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ABSTRACT: A seismic design procedure for tied-back retaining walls was synthesized 

based on an existing, widely used, semi-empirical design procedure for gravity design of 

tied-back walls.  The design procedure was tested by designing a range of case study 

walls and then subjecting them to simulated earthquakes by numerical time-history 

analysis using PLAXIS finite element software for soil and rock.  The response of the 

walls to a variety of real earthquake records was analysed including deformations, wall 

bending moments, and anchor forces. 

From the results of these analyses, it was observed that all of the wall designs were robust 

and performed very well, including those designed only to resist gravity loads.  In some 

cases large permanent deformations were observed (up to 400 mm) but these were for 

very large earthquakes (scaled peak ground acceleration of 0.6 g).  In all cases the walls 

remained stable with anchor forces safely below ultimate tensile strength.  Wall bending 

moments reached yield in some cases for the extreme earthquakes, but this is considered 

acceptable provided the wall elements are detailed for ductility. 

Walls designed to resist low levels of horizontal acceleration (0.1 g and 0.2 g) showed 

significant improvements in performance over gravity only designs in terms of permanent 

displacement for relatively modest increases in cost.  Walls designed to resist higher 

levels of horizontal acceleration (0.3 g and 0.4 g) showed additional improvements in 

performance but at much greater increases in cost. 

1 INTRODUCTION 

Kramer [1996] has summarised the limited research available on this topic.  Very few reports of the 

behaviour of tied back walls during earthquakes are available.  Ho et. al. [1990] surveyed ten anchored 

walls in the Los Angeles area following the Whittier earthquake of 1987 and concluded that they 

performed very well with little or no loss of integrity. 

Numerical analyses of tied-back walls have been performed by Siller and Frawley [1992] and Siller 

and Dolly [1992] who found that walls with stiff, more closely spaced anchors develop smaller and 

more uniform permanent displacements than walls with softer anchors and greater vertical spacing of 

anchors.  Walls designed for higher static earth pressures were also found to develop smaller 

permanent displacement than walls designed to lower static pressures.  Walls with higher initial 

anchor preloads were found to develop smaller permanent displacements than walls with lower 

preloads. 

Fragaszy et. al. [1987] found that wall elements that extend into the foundation soils may be subjected 

to very high bending moments at the base because of phase differences in movements between the top 

and bottom of the wall.  Inclined anchors extending below the base of the excavation may become 

highly stressed when the bonded end of the anchor embedded in soil moves out of phase with the wall 

face. 

Detailed design guidance for tied-back walls has been provided by Sabatini et. al. [1999] within a 

general design manual for tied-back walls prepared for the US Department of Transportation, Federal 
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Highway Administration.  This manual is in wide use within the US and is gaining increasing 

acceptance within New Zealand.  They recommend the use of the pseudo-static so called Mononobe-

Okabe method [Okabe, 1926; Mononobe and Matsuo, 1929] to calculate earthquake induced active 

earth pressures acting against the back face of a tied-back wall.  A seismic coefficient from between 

one-half to two-thirds of the peak horizontal ground acceleration (0.5 PGA to 0.67 PGA) is 

recommended to provide a wall design that will limit deformations to small values acceptable for 

highway facilities. 

This paper reports on a study into the performance of tied-back retaining walls by use of numerical 

time-history analysis using PLAXIS finite element software for soil and rock [Brinkgreve & Vermeer, 

1988].  Too few field studies from actual earthquakes are available to make meaningful conclusions 

and testing of scale models on a simple 1 g shaking table is of limited use because of the impossibility 

of satisfying scaling laws without increasing the gravity field (such as in a centrifuge).  Numerical 

analysis is probably the only practical way to investigate the complexity of tied-back wall behaviour 

during earthquake shaking and has become a recognised tool for exploring soil-structure interaction 

problems. 

The study focussed on developing a rational and practical design procedure for seismic loading based 

on the FHWA gravity procedure and then verifying it by considering different case studies of tied-

back walls.  The case study walls were designed using the proposed procedure and then subjected to 

different earthquake time-histories using PLAXIS.  The performance of each wall design was assessed 

for each earthquake by monitoring various key parameters including displacement, wall bending 

moments, and anchor forces. 

2 FAILURE MODES FOR TIED-BACK WALLS 

Possible modes of failure for tied-back retaining walls are illustrated in cartoon fashion in Figure 1.  A 

complete design procedure needs to address each of these modes of failure: 

a) Tensile failure of tendon:  The range of tendon loads must be established with suitable 

margins for safety. 

b) Grout/ground bond failure:  Generally this should always be established on site by proof 

testing given the difficulty in predicting the capacity and the dependence on installer skill and 

technique. 

c) Tendon/grout bond failure:  Prevented by reference to proven/commercial anchor details. 

d) Wall bending failure:  Actual wall moments are very difficult to predict because of the 

interaction between soil and structure stiffness and the non-linearity of soil stiffness.  

However, wall hinging does not necessarily create a mechanism provided the wall element is 

ductile. 

e) Passive failure at foot of wall:  Insufficient embedment depth for continuous walls or soldier 

piles leads to passive failure of the soil immediately in front of the wall and instability of the 

wall and soil mass. 

f) Forward rotation of wall:  Staging of excavation is necessary to prevent forward rotation of 

wall prior to anchor installation.  The wall needs sufficient bending strength to resist 

cantilever moments for staged excavation.  Anchors need to be of sufficient capacity and 

length to prevent forward rotation. 

g) Bearing failure underneath wall:  Caused by downwards component of anchor force.  Check 

axial capacity of soldier piles, or, bearing capacity of foot of continuous wall.  Bearing loads 

may be reduced by reducing the anchor inclination as much as possible (15 degrees is a 

practical minimum). 

h) Failure by overturning:  Essentially same as (f).  Anchors need to be of sufficient capacity and 

length to prevent forward rotation. 
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i) Failure by sliding:  Possible mode for cohesionless soils.  Factor of safety controlled by 

increasing depth of embedment of wall and/or soldier piles.  Factor of safety calculated using 

limiting equilibrium “wedge” analysis. 

j) Failure by rotation:  Possible mode for cohesive soils.  Factor of safety controlled by 

increasing depth of embedment of wall and/or soldier piles.  Factor of safety calculated using 

limiting equilibrium “Bishop” analysis or similar. 

3 GRAVITY DESIGN  

Tied-back retaining walls were used originally as a substitute for braced retaining walls in deep 

excavations.  Ground anchor tie-backs were used to replace bracing struts that caused congestion and 

construction difficulty within the excavation.  Design procedures evolved from those developed for 

braced excavations and are typically based on the so-called “apparent earth pressure” diagrams of 

Terzaghi and Peck [1967] and Peck [1969].  These diagrams were developed empirically from 

measurements of loads imposed on bracing struts during deep excavations in sands in Berlin, Munich, 

and New York; in soft to medium insensitive glacial clays in Chicago; and in soft to medium 

insensitive marine clays in Oslo. 

These original “apparent earth pressure diagrams” were not intended by the authors to be a realistic 

representation of actual earth pressures against a wall but to be “…merely an artifice for calculating 

values of the strut loads that will not be exceeded in any real strut in a similar open cut.  In general, the 

bending moments in the sheeting or soldier piles, and in wales and lagging, will be substantially 

smaller than those calculated from the apparent earth pressure diagram suggested for determining strut 

loads.”[Terzaghi & Peck, 1967].  

Since 1969, remarkably few significant modifications to this original work have been adopted in 

practice.  More recently, Sabatini et. al. [1999] proposed a more detailed design procedure based on 

the apparent earth pressure approach intended specifically for pre-tensioned, tied-back retaining walls 

in a comprehensive manual prepared for the US Department of Transportation, Federal Highway 

Administration.  This manual is in wide use within the US and is gaining acceptance within New 

Zealand. 

This “FHWA” procedure was used for the baseline gravity designs for this study and was modified to 

provide a tentative seismic design procedure, as follows. 

4 SEISMIC DESIGN PROCEDURE 

The only published advice specific to design of tied-back retaining walls was found within the FHWA 

manual  [Sabatini et. al., 1999].  FHWA recommend use of the pseudo-static Mononobe-Okabe (M-O) 

theory to design tied-back retaining walls but do not give a detailed procedure. Nor is such a procedure 

obvious because the recommended design procedure for tied-back walls under gravity loading is based 

on empirical “apparent earth pressure” diagrams. 

The FHWA manual states that the design of brittle elements (e.g. the grout/tendon bond) should be 

governed by the peak force (i.e. corresponding to peak ground acceleration, PGA).  Design of ductile 

elements (e.g. tendons, steel sheet piles, soldier piles) should be governed by cumulative permanent 

seismic deformation, or in lieu of such analysis, design should be based on 0.5 times the PGA.  

However, no advice is given as to how the “peak force” might be calculated. 

Given that the anchor tendons are, effectively, long springs with little mass then there seems no reason 

why they should be subject to high peak forces and should respond only to elongation from gross 

movements within the soil mass. 
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Figure 1  Possible modes of failure for tied-back retaining walls [Sabatini et. al., 1999]. 

The following tentative procedure was synthesized based on the FHWA procedure for gravity loading 

by applying the following rationale. 

a) The apparent earth pressure used for wall design in gravity loading is calculated based on KA, 

the Rankine coefficient of active earth pressure.  Therefore, substitute KAE, the M-O coefficient 

of active earth pressure under earthquake acceleration to calculate an equivalent apparent earth 

pressure for the earthquake design case.  

b) Anchor free lengths are normally extended to beyond the location of the Coulomb active wedge 

slip plane when designing tied-back walls for gravity loading.  Therefore, extend the anchor 

free length to extend to the location of the equivalent M-O slip plane for earthquake loading.  

c) The M-O equations should also be used when checking the external stability of the wall.  

The following procedure is essentially the same as that used for the case studies examined in this study 

but includes some minor improvements arising from the results of the case study analyses [McManus, 

2008].  Only non-cohesive soils are considered in detail.  Examples of the calculations are given for 

the case studies in the full report [McManus, 2008]. 

a) Initial trial geometry:  The depth of excavation and depth to each row of anchors needs to be 

estimated as a first step, based on experience or trial and error. 
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b) Prepare apparent earth pressure diagram:  As shown in Figure 2.  Note that KA is calculated 

using the Mononobe-Okabe equation with the selected design pseudo-static acceleration.  The 

wall is assumed to be frictionless (i.e. the wall is likely to move downwards with any active soil 

wedge). 

c) Calculate anchor design load(s): As shown in Figure 2. 

d) Calculate wall base reaction, R: As shown in Figure 2.  

e) Calculate wall section bending moment:  From the apparent earth pressure diagram as shown in 

Figure 2.  These methods are considered to provide conservative estimates of the calculated 

bending moments, but may not accurately predict the specific locations of the maximum.  

FHWA recommends an allowable stress of Fb = 0.55 Fy for steel soldier piles.  For New 

Zealand design procedures using load and resistance factor design (LRFD) principles and for a 

strength reduction factor for steel sections of 0.8, an equivalent load factor of 0.8/0.55 = 1.45 is 

implied.  However, for consistency with New Zealand practice a load factor of 1.6 is 

recommended for the purpose of sizing wall structural elements.  (This procedure was found to 

be suitably conservative for the case studies in this study). 

f) Determine depth of embedment of wall elements:  Calculate required depth of embedment for 

soldier piles to resist wall base reaction (R) using Broms [1965] (but calculating Kp using the 

Mononobe-Okabe equations including the design acceleration), or, for continuous walls using 

passive resistance from Mononobe-Okabe theory.  A strength reduction factor of 3 is 

recommended to be applied to these calculations because of the large plastic strains required to 

mobilise the full passive resistance.  

g) Check internal stability of the wall:   A possible internal failure mechanism is shown in Figure 3 

(corresponding to mechanisms (a), (b), and (c) in Figure 1), with an active failure wedge 

immediately behind the wall, a passive wedge immediately in front of the embedded toe of the 

wall, and the anchor(s) developing their ultimate capacity (taken to be the proven, test capacity, 

normally 1.33 times the design load or 80 percent of the anchor tensile capacity).  The true 

factor of safety may be determined by progressively reducing the assumed soil strength in the 

calculations until the driving and resisting forces are just equal, when the factor of safety 

against sliding is given by: 
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For the earthquake load case using pseudo-static design, a minimum factor of safety of 1.2 is 

recommended, but not less than the factor of safety against external stability.  

h) Set “free” length of anchor tendons:  The “free” length of the anchor tendons should extend 

beyond the active soil wedge defined by the Mononobe-Okabe theory flattened by five degrees, 

originating at the base of the wall or the embedded soldier piles as indicated in Figure 3. 

i) Check external stability of the wall:  External stability of tied-back retaining walls in 

cohesionless soil is controlled by horizontal sliding of the wall with formation of an active soil 

wedge behind the wall and a passive wedge in front of the wall base, as shown in Figure 3 

(corresponding to mechanism (i) in Figure 1).  The critical failure surface is assumed to pass 

immediately behind the anchor bond zone, as shown.  For the earthquake load case using 

pseudo-static design, a minimum “true” factor of safety of 1.1 based on mobilised soil shear 

strength is recommended. 

Note:  When calculating passive soil resistance, the interface friction angle should be set to be no 

more than /2.  Use of higher values is not recommended because the resulting values of passive 

resistance will be unrealistically high because of curvature of the failure surface.  
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Figure 2  Apparent earth pressure diagrams for walls with single and multiple rows of anchors in sand. 
[Sabatini et. al., 1999]. 

 

Figure 3  Internal and external failure mechanisms for walls in sand. 
[Sabatini et. al., 1999]. 

5 METHODOLOGY 

Three case studies were considered for this study, chosen to cover a range of typical scenarios: 

a) Single row of anchors in deep sand soil (7 m high wall) 

b) Two rows of anchors in deep sand soil (12 m high wall) 

c) Two rows of anchors in deep sand soil (12 m high wall) with increased anchor free-length 

trialled 

Only the results of the single row of anchors are considered in this paper. 

Tied-back walls up to about 7 m in height are usually able to be constructed with a single row of 

anchors.  Such walls should be able to be designed using simple procedures with the wall structure 

being relatively stiff and without significant kinematic effects during earthquake shaking. 

As walls become higher, with multiple rows of anchors, the wall elements become relatively more 

flexible and kinematic effects during shaking are likely to become more important.   

A uniform sand soil was used for this study and was intended to be representative of granular soil 

profiles in general.  Obviously, much more complex stratigraphies will be encountered in practice, but 

the reason for simplifying the stratigraphy was to simplify the model as far as practicable to assist with 
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interpretation of the results. 

Three earthquake accelerogram records were selected to use as input motions for the time history 

analyses of this project:   

• Loma Prieta Earthquake of 18 Oct 1989,  ML = 6.9, Dist = 43km,  PGA = 215 cm/s/s 

• Parkfield Earthquake of 28 Sept 2004,  ML = 6.0, Dist = 11.6km,  PGA = 300.0 cm/s/s 

• Sierra Madre Earthquake 28 Jun 1991,  ML = 5.8, Dist = 18.1km,  PGA = 273.9cm/s/s 

The objective in using multiple records was to include the influence of earthquake variability on wall 

performance. 

6 CASE STUDY 1: SINGLE ROW OF ANCHORS IN SAND 

This case is for a 7 m deep excavation in sand.  It is assumed that the water table has been drawn down 

to the base of the excavation.  Typically, such an excavation would be made using concrete soldier 

piles with sprayed concrete facing for a permanent installation or galvanised steel UC sections with 

timber lagging.  A single row of tie-back ground anchors is usually found to provide an economical 

solution with a two stage excavation process:  Installation of soldier piles from the ground surface, 

excavation to 2 m depth, installation and stressing of the ground anchors, and final excavation to full 

depth. 

A cross-section through the PLAXIS model is shown in Figure 4.  The depth to the first row of 

anchors was made 2 m based on experience leaving a further 5m deep excavation below.  The anchor 

inclination is set at 15 degrees, about the flattest angle practicable.  The bond length (yellow line, 

PLAXIS geogrid element) is set at 7 m which is typical for ground anchors in sandy soils assuming 

that multi-stage pressure grouting is utilised.  The anchor free length (black line, PLAXIS node-to-

node anchor), was determined using the FHWA gravity procedure. 

The assumed soil properties are considered typical for clean, medium-dense sand with ’ = 35 degrees 

and c’ = 1 KN/m
2
.  A hardening soil model was used with E50

ref 
= 30 MN/m

2
 and Eur

ref 
= 90 MN/m

2
 . 

Five different walls were designed, each to different levels of pseudo-static acceleration (nil or gravity 

only, 0.1g, 0.2g, 0.3g, 0.4g) and each design was subjected to shaking using the three chosen 

earthquake records at three different intensities (PGA = 0.2g, 0.4g, 0.6g).  Wall displacements, 

bending moments, and anchor forces were monitored.  Earthquake shaking was applied to a simulated 

rock basement at depth and  standard PLAXIS earthquake energy absorbing boundaries were used. 

 

Figure 4.  PLAXIS model Sand 1: Gravity only design. 

7 CASE STUDY 1:RESULTS OF ANALYSES 

The curves from Figure 5 show that as the wall was designed to resist greater levels of quasi-static 
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horizontal acceleration the wall performance in terms of permanent displacement improved 

significantly for all levels of earthquake shaking.  However, the cost of the wall also increased 

substantially, especially for higher levels of design acceleration. 
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Figure 5.  Cost-Performance summary for Case Study 1.  

These benefit-cost ratios indicate that the optimum design is probably gained by making the design 

acceleration about ½ the PGA of the design earthquake (e.g. for design earthquake with PGA = 0.2 g 

make the design acceleration 0.1 g, and for a design earthquake with PGA = 0.4 g make the design 

acceleration 0.2 g).  Such a recommendation would be in keeping with accepted practice which is to 

design gravity retaining walls to resist pseudo-static acceleration of between ½ and 1/3 of the design 

earthquake PGA. 

It is also important to know that the anchor forces do not exceed tendon capacity even instantaneously 

during earthquake shaking.  The variation of anchor forces during shaking is shown in Figure 6 for the 

gravity wall design during shaking to the Loma Prieta record scaled to 0.6g.  There is a sharp increase 

in anchor force at about 10 seconds elapsed time, approximately coincident with the main acceleration 

pulse but only minor fluctuations otherwise.   
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Figure 6.  Anchor force and wall crest displacement versus time for gravity design, 0.6 g Loma Prieta record.  
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8 CONCLUSIONS 

A seismic design procedure for tied-back retaining walls was synthesized based on an existing, widely 

used, semi-empirical design procedure for gravity design of tied-back walls.  Application of this 

design procedure to simple one-row walls in sand was found to give robust designs that were able to 

sustain shaking at high levels of intensity (PGA up to 0.6g), far greater then the design acceleration.  

In all cases the walls remained stable with anchor forces safely below ultimate tensile strength.  Wall 

bending moments reached yield in some cases for the extreme earthquakes, but this is considered 

acceptable provided the wall elements are detailed for ductility.  In some cases large permanent 

deformations were recorded (up to 400 mm for 7 m high wall).  Permanent deformation was reduced 

for walls designed to resist increasing levels of pseudo-static acceleration but was never zero, even for 

walls designed to resist the full earthquake PGA. 

The wall cost, in terms of materials (anchors, wall elements etc.), increased rapidly as the design 

acceleration increased while the benefit, in terms of reduced permanent deformation, decreased.  The 

optimum design is probably gained by making the design acceleration about ½ the PGA of the design 

earthquake.  Such a recommendation is in keeping with accepted practice which is to design retaining 

walls to resist pseudo-static acceleration of between ½ and 1/3 of the design earthquake PGA. 
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