Draft Research Report
Research Project T9233, Task 39
Evaluation of Design Methodologies for Soil Nailed Walls

EVALUATION OF DESIGN METHODOLOGIES
FOR SOIL-NAILED WALLS

VOLUME 3 _
AN EVALUATION OF SOIL-NAILING
ANALYSIS PACKAGES

by

Andrew Finney
Civil Engineering
University of Washington

Washington State Transportation Center (TRAC)
University of Washington, Box 354802
University District Building
1107 NE 45th Street, Suite 535
Seattle, Washington 98105-4631

Washington State Department of Transportation
Technical Monitor
Tony Allen
Geotechnical Engineer

Prepared for

Washington State Transportation Commission
' Department of Transportation
and in cooperation with
U.S. Department of Transportation
Federal Highway Administration

July 1998



=

[l

15. SUPPLEMENTARY NOTES

TECHNICAL REPORT STANDARD TITLE PAGE

T REPORTNO. 3. GOVERNMENT ACCESSION NO. 3. RECIPIENTS CATALOG NO.
WA-RD 371.3
" TTLE AND SUBTIILE 3 REPORT DATE

EVALUATION OF DESIGN METHODOLOGIES FOR SOIL- | July 1998
NAILED WALLS, VOLUME 3: AN EVALUATION OF SOIL- | © PERFORMING ORGANIZATION CODE
NAILING ANALYSIS PACKAGES

7. AUTHOR(S) 8. PERFORMING ORGANIZATION REPORT NO.

Sunirmal Banerjee, Andrew Finney, Todd Wentworth,
Mahalingam Bahiradhan

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. WORK UNIT NO.

Washington State Transportation Center (TRAC)

University of Washington, JD-10 11. CONTRACT OR GRANTNO.
University District Building; 1107 NE 45th Street, Suite 535 Agreement T9233, Task 39
Seattle, Washington 98105-4631

12. SPONSORING AGENCY NAME AND ADDRESS 13. TYPE OF REPORT AND PERIOD COVERED
Washington State Department of Transportation Draft research report
Transportation Building, MS 7370

Olympia, Washington 98504-7370 14. SPONSORING AGENCY CODE

This study was conducted in cooperation with the U.S. Department of Transportatnon Federal nghway
Administration.

16. ABSTRACT
Comparative evaluations of seven soil nail wall design computer programs are described and

analyzed. The performance evaluations of the available programs (SNAIL, NAIL-SOLVER, STARS,
NAILM, GOLDNAIL, TALREN, and COLDUIM) was accomplished by conducting a number of
example analyses. Ten hypothetical cases and five case studies used in the analyses represented
common design scenarios. Also examined were the magnitude and distribution of loads on the nails
under normal working conditions. This was accomplished by observing the response of soil nails for a
number of walls instrumented with strain gages. From this a general approach for estimating nail loads
from strain history data was developed.

77, KEY WORDS T8, DISTRIBUTION STATEMENT
Soil nailing, walls, computer program, design, No restrictions. This document is avallable to the
~working loads public through the National Technical Information
Service, Springfield, VA 22616
19, SECURITY CLASSIF. (of this report) 20. SECURITY CLASSIF. (of this page) 21. NO. OF PAGES 22. PRICE
None None 156




DISCLAIMER

The contents of this report reflect the views of the authors, who are responsible for
the facts and the accuracy of the data presented herein. The contents do not necessarily
reflect the official views or policies of the Washington State Transportation Commission,
Department of Transportation, or the Federal Highway Administration. This report does

not constitute a standard, specification, or regulation.



B |

Table of Contents

Page
List of figures.......... Cecesaesnen e cesssenenanns R & 1
List of tables....cceeneenntncnecnnns creeseseacansanons iv
Chapter 1. Introduction.......... S |
1.1 Introduction............ ceresecenes cetencesaans 1
1.2 Organization of thesis..........cc0nen cerressl
Chapter 2. Current state of knowledge...... cescenesacene 3
2.1 Introduction........ ceer e e 3
2.2 History of soil nailing.......cceccevceveecne. 4
2.3 Development of design methodology............. 6
2.3.1 German grav1ty wall analysis........... 6
2.3.2 Schlosser's Multicriteria analysis..... 9
2.3.3 Juran's Kinematical Limit analysis..... 12
2.3.4 The Davis method.......c.ccceecececeeses 14
2.3.5 Bridle's log spiral analy51s ..... ceanns 16
2.3.6 Jewell's tension only model...... ceeens 17
2.3.7 The 1990 Glasgow conference............ 19
2.4 overview of current design methodology........ 22
Chapter 3. Description of analysis packages............ 23
3.1 Introduction...... ceseen Ceesececsecssennann e..23
3.2 Description of programs......cecceecececccnn ...23
3.2.1 S8nail....cccirtcrcccccrnonsncoccnne eeeee 23
- 3.2.2 Nail- Solver..... ................... V... 29
3.2.3 StarS...cccctenccceressesiacnns cereaeees 36
3.2.4 NailM9........... cere e ceecrerecsenenan 40
3.2.5Goldnail......ccccccteceenene ciecneanenn 43
3.2.6 Talren..... ceseaes ceeneens ceececrsannna 50
3.3 Program feature summary..... Cesevevsasaneveens 61
Chapter 4. Results ................. Ceccencenorenaes ees.63
4.1 Method of ComparisSON.....eceoeeeecccns cesenanen 63
4.2 Input limitations and addltlonal observations.66
4.3 Comparison Plots and Drawings.......... e 75
4.4 Snail face pressure comparlsons.....,.........90
4.5 Goldnail face pressure comparisons............ 103
Chapter 5 Summary of results and conclusions..... cee..116
5.1 Summary of results and conclusions............116

5.2 Future reSEArCh. .. coeeessosasesssssasnssseass119
List of references.................;........... ..... .;.120

Appendix A: Input parameters for the fifteen examples..128.



List of Figures

Number ’ ' Page

D D DD B R D DB W

3.1 Snail search grid.....ceeieeeccrccceceeas26
3.2 Snail output............ P 2.
3.3 Nail-Solver output.........cceveeeeeees. .35
3.4 Tension and cohesion forces acting
on a log spiral surface - Stars..........38
3.5 Stars output...........ccc... cheseresnens 40
3.6 NailM9 assumed failure surface........... 42
3.7 Nail tension distribution - Goldnail.....48
3.8 Goldnail output......... -1
3.9 Talren composite failure surface.........54
3.10 Schlosser's Multicriteria envelope used
in Talren........ Cticessnsessssessessssns 56
.11 Talren output........ e teeee...60
.1 Example 1 cOmpariSON.....eececcsncesss eee 15
.2 Example 2 comparison.....c.ces.. deseccanslb
.3 Example 3 comparisSoN.....ccceeeeeesnceessl?
.4 Example 4 comparison........... eeeeeeee.. 18
.5 Example 5 comparison........ e e eesccenans .79
6 Example 6 comparison...... Ceeeeeas Ceeeean 80
.7 Example 7 comparison................ ce...81
.8 Example 8 comparisSOn....ceeeeesscsss eeean 82
.9 ~ Example 9 comparison....... ceesdienceannann 83
.10 Example 10 comparison......ceeeoeeeeccenes 84
.11 San Bernadino comparison.......cceceeeeeces 85
4.12 Swift Delta comparison.....ceceeeeeeecss ..86
4.13 Polyclinic comparison....ccceceseacess ...87
4.14 Eparris comparison....... ceeesesnreesesas 88
4.15 Bodenvernagelung comparisoD.....cccee....89
4.16 Ex. 1 Snail face pressure comparison.....90
4.17 Ex. 2 Snail face pressure comparison.....91 "
4.18 Ex. 3 Snail face pressure comparison..... 92
4.19 Ex. 4 Snail face pressure comparison..... 93
4,20 Ex. 5 Snail face pressure comparison.....94
4.21 Ex. 6 Snail face pressure comparison..... 95
4.22 Ex. 7 Snail face pressure comparison.....96
4.23 Ex. 8 Snail face pressure comparison.....97
4.24 Ex. 9 Snail face pressure comparison.....98
- 4.25 Ex. 10 Snail face pressure comparison....99
4.26 San Bernadino Snail face pressure
COMPAriSON....vivtveeeecacacannannss ceeres 100
4.27 Swift Delta Snail face pressure
COMPAriSON.. . sveeeecass Ceiteseseaessens ....101
4.28 Polyclinic Snail face pressure
COMPAriSON. . citteeeeesecanosassosnsanoanns 102



4.29
4.30
4.31
4.32
4.33
4.34
4.35
4.36
4.37
4.38
4.39

4.40

4.41

'Ex._

Goldnail face pressure comparison.
Goldnail face pressure comparison.
Goldnail face pressure comparison.
Goldnail face pressure comparison.
Goldnail face pressure comparison.
Goldnail face pressure comparison.
Goldnail face pressure comparison.
Ex. Goldnail face pressure comparison.
Ex. ‘Goldnail face pressure comparison..
Ex.10 Goldnail face pressure comparison..
San Bernadino Goldnail face pressure
COMPALiSON...veveeeeseasecsascscnonecanss
Swift Delta Goldnall face pressure
COMPATiSON..cceeeuoearoscssccossannnnnsns
Polyclinic Goldnail face pressure
COMPAriSON...ccverencenacsonosocncacansss

Ex.
Ex.
Ex.
Ex.
Ex.
Ex.

WoOoJod Wi

iii

.103
.104
.105
.106
.107
.108
.109
.110

111
112



List of Tables

Number S ' Page
3.1 Talren nailbmodeling..........; .......... 57
3.2 Program feature summary.................. 61
4.1 Summary of examples .............. feeeenen 63

iv



Acknowledgments

The author 'wishes to express sincere appreciation to
Professors Banerjee and Taylor for their assistance in
reviewing this manuscript. I would also like to thank John
Byrne of Golder Associates, Redmond, WA, for his valuable
insight into practical soil-nailing design. Thanks also to
the Valle Scholarship office staff and to the Valle
Scholarship program for their generous financial and

logistical support.



o

e

|
1

|

r

|




Chapter 1
Introduction

1.1 Introduction

Soil nailing has become a vdéblé and cost effective
means ofvboth temporary and permanent excavation support.
Develbpments in soil nailing have comev primarily from
specialty contractors based on their own job experience. It
is common for contractors and geotechnical engineering firms
to develop methods or design packages based on a combination '
of classical soil mechanics and practical éxperience.
Countless methods of describing nail/soii inteiaction, nail
reinforcing benefit, and overall system behavior have been
proposed? To date, there exists no standardized design
methodology. R

Many .- transportation departments and smaller design
firms have been slow to' acéept the technique of soil
nailing. The average designer faces a lack of consensus
within the engineering community with .regard to the
appropriate way to model and design soil-nailed walls.

The purpose of thié research is to -evaluate six
different design packages. Each of the six packages, or
computer programé, make different assumptions about slip
surface -characteristics, nail reinforcing behefit, and
_ nail/soil interaction. A set of objective criteria for the
eﬁaluation included: the program's degree of 'user
" friendliness', the flexibility of the data input, and the

reliability of the results.



1.2 Organization of thesis
Chapter 2 contains a history of both soil nailing and
the development of soil nailing design methodology. It

includes a literature review from 1979 to the present, with

summaries of most of the major papers and theories. In

Chapter 3 the six évaluated design packages are presented
and reviewed. The description of each of the programs
involved includes a summary of the underlying principles,
discussion of 'user friendliness', notable program feaéures,
aﬁd fofm and content of the final output. Chapter 4
describes the method of comparison and presents the results
of the research, showing the predicted slip surfaces, as
well as the éffect»of face pressure and punching shear on
the results given by Goldnail and Snail, ‘respectively. In
éddition, notes are given. that discuss,_case by case, any
-problems encountered, or restrictive input requirements made

by a given program. Finally, Chapter 5 is a discussion of

the results and the conclusions of the research. The input -

data used for the comparisons are presented in Appendix A.

=)
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Chapter 2

Current state of knowledge

2.1 Introduction

SOii nailing is the technique of stabilizing éround
with paésive inclusions or reinforcements, cbmmonly khown as
soii nails. ' The inclusions can be fully bonded, (e.qg.
drilled and' grouted nails), or simply- driven into the
ground. In either case the nails act to limit the soil
deférmatiohs near the exposed face and to transfer the.
stress into a more stable zone behind the wail.
o It is -important to distinguish the practice of soil
nailing from other_similar'methods of soil reinforcement,
namely tieback anchors and reinforced earth. While tiebacks

are grouted along only their bonded lengths, deep in the

- soil mass, soil nails are grouted along their entire length.

Tiebacks are active inclusions in the sense that they are
prestressed_té reduce movement of the slope or wall. Sdil
nails are passive and rely on soil deformations to mobilize
their reinforcement capabilities. Obviously tiebacks require

a robust wall structure and bearing plate to accommodate

prestressing. Soil nailed walls do not require such a wall

structure and commonly utilize a wall facing only to reduce
éurface raveling and local instabilities. Here, Shotcrete
facing is sprayed on with minimal steel _reinforcement.
Structurally, soil nails require no more than small steel

plates cast into the shotcrete facing.



With reinforced earth, the reinforcing sfrips are
initially unstressed, and derive their stabilizing action
from 'rela,tive soil deformations. The 'load transfer inechanism
in soil nailing and reinforced earth is therefore somewhat
similar.' However, reinforced earth utilizes a bottom up
construction sequence, in contrast to the top down

construction of soil nailing.

2.2 History of soil nailing

‘Soil nailing was introduced in Europe, specifically

with the New Austrian Tunneling Method (NATM) (Jones et

al.,1990). This method was initially used as a hard rock
tunneling technique in Germany in the early 1960's,
utilizing bonded steel bars and shotcrete facing. The same
technique was applied to less competent formations, such és
graphitic shales, and Keuper Marl (Bruce et al.,1936).
Trials were also.conducted in  silts, gravels, and sands,
with early .applicat_ions in Frankfurt in 1970 with metro
tunnels. The method gained respect in the early 1970's,
especially in Germany. A French conétruction company,
Bouygues, had expérience in France with the NATM, and in
1972, in a .joint - venture - with Soletanche, started
construction on a 70 degree cut slope for a railroad near

Versailles. Over 25,000 steel bars were used, and it is the

-



5

first recorded application of soil nailing (Bruce et
al.,1986) .. |

In the U.S., thé first recorded use of soil-nailing was
in Oregon, with the construction of an éddi_ti.on to the Good
Samaritan Hospital 1n Portland in 1976. Professor Shen at
the University of California at Davis was involved .in the
construction monit_:oriﬁg program, and. as a result of interest
gener\atec-l, conducted a program of research that included a
full scale test wall (Shen et al.,: 1981a,b).

In West Germany, specialty contractor Karl Bauer AG led
the developments in soil nailing in .association with the
Institut fur Bodenmechanik und Karlsruhe, and with supiaort
from the West German federal government (Bruce et .al..,
1986). Four large scale tests were conducted starting in
1975, the reéults of which were published by Stocker et
al. (1979). |

"In France, the success of the Versailles project 1led
Bouygues to construct a number of other soil nailed walls,
both tempora‘ry and permanent, one of which was the Les
Invalides Metro stati‘on in Pa'r,i_s' in 1974. In this case the
nails weré driven, tather than grouted, and marked the
development of the Hurpinoise system of so_il nailing, named
for its inventor. A number of s‘pecialty contractors, such as
BacHy, Intrafdr Cofor, SEF.I,' and Soletanche began to develop

their own methods for nailing based on the drilled and



grouted nail. In the mid 1980's a large testing program was
organized under a French national project called "Programme
Clouterre", the results of which were published in English

in 1992 (Schlosser et al., 1992).

2.3 Development of design methodology

While specialty contractors in Europe and the U.S. were

gaining practical experience with soil nailing, no consensus
could be reached on the best way to'model and design the
walls. It wasn't until 1979 at the Paris conference on the
reinforcement of soils-that-soil'nailing design was provided

any forum; At this cdnference, both the French and Germans

presented design methods on which many of todaY's current

designs are based.

2.3.1 German gravity wall analysis

. Stocker et al. (1979) presented a design methodology
based on a force equilibrium with a bilinear slip surface.
The authors beliéved that soil-nailed walls should be
designed as gravity 'retaining' walls. The réinforced zone
with soil nails ‘was modeled as a single compésite mass
acting to retain the soil behind ‘it. It was modeled with a
bilinear wedge, and the location of the intersection of the
two angled failure surfaces was to be behind the hailed

zone.

-
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The work presented by the Germéns at this conference
has evolved into the concept of the so-called soil-nailed
gravity wall. Several improvements have been proposed to
refine the original method since then. Experimentai work by
Gassler -and Gudehus (1981) showed that two plane

translational failure was the only failure mode that

-warranted consideration. Their research showed that all

other modes of failure (deep slip surfaces, steep circular
sﬁrfaces, and combined tilting failureé) produced higher
factors of overall.safety. The definition of overall safety
was given as the ratio of dissipative forces along the slip:
sur.face combined with the nail effects, divided by the
external forces applied to the system. The procedure was to
va;y-the first planar angle, measuréd_from the horizontal at

the wall toe, while keeping'the seéond planar angle, also

4 measured from the horizontal (starting from thé back of the

nailed zone), at 45° + ¢/2, where ¢ is the friction angle of
the soil. A -further refinement cameA in 1983 with ' the
adoption of a 'statistical design method to meet the new
Eurocodé 7 requirements (Gassler and Gudehus, 1983).

Gassler (1988) conducted another comparison and

analysis and examined the four commonly assumed failure

modes employéd in soil nailing design: translation of a

single rigid body, translation of two rigid bodies, rotation

of one rigid body, and rotation of two rigid bodies. The



results are summarized below, for differént ranges of soil

cohesion, C:

In C = 0 soils Bilinear wedge is most critical
' ‘ case if the walls are near
vertical. Slip circle is critical
if the walls are angled at less
than 80 degrees from the
horizontal, or if longer nails are
used in the upper rows.

In medium high C = Slip circle and bilinear wedge
soils ) are equivalent.
In high.C soils Slip circle is critical.

Gassler (1988) also concluded that the simple wedge,
bilinear wedge, and slip circle are the only relevant
failure mechanisms.

Further conclusions of the paﬁer were that only axial
forces need be considered in near verticél walls and that
the internal nail force is based on the mean' shear per
length of nail, Tm,‘ which is constant with depth. The
earlier gravity wall design‘méthod was refined by using a
velocity hodogragh (veloéity vector diagram) to obtain
kinematical compatibility. As a finél hote, it was
recommended that wvarious partial material safety factors be
used in a two step process for design. In the preliminary
design one would examine various failure dees and varied

surfaces to determine the most critical case. In the final



design the most critical surface would be used to assess the
suitability of the design reinforcement.

The gravity wall design concept was furthered by
Riedinger and Stocker (1990) with the consideration of
_internal stability, that is the pulling away of a failure
wedge of soil, leaving only the nails in place. It was
concluded that external stability should be checked using a
two part rigid body translation, "with the second wedge
angled at 45° + ¢/2 to exert an active pressure on the back
of the nailedAzo'ne. Internal stability should be checked
using ,wedges angled at any inclinatien from the toe, with
reinforcement coﬁtributions coming from that portion of the

nail located between the failure plane and the wall face.

2.3.2 Schlosser's Multicriteria analysis

The French"developed a somewhat different method of
analysis that considered the contribution of nail shear
strength as well as tensile strength to the overall wall
stability. Early work by Schlosser and Juraﬁ | (1979)
identified the need to delineate between excavation support
aﬁd _slope stability. According to their work, .it was
important to distinguish between the two applications. The
excavations were to be designed considering nail tension, as
is done in Reinforced Earth (RE), and the slope stability

cases were to require nail designs modeled after laterally
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loaded piles. The other conclusions of this paper were that
the slip surface should follow the line of maximum tensile
forces from RE, and that failure of the wall was of a
rotational nature.

Further wofk by Schlosser et al. (1983) resulted in.a
soil/grout interaction model based on the overburden stress,
with a coefficient that attempted to correct for dilation of
the soil during 'shearing. They presented the following
equation:

T = C,” + o tan ¢+At (1)

Where t= shearing resistance of the nailed-soil

C,” = apparent cohesion due to the mobilized
shear fo:ce in the bars

o' = effective normal stress acting bn the bar

At = variation of the shear stresses in the

soil dueé to the effect of the reinforcing

bars

The conciusion of the papér was.that tensilé forces in the
nail are efficiently 'generated with small relative
soil/grout deformations, but that shear and moments in the
nail fare only efficiently generated with large sbil
deformations. |
Schlosser- (1985) presented the Multicriteria theory for

soil nailing. The delineation between excavation and slope
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stability applications was no longer necessary with the
presentation of a limit envelope in normal and shear space
that considered the tensile strgngth of the nails, the shear
strength of .the soil, the soil/nail friction, and the
limiting lateral earth pressure acting on the nail. The
method used a circular slip surface with a mefhod of slices,
but qonsideredvalso the mobilization of the lateral earth
pressure on the inclusions, as it controlled the maximum
shear fofcé developed in the nails. The basis for the limit
criteria came from work Dby Baguelin and Jezequel (ho
reference giveﬁ), modeling the nail as a laterally loaded
long elastic pile with a constant K, of the soil; where K,
is the modulus of subgrade reaction of the soil.

V Schlosser and DeBuhan (1990)lpresented research on the
composite behavior of nailed soil. They concluded that thé‘
design of sbil.nailed walls has been oversimplified by not
Eonsidering the soil/nail interaction on the stress/strain
patterns of the soil. They suggested that failure planes in
the reinforced soil were very different from the Mohr-
Coulomb féilure planes of the unreinforced soil.
Fﬁrthermore, they concluded that tensile erces in the nail
are rapidly mobilized and that nail shearing resistance is
ndt éfficiently mobilized until there have been significant
displacements. Various assumed failure planes were rated in

order of decreasing accuracy: log spiral, circular with
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slices, and bilinear ‘wedge. The final recommendation was
that avmethod like Jufan's Kinematical method, described in

the following section, be used.

2.3.3 Juran's kinematical limit analysis

Juran and Elias (1988) proposed a "Kinematical Limit
Analysis Approach". They departed from methods developed by
Schlosser and DeBuhan (1990) and Stocker et al.(1979)
claiming that they could not be used to adequately assess
the global safety with respect to | shear ~strength
characteristics of the soil and the soil/inclusion latefal
friction. According to the authors, tbese methods do not
allow for evaiuatibn of the local stability of the
reinforced soil mass, or determination of the forces in the
nails, which they claimed were ofteﬁ critical. A log spiral
slip surface was-uéed'hith a method of horizontal slices.
The horizontal coﬁponents of the interslice forces were
assumed‘to be equal. The yield criterion for the nails was

based on Schlosser's earlier Multicriteria envelope

(Schlosser, 1985). Juran's method used Kotter's equation (no

referencé given) to determine the distribution of normal
forces on the slip surface. Nails were modeled as rigid
laterally loaded piles, based on work by Hansen and Lundgren

(no reference given). Furthermore, nail forces were
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determined by . considering the equilibrium of a given
horizontal wedge of soil sur:ounding a nail.

Juran and Elias (1990) further developed the
kiﬁematical limit analysis with additional discussion of the
failure envelope and the added suggestion that the value. of
Kg could be found from the Soletanche charts developed by
Pfister et al. (1982). The benefit of this method acéording

to authors, is that by analyzing every nail 1level, and

- avoiding a global safety factor, the procedure guards

against progressive failure.

The finaiized version of the .method involved four
specific design' steps (Juran and Elias, 1990). First,
estimate the location and magnitude of the‘maximﬁm working
stresses. Second, analyze local stability at eaéh nail
level. Third, look at 6verall ér global stability. Finally,
consider the adequacy of the facing. The major point to this
approach 1is that local nail stability can be far more
critical than global stability in the consideration of
progressive failure. Juran and Elias recommended that the
local stability be analyzed using their kinematical method,
and global stablllty be analyzed with a method like that
developed at Davis by Shen et al. (1978) and extended.by
Bang and Erickson (1989), or Schlpsser's Multicriteria
method, (Schlosser, 1985) . The Davis méthod was favored due -

to its simplicity and consideration of nail tensile forces
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alone, which the authors claimed to be the most accurate
representation of the wall's behavior. The paper also
discussed the observation that the behavior of a nailed wall
is similar to thét of a braced cut, and therefore it may be
possible to use semi-empirical earth pressure diagrams'in

future developments.

~ 2.3.4 The Davis method

The Davis method, developed at - the University of
Califdrnia, Davis, was originally presented at a symposium
on earth reinforcement (Shen et al., 1978). Soil nailing was
described as the use of hon—pretensioned inclusions to be
used for temporary excavation‘support. The bond stress was
given as:

Tpmax = C + o, tang ' ' (2)

where 7,,, = maximum shear stress between soil and nail

C = cohesion of soil

o, = vertical overburden stress acting on nail

No yielding of the reinforcemenf was mentioned. The entire
system was considered as a composite material, and the
solution to the overall stability was found by minimizing
the incremental potential energy. The failure surfaée was

given as a parabolic surface, the result of finite element
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work conducted on in-situ reinforced soil at Davis and a
full scale test wall (Shen et al., 198la,b).

‘Bang et ‘al. (1980) expanded on the Davis method by
describipg the assumed soil failure parabola as béing
divided into two sections, one with reinforcement, one
without. The design method was limited to vertical walls,
horizontal back slopes, and homogeneous soil profiles. Bang
and Erickson (1989) modified the method to handle irregularA
ground surfaces, wall inclinations, and up>to two léyers of
soil. , | |

The method is based on a force equilibrium with a

parabolic slip surface. The resisting force, Fgr, is defined

.as: .
F, = C'L + T, tan ¢'+T, (3)
where C' = developed cohesion (C/material safety
factor)

L

length of potential failure surface

[

Te = Fp + Ty -

Fnp = normal‘force acting dn the base of a given
vertical slice

T, = normal component 6f thé resultant of the
axial forces in the nails

Ty = tangential component of the resultant of

the axial forces in the nails
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Pullout stress is based on overburden stress and limited by

the yield strength of the nail.

2.3.5 Brldle s log spiral analysis

The soil nailing debate was brought to the UK w1th a
publication by Bridle (1989) in which he presented a method
of soil nailing design using a log spiral failure surface
with a moment equilibrium. Both tension and shear
contributions from the nail are considered, with a composite
failure envelﬁpe based on the nail's material capabiliﬁies
and the bearing pressure under each nail. Equations were
presented to define -the log,spiral's exit angle and its
angle with the horizontal at the wall toe. According to fhe'
author, the exit angle, a, was found from the author’'s
research to be about 3 degrees. f, the angle of the slip
surface at the wall toe was defined as:

B= 0.5¢+ 0. 20lap+ 0.265a+ 0.087 (4)
The purpose of the reinforcement in this method is to take
up the Out of Balance Moment, or OBM. The OBM is defined as
the difference between the driving and resisting moments.
The method utilizes two'ekisting relationships. The first is
from Juran (1990), -and relates the normal force, o, and

shear force, 7, present in the nail:
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c = ttan(2p) (5)
where p = anglé of inclination of the nail with the
normal.to the s;ip surface. |
The second formula is from Matlock and Reese (1962), based
on their'work on laterally loaded piles, and allows the
calculation of a nail deflectidn on either side of the slip
surface. The bearing pressure under the nail is given by

Terzaghi's general bearing capacity formula (Terzaghi,

1943) .

2.3.6‘Jewe11's-tension only model

| The preceding 1log spiral analyéis (Bridle, 1989)
touched off é debate centered around the» contribution of
nail shearing resistance to overall wall stability. Pedley
and Jewell (1990) addressed the issue of shearing Dby
carefully‘showing its contribution to be negligible. Their

analysis starts with the Tresca criterion of failure for
combined shear and tension. The combined moment and tension

is limited by an equation the authors derive for a

rectangular bar:
(M/M,) + (B/Pp)? = 1.0 (6)
 where M = nail bending moment
. M, = maximum plastic moment

axial nail force

P.

p = maximum plastic axial nail force
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This equation is conservative for bars of circular cross- -

section but offers more benefit from shear than the current
British structural steel codes, such as BS5950(1985). An
upper- bound for the determination of the effect of shear is
given by Schlosser's elastic analysis (Schlosser, 1985):
P, = 4.9 M, /L, | (7)
where’Ps = maximum nail shear force
Ly = distance between two points on either side
of the nail centerline, experiencing the

maximum moment

A simple limiting plasticity model developed by the authors'

| acts as an example lower bound:

Py = 2Mp, /L, « - - (8)
With further manipulation, the conclusion is drawn that the
shear width L, must be minimized in order to maximize the

mobilized shear. Using the range of analysis methods

presented in preceding sections, the authors show that the

practical range of shear widths is very limited. Using nails
perpendicular to the slip surface for maximum benefit from
shear, and both plastic and elastic analyses, the authors
found that a reiatively small nail shear force is mobilized
compared to the naii tensile force. They conclusions were
that the benefit to overall stability from nail shear is

minimal, and more importantly, that Schldsser's
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Multicriteria analysis mgthod. was based on an incorrect
relationship: |

(P/Pp) 2 +(2Py/Pp)2 = 1.0 (9)
The authors claim that the above relationship is valid oniy
for combined axial force ahd tofsion. They.also claim that
the analysis includes an assumption that Mpax .= Mplastics
regardless of the applied aﬁial‘force.

In a discussioh of Pedley and Jewell's analysis, Bridle
and Barr.(l990)-point out that the plasticity model used by
Pedley and Jewell to defermine the ultimate lower bound
(Eq.B) is erroneous. Jewell and Pedley (1991) subsequently
explained that the plastic hinge model was merely meant to
provide a lower bound and was not considered again in their
paper. "It was Schlosser's elastic analysis (Schlosser,
1985), and Jewell and Pedley's plastic analysié that were

used to discount the effect of shearing resistance.

2.3.7 The Glasgow conference

The 1990‘Glasgow conference was an opportunity for all
the members of the debate to voice their opinions in a
single forum. The contribution of Juran and Elias (1990) was
discussed earlier in Section 2.3.3. | |

Two papers are particularly noteworthy. Bastick (1990)
recommended that one should avoid Schlosser's (1985)

equation for unit soil/grout shear stress that includes an
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apparent coefficient of friction term for soil dilation. His
alternative was to use a T, along the soil/grout
interface. Furthermore, Bastick argued that local
equilibrium methods such as Jufan's should be avoided, and
full-scale pullout fests‘should be conducted.

Plumeile and Schlosser (1990) presented the results of
Clouterre, the French soil nailing research program. The
'conclﬁsion was that although bending stiffness can play an
Aimportant practical role in maintaining face stability, it
is axial reinforcement force that provides ~ the main
stability.

Bridle presented the final version of his work in the
form of the computer progrém, Cresol (Bridle, 1990). Use of
the log spiral failure surface was defended by citing work
by Chen (1975), and the empirical formula for deﬁermining
the angle, B, at the toe of the wall was not fully
substantiated. The relationship given by Juran (Eq.5) was
used, relating the shear and tension forces in the nail.
Pullout was based on overburden stress, and bearing capacity
of the soil under the nail was unchanged from before and
limited by Terzaghi's general bearing capacity formula.

At the conference, it was Jewell who ‘attempted to
prdvide a definitive aﬁalysis of the varioﬁs design methods.
This paper discussed lateral nail stresses, axial nail force

only methods, and Juran and'Schlosser's approaches linking
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lateral soil stresses and the nail forces. Through Jewell's

analysis, the conclusion was reached that in order for the

combination of forces at the point of maximum shear to

become critical, the maximum bearing stress in the soil
would have to be on the order -of the yield stfess of the
bar. Jewell also pointed out that nail feinforced walls fail
long before the limiting shear force ' in the nail can be
moblllzed Jewell cited Gassler's (1987) test wall data to
show that at failure, defined as the point of maximum
overall soil shearing resistance, no displacements were

measured along any one Sllp surface, only 1local shear

displacements. It wasn 't until well after failure that any'

displacement was recorded along a slip surface, therefore no.

shear contribution from the nail was effectively mobilized.

" It is therefore prudent to rely solely on the axial capacity

of the bar. It was noted that this washraleo the
recommendation made by Nielson (1984) for the dowel action
of reiﬁforcing steel in concrete. The Gassler-Gudehus
(1981), Shen et al (1981), Gassler (1988), and Stocker-
Riedinger (1990) methods were all recommended. Acceptable
failure surfaces were-eonsidered to be leg_spiral rigid body
rotations and two-part wedges. The method of slices was ﬁot
highly recommended due to the dquestionable allocation of
reinfqrcement forces to the 1nd1v1dual slices. For safety

factors, Schlosser's (1985) method of partial material
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factors was considered attractive, as was the more rigorous
analysis presented by Gassler (1988) that wutilized a

statistical approach.

2.4 Overview of curreht_design methodology

It is easy to see from the brief review of the
development of soil nailing design that there remain. a
number of issues yet unresolved. Many vof the methods and
theories presentéd share ‘common elements, but. for every
common element there are as many differences. Most of the
methods utilize standard slope stability analysis concepts
with 'varyiné assumptions about the incorporation ofA
interslice nail férces ~and the. application of the
reinforcing benefit to éach slice. Some of the methods
arguably claim that the adopted failure mode is
kinematiéally admissible without presenting any rigorous
proof. The benéfif of the reinforcements is the major point
of divergence. Some of the methods combine the contributions
from nail‘ shear and axial forces, while others simply
utilize the effect of nail teﬁsion. Some methods consider
internal equilibrium with the aid of face pressure or simply
bond stress, while others do not. Cbnsidering the number and
variation betwéén methods, it is impdrtant to determine the
effect of the underlying assumptions on the results of the

analysis.
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Chapter 3

Description of analysis packages

3.1 Introduction

The analysis packages reviewed in this chapter include
the programs, listed below with their sources. Some of these

are used for in-house design, others are currently available

commercially:
Snail - Caltrans, Sacramento, CA, USA.
' Nail-Solver - Oxford Geotechnical Software, Oxford,
, U.K.
Stars - L'ecole Nationale des Ponts et Chaussees
- Paris, France.
‘NailM9 - Bang, S., South Dakota School of
Mines and Technology, S.D., USA.
Goldnail - Golder Associates, Redmond, WA, USA.

Talren - Terrasol, Montreuil, France.

3.2 pescription of Programs
3.2.1 Snail

~Snail is a soil-nailing design and analysis package
developed by Caltrans, and the currently availabie‘version
of the program is Snail 2.08. Due to time limitations the
preceding version, Snail 2.07, was evaluated. Version 2.08
‘corrects difficulties with multiple soil layers and user-
defined linear failuré planes that in eariier versions
produced unconservative results. It also corrects errors
with failure planes passing below the toe when the soil type

at the toe is cohe51ve. As neither of these cases were ever
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encountered in the evaluation, the analysis contained herein
would also appear applicable for version 2.08.
| The program uses a two or three part wedge analysis to
determine the minimum global factor of safety for a‘given
wall cross—sectioﬁ..lt can be used with both passive soil
nails, and active tie-backs. In addition, although nbt
actually part of the Snail program, it is coupled with a
program called Naildesign, also developed by Caltrans, which
can be used with the data from Snail to predict nail loads.
Snail analysis begins by allowing the user to enter a
number of different wall parameters and loading scenarios.
It is extremely flexible in this respect and can_aécommodate
cases such as benched walls, two slobe angles below the wall
toe, varying distribUted surcharge loads, water table,
earthquake loading, failure surface emanating from points
- below the toe of the wall, horizontal forces applied to the
wall face, . and varying feinforcement parameters such as
- length, grout diameter, and bond Stfess._It is limited to
two soil types, and the soil boundaries are specified with
two sets of x and y coordinates, 'requiring that highly
variable érofiles be appfoximated by the user..Fﬁrtherﬁore,
the program looks at internal and external wall stability,
i.e., a soil wedge pulling away from the nails (whidh.remain
in place), and a soil ‘mass pulling away along with the

nailsl This is achieved by comparing the required forces for
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internal stabiiity with an input value for punching shear,
expréssed in kips. Punching shear is the resultant of the
face pressure acting on a seétion of the wall face, the
- dimensions 'bf_ which correspond to the hqrizontal and
vertical spacing between nails. Both punching shear and face
pressure are é measure of the structural capability of the
facing to resist internal soil'failure, through puli—away of
the wail from tﬁe nails and the subsequent failure of a
wedge of soil. The parameter Sf"punching shear 1is used
excluéively in Snail; its counterpart, face pressure, ‘is
depicted in analysis pldtsx(see Section 4.3) to facilitate
comparisons. The parameter of face pressure is used in the
program Goldnail (see Section 3.2.5). Snail's user's manual
is straightforward and includes easy to undérstand
definitioné of the required input parameters.

The following method is used wifh a homogeneous soil
profile to determine the global factor of safety. Snail
divides the user entered search range (see Fig. 3.1) into
ten equal parts, or ten nodes. In the case where there is a’
wéll batter, the horizontal distance from the wall toe to
the wall crest is- subtracted from the search limit, and the
remainder is divided up into ten parts. The search intervals
begin from the wall crest, if not otherwise specified by the
user. For a given node; Snail divides the cross-éectién into

a ten by ten grid, and this is done for every one of the tén
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nodes, unless otherwise specified. The lines are drawn from
the toe and i:he backslope node to every intersecting grid
point; each point represents a possible failure plane. A
quick check will pi’éve that there are 56 possible grid
points, or 56 possible failure planes. Therefore, Snail

checks a possible 560 failure planes with the ten nodes.
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FIGURE 3. SEARCH GRID PATTERN FOR NODE 7.

Figure 3.1 Snail Search Grid

The bilinear wedge analy_sis is comparatively simple and
involves a simple summation of forces in the normal and

tangential directions for each of the two wedges (upper and

=
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_lower) . The forces acting on a given wedge are as follows:
the weight of the wedge, including the water table and- any
surcharge; earthquake force; mobilized cdhesion on the lower
surface, 'as‘well as the interslice cohesion; the resultant
frictional forces on the base of the wedgé; the resultant
interslice frictional force - including interslice nail
forces; and, the ‘sum of mobilized reir_xforcement friction
forces acting on the wedge. The contribution of  the
reinforcement to overall stability assumes that the
reinforcement acts only in tension, and that the role of
bending stiffness is minimal.

Snail is based on an ultimate or limit state definition

of the factor of safety;b however it has two modes of

_operation that differ in their analysis/application of the

factor of safety. In mode one, ultimate values of bond
stress, yield stress, and punching shear are used. The
program iterates on a safety factor which it applies to the
materi'al propefties Cc, and ¢, and to T, the sum of the.
mobilized reihforcement tension acting on the_. wedge. The
mobilized tension is defined as the lesser of either the
nail force developed on the portion of the nail outside the
slip surface,. or the force developed on the portion of the
nail inside the s_liia surface combined with the |user
specifi'ed value of punching shear. By using the 1lesser of

these two values, Snail examines internal and external
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stability in one péss. Stability is assessed by calculating
the resultant interslice friction force, which includes the
contribution from the interslice nail forces, for both
bilinear wedges (upper and lower). The program then iterates
with the material factor of safety until the difference
between the two is essentially zero.

In mode two, the calculations .and iteratibns are
similar, but the values of bond stress, yield stress, and
‘punching shear are entered pre-factored by the user. In this
way, different factors’of safety with respect to each of the
thrée quantities can be used. If the ultimate values of bond
stress, yield stress, and punching shear are -prefactored
with the factor of safety obtained from a mode one fun, then
the obtained mode two factor of safety is the same as that
obtained from Mode one. This is because the program iterates
by changing 6nly the factor of safety on soil strengths. In
our comparison, mode two was used so that the material
factors of éafety' on the bond stress and yield strength
remained constant. at 1.5.

Snail output inciudes a graphicai represehtation of the
wall cross-section displaying the slip surface with the
“lowest overall factor of safety. This can be printed using
the printscreen utility of DOS (Disk Operating System). The
results of the calculation along with the input parametefs

can also be output.
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As a final note, a math coprocessor will significantly
reduce the time required for calculation with Snail.
Complicated walls may take up to twenty minutes to run

without the coprocessor.

PROJECT TITLE : example2 o . Date: 26-28-1993

Minimus Factos of Safety = 1.14

22.8 £t Behind Wall Crest .
it Hall Toe
Sk 5.8 £t
3
- B, 1
=488 Ksi

H= 60.0 £t

LEGEND
GAM = 118 gf
JHR

- S
$IG = ll.Sgsi

1:26  SCALE : 1''=720.9
Press: N for new Node. S for Screen mode. 32 for Zoom. R for Results

Figure 3.2 Snail Output.

. 3.2; 2 Nail-Solver

Nail-Solver is a computer desvign package develéped by
Oxford Geotechnical Software and is based on work by Jewell
ahd Pedley at the Un‘ivers‘ity of Oxford. It is currently

available as version 1.1. Nail-Solver, like Snail, uses a



30

bilinear wedge = analysis to evaluate both internal and
ovefall stability of a given soil-nailed cross-section.

The program is somewhat limited in the cross-sections

and loading conditions that it can handle. The wall must be

a single element, without benches, and there can be no toe
élopes, or more than a single slope above the wa.-ll. Varying
reinforcement parameters, such as spacing, length, grout
diameter, baf diameter, etc., cannot be accommodated. The
- pullout resistance is calculated using nail overburden
stress, and a dimensionless bond coefficient, £f,, which
represents a percentage of theﬁfactored soil friction angle
(the gi_ven range of £ ié from 0.4 to 1.0). There is no
allowance for actu.al pullout data. The horizontal and
" vertical nail spacing is entered by. the user, but Aif the
program reaches the bottom of the wall and finds a space. of
more than one half the vertical spacing, it will
automatically add an additional row of nails.

Nail-Solver allows the Iuse of point loads and uniformly
distributed 1loads, but is unable to hanc_ile varying
distributed loadings. Pore pressures can be input using a
non-dimensional pore water pressure coefficient, ~Js'u, which
repfesents a .percentage of the soil' overburden stress. A
single r, value describes a distribution of pore pfessures
that incréases with depth. It should be noted that Nail—

Solver uses effective parameters for ¢and C. The soil
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shearing resistance is described by a secant angle of
friction re_levant to the effective stress range for the soil
in the cross-section. For this reason it is necessary to
prefactor the effective cohesion, as the factor of safety_on

peak soil shearing resistance is not automatically applied

to the cohesion.

Na:.l Solver starts. the computational process with a

»calculatlon of 120 unreinforced trial failure wedges to

determine the maximum required forces for internal

equilibrium. The program examines wedges intersecting the

wall at ten different elevations below the crest. Required

forces for theAinternal equilibrium are derived from a
simple summation of forces, which can be approximated with
the use of Coulomb's formula, |

P, = 0.5K.H? (10)
where P, = active soil force .

K. = active earth pressure goefficient

a
y= soil unit weight
= depth below the wall crest
The reinforcement parameters, such as nail 1length,
grout diaﬁeter, spacing, etc. are then entered by the user
and the program calculates the maximum tequired forces for
.overall equilibrium using a two part failure mechanism. For

each of the bilinear wedges passing from the toe to ten

different elevations at the back of the reinforced zone, a
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search is made to find the worst inclination of the back

wedge. The required forces are calculated using a summation

of forces ‘on» the two wedges, with the condition of
horizontal and vertical equilibrium. They are assessed first
by determining the vertical spacing of the nails, based on
the entered ‘'trial' spacing. Next, bond strength . is
calculated based on the bond coefficient, f,, and the
average of the vertical effective overburden stress end the
1ateral effective stress acting parallel to the siope.

Reinforcing benefit is derived from the portion of the nails

outside the slip surface. If a nail pa$ses through the

failure plane and into the soil beyond, it is assumed to.be
able to contribute the lesser of the total yield strength of
the nail, or the bond stress'integrated over that portion of
the nail outside the failure plane. Nexf; two passes are
made comparing the required and available forces for
internal equilibrium, one during construction (witheut the
next nail installed), and one at the end of conétruction.
Finaliy, two more passes are made to compare required and
available forces for Qverail equilibrium, during and after
construction. |

Nail-Solver, for the purpose of comparison, has the
added complication of bond stress calculated from overburden
stress. The pfoblem is twofold. First, without a strictly

specified value of bond stress the program comparisons are
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not exact. Second, the material factor of safety applied
tog for the soil is also applied to the caléulations of
bond stress through the use of the factored soil ¢value. In
‘order to allow the comparison, a procedure had to be
developed that could approximate the design bond stress
using nail overburden stress, é lateral earth pressure
coefficient, and a bond coefficient. A point was chosen
half-way along the length of the middle nail (or between the
nails, in the case of Aan even number of hails). The
overburden stress was calculated at this point. Nail-Solver
uses the folléwiné’ formula to calculate the bohd stress at a
given depth: ‘

7= o,' (1+ky) f» tan ¢@o’ - ' (11)

where k; = lateral earth pressure coefficient

f,, = bond stress coefficient
¢a' = effective soil friction .angle for design.

This formula was set equal to the allowable bond stress used
in the other programs, at this middle nail depth, and solved
for . k;. This valué of k; was used in -the subsequent run,
althovugh in a number of cases its value exceeded one. This
was the only way‘.to mbdify the equation to produce the
desired results, as the bond stress coefficient f, was
limited to a maximum valuve of one. In this way, the

specified bond stress was approximated for all the nails.

The value of %; is used only to compute bond stress, and
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therefore artificially high values have no effect elsewhere
in the calculations. |

The program allows the user to en;er bdth ultimate and
allowable values of yield stress and the soil properties C'
and ¢', and displays on-screen the caléulated material
safety factor. In this way it does' utilize individual
material factors of safety, providing the user ‘with an
overall global safety factor at the end of calculations; It
should be reiterated that the bond stress is comﬁuted using
the design value of ¢', and therefore carries with it the
factor oflsafety on Soil strength. This was not an issue
" with our compérison, however, as the éverage value of bond
stress calculated with an artificial ki, included only the
safety factor of 1.5 used on bond stress.

Nail-Solver output is in the form of graphs of force
vs. dépth below crest, showing maximum required and minimum
available forces previously calculated for both internal and
external stability, both during and after construction.
Depth below crest refers to the depth below the crest at
~which either the internal wedge intersects the wall facing
(in the case of the internal equilibrium plof), or.the depth
below the ‘crest at the back of the nailed =zone that
delineates wedge one from wedge two (in the case of the
overall equilibrium plots). In order. to ensure that the

global factor of safety was equal to one, the curve of
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required forces was made. to just "touch' the curve of the
available forces, either.those limited by the bond stress,
or those limited by the steel, depending on the individual
case. In all cases, the most critical case (either internal
stability at the end of construction or overall stability at
the end of constructlon) was used to achleve this global
factor of safety'vequal: to one. No output specifying the
location of a failure surface is given, and therefore no
failuré surface for Nail—Solver is depicted on the

comparison plots (see Section 4.3).
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Figure 3.3 Nail-Solver Output.
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3.2.3 stars

Stars is a program developed by a joint venture known
‘as.C.N.R.S., which includes the Laboratoire Commun a l'Ecole
Polytechnique, 1'Ecole Superieure des Mines de Paris, and
" 1'Ecole Nationale des Ponts et Chausses. It is currently
eﬁailable in a version 2.0.

Stars uses a moment balance coupled with a log spiral
failure surface to calculate anboverall,'or global, safety

factor. The program has an excellent user interface with on-

screen graphics and brief deécriptions for all enteredA

parameters. Sinhce much of the terminology and all of the
user's manual are in French, these on-screen attributes are

particularly .useful. The program_ can -handle different

reinforcement parameters, allowing the user to enter

individual nail properties. It can handle varying
distributed sureharges, point 1loads, wall toe slopes,
multiple sloping soil layers, and a simple non—sloping
bedrock surface. It can also be used with tie-backs or a
combination of tie-backs and nails. The program is limited,
however, in that water tables and multiple:greund surfaces
behind the wall are not accommodated. Furthermore, the
program will not allow-baCkslopes with angles greater than
the allowable ¢@value of the top soil layer. A significant
‘advantage of the program, however, is that it will directly

assess overall stability during construction and  after



37

construction, and the stability of deep-seated failure
surfaces not passing through 'the toe. |

‘Stars uses a log spiral slip surface and therefore no
assﬁmpti_on of the distribution of the normal forces along
the slip surface is needed. The program starts at the upper

nail level, and hﬁn'ts for surfaces that intersect the wall

face just below the nail, with no assumed benefit from the

nail. This is often a critical case duririg construction,

when the cut has been made, and the nail is not yet

installed. The program then proceeds to the next nail

level, until it reaches the bottom of the wall where the
final or End-Of-Construction safety -factor is determined.
Different soi‘l layers with different ¢ values pro-duc‘:e
slightly different ‘logA spirals, so 8Stars creates a
cbmposite ‘surface; |

Stars c‘alculates a resisting and a driving moment for

each trial slip surface like many slope stability programs.

" The driving moment is calculated considering the weight of

the soil and any surcharges present. Surcharges at the toe

- of the slope that increase resistance are considered as

’negatiw.re drivi_ng moments. - The resisting moment is
calculated by integrating the contribution of .'the ‘soil
shearing resistaﬁce to the resisting moment along. the
length- of the slip surface. The result of the frictional
forces acting on the slip sﬁr’face, both normal and shear,

passes directly through the center of the log spiral,
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negating its effect on the moment. The component of the
remaining resisting force perpendicular to the moment arm
(Ccos¢; see Fig. 3.4) is'then multiplied by the moment arm

and'integratéd along the slip surface.

Figure 3.4 Tension and Cohesion Forces Acting
on a Log Spiral Surface-Stars.

Every time reinforcement is encountered, Stars simply
adds-its contribution to the resisting moment in the fbl—'
lowing way. If the reinforcement is positioned in such a
- way across the slip surface that it is working in compres-
sion, or if it is aligned along the ray of'the lég épiral,
its contribution is considered to be zero. If the rein-
forcement is positioned to be working in tension, it is
-assumed to be cdntributing the lesser of eithef the ma#imum
yield stress of the nail, or the lateral soil/grout inter-
face friction over the length of‘the nail outside the iog

spiral. The contribution perpendiculaf to the log spiral



39

radius of this vector N is multiplied by the moment arm to
give its resistance. Internal stability is not checked with
the current version of Stars.

The overall factor of safety Stars displays aftér
calculation is‘ a straightforward M,/My, where M, is the
resisting moment and My is the driving moment. Stars does
allow the user to enter individual'méterial safety factérs
on lateral interface friction, yield strength, soil
strength, and surcharges.

The output of Stars consists of a DOS printscfeen
capture of the wall cross-section depicting the various

critical slip surfaces intersecting the slope at each of the

‘nail jevels and at the toe. In addition, if previdusly

calculated,‘the critical deep-seated slip surface will be
shown. Also output is a summary of the input data and the
results of the calculations. The output results are limited
to thé depthv below the crestv of 'the .failure surface
intersection and_ovefall or global factor of safety ("factor
of cohfidénce" in Fig. 3.5). |

It should be noted that at present a math coprocessor

is required to run Stars.
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3.2.4 NailM9

NailM9 was developed by Bang ‘at the South Dakota School -

of Mines and Technology. It is unique in that it uses a
parabolic slip surface to describe the failure, based on
finite element studies of in-situ reinforced soil (Shen et
al., 1981a,b). The program has limited input optidns, and
minimal user interface complicates data entry. Data are
entered in response to program prompts, and are stored in a
data file. There are separate files for data entry. and
output; viewing the input or output files requires ex'iting'
to the text editor. |

NailM9 can handle different horizontal soil layers,

simple distributed surcharges that act over the entire

LGl
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backslope, point loads, earthquake loading, and varying nail
length. The program allows one to use either pullout test
data or a bond stress ¢alculated from overburden stress. It
cannot accommodate varying nail pullout resistance or
varying nail parameters such as gfout diameter, yield

stress, and bar cross-sectional area. It 1is also unable to

_handle water tables, stepped walls, or toe slopes.

For each program run, use of an_existing data file must
be specified or data must be entered manually. Subsequent

runs involving only minor changes to entered data réquire

‘re-entry of much of the original data. This is because the

data modification part of the program works with segments of
data, not individual parameters. As an example, éhanging the
grout diameter after completing an jnitial run would require
re-entering all othef nail data. Furthermore, once this
modification has been made, changes to the existing data
file cannot be stored without exiting to the DOS text editor
and modifying the entry file.

The program aské for a user-input searchAlimit. It then
divides this distance up into even increments and proceeds
to run pargbolas from the toe to each of.these points. Each
parabola is divided into two parts--a reinforced slice, and
an unreinforéed slice (see Fig. 3.6). If the parabola passes
beyond the length of the uppermost.nail, the X coordinate of

the division Dbetween the reinforced slice and the
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unreinforced slice is the coordinate of the end of the
uppermost nail. If the parabola_passes'Completely through
the nailed zone, the X coordinate of the slice_division is
that point where the failure parabola intersects the

uppermost nail.

o———————a(H + Rg)
' k Retané ¢ Ly eono--—l

' : ] FUhreinfor d Slice
He | .

¥

Reinforced Slice

Figure 3.6 NailM9 Assumed Failure Surface.

The feinforcement contribution is determined simply as .
the pullout resistance developéd over the length of the nail
beyond the slip sﬁrface. The stability calculation involves

a straightforward summation of forces with a slight



43

difference in the definition of the factor of safety.

Instead of the standard resisting forces divided by the

driving forces, NailM9 defines the overall or global factor

of safety as the component of the total resisting force in
the direction of the drivin§ force divided by fhe total
driving force, resulting in a consistently lower value
compared to the standard approach.

NailM9 does not make direct allowances for individual
material factors of safety; however, to allow comparison
with other programs,bthe entefed values of bdnd stress and
yield stress were‘prefactored, and the overall factor of
séfety was made to equal one -by changing the material
factors of safety on the soil.

Output is a standard printout of the input parameters,
the slip surface and lowest safety factor from the results
of the parabolic searches, and the location of this surface
behind the crest. In order to compare the éurface.with that
of other programs, hand calculations were made using
formulas given in Bang et al. (1991) Ato delineate the

parabolic surface on the cross-section.

3.2.5 Goldnail

Goldnail is a program developed by Golder Associates
and is based on limiting equilibrium using a circular

failure surface and the Janbu method of slices (Janbu,
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1973). It can accommodate passive soil nails as well as
active tiebacks. Goldnail has the capability not only of
checking possible designs, but also of actively designing
walls and predicting nail loads.

Goldnail can .accommodate widely varied back slope
geometry through the entry of single points and'subsequent
user input connecting lines, It can handle multiple and

varied soil layers, water tables, earthquake loadings,

varying distributed surcharges, point loads, and varying -

nail parameters such ' as adhesion, length, and yield

strength. It is unable to directly handle benched walls or

toe slopes. These last two can be accommodated by making
certain assumptions about the wall modeling, such as using
~an equivalent sioped wall facing to model a benched slope.
This is true with many of the other progréms that cannot
" directly éccommodate benched walls (Nail-Solver, NéiiMQ, and
Stars) . |

The user interface is somewhat tedious in Goldnail.
Although all input data can be viewed on-screen in the
' program, in order to view or print a given output file, one
" must enter the DOS text editor and edit the output file.
Goldnail, 1like Snail, is able to examine the internal
stability of the wall and incorpofates'the use of a face
pressure value, entered in psf by the user. This face

pressure value (previously described in Section 3.2.1) is a
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_measure of how resistant the facing is to having the bar
punch through the wall. This is important because the
adhesion between the nail and a thin failure wedge behind
the wall is minimal. |
It is important at this point to distinguish between
Goldnail's two modes of operation. In mode one, the design
mode, all information about the wall geometry, soil
properties, and desired factor of safety on the soil is
entered. The ﬁrogram then determines the required nail
lengﬁhs, loads, and face pressure required to meet this
factor‘dfvéaféty. The program does this by stepping through
a number ofvslip surfaces that pass through the wall toe, or
through a user—spécified point. The circles are bounded by
the inclination of the wall facing, and by the two minimums
of the parameters a and B. specified byAthe user. a is the
minimum tahgential orientatidn of the slip circle at the
wall toe. B is a minimum angle measured from the horizontal,
at the wall toe, whose intersection with the back slope
specifies the searéh 1imit. This value is used to define a
range for the radii of the trial slip circles. The program
‘then steps through the angles « and ﬂ’ and bégins to
construct circles from the toe to each node. The first péss
assumes that the nails have sufficient _pullout capacity
beyond the_failufe'surface, and is used to determine the

minimum value of face pressure necessary to obtain the user-
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specified factor of safety on the soil. The second pass then
uses this value of face pressure to determine tﬁe length of
.nail required, by systematically -adding an incremental

length to each nail until the specified factor of safety is

met. Finally, using the determined values of face pressuré,

naii length, and factored adhesions, the program calculates

the nail loads. |

| In mode two, or the faﬁtor of safety mode, a given wall

geometry and soil properties are entered, as well as the

nail propé:ties such as length and maximum léad, values,for
face pressure, and desired factor of safety. Here the object
of the program is to identify any slip surfaces:that have a

factor of safety lower than that of the user-specified
safety factor. The maximum nail load is simply entered -as

the product of the factored yield strength of the steel and
the naii's cross-sectional area. It is important to note‘
here that with any limit equilibrium method, assumptions

haQe to be made regarding the distribution of nail forces
along the nail. Goldnail computes each nail's contribution
to stability by using a triangular distribution of forces
aloné the nail. If face pressure is included the nail sees a
jump in the force applied at its head. Depending on the
. specified adhesion values for the soil, the force
distribution then.incfeases linearly toward the middle of

the nail. Starting from the other end, the same linear
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increase occurs, without the additional value of face
pressure. The maximum value of the force is obtained when
the two force distribution lines intersect. As Goldnail
considérslonly_tension in its analysis, the value used to
determine overall stability is that value of tension present
in the nail where it crosses the trial failure surface. By
using this value, Goldnail elimihates the practice of using
the entire length of the nail outside the slip surface as
the‘ contribution to stability. The difference is most
evident-when one looks at the lower nail in a given wall.
Conventional methods would dictate that any extensive length
of nail outside the slip surface wouid contribute a great
deal to the stability; however, it is widely known that the

bottom nail has little applied force. Goldnail predicts

-this, as the nail force contributing to stability is limited

by the bond stress acting'>on. the nail bétween the slip
surface and the wall facing. Ih this way, the program
considers face pressure and

its effect on the force distribution on the nail. It also
eliminates the need for a separate step to check internal
stability, as it can consider pullout of the bars and the

pull-away of thevsoil simultaneously.
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a = factored adhesion
(forcelunit length)
A = ulimate adhesion
~ F = adhesion factor
Fp = puliout factor of safety

a-NFanszFp

'ﬁ +To+ T3+ T4 2Tr010)
required to achleve spoﬁﬂed
facior of safety for surface AA

Figure A-1. Nail Tension Distribution - Umiting Eﬁulllbrlum Analysis

Figure 3.7 Nail Tension Distribution - Goldnail

Equilibrilim of the system is analyzed with e Janbu
method of slices approach.. Each slice must satisfy
horizontal and vertical equilibrium; The total nail force
contributing to equilibrium is known, but how that fofce is
distributed throughout the various slices is not known.
Goldnail places fictitious nails so that one nail passes
through the center of the base of each slice. Using the same
procedure as before, it determines a distribution of nail
tension forces. It then divides the actual total nail force
into components applied to the base of each slice, based on
this computed force distribution. The same process is used
- with interslice nail forces. Three fictitious nails are run

through each slice to determine relative magnitudes of the

L)
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nail interslice forces. All forces acting on the base of a
given slice are known, as well as the interslice forces and
the relative magnitudes of the nail forces. In order to
reduce the number of unknowns, the assumption is made that
the interslice soil shear forces acting on either side of a
slice are équal and opposite in direction, and therefore

cancel.

Goldnail defines its overall factor of safety as a

‘material strength factor applied to the soil strength

parameters. The traditional overall safety factor of F//Fy4
(resisting forces divided by - the .driving forces) is
internally set equéi tq ope.'There is no specific allowance
for individual material strength resistance factors in
Goldnail, but as in. many of the programs,(Snail, Nail-
Solver, Stars, and.NailMQ)the user can simply pre-factor the
values of soil adhesion and yield strength of the steel.
Goldnail's definition of its output factor of safety .was
totally compatible with the procedure vadopted for thé
comparison. It did not require multiple runs per wall to
iterate to a value of 1.0 for the overall or global safety
factor. In 6rdef to view the slip surface with the lowest
factor of safety, 1t was necessary fo lower the factor of
safety applied to the soil to just above the lowest factor

calculated. This is because, as was. mentioned before, the
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program will only display circles with a Safety factor lower
than that specified.

Output from Goldnail includes a DOS printscreen capture
of the wall cross-section and failure surféces (see "Fig.
3.8). Aiso output through the print utility of the DOS text
editor is a p.rintout of the input pa:ameters and results for

each of the weakest slip surfaces run through a given node.
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Figure 3.8 Goldnail Output.

3.2.6 Talren
Talren is a general slope stability and reinforced soil
design package develdped by the French t_:ompany Terrasol. It

is a much more comprehensive program than the other five
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programs being evaluated herein and in addition to soil
nails, can handie tie-backs, struts, Reinforced Earth
strips, geotextiles, piles, micropiles, and retaining walle.
It is currently available in version 2.3 as of 6/29/93.

The program can handle any one of a number of inputs
for hydraulic conditions including user specified points on
a phreatic surface, specified pore pressures, or a
triangular_mesh with pore pressures defined at every point;A
Any cross-sectional geometry with the exception of overhangs
can be accommodated, as can varying.distributed'surcharges,
linear surcharges, additional applied moments; and seismic
loadings. Intrinsic strength curves can be input for a given
soil, as well as curves for cohesion anisotropy.

| User input is complicated by the fact that prompts for
data entry are given by a shortened French term, (e.g. ESP
for horizontal spacing, short for espace in French)‘ Many of
the terms in the program have poor descriptions given in the
user's manual. The nanual is poorly laid out, and
descriptions of a given input parameter are often hard to
find.

Talren utilizes clessical limit equilibrium methods of
slope stability to calculate its overall safety factors for
a given _cross—secticn. User defined calculation methods
include the simplified BiShop method of slices, Fellenius'

method of slices, or the perturbations method. For our
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comparison, the simplified Bishop's method was used. As is
standard with this method, the soil is divided into
infinitesimally small vertical slices, and the static
equilibrium of these slices is evaluated. The glébal safety
factor is assumed constant along the length of the failure
surface, and is defined as the ratio of the maximum shear
strength, Tpax, to the mobilized shear stress, 7, along the
fai;ure surface.

Talren is divided into different modules. A separate
module allows data entry and.provides the data entfy format.
Another module calculétes-'the stability, yet another
' provides the graphical represéntation of the results, and
another serves as the 'home' menu. Talren is the only
program considered in this comparisoh that can cal;ulate the
bending and shéaring resistance of fhe soil nails. The
calculation requires the user to input a large number of
-. terms to describe not only the nail properties, but the soil
and the nail/soil interaction properties. Among the

complicated input parameters are the following terms:

Py, the limit pressure of the soil
Kgps the horizontal soil modulus
Ly,, the width of the base of diffusion for the nail

shear and tension forces
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ALB, the angle of diffusion for the above mentioned
forces
ANGC, the critical éngle for the soil-nail ;nteraction
’Mhmv the plastification moment of the nail
Any potential gain in accuraéy of modeling is offset by the
following:
1) no guidelines for the selection of these pargmeters
is given in the manual;
2) there is no evidence that varying these parameters

had any impact on the results of this comparison.

Failure of the nail is calculated using Schlossef's
Multicriteria analysis (Schlosser 1985), where a limit .
envelope for the nail is constructed using the curves for
the plastification of the soil, plastification of the néil,
1imit lateral friction, and yield stress of the steel.

The critical slip surface 1is determined through a
classical grid of circle centers where the grid parameters
such as location, size, angle between adjacent centers, and
number and increment of radii to be searched are entered by
the usef. A given circle is then divided into slices and the
corresponding assumptions regarding interslice forces are
made. If the-simplified Bishop Method has been selected, the
interslice shear forces are assumed to Dbe equal and

opposite,'and therefore cancel. If the center of the circle
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is below.the wall crest, the program will create a composite
surface, rather than allowing an overhang. The composite
surface will simply consist of a vertical portion grafted
onto the femaining ’allowable"surface (see Fig. 3.9). It
should be noted heré that the program conservatively assumes
the shear forces acting on tﬁe vertical section of wall are
zero. The manual indicates that in later versiohs this
assumption may be replaced by an active soil pfessure
. distribution acting on the vertical section of fhe slip

surface.

Grafted Vertical
Surface

— Circular Failure Surface
Figure 3.9 Talren composite failure surface

With soil nails, the inclusion is assumed to be working
in a combination  of tension and shear. As with all limit
state énalyses the nails are evaluated using their at-
failure strengths. These strengths, as was mentioned before;

are determined using Schlosser's Multicriteria envelope. The
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nail is modeled as an elastically supported beam. In shear

and normal space, the Tresca criterion provides a limiting

envelope equal to:
(T, 2/R,2) + (T2/RF) < 1.0 (12)
where T, = tension force in the nail

R, = ultimate tension force in rhe nail

T. = shear force in the nail

R. = ultimate shear force in the nail = R,/2

At the point of maximum moment the nail works in combined

bending. Here the developed envelope has the form

Mma Mmaxo(l (T Z/R'nz)) (13)

- where Mﬁmw = max1mum bending moment of the nail in
simple flexure.
This- equatlon is only wvalid for a rectangular bar, and is

conservative for circular cross sections such as nails. The

soil/inclusion lateral frictioﬁ(is limited by:

T, < L af1im (14)
where L, = length of the nail outside the slip surface
fiim = limiting shear force/length of ‘nail

The nail normal reaction is limited by the elasto-plastic

rule:
P = K.y (15)
where P = soil pressure under the nail

s = soil modulus of subgrade reaction

K
y = deflection of the soil
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and

P < Py . ' (16)

where P, = limit pressure of the soil.
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Figure 3.10 Schlosser's Multicriteria Envelope used in
Talren. '

Talren mode_l‘s the navils‘in two‘different ways, based on
their transfer length. It assumes thatvthey tan either be
modeled as an infinitely lbng beam, or an infinitel.y rigid
beam. At the point of convergence, the difference between

the two analyses differs by 25%.
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Table 3.1 Talren Nail Modeling

{ : ‘ 'Minimum length available
Bending resistance . on one side of the failure surface
of meuml d)usion "Long” inclusion "Short" inclusion
' : L' 221, L'<21,
HIGH M. > 0.161). Bl Mo > p,-B{. 2/27
LOW Mo < 0.16-p,~B°L' Mo < piB v 2/27
+162M,,. /Lo + 4.05M..../L

In order to utilize the envelope to determine the limit

state nail forces applied to an individual slice, . the

program uses Mandel's theory of maximum plastic work
(Mandel, 1978) . The basic principle of this theory is that
at the point of intersection Setween the nail and the
failure surface, the relative ‘displacement between the two
parts of  the nail, o, is. assumed to be tangent to the
failure surface (see Fig. 3.10). bPoint P in this figure
corresponds to the point of tangency between the stabi‘lity
domaiﬁ (as defined in Fig. 3.10) and the perpéndicular to
the & direction (defined by the- angl'e 0) . T_repfesents vthe
combination of shear and normal forces in the nail; as can
be seen in Fig. 3.10, T 1ntersects the stablllty domain at
point P, the limiting’ value of shear and normal forces in
the nail.

The contributioﬁ of the nails to the stability of a-

given slice is handled by applying the normal and tangential
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reinforcing forces at the failure surface to the base of the
slice and along its axis. In addition, in cases of highly
heterogeneous soils it is possible to distribute the nail
forces, both shear and tension, over a larger area. This is
possible through the specification of a base width of
diffusion for the forces L, and an angle of diffusion ALB,
(both breviously,defined in Section 3.2.6) which @efine how
the'diffused area'expands as it moves from the head of the

nail to the slip surface. The calculation process for the

overall stability is as follows.

a) - Calculation of the safety factor for the

unreinforced soil.
b) Calculation of the tension and shear forces for

each reinforcement, based on the previously
calculated safety factor.

c) Determination of the distribution of tensors
associated with (b). _ ‘

d) Calculation of the reinforced soil safety factor.

e) Iteration from steps  (b) through (e) until
convergence is obtained between the safety
factors. -

It is necessary to iterate until converéion. because
calculation of the tension and shear forces'in the nails
depends on the unreinforced soil safety factor. In order to
derive an overall or global safety factor, Talren adds the
component 6f the tension forces supplied by the nails

perpéndicular to the slip surface to the resisting moment,
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and subtractsvthe shear resistance suppliad by the nails
from the driving. forces.

output from Talren is in the form of plots of the wall
cross-section wi