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ABSTRACT

Using the commercial finite element software, the response of Lower San Fernando Dam (LSFD)
and Upper Fernando Dam (USFD) distressed during 1971 San Fernando earthquake and 1994
Northridge earthquake are analyzed in terms of total stress employing a equivalent static finite
element model. An Drucker-Prager (DP) elastic perfectly plastic stress-strain model with 2-D
plane-strain and four-node solid elements were used in the numerical model which is developed in
ABAQUS Explicit (ver. 6.8) computer program. In the first step of the finite element analysis, the
numerical model was brought into equilibrium under self-weight using drained shear strength and
deformation parameters. In the second step of deformation modeling, applicable shear strength
parameters were reset to represent the rapid loading condition with shear strength parameters. The
horizontal and vertical deformations obtained from the finite element analysis were found to
compare reasonably with observed post-earthquake deformation patterns for both of the
embankments.

Introduction

Upstream slope of Lower San Fernando dam (LSFD) failed immediately after the 1971 San
Fernando earthquake of magnitude 6.6 (M,). Peak horizontal ground acceleration (amax) at the
dam site reached 0.5g caused reason due to a large volume of hydraulic fill within the dam body
to liquefy, which, in turn precipitated in the flow failure resulting in horizontal and vertical
displacements as large as 61 m and 15 m, respectively (Seed et al. 1975). LSFD rehabilitated
after the 1971 failure was shaken in 1994 by the Northridge earthquake 6.9 (My,). Although the
dam site amax during this event was only 0.32g,  liquefaction was triggered underneath the
lower portion of the downstream slope leads to the development of deformations 0.15m
horizontal and 0.10 m vertical respectively (Bardet and Davis 1996). During 1994, the
deformations probably resulted from liquefaction related loss of shear strength underneath the
lower part of the downstream slope (Bardet and Davis 1996).

Upper San Fernando dam suffered distress during the 1971 San Fernando earthquake (M, 6.6;
dam site amax between 0.55g and 0.60g). Liquefaction was triggered in this event within
saturated hydraulic fill. Horizontal and vertical deformations of the dam measured 1.7 m and 1.0
m, respectively, and longitudinal cracks with offsets were observed in the full length of the
upstream face of the dam indicats the stability of the dam to be marginal. Upper San Fernando
dam rehabilitated after the 1971 event endured the 1994 Northridge earthquake (M,, 6.9 and dam
site amax 0.32g) with relatively minor distress despite triggering of liquefaction. Several small
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cracks were developed after this event mainly in the upstream portion of the dam (Bardet and
Davis 1996).

In this paper, Lower San Fernando Dam (LSFD) and Upper Fernando Dam (USFD) during 1971
San Fernando earthquake and 1994 Northridge are analyzed in terms of total stress in a
equivalent static finite element analysis with Drucker-Prager (DP) elastic- perfectly plastic
stress-strain model using commercial finite element software package ABAQUS Explicit (ver.
6.8).

Soil Anisotropy Formulation

Generally the design of the earth structures like dams and embankments constructed with/or
underlain by saturated non plastic soils are generally governed by yield and residual shear
strength parameters of the soils. Yield and residual shear strengths are often estimated directly
available correlation between yield or residual shear strengths and penetration resistances from
the back analysis of pre and post failure geometries of earth structures that suffered varying
degrees of distress resulting from rapid or seismic loading. Yield shear strengths of saturated
non plastic soils are estimated based on the assumption of inherently isotropic soil behavior,
however saturated non plastic soils exhibit strong inherent anisotropy during rapid loading. By
these limitations, a relationship between yield shear strengths and penetration resistances were
proposed by Singh, (2012) considering the anisotropic soil behavior and from back analysis of
thirty two case histories. Correlations between yield shear strengths and compressibility and
stress level corrected cone tip resistances are presented in Figure 1a, and are incorporated in the
finite element modeling.
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Figure 1a,b. Relationships for yield and residual shear strengths (modified from Singh, 2012)



Similarly, because the post deformation shear strengths has small effect on anisotropy during the
rapid loading (Jefferies and Been, 2006) and the behavior of the failed material depends on
various parameters (e.g. viscous and frictional resistance, strain energy, void redistribution and
loss of potential energy, flexibility) during failure. After considering these effects, Singh, (2012)
proposed relationships between residual shear strengths and penetration resistances using a
procedure based on energy approach and using the back analysis of seventeen case histories
distressed during rapid and seismic loadings. Correlations between residual shear strengths and
compressibility and stress level corrected cone tip resistances are presented in Figure 1b, and are
incorporated in the finite element modeling. For the validation of correlations for residual shear
strengths proposed by Singh (2012), a comparison with Stark and Mesri (1992) and Idriss and
Boulanger (2008) are presented in Figure 2 and these comparisons indicates that the range and
pattern of the residual shear strengths with stress normalized penetration resistances presented by
Stark and Mesri (1992) and by Idriss and Boulanger (2008) are similar to range of Singh (2012).
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Figure 2. Comparison of residual shear strengths
Finite Element Modeling

The numerical models are developed for all four dam case histories using the pre failure
geometries in the commercial finite element software package ABAQUS Explicit (ver. 6.8). The
finite element analysis is based on total stress employing Drucker-Prager (DP) elastic-perfectly
plastic stress-strain model. 2-D plane-strain and four-node solid elements were used in the
analyses. In the analysis, the horizontal bottom boundary was restrained to move only
horizontally and the vertical boundaries were restrained to move only in the vertical direction. A
general procedure adopted for the finite element analysis is presented as a flow chart presented in
Figure 3. The liquefiable soils the input shear strengths in the second step of deformation
modeling were also scaled up by a factor of 2.0 to account of the velocity dependent component
of shear strength (deAlba and Bellestero, 2006). In analyses, contractive but non-liquefied soils
mechanical behavior was assumed to be anisotropic, while liquefied material behavior was
assumed to be isotropic. The shear strength parameters were estimated from cone tip resistance
according to Figure la,b. Shear modulus estimated from correlations based on penetration
resistance (Lunne et al. 1997) for non liquefied soils. For liquefiable soils, the shear modulus
was reset to 1/100™ of the corresponding pre liquefaction value (Lunne et al. 1997) in the second
step of deformation modeling.
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Figure 3. Flow chart for finite element analysis



Estimation of Deformation: LSFD 1971 San Fernando Earthquake

Since in 1971 the dam suffered large deformations after the recession of the earthquake rather
than during the event (Seed et al. 1975), the numerical model no earthquake ground motion was
used in second step of the analysis. The hydraulically placed sand characterized with normalized
cone tip resistance, gy of about 4.5 MPa. The corresponding gy is 6.8 MPa assuming medium
compressibility of soil grains.

For the soils with gy more than 9.75 MPa or soils above water table, the drained values of
friction angle were used. Below the water table, for the given value of g, 6.8 MPa, the residual
shear strength ratio for the liquefied hydraulic fill layer was computed 0.120 from Figure 1b.
The input soil properties (unit weight, cohesion and degree of internal friction) used in this
analysis taken from Seed et al. (1975) and are listed in Table 1. Values of poison ratio and
young’s modulus are taken from generic relationships. The 1% and 2™ entries in columns 2 to 7
represented in Table 1 used in stage 1 (establishing geostatic stress) and stage 2 (deformation
modeling) of analysis. The horizontal displacement (U;) and the deformation pattern obtained
from analysis are presented in Figure 4. Maximum deformations obtained from finite element
analysis are somewhat smaller than the observed value; the large deformations obtained
analytically are in agreement with the flow failure observed in 1971 earthquake.

Table 1. Soil parameters for LSFD 1971 analysis

Soil P kN/m® | E, MPa U ¢ ¢, deg. s,/o,
kPa ul =y
Rolled fill 19.2,19.2 | 98,98 | 0.22,022 | 0,0 | 37° — - -
D/S hyd. fill (above) | 19.2,19.2 | 73,73 | 022,022 | 0,0 | 32°,32° | —, -
D/S hyd. fill (below) | 19.2,19.2 | 73,73 | 0.22,049 | 0,0 | 32°,— |-, 0.23®
Upstream hyd. fill 19.2,19.2 | 73,073 | 022,022 | 1,1 | 32°,— | - 0.11
Clay core 16.0,16.0 | 68,68 | 0.40,0.40 | 39,39 | - - - -
Shale 225,225 | 8585 | 022,022 | 0,0 | 42°,42° | ~—, -
Alluvium 223,223 | 85,85 | 022,022 | 0,0 | 40°40° | -, —
U, U1
+3.964e-01
-6.661e+00
:%g;ggigi Pre failure configuration
-2.783e+01
-3.489e+01

-4.195e+01 Post failure configuration

Figure 4. Horizontal deformation of LSFD 1971 earthquake



Estimation of Deformation: LSFD 1994 Northridge Earthquake

Since the deformations likely to have developed after liquefaction, a phenomenon leading to a
significant increase in material damping, inertia forces related to earthquake acceleration were
ignored in the step 2 of the analysis. The input material properties of different zoning of material
listed in Table 2 were estimated from published penetration resistance.

The geostatic stress distribution obtained the first step of the analysis is shown in Figure 3. The
deformation pattern obtained from the second step of analysis using shear strength correlations
developed in this study are presented in Figure 1a,b. The 1% and 2" entries in columns 2 to 7
represented in Table 2 used in stage 1 (establishing geostatic stress) and stage 2 (deformation
modeling) of analysis. The maximum deformations obtained from finite element analysis
(Figure 5) are somewhat exceeded the observed values reported in Bardet and Davis (1996),
relatively small deformations obtained analytically are in agreement with the stable performance
of LSFD observed in 1994.

Table 2. Soil parameters for LSFD 1994 analysis

Soil y®, kN/m® | E, MPa " ¢, kPa | ¢ deg. | S,/0.
Berm 19.2,19.2 | 98,98 | 022,022 | 0,0 | 35°,— | — —
Compacted fill 203,203 | 98,98 | 022,022 | 0,0 | 37°,-| - -
Hyd. fill 19.2,19.2 | 73,73 | 022,022 | 0,0 | 35°,— | -, -
Hyd. fill (NL) 19.2,19.2 | 73,73 | 022,049 | 0,0 | 35°,— |-, 0.19?®
Hyd. fill (L) 19.2,19.2 | 73,0.73 | 0.22,049 | 0,0 | 35°,— | — 0.08
Clay core 19.2,19.2 | 42,42 | 0.40,0.40 | 39,39 | —, — —, -
Alluvium 22.0,22.0 | 85,85 | 022,022 | 00 | 40°- | -, -
u, uz
+0.000e+00
E-a.?a?e-uz
-1.747e-01
-Z2.621e-01
-3.495e-01
-4.369e-01
-5.242e-01

Figure 5. Vertical deformation of LSFD 1971 earthquake



Estimation of Deformation: USFD 1971 San Fernando Earthquake

The San Fernando earthquake of 1971 also led to the development of liquefaction within the
hydraulic fill within the body of Upper San Fernando dam. However, the resulting deformations
were relatively small in that event with the maximum deformation of 3.2 m developing in the
horizontal direction. Since the distress developed after the recession of ground motion (Huynh et
al. 2006), in finite element modeling earthquake time history was not considered. The average
gu the corresponding quc Within the hydraulic fill layer were 3.9 MPa and 6.2 MPa, respectively,
assuming medium grain compressibility (Seed et al. 1975). The input soil properties (unit
weight, cohesion and degree of internal friction) used in this analysis taken from Seed et al.
(1975) and are listed in Table 3. Values of poison ratio and young’s modulus are taken from
generic relationships. The horizontal displacement (U;) obtained from the second step of
analysis using shear strength correlations developed in this study are presented in Figure 6. The
computed deformations were found to compare reasonably with observations.

Table 3. Soil parameters for USFD 1971 analysis

Soil y kN/m® | E, MPa P ¢, kPa | ¢ deg. | S,/0.
Rolled fill 22.0,22.0 | 98,98 | 0.22,022 | 0,0 37°, — - -
Hyd. Fill (above) 19.2,19.2 | 73,73 | 022,022 | 0,0 | 37°,37° | - —
Hyd. fill (NL) 19.2,19.2 | 73,73 | 022,049 | 0,0 37°,— | —,0.23?
Hyd. fill (L) 19.2,19.2 | 73,0.73 | 022,049 | 05 37°,— | -, 011
Clay core 19.2,19.2 | 42,42 | 040,040 | —,— | 37°,37° | - —
Alluvium 20.3,20.3 | 85,85 | 0.22,0.22 | 0.0 40°, — -, -
u, ut

+1.980e+00
+1.644e+00
§+1.309e+00
+9.734e-01
+6.379e-01
+3.024e-01
-3.305e-02

Figure 6. Horizontal deformation of USFD 1971 earthquake



Estimation of Deformation: USFD Northridge 1994 Earthquake

USFD rehabilitated after the 1971 event endured the 1994 Northridge earthquake (M,, 6.9 and
dam site amax 0.32g) with relatively minor distress despite triggering of liquefaction. Several
small cracks developed after this event mainly in the upstream portion of the dam (Bardet and
Davis 1996). These observations are indicative of liquefaction of portions of saturated hydraulic
fill. The average gt the corresponding g Within the upstream side hydraulic fill layer were 3.6
MPa and 5.0 MPa, respectively, assuming medium grain compressibility (inferred from the
downstream CPT data reported by Bardet and Davis 1996). Since in 1994 the deformations
probably resulted from liquefaction near the dam base and after the recession of the earthquake
rather than during the event (Bardet and Davis 1996), the numerical model no earthquake ground
motion was used in step 2 of the analysis. The input material properties listed in Table 4 were
estimated from Figure 1a,b and also from published penetration resistance for different material
zones. The deformation pattern obtained from the second step of analysis using shear strength
correlations developed in this study are presented in Figure 7. The maximum deformations
obtained from finite element analysis were found to compare reasonably with the observed
values reported in Bardet and Davis (1996). The 1% and 2" entries in columns 2 to 7 represented
in Table 4 used in stage 1 (establishing geostatic stress) and stage 2 (deformation modeling) of
analysis.

Table 4. Soil parameters for USFD 1994 analysis

Soil y®, kN/m® | E, MPa " ¢, kPa p s, /o0
Rolled fill 22.0,22.0 | 98,98 | 022,022 | 0,0 | 37°— _
Hydraulic fill 19.2,19.2 | 98,98 | 0.22,022 | 0,0 | 37° - - -
Clay core 19.2,19.2 | 42,42 | 049,049 | 0,0 | 38°, - - -
Non liquefied zone 19.2,19.2 | 73,73 | 022,049 | 0,0 — - | -,018?
Liquefied zone 19.2,19.2 | 73,0.73 | 0.22,0.49 0,0 S -, 0.05
Alluvium 20.3,20.3 | 85,85 | 022,022 | 0,0 | 40° — - -
u, uz

+0.000e+00

-4.127e-02
E-B.Z.‘idc—ﬂz

-1.238e-01

-1.651e-01

-2.063e-01

-2.476e-01
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Figure 7. Vertical deformation of USFD 1994 earthquake



Conclusions

Four well published dam case histories distressed during 1971 San Fernando earthquake and
1994 Northridge earthquake are analyzed with the help of the finite element model and based on
the relationships proposed by Singh (2012) for yield (anisotropic) shear strength and residual
(isotropic) shear strength. 2-D plane strain, four node solid element and DP soil model were
used for the preparation of numerical model for all four cases. The horizontal and vertical
deformation of four case histories obtained from the finite element analysis comparable with
observed performance of these cases.
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