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1. INTRODUCTION

1.1. BACKGROUND

As part of the reconstruction of Interstate 90 in Seattle, Washington, WSDOT
designed and supervised the construction of a geosynthetic reinforced soil (GRS) retaining
wall located on Rainier Avenue, Seattle. The Rainier Avenue wall had a maximum height
of 12.6 m and supported a nearly 6-m-high surcharge fill. At the time it was constructed,
it was the highest GRS wall in the world (Allen et al., 1992). The wall was extensively
instrumented and monitored during and after construction to evaluate its face deflections
and the strain levels occurring in it (Christopher, et al, 1990). Results of the
instrumentation have been reported by Holtz et al. (1991) and Allen et al. (1992).

To define the actual stress distribution occurring in the Rainier Avenue wall, ar
two-phase research project was conducted by the University of Washington. Phase I
included an extensive laboratory test program that used a newly developed plane strain
device. Numerical analysis and modeling of the results of the instrumentation and
laboratory tests constituted Phase II.

1.2. SCOPE OF PHASE Il PROJECT
The major tasks of the Phase II project were to

1. analyze the test result of the unit cell device (UCD), a plane strain GRS element
testing device developed in Phase I

2. develop numerical models of the Rainier Avenue Wall using both material
properties and test results of the UCD

3. using the results of tasks 1 and 2, develop a methodology for analyzing the
working stress-strain distribution in the GRS retaining structures.
The Phase II project was conducted from September 1995 to December 1997.

During this period, two research programs were conducted simultaneously. One program



concentrated on analyzing the UCD test results, and the other on developing the
numerical models of the Rainier Avenue wall. Significant results were obtained from both
research programs. Products of the Phase II research include an elasticity model that is
capable of analyzing GRS behavior, composite properties of GRS elements, and four
numerical models of the Rainier Avenue wall. Improved understanding of the working
stress-strain distribution inside GRS retaining structures was also obtained with these
products.

This report consists of three parts:

1. description of the Phase II research program
2. results of the Phase II research
3. conclusions of Phase IT research and suggestions for future research.



2. PHASE I1 RESEARCH PROGRAM

2.1. ANALYSIS OF UNIT CELL DEVICE TEST RESULTS

The UCD was designed and fabricated in Phase I to simulate a GRS element inside
GRS retaining structures. It is a load controlled device that tests GRS elements under
plane strain conditions (the stress conditions inside a soil retaining structure). Both in-soil
properties of geosynthetics and GRS composite properties are measured in the device.

A GRS element inside a reinforced soil structure has different directional stress-
strain behaviors because of the reinforcement (Fig. 1). Therefore, instead of an isotropic
elasticity approach, anisotropic elasticity was used to interpret the UCD test results
correctly. The process for analyzing the behavior of a GRS element, i.e., interpreting the

UCD test results cortectly, followed the steps listed below:

1. develop an anisotropic elasticity model for GRS composite elements under plane
strain loading conditions
2. introduce UCD test results into the developed anisotropic elasticity model to

solve for the composite properties of GRS elements
3. develop a methodology for utilizing the composite GRS properties in the GRS
~ retaining structures modeling.

The results of this part of the research are described in section 3 of this report.

2.2. NUMERICAL GRS RETAINING STRUCTURE MODELS

An important task in Phase II was to develop numerical models of the Rainier
Avenue wall. The developed numerical models had to be capable of reproducing the
instrumentation measurements from the Rainier Avenue wall and of providing information
about the stress and strain occurring inside the wall. Two types of models were

developed, complex models and composite property models.



"\

Figure 1. Geosynthetic Reinforced Soil Element.

2.2.1. Complex Models
In complex models, both the geosynthetic reinforcement and the soil are modeled with
separate soil and geosynthetics elements. The material properties of the soil and
geosynthetics are used as the input to these models. The models should simulate the wall
performance after construction and after surcharge load has been applied.
2.2.2. Composite Property Models

In composite property models, GRS elements are modeled as homogeneous
composite elements. Only GRS composite elements exist in the composite properties
model; i.e. there are no separate soil and geosynthetics elements. The GRS composite

properties obtained from UCD test analysis were the input for these models.



3. RESULTS AND DISCUSSION

3.1. BEHAVIOR OF GEOSYNTHETIC REINFORCED SOIL ELEMENT
3.1.1 Transversely Isotropic Elasticity Model for a GRS Element with Plane Strain
Loading Conditions

Similar to a UCD test specimen, a GRS element contains different reinforcing
mechanisms in different principal directions. For the element shown in Fig. 1, in the
horizontal directions, soil is reinforced by the tensile force developed along the
geosynthetic and then transmitted into the soil. In the vertical direction, soil is also
reinforced because additional resistance to the gravity force is provided by the
horizontally placed reinforcement. Therefore, a composite material and anisotropy
elasticity approach was applied to characterize the different stress-strain behaviors in the
different principal directions inside a GRS element. |

In Fig. 1, the vertical direction is defined as direction 1, and the horizontal
directions are defined as directions 2 and 3. The geosynthetic reinforcement was placed on
a plane perpendicular to direction 1 but also paralle]l to directions 2 and 3. Thus, the
different re'mfdrcing mechanisms of a GRS element in different principal directions were

described using orthotropic anisotropic elasticity (Eq.1).
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In Eq.1, Ey, By, E;, v3y, V33, Vi3, Vi3, Vay, and vy, are defined as the composite
moduli and Poisson’s ratios of the GRS element.

To obtain the composite moduli of the GRS element, only Eq.2, the normal part
of Eq.1, needs to be solved. In Eq.2, directions 2 and 3 have different stress-strain
composite properties when the mechanical properties of the geosynthetics in the machine
direction are different from their properties in the cross-machine direction. However, to
further simplify the problem, we assume that the geosynthetic has the same in-soil stréss-
strain strength properties in both the machine and cross-machine directions. Given this
assumption, the same stress-strain behavior is assigned to directions 2 and 3. Eq.2, from
orthotropic elasticity, can then be simplified to transversely isotropic elasticity, Eq.3, by
using the relations: E, =E,, E, =E, =En V12 = V23 =Viy, V31 = Va1 =Vy, and vi3 = v, =y
For the stress-strain behavior of a GRS element inside soil structures like retaining walls,
long embankments, or slopes, plane strain loading conditions are appropriate. Plane strain

conditions indicate that there is no strain in direction 2 (ie. €3 = Y12 = Y3 = 0). Equations

4 and 5 are expanded from Eq.3 with plane strain loading conditions applied. These two

T _1_ = Vi —Vn-
el‘l E, Elz E, g,
—Vi — Vi,
£,,|= NG 2
22 El Ez E3 22 )
B U PR R U AR
| El Ez Es 4
[ 1 VIlv- —vth
L E, Ei" E, Gy,
~Vou Vg
g,, | = o (3
22 Ev Eh Eu 22 )
£ (o]
33 “Vyo ~ Vi _l_ 3
L Ev Eh Eh N




g, =0=-v, 2w, Su_, On @)

1 Vir “Viy " ViV :
|:€”:| - 'E.v E, E, .[011] (5)
833 (_vlv _vhvvhh .

equations therefore represent the transversely isotropic elasticity model for a GRS
element under plane strain loading conditions. Composite moduli of the GRS element can
be solved with this model with adequate material testing data, e.g., from the UCD test

results.
3.1.2 Interpreting UCD Test Results Using the Tranversely Isotropic Elasticity
Model

The UCD was designed to test a GRS element under plane strain loading
conditions to simulate the GRS element inside GRS soil structures, The UCD specimen is
exactly like the GRS element shown in Fig. 1 with plane strain loading conditions.
Therefore, the developed transversely isotropic elasticity model could be applied to
interpret the UCD test results. Equations 6 to 8 are rearranged from Eqs. 4 and 5. Terms
O11, 022, O33, €13, and €33 in Egs. 6 to 8 were obtained by reducing the UCD test data.
However, there were still four unknowns (E,, Ey, vy, and vy,) remaining in Eqs. 6 to 8.

Numerical analysis was performed to solve Eqs. 6 to 8. The steps of the numerical

analysis were as follows:

1. Formulating a spreadsheet using Egs. 6 to 8,
V,, = E}.Lv‘“'_cn (6)
0.l. 1
1
E, =— [Bo,,+ (- O] %)
33



= EI.GII (8)
' £,E, +AC, -Bo,,

where A = vy’
B = -Viy - ViwViy
C= thz

Also vy = Vi EJ/E,

2. Inserting a reasonable range of values for Poisson’s ratios vy, into the spreadsheet

3. Computing the composite moduli E, and E, using the spreadsheet.
3.1.3 Composite GRS Moduli

UCD test data were input into the developed transversely isotropic elasticity
model to solve for the composite GRS moduli. Table 1 shows the test numbers, effective
soil confining pressures, and geosynthetics information for the UCD tests that were used
to solve the composite moduli. Table 2 shows the sampled stress and stain information
that was reduced from the raw UCD test data. The stress and strain information was
sampled at conditions when the lateral strain equaled 1 percent and for a horizontal plane
Poisson’s ratio equal to 0.3.

To observe the reinforcing effect in both the vertical and horizontal directions, the
transversely isotropic elasticity model was also applied to soil-only UCD tests to obtain
the plane strain vertical and horizontal soil moduli. Figure 2 shows the plane strain soil
moduli results. Larger moduli were found in the horizontal direction than in vertical
direction because the UCD specimens were compacted to the desired density during
specimen preparation. Both horizontal and vertical plane strain moduli increased as
effective soil confining pressure increased. The horizontal plane strain moduli increased
linearly as effective soil confining pressure increased; however, the vertical plane strain

moduli increase was less at higher effective soil confining pressures.



Table 1. General Information of UCD Tests

UCD Test No. | Effective Soil Confining Geosynthetic Information
(Boyle, 1995) Pressure (kPa) (Name, 2% Mwwt' (kN/m), material type)

115 12.4 Soil only

79 12.3 GTF 200, 103, polypropylene
77 10.4 GTF 375, 204, polypropylene
76 11.2 GTF 500, 357, polypropylene
98 10.6 GTF 1225T, 1126, polyester
112 24.6 Soil only

65 23.9 GTF 200, 103, polypropylene
67 233 GTF 200, 103, polypropylene
74 23.5 GTF 200, 103, polypropylene
81 23.1 GTF 200, 103, polypropylene
70 21.7 GTF 375, 204, polypropylene
73 22.0 GTF 375, 204, polypropylene
71 19.3 GTF 500, 357, polypropylene
99 22.5 GTF 1225T, 1126, polyester
100 25.0 GTF 1225T, 1126, polyester
111 21.3 GTF 1225T, 1126, polyester
54 47.6 Soil only

62 47.5 GTF 200, 103, polypropylene
55 43.6 GTF 375, 204, polypropylene
106 47.3 GTF 1225T, 1126, polyester

' Mwwt: Wide Width Tensile Test Modulus (ASTM D 4595)




Table 2. Sampled Stress-Strain Information from UCD tests

UCD Test No. | Vertical | Horizont | Vertical Lateral Effective
(Boyle, 1995) Strain | al Strain Stress Stress? Reinforced Lateral

(%) (%) (kPa) (kPa) Stress®

‘ (kPa)
115 0.63 0.52 88.6 80.2 12.4
79 0.92 1.04 248.5 241.8 20.7
77 1.28 1.00 3129 303.9 26.4
76 1.42 1.00 376.4 368.3 32.0
98 1.26 1.00 498.5 489.4 61.5
112 0.49 1.00 217.8 197.9 24.6
65 1.09 1.00 345.9 326.1 329
67 1.12 1.00 344.0 327.7 28.3
74 1.17 1.01 351.9 330.8 30.2
81 1.13 1.01 319.9 299.7 28.4
70 1.19 1.00 396.1 376.7 37.9
73 1.45 1.01 413.5 392.7 37.1
71 1.49 1.00 531.6 512.4 47.1
99 1.36 1.00 593.8 574.3 76.1
100 1.36 1.00 522.5 503.0 64.6
111 1.78 1.00 765.0 745.6 90.7
54 0.83 1.01 306.8 263.4 47.6
62 1.21 1.00 423.9 379.9 54.5
55 0.98 1.00 514.2 470.8 558
106 1.45 1.00 835.6 791.1 98.7

? Lateral stress in the direction which there is no strain (plane strain controlled direction).

* Calculated using equation G, = G, +

in—soil

A

10

(Boyle, 1995), A = effective lateral area of specimen.
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Figure 2. Plane Strain Soil Moduli Obtained from UCD tests.

Figure 3 shows the results of horizontal GRS composite moduli versus the effective
soil confining pressure (ESCP), and Fig. 4 shows the results of vertical GRS composite
moduli versus the ESCP. ESCP is the confining pressure that is contributed by soil only,
without the confining pressure that is contributed by the tensile strength of geosynthetic

reinforcement. ESCP can be estimated with an empirical equation:

Opscr = K, -0, (9)
where 6o, = Effective Soil Confining Pressure
K, = Effective Lateral Earth Pressure Ratio

o,, = Overburden Pressure

As shown in Figs. 3 and 4, both vertical and horizontal composite moduli of GRS increase

as the effective soil confining pressure increases for single geosynthetic reinforcement. For
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different geosynthetic reinforcements, the tendency was also observed that composite
moduli increase as in-isolation tensile moduli of geosynthetic reinforcements increase. In
both the horizontal and vertical directions, GRS composite moduli were found to be larger
than the plane strain soil moduii. This proves that the geosynthetics contribute to the
reinforcing function in the horizontal as well as in the vertical direction. Moreover, all the
horizontal GRS composite moduli were found to be larger than all the vertical GRS
composite moduli for GRS reinforced soil for certain geosynthetics under the ESCP range
tested by Boyle (1995). This result confirms that the horizontal direction is the major
reinforcing direction.

Empirical equations (Eqs. 10 and 11) were also developed in an effort to

characterize the moduli numerically (as the solid lines shown in Figs. 3 and 4).

My = A-logog, +B | (10)
M. =C-logGy ., +D (11)
where M,,. = horizontal GRS composite modulus, in kPa
‘M, =vertical GRS composite modulus, in kPa

A, B, C, D, are coefficients determined from UCD test data (Table 3).

Table 3. Coefficient A, B, C, and D for Equation (10) and (11),
for 1% Horizontal Strain and Poisson's Ratio 0.3

Geosynthetics A B C D
GTF 200 10500 4000 4500 2500
GTF 375 12500 6000 5000 3000
GTF 500 16500 8000 ‘ 6000 3500

GTF 1225t 22500 9000 8000 3700

13




3.2 NUMERICAL MODELS
Two kinds of numerical models were developed in this research project in an
attempt to reproduce the Rainier Avenue wall field instrumentation measurements. Both
models were developed with a commercial finite difference computer program: FLAC—
(Fast Lagrangian Analysis of Continua). Models 5008 and 5008p2 were the complex
models that simulated the Rainier Avenue wall performance after wall construction and
after adding the surcharge. In these two models, soil was represented by Mohr-Coulomb
material elements, and geosynthetic reinforcements were represented by cable elements,
the built-in structural elements of FLAC. The cable elements were basically elastic
material elements with interfaces. The advantages of using cable elements were a simpler
model geometry, direct axial stress-strain information, and computational time savings.
COMPA and COMPS were the composite property models that simulated the Rainier
Avenue wall performance after wall construction and after adding the surcharge. In these
models, only anisotropic elastic material elements were used. The GRS composite moduli
were obtained by numerically analyzing the UCD test data.
Each model included four parts:
PARTI: Mesh Generation and Foundation Soil: grids and lines were used in this
' section to form the model mesh of the Rainier Avenue wall. The foundation
- soil was also created in this section,
PARTII: Input Properties: input soil and geosynthetics properties were defined in
this section.
PART III: Wall Constructions: the body of the Rainier Avenue wall was created with
the_ defined input properties in this section.
PARTIV: Modeling Result Exporting: deflection information and axial forces in the
geosynthetics (cable elements) were recorded and exported for further

reduction and investigation.

14



3.2.1 Models 5008 and 5008p2
The FLAC complex models 5008 and 5008p2 consisted of the cable elements,

representing the geosynthetic reinforcement, and the Mohr-Coulomb elements,

representing the soil. Model 5008 simulated the Rainier Avenue wall performance right

after its construction, and Model 5008p2 simulated the wall performance after the

surcharge had been applied. The following modeling techniques were used in an effort to

accurately model a GRS retaining structure like the Rainier Avenue wall.

1. Mesh generation.

1.1.

1.2.

1.3.

1.4.

The unreinforced backfill of the GRS retaining structure models had to be
extended a distance at least equal to the length of "reinforced zone" to
elinﬁﬁate boundary effects. For cases in which the unreinforced backfill has
an irregular shape or had a length shorter than the "reinforced zone," real
boundary conditions had to be modelled.

The foundation part of the GRS retaining structure models had to be
extended at least to a depth equal to one "height of the geosynthetic
reinforced \;vall" to eliminate boundary effects. This technique is relatively
important when the settlement of the GRS retaining structure is a major
issue. |

For the portion in front of the wall face, as with the unreinforced backfill,
the irregular shape and shorter length boundary had to be modeled.
Otherwise, the horizontal boundary in front of the wall face had to be
extended at least one "length of reinforcement" to eliminate boundary
effects, |

Except for the surcharge, the same geometry and mesh generation were

used for both models 5008 and 5008p2 so that results could be compared.

2, Unbalanced force, horizontal grid velocity, and vertical grid velocity were

monitorred during the iteration to ensure that the model reached its equilibrium.

15



3. Plane strain soil strength properties (friction angles, cohesion, and elastic moduli)
were used when the soil retaining structures were modeled. Plane strain strength
properties of backfill soil of the Rainier Avenue wall were obtained from the UCD
tests.

4, When soil modulus was assigned, the confining pressure effects had to be
considered. The lower part of the wall has a higher soil modulus because of the
higher confining pressure, and the higher part of the wall has a lower soil modulus
because of less confining pressure. This assumption was verified by the soil-only
UCD test results.

5. For woven geosynthetics, in-iéolation tensile modulus could be used in the
models. However, for nonwoven geosynthetics, in-soil confining effect had to be
considerd when the tensile modulus was selected. Results of UCD test indicated
that the tensile moduli of nonwoven geosynthetics increase when the
geosynthetics are confined in soil (Boyle, 1995).

6. The 2 percent horizontal strain secant moduli of geosynthetics were measured at
the strain rate applied to the reinforcing layers during wall construction and were
used in these models to be consistent with the observed wall deformations and
geosynthetic strain measurements,

7. The FLAC models were not sensitive to the in-soil thickness of the geosynthetics,
However, once the in-soil thickness had been decided, the cross-sectional area,
elastic modulus, and perimeter of the cable element had to be caléulated with the
same in-soil thickness values.

8. Interface properties of the cable elements.

8.1.  The interface cohesion (shond)* of the cable eleinents should be set equal
to the soil cohesion.
8.2.  The stiffness of woven geosynthetics could be used as the interface

stiffness of the cable elements (kbond).

* Bold words are the input symbols in FLAC.

16



8.3.  The interface friction angle (sfric) depends on the relative movements that
happen between the soil and the geosynthetic reinforcement. Results of
pull-out tests with the same materials can be a good reference. In the
Rainier Avenue wall models, the full soil friction angle was used as the
interface friction angle for polyester geosynthetics; 2/3 of the soil friction
angle was used as the interface friction angle for polypropylene
geosynthetics,

8.4.  The installed, ultimate tensile strengths of geosynthetics were used as the
tensile lirhit (tensile yield strengfh, yield) of geosynthetic reinforcement.

8.5. A small value, for example, 10Pa, is suggested as the compression limit
(yeomp) when cable elements are used to model geosynthetic
reinforcement.

9. A subroutine function "batter," edited with FISH®, was developed in this project
to simplify the procedures for altering the model geometry and inputing the
properties. This subroutine can be easily updated to be used in other GRS
retaining structure models.

10.  After each layer's construction, equilibrium was reached to obtain the best results.

1. Because the inclinometer was installed before the backfill had been placed, the
deflection of every construction stage had to be recorded and accumulated to
compare with the inclinometer measurements.

12. An EXCEL file was also developed in this project to reduce the data from the
FLAC models. It is capable of reducing the raw data obtained from the FLAC
model, storing the field instrumentation measurements, and plotting the data
reduction results. A manual on how to use this EXCEL file is included in Volume
IT of this report.

* FISH is the installed coding language of FLAC.
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Successful simulation results were obtained from both models 5008 and 5008p2.

Figure 5 shows the face deflection results of both models compared with the average

survey measurements, Average deflection survey measurements were used to eliminate

human errors and the differences between survey measurements. Both models simulated

reasonable face deflections and the locations where the maximum deflection was observed.

Figure 6 shows the deflection results of both models at 9 ft behind the wall face in

comparison to the inclinometer measurements at the same location. The results of both

models agreed well with the field measurements. Model 5008 tends to under-estimate

deflections in the lower half of the wall, but it over-estimated deflections in the upper half

of the wall. However, model 5008p2 tended to under-estimate the deflection throughout

the entire wall,

Height of Wall (m)

14

12 +

10+

—&— Model 5008

—O— Ave. Survey Deflection after
Wail Construction

—&— Model 5008p2

—&— Ave. Survey Deflection after
Surcharge

20 40 60 80 100 120
Face Deflection {mm)

Figure 5. Face Deflection Results‘of Models 5008 and 5008p2.
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Figure 6. Inclinometer Deflection Results of Models 5008 and 5008p2 (inclinometer
located at 9 ft behind wall face).

Figure 7 shows the strain distribution of the instrumented geosynthetic reinforcement
layers of model 5008 in comparison to the strain gage and extensometer measurements.
Figure 8 is the same type of plot as Fig. 7 for model 5008p2. As shown in Figs. 7 and 8,
results of models 5008 and 5008p2 agreed with the values of maximum strains of the
geosynthetic layers and the strain distribution along the geosynthetic reinforcements.
Model 5008 showed the maximum strain location of layer 4 closer to the wall face than
the instrumentation did; however the difference was less than 30 cm. Model 5008 also
tended to over-estimate strains in the higher part of the wall: however, the difference was
less than 0.5 percent strain. As shown in Fig. 8, the strain distribution of model 5008p2
showed "second peaks" in higher geosynthetic layers, which indicates that a higher strain

plane may be generated as the surcharge is applied.
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Figure 7. Strain Distribution along the Instrumented Layers, after Wall Construction.
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Figure 8. Strain Distribution along the Instrumented Layers, after Surcharge.
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A parametric study was also performed on model 5008 to examine its sensitivity
to the input properties. In the parametric study, maximum deflections of the wall model
were examined by varying the input properties of the soil and geosynthetics, i.c., the
tensile moduli of geosynthetics, the soil friction angle, the soil cohesion, and the soil
moduli. Figures 9 to 12 show the results of this study. The maximum deflections
increased when the tensile moduli of geosynthetics decreased (Fig. 9). The same tendency
was also observed when the soil friction angle changed (Fig. 10). Although the maximum
deflections decreased slightly when the soil cohesion was decreased from 8 kPa to 6 kPa
(Fig. 11), they increased as the soil cohesion decreased further (Fig. 11). However, the
maximum deflections decreased when the soil moduli decreased. Reasons for this
phenomenon might involve the external stability and anisotropy of the GRS elements.
Generally speaking, the overall deflections of the wall model increased as the input
strength properties decreased; and the overall deflections of the wall model decreased as
the input strength properties increased. Further parametric studies that examine more

input properties and other performance information will be conducted in Phase III

research,
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Figure 9. Maximum Deflection vs. Geosynthetic Modulus
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Figure 12. Maximum Deflection vs. Soil Moduli

3.2.2 Models COMPA and COMPS
The FLAC composite property models COMPA and COMPS consisted of only
anisotropic elastic material elements. The input strength properties of these anisotropic
elastic material elements were the horizontal modulus, the vertical modulus, and the
horizontal-vertical plane shear modulus. Model COMPA simulated the Rainier Avenue
wall performance after its construction, and model COMPS simulated wall performance
after the surcharge had been applied. Both COMPA and COMPS had the same mesh
geometries as the complex models 5008 and 5008p2 so that the modeling results could be
compared. The modeling techniques used in these two models were as follows:
1. The same mesh generation techniques that were used in models 5008 and 5008p2
were applied to models COMPA and COMPS.
2. Unbalanced force, horizontal grid velocity, and vertical grid velocity were

monitored during the iteration to ensure that the model reached its equilibrium.
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Anisotropic GRS composite moduli (Figs. 3 and 4) obtained by analyzing the
UCD test data were used as the input moduli of the reinforced zone in these two
models. However, the composite moduli had to be adjusted because the volume
ratio of soil to geosynthetic in the Rainier Avenue wall was different from the
ratio in the UCD specimen,

Anisotropic plane strain soil moduli (Fig. 2) obtained from UCD test data were
used as the inputl moduli of the unreinforced zones in these two models.

The GRS composite moduli were described with the effective soil ‘confining
pressure (Figs. 3 and 4). Therefore, models COMPA and COMPS had different
input properties for the same locations because the effective soil confining
pressure distribution in the wall changed after the surcharge was applied.

After each layer's construction, equilibrium was reached to obtain the best result.
Because the inclinometer was installed before the backfill had been placed, the
deflection of every construction stage had to be recorded and accumulated to
compare with the inclinometer measurenments. |

An EXCEL file was also developed in this project to reduce the data from the
FLAC models. It is capable of reducing the raw data obtained from the FLAC
model, storing the field instrumentation measurements, and plotting the data
reduction results, The same manual on how to use the EXCEL file for complex
models (described in Volume II of this report) can be used for this EXCEL file as

well.

Successful simulation results were also obtained from the models COMPA and

COMPS. Figure 13 shows the face deflection result of model COMPA in comparison to

the results of model 5008 and the averaged survey measurements. Figure 14 shows the

deflection result of model COMPA at 9 ft behind the wall face in comparison to the

results of model 5008 and the inclinometer measurements at the same location. Figure 15

shows the face deflection results of model COMPS in comparison to the results of model

5008p2 and the averaged survey measurements. Figure 16 shows the deflection result of
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model COMPS at 9 ft behind the wall face in comparison to the results of model 5008p2
and the inclinometer measurements at the same location. The results of models COMPA
and COMPS agreed with the complex models (models 5008 and 5008p2), as well as the
field instrumentation results.

Because the GRS composite moduli were sampled at 1 percent horizontal strain of
the UCD GRS specimens, both models tended to overestimate the deflection in the lower
half of the wall (the average strain of the lower half of wall was about 0.65 percent after
construction and 0.75 percent after the surcharge had been applied). They also
underestimated the deflection in the upper half of the wall (the average strain of the lower

half of wall was about 1.3 percent after construction and 1.5 percent after the surcharge

had been applied).
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4. CONCLUSIONS AND SUGGESTIONS

The conclusions and suggestions for further research on GRS retaining structures

obtained from this project are as follows:

1.

The developed transversely isotropic elasticity model for GRS elements should be
applied to more UCD test results. The behaviors of GRS composites sampléd at
different horizontal strains, for example, 0.5 percent, 1.5 percent, and 2 percent,
should be analyzed. |

If possible, more UCD tests should be performed on more polyester GRS and
geogrid GRS to increase our understanding of the behavior of all GRS composités.
The use of complex numerical models with structural elements (cable elements)

and Mohr-Coulomb material elements (models 5008 and 5008p2) is feasible for

- modeling the performance and working stress-strain distribution of GRS retaining

structures like the Rainier Avenue wall. The same modeling techniques should be
applied on more case histories to further examine the capability of this type of
model.

The results of the complex model change when the input soil cohesion changes.
This phenomenon generates uncertainty about the modeling results when the
complex model is used to model a GRS wall with sand backfill. In this research, an
apparent cohesion of 8 kPa was selected as a reasonable value for the soil backfill
on the basis of visual observations and to obtain the best modeling results. Further
inves_tigation of the issue is warranted.

The advantages of using composite property models are a shorter computation

~ time, the ability to analyze anisotropic working stress-strain distributions in GRS

retaining structures, and a sounding theory for selecting input properties.
The disadvantage of using composite property models is a lack of direct access to

stress-strain  information for geosynthetic reinforcements. However, this
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disadvantage can be overcome when more GRS composite moduli are sampled at
different horizontal strains. The stress-strain distribution of GRS retaining
structures can then be analyzed with composite property models, given ith input

of moduli sampled over a reasonable strain range.
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