of end platens in the LVDT type of strain gauge),
we note that the field value is less than predicted. One reason for the discrepancy
may be that the crack does not ideally "intersect" the gauge as assumed for the compu-
tation. The same kind of discrepancy was noted by George (4), who attributed it to
viscous effects in soil-cement, -

Figure 14b shows the horizontal strains in the soil-cement slab above the cracked
zone for various crack depths. This diagram is in agreement with the one shown in
Figure 13 for the horizontal stresses and confirms that for a crack depth of 6% in. a

slight tension will occur at the bottom of the upper 2-in. element. Good agreement is
observed between the calculated strains and the field data.

Figure 15 shows vertical stresses at a 3-in. depth into the subgrade in a plane per-
pendicular to the plane of the crack (Fig. 15a) and in a plane parallel to and 6 in. away
from the crack (Fig. 15b). Figure 15a shows that a 4/2-in. crack will increase the
maximum vertical stress by about 30 percent above the uncracked condition and a 6%-
in. crack will increase it by about 50 percent. The latter percentage corresponds to
the figure calculated on the basis of field data. Stresses observed on gauge 2-2 for
loading on 12- and 16-in. diameter plates are shown in Figure 15a at about the position
the gauge would have according to the crack position shown in Figure 1. We note that,
although the stress recorded on gauge 2-2 for loading on a 16-in. diameter plate is less
than that predicted for the cracked slab, the recorded stress for the 12-in. diameter
plate is close to the predicted value.

For a plane 6 in, away from the crack, Figure 15b shows less variation in stress
with crack depth than does Figure 15a for positions close to the load. Stresses ob-
served on gauge 2-1 are shown in Figure 15b, again at about the positionthe gauge would
have according to the position shown in Figure 1. The agreement is reasonable if the
speculative nature of the positioning of the crack in relation to the gauge is considered.

Figure 16 shows the deflection patterns for the slab with cracks of different depths.
The curves show relatively good agreement with the subgrade stress 1patterns shown
in Figure 15a. From data shown in Figure 16 we can deduce that a 6%-in. crack in-
creases the vertical deflection about 20 percent above that for the uncracked slab. This
again is supported by the field observations.

Edge Loading

At both edge-loading positions A and B, 8-, 12-, and 18-in. diameter plates were
used. For the computer solutions for the 2 test positions, however, only 1 plate size,
16 in. square (or 18-in. diameter), was analyzed because of the large amount of com-
puter time required to solve the edge-loading problem.



Figure 13. Finite-element solutions for horizontal
stresses in plane of tension crack and 6 in. away as
functions of level of cracking of 8%-in. thick

soil cement slab under 6,400-Ib load on 16- by
16-in. square plate.
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Figure 15. Finite-element solutions for
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Figure 17 shows a comparison of field data and computed predictions for vertical
deflections of the pavement under edge loading. Loading 24 in. and 8 in. from the edge
gave computed deflections approximately 10 and 80 percent respectively above those
computed for the central loading case. These percentages are somewhat higher than
the corresponding field observations. The relative magnitudes of the edge-loading
deflections, with the value being about 70 percent larger at position B than at position
A, represent a ratio somewhat larger than that for the field data. The predictions
underestimate the actual plate deflections by approximately 15 percent.

Figure 18 shows the deflection patterns with horizontal and vertical distance from
the pavement edge for loading positions A and B respectively. The agreement between
observed and calculated deflections is very good. Vertical stresses were recorded at
2 isolated points: at mid-depth in the base and at 6-in. depth within the subgrade. The
results of the computer predictions, not reproduced here, show a satisfactory agree-
ment between measured and predicted values for both loading positions A and B.

Figure 19 compares observed and predicted horizontal strains in the surfacing and
base in a plane perpendicular to the pavement edge for loading position B. The upper
diagram shows strains in the plane of the drawing, and the lower diagram shows strains
in a direction perpendicular to that plane, i.e., in a plane parallel to the pavement edge.
The strains are plotted along a vertical line 21 in. in from the edge of the pavement.

A good agreement exists between recorded and predicted strains in the plane perpen-
dicular to the edge (Fig. 19a). In the direction parallel to the edge (Fig. 19b), however,
predicted strains are considerably larger than the recorded.

Figure 20 shows strains along a plane parallel to and 8 in. from the pavement edge
for load position B (also 8 in. from the edge). The upper diagram shows horizontal
straing in this plane, and the lower diagram shows the strains in a direction perpendic-
ular to that plane. A fairly good agreement exists between the observed and the pre-
dicted values.

The following 2 important considerations from data shown in Figures 19 and 20 are
applicable both to the edge-loading case and to the situation in a cracked pavement with
a load approaching the crack:

1. Figure 20a confirms that for load position B critical tensile strains occur at the
bottom of the soil-cement slab near the crack in the direction parallel to the crack.
For the edge-loading case, which is also closely applicable for a wide shrinkage crack
with little or no load fransfer across the crack, this strain is some 40 to 50 percent
higher than that observed in the uncracked slab (full line, Fig. 14b). Also, for the case
of a ""closed" crack the field experiment indicated an increase in these critical strains
of about 20 percent above those for the uncracked slab (Fig. 3b). In both cases, there-
fore, there is a real danger that further cracking will propagate in the direction per-
pendicular to the existing crack; this in turn will lead to corner-loading situations in the
areas adjacent to the cracks, causing further serious tensile stress conditions at the
top of the base and surfacing.

2. The computer solutions confirm the recording on gauge 4-1 (Fig. 10) that, as the
load approaches the crack, there is a reversal of the horizontal strains in the direction
perpendicular to the crack (x-direction) in the top of the base and surfacing from com-
pressive for load position A (not shown) to tensile for load position B (Fig. 19a). Re-
versal of strains from tensile to compressive also occurs at the bottom of the soil-
cement slab as the load approaches the crack. As far as the soil-cement base is con-
cerned, none of these strains is as severe as those referred to in the preceding para-
graph. However, they increase in significance when the fatigue aspects of stress re-
versals is considered.

The two strain situations described form a sufficient rationale for formation of the
well-known "ladder' cracking in the wheelpaths of pavements with cement-stabilized
bases. An excellent treatise on this subject has been given by Pretorius (6).

CONCLUSIONS

The present study has demonstrated a good agreement between field observations
and theoretically determined stresses and deformations associated with cracking and



Figure 17. Predicted and observed deflections

at top of base for loading 8 and 24 in. from
pavement edge.

Figure 18. Vertical deflection patterns for 6,400-Ib'edge load on 16-in.

square plate.
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edge loading of a soil-cement pavement. The following specific conclusions can be
drawn:

1. Cracking of a soil-cement pavement under loading only slightly increased (about
20 percent) vertical deflections but substantially increased (about 50 percent) vertical
stresses in the subgrade near the crack when the load was placed directly over the
crack. Cracking had a large influence on horizontal deformations near the crack.
These data suggest that, within the reasonable range of experimental error, deflection
measurements cannot be used to detect cracking of a soil-cement pavement.

2. The investigations on edge loading showed that, for the pavement structure tested
in this study, loading at least 2 ft from the pavement edge can be analyzed as 'central
loading." Loading close to the edge is more severe in terms of stresses and deforma-
tions in both base and subgrade, however; and this should be taken account of in the
pavement design.

3. Traffic loading of a soil-cement pavement where initial cracking has occurred
(because of shrinkage or traffic and temperature stresses or all ol lhese) causes criti-
cal tensile stresses and stress reversals that can explain the formation of the typical
""ladder" cracking in the wheelpaths of such pavements.

4, The stiffness of an asphalt-bound layer placed on top of a layer of soil-cement
has an influence on the stresses in the soil-cement layer and the deflection of the pave-
ment structure. In this investigation 5 in. of asphalt concrete whose stiffness under the
conditions of test was only about 12 percent of the soil-cement exerted a comparatively
small influence on the response of the structure to load.
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DYNAMIC PROPERTIES OF CEMENT-TREATED SOILS

Yung-Chieh Chiang and Yong S. Chae,
Department of Civil and Environmental Engineering,
Rutgers, The State University of New Jersey, New Brunswick

An experimental study of the dynamic properties of cement-treated soils
is described. The dynamic shear modulus and damping characteristics of
2 soils, a uniform sand and a silty clay, treated with Type 1 portland ce-
ment are determined by the resonant column technique. Test variables
studied are cement content, confining pressure, shear-strain amplitude,
and moisture content. The dynamic shear modulus and damping of both
uniform sand and silty clay can be greatly increased by adding a small
amount of cement. The effect of confining pressure, whichincreases shear
modulus and damping, is more pronounced in cement-treated cohesionless
soils than in cohesive soils. Higher shear-strain amplitude reduces the
dynamic shear modulus and increases the damping; the cement-treated
soils are subjected to a higher rate of change than are the untreated soils.
The moisture content of soils has a significant effect on the dynamic
properties of cement-treated cohesive soils but has no appreciable in-
fluence on cement-treated cohesionless soils. This investigation shows
that the use of cement to stabilize sand and clay subjected to dynamic load-
ing is very effective in increasing the rigidity of the soils and in reducing
the deformation.

A PROPERLY designed highway or airport pavement must meet the general require-
ments for all foundations. The loads imposed by traffic have to be transferred to soil
layers capable of supporting them without failing in shear (bearing capacity), and the
deformations of the soil layers should be such that the pavement should not suffer ex-
cessive permanent settlement. In the design and analysis of pavement-soil systems,
therefore, the most critical quantities considered are the bearing capacity and defor-
mation characteristics of the underlying soil, and those are, in turn, dependent on the
material constants of the soil (such as modulus of elasticity, shear modulus, Poisson's
ratio, and coefficient of subgrade reaction). The success with which the road or runway
is built then depends on the accuracy with which the material properties of soil are
determined.

To date, roads and runways are largely designed on the basis of knowledge of the
performance of other roads built under similar traffic and subgrade conditions and of
soil tests under static loading such as unconfined compression, plate loading, density,
and CBR essentially dynamic nature. The use of static loading, however, does not
represent the actual loading due to traffic. Because the applied load is alternating
and repetitive in nature, the material properties under such a load must be investigated
in terms of dynamic response and behavior of pavement-soil systems. Such a dynamic
testing, in a reversed process, will also provide a rapid, nondestructive testing tech-
nique for assessing the performance of a road.

The past research indicates that theoretical values of the stresses and deformations
generated by moving vehicles in multilayered elastic systems depend on the relative
values of the dynamic elasticity of the layers forming the road and their thicknesses.

It is, therefore, essential to obtain information concerning the dynamic material prop-
erties of the common road-making materials under repeated loading of the form applied
by traffic.

For soils possessing low strength and high deformation characteristics, chemical
stabilization techniques have been successfully employed in the past for road and runway
construction. Studies of these stabilized soils under static loading have been extensive.
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However, very little is known about the response and behavior of these soils subjected
to dynamic loading.

This paper describes the first part of a two-part experimental investigation con-
ducted to determine the dynamic properties of 2 chemically stabilized soils: a sand
and a silty clay treated with cement. In the second part the 2 soils are stabilized with
lime-fly ash, The experimental results on the second part will be reported in a later
publication.

DETERMINATION OF DYNAMIC PROPERTIES OF SOILS

There are a number of experimental methods to determine the dynamic properties
of soils. These methods may be divided into 2 general categories: (a)those in which
tests are performed on a small specimen of soil usually in a triaxial compression in
the laboratory (resonant column method, amplitude ratio method, and repeated-loading
method) and (b) those in which the testing on soils is considered to be in situ (seismic
or pulse method and elastic half-space method). A detailed discussion of these various
methods (except for repeated-loading test) and a comparison of the test results ob-
tained thereby were given by Chae (2) and will not be repeated here. A detailed descrip-
tion of repeated-loading technique was given by Seed and Fead (18),

Of these methods, the resonant column method has been most widely used by many
researchers since Iida's original work (14) on wave propagation in sand columns. Most
of these studies, however, have been confined to evaluation of cohesionless soils (4, 5,
6, 7, 11, 14, 15, 17). Few studies have been made on the dynamic behavior of clays
19,712,713, 20). Tt is believed that no work has ever been reported on chemically stabi-
lized soils except those under repeated loading. A comprehensive test program and
results were published by Mitchell et al. (16) using the repeated-loading technique.

For untreated soils it has generally been found that the most influential test param-
eters for sands are confining pressure and shear-strain amplitude, especially in
small amplitude vibrations. Study of cohesive soils is much more complicated be-
cause of the additional variables involved, suchas consolidation and other secondary ef-
fects. Specifically, a functional equation, proposed by Hardin and Black (9), for the
dynamic shear modulus includes the following parameters: isotropic component of
ambient effective stress, void ratio, ambient stress and vibration history, degree of
saturation, deviatoric ambient stress, grain characteristics, amplitude of vibration,
secondary effects that are functions of time and load increment, soil structure, and
temperature.

For chemically stabilized soils the additional major parameters are cement or
chemical agent content and moisture content.

EXPERIMENTAI INVESTIGATION

Materials

The materials used for this study were a uniform sand and a fine silty clay. These
2 soils were mechanically separated from the same parent material, a glacial outwash
locally known as Dunellen soil, so that a comparison could be made of the dynamic
response of coarse-grained soil and fine-grained soil from the same parent material.
The grain size distribution curves for both soils are shown in Figure 1. The sand
particles ranged tfrom 2 to 0.074 mm in diameter and had a uniformity coefficient of
3.43 and a specific gravity of 2.63. The clay had a specific gravity of 2.65, liquid limit
of 30.1 percent, and plasticity index of 9.8 percent. According to AASHO classification,
the sand is classified as A-3 and clay as A-6. Type 1 portland cement was used
throughout the investigation.

Specimen Preparation

Tests were performed on remolded specimens prepared by a modified Harvard min-
iature compactor. A hammer, 0.75 in. in diameter and weighing 0.82 1b, was dropped
6 in. to compact the specimen in 5 layers with 10 drops on each layer. The size of the
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specimen after extrusion was 1.31 in. in diameter and 2.93 in. in height. Based on
strength criteria, cement contents for both sand and clay were chosen at 2, 4, and 6 per-
cent of the dry weight of soil. A soil-cement mixture was dry-mixed, and a predeter-
mined amount of distilled water was added to bring the mixture to a desired moisture
content. The mixture was mixed thoroughly, and the specimen was molded immediately.
The moisture-density curves for the sand and the silty clay are shown in Figure 2.
With changes in cement content, for the sand the optimum moisture content does not
vary significantly but does vary markedly for the silty clay.

Immediately following the extrusion, each specimen was wrapped in plastic and
placed in a glass container to prevent moisture change and absorption of CO.. The
specimens were then stored in a water bath where 70 F temperature and 95 percent
relative humidity were maintained at all times. The cement-treated soils were cured
for 28 days before testing. The cement-treated sand specimens were first cured in
the compaction mold and were extruded after 2 weeks of curing.

Test Setup and Procedure

The dynamic shear modulus and damping were determined by means of the resonant
column technique in torsion. Figure 3 shows a schematic diagram of the instrumenta-
tion sequences in the overall test setup. Figure 4 shows a view of the overall setup in
the laboratory. The apparatus consists essentially of a driving mechanism (oscillator)
on a specimen contained in a triaxial chamber and auxiliary equipment for excitation
and readout. The torsional oscillator used was developed by Hardin. A detailed de-
scription of the oscillator and the theory of vibration for the specimen-apparatus model
may be found in an article by Hardin and Music (10). Torque is applied to the center
ring of this mechanism by applying sinusoidally varying voltage to the coils, producing
sinusoidally varying forces between the coils and magnets. For balancing the weight
of the apparatus on the specimen, a loading truss and lever-fulcrum are used outside
the cell. Because the specimen is fixed at the bottom, a free-fixed end condition re-
sults in the vibration.

After the equipment was connected as shown in Figures 3 and 4 the input current
was set at a desired level and kept constant. The frequency was varied over a large
range to find the approximate position of the resonant frequency. When the approxi-
mate position had been ascertained, the frequency was varied in much smaller incre-
ments for precise measurement of the resonant frequency. The peak-to-peak value of
acceleration and the phase angle between the input force and acceleration were recorded
at each frequency. The dynamic response data so obtained, together with the apparatus-
specimen parameters, were fed into a computer based on the theory of the apparatus-
specimen model developed by Hardin (10). The dynamic shear modulus was deter-
mined by the process of iteration. Damping characteristics in terms of logarithmic
decrement were obtained from the frequency-displacement amplitude response curves.

The independent test variables were moisture contents and cement contents for the
specimens and confining pressures and shear-strain amplitudes for the testing ap-
paratus. The specimens were tested at confining pressures of 3, 10, 20, and 35 psi.

At a given confining pressure application, the dynamic shear modulus and damping
were determined in sequence at the following 5 preselected shear-strain amplitudes:
1.4x 1075, 2.3 x 1075, 8.7x 107°, 7.5 x 10 % and 1.4 x 10~*, The strain amplitudes used
were limited to these values because of restrictions imposed by the apparatus and the
specimen. These strain amplitudes may be small for traffic loading on real pave-
ments, except perhaps that in the underlying subgrade layer; nevertheless, the test re-
sults obtained will be useful for they may be correlated with those expected in a real
situation.

Immediately after the resonant column test, the specimens were tested in a triaxial
apparatus for the evaluation of static properties of the soils. The confining pressure
was chosen at 20 psi and the strain rate at 0.02 in./min. The stress-strain relation-
ship for each specimen was then plotted by computer.
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Figure 1. Grain size distribution.
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ANALYSIS OF TEST RESULTS

Many variables are involved in a single test, and their interrelations must be con-
sidered in the analysis of test results. The variables may include confining pressure,
shear-strain amplitude, cement content, moisture content, density, void ratio, and de-
gree of saturation. Consequently, when the effect of one variable on the dynamic prop-
erties of a material is evaluated alone, the other variables must be kept constant and
the interrelations among these variables should be known.

DYNAMIC SHEAR MODULUS

Effect of Confining Pressure

Variations of dynamic shear modulus with confining pressure for sand and clay are
shown in Figures 5 and 6. Each line shown in these figures represents the response
of a specific specimen at the optimum moisture content. Only the results at a specific
shear-strain amplitude (1.4 x 107°) are given. Similar results were obtained at various
levels of strain amplitude. In general, dynamic shear modulus increases with increas-
ing confining pressure and can be plotted as a straight line in a log-log scale. The in-
crease in shear modulus with increased confining pressure becomes more pronounced
for sand with greater cement content as indicated by the slope of the shear modulus-
confining pressure curves. The slope increases from 0.50 for untreated sand to 0.86
for 6 percent cement-treated sand. On the other hand, the rate of increase of shear
modulus for the silty clay samples remains essentially the same at 0.45 irrespective
of cement content. The results obtained in.this study indicating that dynamic shear
modulus for both untreated sand and clay varies with approximately 0.5 power of con-
fining pressure confirm the previous test results obtained by many investigators (4, 5,
7, 9, 12, 13). An empirical equation for the dynamic shear modulus of dry sand was
proposed by Hardin (7). For small strain amplitudes,

G = ([2,630(2.17 - €)°1/1 + e} 3°° (1)

in which G is the dynamic shear modulus in psi, e is the void ratio, and ¥ is the effec-
tive confining pressure in psi. For the purpose of comparison, Hardin's equation using
e = 0.633 is shown in Figure 5. There is a reasonably good agreement between Hardin's
equation and the results obtained in this study for untreated soils. The effect of mois-
ture appears to be negligible, as will be explained in a later section. On the basis of
this agreement an effort has been made to find a general mathematical expression to
accommodate cement content as a variable. The straight-line relationship of a log-log
plot gives a general form of G = a x ¢° in which a is the unit intercept and b is the slope
of the line. By obtaining the relation between cement content, a and b, one can express
the modified equation as

G* = (G- 0.343 x C x ¢°°) g*¢ @)

where G* and G are the dynamic shear moduli in psi of cement-treated and untreated
soils respectively C is the cement content in percent, and & is the confining pressure
in psi.

Based on the study of normally consolidated clay with low surface activity, Hardin
and Black (9) also proposed a dynamic shear modulus equation for clay as follows:

G = ([1,230 (2.973 - €)*1/(1+ €)} 5" 3)

This equation (with e = 0,561) is shown in Figure 6. By the same procedure, the
modified dynamic shear modulus equation is determined for cement-treated clays as
follows:
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Figure 4. Test setup equipment.

Figure 5. Variation of dynamic shear modulus
with confining pressure and cement content for

sand.
1000~ T T llllfll i S e 1 [ =

- SAND q
s - o
; |
@ [ ]
3¢ ]
5
a | CEMENT -
o | CONTENT o
=
e [ 0
<
w ]
T
3

HARDIM

e
!nn
< L 4 b
{5 g

L IIIllll 1 II'IIII
L

8 8o
CONFINING PRESSURE (pel)

Figure 6. Variation of dynamic shear modulus
with confining pressure and cement conteint for

clay.
000 T TTTY T { K | LI
r @ | [ 3
8 -
= CLAY .
B
a L -
-
-
o F CEMENT .
s F CONTENT ]
3 o % okl i
Q
o st
! =
[
e
w
I
n
Qi ~
= 3
a .
i 4
z —
23 'S l 1111 1 i} i I [
\ 8 o 50 100

CONFINING PRESSURE (psi)



45

G* = G+ C [1,269 - 2,784C + 1,826C? - 440C° + 37C*] 5°*° 4)
t

In using these 2 modified equations, one should take care to note the comparable
features such as chemical compositions, soil structure, and strain amplitude. As will
be seen later on the shear modulus-strain amplitude curves, the slope for both cement-
treated and untreated soils change significantly at higher amplitude.

The slope of dynamic shear modulus-confining pressure curves for sand increases
with an increasing strain amplitude imposed. The same was observed for untreated
soils, although to lesser degrees, by Silver and Seed (E) using a dynamic simple shear
device.

Effect of Strain Amplitude

The dynamic shear modulus as a function of shear-strain amplitude for various con-
fining pressures and cement contents is shown in Figures 7 and 8, The dynamic shear
moduli of both sand and clay decrease with increasing strain amplitude, and the rate of
decrease is much more pronounced with higher cement content and confining pressure.

Within the range of shear strain studied, the average decrease of dynamic shear
modulus is about 55 percent for a 6 percent cement-treated sand specimen but only 25
percent for an untreated sand specimen. Relatively speaking, the effect of cement con-
tent on dynamic shear modulus within the strain amplitude studied is small for clay
soils. With the largest strain imposed, the shear modulus is reduced by about 20 per-
cent for untreated clay and 30 percent for 6 percent cement-treated clay.

The maximum values of the dynamic shear modulus for both cement-treated and un-
treated clays usually occur at very small shear-strain amplitude in the 0.5 x 107° range.
Cohesionless soils, on the other hand, exhibit different behavior in that the maximum
dynamic shear moduli for cement-treated sands occur near the zero-strain amplitude.
This is especially true for soils at higher cement-treatment levels.

Effect of Moisture Content

Figure 9 shows that the dynamic shear modulus of sand does not vary significantly
with moisture content for a given cement content and strain level. The presence of
water does not appear to reduce the velocity of wave propagation significantly in either
untreated or treated sands. Similar results were obtained by Barkan (1) on Young's
modulus of sand with moistures ranging between 0 and 10 percent. Hardin and Richart
(11) observed that the presence of moisture in sand reduced the shear modulus slightly
when the moisture is less than about 1.4 percent, but higher moisture contents do not
affect the value of dynamic shear modulus.

The results for shear modulus-moisture relations for cohesive soils are quite dif-
ferent as shown in Figure 10. For a given confining pressure and cement content, the
maximum value of dynamic shear modulus occurs near the optimum moisture but drops
sharply with a further increase in moisture. For clay specimens with moisture content
less than the optimum the dynamic shear modulus remains close to its maximum value.
This is true for both cement-treated and untreated clay specimens within the moisture
range studied and regardless of the shear-strain amplitude level. A similar observation
was noted by Barkan (1) on Young's modulus of clay samples with moisture ranging from
0 to 30 percent. In studying compacted kaolinite at low stresses, deGraft-Johnson (3)
also found similar results. -

Effect of Cement Content

The effects of cement content havs been discussed along with the other parameters
in previous sections. Figures 11 and 12 show the relation between the shear modulus
and cement content at the given strain amplitude of 1.4 x 107° and optimum moisture
conditions. Cement content strongly influences the shear modulus for both sand and
clay. On a semilog plot, a straight line is obtained for sand over the range of cement
content tested. For clay, however, the rate of increase becomes greater as the cement
content is increased. Cement stabilization can be used very effectively in weak soils
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Figure 7. Variation of dynamic shear modulus with

shear-strain amplitude for sand.

Figure 8. Variation of dynamic shear modulus with

shear-strain amplitude for clay.
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Figure 11. Effect of cement content on the
dynamic shear modulus of sand.
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Table 1. Effect of cement content on static and
dynamic properties.

Static
Modulus Dynamic
Cement of Shear
Content Elasticity Modulus Logarithmic
Soil (percent) (psi) (psi) Decrement
Sand 0 645 13,684 0.1264
2 2,050 27,441 0.3174
4 2,360 38,456 0.5369
6 6,870 67,856 0.7192
Clay 0 790 18,114 0.2210
2 800 18,700 0.2220
4 2,130 26,633 0.2422
6 8,600 70,447 0.3812

Note: Confining pressure = 20 psi.
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Figure 12. Effect of cement content on the
dynamic shear modulus of clay.
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because of increased rigidity of soils subjected to dynamic loading. Table 1 gives
typical results obtained for static and dynamic properties of the sand and silty clay
tested under the same confining pressure of 20 psi. The static modulus of elasticity
was taken to be secant modulus at one-third of the ultimate load. Both the static and
dynamic moduli increase with an increasing cement content as expected. However,
because of the many test parameters involved in both static and dynamic tests, quantita-
tive correlations between dynamic and static response are difficult.

DAMPING CHARACTERISTICS

Effect of Confining Pressure

The test results for logarithmic deecrement and confining pressure relations for sand
specimens treated at different cement contents are shown in Figure 13 for small strain
amplitude of 1.4 x 10™°, In general, damping increases with confining pressure, and the
greatest increase occurs at low confining pressures. The curves are mostly parallel
to each other, indicating that the rate of change in damping for sand specimens is in-
dependent of cement content. For the silty clay no consistent trend was observed be-
cause of the very strong influence of moisture content on damping as will be explained
later.

Damping characteristics of granular soils have been measured by several investi-
gators (6, 8) using a vibrational decay technique in a resonant test. Hardin (8) showed
that logarithmic decrement decreases with 0.5 power of confining pressure. Damping
in clays was studied by Humphries (12), who found that logarithmic decrement of clay
increased with 0.3 to 0.7 power of confining pressure. Humpries also compared the

ude-freguency metho
R bt B

results of 1ngor1+hm1n decrement as determined lr\“ the amplit cy method

Aladdiials CaTITHL ad (RS 44Nt e ] Qiiipjiic

and decay method and found that when logarithmic decrement was small both methods
gave the same value, but the logarithmic decrement as determined from the decay
method yielded a higher value when the logarithmic decrement was large.

Effect of Shear-Strain Amplitude

Figures 14 and 15 show the relations among logarithmic decrement, strain amplitude,
cement content, and confining pressure. For all soils, logarithmic decrement increases
with shear-strain amplitude, and the greater increase is at larger amplitude. A greater
increase in damping is also observed in soils with higher cement content and larger
confining pressure as previously stated.

Effect of Moisture Content

Figure 16 shows that the damping characteristics of sand is independent of the mois-
ture as was the case for shear modulus. Damping capacity of sand can be improved by
the addition of cement regardless of its moisture condition.

The effect of moisture on damping in cohesive soils is shown in Figure 17. Under
low confining pressure damping is reduced as moisture is increased, but under high
confining pressure the same trend is not observed. For specimens having moisture
content higher than the optimum, an increase in confining pressure increases damping;
for specimens having moisture content lower than the optimum, an increase in confin-
ing pressure decreases damping. This is true for both untreated and treated clay
specimens.

Effect of Cement Content

The effect of cement content on damping has been discussed in conjunction with the
effects of the other parameters previously. In general, an increase in cement content
increases damping and dissipates larger wave energy as confining pressure is in-
creased. This is an advantage in practical design of roadways because of reduction
in amplitude of vibration. Table 1 gives the effect of cement content on attenuation of
wave energy. At a constant confining pressure of 20 psi and a 6 percent cement-
treatment level, the increase of logarithmic decrement is 5.7 times for sand and only
1.7 for clay, although the increase of static strength is much higher for clays.




Figure 14. Effect of shear-strain amplitude and
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CONCLUSIONS

The use of cement to stabilize sand and clay subjected to dynamic loads is very ef-
fective in increasing the rigidity of the soil and in reducing the deformation. When
resonance is a problem in foundation design, this condition may be avoided successfully
by cement stabilization that produces changes in the elastic properties of the soil. The
essential conclusions to be derived from this experimental study are summarized as
follows:

1. Dynamic shear moduli for both sand and clay increase with increasing confining
pressure. Cement treatment of both soils results in a significant increase in dynamic
shear modulus, and the effect is more pronounced at a higher confining pressure for
sand. Modified equations for dynamic shear moduli for cement-treated sand and clay
at small shear-strain amplitudes are derived as functions of confining pressure, void
ratio, and cement content.

2. Dynamic shear moduli for both materials decreased with increasing shear-strain
amplitudes, and the effect is most pronounced at a small strain amplitude within the
range studied. Cement-treatment increases the rates of change of the dynamic shear
moduli at various strain amplitudes for both soils.

3. At a given confining pressure, cement content, and strain amplitude the dynamic
shear modulus does not vary significantly with moisture for cohesionless soils. For
clay soils, however, it decreases rapidly when the moisture of the specimen is increased
beyond the optimum moisture content; the maximum value occurs near the dry side of
the optimum.

4. Logarithmic decrement of sand does not vary with moisture content of the speci-
men. Higher confining pressure and cement content will result in higher damping.
Logarithmic decrement in clay, both untreated and treated, depends on the relative
amount of moisture with respect to the oplimum.

5. Logarithmic decrement increases with increasing shear-strain amplitude for
both materials. Within the range of the strain amplitude studied, damping increases
at a faster rate in cement-treated clay specimens than in untreated ones. However,
the rate of change remains about the same for sand.

6. The practical aspect of this study is the effect of cement treatment of soils on
the increase of both dynamic shear modulus and logarithmic decrement. The combined
effect of these properties can be utilized to a great advantage in designing cement-
stabilized soil-foundation system subjected to dynamic loading.
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PERFORMANCE OF SOIL-CEMENT TEST PAVEMENT IN
RHODE ISLAND

Mian-Chang Wang, Kendall Moultrop, and Vito A. Nacci,
Department of Civil Engineering, University of Rhode Island

A test road containing 2 control sections with conventional design and 5
sections with different soil-cement base and subbase was constructed in
July 1967. Performance of the test road has been evaluated by using the
Benkelman beam test, plate bearing test, roughometer test, crack survey,
and frost study. Results obtained todate indicate that the soil-cementpave-
ment possesses greater rigidity but develops cracks; the total length of the
cracks increases with increasing curing time. An addition of 1 percent
Na2S04 seems to increase the rate of crack development. Cracking could
result in pavement surface roughness; however, no conclusive results in-
dicate that cracking could cause a reduction of pavement stiffness.

e AN INVESTIGATION was made of the feasibility of using stabilized local silty soils
as base and subbase course materials for construction of flexible pavements in Rhode
Island. A 4,130-ft test road was constructed in July 1967 for confirming and modifying
the predicted conclusions of the laboratory studics (1) and for cvaluating under field
conditions the long-term properties of various stabilized soils.

The test road, a Z-iane highway with 10-il shoulders, is essentially a section on
RI-214, a state secondary highway in Middletown, Rhode Island. The average daily
traffic (ADT) on the test road, according to a previous report (2), was 4,180; approxi-
mately 2 percent of the traffic is trucks, and 81 percent of the trucks are single-axle
straight trucks. Since the road was completed, the ADT has steadily increased to 7,000
in 1970.

The test road is composed of 2 control sections of conventional design and 5 experi-
mental sections of different materials in base and subbase courses as shown in Figure
1. All sections are surfaced with 3 in. of bituminous concrete. Moisture and temper-
ature gauges are installed as one unit at stations 16+00, 22+00, and 26+00. The gauges
are located beneath the centerline and 11 ft from the centerline on each side at depths
of 6, 11, 15, 19, and 24 in. at stations 16+00 and 26+00 and at depths of 11, 15, 19 and
24 in. at station 22+00.

The soil used for construction has classifications ranging from A-2 (4) to (3)

Q

and is predominantly A-4. The index properties of a typical soil are as fo _10 S:
Property Value
Specific gravity 2.70
Atterberg limits, percent
Liquid limit 21
Plastic limit NP

Textural composition, percent

Gravel, 3 in. to 2.00 mm 20.5

Sand, 0.074 to 0.005 mm 48.0

Clay, 0.005 mm 4.0
AASHO classification A-4(3)

Type 1 portland cement was used throughout. A trace amount (1 percent) of sodium

sulfate, which was supplied in granular form, was used in sections 6 and 7 because it

was concluded from previous laboratory studies (1) that an addition of 1 percent Na»SO4
52 -
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could result in a greater strength and a considerably more rapid strength gain. Details
on design and construction of the test road are given elsewhere (3, 4).

Performance of the test road and the results of laboratory tests on field and labora-
tory compacted samples in the first year after completion of the test road are given in
other reports (2, 5). This paper presents the results of field studies obtained to date.

PERFORMANCE OF TEST PAVEMENT

The test pavements were evaluated according to their relative performance under
loading and environmental influence. The performance under loading was determined
by using the Benkelman beam test, plate bearing test, and roughometer test; the per-
formance under environmental influence was evaluated on the basis of cracking and
response to freezing temperature.

Benkelman Beam Test

Since the summer of 1967, Benkelman beam tests have been conducted annually in
the spring and summer at the locations shown in Figure 2. The truck used for testing
had a rear axle load of 18 kips and atire pressure of 80 psi. Detailed testingprocedures
are given in another report (5).

Typical pavement surface deflection profiles under the test truck are shown in Figure
3. Each data point is the average of 4 measurements. There is a fairly constant de-
flection in both lanes, and pavement materials are rather uniformly distributed through
each section. Sections 1, 2, and 4 give greater deflections and steeper slopes of pro-
file than other sections because of the use of penetrated rock as base course material
in those sections. The penetrated rock generally gives lower supporting capacity than
soil-cement for the latter possesses a measurable flexural strength.

A comparison of pavement deflection measured in spring and summer is shown in
Figure 4, Deflections in the spring are greater than those in the summer probably be-
cause of greater rainfall in the spring and effects of the spring thaw. According to the
Newport Water Department Weather Station, the accumulated 3-day and 7-day rainfall
immediately prior to Benkelman beam tests were as follows:

7 Days 3 Days

Test Date (in.) (in.)
Summer
8-9-67 0.96 0.17
8-26-68 0.11 0
8-29-69 0.02 .02
8-24-70 1.34 1.23
Spring
4-18-68 0.66 0.66
4-1-69 0.49 0.38
3-23-70 1.85 1.64
4-8-71 1.60 1.05

Although moisture readings were obtained for varying depths up to 24 in., only some of
the values indicate a higher moisture content in the spring. The rest of the readings
varied so little or were so erratic that it was not possible to draw reliable conclusions.
Higher moisture contents at greater depths might have occurred, but no field readings
are available to verify this possibility.

The curve of deflection measured in the summer (Fig. 4) indicates a trend of de-
creasing surface deflection with increasing time and eventually approaches a constant
for all sections except sections 2 and 4. For the soil-cement sections, this effect is
primarily attributed to the strength increase with time (Fig. 5). Because the strength
of gravel is not a function of elapsed time after compaction, the same reasoning cannot
be applied to the decrease in deflection with time for control sections 1 and 4. The



54

Figure 1. Bases and subbases of sections of
experimental road.
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Figure 4. Mean maximum pavement deflection measured in
Benkelman beam test.
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decrease in deflections could be the result of reorientation of particles to a more stable
position in the gravel layer due to traffic.

Deflections in sections 2 and 4 first decrease then increase sligilly with time. The
deflection curve for the spring season illustrates also a tendency of slightly increasing
deflection with elapsed time. Factors that could cause an increase in pavement deflec-
tion include an increase in subgrade moisture due to precipitation and a deterioration
of the pavement material as a result of cracking. The rainfall data (T'able 2) indicate
a considerably higher rainfall immediately before the Benkelman beam tests conducted
in 1970 and 1971. The greater rainfall is presumably the primary cause for the in-
creased deflection shown in Figure 4.

Except for the 2 control sections, 1 and 4, all experimental sections developed
cracks. A detailed crack study indicates an increasing amount of cracking with in-
creasing curing time (Fig. 10). Development of cracks could result in an increase in
pavement deflection due either to the decrease in load-spreading capacity of the soil-
cement layer or to the decrease in load-supporting capacity of subgrade soil because
of increasing moisture content caused by the intrusion of surface water through the
cracks. The effect of cracking on pavement deflection is given in Table 1. No consis-
tent evidence indicating the destructive effect of cracking is noted from the results ob-
tained to date. Therefore, the tendency of increasing pavement deflection with elapsed
time would be primarily caused by the greater rainfall immediately preceding the later
tests.

The mean maximum deflection is also shown as a histogram in Figure 6 for easy
comparison among sections as follows:

1. The beneficial effect of using a scil-cement base is proved by the fact that the
sections with soil-cement bases (sections 3, 5, 6, and 7) exhibit much smaller deflec-
tions than those sections having penetrated rock bases (sections 1, 2, and 4).

2. Even though the 2 control sections, 1 and 4, have identical layer thickness, sec-
tion 4 gives greater deflection then section 1 possibly because of a stronger subgrade
support under section 1 (bedrock underlying the pavement was found during excavation).

3. No clear indication of the advantage of substituting an 8-in. thick, 5 percent
soil-cement subbase for a 12-in. thick gravel subbase is revealed from the comparison
between the deflection in section 2 (with 8-in. 5 percent soil-cement) and deflections in
control sections 1 and 4 (with 12-in. gravel) because section 2 deflects as much as sec-
tion 4 and more than section 1.

4. Regardless of a cement content that is comparatively lower in section 6 (with 6
percent cement plus 1 percent sodium sulfate base) than in section 5 (with 11 percent
cement base), section 6 deflects as little as section 5. Both sections contain a 5 per-
cent cement subbase. The addition of 1 percent Na,SO4 substantially increases the
strength of the cement-stabilized soil. On the contrary, section 7 contains a 10 per-
cent cement plus 1 percent Na»SO. and unexpectedly deflects as much as section 6. A
possible reason for this is that the subbase material in section 7 has the same cement
content but only about 50 percent of the strength of the material in section 6 (Fig. 5).
Because of the effect of unequal subbase support, one can hardly evaluate the advantage
of using one material over another in the base course simply from the relative perfor-
mance in deflection of each pavement section.

Plate Bearing Test

Five different plate load intensities, 5, 10, 15, 20, and 25 kips, were applied stat-
ically to a 12-in. diameter plate by using a hydraulic jack. Deflection of the loaded
plate was measured at opposite ends of a plate diameter by means of 0.001-in. dial
gauges mounted on a reference beam. Two permanent testsites in each section are lo-
cated on the boundary separating the traffic and shoulder lanes, 150 ft from the begin-
ning of each section on the right and 150 ft from the end on the left.

Tests were conducted annually in different seasons. Results of the test conducted
in April 1971 are shown in Figure 7. Each curve represents the average of test results
at 2 locations. In general the slope of the load-deilection curves is steeper for the
soil-cement sections than for the control sections. The slope of the curve is a function
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August 1969 Deflection (107° in.) April 1971 Deflection (10~ in.)
Right Left Right Left
Right Traffic Left Traffic Right Traffic Left Traffic
ction  Station Shoulder  Lane Shoulder  Lane Shoulder Lane Shoulder  Lane
13+00 0.014 0.040
13450 0.010° 0.004* 0.013° 0.012*
14400 0.011 0.007 0.016 0.011
14+50 0.005* 0.006 0.015° 0.011°
15+00 0.020 0.008" 0.029" 0.023"
15+50 0.006 0.004 0.015 0.013"
16+00 0.010° 0.006" 0.019" 0.012*
16+50 0.004 0.006 0.009 0.012
17+00 0.011 0.029
25+00 0.009 0.028
25+50 0.007 0.007 0.017 0.010*
26+00 0.008* 0.005* 0.018" 0.012*
26+50 0.004* 0.007" 0.011* 0.015
27400 0.011 0.008 0.031 0.019
217+50 0.010 0.007* 0.018 0.012*
28+00 0.007" 0.006* 0.009* 0.009"
28450 0.004 0.005 0.010 0.012
29+00 0.006* 0.022°
31+00 0.011 0.042"
31+50 0.009* 0.009* 0.020° 0.017*
32400 0.006" 0.010 0.008" 0.014*
32450 0.002 0.005 0.011 0.019"
33+00 0.008 0.003 0.031 0.015"
33+50 0.004 0.008 0.016 0.018
34400 0.008 0.004 0.011 0.012
34450 0.005 0.012 0.013 0.012*
35+00 0.008* 0.024°
37+00 0.004 0.008*  0.007* 0.004*
37+50 0.005 0.013 0.003 0.004 0.015 0.018" 0.010 0.011
38+00 0.010 0.004 0.008 0.020
39+00 0.002 0.008 0.037 0.013*
39+50 0.004 0.009 0.006 0.005 0.017* 0.026 0.008 0.012
40+00 0.009* 0.004* 0.139* 0.026*

icks developed around test site.
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Table 2. Pavement deflection under 15-kip plate

Figure 8. Pavement deflection under 15-kip piate load.

load.
Deflection (107° in.)
Sectiori  Station Lane July 1969 April 1971 by
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Table 3. Roughometer test results.
Shoulder Lane Roughness Index
(in./mile) Traffic Lane Roughness Index (in./mile)
Direction Section May 68 Maurch 69 Ocl, 69  Oct. 71  Aug. 67 May 68 March 68 Oct. 69  Oct. 71
Southbound 1 88 105 89 — 88 79 98 84 -
2 114 119 119 104 101 88 98 101 113
3 97 110 99 126 108 92 114 106 121
4 97 101 98 113 106 92 105 92 110
5 79 105 96 119 91 92 105 92 117
6 97 114 107 123 114 101 114 112 121
7 130 130 121 114 109 115 130 112 115
Northbound 1 97 132 109 - 88 79 114 96 -
2 105 114 110 115 88 92 105 97 107
3 79 98 105 124 97 84 105 105 120
4 97 98 114 115 97 84 98 97 105
5 88 114 108 121 101 92 98 105 125
6 97 123 113 103 114 101 114 107 126
7 120 110 87 105 94 111 120 93 110
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of the stiffness of the pavement material; therefore, it is an alternate measure for
load-carrying capacity of the pavement sections.

Pavement deflection under a 15-kip plate load is shown in Figure 8. (The intensity
of plate load, 15 kips, was selected arbitrarily.) The results follow generally those of
the Benkelman beam test. A study of the influence of cracking on pavement deflection
under plate loads is given in Table 2. No consistent results indicate that cracking causes
an increase in pavement deflection.

Roughometer Tests

The riding quality of the test pavements was determined in terms of a roughness
index. Tests were conducted by the Rhode Island Department of Transportation using
the BPR roughometer. Three runs on each traffic lane and one on each shoulder lane
were made in the tests in August 1967 and May 1968; however, only two runs were made
on each traffic lane and one run on each shoulder lane in the tests in March and October
1969 and October 1971. The roughometer was not available for tests in 1970. Test
results are given in Table 3.

In general, the surface roughness of shoulder lanes is individually greater than that
of traffic lanes for all sections. That condition is presumably caused by either faster
traffic or greater confinement effect, or both, in the traffic lane. The faster traffic is,
the greater is the impact action, which gives greater smoothing effect; increasing con-
finement increases pavement stiffness and thus decreases pavement deflection under
the test truck. The test results also suggest that control sections 1 and 4 possess
smoother surfaces than soil-cement sections. The reason may be that the control sec-
tions can be more easily smoothed by traffic than the soil-cement sections can because
the penetrated rock base is generally less stiff than the soil-cement base. In addition,
as is discussed later, the soil-cement sections develop cracks; cracking disintegrates
the pavement and could, therefore, increase pavement roughness.

Cracking Behavior

Surface cracks were first noticed in the winter immediately after completion of con-
struction. Development of cracks was studied by careful surveying and mapping annu-
ally. The depths of the cracks were determined by taking core samples across a crack.
It was found that the cracks generally go through the entire base course but only toabout
the middepth of the subbase layer. The widths of the cracks are in general smaller than
Ys in., and once cracks developed no further change in width was noted. Cracks were
observed in the sections with soil-cement layer only. Thus, the development of surface
cracks must be due essentially to the presence of the soil-cement layer.

Surface cracks in the pavement with a soil-cement layer may be a result of thermal
stress, cement hydration, stress due to moisture change, non-uniform frost heave,
differential settlement, fatigue failure in surface layer or inthe soil-cement layer or
both, weak bond between two construction strips due to inadequate mixing, and the like.
Among all of these possible causes, that of differential frost heave and settlement does
not appear likely because neither detectable difference in elevation on either side of
cracks nor surface unevenness was observedin surface leveling. In addition, because
no alligator cracking developed, the cracking is probably not due to fatigue failure
either. Except for some cracks, both transverse and longitudinal, that apparently de-
veloped along the construction joint because of inadequate mixing, most cracks are
caused by thermal stress, cement hydration, and stress due to moisture change.

The location and length of the cracks observed in March 1971 are shown in Figure 9.
All surface cracks develop in transverse and longitudinal directions only. Figure 10
shows the crack length surveyed in April 1969, March 1970, and March 1971. Cracking
increases with time for all sections. The length of longitudinal cracking is greatest in
section 3 (9 percent cement) and least in section 5 (11 percent cement). Most of the
longitudinal cracking in section 3 developed along the centerline of the pavement (Fig.
9). At the beginning, transverse cracks developed the most in section 5 (11 percent
cement) and the least in section 7 (10 percent cement plus 1 percent NazSO4). The rate
of increase in crack length with time, however, was fastest in section 6 (6 percent ce-
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ment plus 1 percent Na,SO4) and slowest in section 5. An addition of 1 percent Na,SO.
apparently causes an increase in the rate of transverse crack development. Based on
the present data, it would appear that section 6 will eventually have the greatest amount
of transverse cracking, section 5 will have the least, and sections 7 and 3 will have
amounts between these two. More data are needed to lead to a final conclusion, however

Response to Freezing Temperature

In general, the average daily air temperature in the vicinity of the test road reaches
a maximum in July and a minimum in January. Freezing temperatures usually occur
from December to March. The freezing index and duration of freezing obtained from
records of the Newport Water Department are given as follows:

Freezing Index Duration of Freezing
Period (deg-days) (days)
1967-68 315 62
1968-69 100 32
1969-70 274 44
1970-71 273 53

The response of the test road to freezing temperature was evaluated on the basis of
its resistance to the penetration of freezing temperature and the amount of frostheave.
Penetration of freezing temperature was determined by using temperature gauges in-
stalled in the pavement. No significant frost penetration was detected in the 1968-69
winter because of low freezing index and short duration of freeze. The maximum depth
ot frost penetration ranged between 14 and 16 in. in the 1967-88 winler and belween 8
and 12 in. in the 1969-70 and 1970-71 winters. Unfortunately, conclusions regarding
the relative response of each section to frost penetration can hardly be drawn from the
data available.

Level of the test road surface was determined by means of an engineer's level at
least once a year to detect frost heave. The overall elevation of the pavement surface
was higher inthe winter than in the summer probably because of the frost action. How-
ever, no indication of differential heaving in individual sections and between sections
was seen.

SUMMARY AND CONCLUSIONS
Performance of the test road evaluated to date is summarized in the following:

1. At any corresponding elapsed time after construction, the deflections measured
by Benkelman beam and plate bearing tests are all greater in the spring than in the
summer., Much smaller deflections are yielded by the sections with soil-cement base
than by the sections with penetrated rock base (Figs. 6 and 8). The beneficial effect
of increasing cement content in the base course, however, is not apparent because of
the masking effect due to the weaker subbase in section 7.

2. The surface roughness is generally greater in shoulder lanes than in traffic lanes
It seems that the control sections possess a better riding surface than experimental
sections (Table 3).

3. All pavement sections with soil-cement bases develop cracks because of thermal
stress and cement hydration. The total length of cracks increases with increasing cur-
ing time. Results of the crack study seem to suggest that the base course with higher
cement content (without Na»SO4) develops more transverse cracks at the beginning and
the cracks increase with time at a slower rate; furthermore, an addition of 1 percent
Na.SO. increases the rate of transverse crack development (Fig. 10). However, more
data are required before a final conclusion can be drawn.

4. No significant frost penetration was observed in the 1968-69 winter. The depth
of frost penetration varied from 14 to 16'in. in the 1967-68 winter and from 8 to 12 in.
in the 1969-70 and 1970-71 winters. The overall surface elevation was higher in the
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winter than in the other seasons, and that could be due to frost action. No differential
frost heaving in each section and between sections was observed, however.

The pavements constructed with soil-cement base possess greater rigidity and thereby
deflect less under loading. With a greater rigidity in the soil-cement layer, the riding
quality of the pavements can hardly be improved by the traffic. Furthermore, all soil-
cement pavements develop cracks that increase with increasing curing time. Formation
of cracks could increase the pavement surface roughness; however, no conclusive evi-
dence to date indicates that cracking would reduce the pavement stiffness and increase
surface deflection.
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