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Abstract

The sequential behavior of earth retaining structure is investigated by using soil springs in
elasto —plastic soil. Mathematical model that can be used to construct the p—y curves for
subgrade modulus is proposed by using piecewise linear function. The excavation sequence
of retaining wall is analyzed by the beam —column method. Reliability on the developed
computer program is verfied through the comparison between the prediction and the
in—situ measurdments. It is concluded that the proposed method simulates well the con-
struction sequence and thus represents a significant improvement in the prediction of
deflections of anchored wall excavation. Based on the results the proposed method can be

effectively used for the evaluation of the relative importance of the parameters employed
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in a sensitivity analysis.
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1. Introduction

The major concerns in earth retaining systems are the horizontal displacements, the
earth pressure acting on the wall, and the overall stability of the wall. The current analysis
and design of a retaining wall are based on the early theory by Rankine and Coulomb,
Terzaghi and Peck (1967) and Tschebotarioff (1973) proposed empirical earth pressure
diagrams early which were developed from field measurements. These diagrams have been
commonly used in the analysis and design of the supported retaining wall systems.

The beam-column method which basically assumes a beam on nonJinear supports has
been studied for many applications in engineering practice. This approach is based on the
beam on elastic foundation models which have been developed for soil-structure interaction
problems by Winkler, Here, the deflection at any point on the soil medium is directly pro-
portional to the contact pressure q at that point. Most of the previous studies have used
the linear soil support(spring) instead of the non-linear soil supports which are more ap-
propriate and realistic in evaluating the real soil behavior. A more proper way to predict
the pressure distribution is to introduce the role of deflections in the calculations with a
beam column analysis and a coupled set of load-displacement curves called the nonlinear p-y
curves,

A conceptual methodology for retaining wall design by considering soil springs using the
p-v curves, the earth pressure-deflection soil model, and the simulation of the construction
sequence is proposed.

2. Method of Analysis

An anchored wall can be modelled as a beam resting on non-linear soil spring supports as
shown in Figure 1. The wall is modelled as a beam with a bending stiffness El. The non-lin-
ear springs are characterized by the non-linear p-y curves and the actual anchor force is

considered as the anchor load on the beam.

The governing differential equations for the response of the beam can be formulated from
three different stages for proper simulation of the construction sequence as follows :
1’ Unsupported Excavation Stage
Ely(x}"" = ¢ ply, x) (1)
123 Anchor Stressing Stage (Before anchor is locked-off)
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Fig. 1 Modeling of an Anchored Retaining

Ely(x)"" = q—[p(y, x) +R] (2)
{3 Supported Excavation Stage(After anchor is locked-off)

Ey(x)”" = q- [ply, 0+ R+4Exx(0) | (3)
where ply, 2} = K, - y(x) (4)
q = earth pressure at zero deflection of the beam
EI = flexural stiffness of the beam.

yv{x)= beam deflection

K, = Winkler's coefficient of subgrade reaction
R = anchor force

AE = axial stiffness of anchor

L

S = anchor spacing

il

unbounded anchor length
y*(x)}= deflection after anchor is locked-off

After a beam is divided into a number of discrete segments, the finite difference method
is used to solve those equations related to each construction stage by applying the bound-
ary conditions. Next, to solve Eq. {4) the earth pressure deflection curves are idealized as
elasto-plastic p-y curves, where p is the load on the wall at a depth x per unit height of
wall and per unit width of wall and y is the displacement of the wall at the same depth x.
The subgrade reaction modulus is used and finally the p-y curves which represent piecewise
linear interpolation are constructed by a series of straight lines joining five data points
which are the active coefficient, the at-rest coefficient, the passive coefficient, the reference
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deflection for the full active and passive earth pressures.
3. Modeling of Construction Sequence

The construction sequence for the wall is modelled by dividing a series of unloading and
reloading sequences into several stages on the basis of the excavation to the proper exca-
vation level and then stressing the anchor to the final excavation. The unloading and
reloading relationship is characterized by a p-y curve {Figure 2) through the following
procedure -

1) When a wall is built into the ground, earth pressure at rest is considered to be car-
ried on both active and passive sides.

2) Then, when the first excavation is made down to a certain depth, it causes imbalance
in the earth pressures and represents an unleading of the p-y curve . the wall deflects
towards the excavation side(A-B-C in Figure 2).

3) Next, the first anchor applies force to the soil through the structural member which
causes the wall to move into the soil mass(C-D-E in Figure 2).

4} For the second excavation, the p-y curves which are used in the first stage are shifted
by as much as the plastic movement (B-C in Figure 2) which occured in the first con-
struction stage.

As a resull of repeating steps 1), 2}, 3) and 4) in the aforementioned procedure up to the
final construction stage, the deflection obtained in the final construction stage is the total
deflection of the wall owing to the entire staged excavation. The deflections from each con-
struction stage are not accumlated, but affect the p-y curves for the subsequent stage, The
updated p-y curve can be obtained by shifting the previous p-v curve by an amount of
plastic movement represented by an offset distance wun.{i, j). The offset distance wyn.(i,
}) at the i-th node at the end of the j-th construction stage is used to prepare the p-y
curves for the (j-+1)—th construction stage. The flow chart for the simulation of the con-
struction sequence is shown in Figure 3.

pit/m)
y (L) D poi, j) E
offset
reload polis J)
: : unload

C ufiy j)

P i13_/‘ A _v(m)

W cowald, wali, j) wpll, j) W

Fig. 2 Non—linear p—y Curve
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Fig. 3 Flow Chart for Construction Sequence

4. Description and Validation of Proposed Model

4.1 Description

A computer program for the analysis of anchored walls is developed in this study to pre-
dict the behavior of elastic-plastic material in which soil pressures change linearly with
lateral displacements until they reach the minimum active pressure or the maximum pass-
ive pressure and then remain constant at the limiting conditions. For the analytical model,
wall is simplified as a beam element and the soils at both sides of walls are modeled as
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nonlinear springs by combining the p-y curve. The elasto-plastic analyses are run to take
into account the p-y curves for subgrade modulus through an iterative procedure. For each
iteration, the beam-column displacements from the previcus solution are used to enter the
nonlinear p-y curves and solutions are repeated until two successive iterations obtain sets
of displacements that agree with an user-specified closure tolerance at all nodal points.

4.2 Validation

The wvalidity of the proposed model was tested by comparing some of the predicted
results with the measured ones by Briaud and Kim(1993). A full scale permanent ground
anchor wall was constructed on the National Geotechnical Experimentation site which is in
the city of College Station, Texas. The wall had permanent soil anchors, scldier beams,
wood-lagging and wales. The site characterization, the wall data and the anchor data are
summarized in Table 1. The excavated retaining wall is presented in Figure 4. and the
measured deflections and bending moments at three stages are compared with the results
by the proposed methed as shown in Figure 5 and Figure 6. Reasonably good agreement is
obtained between the present approach and the observed ones with the construction se-
quence.

Table 1. Input Data{Texas Case)

Soil Data Wall Data Anchor Data
Unit Weight 115 pef | Wall Height 30ft Unbonded Length 15ft
L ) . 1.25x 10" ) 1.157 % 101
Friction Angle A2 El(Lateral Stiffness) (1b—in?) Stiffness of Tendon (1b—in?)
N Value 15/0.3m | Diameter of Pile 0.8in Lock —off Load 68.6kips
- - - - Angle of Inclination 3

T T AT
g l— Wall
Bl Anchor
S
Stage 1 Stage 2
30° .
15° Medium Dense Sand
d=32° .
¥=118psf :sf
1-57"sm—'ge"é—' ¢=0>
I v

Fig. 4 Construction Sequence of Anchored
Wall Excavation {Texas Case)
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5. Sensitivity Analysis

The proposed method is based on the non-linear soilstructure interaction model. Since
the results of the proposed method are strongily influenced by the horizontal subgrade reac-
tion coefficient, the sensitivity anaiysis is studied in detail in the following section.

5.1 Methods Available for Estimation of Subgrade Reaction Coefficient

Methods to extimate horizontal subgrade reaction coefficient have been studied. They

can generally be categorized into two different types : Subgrade reaction methods and p-v
curve methods

(I; Estimation by subgrade reaction constant

In these methods, the subgrade reaction constant is modified to determine the subgrade
reaction coefficient as shown in Eq. (5).

I

K, = n,x=
k A z
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where, D = parameter related tc the deflection shape of the wall
z = the depth where K, is calculated

Depending on the extimation methods of subgrade reaction constant, these methods can
be classified as follows :

Method 1 : Initial subgrade reaction constant proposed by Terzaghi(1954)

Methed 2 : Subgrade reaction constant calculated by insitu N value,

2y Estimation by using p-y curves

In p-y curve methods the subgrade reaction coefficient is obtained by the slope of the
p-v curve. Here, Rankine s theory is used for calculating the maximum passive and mini-
mum active earth pressure. The subgrade reaction cofficient deoes not vary with the wall
deflection shape but varles with the magnitude of wall deflection. Depending on the amount
of movement (plastic limit} required to reach the limiting conditions, these methods can
be classified as follows :

Method 3 : Using plastic limit calculated by FEM analysis of earth retaining structure
{Fang, 1991)

Method 4 : Using subgrade reaction coefficient calculated by insitu N value.(proposed
method)

To determine the plastic limit by using subgrade reaction coefficient, the property of
plastic limit is used. Based on the experimental study(Fang, 1991) it is shown that the
movement required to reach the maximum passive earth pressure 1s ten times as large as
the movement required to reach the minimum aclive earth pressure. The maximum passive
and minimum active earth pressure are determined by Rankine’s theory. The plastic limit
at the middle point of each soil layer is calculated from the subgrade reaction coefficient
determined by the insitu N value and the maximum passive and the minimum active

carth pressure(Figure 7). The plastic limit does not vary with depth at the same soil layer

whereas the active and passive earth pressure vary with depth. Therefore the subgrade re-

action coefficient at all nodal points can be evaluated by considering the varying depth.

p(t/m?)

Y. Y, Y(m)
f10Y,—

Fig. 7 Calculation of Plastic Limits Reguired to Reach the Minimum
and Maximum Earth Pressure
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Based on the four different methods, the sensitivity analysis was performed for the fol-

lowing cases.

Case 1

This case is Samsung insurance co. building construction site in Seoul, Korea. The wall
had temporary ground anchors, soldier beam(H -pile : 300> 300x 15x 1D), and wood-laggings.
The soil data and anchor data are shown in Table 2, The basic parameters employed in

four methods are shown in Table 3. Figure 8 shows the predicted and measured lateral dis-

placement in the retaining wall.

Table 2. Input Data(Case 1)
Soil Data Anchor Data
B Fill | Clay | RS. | WR. | HR Nod | No2 | Nod
Depthim) 4.5 6.0 12.5 140 30 Depthim) 1.4 3.4 .1
Vou (1 /m%) 4 | 18 | 19 | 20 [ 20 |Prestress(ton) wo o | a0 |
Friction Angle | 2% 2 2|36 gy | Dtiffness of 987G | 9870 | 6870
Tendontt —m?)

c(t/m?) 0 5.0 .0 30 0.0 Free — Length{m) 1 17.0 16.0 15,0 |

- - - - JA_ngMInclinaticm 40) 72 _JE_')_J

Table 3. Parameters [lsed for the Sensitivity Analysis{Case 1}

Method 1 Method 2 ‘ Method 3 Method 4
Reaction Const. Reaction Const. ! V. ¥, ¥, v,
Fill 250 50 ] aozd | ooz4 | ooom3 | ous
Clay 1750 20003 (1.120) .24 0.0025 .05
Residual Soil A6 2750 ’ (.00 01z 00021 (1021
Weak Rock 1200 4450 -
Hard Rock 2N 5280
0.0 000 e —
.............. ""-.\“
—10.00F X o
| .
2 /
220,00 B ol
A &
— MEASURED [[— MEASURED
=-—METHOD 1 == METHO
—300CH —=.-— METHOD 2 5 e METHOE é
.......... METHOD 4
L L ke N a )l iy
—0.04 = 0.02 0.00 0.02 -0 ~0.02 ~0.01 0.00 0.01
Delflection{m} Delflectiontm)
(a) Stage 3 (b) Stage 4
Fig. 8 Comparison of Deflection Shape
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Case 2

This case is Gung-Ang I -Bo building construction site in Seoul, Korea. The wall had
temporary ground anchor, soldier beamf{H-pile : 300300 15x15), and wood-laggings. The
soil data and anchor data are shown in Table 4. the parameters employed are shown in
Table 5. Figure 9 shows the predicted and measured lateral displacement in the retaining

wall.

Table 4. Input Data(Case 2)

Soil Data Anchor Data
Fill | Clay | RS8. | W.R. [Weak R.| H.R. No.l | No.2 | No.3
Depth{m) 1.6 3.3 17.0 | 195 23.0 35 | Depth(m) 1.5 3.7 59
Year{t / m?) 1.8 1.8 19 2.0 21 22 | Pre-stress(ton) 30 30 30
Friction Angle | 28° | 28 | 320 | 350 | 37 | g0 [Stiffness of 9870 | 9870 | 9870
Tendon(t —m?)
c(t/m?2) 0.0 12.2 0.0 0.0 5.0 50 (Free—-Length(m)| 17.0 | 160 | 15.0
— - - - - - — jAngle of Inclinat+{ 40° 35 | 325
| fon
Table 5. Parameters used for the Sensitivity Analysis(Case 2)
Method 1 Method 2 Method 3 Method 4
Reaction Const. Reaction Const. Ya Ve Ve ¥e
Fil 250 500 0.034 0.34 0.0015 0.015
Clay 3000 500 0.340 (.68 0.0013 0.013
Residual Soil 300 1500 0.017 0.17 0.0060 0.060
Residual Soil 310 1500 0,017 017 0.0980 0.080
Weathered R. 450 3500 - - — -
Weak Rock 1300 4800 - - -~
Hard Rock 2500 7000 - - -
0.00 _‘ R
3
—10.00p
E E -10.001
et i E
2 g
A-2000p a 1
—— MEASURED
3 ~=. METHOD 1
=~ MEASURED — 2000} —— METHOD 2
—30.00k| _ " xg;ggg ; weeees METHOD 3
r ------ METHOD 4 --------‘METE(')_D 4 .
—0.08 —0.04 000 004 ~0.08 ~0.04 0.00 0.04
Deflection{m) Deflection{m}

Figure. 9 Case 2
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Case 3

The behavior of the tworow ground anchor wall built at Yonsei University was analyzed
by the proposed method. The site characterization, the wall data and the anchor data are
summarized in Table 2. The horizontal deflections were measured from inclinometer wells
instrumented about Im behind a driven soldier beam. Figure 10 shows the predicted and
measured lateral displacement in the retaining wall.

Table 6. Input Data{Case 3)

Soil Data Anchor Data
Fill | RS. |W.R. | HR. Wall Data Nol | No2
Depth(m) 35 1.2 2.7 14.6 | wall Hight 22.2m Depth(m} 2.1 49
Unit Weight Unbonded
1.8 1.8 1.9 2.1 EI{t —m? 279: .5 .
(t/m?) (t—m?) 3 Length(m) 12 115
Friction Diameter Lock —off
29° B ° ° y 38 .
Angle 30 i 40 of Pile{m) 03 Load(ton) 3 38
Cohesion Stiffness of
0 4 2.0 6.0 - 9870 9870
(t/m?2) Tendon{t —m?)
- - - -1 - - - Angle of W |
Inclination

Table 7. Parameters used for the Sensitivity Analysis(Case 3}

Method 1 Method 2 Method 3 Method 4
Reaction Const. Reaction Const. ¥ Yo Ve vy
Residual Soil 400 2000 0.0094 (.094 0.0006 0.005
Residual Soil 800 3000 0.0047 0.047 0.0012 0.012
Weak Rock 1800 5000 — — - -
Hard Rock 3000 7000 - - — —

5.2 Comparison of Wall Deflections Based on Analysis Methods

Three case histories are analyzed by four methods. The results of sensitivity studies are
as follows :

{0 Method using subgrade reaction constant{Method | and Method 2)

Based on the results from method 1 and method 2, though there are differences in the
subgrade reaction constants used for the input data, the variation of wall deflection is rela-
tively small since the subgrade reaction coefficients determined by wall deflection shape
have unique values, soil is still in the elastic state and the predicted wall deflection is
overestimated when compared with the measured deflection.

Thus the method is applicable to the preliminary design of retaining wall with suitable
safety factor.

(@ Method using a p-y curve(Method 3 and Method 4)
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Compared to method 4, the subgrade reaction coefficent calculated by method 3 is rela-
tively small. The reason for this is that if the deflection of the wall is larger than the plas-
tic limit, the subgrade reaction coefficient becomes zero and as a result, the soil springs
break down.

The wall deflection predicted by method 4 produced good predictions for all case histor-
ies. This is because most of the previous studies{methods 1, 2, and 3) have not led to firm
analytical solutions since the effect on the subgrade reaction coefficient by the many com-
plex construction sequences and the plastic limit have not been clearly examined: the
subgrade reaction coefficient is the most important factor in anchored wall analysis. As a
result, the prediction by these methods has some inaccuracy compared with the measured
ones. However, method of using p-y curve is effective in simulating the construction se-
quence of anchored wall excavation, but is sensitive to the plastic limit and underestimates
the wall deflection, Thus this method can be effectively used to perform back calculation
analysis for evaluating the relative importance of the parameters in the anchored wall
structures,

6. Conclusion

In this study the beam-<column method for anchored walls is proposed and the results of
the analysis are compared with case histories. Based on the results, the following
conclusions are drawn :

1} The non-linear p-v curves based on the theory of active and passive earth pressure
may be applied to earth retaining walls with low wall stiffness, let alone the high
stiffness of the pile.

2) The prediction of the horizontal deformation by shifting p-y curves by as much as the
permanent movement is necessary to simulate the construction sequence of anchored
wall excavation.

3) The wall deflection predicted by method 4 which uses subgrade reaction coefficient
calculated by the N value, leads to good predictions for all case histories.
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