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Examination on safety factors in specifications
Coefficients de sécurité dans les spécifications

M. MATSUO, Professor of Geotechnical Engineering, Nagoya University, Nagoya, Japan
H. SUZUKI, Research Associate, Nagoya University, Nagoya, Japan

SYNOPSIS The specifications for design have been performing the important role in construction of the earth structures. The recent Japanese
economic conditions in the low growth rate, however, require more severely the optimum decision of the safety factor in design. The safety factors to
be applied to design of embankments and cut of slopes are investigated from the view point of reliability-based design. The results of analyses of some
actual cases and many numerical examples for Japanese express highways suggest that the safety factors generally used in design of embankments on
saturated clay layers lie in the reasonable level, while a little more delicate provisions might be required in design of embankments and cut of slopes at

the mountainous districts.

INTRODUCTION

The present paper examines the safety factors in Japanese design
specifications for the embankment and slope stability problems (rom the
view point of reliability-based design. The safety factors for design should
be said the [ruit of the engineers’ ample experience and they are expected
to be in the reasonable level as a whole, but the theoretical demonstration
has been strongly required by the [inal decision makers of the projects. In
such a recent situation. it has become significant [or engineering practice
to newly evaluate the safety factors quantitatively by using the statistical
decision theory with a loss [unction. In the present paper, the safety factors
to be applied to design of embankments and cut of slopes are investigated
by many numerical examples and the actual cases. As a result, it is shown
that the decided optimum central safety factors ol embankments on
saturated clay layers are plotted closely by the level of the safety factors in
the design specifications although the geometrical and mechanical
conditions are different in each case, while a little more minute provisions
for the safety factors might be required in design of embankments and cut
of natural slopes for an express highway at a mountainous district.

OPTIMIZATION OF DESIGN
Stability Analysis
(a) Embankment on saturated clay layer: Failure of an embankment is

caused by slide in a clay layer. The undrained strength c.(2) of a saturated
clay layer is given by Eq. (1) as a random variable (Matsuo, 1976):
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Fig. | Cross Section and Symbols of Embankment

culz) = (8 + kz) + (00 + x2)u(z) [€)]

in which z denotes the depth, ¢ the undrained strength at z = 0, go the
standard deviation at z= 0, u(z)the standardized normal random variable
at z and k and « the increasing rates (constants) to z of the mean and the
standard deviation. respectively. The stability analysis of an embankment
with counterweight {ill was already published (Matsuo and Suzuki, 1983-
a) and only the final results are shown here. The central safety factor G
which is the mean of the safety factor G as a random variable is expressed
by using the symbols in Fig. I:

G = [20/(ciF = c2p’ = csp — c)kx/Ts)
X {(Fof Lxk) — 1/8 — cot8}(8/sin’0)(co/q) )

TABLE 1
Conditions for Calculations
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The coefficients and the parameters in Eq. (2) are given by Egs. (a). () and
(¢) in Table L. In an actual ground. a comparatively stifl layer often exists
at a shallow depth under a soft clay and the slip circle of giving the
minimum salety factor comes in touch with the stiff layer. In this case, Eq.
(3) is applied instead of Eq. (2):

G = 26¢/[lesin®® — (x/D)(1 — cos6)i(c:p” + aip + ¢5))q] (3)

in which (x/D)" is given by Eq. () in Table 1. Since the autocorrelation
coelficient of ¢,{=) can be written as rc(Az) = exp (—Ac|z — z’|) (Matsuo
and Asaoka. 1977). the parameters 8. A and o4 which determine the
characteristics of variation of the safety factor G become as follows:

8 = 46/ [exp(-Adz — z1)d8d6’ } @
ok = (G (V)8 (Ve = 00/&)
’ (5)

In the case of a ground improved by the sand compaction piles, & is
obtained by the regression analyses (Matsuo and Suzuki, 1983-b):

A = 4{cod + k(Rsinf — 6cos8)}
12 o0 + kadoo + x)exp(-Aclz = Z|)dode’

ob = (GF/\

G = Bo+ Bi(x/H)+ BT + Brk + Bras + Bs'D 6)

in which a; is called the sand replacement ratio and 8s = 0 corresponds to
the case without a stiff layer under a soft clay. The values of (8~ 8s) used
in the later numerical examples are given in Table II. The parameters 8. A
and o% are the same to those in Egs. (4) and (5).

(b) Cut of unsaturated natural slope: The slip circle and the symbols of
presenting the geometrical conditions used in the stability analysis at
cutting a natural slope are shown in Fig. 2. A is the height that a slip
circle does not get beyond because of rapid change of a slope gradient or
existence of a fault, for instance. The tip of a circle is assumed to cross the
toe of a slope. The strength parameters ¢ and ran¢ in Coulomb’s equation
can be regarded as the random variables:

¢ =T+ owuz)
)

tand = 1an@ + oiemotifz)

in which ¢ and 7an@ denote the means and o the standard deviation. The
overturning moment M, and the resisting moment M can be written by
using the symbols in Fig. 2 as follows:

TABLE 1l
The Values of Bo~fs

H(m) Bo B 8: B B4 Bs
(A) 8.0 | -0.122 | 0.274 0.040 0.176 1.408 | —0.008
) 8.0 -0.096¢ | 0.218 0.037 0.208 1.296 —

(A): Existence of Stifl Layer
(B): Non-existence of Stiff Layer

Fig. 2 Cross Section and Symbols of Cut
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Mo = (yR'[12)f(a,0|HsH,Bof) (8)

Mg = ¢R(fmae + d3) + (vR'1an¢/12)g(a,6| Hs.H. B0 B) 9)

Egs. (8) and (9) must satis{y three conditions (¢). (/) and (g) in Table | and
the contents of the functions f{-) and g(-) are given by Eqs. (/) and (i) in the
same table. The geometrical condition (a*, 8*) minimizing G(= Mg/ M,)
can be determined by (0G/9a) =0and (0G/36) =0. If Hs. H, Boand Bin
Eqs. (8) and (9) are given, the central safety factor can be calculated by the
next equation:

G = {24(Yma* + Yy*)sina*sing*)/{f(a*,8% )y H,)
+ gla*.8*)ian¢/fla*.0%) (10)

Assuming that the autocorrelation function of rang is also written as e
(Az) = exp (—Auans|z — 2|). the parameters to characterize the variation of
G become

3 3 (Wma® Wme®
obe = ot [T [ exp-AcRA L — Hydwdw G = 12) (1)
) > Gomas® Umad®
OGians = a;:niw'. o EXP(—AwaneR¥| [ = Il cos*yeos’ W dydy’ (12)

and /i and /; are shown by Eq. (j) in Table 1. Denoting the correlation
coelficient by p, the covariance o of the safety factor G is expressed by the
following equation:

06 = [Ki(a*,0%)] yHY o5c + {Kafa® 6% )\ 0bians
H+(2p/vH)K\(a*,0*)K2(a*,0* )0 GcOGians (13)
in which K (a*, 6*) are given by Eq. (k) in Table L.

(c) Slide in embankment filled by unsaturated soils: By substituting (8o =
0) and (Ymax = ¥2) into Eqgs. (#) and (/) in Tabel I,

G = 4830*sina*sing*/(f(a*.0*)yH} + {g(a*.0*)/f(a*,0%)}ianp (14)

and other functions to be used are the same equations shown in the case of
cut.

Calculation of Probability of Failure

The probability of failure Pris given by the following equation (Matsuo
and Asaoka, 1978):

Pr=PulF=G+e<1]
Lt0.1) = ~0.00f-7 (1] 2moc)exp(-G* 206 )dGde (15)

in which e is the inevitable error of a design method itself and assumed asa
random variable distributing uniformly in the range of (—0.1~0.1) which is

Counterweight
Fill

—— = . Natural Slope
Stiff Layer  Sand Compaction Pile
(a) Embankment on Saturated Clay Layer (b) Cut and Embankment

(Unsaturated Slope)

Cost Functions

Ce=(B+ 2B)c. + HB + Bi)cs + 2Bica + csH') + Ccr [6)]
Cr=Cc+ Ch Cc=Cc Cr = 500H (1000yen/m) (ii)
ca=6 (1000yen/m’) ¢, = 2.5 (1000yen/m’)

C., = 3.45 X (total length of constructed piles/m) (1000 yen/m)

ca : Cost of Land to Purchase

¢» @ Cost of Construction for a Unit Volume of an Embankment

Ccp : Cost of Construction of Sand Compaction Piles

C’c : Reconstruction Cost of an Embankment

Cg : Incidemtal Cost [nvolving the Indemnity Cost

Fig. 3 Cross Sections and Cost Functions



hased on the back analyses lor the actual lailure cases (Matsuo, 1976).

Evaluation of Design Alternatives

Denoting the set of parameters ol distribution of the state of ground by 8=
(u. o). that of distribution of e by 6. and the state ol nature by = (8. 6.).
the loss function to evaluate the design aliernatives can be written as
{ollows (Matsuo and Asaoka. 1978):

Lg.a*) = "I[C )l ~ Pi@.a)} + Cra)Pr(§.a)) (16)

in which C{a) is the construction cost and Cgfa) is the cost of (ailure. The
optimum design ¢* is obtained by minimizing the loss function (16).

DESIGN OF EMBANKMENT

Embankment on Saturated Clay Layer

The decided results of the optimum slope gradient of embankments. the
optimum width of counterweight fills under the condition ol #'=0.5H and
the optimum sand replacement ratio (i.c. the diameter and the interval of
sand compaction piles) ol the improved solt ground are discussed. The
illustration ol a cross section is shown in Fig. 3(a) as well as the cost
functions C¢ and Cr. Each unit cost given in the [ligure is based on the
recent actual embankments for express highways constructed insuburban
areas in Japan. The resultsare plotted in Fig. 4 in which G* is the optimum
central salety factor. Fig. 4(a) is related to the optimum slope gradients of
embankments without counterweight [ills constructed on clay layers ol
various strength conditions of A =« =0 in Eq. (I). The improvement by
sand piles are not carried out. The symbol s shows the equivalent shear
stress on a slipcircle. Fig. 4(b) corresponds to the cases ol the couterweight
fills and the improvement of soft grounds by sand piles. The former is
based on the conditions that the embankment and the counterweight fill
have the same given slope gradient and the soft grounds are not improved.
In the latter, the embankments of the given slope gradient without
counterweight [ills are dealt with. The parameters & and « are not zero in
each case of Fig. 4(b). It is worthy of notice that the optimum central salety
(actors are almost plotted in the range of (1.2~1.35) which is the value used
in the present general design in Japan. in spitc of very different conditions
of the ground strength and the construction methods of embankments. It
is reasonable that G* becomes large with the coelficient of variation of
undrained strength Vc. Incidentally the
corresponding to G* is about (1~3) percent.

probability of [(ailure

. Sélu.aled Clay Layer
“RSand Compaction Pile

Construction Meth

Counterweight Fill

G* Opumum (

0 22 30 40 S0 6 70 K90 100
cokaox (kN m'")

Fig. 4 Embankments on Saturated Clay Layers
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Embankment for Express Highway of Mountainous District

The express highway in the moutainous region is often constructed by
cutting the natural slopes and filling the cutied unsaturated soils (see Fig.
3(b)). In this case. there are three types of construction: (1) cut only, (2) cut
at one side and embankment at the other side and (3) embankment only.
The third type is investigated here and therefore Eqs. (i) and (ii) in Fig. 3
are applied to the loss function. The optimum solutions obtained by the
reliability-based design are located in the shaded portion of Fig. 5. Since
the coefficients A and A . of the autocorretion functions are estimated
to be (0~1.6) in the actual ground and embankment, both of the dotted
lines can be said to show the extreme cases. The specifications of Japan
Highway Public Corporation provide the slope gradient of embankment
corresponding to its height under classification of soils and their strength.
The specilications do not require the detailed stability analysis, but it is
possible to calculate the salety (actor for each case by applying the circular
arc method. The result is shown by the solid line in Fig. 5. That s, this line
can be regarded equivalent to the specilications. As can be seen [rom the
figure, the present specifications give the close result to the optimum
design. Although it is located in a little safe side compared with the
optimum decision. this should be said reasonable under the very difficult
circumstances of execution of the detailed soil investigations along a long
line in the mountainous district. The salety [actor in the specifications
becomes very large in the small range of #. This is caused by the fact that
the construction machines cannot make a slope 100 steep.
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Fig. 5 Embankments by Unsaturated Soils
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Fig. 6 Cut of Natural Slopes
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CUT OF NATURAL SLOPE

Numerical Examples

The express highway at the mountainous region constructed by only
cutting the natural slopes is investigated. This problem corresponds to the
type (1) in the classification above stated. The specilications of Japan
Highway Public Corporation are similar to the case of embankment. That
is. the maximum slope gradient of cut is limitted to the cutting height for
the kinds of soils and rocks of slapes. It does not control, however, the
relation with the natural slope gradient Bo. The provided cutting slope
gradient B is in the range of (40°~63°) in the case of the general soft rocks.
for instance, which is given by two solid lines in Fig. 6. Two kinds of
plotting marks in the figure show the optimum cutting slope 8* by the
stability analysis. They have the extremely dilferent variation of strength
and therefore the optimum solutions concerning the general slopes are
considered to lie in the shaded portion. The cost functions used in the
reliability-based design are given by Egs. (i) and (ii) in Fig. 7. but the cases
without counterweight (ill (i.e. A, =0)are calculated in Fig. 6. It can be
seen from Fig. 6 that the results of the optimum decision are generally
included in the range of the specifications.

Case Study

Fig. 8 shows the actual case. Four steps high cut was carried out in order to
construct the express highway. Since the deformation of slope was
observed right after cutting. the counterweight [ill was constructed and the
highway is used now. The first design of cutting slope followed the
specifications and therefore it cannot be said unreasonable. The results of
the reliability-based design applying the information from the soil
investigations carried out at the design of counterweight fill are shown in
Table I11. The average gradient of the actual cutting slope was 41° as
shown in Fig. 8. The optimum value 8* in Table Il is about 39° and it is
understood that the first design was located in a little unsafe side. The
maximum width of the counterweight fill was limitted by 9.0 min order to
guarantee the effective width of the highway and the fill was carried out in
3.2 m height. As can be seen in Table 111, the optimum height under the
condition of the given width 9.0 m becomes (2.6~2.8) m. Since the
counterweight (ill was constructed after the sign of slide appeared. it is
natural for the engineers to make the design a little sale.

7.5 (1000yen m) '
s = 2.5 (1000yen; m’) \
o = 20 (1000yen'm) |
A, = 51.2(1000yen - m) |
¢o = 6 (1000yen; m) |
¢ = 0.6 (1000yen; m) \

Cost Functions

Ce = (B + H tanf)., + 0.58:¢» + (H,v§inB)z i)
Cr {HR*sinfsin(B8 a*)/sinfB + (R*)(8* — sin8*cosd®)}’»

+ Awen + A, + (H/sinB)e (i)
¢ Cost of Shot<rete of Slope
¢» : Reconstruction Cost of Slope at Failure

Ancn. Cost of Retaining Wall
A, Cost of Counterweight Fill

Fig. 7 Cross Section and Cost Functions
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Counterweight Height 3.2m
Fill Width 9.0m
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Fig. 8 Case Study of Cut of Natural Slope
TABLE 111
Results of Optimization
Ic utting Slope Counterweight Fill
Ve | Viad | Hom | B° G | P ) Vit | H'* G [Prw
0.2 0.05 | 28.0 | 39.4 | 1.233 | 0.88 0.2 0.05 2.6 1.111] 849
04 0.10 29.0 | 38.7 | 1.377 | 2.38 04 0.10 2.8 1.115]19.74

#H*. B*: Optimum Height and Slope Gradient of Cut
H'*: Optimum Height of Counterweight Fill

CONCLUDING REMARKS

The main remarks of the present paper are summarized as follows: (1) The
optimum central safety [actor decided by the reliability-based design of
embankments on saturated clay layers becomes (1.2~1.35) which are the
values used in the present general safety factor method. (2) The
specifications for design of cut of natural slopes and embankments in the
mountainous district give the fairly good results in comparison with the
reliability-based design. but a little more delicate provisions might be
required in future.
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