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ABSTRACT: Current design methods for the internal stability analysis of geosynthetic reinforced soil walls
are based on limit equilibrium analysis and the assumption of a simultaneous failure state for the soil and rein-
forcement. The paper reviews deficiencies in the use of strength-based analyses for reinforcement rupture and
pullout design of walls under operational conditions. Measured and predicted reinforcement loads using the
current North American Simplified (tie-back wedge) Method are compared and predicted values shown to be
very poor on average. Sources of poor prediction accuracy are identified using results of instrumented full-
scale walls and numerical modeling. The essential features of a new empirical-based working stress design
method (K-stiffness Method) are presented. This new method explicitly includes the influence of reinforce-
ment stiffness and the structural facing amongst other contributions. Statistical analysis of the bias of meas-
ured to predicted load is used to demonstrate the improved accuracy of this new load design approach. Final-
ly, the paper discusses the implications of load model accuracy on reliability-based limit states design
calibration.

1 INTRODUCTION 2 LIMIT EQUILIBRIUM DESIGN METHODS

Geosynthetic reinforced soil walls have been in use
since the 1970s and they are now a well- 2.1 General
established technology for retaining wall applica-
tions. The popularity of these systems has been
driven by economics. For example, geosynthetic
reinforced soil walls have been demonstrated to be
about 50% of the cost of conventional (gravity) re-
taining wall systems (Koerner et al. 1998).
Nevertheless, there are a number of challenges and
issues related to our understanding of the behavior
of these systems and the development of the next
generation of calibrated internal stability design
methods using reliability-based theory. This paper
discusses some of these issues including the role of
the empirical-based K-stiffness Method for the
calculation of loads in future generations of relia-
bility-based limit states design methods for geo-
synthetic reinforced soil retaining walls.

Current design methods for reinforced soil walls
that appear in design guidance documents are
based on extensions of classical limit equilibrium
theory (e.g. AASHTO 2002, 2007; FHWA 2001;
BS8006 1995; CFEM 2006; Geoguide 6 2002,
NCMA 2009; PWRC 2000). Simply stated, these
methods are based on models that assume the
backfill soil is at a failure state consistent with the
notion of plasticity and at the same time there is a
corresponding and simultaneous failure mechan-
ism developed in one or more reinforcing elements
(e.g. reinforcement rupture or pullout). The appli-
cation of limit equilibrium theory to design leads
to the assumption of a contiguous internal failure
mechanism through the reinforced soil zone de-
fined by a wedge, bi-linear wedge or circular slip
surface.

In North America, the Simplified Method for
geosynthetic walls was developed from the tie-
back wedge method used to design the earliest
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geosynthetic walls in the 1970s (Whitcomb and
Bell 1979). The tie-back wedge method was based
on the concept used by Vidal for internal stability
design of steel reinforced walls. The tie back
wedge method initially used the coefficient of
earth pressure-at-rest (K,) to compute the earth
pressures/forces carried by the reinforcement lay-
ers and then a few years later the coefficient of ac-
tive earth pressure (K,) was adopted for the entire
full height of the geosynthetic wall.

The Coherent Gravity Method assumes a bi-
linear failure block for internal stability design and
can be understood to be a variant of the single
wedge approach. Nevertheless, semi-empirical ad-
justments to the computed earth pressure coeffi-
cient were required to give a reasonable match be-
tween measured steel reinforcement loads under
operational conditions and predicted values. Here,
the term “operational conditions” refer to working
stress conditions. For reasons discussed later these
conditions correspond essentially to the end of
construction provided that site conditions and
boundary load conditions do not vary over the life
of the structure (the typical assumption for earth
structures in static load environments). Without the
empirical adjustments noted above, the observed
generally good agreement between measured rein-
forcement loads in steel reinforced soil walls under
operational conditions and design predictions is
not possible. Recent statistical analysis of steel
reinforcement loads using the AASHTO Simpli-
fied Method and the Coherent Gravity Method has
confirmed the generally good agreement between
design theory and measured loads (Bathurst et al.
2008b, 2009). Nevertheless, some improvement
between observed and measured reinforcement
loads in steel reinforced soil walls is possible by
using an empirical-based working stress method
that accounts for the reinforcement stiffness (Allen
et al. 2004).

To the best of the writers’ knowledge the accu-
racy of the AASHTO Simplified Method (i.e. tie-
back wedge method) for geosynthetic reinforced
soils was never validated against best estimates of
reinforcement loads taken from instrumented walls
before it was adopted in current North American
design codes. One reason was that there were very
few instrumented walls available in the late 70s
and early 80s. Furthermore, strategies to estimate
reinforcement loads from strain measurements
were not available. Nevertheless, the opinion of
experienced design engineers at that time (and con-
tinues today) was that the AASHTO Simplified
Method gave computed reinforcement load values
that were conservative (i.e. safe) for design (e.g.
Allen and Holtz 1991; Rowe and Ho 1993; Allen
et al. 2002).

While the general approach is safe it is not ac-
curate (on average) as demonstrated later in the
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paper. There are a number of disadvantages of lim-
it equilibrium-based methods for internal stability
design of geosynthetic reinforced soil walls which
contribute to their poor prediction accuracy. For
example, Leshchinsky and Han (2003) identified
the following shortcomings of limit equilibrium-
based methods:

1) Equilibrium is satisfied only for sliding mass
modes of failure;

2) Deformation is not considered;

3) In simplified methods, failure is allowed only
on predefined surfaces; and

4) Kinematics are not considered so that some

failure mechanisms may not be possible.

Hence, if reinforced soil walls are assumed a
priori to be at incipient collapse for design purpos-
es, the general approach has major deficiencies. In
fact, walls are designed for working stress condi-
tions. Given the points made above it cannot be
accepted that limit equilibrium-based methods of
analysis for internal design of reinforced soil walls
are rational. It is more appropriate to understand
that this general approach results in simple models
that do not satisfy a consistent mechanics frame-
work but nevertheless result in conservative (safe)
designs. Furthermore, the complex interactions that
develop between a structural facing (a common
feature of permanent walls) and the soil and rein-
forcement cannot be captured using simple wedge
or slip surface models based only on force-
equilibrium. The persistence of limit equilibrium-
based models for the internal stability design of
geosynthetic reinforced design in current design
codes is largely the result of lack of an alternative
analytical approach. Nevertheless, the earliest at-
tempts in North America to improve the prediction
accuracy of geosynthetic reinforcement loads un-
der operational conditions recognized that rein-
forcement loads were a function of displacement
and hence the tensile stiffness of the reinforcement
is a fundamental property for design (Christopher
1990, 1993). An obvious shortcoming of limit-
equilibrium methods that consider only the
strength of the reinforcing elements is that pre-
dicted loads under operational conditions will be
the same for steel and relatively extensible poly-
meric materials provided they have the same
strength and number of layers in the wall.

2.2 Reinforcement loads under operational
conditions

The writers and co-workers have collected data
from 31 instrumented geosynthetic reinforced soil
walls (Allen and Bathurst 2002; Allen et al. 2003;
Bathurst et al. 2005, 2008b). Of these case studies



a total of 13 structures were constructed with cohe-
sionless backfill soils.

Walters et al. (2002) developed a method to esti-
mate geosynthetic reinforcement loads in instru-
mented walls using a suitably selected secant stiff-
ness value (J) from in-isolation constant load
(creep), constant rate-of-strain (CRS) or constant
strain (relaxation) tests. Secant stiffness values cor-
responding to 2% strain are plotted against time in
Figure 1. The secant stiffness value used to esti-
mate reinforcement loads in instrumented walls
was selected based on measured strain (¢) and du-
ration of tensile loading (t) at the point of maxi-
mum internal strain in the wall. Hence, the maxi-
mum reinforcement tensile load Ty can be
computed as:

Toax =J(&,t) X & (1

The accuracy of this approach was confirmed

by comparing estimated loads using the secant
stiffness approach with directly measured loads in
the reinforcement where these two sets of mea-
surements were available (Walters et al 2002; Ba-
thurst et al. 2005).
Measured loads based on interpretation of rein-
forcement strains are plotted against calculated
loads in Figure 2. The predicted (calculated) loads
were computed using the AASHTO Simplified
Method:

Tomax = Koy Sy @)

Here, K is the horizontal component of the ac-
tive earth pressure coefficient, o, is the vertical
stress at the reinforcement elevation and S, is the
reinforcement vertical spacing. The data show that
on average the measured loads are about one third
of the computed values. The accuracy of the pre-
dicted loads is also poor based on the ratio of
measured to predicted loads — called load bias. The
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Figure 1. Secant stiffness values from in-isolation testing of
polypropylene (PP) geogrid specimens (Bathurst et al. 2005).
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Figure 2. Measured reinforcement load versus calculated
load using AASHTO Simplified Method.

spread (scatter) in the ratio of measured to pre-
dicted load (using the coefficient of variation of
this ratio) is greater than 50%. In fact, the calcu-
lated loads were computed using the peak plane
strain friction angle of the backfill soil. In practice,
engineers use the peak triaxial or direct shear fric-
tion angle for design which is less than the plane
strain values used in this comparison. In some cas-
es designers use the residual friction angle of the
soil which is even lower. Hence, in practice the
predicted maximum reinforcement loads will be
less and the accuracy of the AASHTO Simplified
Method to predict reinforcement loads under oper-
ational conditions even poorer and more conserva-
tive. Furthermore, the distribution of loads does
not increase linearly with depth as predicted using
the Simplified Method. Figure 3 shows normalized
load data for measured and predicted values at end
of construction using the current Simplified Me-
thod and cohesionless soils. The maximum load
Tmax in a reinforcement layer is normalized with
Tixmx Which is the maximum reinforcement load in
the wall, and the reinforcement depth (z + S) is

N
01l R > Q_
. o o_. o T—- Envelope to capture 98%
@» 024 © 0 2 oS~ of measured data points.
I oo @X° o T~
= 03 ~——_
? -~
& oa o &° &° ) > (04
= © o 7
@. 05 > @ | fos
B 06 ° o %o o | 06
2 | o
I Number of °
§ 07 ]| datapoints  Normalized load ° 0%¢ 07
g 58 O measured ° Q@ ©
2 o8 O predicted o o0 fos
(]
09 o ®P o o © g 0.9
o
1.0 4 1.0
00 01 02 03 04 05 06 07 08 09 10

Normalized load, T, /T mx

Figure 3. Normalized distribution of measured and predicted
reinforcement loads for walls with cohesionless backfill soil.



normalized with equivalent height of wall (H + S)
where H is the height of the reinforced soil zone
(wall) and S is the equivalent height of uniform
surcharge pressure (if applicable). The deviation of
the predicted load values from a straight line is be-
cause some walls did not have uniform reinforce-
ment spacing at all layers. It is clear that the gener-
al trend towards increasing Tmax With depth using
the AASHTO Simplified Method falls well within
the envelope that captures 98% of the measured
data. The large spread in the load bias data (i.e.
large COVq values) is due to the wide range of
over-estimated and under-estimated measured
loads with respect to predicted values. The under-
lying deterministic model does poorly to capture
both the trend in the distribution of load data with
depth and the magnitude of load in each rein-
forcement layer for walls under operational condi-
tions.

3 SOURCES OF CONSERVATISM IN
CURRENT PRACTICE

In the previous section the over-prediction of rein-
forcement loads using the Simplified Method has
been identified. Here we identify some sources of
this conservatism and the reasons for the bi-linear
distribution of reinforcement loads shown in Fig-
ure 3.

3.1 Influence of facing stiffness and toe support

The influence of facing type on the performance of
the RMC walls was reported by Bathurst et al.
(2006). Wall 1 (Figure 4a) was constructed with a
relatively stiff modular block facing and Wall 4
(Figure 4b) with a very flexible wrapped-face con-
struction. In most design guidance documents the
structural capacity of a hard facing with good toe
support is ignored in the computation of rein-
forcement load. An example is the current AASH-
TO (2002) Simplified Method (tie-back wedge me-
thod) and BS8006 (1995). These methods and
variants use a contributory earth pressure approach
to assign active earth loads to each reinforcement
layer (Equation 2).

For the two walls shown in Figure 4, predicted
Tmax load values were calculated using three dif-
ferent peak friction values for the backfill soil (¢ =
dps (plane strain) > ¢gs (direct shear) > ¢, (constant
volume)) determined from laboratory direct shear
and plane strain tests and wall-soil interface fric-
tion angle 8 = ¢. The results of these calculations
appear as the linear lines in Figures 5a and 5b. To
make fair comparisons between walls with and
without a hard face the conservative assumption
(i.e. safer for design) was made to assume a soil-
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Figure 4. Example RMC full-scale reinforced soil walls.

to-soil interface inclined at ® = 8° for the wrapped-
face wall and located 0.3 m from the face of the
wall (i.e. at the location of the clamps shown in
Figure 4b). Predicted load values at each surcharge
load level can be seen to decrease with increasing
peak friction angle as expected using Coulomb
earth pressure theory. The peak friction angle (¢gs)
from direct shear tests (or conventional triaxial
compression tests) is specified in current North
American practice (AASHTO 2002, NCMA 2009).
Allen et al. (2002) have proposed that the peak
plane strain angle (¢ps) be used in current rein-
forced soil wall design practice (tie-back wedge
method) since wall geometry typically conforms to
a plane strain condition. Furthermore, lower rein-
forcement loads are predicted which reduces the
discrepancy with observed loads in field walls that
have been inferred from measured strains. Indeed,
the data for the hard-face (segmental) wall in Fig-
ure 4a shows that the least discrepancy between
predicted and measured reinforcement loads at all
surcharge levels corresponds to calculations using
the peak plane strain friction angle (¢ = ¢ps). The
magnitude of the discrepancy between predicted
and measured results increases as the value of ¢
decreases.



Superimposed on the figures is the creep-
limited strength for the reinforcement (3.9 kN/m).
The creep-limited strength value is a limit state for
design since it represents a reinforcement tensile
load that if sustained over a long period of time
can be expected to lead to strain to rupture of the
layer. The measured data show that the creep-
limited strength of the critical reinforcement layer
in Wall 1 was reached at a surcharge load of 90
kPa while predicted surcharge levels to reach this
limit state are 47, 35 and 23 kPa for calculations
carried out with ¢ equal to dyps , dgs and ¢y , respec-
tively. Hence, the surcharge load level required to
reach this limit state is under-predicted by a factor
of 1.9, 2.6 and 3.9 for the hard-face wall structure
using ¢ equal to ¢ps , Pgs and ¢y , respectively.

A similar set of data are shown in Figure 5b for
the flexible wrapped-face wall structure. The sur-
charge load level to reach the -creep-limited
strength limit state is 29 kPa which is 3.1 times
less than the value of 90 kPa for the nominally
identical stiff-face wall. This difference is ascribed
to the relatively low facing column stiffness for the
flexible wrapped-face wall structure. It can be
noted that the tie-back wedge method using the
peak plane strain friction angle (¢ = ¢,s) gives rea-
sonably accurate estimates of measured reinforce-
ment loads (i.e. generally within £1 standard dev-
iation of the mean measured load value) for
surcharge levels up to 50 kPa. At end of construc-
tion the peak direct shear value calculation with ¢
= (¢gs gives a value of maximum reinforcement
load that matches the measured value but over-
estimates the measured values during subsequent
surcharging. Within experimental error it can be
argued that the surcharge load to reach the creep-
limited strength value of the reinforcement falls
within limits predicted using peak direct shear and
peak plane strain friction angles for the soil (¢as =
41° and ¢s = 44°, respectively). Calculations using
¢ = ¢cy under-estimated the surcharge load level to
achieve the creep-limited strength of the critical
layer by a factor of 2.9. While not shown here,
wall deformations were also higher for the flexible
face wall than for the nominally identical wall with
a hard facing, demonstrating that the facing col-
umn acted as a structural member to carry a por-
tion of the earth load acting against the face.

It should be noted however, that the RMC
wrapped-face wall is an unusually flexible struc-
ture. It was purposely designed to encourage a soil
failure mechanism at end of construction. This ob-
jective was met. However, wrapped-face wall
structures in practice are constructed with facing
wraps that extend into the reinforced soil zone and
this can be expected to give a stiffer facing per-
formance. The soil reinforcement material used in
this test wall was also very extensible. Hence, the
surcharge pressure to achieve the same perfor-

537

7.0 / predicted load using
/ tie-back wedge method
65 ; (5=6,7=16.7 kN/m3)
6.0 /
, V dds

5.0 creep-limited /
strength

measured load ~

maximum reinforcement load, Trax (kN/m)

+1 standard !
deviation |
|

|

i
I
|
i
|
|
i
|
|

|
i
! |
| |

! | segmental wall
7 } layer 5
| |

5 60 70 80 90
surcharge, q (kPa)

a) hard-face wall (Wall 1)

100 110 120

predicted load using tie-back wedge method
(6= 6,7=16.7 kN/m3)
|

ops

creep-limited / 7 ~— measured load

strength

+1 standard deviation

maximum reinforcement load, Tmgx (kN/m)

wrapped-face wall
layer 4

50 60 70 80 90
surcharge, q (kPa)

100 110 120

b) wrapped-face wall (Wall 4)

Figure 5. Predicted and measured maximum reinforcement
tensile loads at end of construction and during surcharging
for hard-face segmental wall and flexible wrapped-face wall.

mance limit state can be expected to be greater for
a similar height wrapped-face structure in the field
constructed with stiffer geogrid reinforcement.
Consequently, it may be expected that the agree-
ment between predicted peak maximum rein-
forcement load and the measured load would be
closest using a peak plane strain friction angle for a
wall built with facing wraps that extend back into
the soil.

A major important conclusion from the analysis
of these two walls was that by using the peak plane
strain friction angle of the sand backfill in rein-



forcement load calculations, the maximum load in
the reinforcement layers for the very flexible
wrapped-face wall was reasonably well predicted
using the current AASHTO Simplified Method
(AASHTO 2002). Hence, for this idealized case,
fundamental limit equilibrium concepts can be ar-
gued to apply. However, reinforcement loads were
over-predicted using the same method applied to
the wall with the hard facing. Clearly, the hard fac-
ing was a structural element that added to the earth
load capacity of the wall. However, this contribu-
tion requires that there be sufficient restraint at the
toe of the wall facing column. In the RMC walls
with a hard face, the toe of the wall was seated on
a set of frictionless linear bearings to decouple the
measured horizontal and vertical toe loads. The toe
was restrained in the horizontal direction using
load rings that nevertheless had a measureable
compliance (i.e. were not perfectly rigid) (Figure
4a).

To examine the potential load capacity at the
toe of the wall a series of full-scale laboratory di-
rect shear tests were carried out using smooth bot-
tom concrete blocks placed on a flat concrete sur-
face (footing) and two different crushed stone
aggregate leveling pads (Huang et al. 2010). The
shear tests showed that a horizontal movement of 2
mm matching the value observed at the toe of the
hard faced wall at the end of construction gave the
same horizontal load as that measured in the full-
scale wall test. Hence, the magnitude of horizontal
load developed at the supported toe in the RMC
wall test is judged to be reasonable for these sys-
tems in the field provided that the foundation soil
below the leveling pad or concrete footing is stiff
and competent. In a program of complementary
numerical modeling, the horizontal toe restraint
was simulated using a linear spring with a stiffness
of 4 MN/m/m. To investigate the influence of low-
er toe support, a series of numerical simulations
were carried using a FLAC code previously vali-
dated against two full-scale walls constructed at
RMC: Wall 1 (Figure 4a) constructed with an ex-
tensible geogrid and Wall 6 which was nominally
identical to Wall 1 but constructed with a relatively
inextensible steel welded wire mesh (Huang et al.
2009). Simulations were carried out for a 6 m-high
modular block wall with variable toe support stiff-
ness. The results are reproduced in Figure 6. The
numerical results show that reinforcement loads
are attenuated at the base of the wall as observed in
physical wall case studies for toe stiffness values
greater than or equal 4 MN/m/m. If the toe stiff-
ness is progressively relaxed in a series of simula-
tions then the distribution of reinforcement loads
begins to approach a linear increasing trend with
depth below the wall. Nevertheless, while the trend
becomes more triangular-shaped the magnitude of
reinforcement loads is still less than values pre-
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m, o = 8 degrees). (after Huang et al. 2010)

dicted using the AASHTO Simplified Method.
Hence, the conservatism in predicted reinforce-
ment loads using current practice cannot be ex-
plained entirely by toe restraint. Figure 7 shows
that for the wall with the least toe support there
was not a contiguous internal failure mechanism
developed within the reinforced soil mass at the
end of construction. This is a necessary condition
if the underlying deterministic model in the
AASHTO Simplified Method is applicable.

It is possible that interface shear stiffness values
greater than 4 MN/m/m would result for a block
with a rougher base or a shear key that projects be-
low the base of the block into a granular base ma-
terial. Taken together, the data shows that signifi-
cant horizontal toe load capacity is possible
through shear transfer at the base of modular block
(segmental) walls and a granular leveling pad or
concrete footing that is seated in turn on a compe-
tent foundation.
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Figure 7. End-of-construction soil shear strain contours for
walls with polyester (PET) reinforcement and very low hori-
zontal toe stiffness = 0.04 MN/m/m. (H=6 m, S, =0.6 m, ®
= 8 degrees from vertical).

4 K-STIFFNESS METHOD

4.1 General

The poor prediction accuracy of current limit equi-
librium-based design methods (e.g. AASHTO
Simplified Method) prompted the writers and co-
workers to develop an empirical-based working
stress method to predict reinforcement loads in
reinforced soil wall systems. A characteristic fea-
ture of this method is the explicit inclusion of the
stiffness of the reinforcement; hence, the title “K-
stiffness method”. The general approach has been
adopted for both steel and geosynthetic reinforced
soil walls in an attempt to provide a seamless tran-
sition between what have historically been treated
as two distinct structure categories. However, this
paper is restricted to relatively extensible polymer-
ic reinforcement material (geosynthetics).

The K-stiffness Method is an empirical-based
method that has been refined from its first varia-
tion described by Allen et al. (2003) to its current
form as reported by Bathurst et al. (2008b). The
evolution of the method has occurred as more
quantitative wall performance data has been ga-
thered and the method extended to accommodate
cohesive-frictional backfill soils. At the core of the
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current method is an expression for the maximum
reinforcement load (Tmax) Which is expressed as:

Tmax = OSK’Y (H+S)Sv Dtmax (Dg q)local (Dfs thb CDC (3)

Here, H = height of wall and Dyyax = load distribu-
tion factor that modifies the reinforcement load
based on layer location (see bi-linear envelope in
Figure 3). The remaining terms ®,, ®jocat, Py, Py
and @, are influence factors that account for the ef-
fects of global and local reinforcement stiffness,
facing stiffness, face batter and soil cohesion, re-
spectively. The coefficient of lateral earth pressure
is calculated as K = 1 - sing with ¢ = ¢, = secant
peak plane strain friction angle of the soil. Howev-
er, it should be noted that parameter K is used as
an index value and does not imply that at-rest soil
conditions exist in the reinforced soil backfill ac-
cording to classical earth pressure theory.

The proposed model captures all qualitative ef-

fects due to reinforcement stiffness, soil strength,
facing stiffness and reinforcement arrangement ex-
pected by reinforced soil wall design engineers.
Furthermore, the general structure of the model
equation may be familiar to geotechnical engineers
using classical earth pressure theory in combina-
tion with a tributary area approach for the distribu-
tion of earth pressures to the internal reinforcement
layers. For example, the load carried by a rein-
forcement layer will decrease as soil friction angle
increases (i.e. because the magnitude of coefficient
of earth pressure K decreases). The reinforcement
load will increase as soil unit weight (y) and rein-
forcement spacing (S,) increases.
Further details of the development of the original
K-stiffness Method can be found in the papers by
Allen et al. (2003) and Bathurst et al. (2005). The
implementation of the original K-stiffness Method
for cohesionless backfill soils can be found in the
WSDOT (2005) guidance document. Details of
each influence factor and its calculation are de-
scribed next.

Parameter @, is a global stiffness factor that ac-
counts for the influence of the stiffness and spac-
ing of the reinforcement layers over the entire wall
height and is calculated as follows:

D, = a(Sgiobar/P)’ )

Here, Sgiobat 18 the global reinforcement stiffness
and o and B are constant coefficients equal to 0.25.
The non-dimensionality of the expression for glob-
al stiffness factor (®y) is preserved by dividing the
global reinforcement stiffness by p, = 101 kPa
(atmospheric pressure). The global reinforcement



stiffness (Sgiobal) accounts for the relative stiffness
of the walls and is computed as follows:

S tobal = 2! ©)

lobal
£ H

Here, J; = Iy, is the tensile stiffness, at the end of
wall construction, of an individual reinforcement
layer expressed in units of force per unit length of
wall (see Figure 1). Reinforcement strains in moni-
tored field walls that have behaved well under op-
erational conditions have stayed the same or strain
rates have decreased with time after about 1000
hours following end of construction. At longer
times there is evidence in some monitored walls of
reinforcement load relaxation with time following
construction (Allen and Bathurst 2002; Bathurst et
al. 2005; Tatsuoka et al. 2004; Kongkitkul et al.
2010). Hence, tensile reinforcement loads at the
end-of-construction condition are the maximum
loads used in the K-stiffness method provided orig-
inal site and boundary conditions for which the
wall was designed do not change.

The method has been calibrated against meas-
ured reinforcement loads deduced from isochron-
ous stiffness values corresponding to 2% strain and
elapsed construction times or 1000 hours. The de-
fault time of 1000 hours is reasonable in the ab-
sence of actual project timelines since most walls
are constructed within 1000 hours. Furthermore,
results of in-isolation constant load (creep) and
constant-rate-of-strain (CRS) tests on the polyole-
fin reinforcement products used in the case studies
have shown that the J,o, secant stiffness is a con-
stant value for practical purposes at or beyond
1000 hours (e.g. Figure 1).

The practical result of the formulation for glob-

al stiffness factor (Equation 4) is that as reinforce-
ment stiffness increases and all other factors re-
main the same, reinforcement load (Tmax In
Equation 3) goes up.
Parameter ®@j., is a local stiffness factor that ac-
counts for the relative stiffness of the reinforce-
ment layer with respect to the average stiffness of
all reinforcement layers and is expressed as:

S a
chocal = —local. (6)
Sglobal
where “a” is a constant coefficient and Sj,c, is the

local reinforcement stiffness for reinforcement
layer i calculated as:

[
Slocu]_[sv]i (7)

Back-fitting of measured versus predicted rein-
forcement loads by Allen et al. (2003) gave a = 1
for geosynthetic reinforced soil walls. Local devia-
tions from overall trends in reinforcement load can
be expected when the reinforcement stiffness
and/or spacing of the reinforcement change from
average values over the height of the wall (i.e. Sjoc-
al/Sgiobat # 1; Hatami et al. 2001). This effect is cap-
tured by the local stiffness factor ®jocqr.

Parameter @y, in the K-stiffness equation accounts
for the influence of the facing batter and is com-
puted as:

d
K
o]

where, Kby is the horizontal component of active
earth pressure coefficient accounting for wall face
batter, K, is the horizontal component of active
earth pressure coefficient (assuming the wall is
vertical), and “d” is a constant coefficient. The
form of the equation shows that as the wall face
batter angle @ — 0 (i.e. wall facing batter ap-
proaches the vertical) the facing batter factor @y,
— 1. The value of the coefficient term “d” is taken
as 0.5.

The influence factor for facing stiffness (rigidi-
ty) @ is computed as:

Oy = T](Ff)K O]

In the latest version of the K-stiffness Method
(Bathurst et al. 2008b) the value of facing column
stiffness parameter Fris calculated as

1.5Hp,

= 10
Eb’ (h,_,/H) (10)

f

Here, b = thickness of the facing column, H =
height of the facing column (wall), and E = elastic
modulus of the “equivalent elastic beam”
representing the wall face. The two expressions
used to compute the facing stiffness factor show
that as the wall becomes higher (H) and less stiff
(Eb®), its rigidity becomes less and hence more
load is carried by the reinforcement layers (i.e. ®g
is larger). A numerical investigation by Rowe and
Ho (1997) also predicted that reinforcement loads
will increase in a propped panel wall as the stiff-
ness of the facing decreases. This effect has been
quantitatively demonstrated using measurements
from a pair of full-scale reinforced soil walls tests
reported by Bathurst et al. (2006) described earlier.
The 3.6 m-high structures were nominally identical
except one was built with a relatively stiff modular
block facing and the other with a very flexible
wrapped-face. The loads in the most heavily



loaded reinforcement layers were 3.5 times greater
at end of construction than those in the modular
block wall.

The term heg is the equivalent height of an un-
jointed facing column that is 100% efficient in
transmitting moment through the height of the fac-
ing column. The ratio hes/H is used to estimate the
efficiency of a jointed facing system to transmit
moment along the facing column. Some subjective
rules are required to select the value of heg. For ex-
ample, during calibration for modular block walls,
hesr was taken as 2b where b is the toe to heel di-
mension of the facing units. For full height and in-
cremental panel walls her = H and panel height, re-
spectively. For flexible sand-bag face walls, hes is
taken as S, (the primary reinforcement spacing).
However, if the same sand-bag face is wrapped by
the primary reinforcement layers then hes = H. The
non-dimensionality of the facing stiffness factor
equation is preserved by the use of p, = 101 kPa.
Based on back-analyses performed by Bathurst et
al. (2008c¢) the coefficient terms 1 and k were de-
termined to be 0.69 and 0.11, respectively.

The effect of soil cohesion is captured by the cohe-
sion (influence) factor ¢. computed as:

D=1-1 11
c q (1D

where the cohesion coefficient A = 6.5. Examina-
tion of this equation with A = 6.5 reveals that the
practical limit 0 > @, > 1 requires ¢/yH < 0.153. It
is possible that a combination of a short wall
height and high cohesive soil strength could lead to
@, = 0. In practical terms this means that no rein-
forcement is required for internal stability. Howev-
er, this does not mean that the wall will be stable at
the facing (e.g. connection over-stressing may still
occur).

The load distribution factor Dimax = Tmax/Tmxmx
is used to modify the reinforcement load Tiax
based on layer location. Parameter Tpmx is the
maximum reinforcement load from all reinforce-
ment layers. The distribution of Dy plotted
against normalized height of wall is trapezoidal in
shape as originally proposed by Allen et al. (2003)
or can be assumed to be bi-linear as plotted Figure
3. The value of Tmxmx can be calculated by setting
Dimax = 1 in the K-stiffness Method equation. The
observation that the distribution of reinforcement
loads is bi-linear is not new. A bi-linear distribu-
tion was proposed by Collin (1986) for geogrid
reinforced soil walls.

Further discussion regarding the selection of pa-
rameters in the K-stiffness Method equations can
be found in the earlier papers by Allen et al. (2003)
and Miyata and Bathurst (2007) and the WSDOT
(2005) design guidance document.
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4.2 Calibration

The K-stiffness Method is an empirical-based
working stress design method. The influence fac-
tors and coefficients which appear in the equations
introduced above were determined by back-fitting
to measured loads using conventional optimization
schemes (see Bathurst et al. 2008b). However, on-
ly reinforcement loads from walls that were judged
to exhibit good performance were considered for
the database used for calibration. Good perfor-
mance was defined as:

e Reinforcement strains are small (typically less
than 3%).

e Creep strains and strain rates decrease with
time (i.e. only primary creep occurs).

e The wall backfill soil does not exhibit signs of
failure (cracking, slumping, etc.).

e For frictional soils, post-construction deforma-
tions, which are typically greatest at the wall
top, are less than 30 mm within the first 10,000
h.

e For cohesive-frictional soils, post-construction
deformations are not greater than 300 mm or
3% of the height of the wall, whichever is less
(PWRC 2000).

4.3 Internal soil failure limit state

An important and unique feature of the K-stiffness
Method is the introduction of an internal soil fail-
ure limit state. The calibration of the method has
been based on the requirement that a contiguous
failure mechanism must not develop through the
reinforced soil zone. This has been achieved by li-
miting the maximum strain in the reinforcement to
3% based on load-time-strain performance of the
reinforcing layers in geosynthetic reinforced soil
walls. This is an important difference from the
Simplified Method and variants that assume that
the soil and reinforcement reach failure simulta-
neously. The latter is a rare if not impossible sce-
nario for extensible geosynthetic reinforcement
materials. When wall failure has been generated in
RMC full-scale walls constructed with geosynthet-
ic reinforcement, the granular soil has always
failed first. Hence, designing to prevent soil failure
is rational and safe, and at the same time ensures
good performance as defined by the criteria identi-
fied earlier. Stated alternatively, by designing to
prevent failure of the soil in the reinforced soil
zone it is not possible to reach a failure limit state
for the reinforcement (rupture or over-stressing).



4.4  Accuracy of the K-stiffness Method

The same database of measured reinforcement
loads used to investigate the accuracy of the
AASHTO Simplified Method was used by Ba-
thurst et al. (2008c¢) to quantify the accuracy of the
K-stiffness Method. The results are reproduced in
Figures 8. Data for walls with cohesive-frictional
and frictional soil backfills are included in this fig-
ure. The load bias statistics are almost the same for
both data sets. The plots show that the data are
distributed much closer to the 1:1 reference line
than the corresponding data using the current
AASHTO (2002) Simplified Method (Figure 2).
Additional results of numerical simulations are
shown in Figure 9. The data show that the K —
stiffness Method does well in conservatively cap-
turing the measured load data for a range of wall
heights and reasonable estimates of toe stiffness.

4.5 Applicability of K-stiffness Method

The K-stiffness Method is empirically based with
parameters that have been determined by calibra-
tion against a database of carefully constructed, in-
strumented and monitored structures. An important
implication of this approach is that the method can
only be used for structures with properties and
boundary conditions that fall within the envelope
of case study properties that were used to perform
the calibration. For example, the wall heights in
the database vary from 3 to 12.6 m. Hence, using
the K-stiffness Method to design walls of greater
height should be carried out with caution. A total
of 22 walls were built in the field on natural soils
or on a depth of foundation soil in the laboratory.
The remaining nine were built on rigid founda-
tions. Hence, the K-stiffness Method is applicable
to walls built on typical competent foundations
where the performance of the structures is not in-
fluenced by excessive settlements or failure of the
foundation or wall toe. Similar foundation criteria
apply to the tie-back wedge approach (i.e. Simpli-
fied Method) for the calculation of internal rein-
forcement loads (e.g. AASHTO 2002; FHWA
2001; CFEM 2006; NCMA 2009).

A total of 21 wall sections were constructed
with a vertical face; the remaining walls were con-
structed with facing batter () from 3° to 27°.
Most of the walls were constructed with a hard
structural facing. A total of 58 data points were
collected from 13 wall sections built with cohe-
sionless soils and 79 data points from sections built
with cohesive-frictional soils.

The K-stiffness Method in its most current form
accounts for the positive contribution of soil cohe-
sion to reduce geosynthetic reinforcement loads
(Bathurst et al. 2008c). In many parts of the world
purely frictional (granular) soils are not available
and ignoring the cohesive component of available
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Figure 8. Measured versus calculated reinforcement loads us-
ing the K-stiffness Method.

cohesive-frictional soils will lead to uneconomical
structures. Nevertheless, the engineer of record
must be familiar with project backfill soils and
must decide if the cohesive component of soil
strength used to compute the cohesion influence
factor (®.) is available for the life of the structure.
If this strength component cannot be guaranteed,
the K-stiffness Method should be used with ¢ > 0
and ¢ = 0. This will result in a conservative (safe)
design.

Finally, it must be recalled that the K-stiffness
Method was developed to compute reinforcement
loads used for the internal stability design of rein-
forced soil retaining walls. At present the method
applies only to internal rupture (over-stressing) and
pullout failure modes (or limit states). Other failure
modes related to facing column stability, external
stability and possible failure mechanisms that pass
partially through the reinforced soil mass are
beyond the scope of the method. For these failure
modes current limit equilibrium-based models to-
gether with conventional factors of safety are
available. The influence of additional loads due to
earthquake has yet to be addressed within the K-
stiffness Method framework.

5 LIMIT STATES DESIGN

5.1

Limit states design (LSD) (called load and resis-
tance factor design (LRFD) in North America) has
been used in structural engineering for decades. It
is now recommended in American Association of
State Highway and Transportation Officials design
specifications (AASHTO 2007, 2009) and the

General



Canadian Highway Bridge Design Code (CHBDC
2006) for the design of foundations and earth re-
taining structures in transportation-related struc-
tures. Included in the category of earth retaining
structures are steel and geosynthetic reinforced soil
wall systems.

In load and resistance factor design, engineers
use prescribed limit state equations and load and
resistance factors specified in design codes to en-
sure that a target probability of failure for each
load carrying member in a structure is not ex-
ceeded. The preferred objective of LSD calibration
is to compute load and resistance factor values to
meet a target probability of failure using measured
load and resistance data rather than fitting to al-
lowable stress design (ASD) past practice. The
methodology to carry out LSD calibration recom-
mended by AASHTO is described in a guidance
document prepared Allen et al. (2005). Additional
recommendations are found in the paper by Ba-
thurst et al. (2008a). The fundamental limit state
expression used in LRFD is:

¢R, =D 7,Q, (12)

Here, Qni = nominal (specified) load; R, = nominal
(characteristic) resistance; y; = load factor; and ¢ =
resistance factor. In design codes, load factor val-
ues are typically greater than or equal to one and
resistance factor values are always less than or
equal to one.

It is important to emphasize that for bridge de-
sign, a nominal load is not a failure load but rather
a value that is a best estimate of the load under op-
erational conditions (Harr 1987). For example, this
nominal load may be due to structure dead loads
plus a representative vehicle load based on statis-
tical treatment of bridge traffic. Conceptually, the
margin of safety is largely provided by the resis-
tance side of the equation where the resistance val-
ue is calculated based on the failure capacity (ulti-
mate limit state) or a deformation criterion
(serviceability limit state) for each element ana-
lyzed. For the case of a steel member, the ultimate
resistance of the member is based (typically) on
flexure or shear capacity, and serviceability on a
prescribed allowable deformation.

The same concepts described above must apply
to strength limit states for internal stability design
of geosynthetic reinforced soil walls using LRFD
(e.g. rupture (over-stressing) and pullout). The
reinforcement loads due to soil self-weight can be
estimated using the current AASHTO (2007, 2009)
Simplified Method. A common source of confu-
sion and conflict with LSD using the Simplified
Method is that the underlying deterministic model
to calculate reinforcement loads is based on active
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Figure 9 Influence of toe stiffness and wall height on maxi-
mum reinforcement loads and comparison with predictions
using K-stiffness Method for modular block wall with PET
reinforcement. (S, = 0.6 m, ® = 8 degrees).

earth pressure theory or Coulomb wedge analysis
and hence the soil and critical reinforcement layers
are assumed to be simultaneously at incipient fail-
ure. Even if this unlikely coincidence was accepted
a priori at an ultimate limit state, measured loads
are typically very much lower than loads predicted
using methods extrapolated from classical active
earth pressure theory (i.e. Simplified Method and
variants) as discussed earlier in this paper. Fur-
thermore, there is a body of physical evidence that
tensile reinforcement loads at the end-of-
construction condition are the maximum loads for
internal LSD provided original site and boundary
conditions for which the wall was designed do not
change.

5.2 Selection of target probability of failure Py

The objective of limit states design calibration us-
ing reliability theory is to select values of resis-
tance factor and load factor(s) such that a target
probability of failure is achieved for the limit state
function. The target probability of failure is taken
as 1 in 100 (P¢= 0.01) which corresponds to a re-
liability index value 3 = 2.33. This target P¢ value



has been recommended for reinforced soil wall
structures because they are redundant load capacity
systems (Allen et al. 2005). If one layer fails in
pullout, load is shed to the neighboring reinforce-
ment layers. Pile groups are another example of a
redundant load capacity system; failure of one pile
does not lead to failure of the group because of
load shedding to the remaining piles. In the USA,
pile groups are also designed to a target reliability
index value of § = 2.33.

5.3 Influence of load model on LRFD calibration

Despite the shortcomings of limit equilibrium-
based methods for the design of geosynthetic rein-
forced soil walls noted above in the context of ob-
served behavior and LSD calibration, the Simpli-
fied Method is the only method currently available
in AASHTO (2007, 2009) and FHWA (2001)
guidance documents to estimate tensile loads in
geosynthetic reinforcement layers. However, the
poor prediction accuracy of the model renders
proper LSD calibration problematic if calibration
is carried out using measured reinforcement load
data. The limit state equation for pullout assuming
loads are due to soil self-weight plus uniformly
distributed surcharge can be expressed as:

“PPC - YQInax Z 0 (13)

Here, P, is pullout capacity and ¢ and yq are resis-
tance and load factors, respectively. In current
AASHTO (2007, 2009) codes yq = 1.35 for loads
due to soil self-weight plus uniformly distributed
surcharge. LSD calibration using the Simplified
Method results in a resistance factor ¢ > 1 which is
not acceptable.

The corresponding limit state equation for rein-
forcement rupture (over-stressing) can be written
as:

(PTal - YQTmax 2 0 (14)

where the (nominal) available long-term tensile
strength (T,) of each geosynthetic reinforcement
layer is computed as follows:

T T
" —_ue 0wt (15)
RF  RF, xRF,, xRE,

In this expression, Ty = ultimate tensile strength
of the reinforcement and RF = product of reduction
factors to account for potential long-term strength
loss due to installation damage (RFip), creep
(RFcr) and degradation due to chemical/biological
processes (RFp).

A non-sensible resistance factor (¢ > 1) also re-
sults when reliability-based LSD calibration is car-
ried out using measured loads and measured bias
statistics for strength reduction processes. Howev-
er, when the K-stiffness Method is used to com-
pute reinforcement loads at end of construction
(i.e. operations conditions), the computed resis-
tance factor for pullout and rupture limit states are
typically ¢ = 0.70 and 0.55, respectively. There are
small variations in these values depending on the
type of geosynthetic, but in all cases the values are
judged to be reasonable since they are less than
one.

6 CONCLUSIONS

There is now a large and irrefutable body of physi-
cal data that shows that current limit equilibrium-
based design models for the calculation of rein-
forcement loads under operational conditions are
excessively conservative and inaccurate with re-
spect to the distribution of reinforcement loads.
Current tie-back wedge methods and variants
should be recognized as simple models that are
neither rational nor theoretically consistent within
a mechanics framework. Their use is complicated
by difficulties relating loads at soil failure (plastici-
ty) to working stress conditions and the assumption
that the soil and reinforcement fail simultaneously.
Furthermore, geosynthetic reinforced soil walls are
systems with complex interactions between the
soil, visco-elastic-plastic polymeric reinforcement
elements, discrete structural facing columns and
toe boundary conditions. The notion that accurate
closed-form analytical solutions are possible based
on the mechanics of these complex systems is, in
the opinion of the writers, not realistic. Neverthe-
less it is recognized that safe designs do result us-
ing current limit equilibrium-based load models if
ASD past practice is adopted. Unfortunately, ASD
past practice does not provide the designer with an
estimate of the actual margin of safety (or proba-
bility of failure) for each mode of failure. This is
not the case for the design of related engineering
structures (e.g. bridge superstructures which are
often supported by retaining wall abutments).
However, the excessive conservatism and poor
prediction accuracy of limit equilibrium-based load
models renders reliability-based limit states design
calibration for resistance factors impossible. Hence
the use of these load models is an impediment to
the migration of internal stability design for geo-
synthetic reinforced soil walls to a modern limit
states design framework and future performance-
based design. The development of properly formu-
lated limit states design equations with acceptable
probabilities of failure are required if reinforced
soil retaining walls structures are to be designed



within the same limit states design framework cur-
rently used for piled foundations and buildings.
The K-stiffness Method quantitatively captures the
influence of soil properties, reinforcement proper-
ties and structural wall facings on the magnitude of
reinforcement loads under operational conditions
and this leads to reasonable values for load and re-
sistance factors. At the time of writing the K-
stiffness Method offers the only framework for re-
liability-based limit states design calibration for
rupture and pullout internal limits for geosynthetic
reinforced soil walls.
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