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ABSTRACT

Recently large settlements of sewer pipes occurred at a job site in Flagstaff, Arizona, 

due to the intrusion of bedding materials into low strength subgrade. Field and 

laboratory tests showed that intrusion can be controlled simply by selecting the correct 

type of bedding material. Correlations were made between strength tests and intrusion. 

These correlations can be used to predict the stress on a subgrade at 1/4 and 1/2 inch of 

intrusion based on values of cone index or unconfined compressive strength. A 

computer model was utilized to predict cone index of a remolded subgrade silt under 

three different moisture density conditions, in a bin, with good success. . The computer 

model was also utilized to estimate cone index of the subgrade under field conditions.
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CHAPTER 1 

INTRODUCTION

1.1 GENERAL

As long as pipe lines, roadbeds and structures are built on low strength soils, bedding 

intrusion will continue to be a problem with which engineers must contend. Many 

solutions have been utilized to resolve this problem.

One common solution often used by contractors is to undercut and remove the 

weaker material and replace it with a compacted engineered fill. This solution can work 

well except in wet areas where the subgrade tends to be very weak and intrusion of the 

fill into the subgrade takes place. Large amounts of fill must be added before intrusion 

will stop. Because of the high cost of good quality fill today, especially in certain 

geographical locations, this solution has become one of the poorer choices. Another 

solution to the problem of bedding intrusion is the use of a natural filter material below 

the bedding. The natural filter prevents the subgrade material from entering the voids of 

the bedding. Although this is a good solution, a graded filter requires compaction which 

may cause weakening of the subgrade when the subgrade is susceptible to pumping.

One solution that has been growing rapidly in popularity is the use of geotextiles. 

The geotextile fabric is placed between the bedding material and the subgrade. The 

fabric acts like a natural filter in that it prevents the fine grained subgrade from 

migrating into the voids of the bedding material.

Both the natural filter and the geotextile prevent intrusion by increasing the area of 

the bedding" subgrade contact. By increasing the load distribution area, the pressure on 

the subgrade is reduced to a value below its ultimate shear strength.
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1.2 BACKGROUND

In May of 1988, the City of Flagstaff encountered problems with the construction of 

the O'Leary Interceptor Sewer. The City of Flagstaff was concerned because shortly after 

installation of one section of the sewer, a settlement of about one foot had occurred. It 

appeared that the settlement occurred because the pipe bedding material was being 

driven into the subgrade soil by the weight of the pipe and the self weight of the bedding 

material and backfill. Because of the legal implications, however, the problem needed 

to be evaluated more closely so that the failure mechanism could be validated and a 

solution found.

Installation of two parallel reinforced concrete pipes for the O'Leary Interceptor Sewer 

began on April 25, 1988. The inside diameters of the pipes were 42 inches and 30 

inches. At the time of installation, groundwater was encountered in the trench. The 

contractor over-excavated the trench and installed volcanic "clinker" to bring the trench 

bottom to grade. Additional pipe was installed on April 26 and 27. On April 28, the 

contractor performed a level survey on the two pipes. At this time settlements up to 

0,97 feet and 0.09 feet were measured on the 42 inch and 30 inch pipes respectively. All 

work was discontinued on this day.

Preliminary calculations indicated that the weight of the material removed from the 

trench was greater than the weight of the pipe and bedding material replacing it.. 

Therefore, compression or consolidation of the subgrade material was unlikely.

The bedding material used in the trench was volcanic "clinker" or cinders. The 

clinker was very angular and ranged in effective diameter from 1 inch to 6 inches. The 

possibility of the clinker compressing was also unlikely.

The most probable cause of this settlement was that the clinker was driven into the 

wet subgrade by the weight of the pipe. The clinker, when end-dumped into the trench,
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had a very large void and area ratio. The large area ratio of the clinker resulted in high 

vertical stress on the subgrade which caused it to fail in shear.

1.3 PURPOSE OF THE RESEARCH

The purpose of this research was to examine the intrusion process of two commonly 

used bedding materials and to correlate the magnitude of intrusion that would be 

expected in those materials with the results of two conventional types of tests. A simple 

cone penetrometer field test and the laboratory unconfined compression test were used 

to predict bedding intrusion. From the results of these tests, bedding materials for utility 

trenches, road beds and structures could be chosen more accurately and failures due to 

intrusion may be avoided.

1.4 SCOPE OF THE RESEARCH

A literature review revealed that very little research has been performed in the area 

of bedding intrusion. A testing program was undertaken to fully analyze the bedding 

intrusion which took place at the O'Leary Interceptor Sewer in Flagstaff.

Trench or test pit materials tested included a black silt and a reddish-brown silt. 

Bedding materials tested included 3/4 inch gravel and the clinker.

Mechanical testing was performed in both the field and the laboratory. Field tests 

performed included numerous sand cone and nuclear density tests, two intrusion tests, 

arid sampling and logging of two test pits. Table 1.1 summarizes all of the laboratory 

tests performed. Laboratory testing of the balck silt was limited to organic content (3 

tests), plasticity (3 tests), specific gravity (3 tests) and gradation (1 test). All of the



other tests were performed on the reddish-brown silt. A micro analysis was also 

performed on the minus .075 mm fraction of the reddish-brown silt. These analyses 

included pH, soluble salt content, x-ray diffraction, and scanning electron microscopy. 

In these studies the mineralogy of the soil was determined.

Table 1.1

LABORATORY TESTING

TEST . NUMBER OF TESTS

Black Silt Reddish-Brown Silt 3/4" Gravel Clinker

Organic Content Determination 3 3

Plasticity 3 3

Grain Size Determination 1 1

Specific Gravity 3 3

Compaction Test 1

Direct Shear 10

Unconfined Compression 18

Cone Penetration 18

Bin Intrusion 21
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CHAPTER 2

REVIEW OF LITERATURE

2.1 GENERAL

Although intrusion of bedding materials into low strength subgrades has been a 

problem for engineers for a long time, research on the subject has been very limited. The 

majority of published literature on bedding intrusion has come from the transportation 

industry, and more specifically, the railroad industry.

2.2 INTRUSION AND THE RAILROAD INDUSTRY

Intrusion has been a problem to railroad engineers for many years. Railroad ballast is 

the material used below the railroad ties to support the track. It lies between the ties and 

the subgrade. If deformation of the ballast occurs, the tracks become uneven which may 

result in serious locomotion problems and possibly cause derailment of trains. Ballast is 

usually a very coarse-grained, angular, free draining material. It must be very resistant to 

weathering and abrasion. The railroad industry has developed strict specifications for 

ballast which are constantly being improved upon (Klassen et al, 1987). The effects of 

increased void ratio increasing the pressure on the subgrade has been recognized by at 

least one author, (Chrismer 1987). Railroad ballast is very similar to the bedding 

materials used in many other engineering applications. It must be resistant to both 

lateral and vertical deformation. If fines are introduced into the ballast, its engineering 

properties are greatly altered, this is referred to as ballast fouling. Shear strength is 

reduced because smaller particles tend to reduce the internal friction angle of the ballast.
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Increased fines also reduce permeability and can cause buildup of additional pore water 

pressures, which in turn, decrease ballast strength.

Intrusion is one form of ballast fouling. While the introduction of fines into the 

ballast may come from various sources, it appears that less than ten percent is caused by 

intrusion (Chrismer, 1987).

When bedding materials, including ballast, are placed on a weak subgrade that reacts 

positively to a dilatancy test, intrusion can occur even during construction. The 

problem of ballast intrusion in the railroad industry is unique in that it is a dynamic 

problem. With every passing railroad car, the subgrade is pumped and weakened. As the 

subgrade debilitates into the state of a slurry, it is pumped into the ballast. At the same 

time, the ballast intrudes into the weakened subgrade (Hay, 1982, Manual for Railway 

Engineering, 1988).

While literature on the prediction of bedding material intrusion into weak subgrade 

is very limited, the solutions to this problem in the railroad industry have been 

thoroughly investigated. Many people have suggested design criteria for natural granular 

fillers and subballast including, Hay (1982), Klassen et al (1987), and Raymond (1987, 

1988).

The use of geotextiles for a wide range of stabilization problems has been growing 

very rapidly. With the manufacturers of geotextiles claiming all types of benefits from 

their products, more and more research has been conducted on their use. In one of the 

first studies a fiberglass mat was used to stabilize a subgrade and reduce intrusion (Newby, 

1980). Analysis of stresses between bedding material, geotextile and subgrade was 

investigated in some detail by Puffer (1981). The use of geotextiles as a stabilizing agent 

for railroad beds was researched by Chrismer et al (1985). Design procedures and criteria 

for the selection of geotextiles for railroad bed stabilization were covered extensively by



Newby (1980). Raymond (1986) and Chrismer and Richardson (1985) also studied the 

use of geotextiles for railbed stabilization.

Due to the limited knowledge on this subject it is felt that further study needs to be 

conducted so that the bedding intrusion problem can be understood and predicted before 

a failure occurs.
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CHAPTER 3

' FIELD TESTING PROCEDURES AND RESULTS

3.1 GENERAL

The field work took place at the construction site of the O'Leary Interceptor Sewer 

near the city of Flagstaff, Arizona (Fig. 3.1).

The O'Leary Interceptor sewer is located in the Rio de Flag stream bed, from O'Leary 

Street in the city of Flagstaff, to the wastewater treatment plant. The total sewer length 

is approximately 8.5 miles. The Rio de Flag is an ephemeral stream which provides the 

principal drainage eastward from Flagstaff. Maximum relief of the stream bed is 

approximately one hundred feet. Flow depth of the Rio de Flag can reach several feet 

above existing grade following heavy storms or during spring run-off (Geotechnical 

Consultants, Inc ., 1978).

To help understand bedding intrusion and find a solution to the problem as quickly as 

possible, field work was performed on the site on May 12, and May 20, 1988. On both 

occasions, samples were collected of the bedding materials and the trench subgrade. 

These samples were used for subsequent laboratory testing. The subgrade was classified 

in the field by techniques based on its field characteristics. In situ density and moisture 

measurements were also performed. During the second visit to the site, intrusion tests 

were conducted on the bedding materials.
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Figure 3.1 Site Map
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3.2 TEST PITS AND FIELD CONDITIONS

On each field visit, a test pit was excavated by using a large tracked backhoe. The 

equipment was owned and operated by T & T Construction, Inc., the contractor on this 

project. During excavation, undisturbed soil samples were obtained at various depths by 

manually pushing a thin walled sampling tube into the stratum to be sampled.

Test Pit #1 (TPI) was excavated near Station 10 + 05 (Refer to Fig. 3.1). The topsoil 

was a very dark brown, slightly plastic silt, containing little organic matter and was 

approximately one foot thick in this area. The topsoil was underlain to the depth of 5.5 

feet by a black silt which was plastic with some gravel and cobbles. The black silt had no 

dilatant reaction.

A reddish-brown silt was encountered at a depth of about 6.5 feet from the ground 

surface. This silt was wet and plastic with some gravel and cobbles. Its most important 

characteristic, however, was its quick dilatant reaction. This silt would "pump" very 

easily and the slightest amount of shaking would cause the water in it to appear on its 

surface. "Pumping" can be defined as the upward movement of water through soil due to 

cyclic loading and is characteristic of fine sands or silts. Test pit number one was 

terminated at a depth of 7.5 feet and no ground water was encountered. The log of TPI 

is shown in Fig. 3.2.

Test Pit #2 (TP2) was located at approximately Station 5 + 00. The thickness of the 

topsoil in TP2 was thinner than in TPI. It had been partially scraped off in this area. 

The soil horizons in this test pit appeared very similar to the horizons encountered in 

TPI. This is probably due to the test pit's being so close to each other and the fact that 

they are in the same depositional environment. As in TPI, the top soil was underlain by 

a black silt followed by a reddish-brown silt. Samples taken from the same soil horizons 

in TPI and TP2 are, in fact, indistinguishable from each other.



Two intrusion tests were conducted in TP2 at a depth of 7.0 feet. After completion of 

the intrusion tests, TP2 was excavated further to a depth of 8 feet where a gravel lens was 

encountered. The gravel lens was under an artesian pressure and the test pit began to 

fill with water rapidly. Excavation was halted at a depth of 8.5 feet. The log of TP2 is 

shown in Fig. 3.3.



Depth (ft.) Soil Description Comments

TOPSOIL, dark brown, 
fine grained, plastic.

MODERATELY
ORGANIC

1

BLACK SILT, some gravel & 
cobbles, fine grained, moist, 
plastic, no dilatant reaction.

5.5

7.5

SAMPLED AT 5.0'

REDDISH-BROWN SILT, 
some gravel & 
cobbles, fine grained, 
plastic, moist, quick dilatent 
reaction.

NO GROUND 
WATER
ENCOUNTERED. 
NO CAVING. 
SAMPLED AT 7.5'. 
TEST PIT 
TERMINATED AT 
7.5'.

Fig. 3.2 Log of Test Pit #1 (TP1) 

Excavated May 12,1988 with a backhoe 

All depths measured from ground surface, Station 10 + 05



Depth (ft.) Soil Description Comments

n s
TOPSOIL, dark brown 
fine grained, plastic.

MODERATELY
ORGANIC

U . J  

6  0

BLACK SILT, some gravel & 
cobbles, fine grained, moist, 
plastic, no dilatant reaction.

o  r \

REDDISH-BROWN SILT, 
some gravel & 
cobbles, fine grained 
plastic, moist, quick dilatent 
reaction.

NO CAVING. 
INTRUSION 
TESTS AT 7.0'. 
SAMPLED AT 7.5': 
ENCOUNTERED 
G.W. @ 8.0'.

O.U 4" GRAVEL lens, 1/2" dia., 
subround.

TEST PIT TERMINATED 
AT 8.5'.

8.5

Fig. 3.3 Log of Test Pit Number Two 

Excavated May 20,1988 with a backhoe 

All depths measured from ground surface, Station 5 + 00
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3.3 SAMPLING

Approximately one hundred pounds of each type of bedding material were obtained 

from stockpiles at the construction site. The samples were shoveled into large canvas 

sampling bags and transported back to the Soil Mechanics Laboratory at the University 

of Arizona.

Samples of the black silt stratum which overlays the subgrade material were collected 

from Test Pit #1 (TP1), at a depth of approximately five feet below the ground surface 

(Refer to Fig. 3.2). The subgrade material was sampled from two test pits at the 

approximate depth at which the bedding material was to be placed. The test pit 

locations are shown in Figure 3.1. Ten samples were collected in 2.5 inch diameter thin 

walled tubes from TP1, (Refer to Fig. 3.4). Each tube was wrapped tightly in cellophane 

in order for the soil to maintain its natural moisture content as much as possible.

Figure 3.4 Tube Sample
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3.4 DENSITY AND MOISTURE CONTENT DETERMINATION

In situ dry density was measured by using the sand cone method according to ASTM 

D1556. The moisture content of the sample was so high that the "speedy" moisture 

meter could not measure it. The meter can only detect moisture below 20%. The City 

of Flagstaff provided personnel to test the in situ moisture and density by using a nuclear 

testing device according to ASTM D2922. The results of the tests are summarized in 

Table 3.1 and appear to be in reasonable agreement with each other.

Table 3.1

Results of Field Moisture/Density Tests

ASTM D 2922 ASTM D 1556

Moisture Content (%) 21.7 —

Wet Density (pcf) 116 120

Dry Density (pcf) 96 98*

*Based on ASTM D2922 moisture content

3.5 INTRUSION TESTS

Two intrusion tests were executed in the field in TP 2. In both tests approximately 

one foot of bedding material was placed in the bottom of the test pit at the seven foot 

level. The bedding material was 3/4 inch gravel for one test and volcanic clinker for the 

other test. The properties of the bedding materials are discussed in Chapter 4- A 1/2" 

thick steel plate, 12" x 9" in plan view was placed on top of the bedding material and 

loaded using a 10 ton jack with a pressure gauge.
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In order to obtain adequate reaction, a 7 foot long, 4 inch x 4 inch wooden column 

was placed between the jack and a bulldozer bucket. The test set up is shown in Fig. 3.5. 

As pressure was applied to the jack and recorded, an independent dial gage measured the 

displacement of the plate. The jack pressure had been previously calibrated into pounds 

at the University of Arizona. The load and displacement data are plotted in Figure 3.6. 

From Figure 3.6 it is apparent that the 3/4 inch gravel behaves much differently than the 

volcanic clinker when loaded under the same conditions. For any load, the clinker was 

displaced a greater amount than the gravel. The clinker was loaded to about 4,200 

pounds beyond which the load decreased with further penetration of the plate/clinker 

system into the subgrade. This is indicative of a shear or "punching" type bearing 

capacity failure. The subgrade material when loaded by the 3/4 inch gravel/plate system 

never reached a failure point and the loading was discontinued only because of the 

limitation of the apparatus.

After each test was concluded, the bedding materials were removed to view the 

failure. In both intrusion tests the bedding materials, 3/4" gravel or clinker, had been 

driven into the reddish-brown silt. The voids of the bedding materials were filled with 

the silt. It was clearly evident that the failure mechanism was a "punching" shear of the 

bedding material into the reddish-brown silt.
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Figure 3.5 Photographs of the Field Intrusion Tests
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Figure 3.6 Load on Plate vs Plate Displacement (in)
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CHAPTER 4
LABORATORY TESTING PROCEDURES AND

RESULTS

4.1 GENERAL

Laboratory testing was performed on bedding materials and trench soils to determine 

their engineering properties. The bedding materials tested were 3/4 inch gravel and 

volcanic clinker. The trench soils tested in the laboratory included the black silt and the 

reddish-brown silt subgrade material. To understand the intrusion problem fully, the 

subgrades' unconfined compressive strength, direct shear strength properties, and cone 

indicies were measured for different moisture and density conditions. The subgrades' 

plasticities, grain-size distributions, specific gravities and moisture density relationships 

were also determined.

The bedding material's void ratio, density and internal angle of friction (0) were also 

measured. In order to be able to calculate the total vertical force in the bin intrusion 

tests mentioned in Table 1.1, the internal friction angle of the bedding materials was 

measured by direct shear testing. Because one phase of the laboratory testing program 

would involve testing bedding materials in a bin made of polyvinyl chloride (PVC), the 

interface friction angle between the bedding materials and a PVC plate was also 

determined from direct shear tests in the laboratory. All tests were performed according 

to ASTM procedures.
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4.2 BEDDING MATERIALS

4.2.1 GENERAL

Bedding material charactistics appear to have a great influence on intrusion. Not only 

was this observed by the O'Leary Interceptor Sewer subgrade failure, but it was also 

measured in the field intrusion tests, and laboratory bin tests.

The two bedding materials tested were a 3/4" gravel and irregularly shaped and sized 

volcanic cinder or "clinker” (Refer to Fig. 4.1). The 3/4" gravel is shown on the left side 

of Figure 4.1 and the clinker is shown on the right. These materials were tested because 

they were being considered for use in the construction of the O'Leary Interceptor Sewer. 

Both of these bedding materials are very angular and lock together quite well. This 

characteristic simplified the research to some degree because neither material required 

compaction. Indeed, when poured, these materials very consistantly attain the same 

density and void ratio. This point became very important for the sewer construction in 

Flagstaff because minor disturbances of the subgrade would cause it to" pump" and hence 

reduce its already low shear strength. Since both of these materials could be placed with 

little compaction, only minor settlements would occur.

The shape of the particles that compose these bedding materials not only influence 

density and void ratio, but also internal friction angle and permeability. As shown in 

Figure 4.1, both materials can be characterized in general terms as being very angular.

Testing was performed to measure the void ratio and friction angle of both of these 

materials.
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Figure 4.1 Bedding Material

4.2.2 3/4 Inch Gravel

What has been referred to as 3/4" gravel so far throughout this research is described by 

the City of Flagstaff as a sieved ABC (Aggregate Base Course) material. The City of 

Flagstaff specification calls for the gradation shown in Table 4.1.

Table 4.1 3/4" Gravel Gradation

SIEVE SIZE PERCENT
PASSING

1"  100

1/2" 20-65

#4 0-10
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In addition to gradation requirements, the material must also undergo soundness testing. 

Soundness is measured using a Los Angeles abrasion machine according to ASTM C-131. 

This test is sometimes referred to as the L.A. rattler test. In this test a known gradation of 

material is placed in a drum and rotated. After a standard time limit, the gradation is 

remeasured. A value can then be calculated of the percentage loss. The percentage loss is 

the sum of the difference in percent passing, for each sieve size, before and after rotation. 

For the 3/4" gravel, the percentage loss could not exceed 40 percent after 500 revolutions.

Volumetric and Gravimetric measurements of both bedding materials were determined 

using a method based on Archimedes' principle that a body submerged in a liquid will 

displace its own volume. From this principle, the materials' void ratio, saturated density, 

and in the case of the 3/4" gravel, the dry density and specific gravity were determined. 

An empty 400 ml beaker was weighed. The jar was filled with 3/4" gravel that had been 

poured in and reweighed. From this procedure the dry density could be directly 

measured. The void volume was then measured directly by measuring the amount of 

water it took to fill the container. The volume of solids was obtained by subtracting the 

void volume from the total volume. The void ratio was then calculated by dividing the 

void volume by the solids volume. The specific gravity of the gravel was obtained by 

dividing the weight of the solids by the volume of solids and the unit weight of water. 

This test was repeated three times. The average dry density (y^) of the poured 3/4" 

gravel was found to be 65 pcf. The void ratio (e) was 0.86.

The void ratio appears quite high, but is consistant with the low densities measured in 

the laboratory and the material handling characteristics in the field.

Direct shear tests were also performed on the 3/4" gravel. The tests were performed 

according to ASTM D3080, on an ELE Model No. 28-007/02 direct shear testing device. 

Direct shear tests of 3/4" gravel were conducted using four different normal loads. A plot of
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shear stress vs normal stress is shown in Figure 4.2. The Mohr'Coulomb failure envelope 

was plotted by using a linear regression technique. The failure envelope in Figure 4.2 

suggets that the 3/4" gravel possesses about 600 lbs/ft2 of cohesion. This is an apparent 

cohesion due to particle interlock. The internal friction angle (0 ) of this material is about 

45 degrees. The high angle of friction is due to the material's high durability and 

angularity. Direct shear tests were also performed on the 3/4" gravel against a PVC plate 

using three different normal loads. From Figure 4 3, an interface friction angle (5)equal to 

34 degrees was measured. As expected, the interface "adhesion" equals zero. As discussed 

subsequently in Section 4.5, the interface friction angle and adhesion are needed to 

calculate vertical stress in a series of bin tests conducted as part of this study. A summary of 

the properties measured for the 3/4" gravel are contained in Table 4.2.

0  1000 2 0 0 0  3 0 0 0  4000
5 0 0  1500 2 5 0 0  3 5 0 0

NORMAL STRESS - (LBS./SQUARE FT.)

Figure 4.2 Shear Stress vs Normal Stress of 3/4" Gravel
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0  5 0 0  1000  1500 2 0 0 0  2 5 0 0

NORMAL STRESS (LBS./SQUARE FT.)

Figure 4.3 Interface Friction Angle Between 3/411 Gravel and PVC
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Table 4.2 Measured Properties of the 3/4" Gravel

Void Ratio (e)

Dry Density (y^)

Internal Friction Angle (0)

Apparent Cohesion (C)

Interface Friction Angle 
between 3/4" Gravel and 
PVC (8)

Interface Adhesion

0.86 

65 pcf 

45°

600 psf 
_ o

0

4.2.3 CLINKER

What has been referred to as "clinker" in this research so far can be described as 

particles of brownish- red volcanic cinder as shown in Fig. 4.1. The cinders have an 

effective diameter ranging from 1 to 6 inches. The clinker is very vesicular and 

scoriaceous, therefore specific gravity measurements were not attempted. Cinders of 

varying size have been used for many purposes in the Flagstaff region because they are so 

readily available from the cinder cones surrounding the area.

In winter, cinders are widely used across northern Arizona to help vehicles maintain 

traction on icy roads. The reason cinders help with traction on ice is the same reason 

cinders make a good bedding material, angularity.

The void ratio and dry density of the poured clinker were measured by using the same 

method that was described in Section 4.2.2 for the 3/4" gravel, the one difference being 

that the container volume was 14,500 ml instead of 400 ml. From these tests, the void 

ratio (e) of the poured clinker was found to be 1.3 at a dry density (yj) of 57 pcf.
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Direct shear tests were performed so that the angle of internal friction (0) of the 

clinker and the interface friction angle (8) between the clinker and the PVC could be 

determined. The shear stress at failure was measured at four different normal loads. The 

plot of shear stress versus normal stress is shown in Figure 4.4. The best fit line was 

obtained using a linear regression method. Again, an apparent cohesion was recorded 

due to interlock, of about 550 psf. An internal friction angle of about 35 degrees was also 

determined from the failure envelope.

<  1500

1000

NORMAL STRESS (LBS./SQUARE FT.)

Figure 4-4 Shear Stress vs. Normal Stresss of Clinker
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Direct shear tests were also conducted between the clinker and a PVC plate. Figure 4.5 

shows the shear stress vs. normal stress relationship for clinker on PVC. The interface 

friction angle (5) was determined to be about 34 degrees, and again, as with the 3/4" 

gravel, no adhesion was observed. The measured properties of the clinker are shown in 

Table 4.3.

3  1000

0  500 1000 1500 2000 2500

NORMAL STRESS (LBS./SQUARE FT.)

Figure 4.5 Interface Friction Angle of Clinker on PVC



Table 4.3 Measured Properties of the Clinker

Void Ratio (e) 1.3

Dry Density (yj) 57 pcf

Internal Friction Angle (0) 35°

Apparent Cohesion (c) 550 psf

Interface Friction Angle 
between clinker and 
PVC (8) 34°

Interface Adhesion 0

4.3 BLACK SILT

4.3.1 GENERAL

A black silt was encountered in both TP1 and TP2 as described in Chapter 3. It could 

be found directly below the topsoil and above the reddish-brown silt. The black silt 

varied in thickness from four and one half feet in TP1 to about five and one half feet in 

TP2. It was a plastic material in its natural state and had no dilatant reaction. The 

black silt was tested for plasticity and grain size distribution so that it could be classified 

according to the Unified Soil Classification System (USC) and the American 

Association of State Highway and Transportation Officials System (AASHTO). 

Specific gravity was also determined for the black silt. The black silt was not tested for 

shear strength properties or used in the bin tests because neither in the failed area, nor in 

the test pits was it located at the level where the bedding materials were to be placed. 

All of the measured properties of the black silt are contained in Table 4 4.
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Table 4.4 Measured Properties of the Black Silt

Moisture Content (W%) 31.1%

Organic Content (Q%) 7.0%

Liquid Limit (LL) 38.3%

Plastic Limit (PL) 27.8%

Plasticity Index (PI) 10.5

Specific Gravity (Gg) 2.62

USC Classification ML

AASHTO Classification A-4

4.3.2 MOISTURE AND ORGANIC CONTENT 
DETERMINATION

Moisture and organic content were determined from the bag samples collected in die 

field. These tests were performed on each of the materials encountered in the test pits. 

Moisture content tests were performed according to ASTM D2216. Organic content was 

determined for three samples of each soil after the moisture had been removed. This 

was accomplished by weighing the samples prior to heating them to 550 degrees C for 24 

hours. The samples were then re weighed. The percentage of weight lost during the high 

heating period was attributed to ignition of organics in the soil.

The average water content, (W) for the black silt was 31.1% while its average organic 

content (O) was 7.0%. In comparison to higher organic soils, 7% is quite small, and the 

organic content of the black silt is expected to have little effect on its engineering 

properties.
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4.3.3 PLASTICITY

The plasticity of soil can greatly influence its engineering properties. The liquid limit 

(LL), plastic limit (PL) and plasticity index (PI) are needed to classify fine grained soils. 

These properties are referred to as the Atterberg limits and are measured according to 

ASTM 4318. The liquid and plastic limits are moisture contents at which a change in 

state of the soil takes place; the plasticity index is the difference between the LL and PL 

and indicates the range of moisture contents over which the soil acts plastically. From 

these tests it was determined that the black silt had a liquid limit of 38.3% and a plastic 

limit of 27.8%. The corresponding plasticity index was 10.5. The soil can be considered 

plastic.

4.3.4 GRAIN-SIZE DISTRIBUTION

The grain-size distribution is used primarily for the classification of soils and becomes 

particularly important for coarse grained materials. The black silt's grain size distribution 

was determined according to ASTM D422. Since 80 percent of the material passed the 

No. 200 sieve (<0.074 mm) a sedimentation process using a hydrometer was required to 

plot the entire grain-size distribution curve. The grain-size distribution curve for the 

black silt is presented in Fig. 4.6.
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Fig. 4.6 Grain-size Distribution Of The Black Silt

4.3.5 SPECIFIC GRAVITY OF SOIL SOLIDS

Specific gravity of the soil solid (Gs) is a helpful parameter when classifying soils and 

is required for volumetric/gravimetric calculations. It not only is needed for the 

hydrometer analysis, but it can also be useful in soil mineral classification. The specific 

gravity of soil solids was performed according to ASTM D854. The experiment was 

repeated three times with consistent results. A n average value of these tests for the 

specific gravity of the black silt is, Gs = 2.62.
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4.3.6 CLASSIFICATION

From the results of the sieve analysis, hydrometer analysis, organic content 

determination and plasticity tests, the soil can be classified as ML according to the 

Unified Soil Classified System and as A'4 according to the AASHTO system.

4.4 REDDISH-BROWN SILT

4.4.1 GENERAL

The reddish-brown silt encountered in both TP1 and TP2 was located at the depth at 

which the pipe bedding material was to be placed at both of the test pit locations. The 

reddish-brown silt was also the subgrade material in the area of the intrusion failure that 

took place after the sewer pipe was installed. The silt exhibited plasticity and a quick 

dilatent reaction when tested in the field. In the laboratory the soil was tested for all of 

the properties required to classify it. In addition, its shear strength properties were also 

determined. Unconfined compressive strengths of both undisturbed samples and 

remolded samples were measured. Direct shear tests were performed on undisturbed 

samples. The soil's compaction characteristics were also determined.

The mineralogy of the reddish-brown silt was determined by physico-chemical/ 

electro- optical analyses of the minus 200  (<0.074 mm) fraction. The mineralogy was 

determined through x-ray diffraction, infrared and electron microscopic analyses. 

Soluble salt content and pH of the soil were also determined. Cone penetration and 

intrusion tests were also performed on the reddish-brown silt in a large PVC bin.
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4.4.2 MOISTURE CONTENT, ORGANIC CONTENT,

PLASTICITY, GRADATION AND SPECIFIC GRAVITY 
OF SOIL SOLIDS

Moisture content, organic content, plasticity, gradation and specific gravity of soil 

solids were measured for the reddish-brown silt according to the same procedures 

outlined for the black silt in Section 4.3. The moisture content (W) from the bag 

samples was determined to be 19.5%. The organic content (O) was found to be 1.6%. 

The liquid limit of the reddish-brown silt was determined to be 21.5% while the plastic 

limit was found to be 19.0%. The results of the grain-size analysis determined by the 

seive and hydrometer tests are presented in Fig. 4 7. From the results, the reddish-brown 

silt is classified as ML according to the Unified Soil Classification system and A-4 

according to the AASHTO system. A summary of the tests results required to classify 

the silt is presented in Table 4.5.

Table 4.5 Classification Properties of the Reddish-Brown Silt

Moisture Content (W%) 19.5

Organic Content (0%) 1.6

Liquid Limit (LL) 21.5

Plastic Limit (PL) 19.0

Plasticity Index (PI) 2.5

Specific Gravity (Gs) 2.68

USC Classification ML

AASHTO Classification A-4
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Figure 4-7 Grain-size Distribution Of The Reddish-Brown Silt
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4.4.3 MICRO ANALYSIS

4.4.3.1 GENERAL

The engineering characteristics of a soil are directly related to its mineralogy and 

chemical makeup. During this phase of the research the fraction of the reddish-brown 

silt finer than .075mm was analyzed for its pH and soluble salt content. X-ray diffraction 

and scanning electron microscope analyses were also performed. All of the tests except 

the scanning electron microscopic analysis were performed at the University of Arizona 

Micro Materials Laboratory. The scanning electron microscopic photographs were taken 

at the University of Arizona, College of Agriculture, Veterinary Science Department 

Pharmacy Micro Building. Soluble salt content and pH give an indication of a soil's 

corrosiveness. Soils high in sulfate salts and acidity can be corrosive to structures 

constructed of concrete such as the sewer pipe. Soluble salt content and pH are also 

directly related to soil resistivity. Soils with low resistivities have a tendency to speed up 

the process of corrosion.

Many soil properties are directly related to its mineralogy. The x-ray diffraction 

method is one of the best and most widely used methods for identifying minerals in soils. 

Expanding clay and other minerals can be identified quite easily using the x-ray 

diffraction technique. Expansive clays could cause high swell pressures and other 

problems during construction of the sewer.

The scanning electron microscope can be used to study a soil's fabric but in this 

investigation it was simply used as a means of actually seeing the particles which make up 

the finest portion of the reddish-brown silt.
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4.43.2 SOLUBLE SALT CONTENT AND SOIL pH

Soluble salt content was measured using a simple evaporative method. First, 50 gm of 

soil was mixed with 150 cc of distilled water. The solution was stirred and left overnight. 

The next day the mixture was filtered into a pre-weighed beaker and put into a 120 

degree centigrade oven overnight. The beaker was re-weighed the next day. Soluble salt 

content was calculated by dividing the difference in weight by the original soil weight. If 

the soluble salt content is more than 0.1%, then soluble sulfate content should be 

determined. Soluble sulfates were separated from the other soluble salts by adding 100 cc 

of distilled water, 10 cc of 37% hydrochloric acid, and 30 cc of a barium chloride 

solution to the dry salts in the beaker. This solution was then filtered through a #42 

ashless filter paper. The filter was weighed and then ignited using a Bunsen burner. The 

residue was weighed and the difference, calculated is the soluble sulfate content. The 

soluble salt content of the soil was determined to be 0.05%. Since the total soluble salt 

content was less than 0.1% it was not necessary to determine the content of soluble 

sulfates. The very small amount of soluble salts found in this soil was expected because 

this silt was deposited in a low gradient stream bed. Therefore most of the, soluble salts 

have been dissolved and leached out. The salt content of this soil will probably not 

affect its engineering behavior nor be corrosive to metal or concrete structures found in 

the soil. These procedures are more thoroughly described in Appendix A.

The pH of the soil was determined using two methods. In the first method, a thick 

paste was made using the silt and a very small amount of distilled water. A colorometric 

pH indicator paper was then applied to the paste. The color of the pH paper was 

compared to a standard color chart and the pH was determined. The pH of soil paste 

measured with the pH paper was about 5.2 or 5.3. However, the pH paper was very old
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and the color changes were not real distinct. For these reasons it is felt that this test was 

not a good indication of the soil's true pH.

The second method employed for pH determination was electrical. An Orion Research 

microprocessor pH/millivolt meter, model number 811 was used to measure the pH of two 

different soil water solutions. The first solution was made up of 10 gm of soil and 10 gm of 

distilled water. The second solution consisted of 10 gm of soil and 50 gm of distilled 

water. Before the pH was determined for the two solutions, the meter was calibrated using 

two standard buffer solutions, one with a pH of 4 and the other with a pH of 7.

The electrically measured pHs of the solutions were, 7.50 for the 20 gm (total) sample 

solution and 7.32 for the 60 gm (total) sample solution. The lower pH measured for the 

dilute solution is reasonable because the hydrogen ions were in a lower concentration 

with the addition of extra water, thus indicating a lower pH. Since the organic content 

of this soil was low, humic acid could not form and hence the silt is slightly alkaline.

4.43.3 X-RAY DIFFRACTION ANALYSIS

In this phase of testing the mineralogy of the reddish-brown silt was determined using 

the x-ray diffraction technique.

The x-ray testing was performed on a powder sample and an air-dry, slurry sample on a 

glass slide. The General Electric XRD-5, x-ray diffractometer in the Micro Materials 

Laboratory at the University of Arizona was used for all x-ray testing. In both of the tests, 

the samples were rotated from 3 to 60 degrees of 2 theta while being subjected to copper 

(Ka ) radiation having a wavelength of 1.54 Angstroms (A). Operating voltage and 

amperage were 35KVP and 23 pA respectively. The count rate switch was set at 1000cps full 

scale, and the chart speed was set so that 5 degrees of 2 theta would cover 1 inch of chart
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paper. Since no expansive clay minerals were identified during the first test, glycolation and 

heat treatment were not necessary. Sample preparation procedures and the operating 

instructions for the x-ray diffractometer are included in Appendix B.

Thirteen characteristic peaks were found on the powder sample scan, and seven major 

peaks on the air dried slurry slide sample scan. Tables 4.6 and 4.7 summarize the results 

obtained from x-ray diffraction scans of the random powder and oriented sample, 

respectively.

To identify the minerals in the sample, the oriented sample scan was analyzed first because 

these peaks represented the mineral's characteristic basal spacing. Comparing these peaks to 

the data reported by McCauley and Post (1968), five basic minerals were identified; illite, 

quartz, chlorite, microcline, and plagioclase feldspar. In reviewing the scan from the random 

powder sample and comparing the distance between atomic planes or d-spacings with what 

was reported by Brown (1961), other planes of these same minerals could be identified.

Table 4.6 Random Powder Sample Scan Peaks

AK
JMBER

2
THETA

PEAK
DESCRIPTION

d
SPACING

DIAGNOSTIC
PLANE IDENTIFICATION

1R 8.5 very broad 10.394 001 Illite
2R 13.7 small sharp 6.458 001, HO Microcline
3R 19.8 small broad 4.4801 020 Illite
4R 20.9 small sharp . 4.2467 100 Quartz
5R 22.0 tall sharp 4.0367 20T Plagioclase
6R 23.8 tall sharp 3.7354 130 Plagioclase
7R 26,7 very tall sharp 3.3359 101 Quartz
8R 27.6 very tall sharp 3.229 040,202 Microcline
9R 35.6 short 2.5196 200,131 Illite
10R 41.9 short 2.1542 200 Quartz
h r 42.7 short 2.1157 Unidentified
12R 50.2 short 1.8192 112 Quartz
13R 60.2 short 1.5382 060,33l Illite
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Table 4.7 Orientated Sample Scan Peaks

PEAK
NUMBER

2
THETA

PEAK
DESCRIPTION

d
SPACING

DIAGNOSTIC
PLANE IDENTIFICATION

i o 8.7 broad 10.150 001 Illite
2 0 12.5 . sharp 7.0751 002 Chorite
3 0 13.7 sharp 6.4580 ooi, n o Microcline
4 0 22.0 broad 4.0367 20T Plagioclase
5 0 25.0 broad 3.5587 004 Chlorite
6 0 26.8 broad 3.3236 101 Quartz
7 0 27.8 broad 3.2063 002 Microcline

From Tables 4.6 and 4 7, it is is clear that most of the soil is made up of silicates. The 

clay mineral illite is an aluminum silicate formed by the degradation of mica, and some 

of the planes measured for this mineral could be mica. Quartz is a very common soil 

mineral, and it would have been very surprising if it were not observed on the scans. 

Chlorite belongs to a mineral group made up of regular mixed layers of silica tetrahedra, 

gibbsite octahedra, and brucite. Chlorite can form many different variations which are 

very hard to distinguish. Microcline is a member of the potassium feldspar group. These 

minerals are very similar to the plagioclase feldspars in that they both are tectosilicates. 

Plagioclase is part of the plagioclase feldspar series of tectosilicates. They form many 

different minerals from albite, which is sodium rich, to anorthite, which is calcium rich. 

From the data presented in Brown (1961), it appears that this sample contains mostly 

anorthite plagioclase. Many different Substitutions are possible within these mineral 

groups.

From the data presented in Tables 4 6 and 4.7, it appears that there are no expansive 

clay minerals in the soil. Isomorphous substitutions are substitutions of one kind of ion 

by ions of another type, with the same or different valence, but with retention of the
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same crystal structure. Although many possible isomorphous substitutions exist in the 

mineral groups that were identified, it is unlikely that the expansive clay minerals were 

masked or missed in the x^ray diffraction scans. It is very likely though that some of the 

illite peaks may be from mica. Of all the minerals identified in the sample, none are 

known to cause any engineering problems. Large settlements or foundation failures due 

to mineralogical considerations alone would not be expected in this soil.

4.43.4 ELECTRON MICROSCOPY

A scanning electron microscope (SEM) was used to view specimens of the reddish- 

brown silt prepared from the minus 200 (< 0.074 mm) fraction. A sample was prepared 

by first mixing some of the silt with water. After the coarse particles in the mixture 

were allowed to settle out, a small portion of the supernatant fluid was drawn off with an 

eye dropper. This procedure was performed in order to separate the clay fraction, which 

would remain in suspension longer, from the silt portion, which would settle out quickly. 

The drop was then placed on a glass slide, and the water allowed to evaporate. By 

allowing the water to evaporate in this fashion, the platey clay particles should settle out 

flat in an orientated position. This procedure was the same as that followed to produce 

an air-dried slurry slide for x-ray diffraction analysis.

In electron microscopy the specimen must be electrically conductive to avoid buildup 

of a surface change. At the SEM laboratory in the Department of Veterinary Science, 

the sample slide was made conductive by vapor deposition of a thin layer of gold.

Figures 4.8a and 4.8b show two different magnifications of the edge of the material on 

the glass slide. In Figure 4.8a, two large silt grains can be seen on the right side of the 

photograph. The smaller particles in Figure 4.8a exhibit a flat platey character as expected 

for the clay mineral illite. Figure 4.8b is a higher magnification of the same area of the
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slide. In this figure, the morphology is very apparent, and an edge of one of the plates

can be seen near the bottom left corner of the photograph (circled).

Figure 4.8a Scanning Electron Microscope Photograph O f The 
Reddish-Brown Silt (Lower Magnification)

Figure 4.8b Scanning Electron Microscope Photograph O f The Reddish-Brown
Silt (Finer Magnification)
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4.4.4 MOISTURE DENSITY RELATIONSHIPS

The moisture density relationship for the reddish-brown silt was determined by the 

standard compaction test according to ASTM D698. The results are presented in Fig. 

4.9. From the figure, the maximum dry density of the reddish-brown silt is determined as 

121 pcf at an optimum moisture content of 12.5% for the specimens produced by the 

standard compaction test.

Figure 4.9 also shows a compaction curve produced from specimens prepared in Harvard 

Miniature molds. These specimens were prepared so that unconfined compressive strength 

could be determined for samples with a height to width ratio close to the recommended 

value of 2.0. The specimens were formed by dropping a 1.0 lb hammer from a height of

15.2 inches onto 3 lifts of soil in the mold. By compacting the specimens in this manner, 

an energy of 12,375 ft-lb/ftP is put into the soil, the same amount used in the standard 

compaction test. From the curve shown in Figure 4.9, it can be seen that actual energy put 

into the soil is less because the curve is lower and to the right of the standard compaction 

curve. It is felt that the hammer diameter to mold diameter ratio may be the cause of 

this difference. In the standard compaction test, the hammer diameter to mold diameter 

ratio is 0.5. In the Harvard Miniature tests the hammer diameter to mold diameter ratio' 

was close to 1.0. From the figure, the maximum dry density of specimens prepared in this 

manner was 116 pcf at an optimum moisture content of 15.6%.

Also shown in Figure 4 9 is the zero air void's curve (S = 100%). As can be seen from 

the plot, when the soil is compacted wet of optimum, the degree of saturation approaches 

100%. This means that the soil is likely to have a low undrained strength if it has a dry 

density and moisture content close to that defined by the wet-of-optimum portion of the 

compaction curve (Seed, et al, 1960).



The condition of the soil in its natural state is also plotted in Figure 4 9. The 

reddish-brown silt's dry density and moisture content were determined in the field as 

discussed in Section 3.4. From the location of the plotted point, the soil can be expected 

to have low undrained strength in situ. □

PROCTOR

X
NATURAL

>
HARVARD MINIATURE

S=100%

WATER CONTENT W %

Figure 4.9 Compaction Curve for Reddish-Brown Silt
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4.4.5 DIRECT SHEAR TESTS AT NATURAL DENSITY AND  

MOISTURE

Ten direct shear tests were performed on specimens obtained from the tube samples of 

the reddish-brown silt subgrade recovered from the field. The direct shear tests were 

performed in accordance with ASTM D3080. Ten specimens, 2.5 inches in diameter 

and 1.3 inches in height were cut from the tube samples. The specimens were placed in 

the ELE direct shear machine and sheared at a rate of 0.75 mm/min under five different 

normal loads. The tests were stopped after approximately 10% strain had occurred and 

the entire specimen moisture content was determined according to ASTM D2216.

Figure 4.10 shows the data from two such shear tests performed on the same soil and 

under the same normal load, but with the soil at two different natural moisture 

conditions. Although the maximum shear stress varied, in all cases the shear strength 

decreased with higher moisture content under the same normal load as shown by the 

results of the two tests presented in Figure 4.10. Figure 4.10 also shows that the 

specimens failed plastically, as was the case in all of the direct shear tests performed on 

the tube samples. Since all the samples failed plastically, a maximum shear stress vs 

percent strain could not be plotted. Therefore, the "maximum" was chosen as the value 

corresponding to 0.25 inches because stress that caused displacement larger than 0.25 

inches would undoubtedly result in unacceptable displacement of the sewer pipe line. 

Figure 4.11 is a plot of shear stress vs. normal stress at 0.25 inches of displacement. Two 

Mohr-Coulomb failure envelopes are plotted in Figure 411. One is for specimens with a 

moisture content between 14% and 18% and one is for specimens whose moisture 

content was between 21 and 26%. These two different failure envelopes developed 

because of drainage conditions during the testing. The envelope for specimens at the 

lower moisture contents passes through the origin and exhibits drained behavior while
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the envelope for the wetter specimens shows undrained behavior. This phenomena 

most likely occurred because the strain rate was slow enough so that drainage could occur 

in the case of the samples whose moisture contents were between 14 and 18 percent, 

with saturations ranging from 66 to 75%. In the case of samples where the moisture 

content was between 21 and 26 percent, with saturations ranging from 82 to 94%, the 

strain rate was too fast for drainage to occur and the samples behaved in an undrained 

manner. For the samples whose moisture content was between 14 and 18 percent, the 

internal friction angle (0 ) as determined from the direct shear tests was about 32 

degrees. This is in line with values typically reported for the effective friction angle of 

silt. A cohesion of about 300 pounds per square foot and an internal friction angle of 

22 degrees was measured for samples whose moisture content was between 21 and 26 

percent. As indicated previously these values probably represent total stress parameters 

since full drainage of ten specimens at those high moisture contents does not seem likely 

during direct shear at a rate of 0.75 mm/min.
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Figure 4.10 Shear Stress Vs Displacement
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Figure 4.11 Shear Stress Vs Normal Stress At 0.25 Inches of Displacement
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4.4.6 UNCONFINED COMPRESSION TESTS

4.4.6.1 GENERAL

Unconfined compression tests were performed according to ASTM D2116 on the 

reddish-brown silt. Nine tests were done directly on the undisturbed tube samples collected 

in the field and nine other tests were performed on remolded specimens prepared from the 

tube samples. All of the unconfined compression tests were performed on a hand operated 

Soiltest Model No. V-160 unconfined compression testing machine (Fig. 4.12). All 

specimens were loaded at the rate of approximately 0.5mm/minute until failure occurred.

Figure 4.12 Unconfined Compression Testing Device
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4A.6.2 UNDISTURBED SAMPLES

Nine specimens were prepared for the unconfined compression test from the tube 

samples recovered in the field. The samples had a diameter of 2.5 inches and an average 

height of about 4.0 inches. The height to width ratio was slightly less than the value of 2 

desireable for compression testing of geologic materials. However, the desired height to 

width ratio was sacrificed for the sake of obtaining specimens virtually free of sampling 

disurbance at the ends. The top and bottom of each specimen were trimmed to be 

perpendicular to the sides. After the samples had been tested to failure, the moisture 

content of each was determined. The unconfined compression strength (qu), could be 

calculated from the proving ring dial reading. In Figure 4.13, qu is plotted vs moisture 

content. The relation between unconfined compression strength and moisture content 

appears to be linear. A linear regression analysis of the data showed a correlation 

coefficient of 0.84. The slope of the line is -26.9. The greatest qu was found to be 400 

psf at the lowest moisture content of 19% and the lowest value of qu was measured as 

172 psf at a moisture content of 26%. Even between the relatively small 7% moisture 

content difference in these samples, qu varied by 228 pounds per square foot.

4.4.6.3 REMOLDED SAMPLES

Nine remolded samples were tested to determine their unconfined compressive 

strength (qu), using the same testing apparatus, strain rate and method outlined in 

Section 4 4.6.2. Unconfined compressive strength was determined for nine samples 

prepared in the Harvard Miniature compaction molds as discussed in Section 4 4.4. The 

Harvard Miniature molds produce specimens with a 1.3 inch diameter and a height of 

2.8 inches giving a height to width ratio of 2.15 which is close to the recommended 

height to width ratio of 2.
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Unconfined compressive strength was determined under three different moisture 

conditions, dry of optimum, close to optimum, and wet of optimum. Three specimens 

were prepared for each moisture condition. The behavior of the remolded specimens 

during compression under different moisture conditions varied quite drastically. Figure 

4.14 shows stress-strain behavior of some of the specimens. The specimens which were 

compacted dry of optimum typically exhibited brittle behavior. The axial stress 

increased very rapidly up to failure and then dropped off abruptly. Percent strain at 

failure for these samples was approximately 2%. The specimens tested under wet of 

optimum conditions exhibited plastic behavior and shown in Figure 4.15. Failure in 

these cases appears to occur at about 12% strain.

A plot of qu of remolded samples ys moisture content is shown in Figure 4-16. The 

best fit curve shown was obtained from a linear regression analysis of the data with a 

correlation coefficient of -0.95. The slope fo this line is -380.4. The maximum qu of 

the remolded reddish-brown silt was 3,240 psf for a specimen compacted dry of optimum 

at a moisture content of 12.7% and a dry density of 113 pcf. The minimum qu measured 

was 280 psf for a specimen compacted wet of optimum at a dry density of 104 pcf and a 

moisture content of 19.4%.

In comparing figures 4.13 and 4.16, it is evident that the soil behaves quite differently 

when remolded. The slope of line, produced from the tests on the natural soil shown in 

Figure 4.13, is much flatter than the slope of the line shown in Figure 4.16, produced 

from the tests performed on the remolded specimens. These differences are due to the 

vastly different structures of the two types of specimens tested. The remolded compacted 

structure can not be compared to the structure created by natural deposition.
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Fig. 4.16 Unconfined Compressive Strength (Qu) As A  Function of 
Moisture Content for Remolded Sampes of Reddish'Brown Silt
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Table 4.8 Unconfined Compressive Strength (qu) of the Reddish-Brown
Silt (psf)

w % Undisturbed Samples 
(In situ Conditions)

Remolded Sai

19.1 400

20.8 391

21.1 264

22.6 288

24.5 299

24.6 186

25.5 233

25.7 229

26.1 172

12.7 3150

12.8 2617

13.0, 2454

15.0 1655

15.4 1687

18.6 263

19.4 281

19.7 281
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4.5 BIN TESTS

4.5.1 GENERAL

A bin was constructed for the purpose of performing cone penetration and intrusion 

tests in the laboratory. The bin, as shown schematically in Figure 4.17, was 

manufactured in the Civil Engineering Shop at the University of Arizona out of a 

20-inch-long section of IZ-inch-diameter class 150 high pressure PVC pipe and a 

1/2-inch thick PVC base plate. These materials were chosen because of their high 

strength and low weight. The lateral deflection of the device was determined to be 

negligible over the range of loads used in the testing program. In order to correlate the 

intrusion testing with cone index or unconfined compression, all bin testing was 

performed on the reddish-brown silt subgrade material compacted to similar moisture 

density conditions as used in the unconfined compression testing of the remolded 

samples. Cone penetration and intrusion testing were performed on subgrade compacted 

dry of optimum, close to optimum, and wet of optimum as determined by the Harvard 

Miniature compaction curve shown in Figure 4.9. The actual density and moisture 

conditions used in the bin tests are listed in Tables 4.9 and 4.10.

4.5.2 SAMPLE PREPARATION

In order to control density, the bin was marked on the inside at the depths of 4, 8, 12, 

arid 18 inches. In each test a known amount of soil was compacted into three four-inch 

layers in the bin to produce a sample height of 12 inches. Beginning with 100 pounds of 

oven dry material, a known volume of water would be added and the soil would be mixed 

and left overnight in a plastic bag to "cure" so as to provide even water distribution
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throughout the sample. Compaction of each layer was done as carefully as possible to 

ensure good repeatability. All testing took place as soon as the sample was compacted 

into the bin to avoid thixotropic effects.

4.5.3 CONE PENETRATION TESTS

Cone penetration tests were performed using a Soiltest Model No. CN-974 cone 

penetrometer which is a 30-degree cone with a 0.5-square-inch base area.

P

1/2" S t e e l  
Loading P la te

PVC T e s t i n g  Bin * 6" Bedding M ateria l

1 2" C om p acted  S o i l  

1/2" PVC P la te

Figure 4.17 PVC Bin 
Set Up For Bedding Intrusion Testing

Cone-Index (Cl) in psi was measured by advancing the penetrometer at a rate of 

about 6 inches in 5 seconds. Readings were taken every inch, as the penetrometer was
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advanced 6 inches into the soil in the bin. Six tests were performed at each of the three 

moisture contents and dry densities. The penetrations were spaced as far apart as 

possible to avoid interaction and disturbances. The cone penetration tests were 

performed because the test is commonly used and relatively easy to perform in the field. 

The ultimate goal was to correlate Cl with bedding intrusion. The results of the cone 

penetration tests are listed in Table 4.9. The repeatability of the test results is 

remarkable, which is indicative of even compaction in the bin.

Table 4.9 Cone Penetration Test Results

Moisture Cl for each inch of Average Cl for 6 inches

Content (W%) ^d(psf) penetration (psi) of penetration (psi)

11.9 111.8 300, 280,300, 
300, 300, 300

297

15.8 114.1 70, 70, 65, 
60, 75, 60

67

19.3 104.1 13,10,11, 
10,13,10

11

4.5.4 INTRUSION TESTS

Intrusion tests were performed in the bin eleven times with the clinker and ten times 

with the 3/4" gravel. The testing set up is shown in Figure 4.17 and 4.18. The purpose 

of the intrusion testing was to determine the different intrusion characteristics of the 3/4 

inch gravel and clinker. The reddish-brown silt was used as subgrade material for all 

tests. The silt was placed at three different density and moisture conditions, dry of 

optimum, close to optimum, and wet of optimum as determined in Section 4 4.4. The 

intrusion tests were performed in triplicate for each bedding material at each of the 

moisture density conditions. After each test, samples were taken of the silt and tested for
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moisture content. Some variations in moisture content and dry density occurred but 

were negligible as can be seen in Table 410 which presents a summary of the test results.

To check the effects that a geptextile might have on intrusion, a circular piece of 

Mirafi 700x was placed between the bedding material and the subgrade silt in two of the 

tests for the wettest subgrade condition.

All intrusion tests were performed on an Instron Universal Testing Machine Model 

No. TT-C. The Instron can test specimens in either compression or tension and 

provides an analog output (strip chart) of load vs displacement for each test. The 

displacement rate for all intrusion tests was 0.05 inches per minute. The Instron uses a 

combination load cell and the chart scale that can be set to measure 200, 500, 1000, 

2000, 5000, or 10,000 pounds at full scale.



Figure 4.18 Instron Universal Testing Machine 
Model No. TT-C Set Up For Intrusion Testing of Bedding Materials
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All intrusion tests were run until one inch of displacement had occurred except for 

three tests performed with 3/4" gravel at the lowest subgrade moisture condition.

These three tests, performed at subgrade moisture contents of 12.5% +0.5%, dry of 

optimum, had to be stopped at 0.5 inches of displacement because the load was 

approaching the machine's capacity of 10,000 pounds. The test results are tabulated in 

Table 4.10.

Figure 4.19 shows a typical load displacement curve for the 3/4" gravel intrusion test 

performed on the reddish-brown subgrade at a low moisture content. The curve is very 

steep and fairly smooth. Figure 4.19 also shows a typical load displacement curve for 

clinker intrusion into the subgrade at a similar moisture content. The curve is much less 

steep and very jagged. The angle these curves make with respect to the horizontal is 

typical of all the tests. Intrusion tests on the 3/4" gravel always produced steeper curves 

than tests on the clinker under similar conditions of subgrade moisture content and 

density. The jaggedness of the clinker curve also occurred in all tests on clinker 

intrusion. This most likely occurred because the clinker was observed to undergo more 

particle rearrangement and particle breakdown than did the 3/4" gravel.

After each bin intrusion test was completed, the loading plate and bedding materials 

were removed from the bin. The bedding materials were again found to be embedded 

into the silt as observed in the field intrusion tests. The voids of the bedding materials 

were packed with silt to the intrusion depth. Compaction of the reddish-brown silt was 

not evident in any of the intrusion tests. There was no change in the height of the silt 

before and after the intrusion tests indicating that the bedding material was intruded into 

the silt as opposed to compaction of the silt.
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Table 4.10 Intrusion Test Conditions and Results

Load on Load on
Plate (lbs) Plate (lbs)

Test Moisture Dry Density a t .25" at .5"
No. Sample % pd (pcf) displacement displacement

1. clinker 11.5 112.2 1600 3930
2. clinker 11.9 111.8 1270 3250
3. clinker 12.3 111.4 2680 4380

4. 3/4" gravel 12.6 111.1 3780 9000
5. 3/4" gravel 13.0 110.7 5450 9620
6. 3/4" gravel 12.1 111.6 . 4250 9800

7. clinker 16.0 113.9 1340 2580
8. clinker 15.6 114.3 ■ 900 1810
9. clinker 15.9 114.0 1175 2200

10. 3/4"gravel 15.8 114.1 780 3550
11. 3/4" gravel 15.6 114.3 2180 3550
12. 3/4" gravel 15.2 114.7 2550 4950

13. clinker 19.4 104.0 300 530
14. clinker 19.5 103.9 470 980
15. clinker 19.4 104.0 300 560
16. clinker 19.0 104.4 440 880
17. clinker bn 

700x 
marafi

19.0 104.4 555 1170

18. 3/4" gravel 19.2 104.2 950 1895
19. 3/4" gravel 19.1 104.3 1070 1940
20. 3/4" gravel 18.5 104.8 860 1650
21. 3/4" gravel 

on 700x 
marafi

18.1 105.2 970 1630
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Figure 4.19 Load vs. Displacement for Bedding Materials on Reddish-Brown
Silt Subgrade

(a) 3/4" gravel on subgrade (yd = 111.1 pcf; w = 12.5%)
(b) clinker on subgrade (yd = 111.8 pcf; w = 11.9%)



CHAPTER 5

TEST RESULTS INTERPRETATION AND
DISCUSSION

5.1 GENERAL

In order to solve the bedding intrusion problem faced by the City of Flagstaff and 

correlate unconfined compressive strength and cone index with intrusion potential of 

subgrade soils, a rigorous testing program was undertaken as described in Chapter 4. The 

testing program was comprised of the following elements:

° In situ intrusion properties of the subgrade.

° Laboratory intrusion properties of two bedding materials, 3/4"

gravel and clinker, into the subgrade material with controlled 

density and a known unconfined compressive strength (qu).

0 Moisture density relationships of the subgrade.

° In-situ shear strength of the subgrade.

° Remolded unconfined compressive strength of the subgrade under 

different moisture and density conditions.

° Cone Indicies of the remolded reddish-brown silt under different

moisture and density conditions.

5.2 FIELD INTRUSION TESTS

As indicated in Section 3.5, the data collected from the field intrusion tests suggest 

that the 3/4" gravel acted very differently from the clinker under the same stress 

conditions. Both of the bedding materials were poured into the trench without any
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compaction. The angularity of the particles enabled them to lock together quickly 

making any consolidation of the bedding materials minor during loading. The main 

differences between the two bedding materials were their particle size and void ratio. 

Because of its low void ratios the 3/4" gravel caused the subgrade to exihibit relatively stiff 

behavior even when it was at its liquid limit, i.e., the amount of intrusion that occurred 

was negligible. In the case of the clinker, however, the void ratio was too large to 

distribute the load so that at a load of about 4200 lbs on the bearing test plate, the clinker 

began to "punch" into the "liquid" subgrade (refer to Figure 3.6). The drop was so rapid as 

a result of the punching failure that the jack pressure could not be maintained and only 

one point could be read off the pressure gauge.

5.3 MOISTURE DENSITY RELATIONSHIPS

The standard compaction curve for reddish-brown silt is shown in Figure 4.9. As 

can be seen from the figure, a well defined peak occurred at a maximum dry density of 

121 pcf and an optimum moisture content of 12.5%. The natural dry density of 95.6 pcf 

was about 20% lower than the lowest dry density obtained in the standard compaction 

tests, however the natural moisture content was approximately at the liquid limit and 9% 

greater than the optimum moisture content. The presence of water was the main 

problem in trying to increase the soil's dry density, and hence strength, in the field. The 

moisture content of the soil needed to be reduced at least below the liquid limit and 

preferably lower before field compaction could be effective. Dewatering this material 

would be difficult. Although no permeablility tests were performed on the reddish-brown 

silt, such materials generally have permeabilities well below 10 cm/sec. If this were 

the case, many well points would be required for effective dewatering and the process 

could be quite lengthy and expensive.
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5.4 IN-SITU SHEAR STRENGTH OF REDDISH-BROWN SILT

SUBGRADE

The in situ shear strength properties of the reddish-brown silt can be estimated from 

the laboratory direct shear and unconfined compression tests. From the direct shear tests 

performed on the samples with moisture contents ranging from 14 to 18 percent, drained 

behavior was observed at a displacement rate of 0.75 mm/min. In these tests, the Mohr- 

Coloumb failure envelope passed through the origin as is characteristic of drained 

behavior. An angle of internal friction (0) of 32 degrees was measured from this failure 

envelope (Fig. 4.11). A 0  angle of 32 degrees for silt is a reasonable and typical value 

(Lambe and Whitman, 1969). From the direct shear tests performed on samples with 

moisture contents ranging from 21 to 26 percent undrained behavior was observed at the 

same displacement rate. For these tests, the Mohr-Golumb failure envelope did not pass 

through the origin as is characteristic for undrained behavior. An 0  angle of 22 degrees 

was measured from this failure envelope. From the plot of unconfined compressive 

strength obtained from tests performed on samples recovered in the field, the value of qu 

is equal to approximately 318 psf for soils with a field measured moisture content of 

21.7%. This value is obtained from a linear regression analysis performed on the data 

from the unconfined compressive strength tests of the tube samples. By plotting this qu 

on a Mohr diagram and by superimposing the internal friction angle measured for the 

undrained case (0)=22 degrees), an estimate can be made of the soils field shear strength 

as shown in Fig. 5.1.
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Figure 5.1 Mohr Diagram For The Reddish-Brown Silt Under Field
Conditions

From Fig. 5.1 the cohesion intercept can be calculated as follows:

C~ qu - f (1 - Sin 0 )  1 Equation 5.1
2 *- Cos 0  ^

Therefore, for qu = 318 psf and 0  = 22°,

C = H 8  [ (1-Sin 22) I  = 107 psf 
2 L Cos 22 J

5.5 UNCONFINED COMPRESSIVE STRENGTH OF REMOLDED
SAMPLES

It was important to determine the remolded compressive strength of the 

reddish-brown silt so that it could be correlated with bedding intrusion. In the bin tests, 

density and moisture content were matched with the density and moisture content at 

which the remolded samples were tested in compression. From the plot of remolded 

unconfined compressive strength vs moisture content (Fig. 4.16), linear regression
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analysis yielded a correlation coefficient of 0.95. In other words there is a strong linear 

relationship between moisture content and unconfined compressive strength (qu) where: 

qu = 7609.6- 380.4 (W%) Equation 5.2a

Equation 5.2a can be used with confidence to calculate qu for the remolded silt at any 

moisture content within the range of interst for this study. Figure 4.13 yields:

qu = 901.0- 26.9 (W%) Equation 5.2b

which can be used to calculate qu for the silt in the field condition.

5.6 CONE PENETRATION TESTS

The cone penetration tests were performed in the bin as described in Section 4.5.3. 

Prior to intrusion testing, the soil was compacted in the bin to the density which would 

be used for intrusion testing. After six cone penetrations were made, the bin was 

emptied and the soil recompacted to the same density for an intrusion test. By 

performing cone index tests for each density level, the value of cone index could then be 

correlated to the amount of bedding intrusion which may occur. As expected, increased 

moisture conditions of the subgrade decreased cone indicies.

5.7 BIN INTRUSION TESTS AND CORRELATION TO CONE INDEX 
AND UNCONFINED COMPRESSIVE STRENGTH

One reason this research was undertaken was to find a method by which bedding 

intrusion could be predicted from a simple laboratory or field test. One of the easiest 

laboratory tests to perform is the unconfined compression test. As shown in Fig. 5.2a 

and Fig. 5.3a, unconfined compressive strength (qu) can also be correlated with bedding
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intrusion. From equation 5.2 qu can be estimated if the moisture content of the soil is 

known. Therefore the intrusion characteristics can be determined for the soil at any 

moisture content.

One of the easiest field tests to perform is the cone penetration test. From the cone 

penetration tests performed in the bin under controlled conditions, it was possible to 

correlate the amount of bin intrusion with cone index as shown in Fig. 5.2b and 5.3b.

In Figures 5.2 and 5.3, qu and Cl are shown to be correlated to actual stress on the 

subgrade material. The actual stress on the subgrade material for the bin tests was 

calculated using principles of mechanics. In order to estimate the actual stress on the 

subgrade material during the bin intrusion testing the sidewall effects had to be accounted 

for. By subtracting the force taken up on the inside of the bin during testing from the 

force on the plate, the actual stress on the subgrade was calculated. In order to do this, 

an estimation was required of the horizontal pressure developed between the bin sidewall 

and the bedding material. The horizontal pressure on the inside of the testing bin was 

calculated as follows:

ph = P x Ka Equation 5.3
A

where

Pb _ Horizontal pressure on the inside of the bin

Ka = Rankine active earth pressure coefficient
( 1 ' S i n 0 ) / ( 1 + s i n 0 )

0  = Internal friction angle of the bedding material

P = Load on the plate

A = Plate area
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The net vertical force on the subgrade was found by subtracting Ffo from the vertical 

force recorded by the Instron. The vertical stress on the subgrade was calculated by 

dividing the actual vertical force by the plate area. These stress reductions amount to about 

40% of the actual applied stress and are taken into account in Figures 5.2 and 5.3, where qu 

and Cone Index are plotted vs. stress on the subgrade material as obtained from bin tests.

Bin intrusion tests were performed three times for three different subgrade conditions 

for each bedding material. The repeatability of these tests can be seen in Figures 5.2 and 

5.3 where variations in test results are shown by the horizontal lines representing the 

spread of the measurements for the three tests.

1.0 2 4 6 8 10

q per unit area

0.4 0.6 0.8

Note:
m -  B/z, n ■ L/z 
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o, -  q!„

0.12 l r
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Figure 5.4 Influence Value For Vertical Stress Under The Comer Of A 
Uniformly Loaded Rectangular Area Based On Westergaard Theory, From

Holtz And Kovacs (1981)
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From Figure 5.4 an estimate can be made of the stress on the subgrade during the 

field intrusion tests. Westergaard's theory should apply due to the layering of the 

materials. In order to predict the average stress on the subgrade, stresses were determined 

at the center of the plate, at the edge of the plate, and one plate width away from the 

edge of the plate and averaged. Table 5.1 shows a comparison between the stresses on 

the field subgrade as calculated from the field intrusion tests results modified by the 

Westergaard elastic solution and the stresses on the subgrade as predicted from the results 

of the bin intrusion tests. The predicted stresses shown in the Table were obtained from 

Figures 5.2a and 5.3a for qu = 318 psf for field conditions. The stress corresponding to 

the field intrusion tests were obtained as follows:

First an estimate was made of the stress on the subgrade during the field tests. To 

accomplish this, a method based on the theory of elasticity was utilized. From Figure 3.6, 

the load on the 0.67 ft  ̂plate at 1/4 and 1/2 inch of displacement for the clinker was 3,222 

and 4,222 lbs respectively. These loads correspond to applied bearing pressures on the 

test plate of 4809 psf and 6301 psf respectively. The load on the plate for the 3/4" gravel 

was approximately 5,000 lbs at 1/4" of displacement which corresponds to a bearing 

pressure of 7463 psf. Transfer of these "measured" stresses through the depth of bedding 

material to the surface of the actual subgrade in the field yields the "calculated" stresses 

shown in Table 5.1. The "calculated" and "predicted" stress are in good agreement.

Table 5.1 Comparisons of Bin and Field Intrusion Tests

Measured Field Calculated Field Predicted Bin Stress
Intrusion Stress on Plate(psf) Stress on Subgrade (psf) on Subgrade(psf)
Material 1/4" 1/2" ■ 1/4" 1/2" 1/4 1/2"

Clinker 4809 6301 519 680 220-450 400-800

3/4"gravel 7463 (1) 806 (1) 600-800 (1)

(1) Not Determined
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Since the moisture content of the subgrade material varied slightly between 

laboratory bin tests, the average moisture content was used to determine qu from 

Equation 5.2. Although there were variations between tests performed on the same 

bedding material, the clinker never took more load than the 3/4" gravel for the same 

amount of intrusion. Variations among tests performed under the same conditions also 

became smaller with the increase in subgrade moisture.

5.8 DISCUSSION

In comparing the results of the field intrusion tests and the values of qu calculated 

from Equation 5.2, it appears that Figures 5.2a and 5.3a work quite well.
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CHAPTER 6

ANALYTICAL MODEL

6.1 GENERAL

The next step in the study-was to find an adequate analytical model with which to 

predict the results of the field intrusion and cone penetration tests. The analytical model 

proposed by Karafiath (1980) predicts cone index and generates the slip line field for the 

cone penetration test.

Karafiath (1980) developed a method in which conventional plasticity theory is used 

to predict cone resistance. In the model the differential equations of axially symmetric 

static equilibrium and the Mohr-Coulomb yield criterion are solved utilizing a finite 

difference method.

Kariafiath's model is similar to other plasticity models in that it is based on the 

assumption that cone penetration causes soil failure to occur in zones, along a family of 

failure surfaces rather than along a single failure surface. This family of failure surfaces 

constitutes the slip line field. In this sense the model provides a limit equilibrium 

solution. Like many of the limit equilibrium soutions before it, the model does not 

account for volume changes in the soil that may effect cone resistance. Unlike other 

models, however, Karafiath's model uses an incremental approach to penetration in 

which each increment of the total penetration takes into account the previous 

penetration increment by assuming that the stress states produced remain locked in the 

soil and constitute boundary conditions for the next increment.
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The method derived by Karafiath (1980) was coded in FORTRAN and entered into 

the VAX computer system at the University of Arizona.

6.2 COMPUTER PROGRAM

The computer program developed by Karafiath (1980) is simple to use. It was written 

in FORTRAN for use on a Hewlett-Packard 3000 computer. The program was designed 

to output not only cone index at incremental depths but also the slip line field plot. 

Since a Hewlett-Packard 3000 could not be located on campus at the University of 

Arizona, the graphics subroutine had to be taken out. Other minor modifications were 

necessary in the input and output statements before the program could be used on the 

VAX computer system.

The input data for the program is basic. The required soil data includes the internal 

friction angle (0 ), cohesion (c) and total unit weight (y). The cone input includes the 

cone angle (a) and the base width (d). Other input parameters include the the depth 

increment (ID), the surcharge, if any, the interface friction angle between the cone and 

the soil (8), which may vary from the top to the bottom of the cone, and a first guess of 

the length (L) of the passive zone plus the cone radius. The last of the input required is 

the number of depth increments desired such that the number of depth increments times 

the depth increment would give the total depth of penetration.

The soil parameters for bin tests are listed in Table 6.1. The internal angle of friction 

for the three soils was determined from the direct shear tests. At Soil Condition 1, the 

reddish-brown silt had a relatively low moisture content of about 12%, therefore it 

probably behaved in a "drained" manner and exhibited an internal friction angle of 

about 32 degrees.
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Table 6.1 Soil Input Data for Computer Simulation of Cone Penetration

Soil Condition 1 2 3 Field

Y (pcf) 125.1 132.1 124.2 116.3

c (psf) 854.4 539.4 90.3 107

<J) (degrees) 32 22 22 22

w (%) 11.9 15.8 19.3 21.7

At soil conditions 2 and 3 the reddish-brown silt was at moisture contents close to 

optimum and wet of optimum respectively as shown in Figure 4.9. At these soil 

conditions the silt would most likely behave in an "undrained" manner. It was decided 

to use the 22 degree angle of internal friction for these two conditions. The cohesion 

intercept was calculated by using Equations 5.1 and 5.2.

The 30° (apex angle) cone used in the cone penetration tests has a base area of 0.5 

in^, and a base width of .8 in or .06649 ft. A depth increment of 0.5 in or 0.04167 ft was 

utilized. The response of the cone was evaluated for interface friction angles of 1/3, 1/2 

and 2/3 of phi (0). Since the cone was penetrated 6 inches into the bin soil 12 depth 

increments were used for the computer simulation.

The computer program was also used to estimate a cone index for the field 

conditions. The input parameters for the standard cone were used along with the soil 

parameters for the subgrade in it's field conditions as listed in Table 6.1. This cone index 

value was then used to predict stress on subgrade from Figures 5.2b and 5.3.
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6.3 RESULTS

The computer results for the cone penetration tests were in good agreement with the 

cone index values measured with the cone penetrometer in the bin tests. As can be seen 

from Table 6.2, the values compare best for the wetter soils .

Table 6.2 Comparative Values Of Measured And Computed Cone Index

Cl from Computer
w % Td(PCF) 5 ° 0 Cl from bin test (PSI) Model (PSI)

11.9 111.8 10.7 32 300,280,300,300,300,300 166,169,170,172,174,176

11.9 111.8 16.0 32 300,280,300300300,300 214,220,225,226,229,228

11.9 111.8 21.3 32 300,280,300300,300,300 222,225,227,229,231,233
15.8 114.1 7.3 22 70,70,65,60,75,60 68,71,72,71,74,74
15.8 114.1 11.0 22 70,70,65,60,75,60 66,66,67,67,68,69
15.8 114.1 14.7 22 70,70,65,60,75,60 64,65,65,66,67,68
19.3 104.1 7.3 22 13,10,11,10,13,10 12,13,14,14,15,15

19.3 104.1 11.0 22 13,10,11,10,13,10 12,12,13,14,14,15

19.3 104.1 14.7 22 13,10,11,10,13,10 11,12,13,13,14,14
21.7 96.0 21 22 14

From Table 6.2 it appears that the 8 angle does not change the value of Cl appreciably 

except for the driest soil. Also shown in Table 6.2 are the six values of cone index 

corresponding to each inch of penetration, as measured in the bin and as estimated by 

the computer method.

The computer program estimated a field cone index of 14. This cone index was then 

used in Figures 5.2b and 5.3b to predict stress on subgrade during the field intrusion tests. 

The predicted values of stress on subgrade determined by this method, are compared in



Table 6.3 to the values of stress on subgrade calculated from the field intrusion tests 

using the Westergaard elastic solution as explained in Section 5.8.

Table 6.3. Comparisons of Field Intrusion Tests and Stresses Predicted by a Computer
Estimated Cone Index

Calculated Field Stress on Subgrade Predicted Bin Stress on Subgrade 
Intrusion (psf) (psf)
Material 1/4" 1/2" 1/4" 1/2"

Clinker 519 680 330-450 600-900

3/4"gravel 806 (1) 1000-1200 (1)

(1) Not Determined

From the data presented in Table 6.3 it appears that the cone index value estimated from 

the computer program, predicts a stress on subgrade which comes quite close to that 

which was calculated from the field intrusion tests.

6.4 DISCUSSION

The method of computer analysis developed by Karafiath (1980) is demonstrated to 

give good results for the purpose for which it was designed. The values of cone index 

obtained from the program were very close to those measured in the cone index bin 

testing. In some cases the program produced results within a few psi of what was 

actually measured. The interface friction angle (5) does not appear to have a significant 

effect on cone index for weak soils, but can cause a large change in results in denser soils.

The computer-estimated cone index not only confirmed the results of the field 

intrusion tests but also verified Tables 5.2b and 5.3b.
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SUMMARY, CONCLUSIONS, AND 
RECOMMENDATIONS

7.1 SUMMARY

Large settlements can occur very quickly as a result of intrusion of bedding materials 

into poor subgrade. Two bedding materials were examined in both field and laboratory 

intrusion tests. From these tests, correlations were made between the amount of initial 

intrusion and the cone index or unconfined compressive strength of the subgrade.

Testing in the field included intrusion tests of two different bedding materials on one 

type of subgrade under similar conditions. These tests showed that the smaller 3/4" 

gravel could support a larger load with less deformation than the volcanic clinker. Field 

measurements were made of the subgrade's density and moisture. Both undisturbed and 

bulk samples were collected in the field for further testing in the laboratory.

Laboratory testing included complete characterization of the subgrade material. 

These tests included plasticity, grain size distribution, specific gravity, direct shear tests, 

unconfined compression tests, organic content, soluble salt content, pH and x-ray 

diffraction analysis. Photographs of the soil under the scanning electron microscope 

were also taken. The bedding materials were tested for their strength characteristics. 

Bin tests were completed in which the soil's cone index was determined under three 

different moisture and density conditions. Bin intrusion tests were also performed in the 

laboratory for both types of bedding materials. The laboratory intrusion tests showed 

results very similar to what was observed in the field. The 3/4" gravel in every test could 

support more load than the clinker under similar subgrade conditions.
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It was shown that the field intrusion tests could be correlated to the bin intrusion 

tests through unconfined compressive strength (qu) or cone index (Cl). A value of qu 

could be estimated for the soil in the field from a relationship developed between 

moisture content and qu. From the estimated field qu, the stress on subgrade for a given 

amount of intrusion was predicted and confirmed by the field intrusion tests.

A computer method was utilized, with good success, to estimate the cone index of a 

soil under specific conditions. The computer-generated values for cone indicies were 

very close to those measured in the bin tests.

The computer program also estimated a Cl of the reddish-brown silt subgrade in its 

field conditions. From this Cl the stress on subgrade was predicted and could also be 

confirmed by the field intrusion tests.

7.2 CONCLUSIONS

The unconfined compression and direct-shear test results suggest that the 

reddish-brown silt subgrade was a very weak material at the moisture conditions that 

existed during failure of the O'Leary Interceptor Sewer in Flagstaff. This material was 

found to loose strength quickly with increased moisture content. The soil's quick 

dilatency reaction indicated that mechanical compaction of the bedding material or any 

type of vibration could cause the soil to "pump", thus increasing the moisture content and 

hence weakening the soil. Compacting the subgrade could also cause it to "pump" and 

weaken it further.

It appears from the field plate load and laboratory intrusion tests that the clinker's 

large void and area ratios tend to increase the pressure on the subgrade. The subgrade 

fails in a punching shear manner at a relatively low load. The 3/4 inch gravel on the
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other hand, with its smaller void ratio, distributes the same load much better over a 

larger area of subgrade. Dewatering of the subgrade may temporarily strengthen it but, 

upon rewetting, the soil would probably lose strength and intrusion may occur.

Predictions of the stress on the subgrade to cause 1/4 and 1/2 inch of bedding 

intrusion of the materials can be made from a field Cl or a laboratory measured qu using 

Figures 5.2 and 5.3 respectively.

Parameters such as cone index or unconfined compressive strength, obtained from 

simple tests, can be used to predict the amount of intrusion due to a particular stress on 

subgrade. Although the progressive failure which occurred at the O'Leary Interceptor 

sewer was beyond the scope of this research, the methods presented here can be used to 

predict allowable stress on subgrade and initial intrusion due to a particular stress.

7.3 RECOMMENDATIONS

This research has shown that a simple laboratory test, such as the unconfined 

compression test, or a simple field test, such as the cone penitrometer test, yield 

parameters that can be used to predict the amount of stress on a subgrade required to 

cause an intrusion settlement of 1/4 or 1/2 an inch. Limiting values of cone index for 

instrusion should be established as a function of bedding material particle size. Engineers 

should be required to measure cone index in utility or construction trenches prior to 

installation of bedding materials. Proper bedding material, type and thickness, could be 

chosen knowning the loading condition and allowable settlements for a given CL

There are many alternative solutions which may be used to correct bedding intrusion 

problems. One solution is to use a graded bedding material. The grading could be 

determined by using standard filter design criteria. This solution, however, requires that
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the bedding material be compacted, which may weaken the subgrade. It is feasible to 

compact the bedding during the dry season or to dewater the subgrade. However, 

dewatering the subgrade is expensive, and may be difficult for fine-grained subgrades.

A second solution is to use a geotextile beneath bedding materials such as the clinker 

which are prone to intrusion. The geotextile acts like a graded filter and prevents 

intermixing of subgrade and the bedding. It also adds reinforcement. The stress induced 

on the geotextile by the bedding material would have to be checked because there would 

be a tendency for large diameter materials such as the clinker to punch through the 

fabric.

A third solution in the case of the O'Leary Interceptor Sewer is to use the 3/4 inch 

gravel as a bedding material with its lower void ratio to support the pipe. In the long 

term, however the ,subgrade may migrate into the voids of the gravel and weaken it. 

Long term stability may then become a problem.

Another solution which is specifically suited for the O'Leary Interceptor Sewer is to 

use the 3/4 inch gravel on a geotextile fabric. The 3/4 inch gravel is angular enough not 

to require compaction. The gravel also has a void ratio small enough so that there would 

not be a great tendency for it to punch through the fabric. The geotextile would perform 

the functions listed above thus making the system stable in the long term as well as in 

the short term.

In July 1988 these recommendations were made to the City of Flagstaff, Arizona, 

(Orman, 1988). In late July 1988 it was decided to remove the failed section of pipe and 

stabilize the pipe foundation. The City engineers decided to use the 3/4 inch gravel on 

top of Mirafi brand HON filter fabric thereby insulating the gravel from the trench 

subgrade material. The specification required that the fabric be approximately 15 feet in 

width or of sufficient width to cover the bottom of the pipe trench and continue up the



97

sides of the trench to at least above the springline of the pipe. Installation of the pipe 

continued with no measurable pipe settlement. In late August 1988 the summer 

monsoons caused the Rio de Flag to flow. Due to inadequate protection, the sewer pipe 

and trench were inundated. The sewer pipe and bedding material became heavily silted. 

After the flow stopped, elevations were again checked on the installed sewer pipe. No 

measurable settlements had occurred and it appeared that the solution had worked.
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APPENDIX A:

. SOIL pH AND SOLUBLE SALT CONTENT TESTING
PROCEDURES

METHOD

The test tubes are filled almost one-third full of soil, then distilled water is added to 

make the test tube almost full. The mixture is shaken until the soil is well dispersed. 

Now add about one-fourth of a teaspoonful of barium sulfate, shake again and set aside to 

settle. The quantity of barium sulfate that is added depends somewhat on the texture of 

the soil. A heavy soil requires more and a light soil less. The quantity that should be 

added is soon learned as one becomes more experienced. After the barium sulfate is 

added to the soil suspension the mixture settles very rapidly. Now transfer to the spot 

plate sufficient of the soil extract to nearly fill one of the depressions. To this is added 

one drop of the LaMotte Duplex Indicator and the pH reading is made against the 

Duplex Color Chart. This serves to indicate the approximate pH of the soil. A more 

precise test should now be carried out, using the more sensitive short range indicators, 

and making the reading against the LaMotte-Morgan Chart.

By this procedure the LaMotte Duplex Indicator is used to give the approximate pH, 

and then the more accurate indicator is selected to make the final reading.

The test with the LaMotte Duplex Indicator serves to indicate the approximate 

reaction of the soil. Five readings may be obtained; namely, pH 4.0, 5.0, 6.0, 7.0 and 8.0. 

Now, for example, should a yellow color be obtained, the approximate soil reaction is 

pH 6.0. To obtain a more precise reading, more of the soil extract is transferred to 

several of the depressions in the spot plate. To one of these is added a drop of
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Chlorphenol Red, pH 5.2-6.8, and the resulting color is compared with the Chlorphenol 

Red Color Chart. The exact test might show the pH value to be 5.8 or 6.2, whereas the 

approximate test served only to indicate that the pH was in the vicinity of pH 6.0. 

Should the original test have been pH 4.0 or between 4.0 and 5.0, then the Bromcresol 

Green Indicator should be used for the more precise determination.

By following this procedure, the initial test serves to indicate the approximate pH 

value of the soil and the value thus obtained is checked by using the short range 

indicator that covers the approximate pH value obtained with the LaMotte Duplex 

Indicator Solution.

SAMPLING THE SOIL

Since a very small amount of soil is required for an individual test, it should be as truly 

representative of the particular soil in question as possible. It is preferable to make 

individual tests on the soil from different portions of the area and from the various 

depths being studied. In any case a fairly large sample, about a cupful, should be taken; 

this soil thoroughly mixed, and the test sample taken from the mixture. If the soil 

samples are to be taken to another place for testing, one or two ounces is sufficient for a 

number of tests. The soil sample should be handled with a spoon or a dry wooden 

paddle. In no case should the hand be used, as it may appreciably affect the reaction of 

the sample.

The soil is most satisfactory for this test when it contains about the right amount of 

moisture for good working condition in the field. If, however, the soil is never in this 

condition, a small portion spread out in the sun or a warm place will soon dry down to a 

suitable condition.
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PROCEDURE FOR SOLUBLE SALTS/SULFATES TEST

1. Weigh out 50.0 gm (dry weight) of a representative sample of the soil. If the sample 

is not dry, add enough soil to obtain 50.0 gm (+ 0.5 gm) dry weight of soil.

2. Add the soil and 150 cc of distilled water to a beaker. Fill out a white, soluble salts 

test sheet and record the sample number and beaker number.

3. Mix the soil and water. Stir as often as possible during the day. Cover. Let stand 

overnight.

4. Weigh another dry, clean baker to the nearest 0.001 gm. Record the beaker number 

and weight (Wt. beaker before filt.) on the test sheet.

5. Filter the solution from the first beaker into the weighed beaker using a funnel and 

filter paper. Use of ashless filter paper is not necessary during this phase of the test.

6. After filtration the solution should be clear. If the solution is cloudy, pour it back 

into the first unweighed beaker. Rinse the weighed beaker with distilled water and 

pour this water into the first (unweighed) beaker. Refilter the solution into the 

weighed beaker using a double thickness of filter paper.

7. Refilter, as necessary using the above procedure, to obtain a clear solution.

8. Place the clear solution in the weighed beaker in the oven or on a hotplate to 

evaporate the water until dry.

9. Weigh back the dry beaker to 0.001 gm. Record this weight (Wt. beaker after 

evap).

10. Calculate percent soluble salts as follows:

a. Wt. beaker after evap. =

-Wt. beaker before filt. = ____________

Difference=



b. Difference x 2 = % soluble salts. (If a weight other than 50.0 gm of dry soil 

was used, calculate % soluble salts as:

Difference x 100 = % soluble salts
Original Dry Wt. of Soil

11. Generally, if the % soluble salts exceeds 0.10%, the soluble sulfates

determination should be made as follows:

a. Add approximately 100 cc of distilled water to the dry filtrate.

b. Slowly add 10 cc of concentrated (35%) hydrochloric acid (HCI).

c. In a separate beaker prepare a 5% barium chloride solution in distilled water, 

eg.:

Mix: 5 gm BaCI

95 gm distilled b^O 
100 gm

d. Add 30 cc of the BaCI solution to the HCI and water solution. Allow to 

react overnight or at least 4 hours if rushed.

e. Filter solution through small (12.5 cm) diameter #42 ashless filter paper to 

filter precipitated barium sulfate BaSO^ in the crucible.

f. Weigh a pre fired (dry) crucible to the nearest 0.001 gm. Place the filter 

paper containing the BaSO^ in the crucible.

g. Ignite the sample to a white ash using a gas (Meeker or Bunsen) burner with 

air feed.

h. Cool the crucible in a dessicator or other apparatus which will prevent the 

filter paper ash from regaining moisture from the air.



i. When cool, weigh the crucible and filter paper to the nearest 0.001 gm

j. Calculate the % soluble sulfates as follows:

Wt. crucible after firing=

-Wt. crucible before firing=____ ______ _________

Difference=

% soluble sulfates = difference x 0.824



APPENDIX B:

X-RAY DIFFRACTION ANALYSIS TESTING
PROCEDURES

X-RAY DIFFRACTION

'Sample Preparation

1. Grind sample to pass #200 sieve. Collect about 5 gms of material.
Get a representative sample for grinding; use a riffle splitter if necessary 
before grinding.

2. Make up a random powder sample on special plastic sample holders.
X-ray the sample from 3° < 26 < 60°. Remember to put tissue below sample 
holder on goniometer before inserting sample.

■ ' ( ' .

3. Make up 3 orientated samples on glass slides as follows:

a. Obtain the -2p. fraction of the #-200 sample by one of the following 
methods:
— sedimentation and decantation (use dispersant such as sodium carboxy- 
menthol if needed). Use distilled water.
— grind about 1 gm of -200 sample with an agate pestle 3 times with 5 drop 
of 95% ethanol (ethyl alcohol) until entire specimen is dry. The suspend, 
sediment, decant.

b. Use clean dropper to draw off supernatent and deposit it on slides.
Put slides on top of 100° C oven and cover with a dust protector.
Let them "air" dry.

c. Remember that cleanliness is very important. Do not contaminate your 
sample with dust or dirt.

4. After samples have dried, x-ray them as follows:

a. An air-dried sample 3° < 26 < 60°

b. The same sample treated with 1 drop of ethelyne glycol and allowed to air 
dry. It will probably take a day for the ethelyne glycol to dry. This step is
done only if you have peaks between 12 and 15 A, 3 < 26 < 15°.



c. One of the air-dried samples heat treated at 250° C for 4 to 5 hours. Put 
sample in desiccator overnight if you have to. 3 < 20 < 15°.

d. The same sample heat treated at 500° C for 4-5 hours. Put sample in 
dessicator overnight if you have to. 3 < 20 < 15°.

e. Rubber stamp each x-ray trace and fill in required information.

OPERATING INSTRUCTIONS FOR GE XRD-R X-RAY 
DIFFRACTOMETER

1. Close switch on power main to "ON" position.

2. Press "ON" button on power supply cabinet. NOTE: This circuit has a time-delay 
so that it will be necessary to keep the button depressed for about 10 seconds for 
the circuit to remain energized.

3. Allow the power supply to warm up for five minutes.

4. After power supply warm up, switch on the power supply switch at the left of the 
bottom panel of the control cabinet. Allow a warm-up period of five minutes.

5. After warm-up switch on the high voltage switch to the detector (bottom right of 
control cabinet). Watch the volt meter on this panel. When the volt meter 
stabilizes at the preset detector voltage, proceed to energize the rest of the control 
cabinet as noted below.

6. Switch on the power to the scaler circuit. When the scaler ceases random 
counting, press the reset button to zero it.

7. Switch on the power to the Recorder, i.e. the "LINE" switch. NOTE: Do not 
switch the chart drive on at this time, i.e. the "CHART" switch. .

8. Allow a five-minute warm-up time for all circuitry in the control cabinet.

9. During the warm-up period remove the goniometer dust cover; remove the 
specimen radiation shield; switch the goniometer drive control to "Manual"; 
disengage the drive clutch; swing the goniometer to 3° 20 and engage the drive 
clutch; insert the specimen in the sample holder at the center of rotation of the 
goniometer. Do not forget to replace the radiation shield. NOTE: DO NOT 
DISENGAGE CLUTCH UNLESS VERNIER IS ON ZERO.



10. Set the count-rate switch (lower left of Rate Meter Panel) to 1000 cos. Also set 
the Time Constant switch to 2. Zero the chart recorder.

11. Make sure the goniometer is set at 3° 20. Turn on power to the x-ray tube (right 
button on the front of the goniometer table) and survey the working area with the 
radiation detector for possible radiation leaks. Permissible radiation level at the 
front of the table is 0.1 mr/hr. If radiation level exceeds this value, shut off x-rays 
(right hand button on the front of the table) and check the radiation shield for 
seating and position.

12. Before starting a run manually scan through the range from 3° 20 to 13° 20 while 
watching the pen on the chart recorder. Adjust the count-rate so that all peaks in 
this scan-range do not go off scale.

13. Reset the goniometer to 3° 20, switch the drive to "High", manually set the 
recorder chart so that the pen is approximately two or three small chart divisions 
before the 3° position, turn the "CHART" switch to "ON", and when the pen just 
crosses the 3° line, switch the goniometer drive to "Increase".

14. At the conclusion of the desired scan range, shut off the x-rays, shut off the 
recorder drive, and shut off the goniometer drive.

- " )

15. Switch the goniometer to "Manual" and manually turn the vernier to the nearest
even degree. Disengage the goniometer drive clutch and manually return the 
goniometer to 3° 20. Remove the radiation shield and remove the specimen. If no 
further specimens are to be scanned, replace the radiation shield and go through 
the following shut-down procedure. ,

16. Starting at the top of the control panel shut off, in order, the recorder circuit, the 
scaler circuit, the detector high voltage circuit, and the control cabinet power 
switch.

17. Allow the x-ray tube to cool down to the point where the exposed end of the tube 
housing is just warm. This will require from 15 to 20 minutes.

18. After cool-down, shut off the power cabinet; open the main switch to "OFF", and 
shut off the external cooling water using the upper valve only.

19. Manually set the goniometer to 90° 20 and replace the dust cover, making sure that 
no part of the goniometer is exposed.

20. Enter the scan (or scans) in the Log Book, making sure that beginning and ending 
x-ray tube times, as read from the counter on the power supply cabinet, are entered. 
Note any malfunctions of the equipment on the right hand page of the Log and 
report such malfunctions to the instructor. If no malfunctions have occurred 
during the scans, enter "OK" on the right hand page.
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