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ABSTRACT 

Altogether six MSE earth walls were subjected many base excitations on the National Geotechnical Centrifuge at the 
University of California, Davis. In general walls behaved as expected, i.e., walls with longer reinforcement deformed less 
whereas walls with shorter reinforcement deformed more. There was no catastrophic failure observed in any six walls. A 
relatively simple rigid plastic model for predicting the seismic displacement of MSE walls supporting dry cohesionless soils 
is presented. Amplification or deamplification was observed in the backfill, depending on the level of base excitation. The 
proposed analytical model considered the variation of the acceleration in the backfill. Computed and measured wall 
displacements were compared for excitations with acceleration level above 0.3g for four different MSE walls. The study 
reveals that the proposed analytical model captures many aspects of the characteristic behavior of MSE walls under seismic 
loading. The agreement between the predicted and measured wall displacement is very good. 

INTRODUCTION 

The use of MSE walls has increased immensely since the original "reinforced earth" concept, which was advanced by Henri 
Vidal in 1966. MSE walls incorporate metallic reinforcements or geosynthetics to enlarge the effective width and weight of 
the retaining mass. The utility of the soil as an engineering material is greatly improved by the internal reinforcements, which 
are capable of carrying tension. MSE walls are very common especially in highway applications, where their use has been 
shown to be cost effective and further their construction also result in less traffic disruption than the conventional walls. 
Though the current major application of MSE walls is retaining slopes and embankments, their use in supporting more critical 
structures such as bridge abutments and foundations is steadily increasing. 

Standardized design methods for analyzing the static behavior of MSE walls have been well documented in NCHRP Report 
290 (Mitchell and Villet, 1987). These design guidelines were developed based on laboratory and field model testing and 
also based on field testing of full size walls. However, the seismic response of these structures is not well understood and 
there are currently no realistic guidelines available to analyze seismic behavior. Since MSE walls are routinely used in 
regions of seismic activity, stability assessment of such structures under seismic loading conditions is an important design 
consideration. 

The current widely used procedure for assessing the seismic performance of rigid retaining wall is a displacement approach, 
proposed by Richard and Elms (1979). This design procedure is based on limiting the permanent wall displacement within 
a certain value. The wall displacement evaluation procedure proposed by Richard and Elms (1979) is recommended for use 
in AASHTO guidelines (AASHTO, 1991). To undertake a similar displacement based design approach for MSE walls, a 
reliable displacement evaluation procedure is needed. 

The paper (1) provides highlights of the results from a series of centrifuge tests conducted on many different MSE wall 
configurations and (2) summarizes the development and application of a simple numerical model to evaluate permanent 
displacement of MSE walls during seismic events. 

CENTRIFUGE TESTING OF MSE WALLS 

Model description  
In the centrifuge study a series of three models were constructed and tested on the large centrifuge at UC Davis. Each 
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of the models was given the designations of MSE-01, MSE-02, and MSE03. In each test two wall configurations were 
constructed so that the walls were back to back (Fig. 1). In this manner we were able to test 6 wall configurations (Wall 1-6). 
The models tested in this study represented 7.32 m(24ft) high walls with a dry, granular backfill. The scale factor used in these 
tests was N=24 so that the height of the model was 0.31 m(Ift). It was decided that a bar mat system much like Caltrans 
Mechanically Stabilized Embankment (MSE) System would be modeled. In Wall 1 to Wall 5 the bar mat reinforcement was 
used. The reinforcement was modeled by using commercially available galvanized steel wire mesh. The spacing of the mesh 
on the available wire mesh is such that the spacing of the bars scale accurately to prototype when the wire mesh was cut 
appropriately. Due to a small difference in the diameter of the bars in model and prototype, an effort was made to ensure that 
the ratio of longitudinal bar mat cross section to panel area remained similar between the model and the prototype. In the Wall 
6, ribbed steel strips were used as reinforcement. A summary of model configuration for each wall is given in Table 1. 

In each of the models tested the backfill consisted of a fine dry Nevada sand at a relative density (Dr) of 65%. The Nevada 
sand was placed by pluviating from the large pluviater at the National Geotechnical Centrifuge center. Throughout the 
deposition special attention was given to achieve a backfill relative density of 65%. More details on the model description 
can be found in Howard et al. (1998) and Ganeshwara (1998). 

Instrumentation 

While doing the layer by layer construction, the accelerometers were placed at the pre-determined positions (refer to Fig.1). 
After the model construction was completed the LVDT's and the linear potentiometers were positioned on the model. The 
linear potentiometers were mounted on vertical beams attached to the base of the container. Each of the six walls in the 
models was instrumented with four linear potentiometers to measure lateral wall deflection along the height of the wall. The 
LVDT's were mounted from a rack that was fixed to the top ring of the model container. From the LVDT measurements the 
settlement of the soil can be found at various locations (behind the walls and at the free field). 

Testing the Models 

The model was spun up to the appropriate rpm thereby attaining the required gravity level of 24g and a series of shakes were 
performed. Several types of input motions were used in the testing program, including step waves, cosine sweeps, and 
recorded earthquake motions. Two recorded acceleration records were used in this study. One record was taken from the 
Hyogogen-Nanbu earthquake (Kobe) and the other record from Santa Cruz California recorded during the Loma Prieta event 
of 1989. The typical order of shakes started with small amplitude step wave to verify that the accelerometers were functioning 
correctly. Subsequently, base excitation histories with strength, am.„ of as much as 0.85g was used. Every model 
configuration (MSE-01, MSE-02, and MSE-03) were shaken by a total of 17 excitations (referred to as events A through Q) 
back to back. The number of strong excitations with amax  more than 0.3g were three, five, and five for the model 
configurations MSE-01, MSE-02, and MSE-03, respectively. Only under these higher excitations the walls showed 
appreciable permanent displacements. 

WALL BEHAVIOR IN CENTRIFUGE 
Deformation of Walls 

In MSE-01, the Wall 2 behaved better than the Wall 1 as expected, because of the additional reinforcement at the top four 
panels in Wall 2 (Table 1). Also in MSE-02, the Wall 4 (L = 0.7H) behaved better than Wall 3 (L = 0.6H). Here L is the 
length of reinforcement and H is the wall height. In MSE-03, Wall 5 (the wall with the least bar mat reinforcement, L = 
0.5H) suffered significant lateral deflection. But no catastrophic failure was observed in any test. The Wall 6 (the wall with 
ribbed steel strip reinforcement, L = 0.7H ) deformed about the same amount as the Wall 3. 

The Wall 1 (MSE-01) and the Wall 4 (MSE-02) have the identical characteristics (length and type of the reinforcements), 
but were subjected to different earthquake events in magnitude and the type of event. However, if the displacements are 
plotted against the peak base acceleration for the same motion, one may expect to see similar incremental wall displacements. 
However, as shown in Fig. 2 the Wall 1 deformed more than the Wall 4. Only the deformations (incremental) measured in 
Kobe events are shown. It appears that the soil in model MSE-02 should be denser than the soil in model MSE-01 to yield 
consistently lower displacements. This observation is investigated below. 
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Relative Density Variation During Tests 

As the shaking continued in the tests, the relative density is expected to increase since shaking results in compaction of soil 
(grain slip). Assuming one dimensional settlement, the relative density changes can be estimated at the end of each test. This 
calculations requires a knowledge of maximum (emax) and minimum (em,,) void ratios ofNevada sand. These values are readily 
available from the data base of Nevada sand reported by Arulmoli et al. (1994). They report e. = 0.887 and en„„ = 0.511. 
Based on the assumption that the initial relative density at the start of all test series is 65%, the relative densities at the start 
of each event can be evaluated. These computed relative densities at the start of the excitations are presented in Fig. 3. There 
are three free-field locations and it is believed that these three settlement values will provide a range for the relative densities. 
Since there wasn't much change in relative density in the events A through G in all three test series (MSE-01, MSE-02, and 
MSE-03), the relative densities only for the events H through Q (shown on X axis) are presented in Fig. 3. 

It is apparent from Fig. 3 that though the relative densities are similar initially (low level of excitations), they subsequently 
increased substantially as the test progressed to higher and higher level of excitations. It is clear that the MSE-03 test series 
had higher initial relative densities than that of MSE-02 series before every large excitations (events J through Q). The test 
series MSE-01 had the lowest initial relative densities in these events. Therefore, when comparing the measured and 
computed wall displacements event by event, care should be exercised in accounting for the change in relative densities. It 
may be concluded that the results of wall displacements shown in Fig. 2 is consistent since the relative density in the soil in 
model MSE-02 is higher than the soil in MSE-01. In retrospect, this also lends credibility to the centrifuge testing. 

ANALYTICAL MODEL FOR WALL DEFORMATION 

Description of the Proposed Method 

As a typical plot, Fig. 4 shows the incremental displacements of Wall 1 in the event N (a. = 0.44g) of MSE-01, Wall 3 
and Wall 4 in the event L (a. = 0.47g) of MSE-02, and Wall 5 in the event L (a„,.„ = 0.53g) of MSE-03. The above 
mentioned walls were selected because they all have the bar mat reinforcement. The earthquake events were selected by 
picking the first larger realistic excitation in the test series, which had the peak base acceleration greater than 0.3g. From the 
wall deformation shown in Fig. 4, it is clear that the bottom part of the wall has translated as well as rotated. The middle 
part and the upper part of the wall have only translated. 

Based on this observation and the mechanisms proposed by previous researchers, the failure mass for the analytical model 
was defined. As proposed by Wood and Elms (1990), the failure plane is assumed to begin at the connection of the bottom 
last reinforcement and the facing panel. This failure plane proceeds at an angle (a) to the horizontal up to the end of 
reinforcement and then vertically till it meets with soil surface. 

The total failure mass has been divided into three rigid blocks as shown in Fig. 5. The bottom block is triangular and the upper 
two blocks are rectangular. The interface between any two blocks is horizontal and assumed to be through a face panel 
interface (Fig. 5). This is because the face panels are strong elements and the failure is possible only through the interface 
between panels. 

Equations of Motion 

When the direction of the ground acceleration is away from the backfill, the inertial force of a block acts toward the backfill; 
thus a passive condition is created in the backfill. In this condition, the force required to cause failure of the backfill is on 
the order of 10 times the static resistance (Richard and Elms 1979). Thus, in this condition, the soil and the failure blocks 
will act together with very little or no relative displacement. On the other hand, when the ground acceleration is toward the 
backfill, the situation is reversed (active condition in the backfill). The block inertia force now acts away from the backfill 
and a much smaller force is sufficient to cause failure in the backfill. 

In the proposed displacement model, the response of the wall is assumed to be given in terms of wall translation, x (x„ x 2, 
and x for Blocks I, II, and III respectively) relative to the input acceleration, and rotation, 0 (for block III), about the point 
O (Fig. 5). Different possibilities for failure angle, a, and block separations (separation of Block I and Block II) exist. The 
block pattern which will give the highest lateral deformation along the wall is considered as the actual failure blocks. 
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The dynamic equilibrium equations for horizontal and vertical directions for all the blocks and rotation of Block III about 
the base can be assembled to arrive at four equations of motion in terms of the unknowns x,, x2, x,, and 6. These equations 
are coupled and are ordinary differential equations of second order. A step by step procedure in time domain, similar to the 
one described by Siddharthan et al. (1992) has been used to obtain the solutions (x,, x2, x,, and 0). The acceleration can vary 
in the backfill due to amplification (or deamplification). The forces on the blocks which are affected by the backfill 
acceleration have been computed using the appropriate acceleration (average) at the level of the blocks. A computer program 
DIS-MSE, has been developed to compute the block deformations for many failure mechanisms by varying a and the location 
of separation between Blocks I and II. The failure mechanism that gives the largest wall displacement is considered the 
critical failure mechanism and the corresponding displacement the wall displacement. Integration in the time domain was 
carried out using Newmark's (1959) scheme of constant average acceleration. 

Results and Conclusions 

The computed and measured displacement results for walls with equal length bar mat reinforcement only are considered here. 
The seismic events considered were the actual earthquakes having the peak base acceleration of more than 0.3g since only 
above this level excitation, the wall showed any appreciable displacement. As typical plots, the computed and measured wall 
displacements of Wall 1 (L = 0.7H; MSE-01) during event N (an. = 0.44g), and Wall 5 (L = 0.5H; MSE-03) during event 
L (a„,,„ = 0.53g) are shown in Figs. 6 and 7. 

Different values for backfill friction angle 4) were considered to get a match between the experimental and analytical results. 
Computed Wall 1 (MSE-01) displacements during the event N for 4) values of 36° and 38° bracket the measured displacement. 
Similarly, in the case of Wall 5 (MSE-03) in event L, the corresponding 4) values are 40° and 44°. Lower value of 4) in the 
event N of MSE-01 and higher value of 4) in the event L of MSE-03 are consistent with the relative density analysis described 
earlier (Fig. 3). A higher value of 4) in the backfill is present during event L of MSE-03 due to the larger cos sweep (event 
I) in that test series, which caused a jump in relative density and thereby 4) value. The comparison between the computed 
and measured wall displacements is very good, thus validating the applicability of the proposed analytical model. 
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Table 1: Summary of Model Configurations. 

Model No. Wall No. 
Type of 

Reinforcement 

Length of 

Reinforcement 

MSE-01 

1 Bar Mat 0.7H 

2 Bar Mat 0.7H& 1.41-1* 

MSE-02 

3 Bar Mat 0.6H 

4 Bar Mat 0.7H 

MSE-03 

5 Bar Mat 0.5H 

6 
Ribbed Steel 

Strips 
0.7H 

* The bottom 8 layers had reinforcement length L = 0.7H and the top 4 layers had 

L = 1.4H, where H = Height of the wall (24ft in prototype). 
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Fig. 1: Wall Configurations and Instrumentation of Model MSE-01 
(All Dimensions are in mm). 
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Fig. 2: Incremental Permanent Displacements 
of Wall 1 and Wall 4. 
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Fig. 3: Relative Density Variation in Backfill. 

Fig. 4: Measured Permanent Displacements of Walls 1-6. 
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Fig. 5: Proposed Three-Block Model for 
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Fig. 6: Predicted and Computed Wall 1 
Displacement in Event N. 


