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1. INTRODUCTION — OBJECTIVES

To evaluate the various factors influencing the stability of granular

base course mixes, three primary goals were included in the project:

(1)

(2)

(3)

determination of a sultable and realistic laboratory method of
compaction;

effect of gradation, density and mineralggy of the fines bn‘shear-
ing strength; and

possible improvement of the shear strength with organic and

inorganic chemical stabilization additives.



II. MATERIALS

Three crushed stones were used in this project. Each was selected in
cooperation with the Towa State Highway Commission's Director of ﬁeSearch,
Materials Engineer and Geologiét ag being representative of ISHC approved
crushed stone for rolled stone bases., The three crushed stones used include:
1. A weathered, moderately hard limestone of the Pennsylvania
System, which outcrops about half of the state of Iowa. It was
obtained from near Bedford, Taylor County, Iowa, and hereafter
is referred to as the Bedford sample. Gengtally, rock of the
Pennsylvanian System is of poor quality, but is the only economi-
cally available stone in many regions of the state.
2. A hard concrete quality limestone of the Mississippian System
‘obtained from near Gilmore City, Humboldt County, lowa.
Hereafter it is referred to as the Gilmore sample,

3. A hard dclomite of the Devonian System, of consistent quality,
and a valuable source of aggregate in Iowa. Obtained from
near Garner, Hancock County, lowa. Hereafter it is referred to
as the Garner sample.

Results of chemical and mineralogical tests of the three stones; as
determined by x-ray identification, pH measurement, cation exchange capacity
(CEC) and hydrochloric acid-soluble and nonsoluble minerals, are shown in
Tables 1, 2 and 3. Table 4 presents the engineering properties of each of

the three materials.

In addition to the physical property tesﬁs noted in Table 4, porosities '

(i.e., percentage relation of wvoid volume to total volume) of duplicate %-in. '
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diameter by 1 1/2-in. high cylindrical cores and 3/4~-in. crusher run parti-
cles were determined by the gas pycnometer method. Quantitatively the
porosity of the Bedford stoﬁe was slightly over 327, while the Garner and
Gilmore stones were about 10 and 12% respectively. The difference in
porosities'between the Bedford sample and éhe Garner and Gilmore samples

ig significant,

~Table-l. - Mineral constituents of the whole material by x-ray diffraction*.

. CalCiteﬁd?lgmite
Stone Calcite Dolomite Quartz Feldspar ratio‘®
Bedford Pred, Small amount Trace Not ident. 25
Garner - Pred, Second pred. Trace Not ident. 1.16
Gilmore Pred. ‘None . Trace Not ident. e

(a)Obtéined from x-ray peak intensity.

Table 2. Non-HCl acid soluble clay mineral constituents of the whole
material by x-ray diffractiom®.

Vermiculite- Micaceous
Stone Mont. chlorite material ZKaolinite Quartz
Bedford None Not ident. Pred. Poorly Large amount
crystalline
Garner None Small amount Pred. Second pred.  Large amount
Gilmore None None None Pred. Small amount

Representative sample was ground to pass No. 100 sieve.



Table 3. Quantitative chemical analysis of whole material”,
Non-HC1 Nonclay mineral HCT soluble
soluble non~HCL calcareous
CEC clay minetrals soluble Material material
Stone pH {me/100 g) (%) (%) 7 (%)
Bedford 9.40 10.88 10.92 Trace 89.08
Garner 9.25 10.60 5.70 1.03 93,27
Gilmore 8.99 5.86 <}.66 Trace >08.34

*Representative sample was ground to pass No. 100 sieve.

Table 4. Representative engineering properties of crushed stone materials.

Textural composition (%)
Gravel (>2.00 mm)
Sand (2.00 - 0.074 mm)
Silt (0.074 - 0.005 mm)
Clay («0.005 mm)
Colleids (<0.001 mm)

Atterberg limits, (%)
Liquid limit
Plastic limit
Plasticity index

Standayrd AASHO-ASTM densify:
Optimum moisture content,
% dry soil weight
~Dry density, (pef)

Specific gravity of minus
No. 10 sieve fraction

Textural classification
AASHO classification

Unified clasgsification

Bedford . Garner Gilmore
73.2 61.6 66 .8
12.9 26.0 23.3

8.4 10.2 5.9

5.5 2.2 4.0

1.7 1.4 0.9
20.0 Non- Non-
18.0 plastic plastic

2.0
10.9 7.6 9.4

127 .4 150,.5 130.8
2.73 2.83 2.76

Gravelly sandy loam

A-1-b A-l-a A-1-a

oW GW GW




III. PROBLEM 1 — LABORATORY COMPACTION

The purpose of this stu&y was to ascertain a laboratory compaction
procedure which would give uniform, controllable density while minimiziag
degradation and segregation of the compacted stone samples. The procedures
analyzed were:

(1) standard AASHO-ASTM compaction;

(2) static compaction;

(3) vibratory compaction; and

(4) drop hammer compaction, i.e., molding the whole sample by drop

hammering on both top and bottom.

Since the Bedford sample was the least hard of the three materials and has
been shown in the field to be representative of the least stability, it

was used as the major sample in this study.

A,  Standard AASHO-ASTM Compactién

Triplicate representative samples of the Bedford material‘were divided
intolsix equal portions, each portion large enough to produce one standard
density specimen. The first portion was set aside uncompacted to be used
as the control sample for comparison by mechanical analysis. Increasing
increments of distilled water were added to each of the remaining portions
to produce one point on the M-D curve. Mixing was accomplished by hand
to minimize degradation during mixing. Following compaction.each specimen
was weighed, extruded and examined for visual segregation. Duplicate

moisture samples were then removed from each specimen and the remainder was

retained for mechanical analysis.



The results of the standard AASHO-ASTM moisture-density study are:

Optimum moisture content Dry density
Sample no. ‘ (% dry soil weight) (pcf)
A 10.4 126.9
B 10.8 128.2
c 11,5 | 127.1
Average _ 10,9 . - 127 .4

Little wisual segrégation was noted in the specimens. Density and moisture
content varjation was within normally accepted limits for each‘sample;-

Table 5 presents a comparison of the average percentage of particle
size clasgifications prior to and following the standard M-D test. The
control values are the average of triplicéte specimens, The compacted
values are the average of all compacted specimens.

Table 5. Comparison of average percentage of particle size fractions
before and after AASHO-ASTM standard compaction.

AASHO-ASTM particle Average percentage of particle

Size _ size (% of total dry sample)
Control | Compacted
Gravel - 73.2 66.3
Sand _ 12,9 14.6
8ilt . B.4 12.2
Clay ‘ ‘ 5.5 6.9
Colloids 1.7 1.8

It can be noted that the gravel portion is reduced nearly 7% while the
fines content {i.e., minus No. 200 sieve fraction) is increased more than
5% following compaction by this method,

In the three replications of the procedure, for the specimeﬁs compacted

at less than standard optimum moisture content, the data indicated additional
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decreases in percent gravel and a corresponding increase in fines from

the average value shown in Table 5. Above standard OMC the samples showed

little additional change in degradation from the average noted in Table 5,

indicating the lubrication effect of the water.

B, Static Compaction

In this procedure, compaction of the Bedford material was accompiished

by application of a load to the top of the sample in a 1/30 cu ft standard

AASHO-ASTM mold. The procedure was as follows:

1.

3.

Sufficient material, hand mixed to optimum moisture content
(10.9%) for maximum standard density (127.4 pcf) in the 1/30 cu ft
mold was weighed, placed in the mold, and rodded full depth 25
times with a 0.5 in. diam rod tapered to a dull,. rounded §oint.‘
A 2000 1b load was transmitted to the top of the specimen
through a steel piston having an cutside diameter slightly
under the 4-in. inside diameter of the mold, until the

height of the sample was 4.56 in.

Triplicate specimens were produced for rates of loading of
0.064, 0.208 and 0.304 in. per minute until the 2000 1b maximum
load was reached.

Triplicate specimens were also produced for times of maximum

toad holding of 1, 2 and 5 minutes,



Following compaction, each specimen was weighed, extruded and examined
for visual segregation. Duplicate moisture samples were then removed from
each specimen and the remainder of the specimen was retained for mechanical
analysis.

Segregation of particles was visually obvious ipn almost all of thé
statically compacted specimens. No correlation of segregation couid be
related to the compaction variables due to considerable variation of
segregation of the samples within any one compaction condition. In each
specimen, water and some fines tended to ooze from around the'piston and
the bottom of the mold, reducing the moisture content from an initial
average of 10.9% to as low as 8.67% (Table 6). Average dry density increased
from 0.6 to 1.7 pcf above that obtained by standard AASHO-ASTM compaction.
However, the variation of obtained density and moisture content by this pro-
cedure was within acceptable limits,

As noted in Table 6, no major effect on degradation was attributable to
rthe variation in loading rates or load holding times. It is obvioﬁs, however,
that sizeable reduction occurred in the‘percent gravel, and sizeable increases
occurred in all other particle size classes. The following table summarizes

the effects of static compaction on degradation,

Average AASHO~ASTM particle size
(% of total dry sample)

Compaction condition Gravel Sand Silt. Clay Colloids
None~-uncompacted (control) 75.7 9.7 9.6 5.0 1.1
Static load of one ton on 62.1 17.9 12,9 7.1 2.5

1/30 cu £t sample

Average variation of -~ 13.6 + 8.2 + 3.3 +2.1 + 1.4
compaction from control

_

i S N E N ST

L —

v

R

Mt e et



Table 6. Effect of static compaction variables on particle size degtadation.

Average Average AASHO-ASTM particle
Average moisture size (% of total dry sample)
dry content
Compaction density (% dry soil
condition (pcf) weighty Gravel Sand 8ilt Clay Colloids
None-uncompacted = — ==rw= ' ——— 75.7 9.7 9.6 5.0 1.1
(control)
0.064 in./min rate  129.0 8.9 62.5 17.7 13.3 6.5 2.9
l min holding time
0.064 in./min rate 129.0 8.9 63.5 17.7 12.2 6.6 2.4
2 min holding time
0.064 in./min rate 129.1 8.6 60.7 18.2 13.8 7.3 2.7
5 min holding time
0.208 in./min rate 128.0 9.6 61.3 18.2 13.4 7.1 2.4
1 min holding time
0.208 in./min rate 128.2 9.5 60.7 19,5 12.3 7.5 2.6
2 min holding time
- 0.208 in./min rate 128.1 9.8 0 63.2  16.4 12.8 7.6 2.4
5 min holding time
0.304 in./min rate 128.4 9.6 62.9 18.4 11.2 8.0 2.2
1 min holding time ' '
0.304 in./min rate 128.4 9.7 62.5 16,9 13.6 7.0 2.5
2 min holding time
0.304 in./min rate  128,5 9.4 62.2 17.8 13.2 6.8 2.5

5 min holding time
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C. Drop Hammer Compaction,

To accomplish the objectives of Problems 2 and 3 of the project it was

anticipated that 4-in. diam by 8-in. high cylinders would be used. It was

considered advisable to ascertain the segregation and degradation effects on

4 x 8 cylindricai Bedford samples compacted similarly to that shown in ASTM

Designation D 1632-63, "Making and Curing Soil-Cement Compression and Flexure

Test Specimens in the Laboratory.' The procedure adopted was as follows:

L.

2.

Sufficient material, hand mixed to optimum moisture content (10.9%)
for maximum standard density (127.4 pcf) in the 4 in. diam b& §~in.
high mold, was weighed, placed in the mold énd rodded from the top‘
down until refusal.

A separating disc was placed on top of the specimen and compaction

was accomplished by dropping a 15~1b hammer (shown in D1632-63)

- a height of 12 in.

The mold was then inverted and the drop hammer was again used.
To obtain the proper relationship between standard density and
number of blows of the hammer, a series of cylinders were molded
using 10, 12, 15, 20 and 30 hammer blows on each end of the

specimen.

Following compaction, each specimen was measured for height, weighed,

extruded

and examined for visual segregation. Slight segregation of the fines

was noticeable at each end of the specimens. Duplicate moisture samples were

then removed from each specimen and the remainder was retained for mechanical

analysis.

Figure 1 shows the relationship between dry density and the number of
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blows on each end of the specimen. The standard dry density could be
reasonably reproduced using 15 blows of the hammer onm each end of the specimen.
At 20 blows on each end of the specimen, the density was much less reproducible.
The variation of moisture content following compaction from the initial mix
content -of 10.9% was very slight with zll specimens.

Figure 2 shows the variation of'percent particle size %ersus number of blows
on each end of the specimen, Maximum degradation occurred at 15 blows of the
hammer, i.e., almost 12% reduction in the amount of gravel with distribufed
increases in the other size fractions, from 10 to 15 blows on each end of
the specimén.

As previously noted, the moisture content of each specimen point in
Figs. 1 and 2, both prior te and following molding, was very closeiy related.
Thus there appears to be no reasonable correlation between amount of degradation
and number of blows, due to moisture content. Because the degradation is
shown to be less at 20 and 30 blows than at 15 blows, but still greater than
at 10 blows, it is thought that the higher numbers of blows causes packing
of the particles which tends to imhibit increased degradatiomn. Such is further
assumed because of the slight reduction of demnsity from 15 to 20 to 30 blows

as in Fig. 1.

D, Vibratory Compaction

In the three preceeding sections, the state of compaction relies on either
pounding or pushing the particleé into an intimate arrangemenﬁ. Vibratory
compaction relies heavily on the proper combinations of frequency, amplitude,
amount of time of vibration and amount of surcharge weight on top of the sample

to produce the desired state of densification,
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In this phase of compaction, the following procedure was used:

1.

3.

Sufficient Bedford material, hand mixed to optimum moisture content
(10.9%) for maximum standard density (127.4 pcf) in a specially
built 1/30~-cu ft Proctor mold*, was weighed, placed in the mold and
rodded until refusal.

A weight was placed on top of the specimen and vibrated under the
conditions noted below.

The weight was then removed and the specimen was measﬁred for

height.

After the mold was removed from the table each specimen was weighed,

cextruded and examined for visual segregation. Duplicate moisture content

samples were removed from each specimen and the remainder was retained for

mechanical analysis.

The frequency of vibration of each specimen was held constant at 3600

cycles per minute on the Syntron Electric Vibrator table. Duplicate

specimens were produced for each of the following variables:

l.

2.

3.

Vibration periods of 1/2, 1 and 2 minutes.
Surcharge weights of 15, 25 and 35 1b.
Three settings of amplitude dial, each causing a change of amplitude

under the three weights as shown in the following table:

Amplitude _
Surcharge weight control dial . Measured amplitude of

(1b) setting vibration (mm}
15 10 0.764

50 0.863

90 0.915
25 10 0.332

50 0.705

S0 ‘ 0.551
35 10 0.330

50 - 0.320

90 0.368

o

*The mold was specially built for attachment to the vibratory table.
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Amplitudes were measured by gluing a fine thread to the edge of
the vibrator table, stopping the visible motion of the thread with a strobo-
scope light beam, and measuring the vertical displacement of the thread with
a cathetometer. A minimum of three such readings gave the average values
noted in the above table.

Table 7 summarizes the effect of the vibratory compaction variables.on
the particle size degradation., The major vibratory compaction variable was
the surcharge weight on top of the specimen, the gfeatest amount of

degradation occurring with the 15-1b weight.

Table 7. Effect of vibratory compaction variables on particle size degradatiom.

Average AASHO-ASTM particle size

Vibratory compaction (% of dry sample)
variable Gravel Sand Sile Clay Colloids

Surcharge weight (1b)

15 66.4 16,2 11.4 6.0 1.8
25 70.0 14.6 10.1 5.3 1.6
35 73.2 12.2 9.5 5.1 1.6
Amplitude control dial
setting
10 ‘ 69.1 14.8 10.5 5.6 1.7
50 69.1 14.4 10.6 5.9 1.7
90 71.5 13.4 10.0 5.1 1.6
Time (minutes)
1/2 70.3 13.9 10.2 5.6 1.7
1 68.9 14.9 10.6 5.6 1.6
2 70.4 14,2 10.1 5.3 1.6
None~uncompacted 73.2 12.9 B.b4 5.5 1.7

control sample
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Little or no degradation appeared with the combination of 35 1b of sur-
chargé weight, amplitude control dial setting of 20 (0.368 mm of amplitude)
and 2 minutes vibration time.

Segregation was visually noted to vary primarily in relationship to
surcharge weight. The 15-1b surcharge specimens were segregated throughout
but segregation became slightly more pronounced at the top of the specimen
immediately under the weight. A thick slurry of water and fines oozed out of
the specimen around the 15-1b surcharge and apparently caused the more pro;
nounced éffect of gsegregation of the larger particles at the top of the specimen.
At the opposite extreme, the 35-1b surcharged specimens were quite uniform
in their appearance with no visual segregation.

~Following compactign, moisturé content and density also appeared to vary
in relation to surcharge weight. The 15-1b surcbarged specimens varied from
almost 100% to és low as 87.7% of the average standard or initiél mixing
moisture content. Density of these specimens also varied from 88.9% to
almost 100% of the average AASHO-ASTM standard previously noted. The 35-1b
surcharged specimens producéd much more controllable density, averaging 97.3%
of the standard. Likewise, the moisture content, following compaction,
averaged 96.8% of the initial (average standard OMC) mixing moisture.

The optimum combination of variables of 35 1b, 90 dial setting
and 2 minutes vibration time was also applied to a special mold for vibratory
compaction of 4~-in. diam by 8~-in, high cylinders to be used in Problems 2 and
3 of this project. Degradation was again found to be none to minimal.

Visual segregation was found to be nonexistent, with a few exceptions where the

samples had not been properly obtained from the bins and quartered. Moisture
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content following molding was consistently about 97% of the standard 10.9%
initial mixing moisture content. Density was consistently reproducible within

less than 1.0 pcf but still averaged about 2.6 pcf below the standard.

E. Garner and Gilmore Samples

As previously noted, the Bedford sample waé the least hard of the three
maferials and has been shoﬁn in the field to be representative of the least
stability. It was used as the major sample of the compaction study as noted
in the four preceding éections. Only standard AASHO-ASTM and vibratory
compéction procedures were compared using the Garner and Gilmore samplés.
These methods have been noted previously.

The results follbwed the same general trends as with the Bedford sample
with the exception that:

1. Dggradation of the Garner and Gilmore samples under standard

AASHO~ASTM compaction was not as pronounced as with the

Bedford sample, i.e., a maximum of about 4% decrease by dry soil
weight in the gravel fraction while aimost double this amount in
the Bedford.

27 Little or no visual segregation occurred in any of the vibrated

Garner samples.
3. Some slight segregation was noticeable in the 15-1b‘éurcharged
Gilmore samples.

4., Due to the lower quantity of fines and lack of plasticity (Table 4)

in the Gilmore sample, it was difficult to handle the extruded.

specimens, several of them falling apart upon handling.
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5. With each‘vibratory compaction variable, the density of the Garner
and Gilmore specimens were near or above standard AASHO-ASTM
values (Table 4). The 35-1b surcharged $amples showed more uniform,
controllable densities and were consistently about 3 to 4 pcf above
the stan&ard. Moisture content following compaction was consistently

lower than mix content as with the Bedford sample.

F. Summsa

The vibratory compaction procedure was congidered to meet the genefal
criteria of a laboratory compaction method producing the most uniform,
controllable density while minimizing degradation and segregation of compacted
specimens of each of the three materials., The combination of 3600 cycles per
minute frequency, 35-1b surcharge weight, 0,368 mm of amplitude and 2
minutes of vibration time was adopted for general use in the other problem

areas of the project.
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IV. PROBLEM 2 — SHEAR STRENGTH OF UNTREATED GRANULAR MATERIALS

The purpose of this study was to investigate the effect of gradation,
density and mineralogical characteristice of the three crushed stone sampies
while subjected to Shear stresses.,

€onsolidated-undrained triaxisgl shear tests with total volume change
and pore water pressure measurements were conducted on 4-in. diam by 8-in.
high specimens, compacted by the vibratory #rocedure previously summarized.

A rate of deformation of 0.0l in. per minute was used throughéut the testing.
This test was phosen for Problem Areas 2 and 3 as it more closely duplicates
field conditions than other conventional tests, and also allows determination

of the various shear strength parameters from one basic test method.

A, Effect of Frictional Interaction and Geometric Constraints

This portion of the problem area evaluated the effect of frictional
interaction between particles and the effect of gedmetric constraints among
these pérticles on the shear strength of the granular materials. Three steps
were followed:

1. Development of a theory allowing separate consideration of the two

mechanisms.

2. Testing of the theory against available published data on various

granular materials.

3. Study of the shear strength and deformational behavior of the three

crushed limestones in light of the proposed theory.

Reference is made to Tinoco and Handy(l) for a detailed analysis of this portion
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of the problem area.
Based upon energy considerations utilizing triaxial compression tests,

the basic equation developed by Tinoco is:

o, 8 2
“lT = tan2 {45 + 1/2¢ ) + Y tan (45 .+ 1/29 ) + 3 (L)
Oy 8 661 ] D

where 01'/03' is the ratio of major to minor effective principle stresses
at any stage during the deformation process; fv is the‘increment in natural
volumetric strain, being positive when the volume of the sample is increasing;
Gel is the incrément in naturai axial strain; A is Coulomb's angle of solid
friction and\9D is a parameter defined in subsequent paragraphs.

Consider a perfectly plastic and frictional rigid body shearing at no
volume change rate. The ratio of major to minoy effective principle stresses

is given by:

O
ey

|

"
F = tan® (45 +—2) - Qa

G

3
Consider a particle assembly shearing at no volume change rate. Then

the ratio of major to minor effective principal stresses becomes:

?
F=tan” (45 +5%) +J (2b)

Q
o

|

o]

3
where the fifst term of the right side of Eq. (2Zb) represents the frictidnal
registance of the assembly considered as a rigid body and.9D represents the
shear resistance of a frictionless particlé assembly, which is entirely
due to the particles rearranging within the assémbly.

If the particle assembly is shearing at a given volume change rate at

a given instant during the deformation process, then the 01'/03‘ at that

L_—

R
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given instant is:

ay” ® P
2 2
A = tan® G5 +22) + Z ran® (45 + =8) +J (3)
ag 2 de: 2 D
3 1
Thus, jD is a term representing the required 51’/03’ ratio to rearrange

frictionless particles within the assembly. However, the particles of the
assembly are indeed frictional particles and therefore Eq. (1) must be

rewritten as

o, ' _ P P
L can? 45 458 + M pan® s +-H +d e d (@)
o 2 be 2 £
3 1
The term J is that part of the cl'/03’ ratio spent in rearranging the
particles as if they were frictionless. The ﬂf is that part of the 01'/03'

ratio spent in rearranging the particles considered as possessing'friction.

Thus, the strength of a particle assembly is considered first as.the
strength of a rigid body; second, it is considered an ideal frictionless
particle aésembly wﬁich led to Eq. (2b); third, the rigid body is considered
to change in volume when it is sheared as a result of which Eq. (1) is
obtained; and fourth, the ideal frictionless particle assembly is transformed
into a frictional particle assewbly which leads to Eq. (4).

The values of 01'/03' and 8v/6&€ are known at any stage of the deformation
_process during the triaxial compression test. Thus, Eq. (1) involves two
unknowns, P and jDo

Before proceeding toward the solution for ¢  and ﬁD’ it is convenient

to rearrange Eq. (1) in order to obtain the following:

0' G' .
1 & ‘ .
Froa+ iy )i s v )] sin g, ()

3 1 3 1
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Experimental data obtained from the triaxial test shows Eg. {(5) to be
plotted as 01’/03' ~ (1 + GV/ﬁel) versus g,'/0," + (1 + 6v/6ell If this
plot becomes a straight line over a wide range of deformation, then it is
possible to determine the values of e and1ﬂﬁ. If the plot is not a straight
line over awide ranpge of deformation, then independent determination of 9
and\jD is not possible.

There are no reasons to assume that JD will indeed be a constant
during a given range of the de formation process. However, the above statement
leads to two alternatives in the case that the plot does not become a straight
line: (a) Independent determination of P and JD is not possible; or (b)
the experimental evaluation of the term 6v/6€1 is not correct. The value of
Py depends on the nature of the mineral, the properties of its surface and the

(2)

size of the load per particle . The parameter 9D is a function of the

packing characteristics of the assembly and is therefore dependent upon

gradation, particle arrangement, particle size, stress history and type of
(1)

shear test o

Once the value of Py is determined, the value of J may be determined at

any stage of the deformation process. with § known at any stage of deformation,

the following quantities may be readily determined:

6WiD _ bv + J (6a)

t - - 3
Oy ﬁel ael 1 - sin ¢g

H

&f’ég = (zl. - 1) - ﬂ%%- (6b)
93 7% 3 93 9%

B
Jp =71 sin ¢% (6¢)

- J (6)

e T T sin g

where §W,B and SW__ are the increments in the rate of internal work absorbed
i

M s
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in dilatancy and friction, respectively. The terms SWiD/GB'ﬁel and

6w.f/o3'661 are the ratios of the increments in the rate of internal work

absorbed in dilatancy or friction to the product of the mipor effective principal

stress by the increments in natural axial strain. The terms GWiD/GB’éel and

éw,f/cs'éel do not represent a particular energy ratio but are selected for
i

convenience and simplicity of calculation.

In the following section of this report let

oW &W 6w '

if if . ¢ - o if \9 \ﬂ
—E— [ s = F', and —5F~—— + + = D (7a,b,c:)
a, 661 o, 6€1 f U3 ey £ _

1. DPetermination of the Angie of Solid Friction of the Crushed Limestones

Determination of the angle of solid friction was made from Eq.(5). The
term 6v/6€1 is the ratio of the increment in natural volumetric strain to
the natural axial strain. However, the data used in this project gives v
in terms of the initial volume and the axial strain in terms of the initial
1éngth of the tested specimen. Thus v and €, represent the "engineering“
volumetric strain and the "engineering' axial strain. Therefore it is assumed
that the ratio of the increment in natural volumetric strain to the increment
in natural axial strain is approximately equal to the ratio of the increment
in "engineering" volumetric strain to the increment in "engineering" axial
strain; the notation used for the latter is the s ame as the one used for the
former.

Equation (5) was applied to selected results from the numerous triaxial
tests performed. The selection was based on variables which may have had an
influence on the behavior of the crushed limestones such as void ratio, level

of confining pressure, stress history and change in sample gradation.
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Figures 3 through 6 illustrate four of the selected plots of Eq. (5).

Linear relations were found over a wide deformation range régardless of the

variables being investigated. Two features common to most of the plots were

the existence of more than one linear relation, and deviation from a linear

relation during the initial stages of deformation (less than one percent of

the axial strain). Existence of more than one linear relation may be due to

the use of "fixed" ends, which introduce nonuniformity of strains withiﬁ
the specimen.

Calculated values of siané ranged from 0.560 to 0.565, respectively,
corresponding to solid friction angles of 34.1° to 34.4° for the three
stones. The average value of the angle of solid friction for the crushed
limestones was 34.20, indicating that the method allows the calculation of
9 which is solely dependent on the mineralogical characteristics of the
particles. Calcite was the pre&ominant mineral found in each of the lime-

(3)

stone samples. Horn performed tests on pure calcite and obtained an
angle of friction of 34.2° under submerged conditions.
Figure 4 illustrates a reloading test with the Gilmore stone. This

specimen was unloaded after the maximum value of 01'/03

loaded to maximum 01'/03'. No significant changes were produced in the plot.

The calculated value of sin Py is 0.562 for a solid friction angle of 34,2°.

Triaxial tests performed on the crushed limestones revealed that the

values of the parameter S were functions of the confining pressure and the

stage of deformation at which the measurement was made. This indicates that

\yis not only a function of the gradation but a function of particle arrange-

ment in the case of well-graded granular materials, as is the case of the

' was reached, and again

[
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crushed limestones used herein. Because the value of 4 changes with changes
in deformation, it was not possible to assign unique values of J for a given
material. Therefore, the usefulness of this parameter was in thelcalculaticn
of the functions F, F' and D which describe the behavior of‘the specimen
during deformation.

2. Significance of the Functions F, F', and D

Figures 7 to 13 show plots of the functions F, F' and D versus the
"engineering" axial strain in percent.

Function F_represents the rate at which friction is developed within the
sample. Thus, g plot of the function F versus the axial strain represents
the changes in the rates at which friction is developed within the sample
as the test progresses.

Figures 7 and 8 represent the above plot for Garner limestone tested
at confining pressures of 80 and 30 psi respectively. Comparison of the
development of the function F between the figures emphasizes effect of the
confining pressure in the deformational behavior of the samples.

Figure 7 shows a decrease in the rate of frictional development during -
the initial stages of deformation. This behavior suggests weak -groups of
particles are rearranged producing a compaction or densification process
within the sample. After this initial stage is overcome, there is gradual
increase in rate of fricfionai development. From Fig. 8, densification of
the sample tested at a confining pressure of 30 psi takes place rather
immediately.

Thus, the effect of higher confining pressures is to increase the pheno-
menon 0of rolling between particles or group of particles, usually associated

with volume decreases within the sample. This means that the process of
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deformation of the granular sample is different under different confining
pressures. The rearrangement of the particles caused by rolling under high
confining pressures, for example 80 psi, must be reduced if a second loading

or a reloading is applied to the sample after the initial stage of densification
is overcome. This is clearly seen in Fig. 9 for a Gilmore sample tested at

a confining pressure of 80 psi, initially loaded to the maximum value of
Gl'/UB', unloaded and again loaded to the maximum value of 01'/03'.

It may be argued that slight differences in initial void ratio between
the Garner samples at 80 and 30 psi (Figs. 7 and 8) was the cause of the
differences in behavior presented above. However, similar phenomenon occurred
betweeﬁ samples of the Bedford limestone tested at 80 and 30 psi and at
about the same initial void ratio.

Function F' represents the combined effect of friction and particle
rearrangement due to friction. The term "particle rearrangement due to friction"
requires a brief explanation. A granular system, when sheared, changes its
volume. The volume change is not only reflected by the change in position of
individual or a group of particles, but alsc produces additional work
absorbed in friction go enable the particle or group of particles to change
their relative positions with each other. The calculation of parameters
S and Jf was directed to separate these two effects, namely, the work done
in changing the sample volume and the additional work done in friction due
to this volume change within the sample. This separation of effects is
thought to be the clue for obtaining an angle of scolid friction which is
solely dependent upon the mineralogical characteristics of the particles.

The plot of F' versus axial strain represents the changes in rates at
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which total friction is developed within the sample. Total friction is
ﬁnderstood to be the combined effect of sliding friction and the additional
work done in friction due to particle rearrangement.

Effect of confining pressures again show in the rate of development of
F' with respect to axial strain. However, there is a faster rate of decrease
rin the development of F' in a samp1e tested at a confining pressure of 30
psi than in a sample tested at B0 psi after the maximum value of 01'/6 ' has

3

been reached. This indicates a more '"unstable" structure in the sample at

3

because maximum potential energy within the particle assembly is easily

30 psi after the maximum value of 01'/5 is reached. This may be expected
reached at lower confining pressures.

Function D represents the combined effect of friction due to sliding,
plus particle rearrangement due to friction, plus particle rearrangement due
to changes in the volume of the sample. Function D represents, at any given

instant in the deformation process, the rate at which the total internal

works, after being corrected for volume change, is developed within the sample.

Thus, the plot of the function D versus the axial strain represents changes
in the rate of total internmal work after being cofrected for volume changés
devéloped within the sample as the test progresses.

The only significant difference in the development of function D between
samples tested at 80 and 30 psi is the change in curvature exhibited by the
former during initial stages of deformation and due to‘densification taking
place at this early stage of deformation.

The initial process of compaction will render a modulus of deformation
which increases with the confining pressure, where the modulus of deférmation

L]

is the ratio of g, '~ to the required axial strain.
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Shape of the curves indicates that.the maximum value of cif/c3' is reached

.at lower axial strain for samples at lower than for samples at higher confining

pressures, The difference in axial strain may be explained on the basis that
the greater deformation required for the latter is due to the process of

densification taking place during the initial stages of the deformation process,

3. Comparison of Deformation Characteristics of the Three Crushed Limestones
Effect df void ratio on the values of F, F' and D for Bedford 1iméstone
samples tested at a confining pressure of 80 psi is shown in Figs. 10 and 11.
The higher void ratio specimen:(Fig. 10) shows a very slow development of the
function F as the test progresses, indicating a densification process which
in time results in a very‘slow frictional development. The sample at lower
initial void ratio (Fig. 11) develops friction atla much faster rate. In
fact, the rate of development of the functions F, F' and D are each faster
at lower in;tial void ratio. The maximu# va;ue of oi’/03’ is the same for
both sampleé in spite of the differences in initial void ratio. 1If the

maximum value of ci'IGB' is chosen as the strength criteria to evaluate these

two samples, then no difference in behavior of the two is found. However,

if a closer inspection is made of the difference between the values of D and

¥, such difference is much larger_for the sémple at high initial void ratio

than for the lower initial void ratio sample. In fact SwiD/awif for both

éamples are 1.00 and 0.69, respectively. Thus, even if the ﬁaximnm value

of cl'/oéf is the same for both samples, there is a difference in the composition
of their strength. The sample at higher initial void ratio achieves this ratio
because a greater amount of work is spent in dilation and indicates that it re-

quired larger amounts of strain to develop the same value of 01'/03'. This indicates
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that the mechanism of deformation of this sample under the applied loads
consists mainly of rearrangement of particles due to rolling, whereas the
mechanism of deformation of the samp}e at a lower void ratio consists mainly
of sliding of the particles.

The.number of sliding contacts within the sample at lower véid ratio is
greater than the sample at higher initial void ratio. However, the number
of sliding contacts available within a given sample is not directly related to
the initial void ratio since the latter is not completely representative of
the packing characteristic of the ssmple. Definition of a sliding contact
in a particle assemﬁly is presented in Reference 1.

Comparison of the Garner and Bedford limestones tested at a confining
pressure of 80 psi can be made from Figs. 7 and 11. Rate of dévelopment of
function F for both samples is about the same. There are marked differences
in the rate of development of functions F' and D, indicating that the strength
measured by the mawimum value of 01;/03’ is also markedly‘different.

If rate of development of function F (Figs. 7 and 11) is directly related
to the relative number of sliding contacts within the sample, then, in spite
of the difference in initial void ratio, the relative number of sliding
contacts is about the same for both samples. Differences in amount éf
deformation required to reach maximum F are due to the densification taking
place within the Garner sample during the initial stage of deformation. Again,

there is a large difference between the ratio GWiD/SWi for both samples.

f

Values of the ratio SWiD/SW , at the maximum value of oi'/o ', are 1.3 and

if

0.69 for the Garnmer and Bedford samples, respectively. A higher value of

6wiD/6wif was correlated with the amount of rolling taking place within the

L
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sample. 1In this case, the sample at a lower initial void ratio developed
more rolling and it had a higher value of 01'/03' than tﬁe sample atlhighgr :
void ratio. This indicates that the Garner sample may be brought to a lower
o void ratio than the void ratio obtained with the sample preparation method

used in this investigation. Therefore, the Bedford sample developed a relatively
higher strength than the Garner sample with respect to their-particuiar
structure, even though the value of gl'{as' was higher for the Garner than for
the Be#ford sample. This ﬁeans that the "best' packing in terms of deformation

" and composition of the strength of the Garner sample was not achieved. 'Best"

packing is understood as giving a low value of the ratio swinléwif calculated
ét the maximum value of 01’/03'. | | |

Similar analyses may be performed with the Bedford and Garﬁer samples
tested at a confining pressure of 30 psi, as shown in Figs. 8, 12 and 13.
The rate at which the function F is.}developed for samples at 30 psi is faster than
the rate :Eof samples at 80 psi. This indicates that t*;he relative ‘numbe‘r of sliding
contacts is higher for samples at 30 psi than for; samp Les under a co'nfining pressure

of 80 psi. The higher pressures favored rolling rather than sliding. As aresult

values of the ratio ﬁWiD/ ﬁwif are 1ower“fqr1$hp-:sampﬂsas. at higher confining pressure.

Figure 14 shows the relation between maximum 01'/0”3

' and initial void
ratio. Initizl void ratio is the calculated wvoid ratio after consolidatipn
under the applied confining pressure has been completed. Maximum gl'/os'
décreases linearly as the initial void ratio increases for the Bedford

sample. However, the slope of these lines decreases as consolidation pz;essufe

is increased, becoming parallel to the abscissa at a consolidation pfessﬁre

of 80 psi.
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Maximum values of 01'/03‘ versus initial void ratio were neafly
identical for the Garner and Gilmore samples and are so indicated on Fig. l4.
Maximum 01'/03' decreases with increasing void ratio, although the slope of
each curve increases with increasing confining pressure. However, the-curve
for 40 psi confining pressure indicated the greatest change in slope between
lower and higher inmitial void ratio, indicating that potential differences.
between Gilmore and Garner stones may be reflected at this'consoli&ation
pressure. Taylor(a) has shown that for uniform sand the maximum value of
gl’/os' decreases in a linear fashion with increase in void ratio. However,
the slope of the lines is constant for differené consclidation pressures even
though there is a parallel translation toward lower values of 01'/03' as
the confining preséure is increased.

That the slope of relation between 61'/03' and the initiél vgidlratio
changes with increasing consolidation pressure and the values of 3 decrease
with iﬁcreasing congolidation pressure leads to the conclusion that the
deformation and strength of well-graded samples dlstlnctlvely differ from
~uniform or poorly graded samples . The preceding also 1ndlcates that initial
void ratio cannét be used as a significant variable in the overall evaluation
of crushed limestones.

4, Summary

a. Theory presented by Tinoco and Handy(l)

~allows determination of

angle of solid friction,'Qs, whose value is solely dependenf on the mineralogicai

*T£ the octahedral stress is kept constant during the performance of a triaxial
test, the value of the parameter.9 is reduced to zero, indicating that
interference between particles is reduced to a minimum. This also explains
why the maximum value of ¢,'/s,' is numerically higher at low confining
pressures than at higher confihing pressures and explains the reduction of the
term 6W /6W w1th increasing confining pressure.



44

éomposition of the particles. The average value of qg for the three érushe&
limestones used in this investigation is 34.2°.

b. The parameter;’ is a function of the gradation, particle arrange-
~ ment, consolidation pressure and deformation history for the crushed lime-
stones and allowed determination of the functions F, F', and D which describe
the deformation behavior of the limestones.

c. Anaglysis of function F revealed that all samples underwent an
initial compaction process, the extent of which, in terms of axial strain,
depended upon the confiniﬁg'pressuré. This initial compaction process,
occuring during the early stages of deformation, influenced the amount of
axial strain required to reach the maximum value of 01'/03’. Initial
compaction disappeared on reloading after the ﬁaximum value of ol‘/aa' was
reached. The modulus of deformation dependencé on the confining.preésure
was explained to be due to this initial densification process.

d. Rate of changé of function F with respect to the axial strain was
related to the number and rate of formation of new sliding contacts.

e. Rate of change of functions F' and D with respect to axial étrain was
related to the number and the rate of formation of rolling contacts and
depended upon the state of packing of the samplé.

f. Effectiveness of packing of a given limestone sample, due to
strength and deformational behavior, was related to the value §f the ratio
5wiB/6wif calculated at the maxim@m value of 01'/03'. Values of.tﬁis ratio
decreased with increased confining pressure and was further corroborated by
the decrease in slope of the relaﬁion between the maximum vélue of 01'/03'

and initial void ratio as confining pressure was increased.
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3' should not be the single criterion on which

crushed limestones could best be judged. Evaluation is best made by

g. Maximum value of 01'/0

analyzing the relative effects of the various shear s;rength components.

h, Garner samples were found to give the best étrength and deformational
ﬁehavior, even though the "best' possible packing was not acﬁieved with the’
sample preparation procedure used in this invesfigation. Gyratory‘compaction
miéht prove more effective.

i. Bedford samples compacted to lower void ratios achieved the "best"
possible packing but their overall ﬁehavior was rated below the other lime-
stones. Changes in gradation of the Bedford sample could be made to improve
its overéll behavior. ' The exact nature of the necessary changes canno; be
specified, although it mgy be recommended that:

(1 ﬁhe percentage of material retained oh a No. 10 sieve be
reduced to levels bepween 50 and 60%;

_(2) the percentage of sand size particles be increased in amounts
corresponding to the reductioﬁ of the matefial fetained on the No., 10
gieve.

j. Initial void ratio is not a significant variable in evaluation of .

strength and deformation characteristics of the crugshed limestones.

B. .Stabilify of Granular Mixes Compacted to Modified Density

fhis portion of the problem area evaluated the various factors, including
shear sfrength, which influence the stability of crushed stone base course
mixes‘compacted to modified Proctor density. All other portions of the study
presented in this report deal with stability factors at standard Proctor

compaction., Limited comparisons of the effect of both compaction efforts
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are included in this portion of Problem Area 2. Reference is made to
Best and Hoover(s) for a detailed analysis of this portion of the
problem area.

1., Compaction

Modified Proctor density for e#ch of the three crushed limestones was
first determined in accordance with ASTM Designation D1557-58T, AASHO Designation
T180-57, Method C. Following compaction, each specimen was weighed, extruded
by hydraulic jack, and visually examined for segregation. After moisture
content samples were removed, the remainder of each specimen was retaiped fdr
mechanical analysis in order to determine the amount of degradation occurring
during compaction. Results of the moistufe-density reiationships are shown
in Fig. 15.

To determine the combination of factors necessary for vibratory Eompaction
to modified Proctor density, with as little degradation and segregation as
possible, the relatiénship befween density and surcharge weight was investigated
in a manner similar to that of Problem Area 1 for 4-in. diam by 9-in. high
cylinders. A surcharge weight of 105 1b (8.35 psi), amplitude control dial
setting of 90, and 2 minutes vibration time produced the most desirable
results, No moisture-density relationships were determined for the vibratory
compaction. However, initial moisture content greater than modified pptimum
was required for two_of the materials; i.e., 1.17% moisture for Bedford,

0.3% for Garner and no additional for Gilmore. This increase may be due,
in part, to the relative porositics of the materials. Little or no visible
segregation was evident in the vibratory compacted specimens,

Several specimens were vibratory molded from each material to determine
degradation. Average results of the mechanical analyses performed om specimens
uncompacted, modified AASHO-ASTM, and modified vibratory compacted are given

in Table 8. Dué to the increased surcharge weight, slight degradation was
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Figure 156 Moisture-density relationship of crushed stones
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Table 8. Mechanical analysis of compacted crushed stone specimens.

Percent of total

Stone, tyﬁe Gravel? Sandb sil1t" Clayd Colloids®
Bedford
Uncompacted 73.2 12.9 8.4 5.5 1.7
Modified AASHO-ASTM 65.8 15.0 11.8 7.4 1.9
Modified vibratory 68,8 14.6 10.2 6.4 2.0
Garner |
Uncompacted 61.6 26,0 10.2 2.2 . 1;4
Modified AASHO-ASTM 55.7 29.8 11.4 3.1 1.8
Modified vibratory 58.3 28.0 11.0 3.0 1.5
 Gilmore
Uncompacted 66.8 23.3 5.9 4,0 0.9
Modified AASHO~ASTM 62.0 26,2 7.4 4.6 | 1.6
Modified vibratory 64.3 24.8 6.9 4.0 1.4

8particle size greater than 2,00 mm,

bParticie size 2.00 to 0.074 mm.

Cparticle size 0.074 to 0,005 mm.

dParticle,size less than 0.005 mm.

eParticle size less than 0.001 mm,
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noticeable wi;h modified vibratory compaction but was not as pronounced as
with the modified AASHO-ASTM compaction process.
2, Shear Strength Criterion

Normal methods of interpretation of triaxial tests use a criterion of-
failure defined by consideration of stresses only. Such methods of investi-
gation, when applied to granular base coufse materials,‘ﬁay result in only
limited analyses of total stability.

| The Mohr-Coulomb envelop enables a determination of the shear strength

parameters @ and c¢. In addition, a modification of Mohr«Coulomb ﬁay be
made and is termed the "s;ress péth." Stress path is advantageous since each
Mohr circle can be represented by a single point, the stress history can be
visualized, the failure points of a number of specimens are exactly identified,
and the shear parameters can be determined.

0f major importance in the use of Mohr;Couiomb or its modifications‘is
;he assignment of actual points of failure. Two common criteria for failure

are maximum deviator stress, oy " 03, and maximum effective stress ratio,

-ﬁil - cé&cs. Some investigators advocate that when pore water pressures

exist in soil specimens, maximunm effective stress ratio is'the true failure
criterion, and at this point determine ¢' and_c'.

The mechanics of shear in a triaxial specimen of crushed stone must be
considered for a better coﬁcept of failure. As tﬁe axial load is applied,
a vertical deflection occurs. Since Poisson's ratio is generally believed
to be greater than zero, the specimen tendS‘to deform laterally and is resisted
by the applied lateral pressure while compressing axially. This compression
continues as the axial load is applied until some minimum volume'is‘reached,

the latter being a function of the applied lateral pressure and placement
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density. Dﬁring this loading, the pore pressure increases, causing a reduction
in effectiye lateral and vertical pressures. .When minimum volume is reached,
the effective lateral pressure is not adequate to resistriatefal deformation.
For lateral deformation to occur, the particlés must slide over one another.

In granular soils this produces a significant volume increase as the particlés
rise up and over each 6ther. This volume increase causes the pore pressure

to reduce.

‘Some investigators have suggested that the point of maximum pore piessqre
and minimum effective lateral pressuré coincide with the point of minimum
volume and maximum stryess ratio. However, in cor;elating the results of the
study herein, it was observed that the poinf of_makimum pore preséure
coiﬁci&ed very closely with the minimum volume and both occurred at less ﬁer-
cent axial strain than maximum effective stress ratio. - The shear stress
continued to increase as ghe volume increased until maximum effective stress
ratio was reéched. In addition, it was observed from stress path analyses
that the limiting Mohr circle occurréd aé'maximum‘effectivé.streés ratib.

Thus, for the three crushed stones used in this investigation, the overall
stability was best anélyzed by observing the shear strength parameters,
stress cohditions, pore wafer pressure énd strain characteristics at the point
of maximum reduction of:voluﬁé; i.e., minimum volume. _Thefeforé;'minimﬁm
volume becomes a condition of incipient failure, similar to "yield stress"
in other materials.

3. Shear Strength Parameters

Table 9 presents the shear strength parameters for the three crushed
stones. These results show that the angle of internal friction varied

slightly from the failure criterion condition of minimum volume to that of



Table 9. Shear Strength parameters for the crushed stones.

Failure criterion

Maximum effective stress ratio

Minimum volume

Material and compaction ¢' {degrees) c' (psi) ¢' (degrees) e’ (psi)
Bedford-modified 43.6 13.46 44..8 1.28
Bedford + 200-modi fied 46,7 10.77 43.3 0.92
Bed ford-standard 45.7 6.68 46.2 4.21
Garner-modified 48.6 18.30 48.6 3.73
Garner-standard 49.2 14.20 49.5 5.58
Gilmore-modi fied 46.8 18,07 46.6 8.75
Gilmore~standard 45,1 17.09 45.5 8.89

14
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maximem effective stress ratio. The effect of particle interlocking* is
reflected in the incteased cohesion from minimm velume to maximum effective
stress ratio. Change of compaction effort from standard to modified increased
tﬁe amount of interlocking, and a higher cohesion value is shown at maximum
effective stress ratio.

At minimum volume, increasing the density resuléed in lower cohesion,
again reflecting particle interlock. Specimens at standard density require_'
more particle moﬁément to reach minimum volume than specimeﬁs at modified
density, and though expanded, this added energy results in higher'values of
cohesion.

In Table 9, the term "Bedford + 200 modified" refers to the Bedford
crushed stone, all minus No._200 sieve material removed, and modified qompaction
effort. Removal of the fines reduced both ¢' and c¢' at minimum volume,
which indicates a lowering of both frictional and cohesional strength due to
an insufficiency of fines. In the whole Bedford sample, the quantity pf‘fiﬁesr
may be overfilling the voids, increasing frictional and cohesive charactgrisfics,
and in turn indicating the need for determinatioﬁ of optimum percentages of
minus No. 200 particles for particular granular materials compacted in place
in a base course.

Variations in values of friction angle and cohegion may re#ult from minor
variances in void ratio, particle ghape, size and porosity, gradation,

surface texture, plasticity of the fines, and degree of saturation. Other

*Particle interlock is referred to as the increase in shear stress as the
specimens expand from minimum volume to the point of maximum effective
stress ratio and is the result of the work done by the specimen in
increasing its volume during shear. '



53

investigators have shown the dependence of friction and cohesion on the above
physical properties. Thus the use of the parameters ¢' and ¢', as an overall
measure of the stability of granular base mixes, can be misleading.

4, Stress~Strain-Volume Change-Pore Pressure

Failure of base courses occurs when vértical deflection becomes
excessive or when there is lateral movement from under the 19aded area,

These conditions can be represented by the percentage of axial strain and
volume change that occurs during triaxial testing with the minimum volume
conditions defining the failure point.

Figure 16 illustrates the strain-pore p;essure~volume change versus
lateral pressnreArelationéhip,-developed at the point of minimum volume, for
the Bedford stonme. In general, the increase in density from standard to'..
modified improved the characteristics of the Bedfordiby lowering the strain,
pore pressure, and volume changé values at each confinipg pressure. Similar,
though not as prounounced, results were obtained with the Gilmore and Garner
stones. . It is also apparent in Fig. 16, as well aslsucceeding figures, that
the lateral pressure utilized in a base course has a direct effect on
stability,

'Values of pore pressure of the Garner and Gilmore'materials were signifi-
cantly less than the Bedford material and are probably of little consequence
in base course usage as long as capillary conditions are nonconﬁucive.to
moisture flow. For the Bedford sample, pore'pressures ranged from near zero
to 10,0 psi with increasing lateral pressure. Stated differently, pore
pressure of the Bedford ranged up to near 1500 psf, adequately high to be of

considerable significance in the overall stability of base courses constructed
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of similar mntorigls. The necessity of preventing a high degree of Saturation
in a base course In obvious,

A factor which may veflect the pore pressure characteristics of a re-
compacted crushed stone is the porosity of the whole stone. For example, the
table below compares pore pressure measurements on the three materials for

the two compaction conditions, at 80 psi lateral pressure, with porosity the

‘same as that described on page 3 of this report.

Pore pressure at minimum Porosity of whole

Material Compaction volume (psi) stone (%)

Bedford Standard 10,0 32
Modified 7.2

Gilmore ' Standard 3.2 12
Modified 1.4- |

Garner Standard 3.5 - 10
Meodified 3.6

At standard density, both pore pressure and porosity of the
Bedford sample are about three times those of Gilmore and Garner
samples.

| Eigures 17 and 18 illustrate the géneral range of plots of deviator

Stress (Ei - 53) versus axial strain of the three stones and are typical of
granular materials ranging from "loose" to "dense'", i.e., deviator stress
increases to a maximum and then either remains constant or sharply decreases
ﬁith ingreésing strain.

The strain required to prdduce maximum deviator stress appeared relatively

independent of applied lateral pressure, but was dependent on type of stone,
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being approximately 3% for the Garner and 5% for the Bedford and Bedford

+ 200. A large difference was indicated in the maximum deviator stress for
the stones. at each lateral pressure; i.e., highest fér the Garner and lowest
for the Bedford. |

Only minor differences in maximum deviator stress were noted for
identical stones at the two densities. Figure 19 illustrates these differences
and. is typical of all lateral pressures and stones. Increasing the density
resulted in an improvement in the stress~st:éin performance at loﬁ values of
strain, but beyond maximum_deviator stress the stress-strain behavior was
about the same‘for both densities.

The relationship of stress to strain fo¥ soils does not always follow
mechanics of materials laws governing‘such relationshipé. For example,
there are several ways of defining 4 so-cailed fhmdulus of elasticity."

In this investigation a term "stress moﬁulus" wag‘defined as the deviator
'stressl(si - 33) at minimum volume, divided by the corregponding strain,
and was used to relate the stress~strain characteristics at the failure

condition of minimum volume, Thus a plot of deviator stress versus strain at

T L]

minimum volume was produced, from which the value of stress modulus; was
computed for each stone at each lateral pressure. Although the plotted
points were slightly scattered, Fig. 20 showé the frends of calculated
"stress modulus' versus lateral pressure for each material and.density.
Two different behaviors are indicated: (a) the lateral pressure has no
effect on stress modulus, and (b) stress modulus increases with incréasing

lateral pressure. The four materials of behavior (a) easily decrease to

minimum volume with an increase in stress and proportional amount of strain at

R — S

R -

e
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the different lateral pressures, and were the least dense of the stones
investigated. The Carner stone, at a higher density, indicates that the
stress to produce minimum volume is not proportional to éhe strain, as with
the other materials, and its stress-strain stability is increased with
increased confinement. Removal of the fines from the Bedford reduces any
lubrication effect and is obviously not beneficial to the material at lower
lateral pressures.

The stress modulus and lateral pressure relationship provides a reésonably
good measure of the stones' stability. The steeper the slope or the higher
the modulus value, the more stable is the material. This is verifiable to
a degree because the Garner samwple has the best field service record, while
the Bedford sample has the poorest. However, the stress modulus conéept
also indicates that incfeases in density are beneficial since ﬁhe‘valués
increased significantly between standard and modified cqmpaction.

Figure 21 shows the deviator stress-volume change relationship for. the
modified density, Bedford + 200 specimen at 60 psi lateral pressure. It is
typical of the above relationship for all the materialg and also demonstrates
the mechanism of failure discussed previously. As the deviator stress is
increased, the specimen reduces in volume until reaching a minimum volume
corresponding to the 1atefal deformation proﬁucing a volume increase., 1In
these tests the 1atefa1 pressure was held censtant resulting in a higher
deviatqr stress beyond the point of mini@um volume change. In field conditions,
‘the lateral pressure may not remain constant, but may decrease when lateral
deformation occurs. Therefore, the stress-volume qhange reiatiohshié
may not exhibit an increase in stress as lateral deformation and expansion

occurs, but would tend to decrease due to decreasing lateral pressure.
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Figure 22 relates the deviator stress and percent volume decrease at
minimum volume and varying lateral pressure for all materials tested in
this study. The steeper the slope of the deviator stress-volume change line,
the more stable the material. The results indicate that the modified Garner,
Garnér standard, and modified Gilmore samples behave similarly in volume
change characteristics. An increase in density improved the Bedford and
Gilmore stones and produced a lower percentage of volume change under any
given stress condition. Removal of the fines from the Bedford was detrimental
since a lower stress was required to produce an equal percentage of volume
change at minimum volume for the  two Bedford materials at modified dénsity.
5 lSummar

a. Minimum volume condition appears to be a more valid failure criteriomn
for granular base course mixes than maximum effective stress ratio or maximum
deviator stress.

b. Use of only shear strength parameters may not be an-entirely
acceptable criterion for the determination of stability of granular materials.

¢c. Stability of granular materials shoﬁld be evaluated in‘terms of the
shear strength parameters, stress~straln, and stress-volume change relation-
ships.

d., Stability of the crushed stones investigated appears to vary with
the applied lateral pressure and initial state of densification.

e¢. Faillure of granular base course materials may be controlled by the
lateral pressure that can be developed within the base course regions.

f. 1Increase in density from standard to modified Proctor results in
decreased strain, volume change, and pore pressures, improving the stability

of the crushed stones. This increase in density has not significantly
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changed the shear streng;h parameters or maximum stress that can be sustained
by these stones. |
| g. Pore pressures become sigﬁificant inAgranular materials £hat‘are aé
a high degree of saturation.
h, The Garner stone appears to have the greatest stability as measured

by shear stremgth, stress-strain, and stfess-volume change. Bedford stomne

appeérs to have the lowest stability as measured b& the same relatiénshipﬁ.
i. Removal of the minus No. 200 sieve portion of the Bedford stone did’

not significantly reduce its overall stability, but indicated that there may

be an optimum percentage of materials passing the No. 200 sieve.
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V. PROBLEM 3 —~ EFFECT OF STABILIZING AGENTS ON SHEARING STRENGTH

The purpose of this study was to investigate the effect of additions of
various economically feasible stab;lizing agents on the shear streﬁgth pro-
perties of the crushed stone materials. Knowledge gained in Problem Areas
1 and 2 assisted in this‘poriion of the project, relative to methods of

compaction, testing, and general stability analyses,

A, Treatment with Portland Cement

Two objectives were established for this portion of the study: (1)

percentage of Type I Portland cement normally needed for maximum durability

through freeze-thaw evaluation; and (2) effect of cement treatment on the over-

all stability of the crushed stones. Reference is made to selected bibiliography

numbers 6 and 7 for detailed analyses of this portion of the problem area.

1. Durability Tests

Cement requirements for soil-cement mixtures are controlled by freeze-
thaw tests {ASTM D560-57) and wet-dry tests (ASTM D559-57). Since soil-
cement is primarily used in bases, rather than surface courses wherelwearing
ability is an important criterion, the validity of a test where the samples
are stiff-wire-brushed after each cycle of freeze-thaw could be questioned.

A laboratory freeze-thaw test for cement treated granular base materials
that will more nearly duplicate field condifions {hereafter referred to as the
Towa Freeze-Thaw test) was compared to the ASTM D560-57 test. Also, a
‘vibratory method of compaction was compared to the AASHO-ASTM standard

- *
compaction method for preparation of all freeze-thaw specimens . Method B

L3 . .
The AASHO-ASTM method of compaction is hereafter referred to as Method A,
while the vibratory compaction is referred to as Method B,
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was accomplished in much the same manner as vibratory Qémpactidn of the
triaxial test specimens, except that a 4.00~-in. diam by 4.585-in. high
cylinderlwas produced. Specimen_sizeé in both methods oﬁ durability test
were nearly identical,

Essentially, the Jowa freeze-thaw test consists of freezing the specimens
from the top, with free water available at the bottom, and considers both
strength and length change vather than brushing loss as criteria for design
cement content.

Repro@ucibility of densities by the two compaction methods is indicéted
in Table 10. The series designation refers ﬁespectively to Bedford fB),
Garner {(G), and Gilmore (H), and cement contents (5,3 and 1%). Speciméqs
compacted by Method A showed an overall average standard devia;ion in‘density
of 1.25 pcf and a coefficient of variation 0.95%. Speciﬁens compactea'hy
Method B had an average standard deviation of 0;55 pcf and a coefficient
variation of 0.40%. Vibratory compactién yielded more uniforh densities
than the standard drop-hammer process. Thé‘vibfatory technique produced
negligible amounts of degradation of partiéle sizes,

Portland Cement Association (PCA) recommends that soilw-cement brusbing
losses for A~1, AASHO classified soils, be not greater than 14.0% by dry soil
weight following 12 cycles of freeze-thaw. Studies by Packard and Chapman
of the PCA have indicated that precise length change measurements are
considered to be a very sensitive and direct measure of deterioration.
Although no standard criteria of length chaﬁge versus design cement content

have been established, it was assumed in_this study that cement requirements

based on a minimization of length change might arbitrarily be made for com~

parative purposes only. Table 11 presents the results of the brushing loss
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Table 10. Standard deviation and coefficient of variation of densities of

specimens.

p—

p— p— e el e
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Compaction Compaction
Metgod Metgod
A B
Standard Coéfficient Standard Coefficient
Series deviation of wvariation deviation of variation
designation (pcif) %) (?cf) (%)

B-5 0.93 0.73 1.143- 0.89
B-3 0.61 0.49 0.39 0.31
B-1 1.28 1.03 0.38 0.30
Bedford ave. 0.94 0.75 0.64 - 0.50
G-5 1.13 - 0.82 0.67 0.46
¢v3 0.99 0.72 0.75 0.52
G-1 1.25 0.91 0.37 0.26
Garner ave.® 1.12 0.81 0.60 0.41
H-5 1.04 0.78 0.29 0.21
H-3 2.65 2.03 0.36 1 0.26
A-1 1.35 1.03 0.56 0.42
Cilmore ave.® 1.68 1.28 0.40 0.30

Overall average 1.25 0.95 0.55 0.40

®ach value computed from a series of 8 specimens.
b , ‘ ‘
Fach value computed from a series of 12 specimens.

c . . A -
Each value is an average of the preceding 3 standard deviations or coefficients
of variation.
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Table 11. Relation of soil-cement brushing loss and length change to
cement content.

Compaction method A Compaction mathod B
Length Socil-cement Length. Soil~cement
Series change loss Number change loss Number
designation (%) (%) F-T cycles (%) AR . F=T ¢vycles

B-5 - 0.10 2.3 12 - 0.03 0.7 12
B-3 Failed 100 6 Failed 100 10
B-1 Failed 100 2 Failed 100 4
G-5 - 0.28 1.4 12 - 0.14 0.5 12
G-3 +0.34 11.3 | 12 - 0.1 1.4 12
G=-1 Failed 100 3 Failed - 100 6
H-5 +0.78 3.0 12 + 0.06 0.4 12
H-3 Failed 100 5 Failed  13.2 12

H-1 Failed 100 1 Failed 100 5
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and length change study.
In the Yowa freeze-thaw test the ratio of average unconfined compressive
strength of freeze-thaw specimens at 10 cycles, Pf, to that of control
*

specimens , Pé, is the index of resistance to freezing, Rf, Tentative

criteria for durability suggests a minimum P_ = 459 + 41 psi, and Rf = BO%.

£
Suggested maximum length changes are 1.0% following the last freeze cycle or
0.5% following the last thaw cycle. Table 12 presents the results of the
Iowa freeze-thaw test.

The standard freeze-thaw test often requires additional moiding and
testing of'specimens to pinpoint design cemen; content since no convenient
method of interpolation is apparent. For example, it was not possible;to
adequately graph soil-cement brushing losses versus percent cement and inter~
polate a design cement content, since end of test‘conditions were not
equivalent. However, ;he Iéwa test allows full plotting of Pf, Rf and
lengith change versus percent cement for ease of-interpnlation of design cement
content to the nearest 0.5% cement; This is possible since all épecimens
can be tested throughout the 10 fréeze~thaw cycles,

Tables 13 and 14 present respectively a comparison of required cement
contentsfrom each test and fhe suggested content from length change data of
the Iowa test. Of primary importance in Table 13 are the cement contents

obtained by PCA brushing loss criteria, index of resistance, R., and com-

f’

pressive strength after freezing, P In general, the lowa test indicates

f.

a reduction in cement content ranging from 0.0 to 1.5%. Variation of

* .
During the test, identical specimens remain immersed in distilled water.



Table 12. Results of Iowa freeze-thaw test.

Series
designation

B-5

B-3

B-1

Compaction method A?

Compaction method B2

Cement
content P P R, .
(%) eS) i) D
5 757 770 85
3 338 170 50
1 134 41 31
5 1640 1595 97
3 B45 815 96
1 190 117 62
5 702 668 95
3 280 231 83
1 86 50 58

Length change
following
freezing

(%)

0.0

3.4

5.7

0.0

- 0.4

2.4

- 0.1

1.1

NON

(p€i)
969
317

227

2210
1100

374

1315
813

227

Length change

following

wm R freezing
iy @ )
951 88 0.0
281 69 2.6
109 48 7.4
12010 91 0.2
993 90 0.0
245 66 2.5
1190 90 0.1
660 81 0.3
97 43 2.8

a . . : ‘
Each value noted is the average of at least two specimen tests.

1L
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H-gseries | 4.5

Table 13, Comparison of cement contents oﬁtained with each durability
. criterion, freeze-thaw test procedure and compaction method.
ASTM Towa
freeze~thaw test freeze-thaw test
Compaction Brushing Length Index of re-
me thod loss chgnge sistance (Rf) Pf
A B A 3 A B A B
B-series 3.5-5 3.5-5 5 5 bs 4 45 4
G-series 3 1,5-3 3-5 3 1.5 2 2 2
Heseries 3.5-5 3 > 5 3. 3 4 2.5
Table 14. Suggested des;gn cement contents based on 1nterpolation of length
: change data in the Iowa freeze~thaw test.
Following thaw Following freeze
cycle cycle
Compaction method A B LA _ B
B-series 5.0 4.5 4.5 4.0
G-series ‘ 1.0 2.0 2.0 - 2.0
2.0 | 3.5 | 2.0
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compaction method is most pronounced in the brushing loss test and least in
the index to resistance criteria, indicating an element of validity of this
test method regardless of the method of lab compaction and potentially

of field compaction processes.

Following is a summation of the conclusions pertaining to the durabilicy
study:

1., Relatively small additions of Type 1 Portlénd cement can increase
durability and compressive strength and decrease potential volume change upon
freezing of compacted crushed stone bases in Iowa.

2. Thé vibratory method of compaction yields.more consistent laboratory
densities than does_the ASTM compaction method. The vibratéry process is less
time consuming and produces less deg:adation of particles during compaction.

A3. The Towa freeze-thaw test is easier to conduct and more nearly
duplicates actual field conditions of f;eezing and thawing than does the
ASTM test. |

4., The Yowa freeze~thaw test allows considerations of strength and
length éhange as well as durability of cement treated granular base materials.

5. The Iowa freeze-thaw test facilitates obtaining a design cement
requirement by a simple plot of index of resistance to freezing, Rf, and
uncpnfined compressive strength after test, Pf, versus cement content. The
ASTM method often requires additional molding and testing of specimens to
pinpoint the design cement content since no convenient method of interpolation.
is apparent.

6. Cement content by measurement of 1engtﬁ change in the Iowa test,
appears to be more suitable (probably due to less actual handling of.the

specimens) and more closely associated with other criteria in the test than
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does length change measurements of ASTM speciméns with the brushing loss test.

7. Accurate length measurements after the freeze cycle cén be obtained
in the Iowa freeze-thaw test, but due to recommended precedure, cannot be
obtained in the ASTM freeze-thaw test.

8. Pércentage of length éhange of Iowa test specimens is generally
greater than that of ASTM specimens, and may be iﬁdicatiﬁe of the severity
of the test process through greater water attraction and adsorption during
freezing.

9. Comparison of cement contents by PCA brushing loss and Towa Pf
indicated variatidns of 0.5 to 1.0% cement. Comparison of brushing loss
and Rf indicated variations of 0.5 to 2.0% cement, In each comparison, Iowa:
criteria indicated less cement content was required.

10. Vibratory compaction usually resulted in slightly lower design

cement contents than did the ASTM compaction method.

2. Effect of Cement Treatment on Stability

Type I Portland cement contents were set at 0, 1 and 3% by dry weight,

generally less than acceptable for freeze-thaw durability criteria. Field

tests have shown that cement-modified crushed limestones perform satisfactorily,

resulting in a general improvement of Ehe frictional proberties from that of
the untreated material. Curing perio&s of specimens were both 7 and 28
days.

Analyses of this portion of the study generally followed the criteria
set forth in section B of Problem 2; i.e., the overall stability was analyzed
by observing the shear parameters, stress conditions, strain and pore water
pressure characteristicsg, at minimum volume. Results are also reported for

the failure condition at maximum effective stress ratio to further indicate
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justification for minimum volume'criteria‘as a condition of failure.

Table 15 shows that the magnitude of difference in values of cohesion,
¢', and angle of intermal friction, @', at the two conditions of failure
may be an. indication of the amount of interlockiﬁg within the granular
materials. Shear strength based on the failure criterion of maximuﬁ effective
stress ratio is normally greater due to the interlpcking of partigles, and
generally results in increased cohesion coupled with a slight decrease in
_ friction angle. All untreated materials in this investigation analyzed by
the two criteria of failure followed the above pattern. The addition of
cement in the Bedford and Gilmore stones resulted in similar shifting of
shear parameters when analyzed by'the two failure criteria but were oflgreater
magnitude than those of the untreated.

Previous investigations have shown that cement treatment of granular
materials results in a relatively constant angle of friction, whereas cohesion
increases rapidly with increased cement content. Addition of increasing
amounts of cement to the three crushed stones in this investigation produced
varying values of the shear strength parameters. Cohesion of the treaéed
Bedford stone increased by as much as 72 psi, while the angle of friction
remained relatively constant, as compared with the untreated specimens.
Cohesion of the treated Garner stone increased nearly linearly with increase
in cement content after 28 days cure; however, ¢' reduced slightly at 1%
cement then increased at 3% cement content. Addition of 1% cement to the
Gilmore stone produced relatively no change in cohesion but increased ¢'
by about six degrees above that of the untreated. At 28 days cure, the
addition of 3% cement in the Gilmore sample produced no additional change in

@' but significantly increased cohesion. Addition of 17 cement in the
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Table 15. Shear strength parameters.

Failure criteria

Material and Maximum effective stress ratio Minimum volume

treatment ¢' (degrees) ¢' (psi) @' {degrees) ' (psi)

Bedford crushed stone:

Untreated 45,7 6.7 46,2 4,2
1% cement 7-day cure 47.0 24,2 47.9 15.9
1% cement 28-day cure 44,6 42,5 45.5 29.6
3% cement 7-day cure 47.0 67.0 47.7 56.6
3% cement 28-day cure 45.3 78.7 46.0 70.5

Garner crushed stone:

Untreated 49,2 14,2 49.5 5.6
1% cement 7-day cure 54.6 21.6 53.1 9.2
1% cement 28~-day cure 49.0 41,2 46.3 30.4
3% cement 7-day cure 50.1 90,5 50.6 64.6
3% cement 28~-day cure 51.0 %96.2 51.2 87.9

Gilmore crushed stone:

. Untreated 45.1 17.1 45.5 8.9
1% cement 7-day cure 50.6 ' 18.1 51.8 0.8
1% cement 28«day cure 51.2 18.2 51.5 3.2
3% cement 7~day cure 48.6 . 57.4 49.0 43.8
3% cement 28-day cure 50.6 64.90 51.1 52.3
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Gilmore sample may not result in a complete cementation, or bonding of the
large aggregate, but rather in a bonding of the fihes, increasing the‘interr
locking frictional effects between the stabilized fines and the larger
aggregates.

Addition of cement to the three crushed stones reduced pore pressures to
insignificant quantities. Change of pore pressure from failure conditions
éf minimum volume to maximum effective stress ratio indicated the magnitude
of expansion during this phase of shear. A

Cement treatment reduce& the quantity of strain réquired to achieve
ultimate strength by either critefia of failure when compared with the un~
treated materials. Magnitude of strain at failure for all three treated
stones was relatively independent of lateral, or confining pressures, but
appeared to vary with cement content and.lengtﬁ of cure, i.e., decreased
with increasing cement content and cure period. Magnitude of strain at
failure of the untreated stones generally increased with increasing lateral ’
pressures.

Anglysis of volume change characteristics of the cement treated materials
led to the premise that shear strength analysis alone does not fully explain
the behavior of a granular material under actual field conditions. As
untreated materials were axially loaded, there occurred a reduction in
volume as well as a amall quantity of lateral strain. 1In a base course,
tendency for lateral expansion may be resisted by the adjaceﬁt material
resulting in increased lateral support. This .suggests that stability of a
granular material is not entirely a function of the shear strength bﬁ; must
also be a function of the lateral restraining support that can be developed

and the amount of expansion required to achieve this support.
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The preceding form of stability may be illustratéd by Fig. 23. Assume
that a low lateral pressure exists in a bése course material prior to the
application of an axial load. As the load is applied, the baée will deflect
vertically downward until a point of miniﬁum volume is achieved after which
horizontal expansion increases rapidly, resulting in increased lateral
sﬁppoft and increased bearing capacity. This prbgressive increase in lateral
support will continue until a limiting value of lateral support ié achieved,
indicating that the stability of a gramilar material is not entirely a function
of the shear strength. It must also be a function of the lateral support
that can be developed and of the expansion required to develép that lateral
supportu

To visualize Fig. 23, assume an imaginary line tangential to the curves
of Fig. 23, beginning at zero volume change and moving up to ﬁhe left towards
700 psi effective stress. The points of minimum volume for each lateral
pressure condition are close to this line. As the axial load is applied, at
a low lateral pressure, the stress increases to the point of minimum volume,
lateral expansion starts, confining‘éressure increases, and the process
is repeated ﬁntil a limiting value of confinement (dependent on restraint
of shouldery, surcharge, and tfpe of material) is achieved.

The mode of failure in a base course is probably due to progressive
buildup of lateral support by lateral expansion of the loaded material. Prior
to lateral expansion, the strength properties may be those of the iaboratory
tested materiél, but after lateral expansion occurs the strength properties
of a given core of material are dependent upoﬁ the surrounding material.

Initial compression under a small increment of strain has been referred to

—
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as elastic compression because the elastic Poisson's ratio is less than

0.5. As strain increases, expansion predominates because the elastic Poisson's
ratio may be greater than 0.5, Reactioﬁ of the Bedford specimens, with respect
to volume change and axial.strain, is illustrated in Figs. 24 and 25 (Gilmore
and Garner materigls followed very similar patterns). Initial slope of the
curves represent a degree of magnitude of Poisson's ratio. Since Poisson's
ratio is the ratic of lateral to vertical strain under axial loads, it can

be shown that when strain equals zero, volumelchange is equalrto'axial strain
and the material is in a compressed state. Likewise, for a noncompressive
méterial and a Poisson's ratio of about 0.5, both lateral and vertical Strains
are finite quantiries and rate of volume change is near zero.

As shown in Figs. 24 and 25, cement treatment 6f the Bedford méterial
shifts the axial strain-volume change curves closer to the condition of zero
lateral strain than with the untreated. The failure point of minimum volume
is also much closer to this line for cement treatments. Thus, the amounts of
both lateral and vertical strains developed in a treated specimen during
axial loading may generally be reduced, as compared to the untreated materials,
up to the point of failure.

Slope of the volume-changé—strain curves of the untreated materials is
closer to the condition of Poisson's ratio equal to 0.5, indicating the
material is undergoing a 1imited amount of lateral strain even though volume
is decreasing. Slope of the volume change-strain curves for thé cement
treated materials is closer to the condition of Poisson's ratio equal to
zero, which occurs only when lateral strain is small. Using the previous

aésumption that lateral strain increases lateral support, the cement treated
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materials have little tendency to increase lateral support prior to the
point of mininum volume due to the sm§11 amount of laﬁergl strain developed.
Effective stresses at the point of minimuﬁ-volume, as éetermined in a 1aboratofy
test, should therefore be closely rglated to shear strength occurring under
field conditions.
T Shrinkage cracking could be detrimental #0 the strength of a cement
treated base due to a reduction of lateral support in tﬁe region of any
cfécking, If the amount of shrinkage is excessive, a large amount of lateral
deflection would be required to build up lateral support which can only occur
after the ultimate strength of the material is exceeded and the bonds begin
to rupture. This process could occur‘adjacent to cracks in the base course
and, althoﬁgh it might increase the amount of lateral support, the overall
stability might actually be reduced. The smaller the gquantity of cement addéd,l
ﬁowever, the less the magnitude of cracking of cement treated crushed stone
bases. While shrinkage studies were not conducted as a part of this research,
it is generally thought that up to 3% éement by dry weight would not result
in eéxcessive éracking, while maintaining a much higher degree of total stability

than the untreated stone.

B. Treatment with Bituminous Additives

Re ference is ﬁade to the work of Whisler and Hoover(s) for a detailed
analysis of this portion of the prbbiem area.

‘Two asphalt constituents, S85-1 slow setting emulsified asphalt and an
asphalt éemeht of 120-150 penetration,lwere selected for bituminous stabilization

of the three crushed limestones. Treatment levels with the two constituents
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were 3% residual asphalt by dry aggregate weight for the emnision and 4%
for the asphalt cement, Triaxial tests of the emulsion treated specimens
were conducted at room temperature while the asphalt cement specimens were
triaxially tested at 100°F.

The major failure criterion utilized was that of maximum deviation

stress, Ul - 03,

(a) either criteria produced very similar results; (b) at. cither criteria, all

or maximum effective stress ratio,( o - -53)/-53, since:

stability factors appeared to have the greatest numerical value; aqd (c) in
contrast to previous portions of Problem Area 3, minimum volume occurred at
a greater strain than represented by either maximum deviator stréss or
stfess ratio. This latter point is discussed in a succeeding section.

Three methods were used to determine the shear strength parameters of
éachlmixture; i.e., the Mohr envelope, a stress path approach, and a method
of least squares used by the Bureau of Reclamation, based on the Mohr envelope
concept. Table 16 presents @' and c¢' results of the treated and untreated

materials. The values show little variation of angle of frictien and

cohesion for the individual mixes analyzed by each method, and thus verify a
straight line envelope of féilure.

Generally, asphalt treatment of the stones lowered the effective angle
of internal friction and increased the effective cohesion, although lowering
of the one parameter was roughly offset b§ the increase in the other.
Reduction of @' is attributed to lubrication and separation of parficles
by the asphalt film, while increase in cohesion is derived from the binding
characteristic of the film. Removal of all fineslfrom the AC treated

Bedford sample indicated little effect on the shear parameters. Thus, it
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Table 16. Shear strength parameters for bituminous treated and untreated
crushed stones.

Matcrial and - Bureau of
treatment Mohr envelope Stress path Reclamation
q)' cl C?' ‘ cl CP' cI
(degrees) (psi) (degrees) (psi) (degrees) {psi)
Bedford: :
untreated 46.2 7.0 45.5 6.6 45,7 6.7
SS-1 emulsion  39.5 15.5 39.6 15.8 38.6 16.0
(3.0% asphalt) : ,
4.0% asphalt  41.2 10.5.  41.6 10.7 41.0 11.8
cement
4.0% asphalt' 38.9 i7.0 39.0 15.4 38.9 17.0
cement . '

{Sample less
-200 matexial)

Gilmorxe:
untreated 46.6 12.0 46,2 13.4 46,2 13.2
SS~1 emulsion 41.6 17.9 40.6 19.4 41.6 17.9
{3.0% asphalt)
4.0% asphalt 42 .4 14.4 42.4 14.4 42.3 15.8
cement ’
Garner: .
untreated 50.2 11.0 49.8 13.9 49,3 14.2
§8-1 emulsion  45.3 18.7  45.5  '16.9 45.5 17.3

(3.0% asphalt)

4,0% asphalt 42.9 16.8 - 42.9 16.0 43.7 ~ 15.9
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was impossible to determine complete success or failure of the asphaltic
treatments based solely on @' and c'.

Comparison of volume cﬁange,-pore water pressure, and axial strain
at maximum deviator stress more significantly shows the affects of asphaltic
treatment of crushed stones. Figures 26, 27 and 28 present the above
comparisons for the AC treated materials. Similar relatidnships ﬁere noted
with the emulsion. treatment. A‘composite comparison is as follows:

1. Maximum deviator stress of the untreated and treated stones increased
with increasing lateral pressures. At low confinement, maximum deviator stress
of the treated stones was equal to or slightly greater than the unéreated.

As confining preséures increased, corresponding increaseé in maximum deviator
stress of the untreated materials were greater than the treated.

2. DPercent volume change versus_lateréi pressure indicated only siight
improvement due to treatment with asphalt at low confinement pressures. As
.1atera1 pressures were.increased, percent volqme change for all mixes decreased
from positive or near zero values to negative values, i.e., from volume
increase to volume decrease at failure. Volume change improvement was not

noticeable at low lateral pressures with the Bedford AC treatment. Volume

change of the untrested and emulsion treated Bedford were nearly identical.

3. Due to the porosity of the Bedford Stone, the particles were not as
effectively covered by the asphalt additives as were the Garner and Gilmore
particles. However, bituminous treatment of the Bedford sample notably
improved the pore pressure values apparently by waterproofing and sealing the
pores of the stone, at least during the test. Waterproofing reduced excessive

high and low pore pressures of the untreated Bedford stone at corresponding
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high and low lateral pressurés. By reduciﬁg high pore pressures, the ﬁreatment
increased the shear strength of the stone, and, by reducing ﬁegative pore
pressures, the treatment lowered potential suctions that would contribute to
capillary moisture rise within a base course material. Gilmore and Garner

- stones, being less porous than the Bedford stone, exhibited slight improvement
in pore pressures upon treatment with the two asphaltic additives.

4. Reduction of axial strain at maximum deviator stress may be one

critefion of base course stability. At lower confining pressures, the
bituminous treatments significantlf lowered the percentage of axial strain

1 3

in reducing deformation and rutting of base course mixes, as long as low

needed to achieve maximum O, - O,. Reduction of strain is probably effective

lateral pressures are maintained and maximum deviator stresses are not
exceeded. At higher lateral pressures the treated Bedford and Gilmore stones

showed greater axial strain at maximum e - ©

3 than the untreated materials,

indicating a lowering of stébility.

As previously mentioned, minimum volume of the untreated and Portland
cement treated stonmes occurred at a stress level less than the point of either
maximum effective stress ratio or deviator stress, Minimum volume of the

bituminous treated stones generally occurred after the achievement of

maximum effective stress ratio. It is theorized that this minimum volume

lag may have occﬁrred due to one or a combination of the following factors:
a. Though failure may occur due to shear of the specimen along the
weakest plane, not all of the soil grains within the specimen have
achieved complete contactldue to the asphaltic film separation. As

the axial load is increased beyond maximum effective stress ratio,
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the additive will flow until the soil gréins are in complete contact.
‘As the soil particles re~orient, the volume begins to increase.
b. The observed minimum volume lgg was éreater for specimens treated
with a 47 (Asphalt cement treated) additive than for thosé treated with
a 3% (88-1 emulsion) additive. Increased asphalt content plus some-
what higher test témperatures associated with the AC treated specimens
may increase the volume change lag.
c¢. Throughout the pxoject; a rate of akial deformation of 0.01 in.
per minute was used on all triaxial test specimens. To enable shear
to occur at particle to particle contact, rather than through ény
asphalt film and prior to development of maximum effective stress
ratio; an axial deformation rate less than 0.01 in. per minute should.
have been used. |
The following are recommendations bhased on tests and analyses
performed:
1. At low confining pressures there appears to be an increase
in stability for the bituminous treated stones. Treatment of the three
stones was the most effective with the poorer quality Bedford due to
reduction of capillary moisture rise within the base course mixture. With

the better quality and less porous Gilmore and Garner stones, asphalt

. contents of 1 or 2% might be sufficient for achievement of waterproofing,

while stability of the mixtures would then be dependent on the mechanical
stabilization. Baskin and McLeod (1940) have discussed such a concept.
2. In accordance with similar ppodedures used in this study, tests of

specimens treated with asphalt cement contents of 1 or 2% should be
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conducted to de;efmine variations iﬂ stability corresponding to the redﬁced
AC content.

3, Further studies should be conducted to analyze the volume change
lag phenomenon, with a repetitive axial load triaxial shear test utilize&
early in the investigation. It is anticipated such a test may indicate a

decrease of volume change lag through cyclic axial loads.

C. Treatment with Sodium Chloride,
Calcium Chloride, and Hydrated Lime

(9

Reference is made to the work of Wasseaar,.ﬁan&y and Hoover for a
detailed analysis of this portion of the problem area.

Because of the mixed service record of the Bedford stone, it wés selected
for treatment with calcium or sodium chloride in amounts of 0.5%‘by dry
weight of aggregate in accordance with NaCl content recommehdations of the
Salt Institute. All three stones received lime treatment levels of 1.0
and 3.0%, and further tests were conducted on the Bedford and Garner
stones with 10.0 and 16,0% lime.

To evaluate angle of intefnai-ftiction ¢' and cohesion c¢' thé failure
point was defined as the maximum effective stress ratio,(gl - EQVSE. Me thods
of analysis utilized were the Mohr envelope, Bureaﬁ of Reclamation, and stress
path methods previously described. Maximum ordinate'points'for the stress
path method conformed very closely to straight iines for all series of tests
and was used in subsequent analyses.

Pogsible changes normally expected in physical properties of chloride

‘treated stones are: (1) increase in dry densities due to increase in surface
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tension and lubrication as an aid to compaction; (2) increase in moisture
retention; (3) flocculation of clay particles, improving permeability;'(4)
improvement in interlocking due to recrystallization of sodium chloride; and
(5) lowering the freezing point of the treated material.

Effective shear strength parameters, @' and c¢', for the untreated
Bedford stone were 44.7° and 9.6 psi respectively. For the sodium-chloride-
treated stone the vélues wereA43.60 and 11.2 psi, and for the calcium-cﬁloridem
treated, 46.3° and 7.2 psi. The addition of ﬁaCl‘therefore caused a very
slight decrease in @' with a slight increase in ci, whereas the opposite.
effect was notéd with the CaCl2 treatment. These changes are consideféd to
be of negligible proportions.

Maximum pore water pressures occurred near failure in all untreated
samples. In general, maximum pore ﬁressures were lower in the NaCl treated
specimens and ﬁeﬁded to be lower in the specimens treated with CaC}z. Since
@' and ¢’ were calculated on an effective stress basis this -does not directly
influence the previous conclusions, However, if extrapolation to the much

higher rates of loading in actual highways is made, reduction in pore

| Figure 29 presents stress moduli* versus lateral pressure for the Bedford'
stone with and without chloride treatment. For comparison, data for untreated
Bedford at modified and staqdard compaction are also presented. Lines fittéd
by method of least squares are shown and correlation coefficients are indicated,
Modified compaction obviously 1n¢reases rigidity of the Be&ford stoﬁe, being
much moreleffective for this purpose than the use of either chloride additive.

The stress modulus at standard compaction increases with lateral pressure,

¥ .
Stress moduli was defined in section B«4 of Problem 2.
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indicating consolidation, whereas the specimeﬁs after modified compaction
apparently resist further consolidation. Addition of chlorides caused

minor decreases in the stress modulus from ﬁhose values of the untreated and
there fore were of no benefit.

Optimum lime contents for the three crushed stones were determined by
unconfined compression tests performed on 2~in., diam by 2-in. high c&linders.
Only that fraction of each material passing the No. 10 éieve was used in this
test. Optimum moisture contents at each percent lime were determined for all
three stones, and duplicate test specimens for each lime content were then
molded by drop hammer compaction. Following 28 days‘moist curing the
specimens were tested in unconfined compression at a rate of deformation of
0.1 in. per minute. A plot of ioad versus calecitic lime content was made
to indicate optimum lime content for the minus No. 10 materials. The iime
content ﬁas then corrected to a whole soil basis. Based on the above results,
1 and 3% lime were selected as trial percentages for triaxial testing Wi£h
a few additional tests at 10 and 16% lime to insure a maximﬁm pozzolanic
reaction.

Based on plasticity and clay mineralogy of the stones, lime treatment
was expected to be most effective with thg Bedford. Action of hydrated lime
is first to improve flocculation of clay intoAsilt-size aggregate and should
be reflected in an increase in @' and decrease in ¢'. Second, lime and clay
participate in a long term pozzolanic reacfion-that should increase c'.

Lime produced the anticipated results on the Bedford stone by decfeasing
¢’ at 7 days and increasing it at 90 déys, indicative of flocculation followed

by cementation; i.e., with only 1% lime, c¢' went from 9.6 to 16.2 psi.
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Simultaneously the reverse occurred in @', but was less than 20. With 3%
lime, similar effects were more noticeable, and 10% lime produced a c' of
24.6 psi after only 28 days.

Lime decreased density of the Bedford, another indication of flocculation,
At the 3% level, lime greatly increased pore pressures during testing,
suggesting reduced permeability due to plugging of pores by unreécted lime,
With 1onger curing the effect diminishes, presumably as the lime is used in
pozzolanic reaction. |

One percent lime decreased density of the Garner, reduced'c'-and
also @' suggesting that lime acts as an inert lubricant. Addition of.lime-
still resulted in higher pore pressures, reinforcing the conclusion of pore
plugging of unreacted lime.

‘Probably becatise of similar clay mineralogy (Tables 1 and 2) the
Gilmore stone behaved in much the same mahner as the Garner.

As shown in Fig. 30, addition of 1% lime to the Bedford stone had no
influence on the stress mmdulus after 7 days cure. After 60 days curing,
;he modulus was appreciably higher, suggesting greater rigidity through
pozzolanic reaction. At 3% 1imé, stress moduli were about the same as with

the untreated Bedford, probébly because the benefit from pozzolanic reaction

was offset by higher pore pressures caused by the excess lime.

Following is a summation of thé conclusions pertaining to the chloride
and lime treatment study:

1. An attempt to improve the Bedfofd stone with additions of

0.5% NaCl or CaCl, gave the following results:
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a. NaCl decreased @' slightly and increased ¢' about 17%.

b. CaCl, acted oppositely; it increased'm'.slightly and decreased

2
¢! about 25%.

¢. Both additives tended to decrease rigidity of the compacted

stone.

Since the strength benefits are small, use of these additives in
the proportions investigated ié not recomnended where the goal is an
increase in strength.

- 2. Treatﬁent of the stones with hydrated lime benefited'bnly the
Bedfof& stone, probably because.of its higher content of clay, primarily
kﬁolinite. |

a. A curing time of 28 days or longef was ﬁecessary to gain a

beneficial reaction.

b. Shorter curing times and/or excess unreacted lime caused'

signifibantly higher pore pressures, perhaps due to plugging
of pores by 1ime.

Ce. The'main benefit from lime was to incfease cohegion. Addition

of 1% lime increased ¢' as much as 70% after 90 days curing.
The friction angle was not significantly affected, even
though compacted density was somewhat reduced.

d. With low lime content and long curiﬁg, 1imé treatment increased

rigidity. Otherwise there was no affect.

Use of lime to improve the strength characteristics of crushed stone
does not appear justified at this time. Two pdtentially deleterious side

effects are lower compacted density and higher pore water pressures.
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D. Treatment with an Orpganic Cationic Waterproofer

The purpose of this portioq of the problem érea was to determine
the ability of Arguard 2HT* to waterproof and potentially improve the
immersed shearing resistance of the Bedforﬁ crushed stone.

Reference is made to the work of Demirel, Farrar and Hoover(lo}
for a detailed analysis of this portion of the problem area.

Since pavement loads are transient, it is doubtful whether
drainage of the treated material would occur during an instantaneous
load;unload cycle. Thus a quick (unconsoliéated-undrained) triaxial
shear test was used to measure cohesion c.and angle of‘friction ¢ of
the untreated and treated Bedford material. No voluﬁe change or pore
pressure measurements were made,

Standard solutions of Arquad 2HT were prepared as a dispersion
in distilled water heated to a temperature of 6900. Thus prepared,
they contained 7.5% of active Arquad on a wéight basis. After cooling,
the desired quantities of Arquad 2HT, as a percentage of the total
weight of the mix, were added to the crﬁshed stone. Additional
distilled water was added to provide the desired mniéture contént.

There was a general decrease of density_and optimum moisture content

with increasing amounts of Arquad 2HT as summarized below:

)
. Commercial trade name of a dioctadecyl dimethyl ammonium chloride
produced by Armour Industrial Chemical Company, Chicago, Ill.
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Arquad 2HT content Maximum dry dptimum moisture content
(% oven dry soil wt) density (pcf) (Z oven dry soil wt)
0.00 130.5 . 0.7
0.02 128.5 10.7
0.05 128.5. ‘ ' 10.6
0.10 ‘ 127.5 10.1

One possibility for the decrease in density and OMC is that Arquad 2HT causes
aggregation of the smaller particles, creating slightly poorer gradation

and resulting in lower density.

To determine the moisture content range to which the treated stone should

be air-dried to obtain the highest immersed shear strength, each specimen was
molded,at étandard density in a CﬁR,mold and air-dry cured for varying periods
of time. All molded specimens containeﬁ 0.05% Arquad 2HT. Following
determination of the air-dry moisture content, each specimen was tested by
soaked CBR. Length of air-drying based on maximum practical moisture contenf
loss during curing and highest soaked CBR value was selected as the curing
period for treated samples in the major phase of the stu&y. The following

table summarizes the results:

S
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Moisture loss Soaked CBR Soaked CBR Vol. change

during curing at 0.1 in.. at 0.2 in, Saturation during

(% dry soil wt) penetration penetration (%) immersion2 (%)
0.00 29.7 - 38.2 85.1 -0.02
1.22 42.0° 45.3 81.7 -~ 0.04
2.40 26.7 33.0 91.4 -0.36
3.84 37.2 47.3 90.6 | - 0.28
5.30 48.2 55.7 1 90.7 - 0.14
5.75 41.0 44.5 - 92.3 +-0.88
6.27 31.5 3.7 83.9 -0.12

3Based on the change in height as a percent of the original height, (-)
indicates shrinkage and (+) indicates expansion. :

| Maximum immersed CBR indicated a necessary period of drying to produce
a moisture content loss of about 4.5 to 5.8% by dry soil weight. Maximum
saturafion during immersion ranged from 81.7 to 92.3%Z, increasing to.the
maximﬁm (at a moisture ioss during curing of less than 6%), then rapidly
decreasing due to additional alr-drying substantiating the maximum practical
air drying period. Volume change variea from a éantraction of 0.36% to
an expansion of 0.88%, showing little volume change due to immersion. All
triaxial test specimens were thus air-dried to the above moisture loss range.

Four-inch diam by 8-in. high cylinders were molded'with amounts of

Arquad 2HT varying from 0.00 to'0.0S%, air—d?y cured until moisture 1§ss
was within the range previliously noted, soaked with water for 45 hrs, and quick
tri#xially shear tested. |

In order to retain the cylindrical dimensions of the specimens during
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saturation, each specimen was molded inside a triaxial membrane by the
vibfatory method. Due to the addition of the rubber membrane in the mold, the
rmathod produced specimens at 927% of the maximum dry density obtained in the
‘standard Proctor demsity tests. Higher densities were obtainable by using
longer periods of vibration (5;10 minutes) but created definite segregation of
coarse and fine materials in each specimen. |

Following air~dr§ curing in the membranes, each specimen was placed in a
waﬁer tank with water level maintained at 1/2 in. above the specimen top.

A porous stone at the base of the speciﬁen allowed water to infiltrate while

a metal band inside the top of the membrane prevehted its collapse and allowed
the upper face of the specimen to be exposed to air. Following saturation
each specimen was allowed to drain for 10 minutes before placement in the
triaxial sheay apparatus.

As noted in the table below, ¢ is considerabiy less fpr the untreated and
treated material than reportied in preceding sections of this report. This is
due to (1) density achieved by the compaction procedure and (2)‘type of
triaxial shear test, which did not account for. volume change', pore pressure
or other potential variables of analysis.

Mohr—-Coulomb shear diagrams of'the treated material showed circles and
envelopes of failure that were fairly consistent and yielded about the same
results for the different percéntages of treatment. By comparison, results of
the untreated maﬁerial were very erratic, i.e., a linear envelope of
failare could not be drawn. As a result, averége values of apparent angle of
friction and cohesion of the untreated specimens were obtained by applying the

Bureau of Reclamation porcedure previously noted.
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Apparent angle of

Arquad 2HT content internal friction (¥) Apparent cohesion
(% dry soil wt) {deprees) ' (¢) (psi)
0.00 - 16.5 | C 1.7
0.01 23.1 4.5
0.03 22.7 7.5
0.05 | 24.3 . 5.9

While ¢ for the treated specimens showed a definite increase from
that of the untreated, the reverse occurred for cohesion. This characteristic
further reflects an aggregation of the smaller particles due to the chemical
treatment. Comparison of tne average treated values of Y and ¢, at 23.40
and 6 psi, with the untreated proﬁably represents only a general maintenance
of the overall stabilitylof the Bedford material.

During soaking it was noted that all treated specimens had free
watér on their tops within one hour. Similar saturation was noted‘for some
of the untreated specimens, but for the remainder water did not rise to the
specimen top. Three untreated specimens were then tested at lateral pressure
of 60 psi and showed maximum axial stresses of 120, 140 and 156 psi. Water
had appeared on the top of the first-two specimeﬁs, but not on the third. In
other cases where untreated 3pécimens were tested at duplicate lateral
pressures, the specimens not showing free water at'the top also gave higher
maximum axial stresses. | |

'Quantity of moisture absorbed during soaking showed minimal wvariation
between treated and untreated specimens and was measured primarily by

variation in weight of the specimens after curing as compared to.
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weight following soaking and draining. Average weight of moisture absorbed by
the untreated specimens and their standard deviation was 206 + 49 g. Treated
specimens absorbed 261 + 27 g for 0.01%, 266 + 7 g for 0.03% and 264 + 13 g
for 0.05% treatment.

The above situation indicates the extremé variation in water absorption
and in possible pore watef pressure of the untreated specimens, whereas
the absorption and thus the potential pore pressures of the treated specimens
were more uniform. It appears that Arquad 2HT treatment of the Bedford
material limits the amount of absorbed moisture to the large pores. The
rapid movement of water during the soaking phase indicates a general increase
in pérmeability by treatment with Arquad 2HT.

In summary, use of Arquad 2HT to improve the overall stability of the

Bedford stone does not appear amply Justifiable at this time.
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