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Injection Stabilization of Failed Highway 
Embankments 

}AMES R. BLACKLOCK AND PAUL J. WRIGHT 

Restoration of failed soil embankments along the Interstate 
highway system Is a costly and time-consuming maintenance 
problem for many state highway departments. Unfortunately, 
few economical or easy solutions are available for repair and 
Improvement of these failed earth embankment sections. In 
extreme cases highway bridges have been removed and the 
earth cross-sectional designs changed because attempts at solv­
ing existing bridge embankment slope failures were unsuccess­
ful. In related studies to evaluate a new solution for this 
problem, Alabama, Arkansas, and Missouri have recently 
Installed full-scale highway embankment test sections using the 
lime and lime/fly ash injection method of in situ soil stabiliza­
tion. Presented in this paper is a discussion of the lime and 
lime/Hy ash injection technology necessary for stabilization 
and restoration of typical failed embankment slopes. Also 
addressed are lime and lime/fly ash laboratory testing, injec­
tion materials selection, injection construction technology, and 
site evaluation. The first two highway embankment injection­
stabilization projects were installed in Alabama and Arkansas 
in 1983. These are presented In a detailed case study format 
and their relative degree of success Is documented after 2 years 
of service. The Missouri site stablllzed in 1984 is also discussed 
and a preliminary assessment of its success potential is 
included. Discussed are the injection-stabilization evaluation 
techniques that have been derived from these demonstration 
projects, and suggestions for Improvement of future projects 
are offered. 

Lime and lime/fly ash (L/FA) injection stabilization for 
improving the engineering properties of embankment soil mass 
materials is currently being evaluated by highway maintenance 
engineers in several states. Pressure-injection stabilization with 
hydrated lime slurry has been used for more than 20 years to 
stabilize expansive clay soils, and within the past 8 years the 
addition of fly ash to the process has created numerous new 
applications for injection stabilization. Because the injection 
method uses hydraulically inserted injectors rather than pre­
drilled grout holes, it is considerably faster and less expensive 
than most conventional grouting methods. The two main rea­
sons for the present favorable economics of the L/FA injection­
stabilization method are the ready availability of an inexpen­
sive supply of fly ash and the development of new injection 
equipment.The anticipated continued use of large quantities of 
coal promises a steady supply of fly ash for future stabilization 
projects, and the continued development of new and better 
equipment for injection should promote future improvements 
in construction economics and performance. 

Injection stabilization using lime and L/FA is now an 
accepted procedure used throughout the United States by most 
major railroads to stabilize roadbeds and embankments to 
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reduce chronic high-maintenance track problems. Stabilization 
of expansive clays for building foundations and pavement 
structures using injection stabilization has also grown rapidly 
during the past decade. Although use of this system is perhaps 
most prevalent in the southern and middle states, injection­
stabilization is being used increasingly in the eastern and west­
ern states as more emphasis and construction dollars are shift­
ing to maintenance and rehabilitation of the transportation 
infrastructure. There are few alternatives for in-place soil treat­
ment, and injection stabilization is suitable for both pretreat­
ment and repair and renovation. In almost every case injection 
stabilization is the most economical method available. 

The availability of fly ash as an inexpensive grout material 
has encouraged contractor research and development of equip­
ment and procedures for its use in the L/FA-injection method of 
soil stabilization. A U.S. patent for injection stabilization with 
lime and fly ash slurry mixtures was issued to the Woodbine 
Corporation in 1978. Initially, injection stabilization with L/FA 
slurry was an alternative stabilization method to be used when 
lime slurry pressure injection (LSPI) was not appropriate. 
Gradually, however, it has become obvious that there are many 
uses for L/FA injection that are not merely alternatives to LSPI 
but an improvement over other alternatives. The stabilization 
of highway embankments, discussed in the case histories por­
tion of this paper, is one important use of injection stabilization 
using lime and L/FA that is currently under development. 
Limited research is in progress to generate geotechnical engi­
neering data and to promote improved performance and eco­
nomics of the method. 

INJECTION TECHNOLOGY 

The most noticeable difference between pressure-injection sta­
bilization and conventional grouting is in the equipment tech­
nology. With pressure injection, typically, large volumes of 
slurry grout, up to 23,000 gal, are bulk mixed and injected into 
the soil using various types of hydraulic and mechanical injec­
tors capable of penetrating to depths of 40 ft or more. Conven­
tional grouting more often mixes small batches of cement grout 
that is pumped through stationary grout pipes that have been 
placed in predrilled holes. Consequently it is a slower and 
usually more costly technique than injection stabilization. 

Equipment 

A truck-mounted injection vehicle with three 40-ft injectors is 
shown in Figure 1. This self-contained unit has a 2,000-gal 
slurry tank with a mechanical agitation system and a high­
pressure pump capable of pumping more than 3,000 gal/hr at 
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FIGURE 1 Injection truck, 40 ft. 

50 to 200 psi. It will operate on railroad tracks, paved roads, or 
compacted surfaces. Other injection vehicles are mounted on 
rubber-tired or crawler tractor machines (see Figures 2 and 3) 
for off-road capability such as embankments or construction 
sites. The bulk slurry mixing tanks are usually 10 ft in diameter 
by 30 to 40 ft long and are used for mixing either lime or L/FA 
slurry. These tanks are portable ruid are easily transported from 
one site to another with a tractor truck. Some tanks (Figure 4) 
are equipped with high-pressure pumps so that slurry can be 

FIGURE 2 Rubber-tired off-road lnjcctio., machine operating 
on an embankment. 
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FIGURE 3 Trac-powered Injection equipment on highway 
embankment. 

pumped directly to the off-road injection machines without 
going into a secondary holding tank. 

The economy and convenience of jobsite lime slaking is now 
possible with new portable batch slakers, shown in Figure 5. 
Although these are relatively new to the marketplace, the 
system has been developed and proven over the past 5 years 
and is in daily use on stabilization projects. This portable batch 
slaker is a high-capacity lime slaker that can convert up to 25 
tons of quicklime into 30 tons or more of hydrated lime slurry 

FIGURE 4 Slurry mixing tank on site In Arkansas. 

FIGURE S Porta batch high.capacity lime slaker. 
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in less than I hour. It is a totally enclosed, dust-free system that 
is simple and safe to operate. 

In addition to the above mentioned equipment, there are 
many other ancillary pieces of equipment such as rollers, scari­
fiers, slurry transport trailers, slurry transfer pumps, conveyors, 
and vacuum material handlers that are needed to support the 
logistics of injection-stabilization projects. 

Injection Materials 

The basic materials for injection stabilization are lime, fly ash, 
water, and additives. Quality control and design of slurry mixes 
are of prime importance. All materials should be purchased 
according to specifications and tested before use. 

Li!IU! 

In this paper the term lime refers to oxides and hydroxides of 
calcium. Two types of commercially available lime, calcitic 
quicklime (CaO) and high-calcium hydrate [Ca(OH)i], are 
used on injection jobs. The quicklime must be slaked before 
mixing, whereas the hydrated lime, which comes in a dry 
powder form, is ready for immediate mixing. Laboratory test­
ing can be used to indicate effectiveness of any particular 
commercial source of lime, but it should be emphasized that 
the quality of the fly ash has a much greater influence on L/FA 
pozzolanic reaction than does the lime. It can be stated that 
most commercially available limes meeting ASTM C977 are 
appropriate for L/FA injection if quality reactive fly ash, which 
meets the laboratory test series for strength and durability 
criteria, can be economically obtained. 

The portable batching system of lime slaking allows the use 
of calcium oxide (quicklime) as the raw material that is con­
verted into hydrated lime slurry at the jobsite. According to 
Boynton (1), there are several advantages to using this system: 

Slaking quicklime at the job site with a generous excess 
of water improves dispersion of the hydrate particles, 
contributing to finer particle size and slower settling 
qualities .... In addition ... equal importance is attached to 
reasonably high hydration temperature and rapid agita­
tion in achieving fineness in particle size .... As a conse­
quence, high surface area exerts a profound effect on 
chemical reactivity, settling rate, putty yield, plasticity, 
and the generally desired qualities of hydrates for most 
purposes .... The consensus among authorities is that sur­
face area is the most reliable criterion on reactivity of 
hydrates; the higher this value, the greater the reactivity. 

Fly Ash 

Fly ash is "the finely divided residue that results from the 
combustion of ground or powdered coal and is transported 
from boilers by flue gases" (ASTM Specification C593). Fly 
ash is collected from the flue gases by either mechanical or 
electrostatic precipitation devices. 

Fly ash is a pozzolan and is defined as "a siliceous or 
siliceous and aluminous material, which in itself possesses 
little or no cementitious value, but which will, in finely divided 
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form and in the presence of moisture, economically react with 
calcium hydroxide at ordinary temperatures to form com­
pounds possessing cementitious properties" (2). 

Water 

Water used in mixing lime and L/FA slurry should be clean and 
free from injurious amounts of oils, acids, alkalis, salts, organic 
materials, or other substances that may be deleterious to -the 
soil reactions desired. If nonpotable water is proposed for use, 
and if there is any doubt concerning compliance with the 
preceding statement, laboratory tests should be conducted to 
compare the reactions of similar specimens incorporating pota­
ble water. 

Additives 

It is well known that the normal curing of L/FA slurry is 
dependent on time, temperature, and moisture variables. The 
chemically accelerated curing of L/FA grout is dependent not 
only on these three factors, but also on the type and amount of 
added chemical accelerator. L/FA accelerator can be batch 
mixed in a slurry tank with 20 to 30 tons of L/FA dry solids and 
water to increase the early strength of Type C fly ashes. Also, in 
some instances, an accelerator will increase the pozzolanic 
reactivity of Type F fly ashes so that they can be used when 
Type C fly ash is not available. All fly ash should be tested with 
proposed mix ratios in the laboratory before use. Best results 
are obtained by mixing the L/FA slurry continuously for 4 
hours and withdrawing a sample every hour to evaluate mixing 
effects. Some fly ash mixtures will require an additive to retard 
the initial set of the slurry. Some fly ash is so reactive that it 
will flash set in the mixing tank and some will lose strength 
with continuous mixing. Proper use of retarders will delay the 
initial set until the slurry is pumped into the ground. 

EVALUATION OF CANDIDATE SITES 

The evaluation of candidate embankment sites for injection 
stabilization is best accomplished through the joint efforts of 
highway engineers and the injection contractor. During the past 
20 years, several participating research and development engi­
neers have worked to develop soil tests for site evaluation and 
for predicting success of potential injection-stabilization 
applications. These tests are modifications of standard soil tests 
to measure the stabilizing effects of lime and L/FA seams and 
supemate penetration. As a result of these efforts a test meth­
odology that satisfies current needs for a soil test program has 
been developed. The new soil tests are relatively inexpensive 
and straightforward so that numerous tests can be performed. 
They have been found to give consistent, repetitive results that 
can be related directly to engineering soil properties. As a rule 
(a) compression and shear strength tests should be used to 
evaluate sites with low-strength soils, (b) swell tests should be 
used to evaluate sites with expansive clays, and (c) consolida­
tion tests should be used to evaluate sites with potential settle­
ment problems. Other standard classification tests that give an 
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indirect indication of soil properties, such as Atterberg limits, 
are not recommended 

Testing 

Soil testing for lime injection stabilization is an important part 
of this technology. The testing program is used to help deter­
mine whether lime slurry pressure injection (LSPI) improves 
the problem sites adequately and it can also be used as a guide 
in preparing injection i:pecifications. The tests provide data to 
help quantify the degree of site improvement that might be 
expected from injection stabilization; however, it is obviously 
not possible to obtain a one-to-one correlation between labora­
tory tests and field results. 

Engineers have made a significant contribution to LSPI test­
ing by developing and refining evaluation tests. These test 
procedures, which simulate the LSPI field condition, involve 
treating soil samples with lime slurry to form a glaze or seam, 
then curing and testing. The test results of the lime glaze and 
seam-stabilized test samples are then compared with test results 
from nontreated control samples. The amount of dry lime 
solids used in LSPI evaluation testing is 4sually 1 percent of the 
soil dry weight. This has been determined to be the maximum 
amount of dry lime injected during a single-stage LSPI injec­
tion spaced on 5-ft centers. The laboratory tests can also be 
used to evaluate the benefits of a second injection pass or even 
a third injection. The test results can then be used as input for 
preparing appropriate job specifications. Lime glaze and seam­
stabilized samples can be used in swell, consolidation, and : 
compression testing. This method of sample testing was 
developed jointly by researchers at Woodbine Corporation and 
the University of Arkansas. The lime-glazed and seam-sta­
bilized method can be used with either undisturbed or remolded 
soil samples. As the lime-treated samples are to be compared 
with the untreated control samples, both will serve the purpose 
of evaluating lime/soil reactivity and predicting strength, swell, 
and stiffness improvements. 

Lime/Fly Ash Soil Testing 

The purpose of the L/FA soil-testing program is to determine 
the potential improvement L/FA-slurry injection will produce 
in the candidate site and to guide in preparing appropriate 
specifications. These test procedures, which attempt to simulate 
L/FA-injection results, involve treating soil samples with the 
L/FA slurry to form seams, then curing and testing. Test results 
from the L/FA-treated samples are compared with control sam­
ples to evaluate the potential benefits of L/FA injection stabiliz­
ation and with LSPI results when appropriate, to aid in select­
ing the most appropriate injection material. 

Investigation Plan 

The investigation plan for each site should include a prelimi­
nary surface investigation followed by development of a plan 
for detailed subsurface investigation and laboratory tests. The 
subsurface investigation should be scheduled to allow ample 

TRANSPORTATION RESEARCH RECORD 1104 

time for sample preparation, curing, and testing. The actual 
injection project should not proceed until all necessary labora­
tory tests of soil and materials are satisfactorily completed. As 
presented later in this paper under case histories, failure to test 
the actual materials to be used can result in unsatisfactory 
material performance. Time and money saved by omitting 
necessary engineering, testing, and planning steps is soon for­
gotten if a material failure occurs. 

F.VALUATTON TF.ST 

The laboratory testing program for injection stabilization cur­
rently uses several test procedures. These tests are described in 
the sections that follow. 

Glaze-Stabilized Compression Test 

The glaze-stabilized compression specimen is shown in Figure 
6. The purpose of the glaze-stabilized compression test is to 
determine the increase in sample compression strength 
provided by the reinforcement from the glaze-stabilized coat­
ing. The lime-glaze compression test was first reported by 
Blacklock (3). Test samples can be prepared from either 
undisturbed or remolded soil. Control test samples are prepared 

: and cured identically to the treated samples. 

FIGURE 6 Glaze-stabilized compression specimen. 

Detailed instructions for lime-glaze stabilized compression 
tests are given by Boynton and Blacklock (4). The instructions 
for L/FA glaze are identical except for the substitution of L/FA 
slurry for lime slurry. 

Seam-Stabilized Compression Test 

The seam-stabilized compression specimens are of two types, 
straight seam (Figure 7) and angle seam (Figure 8). The 
straight-seam sample is designed for evaluation of the com­
pression strength-reinforcement component of the stabilized 
seam, and the angle-seam sample is designed for evaluation of 
the shear-reinforcement component of the stabilized seam. 
Typically, the contribution of both compression and shear will 
be used in repairing cracks in embankment failures. These 
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FIGURE 7 Straight spilt-seam-stabilized compression 
specimen. 
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FIGURE 8 Angle split-seam-stabilized compression specimen, 
shear reinforcement. 

samples can be prepared from undisturbed soil samples bu. 
experience indicates a preference for remolded samples. These 
can also be glaze-coated to allow evaluation of combinations of 
shear, tension, and compression strength reinforcement. Seam.­
stabilized compression test instructions are given by Boynton 
and Blacklock (4). 

Glaze-Stabilized Consolidation Test 

The glaze-stabilized consolidation specimen shown in Figure 9 
is for the purpose of evaluating the settlement improvement 
provided by lime-injection stabilization of natural embankment 
soils. This sample is prepared by cutting undisturbed samples 
and then applying a glaze-stabilization coating of lime or L/FA 
slurry to both the top and bottom surfaces of the samples. 

FIGURE 9 Glaze-stabilized 
consolidation specimen, settlement 
reinforcement. 
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Seam-Stabilized Swell Test 

The seam-stabilized swell specimen shown in Figure 10 is for 
the purpose of evaluating the swell-reduction function of lime 
or L/FA seams. This sample is prepared by remolding soil and 
placing a lime slurry seam in the center. Seam-stabilized swell 
test instructions are given by Boynton and Blacklock (4). 

FIGURE 10 Seam-stabilized swell 
specimen, expansion neutralization. 

Material Test 

In addition to the soil-stabilization tests discussed earlier, test­
ing of all source materials is necessary. It is well known that 
there is considerable variation in fly ash reactivity and perfor­
mance. The seam and glaze tests will help evaluate these 
performance properties; however, it is always best to evaluate 
the materials separately by performing a series of cube tests or 
compression cylinder tests. These tests should evaluate time, 
temperature, and strength variables for different mixing times, 
mix ratios, and material suppliers. 

EMBANKMENT FAILURE MECHANISMS 

Embankment failures can be divided into two general groups, 
those occurring in embankments built on foundations of soft 
clay and silt, and those built on stiff soil foundations (5). 
Embankments built on foundations of soft clay and silt are 
typified by cracks originating in the vicinity of the bottom of 
the interface between the fill and the top of the foundation, as 
shown in Figure 11; whereas, those built on hard or stiff 
foundations are typified by surface failures originating with 
surface cracks, as shown in Figure 12. A study of the origina­
tion, location, and growth pattern of embankment cracks is 
paramount to understanding the need for different renovation 
techniques because the inherent soil strength may not contrib­
ute to the stability of the embankment slope if the embankment 
fill is substantially cracked. Therefore: crack mending can be 
critical to embankment renovation. 

fCRACK 

EMBANKMENT ORIGINAL GROUND 

SOFT CLAY 
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HARDPAN 

FIGURE 11 Failure surface passing through crack In 
embankment. 
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FIGURE U Failure surface passing through crack. 

There are certain characteristics of lime and IJFA seams that 
should be recognized. Figures 13-16 illustrate the concepts of 
how crack repair is made by LSPI and L/FA seams, respec­
tively. These seam-stabilization concepts were given important 
consideration in the design of the seam- and glaze-stabilized 
laboratory evaluation tests previously discussed 

SOIL MASS 
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FIGURE 13 Soil crack before stablllzation with lime 
slurry pressure injection. 
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FIGURE 14 Soll crack after stabilization with lime slurry 
pressure Injection. 

Injection stabilization increases the strength of embankments 
by adding reinforcing strength and mending existing cracks, 
allowing peak strength of the embankment fill and the founda­
tion subsoil to be mobilized simultaneously, thus reducing 
progressive failure effects. Cracks may develop in embank­
ments because of excessive tensile stresses in the underlying 
fill due to differential settlements or because of shrinkage 
stresses due. to drying. Many tension cracks frequently begin at 
the bottom of the fill, progress upward, and may not be detected 
until the embankment is seriously failing. The injection-stabil­
ization method has been developed to treat cracks and planes of 
weakness in situ, even those cracks that are not visible from the 
surface (Figure 17). In general, cut and replace does not mend 
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SOIL MASS 

OR VOID 

FIGURE 15 Large soil crack before stabilization with 
lime/Hy ash Injection. 

existing tension cracks in the undisturbed mass below the cut 
and those cracks can continue to grow, propagating into the 
newly placed material. Because of the impact of embankment 
cracking on the stability of fills, the laboratory-testing program 
must evaluate the effectiveness of injection grouts for seam 
reinforcement, crack filling, and prevention of crack growth. 
Split-glazed lime or L/FA compression tests can be used to 
evaluate the benefits of slurry to repair cracks and increase 
embankment strength by adding tensile, compression, and 
shear reinforcing strength. Seam tests can be used to evaluate 
the benefits of hardened seams to stop crack growth, mend 
existing cracks, and prevent formation of new cracks. 

Safety factors can be shown to increase rapidly with increase 
of fill strength. Computerized structural analysis methods can 
be used to analyze the strength effects of stabilized lime-soil or 
L/FA-soil seams, given the properties of the soil mass. Slope-

SOIL MASS 

POSSIBLE LIME STABILIZED 
ZONE (REACTIVE SOIL 

ONLY) . ..... ..-· 

. . .. 
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FIGURE 16 Large crack after stabilization with lime/Hy 
ash Injection. 
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FIGURE 17 Tension cracks filling with lime/fly ash slurry. 
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stability analysis can be used to calculate safety factors for both 
cracked and uncracked embankment fills. 

EMBANKMENT STABILIZATION PROCEDURES 

The procedures for injection stabilization of highway embank­
ments have evolved over the past several years with changes 
and improvements being made during the recent highway case 
studies programs. The procedures currently recommended for 
highway embankment stabilization using injection stabilization 
methods are as follows: 

1. The failed embankment, as shown in Figure 18, is bladed 
and compacted into shape and drainage is corrected. 

2. The surface is proof rolled and compacted at prescribed 
limits of moisture and density, perpendicular to the face of the 
slope. 

FIGURE 18 Slope failure on highway embankment. 

3. The injection pattern is graphically planned to allow for 
injection variables of depth, single injection, double injection, 
lime or L/FA, or a combination of both. The injection sketches 
should then be prepared, as shown in Figures 19 and 20. 

4. Each site is injected in a prescribed sequence usually 
beginning with the longitudinal rows at the toe of the slope and 
then progressing to transverse rows along the face of the slope, 
as shown in Figure 21. Double-injected areas require a short 
stage wait before injecting the diagonal off-set hole pattern. 

5. Following the injection, the lime and fly ash mixture on 
the surface of the site is scarified, or disked, into the top 6 in. 
and then compacted to seal the surface. 
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6. Grass should be planted when the proper growing season 
arrives. The mixing and compaction, described in item 5 above, 
should prevent any excessive surface erosion from occurring 
until the new vegetation is established. 

CASE HISTORIES 

The following three highway embankment case histories of 
injection-stabilization projects are presented to illustrate the 
adaptability and versatility of the method. Injection stabiliza­
tion has many other geotechnical applications. It has been used 
successfully on: (a) railroads, (b) dikes and levees, (c) run­
ways, (d) streets and parking lots, (e) pre-treatment, of building 
foundations, (f) construction dewatering, and (g) renovation of 
building foundations. Several of these projects have already 
been presented in case studies (4, 6, 7, 8). 

Case 1: Evaluation of Lime/Fly Ash 
Pressure-Injection of an Alabama Roadway Embankment 

Preliminary Investigation 

The site is located in Lowndes County, Alabama, along 1-65 
about 30 mi south of Montgomery (9). The area is located at 
the approximate contact of the Ripley Formation and the cre­
taceous prairie Bluff Chalk. Both of these formations are in the 
Black Belt or Black Prairie physiographic district and contain a 
large amount of calcium carbonate and a high percentage of 
smectite in the clay fraction. The slide was located in a side-hill 
section and was approximately 385 ft long as measured along 
the toe of the slope. The distressed embankment section tra­
verses the outlet end of a roadway culvert. Once the stream 
discharges from the culvert the water runs parallel to the toe of 
the slope for approximately 300 ft; however, the significance of 
this orientation was not recognized until the area was cleared of 
undergrowth during the construction phase. This section of 
Alabama experiences approximately 50 in. of rainfall per year 
so the toe of the slope is usually wet. 

Design Criteria and Procedure 

Woodbine Corporation investigated the site and proposed using 
LIPA injection stabilization with Type C fly ash produced in 
Texas for the project. However, it was subsequently pointed out 
by Alabama Highway Department engineers that the transpor­
tation cost of shipping fype C fly ash would offset any eco-

--~~~~~~~~~~25d~~~~~~~~~~~~-
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111111111111111111111111111111111,:· 
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FIGURE 19 Injection equipment progress chart. 



14 TRANSPORTATION RESEARCH RECORD 1104 

I
. 2 so' I 
<i-- DOUBLE INJECTION______,,.,___ SINGLE INJECTION~ 

. · 1 T 

. .... . 
.. '° : : : : : : l .. . ... . 

0 0 I• o o 

TOE INJECTION 

FIGURE 20 Embankment Injection patterns. 

FIGURE 21 Injection rig advancing on Injection pattern. 

nomic advantage of this type of treaunent. Therefore, the deci­
sion was made to use locally produced Type F fly ash, and to 
add 1 percent Type I portland cement to enhance the strength 
gain. The lime used in this project was high calciwn hydrate. 

Construction Criteria and Procedure 

State personnel prepared the site by removing vegetation and 
smoothing and dressing the face of the slope. This included 
obliterating the slide scrap and backfilling the small stream 
course along the toe of the slope. The culvert's headwall and 
wingwall were also removed (one wingwall had previously 
been removed by the force of a slide) to better accommodate 
the injection equipment. The slide area was approximately 385 
ft long and the face of the slope was 105 ft long. 

After the site was prepared, the contractor moved an 18,000-
gal slurry mixing tank to the site. Water, purchased from the 
city of Greenville, was hauled to the site and pumped into the 
tank. Lime and fly ash were then transported in bulk to the site 
and pneumatically unloaded into the slurry tank. The lime was 
pumped into the mixing tank first to help suspend the heavier 
fly ash. After the slurry was sufficiently mixed it was pumped 
to a smaller holding tank mounted on an injection rig capable 
of injecting to a depth of 40 ft. The cement was added to the 
slurry in this holding tank. Injections were made at the edge of 
the pavement to depths up to 40 ft and on the face and toe of the 
slope to a depth of 10 ft using a crawler-tractor injection 
machine. 

The injection pattern on the first injection was 5 ft on center 

and 10 ft deep on the face and toe of the slope. The injection 
was performed by pushing the injector rods and pumping the 
slurry to refusal at 18- to 24-in. intervals. Refusal was defined 
as that point at which slurry began to run freely at the surface 
from previous injection holes or from areas where the surface 
soils were fractured. At times the slurry would erupt from the 
ground more than 50 ft from the injection point. A total of 122 
tons of fly ash and 45 tons of hydrated lime were initially 
injected. Based on the previous evaluation of the soils at the 
site by the contractor and the results of the laboratory tests, the 
decision was made to use hydrated lime slurry for the second 
injection. The same injection pattern was used as on the first 
injection, and placed diagonally between the first injection 
points. A total of 76 tons of hydrated lime were injected during 
the second injection. This work was completed in June 1983. 

Throughout the injection process continued movement of the 
slope occurred, evidenced by the appearance of numerous 
surface cracks over the face of the slope, some as wide as 3 in. 
at the surface. Because of the continued earth movement during 
injection and the apparent unstable condition of the slope, 
Alabama Highway Deparunent personnel elected to add a rock 
buttress at the toe of the slope along the stream course soon 
after injection, thereby disqualifying it as a viable injection­
stabilization demonstration project. After the buttress was con­
structed, the embankment slope was benched. During this 
benching operation, the presence of lime seams was evident in 
the face of the benches. Seams were also evident in the 
extruded Shelby tube samples. 

Conclusions and Recommendations 

It is the opinion of the authors that a lack of appropriate 
engineering material testing and site evaluation contributed to 
the lack of success of this project. The following points and 
recommendations are made: 

1. The decision to change from Type C to Type F fly ash was 
based on economics rather than engineering principles. 

2. This was not a proper site for an injection-stabilization 
demonstration because of the presence of the discharge culvert 
at the toe of the slope. This was not detected during site 
selection because of the heavy vegetation present. 

3. It is recommended that in future research projects of this 
type a site be chosen that is entirely made up of embankment 
with no complicating structures in the immediate area. 

4. The duration of the research should be for a period long 
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enough to allow monitoring of curing and measurement of 
performance over several years. 

Case 2: Arkansas Highway Earth Embankment 
Lime/Fly Ash Stabilization 

Highway embankment surface slides are a recurring mainte­
nance problem throughout the state of Arkansas. Approx­
imately 65 slides occur each year in District 1 in eastern 
Arkansas. In this region the soil type is a clay or silty-clay 
alluvial river deposit of high montmorillonite content. The 
slope failures are usually shallow, surface-type slides 10 ft deep 
or less with a classical configuration. They generally do not 
destroy the pavement surface, but if left untreated, they can 
eventually lead to a complete roadway failure. Highway main­
tenance economics have dictated that very few of these slides 
can be treated to achieve correction because economical per­
manent methods have not been available. Thus, a majority have 
been temporarily repaired by simply pushing the failed material 
back in place. In many instances, this has resulted in repeated 
failures at a single site within a given construction season. 

Demonstration Specifics 

In 1982 a failed site was selected at the Bolling Road bridge 
overpassing 1-40 near West Memphis, Arkansas, to be used in a 
federally sponsored L/FA pressure-injection demonstration 
project. The soil used to construct this embankment originally 
was a grey, highly plastic, partially organic clay, classified A-7. 
The slope had failed repeatedly over the past few years, includ­
ing two failures that occurred in the months before injection. 
The principal area of failure was near the bridge abutment, 
where a large slide had occurred that was 8- to 10-ft deep with a 
ripple effect that went down to the toe of the slope (Figure 18). 
The length of the slope selected for the demonstration was 

1
approximately 500 ft. The entire face, toe, and cone of the 
'slope containing a surface area of 28,778 ft2 was treated with a 
double injection of L/FA slurry on a 11/2-ft diagonal offset 
blanket-grid pattern. The injected mixture contained 248,700 lb 
of Type C fly ash and 85,600 lb of hydrated lime mixed with 
water and surfactant to form 101,320 gal of L/FA slurry. The 
total cost for injection was $14,000, which is $4.66/yd2 (10). 

Construction Procedure 

The L/FA injection procedure was conducted in stages, pre­
ceded by the highway department's maintenance forces push­
ing the slope back into place in order for the contractor to have 
a smooth workable surface. As the project began, the contractor 
double-injected the toe of the slope to a depth of 7 ft. The first 
pass was spaced on 5-ft centers and the second was spaced on 
the diagonals between the first injections. Next, the contractor 
double-injected the face of the slope to a depth of 10 ft in the 
same way as on the toe of the slope. 

After the injection operation was completed, the L/FA slurry 
left on the surface of the slope was scheduled to be mixed with 
the soil, and recompacted by others. Later inspection visits to 

15 

the site revealed that final proof rolling was never completed; 
therefore, no compaction was accomplished. This was required 
to ensure that there were no soft spots in the near-surface 
materials and that the surface was properly sealed. The omis­
sion of this last important step was determined to be the cause 
of the shallow surface slough that occurred 18 months later. 

Monitoring Equipment Installation 

The monitoring equipment installed by the Arkansas Highway 
Department after injection consisted of two slope inclinometer 
tubes and 10 temperature and moisture sensors for both the 
L/FA-injected slope and the control slope situated across the 
road. The moisture sensors were placed at three separate loca­
tions at various depths on both the injected and control slopes. 
Each sensor was to give the temperature and electrical resis­
tance from which the soil moisture content could be deter­
mined. These sensors did not function properly and were later 
abandoned. The slope inclinometer tubes were installed at two 
locations to a depth of 40 ft on both slopes. The slope 
inclinometers were to measure subsurface movement that could 
not be detected by visual surface measurements. It is not 
known if any data were obtained from these installations. 

Evaluation Period 

The embankment performance-monitoring plan called for 
inspection four times a year for 5 years, including evaluations 
during both dry and wet periods. Inclinometer and moisture 
gauge readings were planned, and visual indications of surface 
and subsurface failures were to be noted on both the control 
and injected embankments. Soil samples were to be taken once 
a year for 5 years to note any changes from initial conditions. 
Conclusions and recommendations were to be based on data 
obtained during the yearly evaluations. 

Performance to Date 

The L/FA injection stabilization was performed in July 1983. 
On the first day the injection work was performed, a regional 
demonstration was held in West Memphis, Arkansas, and 
attended by personnel from state and federal agencies 
throughout the region. During the demonstration one of the 
maintenance engineers from Arkansas, who was familiar with 
the history of this slope, stated that if the slope was still 
standing after the next spring he would consider the job a 
success. The slope to be treated had failed twice in the spring 
before injection. Shortly after completion of the injection one 
of the slopes on the opposite side of the Interstate failed. This 
slope had been repaired at the same time the test slope and 
adjacent control were repaired. Early in December 1984, the 
control section failed. This was 18 months after injection of the 
test section. In January 1985, inspection of the test slope 
revealed that a shallow surface slough had occurred approx­
imately 185 ft from the bridge end. The slough is 12 to 18 in. 
deep and extends for about 60 to 70 ft. Photographs of the 
treated slope showing the original area of failure before injec-
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FIGURE 22 Bolling Road embankment: primary slide zone, 18 
months after lime/Hy ash stabilization. 

tion and the shallow surface slough are shown in Figures 22 
and 23. 

In February 1985, Arkansas issued a Research Informer 
declaring that the injected slope had failed and concluding that 
the method of treatment performed at this location was not 
successful. However, as of this date, 21/2 years after treatment, 
the primary failure area of the slope shows no signs of move­
ment and is performing satisfactorily. 

In the authors' opinion the shallow surface slough does not 
constitute a failure of this demonstration and the research 
project should not have been terminated. No funds were 
recovered because of early termination of the demonstration. 

Conclusions and Recommendations 

The following conclusions and recommendations are pre­
sented: 

1. When a failed slope is pushed back into place before 
injection the entire face must be proof rolled or compacted to 
ensure that there are no soft spots or areas of loosely compacted 
material. 

2. Immediately after injection the lime or L/FA slurry on the 
surface should be mixed into the top 6 in. and properly recom­
pacted. This was not done on this job. 

FIGURE 23 Bolling Road embankment: observed shallow 
surface slough, March 1985. 
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3. All proof rolling and compaction work should be done 
perpendicular to the face of the slope and never parallel to it. A 
long, shallow surface slough such as the one that occurred here 
can actually be caused by loosening the material on the down­
hill side by a heavy track machine running parallel to the face. 
This could have been done by the machine that redressed the 
slope just before injection. 

4. Inspection of the surface slough in June 1985 revealed 
that the failed material contained grass and rocks and was dry 
and uncompacted, and the surface was still showing L/FA that 
had never been mixed and rccompat:te<l. 

5. Deep-seated embankment slope failures can be repaired 
by multiple injections of L/FA slurry. 

6. The evaluation of any demonstration should be continued 
for the full period to learn as much as possible about the 
process and its results. Premature abandonment does not 
provide necessary long-term information about the process 
under evaluation. 

7. When any failure does occur a complete evaluation 
should be made so that useful new technological information 
can be generated to aid in future design and implementation. In 
the authors' opinion the purpose of any demonstration or 
research project should be to learn as much as possible from 
both successes and failures, so that future projects can benefit 
from the accumulated knowledge and experience. 

8. All L/FA-injection projects should include the 4-hr mix­
ing test already mentioned to evaluate quick-setting injection 
materials. The fly ash used on this embankment was later found 
to suffer excessive strength loss during the 4-hr mixing strength 
test. This material problem did not surface during the standard 
tests then used to evaluate the L/FA soil reactions. 

Case 3: Missour.l Highway Earth Embankment 
Lime/Fly Ash Stabilization 

This slide-repair project is located on Route 77, Cape Girar­
deau County, Missouri. The embankment had a history of 
previous failures and in the past several construction pro­
cedures had been tried with little success to stabilize the recur­
ring slides. All evaluation tests on the project were conducted 
by the Missouri Highway Department using both standard soil 
tests and lime-glaze and L/FA-seam tests. 

Soil Tests 

The slide zone is composed of two soils. The fill was originally 
constructed of Sharkey clay, which is alluvial in origin. The 
Sharkey clay is a highly plastic, grey, waxy clay and was the 
cause, in conjunction with the steep slopes, of the slides. The 
demonstration section was approximately a 3 to 1 slope; 
however, slopes as fiat as 6 to 1 have suffered slide failures in 
this area. 

Test results on soils obtained from the fill show liquid limits 
exceeding 50, with the maximum value determined at 67. The 
Sharkey clay soils are usually lime reactive. The second soil 
type found within the slide zone is the Memphis soil which is a 
loess material. The Memphis soil was imported by mainte­
nance personnel for slide repair. Memphis soils are also lime 
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reactive, but the improvements are less dramatic than in the 
more plastic clays. 

Injection Procedure 

Lime was mixed into a slurry at the rate of 21/2 to 3 lb/gal of 
water while the lime and fly ash were mixed al a l to 3 ratio by 
weight and slurried al a rate of 4 lb L/FA/gal of water. Injection 
pressures ranged from 50 to 200 psi. A total of 139 tons of lime 
and 301 tons of fly ash were injected into the 9,322 yd2 

embankmenl slope area. During the site selection and evalua­
tion phase the decision was made to single-inject a portion of 
the slide on 5-ft centers and to double-inject the balance of the 
slide. L/FA was used for the single-injected area, and lime 
slurry followed by L/FA was used for the double-injected area. 
Because a single-injection pattern is more economical than a 
double one, the purpose was to evaluate the performance of 
both patterns to determine the most effective and economical 
method to use for future work. 

The injection work was accomplished during the period 
September to October 1984. A 100-ft section was double 
injected and the balance of 700 ft was single injected. All 
injections were made to a depth of 10 ft, except for one area 
that was injected 12 ft deep. 

Performance to Date 

The injection stabilization was completed in October 1984, and 
through December 1985, 14 months later, no movement was 
observed in the slope. The slope was visually inspected in 
November 1985 by Missouri Highway Department personnel 
woo reported the slope to be in good shape. The guardrail was 
srraight and no movement or tension cracks were observed. 

A row of iron fence ·posts was set 3 ft into the ground and 4 fl 
above the ground, approximately lf3 of the distance up from the 
bottom of the slope. No movement of these posts has been 
noted since installation. Site monitoring will be continued for 5 
years. The three noninjected control slopes at this location 
failed within the first 6 months of this demonstration. Plans call 
for injection of these slopes in 1986. 

Conclusions and Recommendations 

1. Both the single L/FA injection and the double combina­
tion lime and L/FA injection have prevented any recurring 
slides for approximately 15 months after installation. 

2. Additional installations should be made to optimize the 
most economical, effective method to stabilize embankment 
slopes in this area. 

RESEARCH NEEDS 

The rate of future progress in injection stabilization will be 
substantially increased if additional funding is allocated for 
technology research and development for construction renova­
tion of highway soils. Although currently funded demonstra-
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tion projects arc of considerable value, they do not address 
basic injection-technology needs of admixture development, 
material characterization, full-scale strength testing, design 
methodology, and nondestructive site evaluation. 

SUMMARY 

Injection stabilization is an emerging technology with increas­
ing application opportunities. To date, the largest markets for 
injection stabilization have been stabilization of existing rail­
roads to reduce maintenance, increase line speeds, and improve 
safety; and stabilization of building sites and pavement struc­
tures in expansive clays. This same injection technology 
developed over the past 20 years can now be applied to existing 
highway pavement and embankment stabilization, as well as 
civil construction projects, as emphasis shifts from new con­
struction to maintenance and rehabilitation of the infrastruc­
ture. 

The three completed injection projects discussed in the case 
histories section of this paper show specific examples of how 
lime and fly ash can be used to stabilize highway earth embank­
ments. Of the three projects discussed, the Alabama project 
was considered unacceptable because of poor material design, 
improper site selection, and additional work that was per­
formed on the slope. The Arkansas site remained standing after 
2 years, with the exception of one shallow surface slough, 
which occurred because of a Jack of adequate pre-injection 
compaction and post-injection mixing and compaction. The 
primary area of deep failure, which had failed repeatedly 
before injection, has resisted any further movement for 21/2 
years. The Missouri project is performing 100 percent suc­
cessfully, with no observed movement to date. 

A fourth site in northern Louisiana is scheduled for injection 
in 1986. This site will include injecting all four quadrants of a 
failed Interstate crossing. Two quadrants will be injected with 
lime slurry and two with L/FA slurry. The planning at this site 
has included recommended injection improvements and neces­
sary construction changes supported by the generation of data 
from Alabama, Arkarisas, and Missouri. 

Jn addition to the three reported case histories, numerous 
other slides have been successfully injected for private industry 
and other agencies, including the Corps of Engineers, over the 
past io years. 

Much progress has been made to date on the use of injection 
stabilization of embankments; however, improvements are 
needed in engineering, material testing, mix design, and soil­
density control. Stabilization of surface slope failures requires 
good moisture and compaction control before injection coupled 
with post-injection mixing and compaction. It is recommended 
that additional demonstrations be conducted to further develop 
injection stabilization as a viable, economically feasible 
method for correcting highway embankment failures. 
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Underpinning Considerations for Design 
Unit A-140, Metro Rail Transit Project 

DELON HAMPTON AND J. SCOTT JIN 

The proposed rail transit system, Section A-140 of the South­
ern California Rapid Transit District, consists of two cut-and­
cover stations and approximately 1.S ml of twin bore tunnel. 
Along the proposed alignment are numerous structures many 
of whose foundations rest above the Invert of the proposed 
tunnels or adjacent to the proposed station excavations. Con­
sideration is given to protection of structures along the pro­
posed route. The influence zones for tunnel mining and station 
excavation, based on design criteria, available literature, and 
past experience, are established. Next, settlements of the build­
ings wilhln the Influence zone are predicted and compared 
with the estimated allowable settlements. Tho e bulJdlngs 
whose predicted settlements exceed allowable settlements are 
thereby identified. Technically sound and economically feasible 
underpinning methods are considered for protection of those 
structures whose predicted settlement exceeds the allowable 
settlement, and the most effective underpinning scheme is 
proposed for each structure. Finally, the current project status 
is briefly outlined. 

The Southern California Rapid Transit District (SCRTD) is in 
lhe process of building a rail transit system to serve the people 
of metropolitan Los Angeles. The initial line (sec Figure 1) will 
begin at Union Station, travel west, pass the Civic Center and 
the Jewelry Mart and then travel north, approximately parallel 

Delon Hampton & Associates, Chartered, 111 Massachusetts Avenue, 
N.W., Suite 400, Washington, D.C. 20001. 

to Wilshire Boulevard, to the San Fernando Valley, a distance 
of approximately 18.5 mi. 

Section A-140, of the proposed rail transit system, the sub­
ject of this paper, consists of two cut-and-cover stations and 
almost 1.5 mi of twin bore tunnel. It begins at approximately 
Station AR 112+30 in the Union Station parking area and 
extends to approximately Station AR 199-+47 in the vicinity of 
the inters(!{;tion of 7th and Hope Streets. The approximate 
locations of each major type of construction are given in Table 
1. 

Along the proposed alignment are numerou tructures many 
of whose foundations rest above the invcn of lhe proposed 
tunnels or within the zone of influence of the proposed station 
excavations. Therefore, consideration has to be given to protec­
tion of structures along the route. The purpose of this paper is 
to discuss the options considered for protecting these struc­
tures. 

SUBSURFACE CONDITIONS 

In general terms, the subsurface conditions along Design Unit 
A-140 consist of alluvium over weak claystones and siltstones 
(1, 2). The general subsurface conditions are shown in Figure 
2. The alluvium largely consists of clean sands and gravels, but 
may also contain some silt, clay, and boulders. The thickness of 


