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ABSTRACT: A great number of earth-fill dams suffered significant damage during previous
major earthquakes in Japan including the 2011 Great East Japan Earthquake and the 2016 Ku-
mamoto Earthquake. One of the major factors is a relatively low degree of compaction of the
dam body, which results into low undrained shear strength prone to severe deterioration during
cyclic loading (liquefaction). A new simplified and pragmatic seismic stability analysis that
takes into consideration these factors is proposed, combining a modified Newmark slip stability
analysis and a pseudo-static non-linear FEM analysis, both taking into account continuous deg-
radation of undrained stress-strain properties during seismic load based on the cumulative dam-
age and total stress concepts. Working examples are presented and confirm significant effects of
compaction on the dam seismic stability. A case study of an actual case, the collapse of Fujinu-
ma dam by the 2011 Great East Japan Earthquake, is presented in a companion paper.

1 INTRODUCTION

By the 2011 Great East Japan Earthquake, around 15% of the 12,500 irrigation earth-fill dams
in the prefectures of Iwate, Miyagi and Fukushima in Japan suffered significant damage, includ-
ing sliding failure in the upstream slopes and severe longitudinal cracks at the crest (Japan Rural
Development Bureau, 2012). The most serious case is the catastrophic sliding failure of the 18.5
m-high Fujinuma dam and its subsequent over-topping flow leading to a flood which resulted in
seven deaths and one missing (Tanaka et al., 2012 & Tatsuoka et al., 2016). The dam consisted
of top, middle and bottom fills constructed during different periods before, during and immedi-
ately after World War II. The primary cause of the failure was found to be a generally low de-
gree of compaction of the backfill with a particularly low degree of compaction of sandy soil in
the top fill of the embankment, which seemingly resulted in a very low undrained shear strength
that further deteriorated by repeated undrained cyclic loading due to a particularly long duration
of earthquake motion (Tanaka et al., 2012).

The reliable simulation of such collapse as above by sophisticated non-linear FEM effective
stress analyses remains still difficult and costly in engineering practice. A number of issues
should be indeed properly taken into account such as the process of build-up/dissipation of ex-
cessive pore water not only globally but also locally around and inside shear bands having a
thickness controlled by particle size while affected by the dilatancy characteristics under cyclic
loading and dry density and so on, whereas this issue has not been sufficiently solved (Tatsuoka
et al., 1991, Yasuda, 2004 & Tanaka, 2016). Besides, identification and determination of pa-
rameters necessary for such analyses can be difficult while results are often very sensitive to
small variations in those parameters.

On the other hand, there is a strong need for simplified stability analysis providing stable re-
sults with straightforward parameters, particularly since Japan counts more than more than



20,000 dams on its soil if ones includes small-scale irrigation dams.

In view of the above, a new simplified stability analysis method is proposed. As illustrated in
Figure 1, this method obtains the seismic-induced residual displacement/deformation by com-
bining: 1) slip displacement evaluated by a modified Newmark’s slip stability analysis; and 2)
residual deformation evaluated by a pseudo-static non-linear FEM analysis. Both analyses take
into account the continuous deterioration of the undrained stress-strain properties of soil due to
repeated cyclic undrained loading in a united framework formulated based on the cumulative
damage and the total stress concepts.

In this paper, these two analysis methods are introduced in details along with typical numeri-
cal examples. The results from analysis of the collapse of Fujinuma dam in Fukushima Prefec-
ture, Japan, as well as analysis at the stage of design for the restoration to a new dam are report-
ed in the companion paper (Tatsuoka et al., 2106, this conference).
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Figure 1. Proposed symplified dynamic analysis (Tatsuoka et al., 2014)

2 MODIFIED NEWMARK ANALYSIS
2.1 Methodology

In the original Newmark sliding block method (Newmark, 1965), the soil strength is assumed to
be constant (i.e., the perfectly plastic properties), which is often assumed to be equal to the
drained residual shear strength in design practice. To take into account the positive effects of
compaction and particle size on the drained sliding stability, it has already been attempted to
modify the original Newmark method by taking into account post-peak strain softening con-
trolled by the peak and residual shear strengths as well as the particle size-dependent post-peak
shear stress - shear displacement relation (Okuyama et al., 2003 & Yoshida et al., 1995). The
critical slip plane is firstly obtained by using the peak soil shear strength, while the shear
strength then gradually drops towards the residual strength according to the current sliding dis-
placement. It is proposed hereafter to further modify the original Newmark method by taking in-
to account a continuous degradation of the undrained soil shear strength caused by irregular cy-
clic seismic loading. This degradation is evaluated based on the cumulative damage concept
(Donovan, 1971) along with results of relevant undrained stress-strain tests. The critical slip
plane is otherwise obtained as the circular slip plane that gives the maximum sliding displace-
ment. The detailed procedure of modified Newmark analysis, called Newmark-D (where D
standing for damage) is presented below (Figure 2).

Step 1: A plane strain 2D FEM dynamic response analysis is performed to obtain the time histo-
ries of response acceleration and mobilized shear stress, Ty, by using the soil’s non-
linear stress-strain properties. Possible degradation of these stress-strain properties by
cyclic undrained loading is firstly ignored. This simplification is typically conservative
since the initial natural period of earth-fill dam is usually larger than the predominant



period of seismic motion. Either an equivalent linear response analysis in the frequency
domain taking into account strain-nonlinearity or a non-linear analysis in the time do-
main may be indifferently adopted. In the analysis shown further below, it will be as-
sumed that slip displacement takes place along a circular slip plane whenever the soil
exhibits yielding: i.e., whenever the mobilized shear stress, 1, obtained as above ex-
ceeds the soil shear strength ¢ that is being degraded by cyclic undrained loading (Fig-

ure 3a).
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Figure 2. Schematic diagram showing the analysis procedure of Newmark-D (Duttine et. al., 2015)

Step 2: A limit equilibrium pseudo-static analysis is performed on a selected relevant trial circu-
lar slip following the modified Fellenius slice method (Equation 1) and using the un-
drained shear strength mobilized along the circular slip plane given by Equation 2.

FS:ZIﬁ-Li/{Z(Wi-sinoci+khWi~zi/R)—Mw} (1)

1

T, =c, +G,tan¢, (2)

where t5 is the transient undrained shear strength at the slice base, L; the slice base
length, W; the slice total weight, o the slice base angle relative to the horizontal diection
and z; the vertical distance from the slice center of gravity to the center of circular slip
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0 equivalent uniform cyclic

plane. R is the circular slip radius. ¢, and ¢, are the apparent undrained cohesion and in-
ternal friction angle determined as a function of initial effective stress states (i.e., the so-
called the total stress method). During a given seismic motion, the values of ¢, and ¢,
will decrease due to undrained cyclic loading. G’y is the initial effective normal stress at
the slice base that is determined as either: 1) W’;* cosa; by assuming that the resultant of
inter-slice effective earth pressures of each slice is parallel to the slice base (where W’;
is the effective weight of the slice); or 2) the values obtained by the initial stress FEM
analysis performed in step 1. The former values 1) are slightly conservative. M,, stands
for the resisting moment due to external water forces acting on the slope surface of the
sliding mass.
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Figure 3. a) Time histories of mobilized random and equivalent uniform cyclic shear stresses; b) actual
stress-strain relations and c) equivalent stress-strain relations, following the cumulative damage concept
(Tatsuoka et al., 2014).

Step 3: The continuous degradation of undrained shear strength represented by the parameters c,

and ¢, (Equation 2) of each slice is evaluated as follows. The time history of the cyclic
shear stress of the nearest FEM element projected to each slice base is decomposed into
a series of full pulses to compute the total cumulative damage by Equation 3:

3)

where m is the total number of full pulses, and 1/N; is the incremental damage devel-
oped by the i pulse, where N; is the number of cycles of equlvalent uniform cyclic
stresses having the same single amplitude as the i™ pulse that is necessary to reach the
state where the damage defined by Equation 3 becomes 1.0 (Figure 4.).

The max1mum value of double amplitude (DA) strain that takes place until the start of
a given n™ pulse in a given time history of irregular cyclic stresses is then back-
calculated by repeatedly changing the value of strain DA that defines the D= 1.0 state
until the actual D value by Equatlon 3 becomes eventually 1.0. Convergence is achleved
by dlchotomy In this way, a given time history of irregular cyclic stresses until the n
pulse is represented by an equivalent uniform cyclic stresses that produces identical
damage and matches the SR - N curve (i.e., the fatigue curve) by which the same DA
develops (Figure 3). SR is the ratio of the cyclic shear stress single amplitude to the ini-
tial effective confining pressure At/c’(, which is equivalent to Aq/2c’,, with Aq the sin-
gle amplitude of cyclic deviator stress in triaxial conditions. The deteriorated values of
undrained shear strength are then obtained from the relation between (c, & ¢,) and the
DA strain. This relation is derived independently from the results of monotonic un-

D:i(l/Ni)



drained loading tests performed after different values of DA developed by cyclic un-
drained loading. A typical set of test results and obtained relation are shown in Figures 5
and 11b.

SR=A1/25’,
SR-N relation obtained from uniform cyclic
loadings of different amplitude
/ for a given strain amplitude DA (e.g. 7.5%)
amplitude defined as equivalent to a damage D=1
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Damage due to ith pulse D= (1/N)) ‘
Ni Iog(Nc)

Figure 4. Definition of damage and equivalent number of loading cycles, N;.
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Figure 5. Example of stress-strain relations obtained by triaxial monotonic undrained loading (ML) per-

formed

Step 4:

Step S:

after different DA values undergone by undrained cyclic loading (CL).

The average of the response accelerations at all the nodes inside the sliding mass is
computed from the results obtained at step 1.

Sliding is considered to start once the driving moment My (Equation 4) exceeds the re-
sisting moment M, (Equation 5). Following the conventional Newmark approach (Fig-
ure 6), the residual displacement 6=R-0 is computed by integrating two times the rota-
tional acceleration given by Equation 6.

M,=M-g-t+M-R;-% ; M, =) R-(r, L)} (4&5)
M-(Rg)-0=M,-M, ©)

where M is the sliding mass; g is the gravitational acceleration; X is the acceleration at
the center of gravity of the sliding mass computed in step 5; and t¢ is the transient dete-
riorating undrained shear strength computed in step 4. The bottom of Figure 7 shows
examples of the time histories of input acceleration (i.e. the average response accelera-



tion of the sliding mass) and yielding acceleration obtained by the conventional and
modified Newmark analyses. The yielding acceleration is defined as the acceleration for
which My=M,, where Mr directly represents the transient soil shear strength T mobilized
along the slip plane. The yielding acceleration remains constant throughout a given
seismic motion in the conventional Newmark approach, while it gradually decreases due
to the deterioration of undrained shear strength in the Newmark-D analysis, resulting in-
to a larger residual displacement.

Step 6: The steps 2 to 5 are repeated for all potential circular slip planes and the circular slip
plane giving the ultimate maximum slip displacement at the end of given seismic mo-
tion is considered as the critical circular slip plane.
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Figure 6. Load and displacement parameters dealt with in Newmark method analysis.
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Figure 7. Comparison of results by conventional and modified Newmark methods.

2.2 Example analyses and comparison with conventional Newmark approaches
The results from the following analyses are herein compared.
1) The conventional Newmark method using the drained shear strength defined by:
T, =c'+ctan¢’ @)

where ¢’, ¢’ is the fixed drained cohesion and internal friction angle; and ¢’ is the effective
normal stress when the working stress is mobilized.



2) The Newmark-S method accounting for drained post-peak strain softening (Okuyama et al.,
2003).

3) The newly developed Newmark—D method accounting for degradation of undrained shear
strength of saturated soil, which is described in section 2.1.

4) The Newmark-Au method in which the transient undrained shear strength is obtained by
Equation 8, so-called effective stress method or Au method:

T =c'+(G'O—Au)tan¢' (8)

where ¢’ and ¢’ are the fixed drained cohesion and internal friction angle and Au is the ex-
cess pore water pressure that develops by seismic loading. Theoretically, Au should be the
value exhibited when the working stress against which slope stability is evaluated is mobi-

lized. As discussed later in this paper, its proper evaluation remains difficult and makes this
method complicated to be used in practice.

In the present study, the idealized earth-fill dam shown in Figure § was analysed. Three dif-
ferent degrees of compaction, D.= 85%; 90%; and 95% (based on Standard Proctor tests) were
assumed with sandy soil whose strength characteristics obtained by undrained triaxial compres-
sion tests are listed in Table 1. Parameters used in the equivalent linear FEM dynamic response
analysis are summarized in Table 2 and Figure 9. A relatively long earthquake motion estimated
from the Nankai trough was used as the base input motion (Figure 10). Figures 11a,b show the
undrained cyclic strength properties (i.e., the SR-N relations) and the (c,, ¢,) - DA strain rela-
tions derived from undrained cyclic and monotonic triaxial compression tests (Ueno et al.,
2015) that were used in the Newmark-D analysis. The transient excess pore water pressure Au to
be substituted into Equation 8 is usually obtained by substituting the value of DA into such a
upper envelope of Au — DA strain relation as shown in Figure 11c (in the case of D= 95 %).
This relation is obtained by combining the time history of Au and the DA value during an each
cycle in the respective cyclic undrained triaxial tests. The continuous time history of DA strain
was obtained by interpolating the discrete relationship between DA strain and elapsed time. This
means that the Au value evaluated as above is the maximum value in each cycle and therefore is
conservatively higher than the value that develops when the working stress against which the
slope stability is evaluated. This difference increases as soil is better compacted, as shown later
in this paper.
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Figure 8. Cross-section of analysed earth-fill dam.

Table 1. Material strength properties of analysed earth-fill dam.

Dc Yt Vsat C (I)’ Cu ¢u

[%] | [KN/m’] | [kN/m®] | [kPa] [deg] | [kPa] | [deg]

95 18.2 19.8 1(0%) | 5035%) | 45 20

D@® core & shell | 90 17.2 192 | 7(0%) | 4035%) | 15 25
85 16.3 187 | 5(0% | 35(35%) | 4 32

@® subgrade - 21.0 21.0 37 31.5 37 | 31.5

* residual strength values



Table 2. Parameters used in linear-equivalent FEM response analysis

D, [%] static dynamic
<t T E [MPa] v Gy [MPa] v G-h-y relations
95 11.7 0.3 60.0 0.45
core & she . . . . igure
00e) & shell 90 9.1 0.3 52.5 0.45 Figure 8
85 7.8 0.3 42.5 0.45
_ constant
@ subgrade SPT-N=20 -- 25 0.3 120 0.45 he 0%
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Figure 10. a) Mesh and boundaries of FE model; and b) base input seismic motion.
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Figure 12. Contours of a) maximum horizontal response acceleration; and b) maximum shear strain ob-
tained by linear equivalent dynamic response analysis (D= 95%).

b)

The maximum response acceleration and maximum shear strain contours obtained by the dy-
namic response analysis are shown in Figures 12a and b for the case of D= 95 %. The maxi-
mum response acceleration is typically obtained at crest, with an amplitude of 473.5 gal (at t=
58.12 sec.) in this case and an amplification ratio of 1.57. The maximum shear strain is obtained
at the base of the dam, and remains moderate with an amplitude of 0.15 %. In the analysis by all



the Newmark methods described in this paper, such time histories of response acceleration as
shown above are used to compute the average acceleration of each potential sliding mass. Be-
sides, in the analyses by the Newmark-D and -Au methods, the time histories of mobilized
stresses are used to compute the time history of damage at the base of each potential circular slip
plane.

The relationships between the residual settlement at crest and D, obtained by the four differ-
ent Newmark approaches are summarized in Figure 13. The effects of D, on the residual settle-
ment are most significant with the Newmark-D method. This is due to the combined effects of
the following three factors: as D, decreases, 1) the initial undrained shear strength decreases
(Table 1); 2) the damage strain (i.e., DA strain) by cyclic undrained loading increases due to a
weaker fatigue curve (Figure 11a); and 3) the strength degradation ratio also increases (Figure
11b). This results into a very large residual settlement when D.= 85 % (which is similar to the
value in the top fill of Fujinuma dam). Conversely, the seismic stability greatly increases with
an increase in D..
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Figure 13. Settlements at dam crest for different degrees of compaction by different Newmark methods.

This feature seen in the results obtained by the Newmark-D analysis is only partly captured
by the Newmark-Au method. This is due to the following factors. Firstly, Au= 0 is defined at the
start of shaking despite that, in actuality, even in initial monotonic undrained loading, Au at
failure is not zero. Then, by following Equation 8, the undrained shear strength is reduced to the
drained shear strength, which is much less sensitive to changes in D, (Tatsuoka et al., 1982,
2014). Secondly, Au is computed based on such an upper-envelope as shown in Figure 11c.
During cyclic undrained loading, the ratio of Au/c’, along this envelop becomes close to 1.0 so
that the trvalue obtained by Equation 8 quickly drops to very small values. In actuality, howev-
er, due to soil dilative behaviour and so-called “cyclic mobility”, much higher undrained
strength can develop associated with a decrease in Au/c’( from a value close to 1.0 (Tatsuoka et
al., 2014). These factors underestimate the effects of compaction on the seismic stability and
overestimate the settlement when D= 95 %. This indicates that relevant seismic design of a soil
structure to achieve a sufficiently high stability by good compaction becomes very difficult
when based on the analysis by the Newmark-Au method.

Finally, the effects of D, on the settlement obtained by the original Newmark method is very
small due to the use of drained shear strength that does not exhibit strain-softening (i.e., the first
point above). The effects of D, on the settlement obtained by the Newmark-S method is notice-
able. Yet, these effects are much smaller than those by the Newmark-D method.
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3 PSEUDO-STATIC FEM ANALYSIS

3.1 Methodology

A pseudo-static plane strain FEM analysis has been developed to compute residual displace-
ments by seismic loading of soil structures, including earth-fill dams, taking into account the
continuous deterioration of undrained pre-peak stress-strain properties without considering slip
failure. The procedure of this FEM analysis is detailed below (Figure 14).

2D plane strain FEM
response analysis

(=D
L

Strain amplitude of each
element backcalculated
from accumulated damage

A Ad
Inertia forces from
i node response
accelerations

Degradation of undrained
stress—strain relations
based on DA value

}

Residual displacement by pseudo
static analysis using deteriorated
stress—strain relations and inertia

Figure 14. Schematic diagram showing the procedure of pseudo-static FEM analysis.

Step 1: A plane strain 2D FEM dynamic response analysis is performed to obtain the time histo-
ries of response acceleration and mobilized cyclic stresses by using the initial soil stress-
strain properties (not degraded by cyclic undrained loading). This step is the same as the
one performed in the case of Newmark-D analysis and therefore does not need to be re-
peated if a Newmark-D analysis has already been performed.

Step 2: The continuous degradation of pre-peak stress-strain properties of each element is eval-
uated as follows. First, the time history of cyclic shear stresses of each element obtained
by the dynamic response analysis is decomposed into a series of full pulses and the time
history of accumulated damage is computed, from which the time history of equivalent
DA strain is then back-calculated. This procedure is the same as the one performed in
the Newmark-D analysis except that computation is not limited to the elements along
the potential circular slip plane but is generalized to all the elements of saturated soil
situated beneath the phreatic line. Second, the stress-strain properties that have been
damaged by cyclic undrained loading for different damage strains (i.e., DA strains) are
modelled using results from the same undrained cyclic and monotonic loading tests as
those used in the Newmark-D analysis (e.g. Figure 5). That is, the normalised stress -
strain relations are fitted by the analytical function of Equation 9 (Figure 15).

y =1y (x) - x™HmTmx a[e‘b'xc (x/1+x)—x- e‘b/2] )
XXp

W)= l/Cl(X)+X-X0/C2(X)

(10)
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where y=T/Tpeax and X=Y/ypeak are the shear stress and shear strain normalized by their re-
spective peak values. fy(x) represents the backbone undamaged stress-strain relation
given by the GHE model (Equations 10 & 11, Tatsuoka & Shibuya, 1991) and m1, m2,
a, b and c are constants that may depend on DA.

Incorporating the relation between (c,, ¢,) and DA strain (Figure 11b), the full stress-
strain relations can be modelled as shown in Figure 16. The continuous deterioration of
stress-strain relation for each element is then readily obtained by combining the time his-
tory of DA and the relation between the stress-strain analytical function and DA.
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Figure 15. Normalized stress-strain relations from cyclic & monotonic undrained loading tests (Figure 5).
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Shear strain [%]
Figure 16. Modelled shear stress-shear strain relations used in pseudo-static FEM analysis (D= 90%).

Step 3: Pseudo static analysis is performed, i.e self-weight analysis using the stress-strain rela-

tion deteriorated by cyclic loading (computed in step 2 above) to which inertia forces
derived from response acceleration at each node (computed in step 1) are added up.
Concretely, weak formulation of the force equilibrium given by Equations 12 & 13 be-
low is solved.

12



F" (d)-F" (t)=0 (12)
F"(d):= [ B'odQ

F(1):= | pN"{g-a(1)}d0

where F™ and F are the internal and external forces; d is the unknown displace-
ment; N'and B’ are the transpose of the shape function and its spatial differentia-
tion; g is the gravity acceleration; and a(s) the response acceleration vector com-
prising the vertical and horizontal response acceleration derived at time ¢ by the dynamic
response analysis. The soil nonlinear elastic constitutive relation, o, is derived as fol-
lows:

(13)

{o:—ng-1+2r(e)/e-e (14)

K=K +K,/n

where e:=+2e-e is the equivalent engineering shear strain; z(e) is the shear stress
obtained for a given shear strain from the non-linear shear stress - shear strain relations
(Figure16); and K is the saturated soil bulk modulus comprising the bulk modulus of
granular skeleton, K, and the bulk modulus of water, K,, (= 2.15 GPa); and # is the po-
rosity. Since K,, is very large against K|, K is assumed to be constant for simplicity, i.e.
not deteriorating by undrained cyclic loading and given as follows:

2(1+v,)
K, =———F=G;, (15)
3(1-2v,)
with v, and G, the initial undegraded Poisson’s ratio and the secant shear modulus
of the granular skeleton.

Besides, as the total unsaturated bulk modulus, K, is also very large, the equivalent
Poisson ratio, vy, becomes very close to 0.5 and volumetric locking is numerically prone
to occur. To alleviate this phenomenon, first order isoparametric elements with a selec-
tive reduced integration scheme or second order (serendipity) elements are used. It was
confirmed that differences between the results obtained by these two methods were neg-
ligible.

Pseudo static analysis is then performed separately at each relevant time step of the
input seismic motion using the transient stress-strain relation that has deteriorated until
this time and the inertia derived from the response accelerations exhibited at this time.
The residual displacements at each peak seismic load state are obtained by removing
“the initial displacements at t=0 obtained by using the undegraded soil stress strain prop-
erties” from “the current displacements obtained by using the deteriorated soil stress
strain properties”. The time histories of such residual displacements obtained as above
are shown in Figure 19. Then, the maximum displacement obtained during the whole
seismic motion is defined as the ultimate residual displacement at the end of the input
motion. This is based on the fact that soil deformation is mostly plastic and non-
recoverable as can be seen from relevant experimental results (see section 3.1.2. of the
companion paper, Tatsuoka et al. 2016).

3.2 Example analyses

Similarly as those presented in section 2.2, example analyses were conducted on the earth-fill
dam model presented in Figure 8 using the stress — strain properties model of core and shell ma-
terials compacted to three different degrees of compaction D.= 85 %, 90 %, 95 % (Tables 1 & 2
and Figures 11a,b). The other soil parameters used in the analysis are summarized in Table 3.
The modelled shear stress - shear strain relations are shown in Figure 16 for D= 90 % and Fig-
ures 17a & b for D= 85% and 95 %.

The finite element mesh used is exactly identical to the one used in the dynamic response

analysis (Figure 10a) and is shown in Figure 18 with the relevant boundary conditions.
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Table 1. Soil parameters used in the pseudo-static FEM analysis.

Dc Yt Ysat GSO n Ks K
[%] | [KN/m’] | [kN/m’] | [MPa] [MPa] | [MPa]
95 18.2 19.8 4.5 0.402 9.8 5,358
DO@®@ core & shell | 90 17.2 19.2 3.5 0.433 7.6 | 4973
85 16.3 18.7 3.0 0.465 6.5 4,630
@ subgrade -- 21.0 21.0 9.6 0.400 20.8 | 5,396
(® subgrade -- 21.0 21.0 53.8 0.400 542 | 5,429
60 T T T T T T T T
r [Do=95% o '=25KN/m’| //
g
&
a) Shear strain [%]
25 T T T T
Dc=85% 0 '=25kN/m’
B —
g ]
‘:’: 0.5%/
% 2%/
5%/////_
s ]
L —
60~100%—
0 1 1 1
0 5 10 15 20 25
b) Shear strain [%]

Figure 17. Modelled shear stress-shear strain relations used in the pseudo-static FEM analysis; a) D=
95 %; and b) D= 85 %.

1

4

7

0
110

= ) = & &

Figure 18. Mesh and boundary conditions in the pseudo-static FEM analysis.
The time history of residual settlement at dam crest at selected different peak seismic load states

obtained by the pseudo static FEM analyses are shown in Figure 19. The contours of damage
strain (i.e., DA strain) by preceding cyclic undrained loading and the deformed models at the
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time of maximum settlement are respectively shown in Figures 20 and 21. The following trends

may be seen from these figures:

a) The effects of the degree of compaction, D, on the residual settlement are significant, simi-
larly as slip displacements evaluated by the Newmark-D analyses. This is due to the follow-
ing similar reasons. Firstly, the initial shear strength and secant rigidity increases as D, in-
creases (Figures 16 and 17). Secondly, the liquefaction strength also increases with an
increase in D, (Figure 11a) so that accumulated damage for a given seismic loading decreases
with an increase in D, (Figure 20). Thirdly, the deterioration rate of stress-strain properties
with damage strain (i.e., DA strain) greatly decreases as D, increases (Figure 16).

b) The maximum crest settlement is obtained in the course of shaking at t=60 sec., when sub-
jected at the maximum response by the dynamic response analysis, not at the end of shaking
(at t=180 sec), despite that the stress-strain relations are most deteriorated at the end of shak-
ing. This means that the effects of inertia are significant, which, in this case, overwhelm the
effects of strength deterioration.

4.0 T T T T T T T T T T T T T T T T

Settlement at dam crest

35

3.0

25

20

15}
1ok D_=90%

Settlement at dam crest [m]

051 D,=95% ]
00 pb—o—n—0—20
1 " 1 " 1 " 1 " 1 " 1 " 1 " 1

0 20 40 60 80 100 120 140 160 180
Elapsed time [s]

Figure 19. Time histories of residual displacement at crest for different D, values obtained by the pseu-
do-static FEM analysis.

The point b) above also indicates that the evaluation of the residual settlement of a given soil
structures only by performing static FEM analysis at the end of a given seismic motion which
uses the fully deteriorated stress-strain properties rigidity while ignoring the effects of inertia
may lead to an underestimation of the ultimate residual settlement that would be actually exhib-
ited during the seismic event. This underestimation seems otherwise to increase with an increase
a decrease in D, as in the examples presented in Figures 19 and 20.
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Figure 20. Contours of DA strain (damage strain) at t= 60 sec evaluated by the cumulative damage con-
cept:a) D= 95 %; b) D.=90 %; and ¢) D= 85 %.
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Figure 21. Contours of shear strain shown in the deformed models at the time of maximum crest settle-
ment evaluated by pseudo-static FEM analysis: a) D= 95 %: b) D.= 90 %; and c) D.= 85 %.
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4 COMBINATION OF NEWMARK-D AND PSEUDO-STATIC FEM ANALYSES

Returning to Figure 1, the total ultimate residual displacement of a given soil structure is lastly
obtained by combining the following three components obtained by the Newmark-D and pseu-
do-static FEM analyses described above (Figure 22):

1. The ultimate rotational slip displacement observed at the end of shaking, obtained by the
Newmark-D sliding block analysis.

2. The maximum residual displacement among those that take place at peak seismic load states
until the start of sliding and obtained by the pseudo-static FEM analysis.

3. The maximum value of “the residual displacement at the boundary of the sliding mass (i.e.,
circular slip plane) that takes place after the start of slip displacement” and obtained by the
pseudo-static FEM analysis.

With respect to component 3, the followings are considered:

a) The boundaries of the sliding mass (i.e., circular slip plane) displace by not only the rota-
tional slip displacement but also by “the deformation in the zone below the slip mass that
takes place after the start of slip displacement, following the further deteriorating stress —
strain properties”.

b) The residual deformation of the whole zone that takes place after the start of slip displace-

ment evaluated by the pseudo-static FEM analysis includes the slip displacement evaluated
by the Newmark-D analysis (component 1).
c) After the start of sliding, the sliding mass is kept essentially rigid.

Displacement by pseudo-static FEM Total settlement at crest: s=57.1cm
t=53.12 sec., s=9.4cm Newmark-D : s=47.7cm
(20350, 75.00] - . —
o1 SR PSFEM: 529 4em
0.078688 e

0D (20000 65.00)
0.000383 TR XEfG 023510 [
= YEfr 002960 [m

1000, 6500) 20000 6000)
£t -064218 [m] X = XZMT -0.10820 [m]
a) cff 012885 [m] YE 000200 [m]

________ slip boundaries before settlement
slip boundaries after settlement

¢)

Figure 22. Procedure to combine “slip displacement by Newmark-D analysis” and “residual deformation
by pseudo-static FEM analysis” (D= 90 %): a) maximum residual deformation until the start of sliding
(t= 53.12sec) obtained by pseudo-static FEM analysis; b) ultimate slip displacement of sliding mass ob-
tained by Newmark-D method; ¢) residual displacement at the boundaries of sliding mass due to the re-
sidual deformation after the start of slip displacement obtained by pseudo-static FEM analysis; and d) fi-
nal residual displacements obtained by summing up the displacements/deformations of a), b) and c).

The total ultimate residual deformation of the model obtained for the case of D.= 90 % is
shown in Figure 22d. The relationship between the total ultimate residual settlement at the crest
and D, obtained by the combination procedure described above is presented in Figure 23. It
should be noted that, due to the specific procedure described above, in the case of D.= 85 % for
example the final total crest settlement (5.49 m) is not equal to, but smaller than, the simple
arithmetic summation of the ultimate residual settlement obtained by the Newmark-D analysis
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(3.58 m., Figures 13 and 23) and of the ultimate residual settlement obtained by the pseudo-
static FEM analysis (3.9 m., Figure 19).

600 ; , ; . :

o Final residual settlement
500 - at crest |
400 g

[e) B
300 L Newmark—-D+ |

/ pseudo—static FEM

200 -

100 | Newmark-D \ J
L o\\\\\\\\\\\\\\\\\\\\ 1

1 n 1 n 1
85 90 95
Degree of compaction Dc [%]

Residual settlement at crest [cm]

Figure 23. Relation between final settlement at dam crest and degree of compaction obtained by New-
mark-D analysis only and by combining Newmark-D and pseudo-static FEM analyses.

5 CONCLUSION

A new simplified seismic stability analysis for soil structures including earth-fill dams, is pro-
posed. This method consists in combining the following two analyses in a united framework: 1)
a modified Newmark sliding block analysis: and 2) a pseudo-static non-linear FEM analysis,
both taking into account the degradation of undrained stress-strain of soil by seismic loading.
These analyses are based on the total stress method and the cumulative damage concepts. For
these analyses, data from a series of cyclic and monotonic undrained loadings tests are required.
The development of a further simplified version of the analysis in which soil parameters can be
inferred from given soil grading properties, dry density values and other basic variables without
the need for cyclic and monotonic undrained loadings tests is in progress and will be reported in
the near future.

Results of typical analysis examples are presented for a 15 m-high earth-fill dam while material
properties for the backfill compacted to three different degrees of compaction were formulated
based on relevant experimental results. The results of these analyses revealed that the proposed
analysis method can realistically reproduce significant effects of compaction on the seismic-
induced displacements/deformations. An application to the actual case of the collapsed 18 m-
high Fujinuma dam (Fukushima pref., Japan) due to the 2011 Great East Japan Earthquake and
its restoration is otherwise presented in a companion paper (Tatsuoka et al., 2016). The results
are consistent with actual observations and constitute a first validation of the proposed analysis.

It should be admitted that results obtained by the proposed simplified analysis are inevitably ap-
proximated in nature. However, due to a rather straightforward modelling of the stress-strain
properties of soil while attempting to capture as much as possible the essential trends of mono-
tonic and cyclic undrained loading behaviour of saturated soil, it can be expected that rather re-
alistic and objective results can be obtained for a given same case by different engineers. This
feature is very important when evaluating the seismic stability of a numerous number of nation-
al wide soil structures on a consistent base.
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