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Chapter 1

introduction

1.1 Introduction

" "Soil nailing is a relatively new technique of reinforcing in situ soils for
stabilization of slopes and excavations. The principle of soil néiling is to increase
the shearing resistance of the ground by insertion of closely spaced inclusions
which can withstand tensile forces. As shown in Figure 1.1, the goal is to create
a reinforced soil zone which acts much like a gravity wall supporting the in situ
soil behind it. The wall face is usually protected from erosion and local sloughing
by shotcrete or geogrids.' The presence of the ground inclusions enable the
reinforced soil zone to safely withstand tensile forces and to resist soil
movements by bond stress at the soil-inclusion interface.

In many design situations, soil nailing can be more attractive than other
retaining systems. - Soil nail walls can be constructed more rapidly, do not
require over—excavatiori or fill, involve less expensive materials and equipment
(no sheet piles, soldier piles, or tensioning equipment), and can easily
accommodate design changes during construction. It is for these advantages
that soil nailing has been utilized to support excavated slopes for highways and
railroads, and construction excavations for underground facilities. The technique
has also been used to stabilize landslides and repair existing retaining

structures.
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Figure 1.1 Typical soil nail cross-section.
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Detailed descriptions of soil nailing have been presented by
Chassie(1992), Juran and Elias (1991), Gassler (1990a), and Jewell (1990).
Thié.chapter presents a brief discuésion of the soil nailing construction method
and existing design methods. The purpose of this study, and an outline of the |
subsequent chapters is also presented herein.

1.2 Soil nailing construcfion

A brief description of the construction sequence is presented in order to
explain the reinforcing action of soil nails. This procedure is displayed in Figure
1.2. Initially an unsupported cut, usually 1 m to 2 m in depth, is excavated. Soil
nails are typically ihstalled in a row by driIIing boreholes of appropriate length at
10° to 20° inclination below the horizontal, with horizontal spacing of 1 m to 2 m.
A steel reinforcing bar (rebar) with centralizers is inserted, and the entire
borehole length is filled with concrete grout. While other less common methods
and materials for constructing soil nails have been developed, this is the only
type considered in this study. After a row of nails has been installed, the cut face
is usually protected from erosion and chal sloughing by shotcrete 6r geogrid
facing. The nails are connected to the facing by a small steel plate (with the
threaded end of the rebar extending through it) and hand tightening a nut on the
bar against the plate. The next row of nails is constructed by excavating below
the .c:dmpleted portion of the soil nail wall, and répeating the described
procedure.

Most of the measured displacements in soil nails occur immediately
following excavation. Data from instrumented nails indicate that the majority of

nail tensioning occurs during the three excavation steps that follow the nail
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installation, i.e. during excavation for the three rows immediately below the
instrumented nail (Chassie, 1992).
1.3 Soil nailing design

Design of soil nail walls requires due consideration of the necessary
construction constraints and static stability of the earth mass. Common
construction constraints include: a) the stand up time of an unsupported cut; b)
the nail pullout capacity; c) the geometry of the proposed wall and any nearby
structures; and d) the type of available construction equibment. These
constraints are important in the sense that they determine the choice of the
various design parameters. The vertical spacing of the nails is controlled by the
stand-up time. The local stability at each individual nail is governed by the pull-
out eaeacity which in turn is a function of the ultimate soil-grout bond stress. The
size and inclination of the boreholes depend on the availability of equipment.
The design analysis currently employed are static stability analysis based on the
limit equilibrium approach. Several analysis packages written in FORTRAN for
the IBM personal computers are available. Some of the existing analysis
packages have been evaluated by Finney (1993). Invariably, the analysis
returns the factor of safety against overall instability along the most probable
failure surface for a given wall design.

One of the important deficiencies of design methods is the prediction of
the actual nail loads. The working loads can only be estimated for the following
reasons. The reinforcements are passive inclusions, and the construction
methods and Sequences influence how the soil deforms to mobilize the
reinforcements. Then again, the properties, stratigraphy and variability of the in

situ soils are not well known. It is difficult to accurately model the soil-structure
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interaction phenomena in the pre-failure state. Limit equilibrium analysis only
considers the reinforced soil mass on the verge of failure, which is hardly the
case for many in-service walls. More over, the insufficient design and
construction experience preciudes relying on empirical relationships for
estimating working nail loads. ' '
Although current design methods have been quite successful, the degree
of oye_r-design inherent in the limit equilibrium approach is not known. Aiso, itis
not possible to design soil nail walls to minimize wall deflections. Although,
inclinometer data for many constructed soil nail walls have been reported, this
information cannot be used effectively in the design if the corresponding nail

loads are not known. .

1.4 Overview of thesis

The purpose of this study was to examine the distribution and magnitude'

of the axial nail forces from several instrumented soil nail walls. In order to do

this, it was necessary to develop a method of estimating the axial force that had
- developed in the combosite soil nail (concrete grout encapsulated steel
reinforcing bar) using data from strain gauges attached to the reinforcing bar.

The .pfoposed method predicts how the concrete grout contributes to the axial

stiffness of the soil nail from the measured strains at the grout steel interface.

The method is independent of the soail propertieé; theref'ore, the estimated nail
forces- can be compared with the predictions based on the classical soil
mechanics theories or on empirical observations. The resulting axial force
distributions along the. soil nails, and the maximum nail loads are presented for

several case histories.

[zl
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Chapter 2 summarizes the previous case histories and the nail load
distributions and magnitudes published in the literature. Also included in this
Chapter is a summary of the published reports which considered a composite
nail stiffness for estimating nail forces. Chapter 3 describes the method which
was developed in this study to estimate working nail loads based on the record
of their performance. The basis of tﬁe adopted procedure is explained in detail
in Chapter 3. In Chapter 4, the proposed method is applied to ten instrumented
soil nail walls. A short description of the case histories and the corresponding
nail forces are presented. Finally, 'Chapter 5 contains a discussion of the results
and conclusiqns of the study. The algorithm for estimating nail loads is provided
in a concise step-by-step format in Appendix 1. A series of load vérsus nail
length plots for each instrumented nail are included in Appendix 2. On these
figures, the steel load, estimated total nail load, and an upper bound nail load
estimate are presented. The steel load is plotted not only to -provide a lower limit

of the nail load, but also to report the strain data in a usable form.



Chapter 2

Historical Review

2.1 Introduction

This chapter summarizes the relevant information gathered from the
available literature with regard to soil nail forces. The summary presented
herein includes: é discussion of nail force magnitudes and distributiqns; a brief
description of previous case histories involving instrumented the soil nails; and
methods of estimating the soil nail fbrCes from 'measured strain data. The
discussions of the above topics are presented in an approximate chronological
order in order that the history of the developments can be traced.

The summarized information relates to experimental or actual soil nail
walls instrumented with strain. gauges. Previous researchers have proposed to

either of the following procedures to relate the measured strains to the nail

loads. These are: a) ignoring the concrete grout and reporting only the steel |

loads; b) performing laboratory tests by pulling on the ends of an instrumented

steel bar encapsulated in grout, and correlating the composite stiffness

measured in the laboratory with the measured strain data to estimate composite

nail loads. An empirical method of predicting soil nail forces derived from

instrumented soil nail results was also advocated.

2.2 First soil nailing application
The first recorded soil nail wall was constructed by Soletanche, a specialty
contractor, in 1972 near Versailles, France for a railroad widening. The pullout

test results with grout curing time for some of the nails were reported for this
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case. The pullout capacity increased from 15 kN, 12 hours after installation, up

to 90 kN, 11 days after installation (Bruce and Jewell, 1986).

2.3 Bodenvernagelung
A relatively more thorough research with instrumented sail nail walls was
performed by the Bodenvemagelung project in, what was, then West Germany.
Initiated in 1975, this was a five year research and development program which
included theoretical stability analyses, model tests, and tests with seven full
scale walls. These test walls were instrumented and loaded to failure by
increasing surcharges (Gassler, 1992). |
The results of this project were first presented at the International
Conference on Soil Reinforcement in Paris, by Stocker, et al (1979). The major
conclusions of this study were (Stocker, 1990):
o The reinforced soil nail zone acts much like a gravity wall;
» Nail lengths are typically 0.5 - 0.8 times the height of the wall;
« Nail spacing is typically 1.5 m;
« Earth pressure on the facing is usually 0.4 to 0.7 times active soil
pressures and is distributed uniformly; |
« Soil nail walls can withstand dynamic loading.
It was later noted that soil nails within these test walls did not undergo any
significant bending (Gassler, 1990b).
The distributions of axial nail forces along the nails Were discussed for
test wall B. The changes in the nail forces with chaﬁges in the surcharge load
were reported. The upper nails displayed maximum nail forces at or near the

middle of the nail length. The lower nails showed maximum forces located near
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the predicted critical slip surface for surcharge loads close to the surcharge load

in which the wall failed (Stocker, et al., 1979).

2.4 Research at UC Davis

The first recorded fesearch on soil nailing in the United States was for the
Good Samaritan Hospital excavatioﬁ in Portland, Oregon in 1976. Researchers
of the University of California at Davis were involved with instrumenting this wall
with inclinometers, and as a follow | up of the work, conducted a research
program which involved constructing a full scale test wall at the UC Davis
campus in 1979 (Shen, et al, 1981). The soil nails in one cross-section were
instrumented with four sets of strain gauges distributed along the nail lengths.
The reported axial nail forces were compared with the predicted forces based on
finite element analyses performed during the research prbgram. The resuits
from this study culminated in the development of the method of limit equilibrium

analysis, commonly termed the "Davis method".

2.5 CLOUTERRE

In 1986, the four year French national research project "CLOUTERRE"
was initiated. This work led to publication of the French soil nail deéign manual
(Schlosser, et al, 1992). The results of three full-scale experimental soil nail
walls were reported in 1990. The test walls investigated three possible failure
modes- breakage of the nails, pullout of the nails, and excessive excavation
below the reinforcement (Plumelle, et al, 1990). The ﬁrst wall, CEBTP #41,
instrumented the nails in order to measure tensile nail forces. Strain gauges

were placed along the nail in pairs attached to the top and bottom of aluminum
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tubes which were grouted into the borehole. An alumihum tube encased in
concrete grout was tested in the laboratory in axial tension to develop a tensile
force-displacement curve. This curve was used to interpret the strain gauge
data in order to estimate the nail forces (Plumelle, et al, 1990). This is the first
known study which attempted to account for the composite stiffness of the soil
nail inclusion. In this case, thé groui diameter of the nail was small énd strains
were large enough for the grout to have much influence on the nail force. Also,
since the nails were designed to fail by breaking, the strains exceeded the elastic
range of the aluminum tube, thus making accurate nail load estimation difficuit.

The CEBTP #1 wall was failed by saturating the ground from a water
basin placed above the reinforced soil zone. Fortuitously, the observed failure‘
zone coincided with the measured maximum tensile force line. The tensile force
in the nails was mobilized in the following two excavation stages after nail
installation. Bending of the nail was not observed until large deformations had
occurred, just prior to complete failure. The maximum measured tensile forces
were slightly greater than the predictions based on assumed at-rest soil
conditions near the top of the wall and slightly less than those based on
assumed active soil conditions near the bottom. Although no tensile force was
observed on the bottom nail at the end of construction, a small force was
measured three months later which was possibly due to soil creep.

The major conclusions from the three experimental walls (Plumelle and
Schlosser, 1991) include:

« Reinforcement is provided by axial tensile forces in the nail,
«  The maximum tensile force is not located at the face, but tends to

be near the failure zone;
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» Wall displacements develop during excavation below the competed
portidn of the wall;

o Horizontal and vertical displacements are of the same magnitude;

e The Awall displacements at the top are typically 0.1% to 0.3% of the
wall height.

2.6 FHWA sponsored fesearch

A study sponsored by the Federal Highways Administration (FHWA) led
to the analysis of four éoil nailing case historiés£ CEBTP #1; the Davis test Wall;
the Paris wall reported by Cartier and Gigan (1983); and the first Cumberiand
Gap soil nail wall (1985). The findings were reported by Juran and Elias (1987).
The distribution of horizontal displacements and maximum axial nail forces were
reported for each case history. The similarity in the loads experienced by soil
nails and the bracing systems in braced excavations was reviewed in this study.
The authors proposed that the apparent earth pressure diagrams for braced cuts
(Terzaghi and Peck, 1967) could be used for preliminary design of soil nail walls
provided the wall geometry is similar to the intended geometry of the diagrams.

As shown in‘ Figure - 2.1, some modifications to the apparent earth
pressure envelope were proposed; The first modification Was to account for
soils exhibiting both friction and cohesion. However, it was noted that the
approach appeared too sensitive to small changes in soil properties to be very
useful in design. - Secondly, for sands, the empirical diagram shape was
modified. The trapezoidal shape of the distribution used for stiff clays by

Terzaghi and Peck (1967) was proposed regardless of soil type. In the report,
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the empirical 'diagrams were plotted with the ndn-dimensional nail forces
obtained from measured data. The nail force was normalized by the soil unit
weight, wall height, vertical nail spacing, and horizontal nail spacing.

Juran and Elias also observed that long-term soil creep has been noted in
the strain data. For examplé, -for the Cumberiand Gap 1985 project,

displacements measured by inclinonieters stabilized within two to three months

after construction, while tensile forces continued to increase with time. The

authors claimed that this was due to creep of residual soils. It should be pointed
out that the nail load refers only to the tensile forces in the sieel rebar without
attempting to account for the surrounding concrete grout.

In 1990, a report for the FHWA (Elias and Juran, 1990) discussed similar
research results. Four éase histories were presented: CEBTP #1; San
Bernadino; 1-78 Allentown; and the second instrumented soil nail wall at

Cumberland Gap (1988). The maximum nail forces were compared with the

empirical diagram. It should be mentioned that the data from the last three walls |

have been reinterpreted in this thesis.

In the discussion of the San Bernadino wall, the authors éttributed the low
nail forces (considering only the steel rebar) to the large diameter borehole (203
mm) and noted that the large grout column isAcapabIe of carrying significant
tensile loads while only the balance would be carried by the steel rebar. They
also contended that the composite force could only be analeed if a crack
occurred right at the gauge location. The difference in strain readings before
and after cracking could be used “to back calculate the composite stiffness.
Since the strain data at San Bernadino did not indicate possible cracking,

interpretation was not attempted by the authors.
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in the chapter written for the Foundation Engineering Handbook (Juran
and Elias, 1991), the results of the Davis wall and the CEBTP #1 wall, and the

proposed empirical diagram were reiterated.

2.7 Polyclinic soil nail wall |
Thompson and Miller (1990) presented a paper describing the
performance of the Polyclinic soil nail wall in Seattle, Washington, designed and
instrumented by Golder Associates. A description of this wall and
instrumentation can be found in Chapter 4. Only the pertinent information of
historical interest is discussed in this section. As with the San Bernadino wall,
the instrumented nails consisted of strain gauges attached to the rebar and
grouted in a 203 mm diameter borehole . A combined influence of the concrete
grout and steel was noted.
_ There were two noteworthy differences in this case. First, some of the
- strain histories appeared to indicate cracking' of the grout, as Elias and Juran
had hypothesized. Secondly, the strain history plots showed a pattern of
‘possible soil creep after construction ended However,. the nails Were
constructed in very dense glacial outwash sands and gravels, -and no changes in
deformation was recorded by the inclinometers after the construction ended.
The authors proposed that if wall deformations have not occurred, it is more
likely that the increase in strain could be due to the redistribution of the load from
the concrete to the steel due to creep of the concrete grout. They suggested
that, although concrete has a low modulus compared to steel, the large grout
area allows the concrete column to carry a large proportion of the load prior to

cracking.
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The authors estimated the nail loads from the strain data by two different
ways. As an upper bound, the concrete creep effects were ignored and
reasonable concrete modulus values were applied based on curing age. By
assuming the measured strains were uniform across the nail section a composite
nail load was calculated. For a lower bound, they assumed the jumps in the
strain histories represented a crack' in the grout at the gauge location. The
authors assumed that the strains prior to cracking can be related to a composite
stiffness and the strains measured after cracking relate only 4the steel stiffness.
The nail loads for the remaining strain data were determined using the back
calcylated composite stiffness. This was labeled a lower bound because if the
crack did not occur right at the gauge, the observed jumps in strain would
represent only a partial release of the grout tensile force. Therefore, back
calculating would yield too low a composite stiffness. The lower bound did not
take into account any concrete creep or curing effects.

The instrumentation data from }this wall was applied to a simplified
kinematical soil-nail interaction model by Byrne (1992). The input parameters
'required reasonable estimates of soil modulus, initial soil stress conditions and
soil-nail shear stiffness. The nail stiffness was determined by using a composite
stiffness based on uniform strain across the nail section. The nail stiffness was
modified for interpreting strain data collected long after construction by adjusting
the grout modulus. To account for creep of the grout, the grout modulus was
calibréted with changes in long-term strain measurements. This simplified soil-
nail interaction model was able to reasonably predict maximum nail load
distribution and locations of maximum straining immediately after construction,

and nine months later. The model showed that nail loads varied little over the
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nine months. However, this result was achieved by assuming additional strains
after the end of construction were due only to concrete creep. This was the first

attempt to include concrete creep in estimating soil nail forces.

2.8 Recent developments

" “The research conducted for én instrumented soil nail wall in Guernsey,
U.K. included laboratory testing to simulate a soil nail in axial tension. A'pair of
strain gauges were attached to a steel bar encased in grout. The test specimen
was constructed with the same materials that were used for soil nail wall
construction. The ends of the steel bar were subjécted to axial tension while
strains were measured from the embedded strain gauges (Farham, 1992). The
resulting applied load vs. measured strain plot, not withstanding some testing
problems (the chosen initial strain reading probably did not correspond to zero
stress), displayed two different slopes. The initial slope was high, representing
the behavior of a composite nail. After severe grout cracking, the slope reduced
to the stiffness of the steel bar.

As part of an instrumentation program for a soil nail wall built under a bridge
abutment, near Portland, OR, the Oregon Department of Transportation (ODOT)
performed similar laboratory tests to simulate a soil nail in ‘axiai tension (Sakr
and Barrows, 1991). A steel reinforcing bar encésed in grout was instrumented
_ with a pair of strain gauges and loaded in axial tension by pulling on the bar ends
while the strain measurements were recorded. The authors observed four
different strain zbnes characterized by different stiffness slopes. The first zone,
from O to 134 microstrain, represented a composite nail stiffness. The second

and third zones showed softening due to concrete cracking. Finally, the fourth
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zone, not reached until 1,000 microstrain, represented the steel bar stiffness

alone. The laboratory results were applied to the soil nail strain data in order to

estimate nail loads.

2.9 Summary

The main topics of this review included the reinforcing mechanism of soil

nails, measured and predicted nail force magnitudes and distribution along the

nail, and proposed and applied methods of interpreting strain gauge data. The

important points which emerged from this review are:

‘Soil nails act primarily in axial tension and bending resistance may

‘be ignored except at failure,;

The nail forces develop by shear between the initially passive
inclusion and the deforming soil mass;

The maximum tensile nail force is not located at the wall face but at
some location behind the face where maximum straining of the soil
occurs;

Soil nail walls may be analogous to braced cuts. Somewhat similar
deformation patterns and loads have been observed in the two
kinds of earth retaining systems; |

A soil nail is a composite reinforcing member and both the grout
and steel may contribute t6 the stiffness of the nail;

Strain measurements of the steel bar require interpretation of the

grout influence to determine the total soil nail forces.



Chapter 3

Method of Estimating In-service Nail Loads

3.1 Introduction _

The primary objective of this thesis was to examine the distribution and
magnitude of the soil nail forces in several soil nail walls instrumented with strain
gauges. To do this, it was necessary to develop a method of interpreting the
strain data measured on the steel reinforcing bars. This chapter discusses the
method that was developed in this study to estimate the working nail loads for
soil nail walls based on the record of their performance.

The method of data interpretation was désigned to yield the axial tensile
forces which developed in the soil nails. It has been concluded that soil nails act
primarily in axial tension and bending resistance is not mobilized until failure is
imminent (Chapter 2). The soil nails were instrumented with strain gauges
attached to the rebar at various locations along the nail length. Figure 3.1
displays a typical instrumented soil nail cross-section. Commonly, strain gauges
were attached in pairs, as shown in the figure, in order that the average axial
strains may be determined. If a particu'lar instrumentation program did not ihstall
strain gauges in pairs, the measured strains were assumed to represent average
axial strains. Whether axial strains were measured or assumed is noted later as
the resulits are presented.

- As shown in Figure 3.1, the soil nails can be viewed as composite
structural members consisting of steel rebar and concrete grout. The strain
gaUges measure the strain in the steel rebar at the grout-steel interface. From

these data, calculating the axial load in the rebar at the gauge location is
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Figure 3.1 Typical soil nail cross-section.
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relat{vély straightforward, since the steel bar can be assumed to behave as a
linear elastic material. However, it has been noted that in many cases the steel
load alone cannot account for all the axial forces required to maintain stability of
the wall (Elias and Juran, 1990, Thompson and Miller, 1990, Sakr and Barrows,
1990). When the soil nails are’ placed in a large diameter borehole, the ,
surrounding concrete grout may be cérrying a significant portion of the total axial
nail load. This was evident in the San Bernadino and Polyclinic soil nail walls
where 200 mm diameter nails were installed with 25 mm to 32 mm rebar (Elias
and Juran, 1990, Thompson and Miller, 1990).

The basic difficulty in estimating the nail loads is to determine how the
concrete grout contributes to the axiél_ stiffness of the soil nail. First, the
mechanical behavior of concrete is not linear elastié. Secondly, the time-
dependent nonlinear effects of curing and creep introduce further compleiities.
In addition, unlike steel, the material is brittle and undergoes cracking at a
relatively smaller load and strain level.

The present method accouﬁts for both curing and creep of concrete to
estimate an effective modulus for the grout and to determine the tensile loads in
the grout. In the event of cracking, the load carrying capacity of the grout is
assumed to be limited by the ultimate tensile‘strength of the grout. The method
derived in this study interprets concrete grout response from the measured
strains at the grout-steel interface and estimates the actual force developed in
the composite soil nail. -

. ~The mechanism of mobilizing the soil nail reinforcing action is reviewed in
Section 3.2. This provides the background for understanding soil nail behavior

and the assumptions involved in estimating nail loads using the method
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developed in this research. The method is explained in Section 3.3, aldng with
the important mechanical characteristics of curing, creep, and cracking of the
concrete grout.  Section 3.4 explains why the development of such a method

was necessary in the context of the other methods described in Chapter 2.

3.2 Development and distribution of nail forces

_An idealized distribution of the axial force along the length of a soil nail is
shown in Figure 3.2. Since the soil nails are installed passively, relative
deformations between the soil nail and the surrounding soil must occur for the
nails to act as reinforcements. As the lateral confining pressure on the soil
adjacent to the cut is removed by excavation, the soil within the active zone
tends to expand and deform towards the excavation. The resistance to this
deformation develops at the soil-grout interface in the form of shear forces
around the grout circumference. These shear forces are balanced by the axial
forces within the soil nail. As explained earlier, this axial force is shared by the
steel section and the concrete grout.

Since the shear stresses act along the bircumferential area of the nail, the
axial force at the ends of the nails must be zero. The force at the wall face may
be iefo or larger, depending on the characteristics of the facing elements.
Presumably, the soil nail may develop its maximum axial force where shear
stresses at the soil-grout intérface reverse directions. The location of maximum
force may coincide with the divide between the active soil wedge and the
stationary soil mass.A However, the actual magnitude and location of maximum
nail force varies with the soil deformation pattern, construction sequence, and

required reinforcement.
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Figure 3.2 ldealized soil nail reinforcment
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3.3 Estimating axial nail forces |

A hypothetical load-deformation behavior of a composite cross-section in
axial tension is shown in Figure 3.3. Phase 1 reflects the composite behavior
while the concrete grout remains intact. A gradual reduction of the contribution
of the grout occurs throughout Phase 2 as the grout undergoes cracking until the
grout is no longer effective in Phase 3 Itis clear from Figure 3.3 that the major
 issues in the development of a method for estimating the tbtal nail forces are: a
'composite stiffness during Phase 1, the strain level at the initiation of grout
cracking, and an ultimate tensile capacity of the grout. Section 3.3.1 and 3.3.2
are devoted to the considerations necessary to define a composite stiffness. The
considerations related to cracking are discussed in Section 3.3.3.

It should be pointed out ihat the following assumptions were necessary:
1) strains measured at the grout-steel interface are uniform across the entire
cross-section; 2) strain compatibility exists at the grout-steel interface when the

tensile stress is low enough for the grout to remain intact.

3.3.1 Determining elastic concrete grout properties based on curing time
in order to determine the load carried by the concrete grout, the elastic
concrete modulus and the direct tensile strength must be known or assumed.
However, these properties change with curing time of the concrete. The nails
must perform as reinforcements within a short period after installation and before
the concrete is fully cured. The loading on the nails continues to accrue until
wall construction is completed. Therefore, an appropriate elastic modulus and

tensile strength, based on grout age, should be applied to the measured strains.
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Figure 3.3 A hypothetical laboratory load-deformation plot of a composite
soil nail in axial tension.
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To account for the variable loading conditions inherent in the sequence of
construction, the concrete elastic modulus must be estimated for an average
curing age during construction for each nail. Since external loads are applied to
the nail throughout the construction period, the tensile strength mUst be
estimated for a curing age corresponding to the end of construction. External
load changes after the end of constfuction can be considered to be insignificant
unless specifically noted. |

The average concrete grout age was determined between the time of nail
installation and the end of construction (EOC) as shown in Figure 3.4. By
considering the construction schedule and the strain history of the last
instrumented nail installed, the EOC was chosen to be the date that strain
char{gés leveled off, usually two weeks after the last instrumented nail was
installed. This allowed time for the facing to be constructed and completion of
any other activities that may have influenced external nail loads.

Since the grout properties were not reported for any of the instrumented
soil nail walls compiled for this study, the empirical relationships published by the
American Concrete Institute (ACl) were adopted for estimating the necessary
concrete properties (ACI, 1992a). These relationships are given by Equations
3.1 through 3.3. Equation 3.1 provides the compressive strength of concrete,
(f'. )1, for any time based on a known 28 day strength, (f'.),s, While Equation 3.2
relates the elastic concrete modulus, (E3),, to the compr_essive strength, and
Equation 3.3 relates the direct tensile strength, (f'));, to the compressive

strength (ACI, 1992b).
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Figure 3.4 Determining average grout age. Data is from Swift - Delta
Section 1, Nail 2, strain gauge B5 and B6.
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(f c )t - (f c )28 ('4_:0—' 85() (3-1)
(E2); = 4800('; ){2 (3:2)
(f') = 0.55(f'.)¥2 (3.3)

where t = age of grout
f'., ES, £, in N/mm2

A typical value of the 28 day compressive strength, (f'; ),5 = 20.7 N/mm?2
(3000 psi) was assumed for all the cases; the other properties were determined

by the established relationships.

3.3.2 Predicting concrete creep and stress relaxation

 Creep and/or stress relaxation phenomena are known to occur in
concrete. Creep strain is defined as additional strain that develops over time
after a constant load has been applied and maintained. Stress relaxation, on the
other hand, is gradual reduction in stress over time when a specimen is held at a
constant strain. Despite no apparent external load changes, the measured
strains in the nails continued to increase gradually after the end of construction.
A fypical example of this is shown in Figure 3.5 for the Polyclinic wall. It is likely
that the load initially carried by the grout is gradually being transferred to the

steel rebar due to creep (Byrme, 1992).
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Figure 3.5 Long term strain increases that resemble creep.
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The mode of load transfer is presented in Figure 3.6 for a simple loading
situation. When én axial tensile load is- applied to a soil nail, as shdwn by
position a, elastic strain occurs in both the concrete and steel sections as shown
by positions b and c. If thé load is maintained, the concrete grout will respond
with a combination of creep and stress relaxation, and the final grout load is at
posit.idn e. As the concrete grout créeps, the steel load increases to position f,
since steel behaves as a linear elastic material. The total load in the soil nail
remains constant, as shown between positions a and d.

In order to estimate the grout load after creep and stress relaxation have
6ccurred, the ACI-209 estimating procedure was adopted (ACI, 1992a).
Although the procedure was originally intended for concrete compressive loads
up to 40% of the ultimate strength, and soil nails are loaded in tension with loads
often near 100% of the ultimate strength, there were no other generally accepted
creep prediction methods more suitable to the conditions of a soil nail. The
limited research of concrete creep in tension indicates that it is similar to creep in
compression, for stresses at the same propbrtion to the ultimate ‘strengfh
(Neville, 1970). | For stresses greater than 40% of the ultimate strength, the
creep rate is higher than predicted by the procedure (ACl, 1992, a).

The ACI-209 procedure is given by the relationships presented in
Equations 3.4 and 3.5. Equation 3.4 defines a creep ratio, vd. The creep ratio is

~ calculated from Equation 3.5.
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« d: soil nail force aﬂer'grout creep and stress relaxation

» e: grout tensile force after creep and stress relaxation

o f: steel tensile force after grout creep and stress relaxation

Figure 3.6 Response of soil nail, grout, and steel to grout creep and stress
relaxation. -
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vd =¢ec/ee (3.4)
! _ Cdo.s
ETI 9

vd = creep ratio after d days
gc = creep strain

ge = elastic strain

d= duratioh of load in days

C = constant

The constant, C, depends on the moist cured concrete age at the time of
loading, the surrounding humidity, and the thickness of the concrete member.

The creep ratio is used to determine an effective concrete rriodulus, (E2)q.
as given by Equation 3.6. Since creep depends on load duration, for each date
~ strains were recorded there is a corresponding effective concrete modulL:s. The

effective modulus was used with the measured strains to determine grout load.

Ea = 3o (3.6)

“in which t= averége grout age in days
d = duration of load in days

The variables, t and d, are displayed in Figure 3.7.
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Figure 3.7 Typical stress-strain plot noting required time factors for
estimating concrete grout creep.
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Figure 3.8 illustrates how the effective- concrete modulus is used to
determine the concrete grout load. For a given measured strain, thé effective
modulus is used to determine the final stress. The final stress is multiplied by
the grout cross-sectional area to yield the grout load. The soil nail load is the
sum of the grout load and steel load. | |

After estimating nail loads froﬁl( strain data collected at various times after
the end of construction for several instrumented walls, it appears that the ACI-
209 methbd under predicts the creep rate for soil nails. Estimated nail loads _
using data collected long aftef construction were larger than estimated nail loads
using data collected at the end of construction, even though there was no
evidence of external load changes to the nail. This indicates that concrete grout
creep and stress relaxation occurred faster than was predictéd.

| For these reasons, in-service nail loads were estimated by using data
collected at the end of construction (EOC). By using data soon after all external
loads had been applied to the nail, concrete grout creép had less influence on
the estimated nail loads. The larger nail loads, estimated from strain
measurements long after the end of construction, may be considered an upper

bound nail load. It will be shown in the following section that when the grout

cracks, a larger upper bound is necessary.



35

¢ elastic

modulus
initial stress

,.’é effective
’ modulus

final stress

initial strain

measured strain
‘@a——— aftercreep

T £
predicted strain for no
stress relaxation

anure 3.8 Ideallzed concrete grout stress-strain plot displaying effective
modulus method.
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3.3.3 Accounting for cracking of the concrete grout

Figure 3.9 displays the stress distribution in a soil nail as the grout cracks.
Far from any cracks there is stress in both the steel and concrete. At a crack,
there is no stress in the concrete. Near a crack, where bond stress develops
betweeﬁ the concrete and steel, there is a transition zone in which there is more
stress in the steel and less stress in the concrete. These three possible cases
need to be defined in order to properly interpret the strain data.

Figure 3.10 is an example of how these three cases have been defined
for this study. The concrete grout stiffness is determined using an appropriate
effective modulus for each date that strains were measured after the end of
construction. The grout remains intact while the grout load, calculated with the
measured strain, is less than the limit grout load defihed by Equation 3.7. The

limit nail load before cracking is calculated by Equation 3.8.

(Pedim = fy Ac » | (3.7)
(Psn)iim =(Pc)lim + gjm AsEs o (3-8)
inwhich: g, = L
" (Edeoc

To estimate in-service nail loads, strain data collected at the end of
construction were interpreted, as explained in Section 3.3.2. The grout load is
calculated using the measured strain by Equation 3.9. The estimated in-service

nail load is determined by Equation 3.10.
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P, = e E3A, (3.9)

P < (Pdim.  Pan= e [EsAs + E3AG]= Py + P,

fP: > (Pedim»  Psn =(Pen)iim (3.10)

If P, is greater than (Pc),im , the assumption of strain compatibility
between the grout and steel is no longer valid because the grout load cannot be
greaiér than the limit grout load. A crack has probably formed near the strain
gauge and bond stresses have developed between the steel and grout interface.
In this case, the estimated nail load is the limit nail load.

The estimated nail load is constrained by lower and upper bounds. Since
strain gauges are attached to the steel bar and steel behaves as a linear elastic
material, the steel load can always be determined. Therefore, a lower bound is
the largest steel load calculated from strain data collected any time after the end
of construction. An upper bound is the largest composite nail load using strain

data collected any time after construction and calculated by Equation 3.11.

(Psn)max = (Ps)'max + (Pc)max (3.11)

in which: (Pe)max < (Pe)im
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Figure 3.11 Estimated nail load, lower, and upper bounds for a typical nail.
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_ Notice that if the grout has cracked, the upper bound determined by
Equation 3.11 assumes the grout continues to carry its limiting load. Figure 3.11
displays the estimated nail load, as well as lower and upper bounds for a typical
‘nail using only strain data collected at the end of construction. The three cases
displayed in Figure 3.9 are clearly interpreted by the three slopes of the

estimated nail load in Figure 3.11.

3.4 Comparison to other methods of estimating nail loads

in Chapter 2, two other approaches for calculating composite nail loads
were discussed; back calculating the composite stiffness from a crack
recoéﬁized in the strain data, and Iabofatory testing of a specimen with similar
materials and dimensions as the soil nail. The following discussion explains why
these other two methods were not used and why the present method was
developed. '

Only one case history (Polyclinic) was found with strain histories that
indicated definite cracking. Many other case histories reported large strains,
interpreted as grout cracking, but no jumps in strain were recognized.
Therefore, back calculating could not be applied to all case histories. Also there
is no way of knowing if a crack occurred right at the gauge location. If the crack
did not occur right at the strain gauge, only a partial grout stress release occurs
at the gauge and back calculating would under-estimate the composite nail
stiffn'ess (Figure 3.9). Additionally, if an external load change occurred during
the time interval of cracking, strains before and after cracking cannot be set to

an equal composite nail load.
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Estimation of nail loads by using a laboratory measured stiffness is a
completely different approach from the present method. When strains are
correlated with laboratory test information, no assumptions of material properties
or response are necessary. A known direct axial tensile load is applied and can
be measured with strain gauges attached just as they are in the soil nails. The
grout strength and strain relations ére tested directly using the same materials
used for the in-service soil nails. The changes in stiffness due to grout cracking
can be recorded, since a large loading range can be applied.

The first limitation of this method is the fact that the laboratory loading
mechanism is different from that of the soil nail. .ln the laboratory, the free ends
of the steel bar are pulled, as opposed to the application of shear stresses to the
grout exterior circumferential area. The method of loading and response of
actual soil nails are more complex, variable, and difficult to predict than the
simple direct tension applied in the laboratory. It would be difficult to simulate
the grouting, casting, and éuring of a soil nail in the laboratory. The last
important limitation is that laboratory testing occurs rapidly at a single concrete
age.- ‘The laboratory test cannot account for a soil nail loaded in stages at
different curing ages, and further, cannot account for creep and stress relaxation
of the concrete grout. ,

The main reason for developing the present method was to allow analysis
of an assortment of case histories using a single consistent approach. Back
calculating the composite stiffness could not be done for ‘most of the
instrumented soil nail walls, because jumps in the strain histories were not

observed. Laboratory testing is only a site specific method. Additionally, a
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method that accounted for concrete creep was desired in order to interpret long-

term strain measurements.



Chapter 4

Estimated In-service Nail Loads

4.1 Introduction |

A method of estimating soil nail loads is described in the previous chapter.
This rﬁethod was applied to data séts from several soil nail walls instrumented
with strain gauges and the resulting estimated nail loads afe reported in this
Chapter. For each case history, the soil nail wall and instrumentation program is
described, and the estimated axial tensile forces in the nails, after construction
was complete, are presented.

" "Section 4.2 presents some examples of interpreting the strain data using
the method described in Chapter 3. These exarﬁples illustrate how gfout creep
and cracking affect the estimated nail loads and the upper bounds of the
estimates. Section 4.3 describes each of the instrumented soil nail walls and
presents the estimated in-service naii.loads. In Appendix 2, the values of the
estimated axial nail force, the steel bar force, and the upper bound estimate for

each strain gauge location along the instrumented nails are reported.

4.2 Examples of strain data interpretations

\ Figure 4.1A illustrates the three forms of strain data interpretations that
| depend on grout cracking. This figure is for the Guernsey soil nail wall which
used small diarheter (115 mm) soil nails. The strain gauges at the two ends
recorded low steel strains, and the grout section was assumed to be intact.
Therefore, the estimated nail force at these positions is the calculated composite

nail load.
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The strain gauges located 3 m and 7 m from the face recorded high
enough strains that the calculated composite load exceeded the assumed limit
nail load. This was interpreted to mean that cracking had occurred near the
strain gauges, and the limit nail load was considered to be the estimated nail
force. The upper bound estimate assumes the grout continues to carry a load
equivalent to its ultimate tensile strerigth. It represents the sum of the measured
steel load and the assumed limit grout load. |

The strain gauge located at 5 m from the face recorded high steel strains.
_In this case, the measured steel load exceeded the limit nail load; and hence, the
measured steel load was the estimated nail load, which implies that the grout no
longer contributed tensile strength to the nail at this location. Again, the upper
bound represents the sum of the measured steel load and the limit grout load.

Figure 4.1B illustrates how strain data were interpreted when the grout
appeared to creep at a faster rate than the applied creep ratio predicted. This
figure is from the Polyclinic Soil Nail Wall where large diameter (229 mm) soil
nails were used. The strain gauges along the nail measured relatively low
strains. The calculated composite load was less than the limit nail load for the
data collected at the end of construction. Since there was no evidence of a
change in external loads, the estimated nail forces at these locations were the
composite nail loads calculated uSing data collected at the end of construction.
However, when data collected long after completion of construction were used,
higher nail forces were calculated, implying that the method of predicting creep
underestimated‘ the actual creep rate. Therefore, the upper bound estimate was

defined as the largest calculated composite nail load using data from any time.
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The largest steel load calculated from data collected at any time was considered

to be the lower bound at each gauge location.

4.3 Results of instrumented soil nail walls

* “The working nail loads were gstimated for ten instrumented soil nail walls
in which strain gauge data were available. The strain histories allowed the
quality of the data to be assessed and provided the necessary time factors to be
determined, such as grout age for calculating curing and creep, and an
appropriate end of construction (EOC) date. Other researched case histories
that did not provide strain time histories, important construction dates, or that
only reported estimated nail loads were not used for this study.

Each wall is presented by first discussing important characteristics such
as type of structure, soil type and stratigraphy, and the extent of nail
instrumentation. This is followed by an assessment of thé data qualiiy and the
estimated in-service nail forces. The results for each wall are presented in a
figure that includes a schematic drawing of the wall cross-section and a plot of
the maximum nail load in each nail. The axial nail force distribution is drawn
above each instrumented nail in the cross-section. The estimated maximum nail

loads for each instrumented nail are graphed vs. the depth of excavation. An

| empirical diagram based on the work by Juran and Elias (1991) is also plotted to

provide a relative measure of the maximum nail loads so that walls with different
geometry may be compared qualitatively. This empirical diagram was calculated
from the reported design soil parameters. The value of the coefficient of active

lateral stress, K5, was adjusted to account for face slopes and backslopes, and
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uniform surcharges were modeled as an equivalent height of soil added to the
Wall height.

Table 4.1 presents the geometry and structural characteristics of each
wall analyzed in this study. When necessary, details of the geometry and/or

structure are provided under the discussion of the particular wall.



TABLE 4.1 GEOMETRY AND STRUCTURE CHARACTERISTICS OF ANALYZED SOIL NAIL WALLS

Height
(m)

Face slope
(deg)

Back slope
(deg)

Type of Facing

Nail Length
(m)

Nail Inclination
(deg)

Nail Diameter
(mm)

Steel Diameter
(mm)

Spacing, Hx V'

(m)

1.5% 1.5

Swift-Delta Swift-Delta Polyclinic Peasmarsh Guernsey
Station 1 Station 2 o
5.3 5.6 16.8 11 20
0 0 0 20 30
55 kN/m2 27 0 0 0
surcharge '
shotcrete shotcrete shotcrete geogrid geogrid
6.4 5.2 10.7 6-7 10
15 15 15 20 20
127 127 229 127 115
29 29 36 25 25
1.4x1 1.4 x1 1.8x1.8 1.5x1.25

6v



TABLE 4.1 continued

Height
(m)

Face slope
(deg)

Back slope
(deg)

Type of Facing

Nail Length
(m)
Nail Inclination
(deg)

Nail Diameter
(mm)

Steel Diameter
(mm)

SpaCing, HxV
(m)

IH-30, Rockwall 1H-30, Rockwall San Bernadino Cumberiand I-78, Allentown
Section A Section B Gap 1988
5.2 4.3 7.6 7.9 12.2
0 0 6 0 3 m bench
0 75 kKN/m2 5 33 33
surcharge
shotcrete shotcrete shotcrete shotcrete concrete panels
6.1 6.1 6.7 134 6.1-9.2
5. 5 12 15 10
152 152 203 114 89
19 19 25 29 25-32
. I15x.75 1.6x1.5 1.6x1.5

75x.75

1.5x1.2

0S
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4.3.1 Swift - Delta Station 1
This wall was constructed below an existing bridge abutment. The

designers modeled the abutment as 3 m of soil above the wall without nail

reinforcement. The bridge was supported by one row of 355 mm steel pipe piles

located O to 1 m behind the soil nail wall facing and extending below the toe of
the wall. The nails were installed between bridge piers which dictated the 1.4 m
horizontal spacing. As shown in Figure 4.2, the bottom nail was inclined at 25°
below the horizontal. The figures in the paper by Sakr and Barrows (1991) show
a shght inclination of the wall face; since no details regarding inclination are
provided in the text of the report, a vertical face was assumed for this study.

~ The soil consisted of a fill characterized as medium dense, damp to moist,
poorly graded sand. The groundwater table was located 2 m to 3 m below the
base of excavation. The design soil parameters were $=33°,¢c=48 KN/m2, y =
18 KN/m3, and K = 0.43 (Sakr and Barrows, 1991).

Each of the five nails were instrumented at five locations. A strain gauge

was installed on the top and bottom of the steel bar at each location. After

assessing that both gauges were working properly, the average of the top and

bottom measurements was used as the axial strain. The strain data were

recorded at least weekly during construction and monthly for one and a half
years ‘after construction. The pairs of gauges located near the wall indicate
bending of the bar. The information received concerning the data did not

mention whether the strain readings were adjusted for temperature.
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Inclinometers recorded movements for a long time after completion of
construction, indic_ating soil creep. This made .estimating in-service nail loads
difficult. As explained in Chapter 2, the concrete creep model tends to cause
long-term nail forces to be over-predicted. If the soil creeps, actual nail forces in
the nails would increase, and long-term nail forces would have to be estimated.
Therefore, the results- presented in lfigure 4.2 include two sets of maximum nail.
loads— estimated maximum nail loads at the end of construction, and the largest
estimated maximum nail loads using data collected any time after construction.

_ Estimated maximum nail loads are slightly higher than the empirical
diagram predicts. The magnitudés are similar to the loads estimafed by the
Oregon Deparfment of. Transportation using a Iabqratory stiffness correlation
(Sakr and Barrows, 1991). This is notable since the two methods approach the
composite stiffness effect in completely different ways. 'The axial force

distributions along the nails are relatively uniform.

4.3.2 Swift - Delta Station 2

This station was not located beneath the bridge abutment, but
approximately 15 m to the west. There were no piles or surcharge except for the
27° backslope. The wall was constructed with the same materials.

Explorations in the vicinity of Station 2 encountered fill soils which
cons.is‘ted of silty fine sand with rock and debris to 2 m. Clayey silt was present
from 2 m to 3 m. Below 3 m was the same sand fill that was present at .Station
1. Groundwater was 2 m to 3 m below the base of e;ccavétion. The design soil

parameters were the same as reported for Station 1.
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Instrumentation was the same as for Station 1, except only four locations
on each nail were instrumented because the nails were shorter. The strain data
were collected in the same manner as for Station 1.

Inclindmeter measurements indicated soil creep at this station also;
therefore, estimated maximum nail loads at the end of construction and long-
term maximum nail loads are plotted in Figure 4.3. The estimated maximum nail
loads are approximately the same as those for Station 1, which means they are
higher relative to the empirical diagram. This may be because of the low load
carried by the first nail, the different fill materials, and/or the increased depth of
excavation below the bottom nail. The axial force distributions along the nails
are relatively uniform, except for the peaks in the second and third nails. These

peaks appear to be located near the top and bottom contact of the clayey silt

layer.

4.3.3 Polyclinic

" The geometry and structural parameters listed in Table 4.1 were stated in
the data package received from Golder Associates. These were used for the
nail load estimations. It should be noted that Thompson and Miller (1990) stated
the nail diameter as 203 mm and steel diameter as 32 mm. These values would
reduce the loads by the change in grout and steel areas. Nail 1 was installed at

an inclination of 20° below the horizontal, as shown on Figure 4.4, to avoid

encountering utilities.
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The soil consiste_d of a fill for the top 2.4‘m, 'underlain by overconsolidated
glacial outwash sand and gravel. Below the bottom of the wall, explorations
encountered lacustrine fine sand and silt. The groundwatér table was below the
depth of excavation. Design soil parameters were é = 40°, ¢ = 9.6 kN/m2, and Y
= 21.2 kN/m3 (Thompson and Miller, 1990).

Five of the nine nails were instrumented with four to six strain gauges'.
The instrumented nails are labeled on the wall cross-section in Figure 4.4. A
single strain gauge per nail location was installed at the 3 o'clock position of the
rebar. The strain readings were corrected for temperature changes. The data

were recorded every workday during construction and six data sets were

recorded after construction with the last set recorded nine months after the end
of construction. | .
The measured strains have been assumed to be axial. Possible bending

of the nails cannot be accounted for since only one gauge was installed at each

location along the nail. In each of the instrumented nails the strain gauges |

installed nearest the‘face are most likely to have measured bending effects.
Their strain history patterns are inconsistent with other gauges and most showed
relatively high loads except for those installed on Nail 1, which indicated
compressive strains. The influence of the facing probably caused bending of the
rebar in this nail. Most ofAthe gauges measured gradual strain increases with
time after construction. The strain increase is most likely due 'to concrete grout

creep.sihce the inclinometer data indicate no movements during this time.
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‘ The results are presented in Figure 4.4. The maximum nail loads are
similar to estimates made by Thompson and Miller (1990), and Byme (1992).
Except fbr the top nail, the estimated maximum nail loads are less than predicted
by the empirical diagram. The axial nail force distribution along the nails
appears relatively uniform. Implied high forces near the face are probably due to
bending which could not be measuréd.

Gauge 2 in Nail 3 and Gauges 2 and 3 in Nail 6 measured jumps in strain
that appear to represent the grout cracking very near the strain gauges. In Nail
6, G.aaﬁge 2 cracked 100 days after construction whiie Gauge 3 cracked during
éonstruction. In both cases the estimated composite nail load prior to cracking
was comparable to the steel load after cracking. The strain data from these
gauges provided an encouraging independent check of the present method of
estimating in-service nail forces. Because of the large nail diameter (thus large
grout section), estimated nail forces are much larger than steel bar forces except
where apparent cracking was observed, as shown in Figure A2.3. In this case
history, it was important to consider the composite nail section when interpreting

the strain data.

4.3.4 Peasmarsh

" The soil nails consisted of the instrumented steel bar grouted within a thin,
corrugated PVC sheath which was grouted within the borehole. The top two
nails were 6 m long with a 1.5 m horizontal spacing, and the bottom four nails
were 7 m long with a 1.75 m horizontal spacing. This is shown on the wall cross-

section in Figure 4.5.
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The soil consisted of dense, iron cemented silt and fine sand in the top
3.5 m. Stiff, silty clay with bands of claystone was located from 3.5 mto 5 m
below the top of the excavation. Below 5 m was interlaminated, very stiff, silty
clay ‘'with claystone and siltstone. These strata were considered to be
horizontal. The groundwater table was not present within the depth of
excavation. The design soil paramefers were ¢ =30° c=0, andy = 20 kNIm3
(Pediey and Pugh, 1992).

The first, third, and fifth nails were instrumented with strain gauges at five
locations along each nail. Data were collected up to one year after construction.
The strain histories were received in the form of steel load vs. time, which were
easily converted to strain histories. The report of the case history (Pedley and
Pugh, 1992) does not mention strain gauges used in pairs but does say only
axial tension wasvobsérved and no bending. There was no discqssion of strain -
readings corrected for temperature.

. .The results are presented in Figure 4.5. Except for the top nail, the |
magnitudes are comparable to those indicated by the empirical diagram. The
force distribution shapes reflect the ideal distribution illustrated in Figure 3.2.
This is probably due to the sloped face with geogrid protection, which would
cause less disturbance to the facing end of the riails than construction of a

vertical shotcrete face.

4.3.5 Guernsey
The soil nails were installed to reinforce a 20 m slope, in which excavation
steepened the bottom 14 m to 70° from the existing 52° slope. At a later time,

excavation continued below the toe and a mini-pile wall was constructed. The
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nail loads were estimated prior to the additional excavation in order to anélyze a
structure comparable to the other soil nail walls. |

The soil was described as a clayey, silty sand, residual soil underiain by
granitic gneiss. The contact was variable and approximately sub-parallel to the
original siope. The approximate contact is shown on the wall cross-section in
. Figure 4.6. The groundwater table was not present within the depth of
excavation.' The soil properties, based on the above information, were assumed
to be ¢ = 34°, ¢ = 5 kN/m2, and y = 20 kN/m3. |

The bottom five nails were instrumented with strain gauges inst_élled in
pairs at five locations along each nail. The strain readings were collected daily
during construction until two weeks after construction. The last set of strain data
used in this study was collected 6ne month after the end of constrﬁction. The
strain data from the two gauges at each location were adjusted for temperature
and then averaged to obtain axial strains. The data did not indicate significant
bending of the nails. A

The results are presented in Figure 4.6. The estirhated maximum nail
loads were less than predicted by the empirical diagram. This may be because
the résidual soil was stronger than the assumed soil parameters suggested. The
distributions of axial nail force along each nail reflects the idealized shape
illustrated in Figure 3.2. This may be due to the sloped, geogrid facing which
would cause less disturbance to the nail in contrast to shotcrete facings on
‘vertical walls. The bottom nail force distribution peaks close to the face, as
would be expected, but this may also indicate that the majority of the nail length

penetrated the underlying rock.
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4.3.6 1H-30 Rockwall, Texas Section A

The soil was characterized as very soft to soft, moist, clay (CH). The
groundwater table was not present within the depth of excavation. The design
soil parameters were ¢ = 13.4 kN/m2, y = 18.9 kN/m3, and K5 = 0.5.

The strain gauges weré installed at 2 to 4 locations along each nail. The
strain gauges were not used in pairs so bending could not be detected, and the
data are assumed to represent axial strains. Corrections for temperature were
not mentioned in any of the informatipn received. The strain readings were
recorded every 1 to 4 days during construction and weekly after construction for
3 months.

The data from gauges located one foot from the wall face were difficult to
interpret because the strain histories had an inconsistent pattern, and there were
some large changes after the end of construction. These may have been due to
bending and/or temperature change effects. Due to construction problems, the
instrumented nail in the second row (Nail 2) was installed after excavation for the |
third row of nails. This caused the low maximum nail load evident in Figure 4.7.

The estimated maximum nail loads, bresented in Figure 4.7, are slightly
higher than loads estimated during design (maximum of 40 kN) and much higher
than.p.redicted by the empirical diagram. The empirical diagram was calculated
based on a purely frictional soil, using the design K5. Calculating the diagram
for a cohesive soil yields much smaller values. The force distributions along the
nails are relatively uniform, however the forces near the face may have been

influenced by bending, temperature changes, or facing loads.
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4.3.7 IH-30 Rockwall, Texas Section B

This cross-section was constructed under a 2.7 m. bridge abutment
located 1.22 m back from the top of the wall. The bridge abutment was modeled
as a 75 kN/m2 surcharge. The soil, ihstrumentation, and assessmenf of the data
were the same as for Section A. Nail 2 in this section was also installed after
excavation for the third nail row. |

The estimated nail force results, presented in Figure 4.8, were also
similar. The estimated maximum nail loads are larger than those the empirical
diagram predicts. The distributions of axial force along each nail are relatively

uniform.

4.3.8 San Bernadino .

Two cross-sections with the same geometry, materials, and soil were
identically instrumented. The estimated axial nail force results are presented for
both sections (Figures 4.9 and 4.10); for discussion, both sections are
considered to be the same soil nail wall.

The soil consisted of a highly variable silty, gravelly sand with cobbles and
boulders. The groundwater table was not present within the depth of excavation.
Laboratory testing results indicated ¢ = 34° to 42° and ¢ = 7.2 kN/mZ (Elias and
Juran, 1990). The empirical diagram was calculated using the assumed soil

parameters ¢ = 38°, ¢ = 7.2 kN/m2, and y = 17.3 kN/m2.
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The nails were instrumented with strain gauges placed at four locations
on four of five nails in each crossfsectiOn. The two géuge locations nearest the
face 'each had four strain gauges installed on the rebar at the top, bottom, left,
and right positions. The other two locations had strain gauges placed on the top
and bottom of the rebar. The strain readings were adjusted for temperature
cﬁanges. The data were collected dnly five times during construction. After the
end of construction, the strain data were collected on five additional dates, with
the last readings collected approximétely two years after construction.

It was beneficial to have 2 to 4 gauges per nail location for assessing
bending and averaging the readings to obtain axial strains, because there was a
large range of strain readings for gauges at one location. It was not uncommon
fo have a 30 microstrain difference between the four'gauges. This was ‘not
always due to bending. For instance, in one case the right and left gauges read
high.and the top and bottom gauges read low for data collected long after the
‘end of construction. Recording the strain measurements more frequently would
have been useful as some strain histories appeared erratic, probably because of
the large time gaps between data points. The poor data precision observed in
this instrumentation program seems to be relatively unique. There was not a
large range in data analyzed from the other walls that installed the strain gauges
in pairs.

Results from this wall, presented in Figures 4.9 and 4.10, are interesting
because of thé low measured strains and large grout section. Based on the
present method of determining composite nail forces, no cracking of the grout
should have occurred, and the estimated  maximum nail loads represent

composite nail loads. Although the results seem relatively high compared with
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those predicted by the empirit:al diagrams, they are more realistic than those
based on only the steel loads. The uncertainty of the soil properties may be why
the estimated 'maximum loads appear relatively high. The distributions of axial
force are relatively uniform along most of the nails. High forces measured near

the face were probably due to facing loads.

4.3.9 Cumberiand Gap, 1988

This soil nail wall reinforced soil above a rock excavation. Four months
after the soil nail wall was completed, rock excavation continued below the toe of
the wall. The strain data were analyzed up until the time of rock excavation in
order to characterize the structure as a soil nail wall comparable to the other
walls in this study.

The only soil information received was a "heterogeneous mixture of

residual soil and weathered rock” with ¢ = 38° and ¢ > 7.2 kN/m2 (Elias and

Juran, 1990). The Cumberland Gap, 1985 soil nail wall, constructed adjacent to |

this wall, reported a soil unit weight of y = 18.9 kN/m3 (Juran and Elias, 1987).

" This value was assumed for the 1988 wall. The contact between soil and'rock is

not known. The empirical diagram was calculated using K5 = 0.35 to account for .

the backslope. |
.The strain gauges were located at four locations along each of the six
nails: ‘The strain gauges were installed on the top and bottom of the rebar at 0.3
m and 3 m from the face, while one gauge was installed on the top of the rebar
| at 6 m and 9 m from the face. The available information did not indicate if the

strain data were adjusted for temperature changes. Data were collected every 2
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to 4 days during construction and weekly thereafter until the rock excavation
began. ,

The strain gadges 0.3 m from the face measured some bending. After
averéging the top and bottom gauge readings to obtain axial strain, the axial
force at 0.3 m from the face was the maximum estimated nail force for three of
the six nails. It is unfortunate that géuges were only positioned at 3 m intervals
along the nails, since the actual maximum nail forces may not have been

recorded. The bottom nail was installed 24 days after wall excavation was

~ complete, which accounts for the lack of reinforcement mobilized in this nail.

The results are presented in Figure 4.11. Except for the top néil, the
estimated maximum nail loads are less than those predicted by the empirical
diagram. The distributions of axial force along the nails are relatively uniform for
the first, second, and last nails. The distributions along the third and fourth nails
are characterized by low forces measured at both ends of the nails. Significant

nail force was only measured near the face in the fifth nail.

4.3.10 1-78 Allentown
Two cross-sections with the same geometry, materials, and soil were
identically instrumented. The estimated axial nail load results are presented for

both sections (Figures 4.12 and 4.13); results are combined for discussion.
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The soil nail wall actually consists of two 6.1 m vertical tiers with a 3 m

- bench separating them. The 33° backslope begins 3 m back from the top of the

wall. The top tier was reinforced with 6.41 m nails using 25 mm diameter steel

'reinforcihg bars. The bottom tier consists of 9.2 m nails using 32 mm diameter

bars. The wall cross-sections are displayed in Figures 4.12 and 4.13. After
excavation of each row, a coat of shotcrete reinforced with wire mesh was
applied to the face. After the wall excavation was complete, preéast concrete
panels, 2 m2 by 0.165 m thick were attached to the nails. Drain rock filled the
space between the shotcrete and concrete panels where the face had been
excavated unevenly.

The soil was characterized as colluvium and highly weathered rock. The
wall was constructed in an area originally intended to be a competent rock
excavation. The colluvium and highly weathered rock appeared to be due to a
natural drainége swale at this location (Leichner, 1989). Laboratory testing
resuited in ¢ = 39° and ¢ = 86 kN/m2. Design soil parameters were ¢ = 37°, ¢ =
0, and y = 19.6 kN/m3. The empirical diagram was calculated using K5 = 0.35,
which includes the backslope but ignores the bench. During nail installation,
rock was encountered 1.8 m to 2.4 m from the face in the top tier and 0.3 m to 1
m in the bottom tier.

Four of the eight nails in each section were instrumented with three strain
gauges. The gauges were located at 0.3 m, one third the nail length, and two
thirds the nail length from the face. Only one strain gauge was installed at each
location so bending effects could not be assessed. The available information did

not indicate if the strain data were adjusted for temperature changes.
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Since concrete panels were attached to the nails, facing construction
most likely influenced strains measured close to the face, and bending of the
steel bar near the face was likely. Due to the type of facing construction, it is not
known if the soil nails were surrounded by soil at the location of the first strain
' gauge (0.3 m from the face). The gauges further along the nail recorded small
strains and were probably located within rock. |

The results are presented in Figures 4.12 and 4.13. Except for the tbp
nail in each section, the maximum nail load was measured 0.3 m from the face.
In Grid 33, the steel load measured near the face in the middle two
instrumented nails exceeded the steel yield strength for the rebar. The large
measured strains were probably due to bending. The distributions of axial force
along each nail are characterized by high forces close to the face and low forces
at thg other gauge locations. The low nail forces observed further along the

nails were probably because the nails were imbedded in competent rock.



COLLUVIUM AND
HIGHLY WEATHERED

N

‘ /
' L o0k
\'\\ 0o
. ROCK SURFACE OBSERVED
| DURING NAIL INSTALLATION

., PARAMETERS:

=37, ¢c=0
¥ =20 kN/cu.m.

DEPTH OF EXCAVATION (m)

i B i i i !
0
RESULTS.
.
EMPIRICAL
DIAGRAM
~J
(8]
] ! | !
0 100 200 300 400

MAXIMUM NAIL FORCE (kN)

FIGURE 4.12 |—78 ALLENTOWN GRID 24 AXIAL NAIL FORCE RESULTS.



/ o]
COLLUVIUM AND : .
HIGHLY WEATHERED 2

ROCK SURFACE OBSERVED
DURING NAIL INSTALLATION

DEPTH OF EXCAVATION (m)
[+]

RESULTS
-

EMPIRICAL |

DIAGRAM

Y]

DESIGN 10
PARAMETERS:
9=37, c=0
Y=20 kN/cu.m.
12 - :
0 100 200 300 400

MAXIMUM NAIL FORCE (kN)

5k = STEEL LOAD EXCEEDED YIELD STRENGTH

FIGURE 4.13 |-78 ALLENTOWN GRI.D 33 AXIAL NAIL FORCE RESULTS.



1

Chapter 5

Conclusions

5.1 Summary

Soil nailing is being successfully employgd as the primary support system
for construction excavations, walls and slopes. In spite of these successes with
soil nailing systems, there is a growing realization that the current design
approaches are not sufficiently evolved to 'predict the performance of the nails
under working stress conditions.

The goal of this thesis was to obtain a better understanding of the
magr'1i'.tude and distribution of the loads experienced by the nails under normal
working conditions. For that purpose, the observed response of soil nails for a
number of walls instrumented with strainA gages was reviewed, and a set of
general algorithm for estimating nail loads from the strain hisfory data was
developed in this thesis. |

The proposed approach accounts for the contribution of the concrete
grout to the total axial stiffness of the soil nafl. Furthermore, the effects of -
curing, creep and cracking of the concrete grout in the development of the
composite nail loads are incorporated in the proposed approach for estimating
the nail load from measured strains at the steel-grout interface.

These procedures were applied to the strain data obtained from ten
instrumented walls. The estimated distributions of the nail loads along the length
of the nails and the maximum loads against depth are presented and discussed
for each case history. The estimated maximum loads are compared with the

empirical apparent préssure diagram proposed by Juran and Elias (1991).
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5.2 Conclusions

In the past, the results of instrumented soil nailing projects have generally
reported the tensile force in the steel bar as the nail load without considering the
load carried by the surrounding concrete grout. For many soil nail walls,
including the walls analyzed for this study, the surrounding grout supports a
significant portion of the total load carried by a typical soil nail, and as such,
reporting only the steel force as the nail load is misleading. The composite nail
stiffness must be considered to improve the estimate of the total nail forces.
Sdme brevious works have attempted to account for the composite action of the
nail by correlating the strain measurements to the laboratory-determined nail
stiffness.

The proposed method for estimating the total nail forces by considéring
the composite nail section may be applied to any instrumented soil nail, requiring
only the measured strain history and the cross-sectional areas of the steel bar
and surroundiﬁg concrete grout. Thus, it is possible to estimate the
devqlqpment of the axial force in a soil nail with time.

The resulting nail forces, estimated for the analyzed case histories,
compared reasonably well with the required reinforcement for active soil
conditions predicted by .classical soil mechanics. Additionally, the resuits
compare well with reported nail forces estimated by site specific methods that
considered the composite action of the nail (Sakr and Barrows, 1991, Thompson -
and Miller, 1990, Byrne, 1992).

In some of the case histories analyzed in this study, strain measurements

were high enough so that the concrete grout had little influence on the total nail
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force. Although the load carriedvby the grout depends on the magnitude of strain
and the area of the grout section, it was observed that for small diameter nails
the steel force represented the nail load reasonably well. Based on the
instrumented nails analyzed in this study, in which the diameters ranged from 89
mm to 229 mm, estimation of nail forces must incorporate the composite action
of the nail for soil nails with diameters larger than 100 mm.

A number of trends became evident when comparing the nail forces in the
soil nail walls analyzed for this study. The distribution of axial tensile force along
the lengths of the nails was relatively uniform, with slight decrease near the far
ends of the nails. In most cases, the strains measured near the face were not
very reliable due to the affects of bending, facing loads, temperature changes,
and/or freezing. Consequently, conclusions regarding face pressure are not
very meaningful. |

The distribution of maximum nail force down the wall depth was also
relatively uniform, except that the estimated maximum nail forces were usually
lesser in the bottom row or bottom two rows of nails. This is expected since the
nails are tensioned as excavation continues below the nail level, and usually
there is no further excavation after installing the bottom row of nails.

The magnitude of the working nail loads for the walls analyzed in this
study are compared relative to their respective empirical diagram. In this
manner, the nail loads estimated from strain measurements are compared
relative to the predicted nail loads based on the design soil properties and wall
geometfy. The soil nail walls constructed in residual soils and overconsolidated
soils_ generally required less reinforcement than predicted by the empirical

diagram. Relatively low reinforcement was required for Polyclinic, Peasmarsh,



80

Guemnsey, and Cumberiand Gap. Results from |-78, also constructed in residual
soils, are questionable because of probable bending and facing loads, and
therefore are not considered in this comparison. The soil nail walls constructed
in normally consolidated soils and fill generally required more reinforcement than
predicted by the empirical diagram'. In particular, the IH-30 walls, constructed in
soft clay, required nearly twice the reiﬁforcement prédicted by the empirical
diagram. |

The empirical diagram (Juran and Elias, 1991) evolved from the apparent
earth pressure envelope for braced cuts (Terzaghi and Peck, 1967) which was
‘adequately conservative for design of_ possible strut loads. However, in all of the
walls analyzed for this study, at least one estimated maximum nail load
exceeded the empirical diagram prediction. Also, the total estimated
reinforcement in a wall cross-section exceeded the total reinforcement predicted
by the empirical diagram in 6 of the 10 walls analyzed in this study. Additionally,
due to the inclination of the soil nails and the method of loading, soil nails are
less efficient at reinforcing in situ soil than horizontal struts bracing sheet piles.
Thus, the empirical diagram does not appear to be a conservative design for soil

nail walls.

5.3 Suggestions for further research

After analyzing soil nail forces frbm several different instrumentation
programs and reviewing several other case histories not included in this study,
some suggestions are offered fdr future research programs.

A minimum of two strain gauges shouId}be attached to the reinforcing bar

at each location along a soil nail. The bar should be inserted into the borehole
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so that gauges are positioned on the top and bottom of the bar in order to
measure potential bending. The spacing of the gauges along the nail should be
about 1 to 2 meters. Instruments located within one meter from the wall face
should be chosen and monitored carefully. In this study, the strain data from
gaugdes within one meter of the facing were difficult to interpret, ddev to suspected
bending and temperature effects. ,

Strain measurements should be collected often in order to correlate the
strains with the construction sequence. During construction, strain data should
be collected daily. After construction, strain data may be collected each time
wall and/or soil deformations are measured; To insure a proper initial strain
reading representing zero stress, strain readings should be recorded prior to nail
installation, immediately after grouting and one day after grouting. All the strain
readings need to be corrected for temperature, as these effects have been
noticed near the wall face.

in order to improve estimates of the load carried by the concrete grout, |
specimens of the grout should be collected for laboratory testing. At a minimum,
the compressive strength should be determined for a few different curing ages.
Determination of the elastic modulus and tensile strength would be an added
improvement.

Another suggested research project would be to gtudy the concrete grout
tensile creep / stress relaxation relationship for a soil nail. it was noticed during
this study that ACI-209 appeared to underestimate the creep rate of the grout in
soil nails. This was evident because after the end of construction, nail loads

continued to increase when interpreting strain data collected at later times, even
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though no extemal load changes were noticed. Research that could improve the

estimation of creep rate would be beneficial.
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Appendix 1

Procedure for Estimating and Presenting Soil Nail Load Results

To summarize and clarify details on how the soil nail load results were

obtafnéd, the procedure is presented below in a step by step format.

1) Assemble strain_histories for all gauges. Calculate strains from gauge

readings (adjusted for temperature if possible).

2) Judge the quality of the data. Make a plot of strain history for all gauges

at one location and mark significant construction dates on the plot. Average
strains for working gauges at each location to get axial strains. Throw out bad

data and document what was discarded and why.

3) Choose an end of construction (EOC) date. This will usually be when the

strains in the bottom nail "level”" off. Assume no significant load changes after
this date unless otherwise noted.

4) ° Obtain steel material properties, Eg and As.

5) Choose grout elastic material properties vs. time. If none are provided
with case history, assume (f'.),g = 20.7 N/mm2 (3000 psi). Use empirical

relations recommended by ACI-209.

t

(Feh=(fc)as m—%_t) | _(3-1).
(E2), = 4800(f'; ){2 (3.2)
(f'), = 0.55(f', )2 (3.3)

where t = age of grout

f'., ES, £y, in N/mm2
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6) Choose creep ratio equation, based on ACI - 209.

Vg =2.94.Cy-Cy| — 0118
. 10+

d= duration of load in days
t = age of grout upon loading in days
Ch= humidity constant
Cw~= thickness constant
7) Calculate time variables. Determine average times during loading.
During construction:
t = d = (days since instélled) /12
_ for tensile strength of grout, (f); use t = days since installed.
After construction: ,
t = (EOC date - install date) / 2‘
d = (days since installed) - t

for tensile strength of grout, (ft)tuse t = EOC date - install date.

8) Calculate effective grout modulus and grout tensile strength, vs. time.

(Ed)y = —-‘1(5_':)\;(’

(f'y)¢ = 0.55(f' )2

9) Calculate grout load, Pc =€ *Ac * E; (based on strain compatibility).

10) Calculate steel load, Pg =€ * Ag * Eg.

11) Calculate possible nail load for all dates.
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1

b)

12)

13)
14)
15)
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Calculate the limit grout load, (F.)im = f't A. -
Calculate limit nail load,

(Psn)lim =(Peim * €iim AsEsf.
. - Oy
in which: Elim = E_g

Calculate nail load, Pgp,, for each date.

" i Pec < (Pchim:» Psn=Ps+P¢

if Pc > (Pcllim» Psn = greater of: (Pgp)iim or Ps.
Estimate Nail Load since EOC.
If for all dates P¢ < (Pc)iim . Psn = Psn(EOC):
~ upper bound is maxPsn.
If for any dates P¢ > (Pc)jim , Psn = greater of:  (Pgn)iim(EOC) oF Ps.
upper bound is maxPg + (Pc)iim-
Plot Nail Loads and upper bounds along each instrumented nail.
On wall cross-section plot maximum estimated nail load for each nail.
Compare with'emgirical earth gressure'diagram (Juran and Elias, 1991).



~ Appendix 2

Axial Tensile Forces along the Instrumented Soil Nail Lengths



95

‘sjoid yjBusj j1eu "SA 8210} jeIXe | uolelS ejed - YMS | 2V einbBiy

punogq Jaddn

—_—

Jeq |99)s

() 8¢} woy esueisip
0z Sl ot s

M T

B

-
o - *
‘- - *
ML BRI B S 2

(1) eo®e} WoJ edUEISIP
ol S

w0

o
-

(sdi) ooy ferxe

‘e s> s =

n
-

¥ Moy

(y) eo®} woy edue)sip
Si 01 S

1R

(=3
o~

T

S 0t S

£ moy

(y) eoey wos) eduelsip

w

(=]
-

(sdy) sou0} feixe

D
-

¢ moy

(=]
~N

n

o
-

(sdiy) a0J0y jeixe

2]
-

o
N

(sdiy) a2.0} jeIXR




"sjojd yiBue) |jeu "sA 89210} [ejXE | UOHE]S BlOQ - YIMS uo::::oo L2V 8inbi4

punoq Jaddn

'I‘.Ill
ajewnse

——

Jeq |99)s

(y) eoe} woyj esuelsip
114 Sl 0l

e
(sdiy) sauoy jeixe

" g moy



'sjoid y)Buey |jBU "SA 8210} jRIXR Z UONBIS B)jeq - YIMS Z'ZV ©.Jnbi4

97

- cm s - — s
punog Jaddn ajewi)sa Jeq |99)s
(u) 858} oy eousysip (y) ek} Woy eoue)SIP
ol ] 0 Sl ol
L RJ ° L} LE
s &
g
— 8
10t = PR
b Lo’ b
2 ‘o
'-'...'o-o'--o-.'.--' me
¥ moy £ moy
() eoe} woyj soue;sip
0
0
ls &
g
g
10} m. sujes)s
2 anisseidwod
. {61 .
‘ Z moy ’ | moy
,,,, g L L/ L v v | A g J

']

2
(sd) 8010y jeixe

1]
-

{sdiy) 8240} Jeixe




98

-sjod y)BuUs| leu *SA 8210 [ejXe Z uonels ejeq - Yms u.m::_Eoo 2’2V einbi4

punoq Jaddn

|||.||u
ejewiss

—_———

Jeq |9e)s

(y) o8} WoJp 8oUR)SIP
13 ol : S

S Moy

461

{04

(sdiy) 8310} jeixe



99

-gjojd yiBuey [1BY "SA 8210j jBjXxe OJuljoAlod €2V @Inbiy

T T

(=]

o o
T ® N
{sdi) ev.q) feixe

o
wn

QL O
< ™

(sdiy) @210} [eixe

(=]
0

(=
N

o
)

- r® e l.l'l e ]
punoq 1eddn ejewysa Jeq |a9ls
(4) eoe} woy soueysip {y) eo®} Woy sdue)sip
SE 0t 74 02 Sl ol S 0 0 G¢ oe 74 02 Sl ol S
10t
&
0z e
Joed
lov E
2
0s
09
L I8N 9 lleN
{y) eoe} woy esuejs|p (u) eoe} woyy edue)sIp
) 0€ SZ 0z 113 oL S oo (1] Gz (1[4 St ot
ol
g
0z &
q hd . - - . -
Oﬂw o'o'.'.-.\.
14 W
0s
09
cHeN ° }IeN *
E £ £ £ L L L L E L L

(=]
©



100

‘sjoid 59_0_ jleu “SA 8910} |eixe Jjulj9Aj0d panuluod g-Zv e.nbi4

punoq Jeddn

I.I.I.I.
ajew)se

—_——

Jeq |99)s

St

(y) eoe} wolj esue}sip

Sl

S o
T (2] o
(sdi) @20} (eixe

Qo O
112}

6 iteN

09



101

(w) eoe) Woip 8OUR)SIP

-sjojd Yi6uej jeu "sA 9210} jeixe ysiewsead gy e.nbi4

cree — —_——
punoq Jeddn ajew))sa Jeq |99}

(w) eoe} twoly eoue)sip

PR T S JSN S T
128
o
d
oy g
=

- {09 Z -
- . . o * -t - s
-~ N . -
< 0g
43
(w) eoe) wol) esue)sip

L ? 3 4 : ¢ d %
102 & 102 &
= &
g g
o g 1ov g
3 =
1092 092

08 08

19 ' 8vY
L £ E £ L L P £ £ B



102

‘sjojd yjBuej j1eu "SA 8310 jejxe Aesuiang) G gy e.nbi4

- s o @ —— P
‘punoq seddn olewse  Jeq [oe)s

(w) eoe} wWoyy esue)sSIp (w) eo%) woys esue)sSIp
ol 8 9 y z 0 "ol 8 9 b 4 0
. T T T T ° T T Y A °
{oz {0z
-} g
B -y
loo 8 foo B
2 -3
08 = {os =
. 001 , 004
PIN v17
{(w) eoe} woy esue)sip ‘ {w) eoe} Woy esue)sip
oL 8 9 4 r4 [T oL 8 9 b z 0
L] L] L] L) ° T T L o 1 o
{0z {oz
{or {ov 3
[+]
{09 m fog ©
2 2
Jog <~ [1]: B
001 00l

* SIM : pir



103

‘sjojd yjBusej jleu ‘sA 8310} |ejxe >o.mEc:0 penupuod g2y einbi4

- sm s = lll.ll [T S—
punoq Jaddn ajewl)sa Jeq |99)s
(us) eoe) wWoy edsueISIp
oL 0,
loz .
%
[y
¥ o
oo 8
P
Z
08 =
‘ 00l
) €IN ’
r LA



104

"8j0jd yjBuej |jBu "SA 8210} jeiXe v eBuey sexs] ‘||lemyooy 0c-HI 9°ZV einbi4

- e e » IIIT 'I'.I
_punoq Jeddn ajewnss Jeq jesis
(y) eoe} UIoY BdUE}SIP (y) eoe} woj edueISip
1114 Sl 0l § 0 (174 Sl 0l S 0

v Ls T ° T T T °
s & 1 &
2 )
g g
ot m ot w
-3 =
1518 “.. {st 2

114 0z

¥ moy € moy
(y) eoep oy edURSIP () eo®} wioy} edue)SIP
0z Sl oL S oo (174 Sl
"’/’ﬂg‘ .
‘., i1s & 8
® . ‘- 8 m
P - W s = . - m
‘e . °P m .‘-‘. LI N PO S oﬁ w
* = =
{s1 8 {12
0z

1 Moy



105

-sjoid y}Busj jjeu *SA 8010} |ejXe VY eBuey Sexay ‘eM}O0Y 0E-HI Penujuod 92y emnbiy

b=
(sdiy) 8240 jeixe

.o —o— ——
punoq Jaddn ajew)ss Jeq |e9ls
(4) eoe} woy edueIs|p (y) e2e} woyj edueISIP
0z si o) S 0, 0z sl oL
-T" Y % T T
.-" Lo -
Leemt T s &
B )
g
11 g
=
1518
0C
: 9 Moy g moy
. L £ o £ L P | B - £



106

i k i i ]
.wuo_a 5@:0- jieu "SA 8210} jeixe g Da:wm_ sexe| .__wte_oom_ 0¢-Hl 1¢vY o..:n_n_
- T o ¢ e |.| |.Il
punoq Joddn - ajeulljsa Jeq |e9}s
(y) eoe} woy edus)s|p (1) eoe} woyj eoue)sip
14 Si 1] . S 0 (174 Sl ol S 0
L) L] R L ° T k4§ L °
m m. .\ul\l\l.ll.||l. h m
B
1] m {0t
= @ —& —@
IR EL AL A -] [ L1
(174 114
» Moy € MOY
(y) eoe) WOl BOUR)SIP (y) e9%} Woij eoue)SIP
0c S 01 S 0 (174 Gi 1]} S 0
s & 18
2
g
ot 8 i01
=
S1 2 {st
(114 (114

L moy

{sdix) eoiqy jeIXE

(sdry) 3310} feixe



‘sjojd yiBuej j1Bu “sA 8210} jeixe g eBuey sexa) ‘|lem}aoy 0E-HI Penupuod 2 Zy embiy

- s s - ..IIT ——

107

punoq Jaddn ajewnjse leq |99}

oc

(u) 82g) wioy eoueisip

Sl

(sdy) 83104 feixe

. o : %
>—
1s
104
{64
0z
gmoy
AN 1 SR A



108

"sjojd yyBusj jjeu "sA 9210} [ejxe uojje}s Yo oujpeuleg ueg g-zy o.nbj4

- + & ¢ > Il‘ll! .l.ll"ll
punoq Jeddn ejewnsa Jeq |ae)s
(y) eoe) WOy eduL)s|p () 808} woy edUR}SIP
o.« _ m.— m— m co (174 St - ot S co
g
g
.‘--.l.'.'. .MPM ‘o -mwm
"~ oz B . c {0z E
Sea s2 & el . 2
, - sz
o€ 0€
S moy € Moy
() eo®} Woyy esuelsip (y) eo®} Woyj eduelsip
14 Sl (1]} S co 0z St .0l S 0
T r T T v Y - T 0
{s 1S
[
oL W 0t &
g
18} e 1] w
. . {0z E oz Z
., . IM\ (174 l.l.w
16¢ {82
0t d oe



109

-gjojd y)Buej jleu *SA 9910} [eixe uone)s Y6y oujpeuseg ues g'Zv einbig

o

0w o

o
-

Qe
(sdiy) sau04 [eiXER

n
~N

[~
(]

(=]

o W O
4

(=]
N

v
(sdwy) ad10} jeixe

n
o~

-cmsm — —_——
punoq seddn ejewisa Jeq |9d)s
(y) eor) Woy eduwsp () eoe) woij eoue)sip
0z Sl ol S oo 174 st 0l S
-, -»ss®” v’ < - m m .
J for & “ \“. “
’ m - * 4 * = - -
3 12 | .
- o«.m .
— L Y
4162
oe
S moy ¥ Moy
() eo®) woyy ssue)s|p (y) eowy woj eoue)sp
0T Si 0l S oo (114 Sl 0l S
ol & 0/.\\\
o § e
. loz B e
. . M . P
| S 74 -cimen?
ot
€ Moy Z Aoy
|- ] gL £ f L5 E £ £ L

[ =4
”



axial force (kips)

axial force (Kips)

5
o L i i A o 1 i L S
0 10 20 30 40 0 10 20 30 40
distance from face (ft) distance from face (ft)
Nall G Nall H
20 20
a5}
g
g 10
]
%S5
o s 2 N 'y o 1 I ) I
0 10 20 30 40 0 10 20 30 40
distance from face (ft) distance from face (ft) ‘
steel bar estimate upper bound
el me—— —.--— - e @+ =

Nall E

N
o

-~
(54

axial force (kips)
8 e~

Nall F

- - ™
L IR P .'-..
.

Figure A2.10 Cumberiand Gap, 1988 axial force vs. nail length plots.
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