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A pullout test model is proposed using hyperbolic relation for highly extensible soil-reinforcement.
The non-linear equation for interface pullout mechanism was non-dimensionalised, expressed in finite
difference form and solved numerically using the Guass-Siedel technique. A parametric study was
carried out for various ranges of relative stiffness and relative bond resistance. The normalised load-
displacement relations and the variations of pullout force and reinforcement displacements with
distance, are presented. The interface pullout response of the model is compared with the available
experimental pullout test results for geotextile, polymer and nylon geosynthetic reinforcements.
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1. INTRODUCTION

The pullout test for soil inclusions is used for
checking the strength, integrity and effectiveness of
the soil-reinforcement system. For strength or
stability or differential settlements, the geosynthetics
has become popular in civil and geo-environmental
engineering. Its usage has a unique advantage over
other methods due to their lighter, stronger and stiffer
characteristics. Field and laboratory pullout tests are
widely used to interpret the interaction mechanisms
between reinforcement and soil. Yang '” and
Schlosser and Long ' proposed anisotropic cohesion
and enhanced confining pressure concepts
respectively for increased strength of reinforced soil.
Hausmann ® pointed absence of anisotropic cohesion
at low confining stresses but postulated pullout
failure by slippage or loss of adherence as a
mechanism. McGown et al. '® distinguished the
different load-deformation responses in terms of the
failure strain levels for (Fig. 1) extensible and
inextensible reinforcements.

Basic design criteria for reinforced earth
structures demands checking for external and internal
stability (Mitchell and Villet ', Christopher et al. ¥).
Jewell and Wroth ” established that reinforcement in
the direction of tensile strain strengthens the soil.
Schlosser and Buhan ' simplified the soil-
reinforcement interaction mechanisms to either direct
shear or pullout by neglecting bending resistance of
reinforcement that significantly simplified the
analysis mechanisms. The concept of different
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Fig.1 Load strain characteristics of reinforcements
(McGown et al. '%)

degrees of mobilisation of bearing resistance along
the length of reinforcement owes to Jewell ” who
empirically suggested the use of the critical state
angle of friction of soil instead of peak to define the
soil reinforcement interface mechanism.

To understand and evaluate the mechanism of
interaction and its parameters in reinforced soil,
various researchers popularly used pullout tests. The
effect of normal pressure and drainage is to increase
the pullout resistance (Pradhan et al. 2y Based on
field pullout tests on geosynthetics, Konami et al. ¥
presented an elastic model for polymer strips that
explains the initial linear response. Abramento and
Whittle " proposed approximation for bi-axial
stresses for the analysis of planar reinforcement in
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Fig. 2 Conceptual diagram on pullout tests for soil-reinforcement

pullout based on the shear lag theory. Segrestin and
Bastick '> showed non-linear and linear response
patterns  for  extensible and  inextensible
reinforcements respectively. Sobhi and Wu '® have
contributed an interface model based on rigid-plastic
shear  stress  mobilisation  for  extensible
reinforcement. But the pullout test results in terms of
variation of mobilised tension, pre-yield and post-
yield behaviour, effective and extended lengths of the
reinforcement etc. are fairly predicted by most of the
above theories.

This is due to the fact of the variation of
mobilised shear stresses along the interface length of
the soil-reinforcement in pullout tests, which is non-
linear for extensible reinforcements. The interface
pullout formulation for bi-linear model was
theoretically derived in the previous paper by
Madhav et al. ® taking into account shear stress
variations and extensible nature of modern
geosynthetics. The elasto-plastic relation of Gurung
and Iwao » may be extended by incorporating a
hyperbolic shear stress-displacement relation along
the interface for the prediction of non-linear
responses during pullout test for highly extensible
geosynthetics. A non-linear elastic model, such as
this newly proposed hyperbolic relation could even
realistically simplify the mobilisation of shear stress
in pullouts than that of the bi-linear approximations.
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The proposed hyperbolic relation offers
simplicity, faster convergence and is closer to the
reality in terms of mobilised shear stress and non-
linear strains. The proposed model considers highly
extensible  planar soil-reinforcements and
incorporates a hyperbolic shear stress-displacement
relationship for the interface response, during the
pullout test. The non-linear governing equation
relating the applied pullout force, displacements and
distance are normahised and solved numerically to
obtain the pullout force displacements relationships,
and the variations of pullout force and displacements
with distance. The predictions are compared with
results of laboratory and ficld pullout tests on
geotextiles and nylon as well as polymer strip
geosynthetics. The model will be useful to simulate
pullout responses and to understand the degree of
interface interactions.

2. MODEL FORMULATION

Figure 2 (a) depicts a pullout test on geosynthetic
sheet reinforcement. The detail of general
formulation for interface pullout was derived in the
previous paper on theoretical puliout model for
extensible reinforcements by Madhav et al. . A brief
summary is hereby presented and it is modified for



the proposed hyperbolic case as follows. Consider
the reinforcement is of length, L and E, and #, are
its elastic modulus and thickness respectively. Let’s
assume the tensile strength Ty of the reinforcement

is significantly high compared to the pullout force so
that reinforcement breakage is not possible. The
pullout force, Tj,, is applied or measured slightly
away from the face so that the end effects (Jewell and
Wroth ) are avoided. The applied pullout force, 7,
mobilises interface shear stress, 7, along the length
of reinforcement. The interface shear stress, 7, are
governed by the interface response shown in Fig.
2(c).

From a typical direct shear test, it can be
observed that the interface shear stress increases with
relative displacement, w , and reaches asymptotically
the maximum shear resistance,7,. The strain
softening responses as observed in some cases, is not
included in this study, but may also be formulated in
similar manner. For simplicity, the actual 7 versus w
curve is simplified by hyperbolic response curve, as

w
o)

a+bw
where a=1/k and b=1/7, &7, is limited to
@

and 0'"' =(qo + 7 Z) is the effective normal stress

on the interfaces, qo - the surcharge stress, ¥ -
effective unit weight of the fill, Z - the depth of the
reinforcement and ¢, - the effective interface friction
angle. In this study, the reinforcement is considered
to be highly extensible as is likely in case of some
geosynthetics and geomembranes.  Therefore,
considering (Fig. 2d) the extended length of a small
differential element of length, A x, and of unit width
of the reinforcement, the equilibrium of horizontal
forces is satisfied by

(T+ATY»T+27(A x +Aw)=0

7,=0, tang, =(qo+ ¥ Z)tang,

©)

where 'and (7 +A T') are the pullout forces in the
reinforcement on the right and left ends, 7- the
mobilised bond resistance, and A w - the elongation

of the element, A x. The elongation, A w, is
related to the strain, €, as

Aw=-gAx 4)
while the strain, ¢, is related to the tensile force, T,
as e=T1/E 1t (5)
Eq. (3) can be simplified as

dr N

E+2r(1+6)—0 (6)

I3

Noting that for the x - axis is positive to the right, i.e.

dw
= —;, Eq. (5) and (6) are combined to give

d*w aw
-FEt —+27(1-—)=0 7
A ( dx) ™
Equation (7) is the basic equation governing the
response of a highly extensible reinforcement. The
interface shear stress given by Eq. (1) is coupled

with Eq. (7) to arrive at

2
E, t, Zx‘fu kskw & _p=0 ®
(1+—=w)
Equation (8) is non-dimensionalised by W =
w/w,, X=x/L,andsimplified to get
de aW
7 {ﬂ“—— }=0 ®
dX (1 +W)  dX
2k L7
where @ = ——andg=w,/ L=17, /(k;L)

ror

The boundary conditions become

atX=O,8=—ﬂ = L
dx Et,
or aw =-aT’ 10
' dx
where 7°=7, /T, and T1,=27,L - the
maximum pullout force.
and X=1,e6 =0 (11)

Equation (9) is non-linear differential equations,
which cannot be solved analytically.

Discretising (Fig. 3) the reinforcement into “n”
elements each of length A L=L/n orAX=1/n,
and expressing the derivatives in finite difference

form, Eq.s (9) is rewritten for i * node as
W -2W +W,., oW,
=t T e P
(AX)? (1+W))

(12)

(e 1) <o

For the displacement, W at node i, equivalent form

is AW .t

a+w)

W
by letting, C, = {ﬂn(——’il————) 1}
Thus, we get for i node as,

C1

2-a —2———)
n (1+wW)
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Fig. 3 Discretisation elements for reinforcement

To solve for displacements at nodes 1 and »n +1,
two fictitious nodes, 2’ to the left of node ‘1’ and
(n +2) to the right of node (7 +1) are assumed. The
displacements at these nodes can easily be derived
from the boundary conditions (Eq.s, 10 and 11)
redefined as follows

W,)=W, +2al'In (14)
and W, =W,, 1s)
Knowing W,' and W, ,, the normalised

displacements at nodes 1 and (n +1) are once again
obtained from Eq. (13). From the known
displacements along the reinforcement length, strain,
&; and normalised pullout force, T, at node i, are
obtained as
£ = n(VVi—l — I'Vm)
' 2

T=n(VVi—l _VVM)
! 2

(16)

and

am

3. RESULTS AND DISCUSSION

The solution for the normalised displacements,
strains and normalised pullout forces along _the
reinforcement length are obtained by solving Eq.s
(13) through (17) numerically. The accuracy of the
solution is checked by varying ‘n’, the number of
elements into which the reinforcement is discretised.
The differences in displacements for # equal to 20
and 40 were negligible. Therefore, n = 20 is adopted
for all further calculations. Parametric studies have
been carried out for the following ranges of

parameters: 77 =0 - 1.0, @ = 2 to 200 and B =
0.001 to 0.2; where a (=2k,L* / E t,) is a relative
stiffness parameter and B (=w,, /L) is a relative
displacement parameter.

The product aff (=T,/E,t,.=20, uL/E,t,) is
a function of the maximum pullout force (a function
of the normal stress, the coefficient of interface shear
resistance and the length) and the reinforcement
stiffness only and is independent of the unit shear
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Fig. 5 Displacement vs. pullout force ( ﬂ =0.1)

stiffness, &,. Sobhi and Wu’s *® results could be

derived theoretically from the above formulation with
a finite value of @f but with either @ — o or

B —0 The vanation of the
displacement, W, at the pullout end (X =0) with

normalised

normalised pullout force, T " is presented in Fig. 4,
for g = 001 and for different values of relative
stiffness parameter, o =2, 5, 10, 20, 50, 100 and
200.

The displacements increase non-linearly with
pullout force T". Results similar to those with B=
0.1 is shown in Fig. 5.
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In this case, the normalised displacements at the
pullout end are smaller as # = 0.1 implies a higher
The values of

displacements for later cases are lesser. The rate of
increase in W, is more at higher pullout forces, as a

maximum shear resistance, T

"

" consequence of the elements near the pullout force
end attaining their maximum shear resistance values
and slipping without mobilising any additional shear
resistance. For a given soil-reinforcement interface,
values of « increase either if the length, L , of the
reinforcement, is larger or if the stiffness, £, of the

reinforcement is smaller. In either case, it is
justifiable that displacements for all pullout force
levels increase with « (because of longer or highly
extensible reinforcement).

The influence of the
parameter 3,

relative  displacement
on the normalised pullout end
displacements versus pullout force response is
depicted in Fig. 6 for a= 2. The « remaining
constant and § is varying implies that the maximum
shear resistance 7, is varying but the interface
shear stiffness ,is constant. Higher the value of f3,
higher will be the maximum pullout force 7, and
larger will be the displacement w,_ , for attaining the
yield or maximum shear stress.

Consequently, the curves for higher values of g

exhibit relatively smaller pullout end displacements
at the given pullout force level. For example at T =
0.4 (a =2), the displacements are 0.84, 0.88, 0.90,
0.92 and 0.92 for 3 values of 0.001, 0.01, 0.05, 0.1
and 0.2 respectively. These differences increase with

increasing values of pullout force. The results are
not affected by any 8 for the 8 values < 0.0001.
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The product @ff = 0.1 remaining constant, the
displacement responses at various pullout forces for
different  combinations of & ,=10, 4,=0.01,
@ =5, $,=0.02, a;=2, #3;=0.05 are shown in Fig.
7. Remarkable decrease of displacements at any
given level of pullout force can be noted with
decreasing ¢ values. The displacements are very
sensitive to the input values of 8. Low values of
=w, /L=t /kL) imply small shear
resistance, very long reinforcement or very stiff
interface response (higher k). Thus the response

unit

curves are highly non-linear for low values of S
(low shear stress, long reinforcement or very high
interface stiffness). Thus Fig. 7 brings out the
importance of considering both the stiffness and the
maximum shear stress of the interface. The value of
displacement reduces relatively for the reduced
values of « . Also, higher £ indicates increased
stiffness of the interactive media.
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The variation of displacement with distance along
the length of the reinforcement for various pullout
force level (7°=0.95, 0.6 & 0.2) is shown in Fig. 8
for a constant value of the product @ff = 1 but with
a= 50, B=002 and a= 5 p=02. The
displacements reduce rapidly with distance for higher
value of @ and lower value of f implying that only a
part of the reinforcement actively mobilises the
pullout resistance. In contrast, if ¢ is smaller or g is
larger, the full lengih of the reinforcement
participates in mobilising resistance to pullout. These
results also emphasise the need to consider the
stiffness parameter, £, .

The effect of interaction parameters can be
studied by considering various & and 4 combinations
for the pullout force displacement responses. Curves
given for two pairs of aand g (a =7, $=0.1 and
a =170, #=0.01) but with the same product value of
0.7, demonstrate the effect of k_or « on the pullout
interactions. Stiffer the reinforcement, shorter would
be the effective resistive length of reinforcement at
all stress levels. From the pullout force-distance
relations; refer Fig. 9, the extended length of the
reinforcement can be found out under a given applied
pullout force.

For any given interface bond strength (7, ) and
reinforcement characteristics (E,,f, & L), the
product af is unique. However, it can be concluded
that the interface shear stiffness k_, has significant

influence on the pullout response for highly
extensible reinforcement. The displacement-pullout
curves are highly non-linear particularly for higher
values of the relative stiffness parameter @ .
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4. VERIFICATION OF THE MODEL

Field and laboratory pullout tests arc used to
illustrate estimation and evaluation of the interface
interaction parameters between reinforcement and
soil. The numerical predictions are compared with
results of laboratory and field pullout tests on
geotextiles and nylon as well as on polymer strip
geosynthetics. The various interface interaction
parameters for the field and laboratory pullout
experiments may be estimated from the pre-failure

B

pullout test. For any given overburden pressure, o

the interface shear stress 7, =o, g and then total
pullout resistance 7, = 27, L per unit width can be
estimated. The product of interaction parameters can
be evaluated by aff =7,/ E { . An approximate
estimation of the first hand « parameter may be
made from a pullout data (at relatively small force
range) by

W L

T Jak,t, tanh(a)

Equation (18) expresses the initial slope of the
displacement versus pullout force in terms of the
reinforcement characteristics, £,, ¢, and L, and
the interface shear stiffness, &, Derivation details
can be obtained from Madhav et al. ?. Eq. (18) may
be used to estimate the value of @ from the initial
slope of the force-displacement curve of the pullout
test. For an estimated value of « , the corresponding
3 value can be obtained and few check combinations

of these (a,p) may be used to compare the

numerical simulation with test results by fitting the
pullout response curve. For known values of £, ¢,

and L, the value of k ; may be estimated from the
wnitial slope of displacement-pull-out force curve.

(18)

Field pullout tests on polymer strip geosynthetic
reinforcements were reported by Konami et al. ¥.
The pullout tests were conducted at various depths in
a fill densified to a unit weight of 18.6 kN/m® at dry
condition. The length of the reinforcements was 3.5
m. The manufacturer’s reported material properties
for £ ¢, was 34.3, 53.9 kN/cm at 2 % and 23, 39.2

kN/cm at 5 % strains for PW-3 and PW-5 type
geosynthetics respectively. But Konami et al. ¥
estimated the actual effective rigidities (£,7,) as
388 and 59.7 kN/ecm for PW-3 and PW-5
respectively from the linear slope of the pullout (test
in soil) result plots. The later report is more realistic
and is adopted in the analysis. Typical normal
stresses can be computed as 89.3, 59.5, 29.8 and
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Fig.11 Pullout force vs. displacement for test no.1

14.9 kN/m® for tests at various depths of 4.8, 3.2,
1.6 and 0.8 m respectively. The mobilised shear
stresses may be estimated as 26.8, 26.2, 13.7 and
20.5 kN/m? for the friction coefficient of 0.3, 0.44,
0.46 and 1.38 (Fig. 10) respectively. The interface
friction angle, ¢, between the fill and the
" reinforcement was 38.2 ° from the direct shear tests.
But the maximum pullout stress cannot exceed the

mobilised limiting interface shear strength or the
tensile breaking strength of the material.

From the published data, using vanation concept
of mobilised friction with mean stress levels (Jewell
& Wroth 7) or depth (Bolton & Powerie ¥ ), the
value of mobilised friction versus normal stress was

plotted in Fig. 10. The breakage of reinforcement due -

to tensile stress occurred approximately at 14%
elongation while 5% elongation. takes place only
under nearly 50 % load of the normal strength.
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Fig.12 Pullout force vs. displacement for test no.2

From the available data, the normal stress a,,' ,

shear stress 7, = o, tan @, and maximum pullout
force T, = 27, L per unit width for various depths
were calculated and summarised in Table 1.
Knowing the effective reinforcement rigidity £ ¢, ,
the product @ff = 1,/ E ¢, are estimated as 0.0314,
0.0307, 0.0247, and 0.0370 for tests nos. 1, 2, 3, and
4 respectively. The interaction product, off
=T /E 1 is a real entity of pullout test and so is the

relative stiffness parameter, o (=2k,L* / E t,) that
expresses the ratio of soil and reinforcement material
stiffnessess. Accuracy on estimation of these
parameters is very important as it affects the
prediction of the relative displacement parameter, g
(=w,, / L) which is like strain expressed in non-
dimension of ratio instead of percent and needs to
quantify in fourth order of decimal figures at least.

As the values of the interface stiffness, &, were
not directly available from' the test data, the
estimation was made by using Eq. (18). Estimating
the value of «, and also knowing the product (af3),
The test
parameters, values of estimated «, 8 and k,,
summarised in Table 1. In all the cases, the
displacements with @ and S based on initial

the value of g can be easily calculated.
are

tangent value of k&, at all pullout forces slightly

over-predicted while those based on appropriate
choice of & and f values appear to fit closely with

the experimental results.
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The experimental results with the predictions
from (i) Konami et al. ® based on a simple elastic
approach which assumes full mobilisation of full
shear resistance over an effective length, and (ii) the
present hyperbolic approach are compared for
illustrations (Fig.’s 11-14). The hyperbolic model is
valid for cases of planar reinforcements only.

Pullout results from tests on 300 mm long
geotextile (Sobhi and Wu '@ ) are compared with the
method proposed herein Fig. 15. Sobhi and Wu '©
obtained closed form solutions for pullout force
assuming full shear resistance mobilisation and rigid
plastic type of response. For normal stress of 40
kPa, the maximum pullout force was 6.9 kN/m
taking the reported value of friction, 1 equal to 0.29.

With geotextile stiffness E,f,= 32 kN/m, the
product aff was estimated to be 0.2175. Table 1
summarises the given and estimated parameters.
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Pullout Force versus Displacement
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Fig.16 Pullout force vs. displacement for ASPR 57/59

The predictions by this method proposed with
a= 9, f=0.0242 are compared with the

experimental values.

Lastly, pullout tests on Nylon 6/6 Inclusion
ASPR 57 and ASPR 59 (Abramento and Whittle 2)
were analysed using the proposed model. The length,
width and thickness of inclusion were 42 cm, 13.34
cm and 0.598 mm respectively. The tests were
conducted at a confining pressure 0'"' of 245 kPa

but at displacement rates of 35 and 3.5 1 m/s.

The estimated value of 7,=2L o, tang', = 8.4
kN/m gave the interaction product, af= T /E ¢,

as 0.0087 as the interface friction angle of sand was
20-25°. The laboratory results for tests ASPR 57 and
ASPR 59, are plotted and compared with the



Table 1 Summary of pullout test parameters

Name of ]:" aff

Experiments | Test | Depth o_n' y7i L Et, 2Lus | -TJE.L a B k,
Unit m | kPa m | kN/m | kN/m - kN/m’
Konami et al. ¥ 1] 48 | 893 J030[350] 5970 1875 | 0.0314 6 |00052] 1460
2] 32 [595[044]350] 5970 1833 | 0.0307 4 00077 975
3] 16 [ 298 [046]3.50] 3880 958 | 0.0247 9 [0.0027 [ 1425
4] 08 [ 149 [1.38]350] 3880 1437 0.0370 1 |0.0370 160
Sobhi & Wu '@ | x= 40.0 [ 0.29 [ 0.30 32 69| 02175 9 [0.0242 1600
Abramento & | 57 245 [041]042] 975 84| 00087 [ 15 [0.0006 [ 41450
Whittle 2 59 245 [041]042] 975 84| 0.0087 | 50 [ 0.0002 | 138180

numerical responses of the model for o= 15, 8=
0.0006 and « =50, F= 0.0002 combinations. It

satisfactorily simulated the pullout test results of
Abramento and Whittle ® as shown in Fig. 16.

Table 1 presents the summary on test details,
estimated interaction parameters and the back-
calculated interface shear stiffness. The effect of
depth or the normal stress on the mobilised shear
stress and finally on the interface shear stiffness
parameter can be observed in tests results of Konami
et al. . For example, the test 4 shows relatively
lower value of &, in some proportion with its test
depth assuming same type of polymer. The relation is
little bit complex due to other soil material
parameters and repeatability of the tests. Similarly,
the effect of material stiffness £ ¢, on the generated
interface shear stiffness may be deduced from the
pullout test results of Sobhi and Wu '® with
Abramento and whittle ». The value and order of
E t, directly affects the interactions parameters (& -

and even f3) and thus the order of the &_. Numerical

simulation is possible if accurate pullout test details
on soil and planar reinforcements are available.

5. CONCLUSIONS

A new hyperbolic model for highly extensible
reinforcement in the pullout test has been developed.

The boundary interface was solved to get resuiting
non-linear governing equation, which was non-
dimensionalised for numerical parametric analysis.
The expressed equation in finite difference form was
solved by the Guass-Siedel iteration method. Varying
the number of elements checked the accuracy as well
as efficiency of the numerical solution. The result
showed that discretisation of reinforcement length
into twenty elements give accurate values in very

efficient computer time. Two new soil-inclusion
interaction terms, the relative stiffness parameter @
and the relative displacement parameter [ were

conceptualised and it *was expressed in non-
dimensional form for wide general application.

A hyperbolic form of mobilisation of interface
stresses  with  displacement was taken into
consideration. Normalised pullout force versus
displacement responses are presented for various
ranges of relative stiffness parameters ¢ and f3.

Comparison of predicted displacements with those
from reported experiment show satisfactory
agreement. Results of field pullout tests (Konami et
al. ¥ ) on polymer strips, lab pullout tests on
geotextile (Sobhi and Wu '@ ) and nylon 6/6
inclusion (ASPR 57/59 - Abramento and Whittle »)
were compared. The effect of depth or normal stress
of tests and mobilised shear resistances as well as the
effect of material stiffness, length and thickness etc.
can be studied to explain the effect on mobilised
interaction parameters and interface shear stiffness
values. The present model demonstrates good
predictions in general. Better estimation of soil-
reinforcement interaction parameters (such as 7, 4,
k,, a and f) directly from the test details could

even improve the predictability of the test results.
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BT D5 &Ik & €T IVEF IR
XbZ TN BB HENER

FLOFISHEETIVE, WRLOMBICET 3BT EE LTREINTVS, JIXKEDAH=
XLERTHEGEAL, ERXTTHEROBAMIELE LTHRDN, Guass—SiedelFEEAERANTIIHIA
. Eio, REROBISHEE, £ DEIPEORSIRDIRW B CRD ST & /o KRS, B LT
DOMtE, 5I&KENOMWE RUEBICEITMIIO>NTALS. k/:, XEFILOBTSERESE VLT
FREAN, F)T—RUFA 0 OfEHERNCERERIZE - TRIET 3.



