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CHAPTER9 EARTH PRESSURE AND HYDRAULI C PRESSURE

General

This chapter deak with earh pressure and hydradic pressure acting on exterior basement walls of
buildings and retaining walls. AlJ's Recommerdations for the Dedgn of Building Foundations (2001)
(heredter referredto asthe "RDBF") describesin detail the concept of badc load valuesthat reflect
the limit state desgn method more clealy thanthosein the pad.

In gereral, eath pressure acting on exterior basemert walls is assumedto be earh pressure at req.
At depths below the groundwater level, the influence of hydrauic pressure is takeninto consideraion,
and if thereis surcharge on the ground surface, its influenceis also takeninto account. In the desgn of
an exterior basemert wall, servicealility limit statesunder earh pressure and hydrauic pressure that
act pemarertly on the wall are taken into consideration. Earth pressure may increase under the
influence of the dynamic interaction between the soil and the wall during an eathguake. Since,
however, experience has shown that major damage does not occur even during an earhquake if the
wall is dedgned taking into accaunt the serviceablity limit states under the eath pressure and
hydradic pressure that act permarertly, checks on ultimat limit statesunder earthquake loadng may
be omitted

In gereral, earh pressure acing on a retaining wall is assumedto be acive eath pressure, ard is
determined taking into accaunt the influence of surcharge on the ground surface behind the wall and
the influence of hydrauic pressure (if any). When retaining walls are dedgned, serviceablity limit
states under the earh pressure and hydrauic pressure that act permarertly and ultimate limit states
under active earh pressure during an earthquake are examined. The permarent earh pressure is
calculated by using Coulomb's active earth pressure, ard the earth pressure during an eartquake is
calculated by using, for example, Mononobe and Okabe's formula for active eath pressure during an
earthquake.

The badc load valuesusedin this guideline arevalues corregponding to those of the return period
of 100 yearsor those correponding to the 99-percert probakility of non-exceedince. The basc values
of hydradic pressure deat with in this chapter are values corregponding to a return period for the
amual highed free water level of 100 years and those values are determined taking into accaunt
time-dependent variations appropriately.

Earth pressure that acts permarertly varies very little over time but is strongly influenced by
calculation accuacy and the uncertainty of geaechnical parameters It is therefae necesary to
determine badc values corregponding to a 99 percert probakility of non-exceedance, assuming that
such uncertainty is a main factor. As an example, this chapter describes the method of using the
geatechmical parameter valuesatthe site under consideration corregponding to a 99 percert probahility
of non-exceedarce. In reaity, however, a sufficient amount of datais oftennot availabe. In such cases

use of emprical valuesashasc valuesis permitted
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Symbols
Main symbols usedin this chapter are asfollows:

Uppercase letters
Ko: coefficient of earth pressure atres
Ka: coefficient of active earth pressure

Kea: coefficient of active earth pressure during earhquake

Lowercase letters
c: coheson of soil (kN/m?)
c!: cohedon of soil (kN/m?, expressedin termsof effective stress)
kn: dedgn lateralseismic coefficiert
h: deph of groundwater level depth (m)
p: earh pressure per unit areaatdepth z (kN/m?)
I'p: increag in earh presure due to surcharge on the ground surface behnd the
retaining wall (kN/m?)
g: uniformly distributed load acting on the ground surface behind the retaining wall
(KN/m?)

Greek Alphabet

! . inclination of ground surface behind the retaining wall (deg)

I't: wetunit weight of soil (kN/m®)

" submerged unit weight (kN/m°)
I'w: unit weight of water (kN/m?)

! . angle betweenthe back of the retaining wall and the vertical plare (deg)
I': realtart incidenceargle of eathquake (1 tan *kn, deg)

! . friction angle of retaining wall (deg)

! . interral friction angle of soil (deg)

9.1 Overview
(1) Earth pressure and hydradic pressure

In the dedgn of an exterior basement wall or retaining wall, earth pressure reflecing the wet unit
weight of the soil is assumedto be the load at depths above the groundwater level, and earh pressure
and hydradic pressure reflecing the submerged unit weight of the soil is assumedto be the load at
depths below the groundwater level. In the case of a building with a basemen, if the bottom of the

foundation is below the groundwater level, buoyarcy is consideredasa load applied to the underdde
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of the foundation. This chapter describes the methods of calculation and concegs of thes earh
pressures hydrauic pressuresand buoyarcy.

As shown in Fig.9.1.1, the amaunt of eart pressure varieswith the relative displacanert between
the building and the soil. Active eath pressure is the earh pressure that occurs when the soil behind
the building reaches a pladic state asit pushesthe wall forward. Pasive earth pressure is the eath
pressure that occurs whenthe soil behind the building reaclesa pladic state asit is pushed back by the
wall. Both active earth pressure and passive eath pressure occur in a state of plagic equilibrium in
which the strength of the soil behind the wall is fully exerted

Earth pressure at reg is the earh pressure that occurs when the wall in contact with the soil is at
red. Earth pressure at red is an intermedate state betweenactive eath pressure and passive earh
pressure. In gereral, asarefaining wall is displacedunder the influence of the soil behind the wall, the
earh pressure decreaseswith the progress of displacanert ard a state of eath pressure at res tends to
approacha state of actve earth pressure.

Thearies proposed to calculate eath pressure in a plastic state include Coulomb's earh pressure
theary and Rarkine's earh pressure theary. The former derives earh pressure from the equilibrium
conditions by assuming alimit state in which the soil behind the wall fails and a wedge of soil slips as
the wall is moved The latter derives earth pressure by assuming a pladic state that occurs when the
ertire soil block behind the wall fails. Coulomb's earh pressure theary is a practical metod becatse it
takesinto consideraton such paramegrsasthe friction betweenthe wall and the soil, the inclination of
the wall and the inclination of the ground surface behind the wall. It is generaly known that earth
pressure values derived by Coulomb's method agree with the values derived by Rarkine's method

whenthes paraneters take certain values
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Figure 9.1.1. Relationship betweendisplacemert and earth pressure

(2) Earth pressure that acts permarently on exterior basemern walls
It iscommon practceto examine the servicealility limit state of exterior basement walls by giving

consideraion to earh pressure and hydradic pressure that act pemarertly. Since the displacanert of
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exterior basemernt walls is small under normal conditions, earh pressure that acs pemarently is
calculated aseath pressure at red.

When desdgning exterior basemert walls, the possibility of ultimate limit statesin which earth
pressure or hydrauic pressure that acts pemarertly predominatescamot be precluded Ultimate limit
statesof this type may be negected, however, becawse not much is known about the variahility of the
coefficient of earth pressure at res¢ and becawse no major damage was experienced in the pag if
serviceallity limit states were examined against permarertly acing eath pressure and hydradic

pressure.

(3) Earth pressure that acts permarently on refaining walls

It isgereraly said that although earth pressure acting on ordinary retaining walls variesdepending
on the soil behind them, the trarsition from earth pressure at res to active earth pressureis cawsedby a
very smal amount of displacanert. In the ca® of sandy soil, for exampe, the trarsition to active earth
pressure canbe cawsed by a very small forward horizontal displacenert of the top of the retaining wall
that is equal to only about 1/1,000 of the wall height. Even when earh pressure increases ard
approachesthe earth pressure at req becawse of seepage flow such asrainwater infiltration occuring
over a long period of time, the retaining wall tends to be inclined again so that active eath pressure
reallts. When desgning ordinary retaining walls, therefore, it is accepale to examine serviceallity
limit statesby using active earh pressure aspermarently acting earth pressure. If, however, very little
displacemenof the retaining wall under consideraton is expectd asin the cas of aretaining wall in
adry areawhose top and bottom are connectedto a building, it is better praciceto use earh pressure
atred insteadof active earth pressure.

In the dedgn of retaining walls, the possibility of an ultimat limit state in which pemarently
acting earth pressure and hydrauic pressure are principal loads camot be precluded By the same
rea®n asin the dedgn of exterior basemert walls, however, the examination of ultimat limit statesin
such cases may be omitted In the cas of aretaining wall, it is importart to examine ultimate limit

states taking into consideraion the influence of earthquakesde<cribedin Item (4) below.

(4) Earth pressure during earthquake

Earth pressure acting on exterior basemert walls during an earthquake may became greater than
the eath pressure at res deperding on the differencesin the vibration properties of the surrounding
ground and the building. No measiremert result or damag that verifies such behavior has been
reported, however, ard it is thought that ignoring earh pressure increa®s during earthquakesis not
likely to cawse major problemsif cross secions conforming to convertional allowabe stress dedgn
criteria for sustainedloadng are used. Whendesgning exterior basement wallsin nonliquefiabe soils,
therdore, it is accepgabde to examine servicealility limit states against pemarerntly actng earh
presure and hydradic pressure and omit the evaluation of ultimate limit states that takes into

consideraion earh pressure increagsduring earthquakes



CHAPTER9 EARTH PRESSURE AND HYDRAULIC PRESSURE - C9-5-

In soils that could liquefy during an eathquake, earth pressure and hydrauic pressure acting on
the wall could increa® considerally. In such cases it is necesary to examine ultimate limit statesby
assuming that a soilBwater mixture with a unit weight of 18 to 20 kN/m® applies pressure on the wall.
Whenliquefaction occurs, buoyancy acing on the undersde of the foundation increagsconsiderahly.
It isther€fore necessary to examine safety against buoyarcy in the case wherea building is floating in
a soilbwater mixture with a high specific gravity.

Ca®sof major eathquake-induceddamace to retaining walls not accompanedby the liguefacion
of the soil behind the walls have beenreported There is a need therefae, for the evaluation of
ultimate limit states during a major earthquake in addition to the examination of serviceahlity limit
statesunder permarertly acing eart pressure and hydrauic pressure. In the cas of a retaining wall,
stahkility of the entire ground behind the retaining wall including the wall is often an importart
consideraion. In such cases it is necesary to perform stahlity evaluation by an appropriate metod
such asthe circular slip method in addition to the examination of stahility under active earh pressure

during aneathquake.

(5) Badc valuesof earh pressure and hydrauic pressure and their uncertainty

Earth pressure is calculated by appropriately taking into accaint the influence calculation
accuacy and the uncertainty geaechical paraneters (unit weight and strength parameters of soil).
Fluctuations of groundwater level arealso takeninto account asappropriate.

This guideline uses the values correponding to the 100-year return period or the values
correponding to a probahility of non-exceedhrnce of 99 percen asbadc load values Earth pressure
that acts pemrmarertly doesnot change over time, and eart pressure values are greaty dependent on
the degee of unceriinty determined by the accuracy of calculation methods ard the variahlity of
geaechmical parameters. When considering eath pressure, therefore, it is necesary to determine basc
values corregponding to a probahility of non-exceedince of 99 percert, assuming that these types of
uncertinty are primary factors.

As an example of such a metod, Secion 9.6 describes the method of using geaechical
parameter valuesfor the soil atthe site consideraion corregponding to a probahility of non-exceedance
of 99 percert. In reaity, it is often not possible to obtain a sufficiernt amaunt of geatecmical data. In
such cases values recommerded in, for examgde, the Recanmendations for the Desgn of Building
Foundations (backfill-related paraneter values shown for reference in the RDBF's Table 3.4.2) are
used These valuesare considerally conservative valuesthat have beencalculated so that they can be
usedin caseswheredetailed surveys are not conducted. For the time being, therefore, thes valuesare
assumed to be comparalle to the values corregponding to a probahlity of non-exceednce of 99
percer.

In the calculation of eart pressure during an eathquake, values corregponding to the 100-year
return period are used as badc values taking into consideraton not only the degee of uncertainty

reaulting from the accuracy of calculation methods and the variahility of geaechnical parameters but
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also changes cawsed by eartiquake mations. It should be kept in mind, however, that as explainedin
Secton 9.4, at present, highly accurate edimation for earthquake motions of various sizesis not
necesarily possible.

For example, the MononobebBOkabe equation?? is used to calculate acive earth pressure acing
on retaining walls during an earhquake. It should be noted, however, that the desgn horizontal
seismic coefficient substituted in the MononobebOkabe equation does not necessarily corregpond to
the value obtained by dividing the maxmum horizontal acceleraion amax by gravitational
accekration g. The rea®n is that the accuacy of the calculation method applied to eath pressure
during a strong earthquake is not suffi ciertly high. Although the MononobebOkabe equation isusedin
dedgn, but in cass involving a strong earhquake, the dedgn horizontal seismic coefficiert is
determined by referernce to, for example, the values back-calculated from the data on the damage
cawsed by the Hyogo-ken Narbu Earthquake.

In view of these circumstances it hasbeendecidedto permit the method of using emgrical values
for the desgn horizontal seismic coeffi cient in the MononobeBPOkabe equation and assume that the
active earh pressure calculated from the MononobePOkabe equation has been obtained by using a
value corresponding to the 100-yea return period.

It should be noted, however, that the concepts of badc valuesof earth pressure recanmended in
this guideline are provisional ones intended for use before the trarsition to the limit state desgn
method. Depending on the accumulation of research findings in the coming years it is necesary to
make the method for calculating the basc valuesof eath pressure more straightforward and clear-cu.

For the method of hydrauic pressure calculation, refer to Secton 9.5.

9.2 Earth Pressure and Hydraulic Pressure acting on Exterior Basement Walls
As shown in Fig.9.2.1, earh pressure that act on exterior basemern walls is assumed to be earh
presure at red, and hydradic pressure is also taken into consideraion at depths below the

groundwater level. If there is surcharge on the ground surface its effect is also takeninto account.

(1) Coefficient of earh pressure atreg, Ko

The use of the reaults of field measiremerts and laboratory tegs on collected samdes has been
consideredfor the detemmination of the coeffi cient of earh pressure atred, Ko. Although the amount
of field measirement data obtained for the determination of the coeffi ciernt of eath pressure atred is
limited, it is gererally said that there a substartial amaunt of dataindicaiing avalue of araund 0.5.

Laboratory tegs conductedto measire the coefficient of earth pressure at res include compression
teds, and triaxial compression tegs in which lateral displacenert is redricted. The coeffi ciert of eath
pressure at reg varies depernding on such factors as soil type, strength and stress history. Many have
reported, however, that in a state of normal consolidation, measired values for both sand and clay

show fairly good agreemert with the valuesgivenby the equation proposed by J ky.?
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Ko =1#sin!" (9.2.1)
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Figure 9.2.1. Earth pressure and hydrauic pressure acing on exterior basemert wall

In this equation, if the internal friction angle ! "expressed in terms of effective stressis 30, then Ko
is 0.5. Eq.(9.2.1) was obtained by solving the stress at reg¢ in the certral vertical plane of a
two-dimensional triangular fill and simplifying the obtained equation. At presen, therefore, datathat
clearly show the relationship with the actual state of exterior basemert walls are lacking athough
therearesome theoretical bases In view of these circumgtances it is deemedrea®nable to use a value
of 0.5 or so for the coeffi cient of earth pressure at reg for both sand and clay except in cagswhere
highly reliable laboratory te or field measuremert reaults areavailabe.

The above discussion concerrs the coefficient of eath presure at reg in the cae where the
ground surface behind the wall is horizontal. If the ground surface behind the wall is inclined, the

following equation hasbeenproposed?:
Ko =Ko(L+sin!) (9.2.2)

where Ko is the coeffi ciert of earth pressure at res Kofor aninclined baclfill; Ko, the coeffi ciert of
earh pressure at reg for normally consolidated soil; and ! , the inclination of the backfill surface
(deg).

Knowledge that has been gained about the nature of the coefficient of earth pressure at res
includesthe following. It is gererally known from laboratory ted reaults that the value of coeffi ciert
of eath presureatres, Koy, for overconsolidated soil canbe egimatedby using the equation®:

Kou = Ko(OCRS™" (9.2.3)

where Koy is the coefficient of earth pressure at reg for overcansolidated soil; Ko, the coeffi ciert
of earth pressure at reg for normally consolidated soil; /", the internal friction angle expressed in
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termsof effective stress (deg); and OCR, the overconsolidation ratio (the value obtained by dividing
the maximum effective stress experiencedin the pag by the presert effective vertical stress).

Ladd et al.” report that the coefficiert of eath presure at reg for normaly consolidated
undisturbed clay is strongly correlated with the pladicity index |p. According to them, Ko=0.5
when |, =15, and Ko tends to converge to 0.8 as Ipincreags Kikuchi et al. measured the
coefficient of earh pressure at res Ko for clay and showed that it was about 0.5 regardess of the
value of |p. Thes reallts indicaie that the relatonship between | and the coefficiert of eath
pressure at reg varies considerady, and at presert it is difficult to find out a gereral tendercy. In
Kikuchi etal.'s study, too, the relationship between Ko and ¢’ isexplainedby J ky's equation.?

Hatanaka et al. conducted a study on the Ko of grawelly soil. According to that study, Ko is
strongly correlated with the in situ shear wave velocity Vs, ard the following equation has been

proposed”:
Ko =0.0058/s " 0.5(Vs ! 300m/s) (9.2.4)

(2) Caxin whichload acts on ground surface

In the cae where a concertrated load acts on the ground surface, the following equation canbe
used to calculate the amaunt of increase in horizontal stress at the locaion of the exterior bassmen
wall (Fig.9.2.2):

(9.2.5)

where P is a concertrated load (kN); r, the horizontal distance from the point of action of the loadto
the location of intereg (m); X, the shorteg distance from the point of action of the loadto the exterior
basemen wall; and z, the vertical distance from the point of acton of the load to the locaion of

interes (m).

[\

Exterior basement wall
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Figure 9.2.2. Horizontal stress componerts acting on exterior basemert wall

Equation(9.2.5) calculates the horizontal stress acting on a displacemefttfree exterior bassment
wall by assuming that the ground is a semkinfinite elagic body, determining the horizontal stress in
the ground in the cas where a concertrated load acts on the ground surface by use of the Boussinesy
solution and multiplying the obtained value by two by use of the principle of reflection. The
calculation method is describedin detail in the RDBF.Y

If the load is distributed in a certain part of the ground surface incremental increagsin earh
pressure canbe calculated by integrating Eq.(9.2.5). If auniformly distributedload act on the ground
surface the eath pressure obtained by multiplying the amaunt of increase in vertical stress by the
coefficient of earh presure is taken as an incremental earth pressure, ! po. If the increment of

vertical earth pressure is assumed, by way of approximaion, to be equal to the uniformly distributed
load g ading on the ground surface Eq.(9.2.6) canbe obtained

I po =Koq (9.2.6)

where q isauniformly distributedload (kN/m?).

9.3 Earth Pressurethat acting Permanently on Retaining Walls

As shown in Fig.9.3.1, earth pressure that acts permanertly on a retaining wall is asumedto be
active eath pressure. The actve earth pressure resultant per unit width is pa = 0.5pAH§ , ard it acts

atthelocation of Ho/3 from the bottom of theraining wall atanangleof " +/ .

Equation(9.4) is the Coulomb coeffi ciert of acive eath pressure derived from the rigidEplagic
theary. Whenthe ground surfaceis horizontal and the backof the wall is vertical and therefore friction
canbe ignored, the Coulomb coeffi ciert of acive eath pressure is expressed as shown below ard is

equal to the Rarkine coeffi ciert of active eart pressure.

Ka :tan2§45i Lt (9.3.1)

2"

The incremertal eath pressure in the case where a uniformly distributed load acts on the ground

surfacecanbe calculated from the following equation:
I po=Kaq (9.3.2)

whereq is auniformly distributedload (kN/m?); and K a, the coefficiert of active earth pressure.
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Figure 9.3.1. Earth pressure acing pemarertly on retaining wall

Total eath pressure is calculated by calculating the increnental eart pressure from Eqg. (9.3.2)
and adding the reault to Eq.(9.3). Vertical stress transferred to the soil deaeagswith depth depending
on the angle of wall friction. This is usually not taken into consideraton, ard Eq.(9.3.2) is used
regardess of depth.

If necesary, the influence of hydradic pressure is taken into consideraton. The calculation
procedure is the same asthe procedure usedfor EQ.(9.2) for exterior basement walls. When desgning
retaining walls, it is standard practice to provide drainage facilities During long periods of wet
weather such as localized heaw rains and sea®nal rains during tsuyu (rainy sea®n in Japan), the
backill may became saturated so that the backfill fails because of high hydraudic pressure. If,
therefae, such caesare anticipated, it is necesary to conduct a study using the unit weight of soil in
a saturated state and the strength parametersfor saturated soil and examine ultimate limit statesunder

unusual water |evel conditions.

9.4 Earth Pressure acting on Retaining Walls Duri ng Eart hquake
(1) MononobeBbOkahe formula for active eath pressure during earhquake

When calculating eart pressure acing on a retaining wall, it is common practice to use the
MononobeBOkabe formula (Eq.(9.6)) for calculating eath pressure acting during an earthquake.
Eq.(9.6) wasderived by making the horizontal seismic coefficient kn during anearhquake act on the
back of the retaining wall and considering the equilibrium of forcesin a limit state. Although some
ca®s have beenreported in which values given by the formula showed good agreanert with the
reallts of shaking talle teds involving standing-wave excitation. Very little information is availale,
however, about verifi caion made by use of measirement data collected during earthquakes

When calculating earh pressure during an earthquake, it is desrale to determine the value of
dedgn horizontal seismic coefficiert kn in EQ.(9.6) according to the value of maxmum horizontal
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accebration amax corregonding to the 100-yea return period describedin Chapter 7 (seismic load).
It is necesary, however, to keep in mind that if a wide range of earhquake mations ranging from
medum to small earthquake to large earthquakes need to be covered, the accuracy of calculation of
earh pressure during anearthquake by use of EQ.(9.6) is not necesarily high.

In the examination of eath pressure during medum to smal earhquakes kn = amax/9 (@max:
maximum horizontal acceleraton of the soil block behind the wall, g: gravitational acceleration) may
be assumed In the examination of earh pressure during large earthquakes however, calculation
reaults obtainable from Eq.(9.6) assuming kh =amax/g would be excesively large. Because Eq.(9.6)
is derived from the equilibrium of a rigidBpladic body ignoring the deformation of the ground behind
the wall, the equation does not reflect the deformation of ground during a large earthquake or the
softening of soil from the maximum strength due to the localizaion of ground strains. Consequertly,
the detemrmination of the value of kn by use of alarge value of maxmum horizontal accekration
during a large earhquake will reallt in the assumption of an unrealistic slip line and herce
overesimaton. It is gererally said that the range of accekration in which kn may be calculated by
use of the maximum horizontal acceleraton is below 200 Gal or so.*>*%

For these rea®ns, the RDBF recommerds to use &, valuesof 0.2 or so for the examination of
damage limit states during medum to small earthquakes with an aceleraion of less than about 200
Galand kn valuesof 0.25 or so for the examination of ultimate limit statesduring large eathguakes
The kn values for medum to small eathguake mations are empirical values that have been used
conventionally, ard the kn valuesfor large earhquake motions have beendetermined mainly from
the values® backcalculated from the reaults of housing retaining wall and slope surveys conducted
after the HamshinbAwaji Earthquake. This guideline follows the same philosophy, so no effort is made
to achHeve correponderce between the dedgn horizontal seismic coefficient and the values
corregponding to the 100-yearreturn period of the peak ground accekration. Instead emgrical values
recanmerded in the RDBF are used for the desgn horizontal seismic coefficiert, and the active earh
pressure at reg¢ calculated from the MononobebOkabe equation is regarded as the earh pressure
obtained by using the value corresponding to the 100-yearreturn period.

It is to be noted that the concept of earth pressure during an earhquake desribed alove is a
tentative approach used before a changeover to the limit state desgn method. It is necesary to make
the concree method for determining the badc values of earh pressure more straightforward and
clea-cut by accumulating more resarchreaults. As one way to do it, a recertly proposed modified
MononobeBbOkabe method is introducedbelow.

The MononobeBOkabe method assumesthat shear strength is isotropic and constart. In reality,
however, the interral friction angle of soil along a failure surface decreas from peak strength to
resdual strength. Koseki et al. proposed a modified MononobebOkabe equation that takes into
consideraton the effect of strain localizaion in the shear zone ard the effect of the reailtant strain
softering.’®™ In this metod, the desgn horizontal seismic coeffi cient kn is asumedto be equal to
amax/g when the maximum horizontal acceleraton amax of the ground behind the wall is between
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about 200 Gal and 700 Gal.

In the Koseki et al's method, the peak stremgth ! peak and the resdual strength !resin the
MononobeBOkabe equation arefirst evaluated by one method or another, for examge by laboratory
teding or accading to empgrical rules and the conditions for the first acive failure are determined
The dedgn horizontal seismic coeffi cient assumedin this metod is k = ke ,and the inclination of the
dlip surface formed ! =! ¢« , is calculated by using the MononobebOkabe method assuming
I'=1 pear (Fig.9.4.1). Then, from the equilibrium of forces acing on the wedge whose bottom is the
dlip surface calculated earlier, the coefficient of active earth pressure acing on the initial failure
surface KEa, iscalculated from the following equation:

Figure 9.4.1. Forcesacing on a wedge of soil

_cod’ &9+ tangtan’ i+ tangtan/ Yan(' &99+tangk)

Kl
= cod" &98.$ &#)tan" &tan! )

(9.4.1)

where KEa is the coefficient of active earh presure during an earhquake in the modified
MononobeBOkabe equation; ! , the inclination of the slip surface (deg); ! , the intermal friction
angle of soil (deg); ! , the angle betweenthe back of the retaining wall and the vertical plare (deg);
!, the friction angle of the wall (deg); ! , theinclination of the ground surface behind the wall; !,
the realtart incidence angle of an earhquake (=tan ‘k,, deg); ard kn, the design horizontal seismic
coefficien.

In the above equation, the interral friction angle ! of the soil isloweredto !res. Theinclination
of the failure surface, ! , is fixed at the angle of the initial slip surface, ! ¢ . This coeffi cient of
acive earth pressure, KEa, is comparedwith the coefficient of active earth pressure Kea calculated
from EQ.(9.6) by assuming / =/ peak . If the formeris smaller than the latter, it is assumed that the
coefficient of active eath presure KEa acting on the initial slip surface is still in effect. The
horizontal seismic coefficient during anearhquake, kn ¢ , usedto detemminethe first failure surfaceis
determined arhitrarily. This is asyet no egallished method for determining this, and empirical values
of about 0 to 0.2 are oftenused.

By taking into consideraion decreases in the intermal friction argle, the modified
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MononobebOkabe equation gives a value of the coefficient of active eath presure Kga that is
greaer than the value obtained by assuming ! =/ peak in Eq. 9.6 ard is smaller than the value
obtained by asuming ! =/res in Eg. 9.6. The modified MononobebPOkabe equation makes it
possible to calculate acive earh pressure corregponding to a large dedgn horizontal seismic
coefficient (kn) to which the MononobebOkabe equation camot be applied, and givesa more realstic,
smaller active failure regon than the MononobebPOkabe equation. As anexample, Fig.9.4.2 shows the
relationship betweenthe desgn horizontal seismic coefficient kn and the coefficient of active earh
presure Kky . As shown, compared with the MononobeBOkabe equation, the modified
MononobeBOkabe equation gives more reaistic values of active earh pressure for large values of
dedgn horizontal seismic coefficient k.

This guideline does no more than explain the evaluation metod for the geatechical paraneters
I =1 peak and !res usedin the above method partly because the method is not yet in wide use ard
party because the metod involves relatively complex calculation and there are still a number of
unsolved problemssuch asthe difficulty in determining the first failure surface. It is generaly known
that in the MononobebPOkabe equation, after a slip surfacedue to the first acive failure is formed the
acceération acting on the sliding block doesnot increase regardess of the amount of further increag
in the aceeleraton of the ground behind the wall.*?*® According to this concept, there should be an

upper limit to active earh pressure during an earthquake. Further study is needed, therefore, in this

area
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Figure 9.4.2. Coeffi ciert of active eath pressure KEa in the modified MononobebOkabe equation

(2) Trial wedge method
As shown in Figs.9.4.3 and 9.4.4, the trial wedge method is a method for determining actve earh

pressure during an earthquake from the equilibrium of forcesacting on the soil mass behnd the wall
by assuming the argle of acfive slip ! during anearhquake. In this method, the actve eath pressure
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atthe time the equilibrium condition is metis determined from a funicular polygon by varying ! .In
the trial wedge method, the coheson in the MononobeEOkabe equation can be taken into
consideraton. For the dedgn horizontal seismic coefficient used for calculation in the trial wedge
method, a conceptual approachsimilar to the one used for the desgn horizontal seismic coeffi ciert in
the MononobebOkabe equation is used.

The method de<cribed above is applicale to independent retaining walls whose displacemert is
not constrained. In caseswhere the bottom and top of a retaining wall is connected to a building so
that thereis likely to be little wall displacemen asin the cas of a retaining wall in adry area eath
pressure that acts during an earthquake doesnot necessarily becane an active eath pressure. Instead
it may even became closer to the passive side. As mentionedin Section 9.1, for a retaining wall like
this, it is appropriate use eath pressure at res for eath presure that acts pemarertly. When
considering earh pressure during an earthquake, it is necesary to use earth pressure calculated asthe
sum of eath pressure at re¢ ard the increas in eath pressure due to the earhquake. Failure of
retaining walls like this, however, has not been reported, and at present suffi cient knowledge is not
availabe about to what extent earth pressure during an earhquake should be increagd. Thisisanarea

that requiresfurther study. In desgn, it will be necessary to conduct a study on a cag-by-cas bass

through, for example, earhquake regonse aralysis or to determine earh pressure by referernce to
15)

reported analysis reaults.

0, =tan 1/,
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(a) Slip surlace (b) Funicular polygon

Figure 9.4.3. Trial wedge method ignoring the cohedon in the MononobebOkabe equation
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Figure 9.4.4. Trial wedge method taking into consideraion the coheson in the MononobebOkabe

equation

9.5 Desgn Groundwater Level
(1) Desgn groundwater level

Sdl layersinclude high-pemealility layers such assandy soil layersand low-pemeahility layers
such asclay layers, ard thes layers often appear as altermations. Since perched water, free water and
confined water exist, it is necesary to judge which of thes differert typesof water will influence the
building greaty.

Facors contributing to free water surface fluctuations include factors related to the natural
environmert such asrain, snowmett, tide ard floods and arthropogenic factors such aspumping from
wells, pumping regulation and subway construction. Eachcity hasrecads of pag groundwater level
fluctuations. Governmert orgarnizatons such as the Pats and Harbors Bureay the National Lard
Agency (now regructured) and the Environmert Agency also have their recads.

If hydradic pressure is not a primary load, the design groundwater level is determined by
decreasng the value corregponding to the 100-yearreturn period, aiming at a target value set around
the highed water level determined from edimated fl uctuations over a period of one year. One-year
fluctuations arenot necessarily edimated from one-year water level measuremert reaults. Instead, they
arejudged from free water level observation recads for pagd several years If hydrauic presureis a
primary load in the evaluation of ultimate limit states (examination of conditions during periods of
abnormal water lewvel), the dedgn groundwater level is determined by increasng the value
correonding to the 100-year return period according to egimatd fluctuations. Water level
fluctuations areedimated from records of abnormal water levels.

Presure aciing at a point in water is consistent with hydrostatic pressure distribution. In the
ground, however, impermeabl e layers or low-pemeablity layersof such matrials asclay ard silt and
permeabde layers or aquifers of sand and gravel often form alternations, so pressures at particular

points arenot necessarily consistent with the overall hydrostatic pressure distribution. Since, however,
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measirement reallts indicate that hydradic pressures at depths below the free water level seldom
exceedthe hydrostatic pressure distribution, desgn groundwater level is determined on the bags of the
freewaterlevel. If the confined water level is higher thanthe free water level because of, for example,

theinclination of the gedogical formations, a detailed groundwater survey should be conducted.

(2) Buoyarcy

At the floor slab of a basemert, for examgde, becawse hydradic pressure at the groundwater table
is zerqg buoyarcy that canbe calculated by multiplying water depth by the unit weight of water occus.
This buoyancy may cause the ertire building to be lifted up, but buoyarcy that is stabe over a long
period of time canbe expectedto reduce vertical loads. To be conservative in a study of the uplift of a
building, groundwater level should be assumedto be high. To be conservative in expecing a vertical
loadreduction, groundwater level should be assumedto be low.

If liquefacton occurs during an earhquake, buoyarcy is cawsed by exces pore hydradic pressure.
It is therefore necessary to pay careful attertion in dedgn to the possibility of a large amount of

buoyarcy. In such cases aunit weight of muddy water of 18 to 20 kN/m® is usedin placeof !in Eq.

9.1 to calculate buoyarcy.

9.6 Uncertainty of Earth Pressure and Geatechnical Parameters used for Dedgn Pur poses
(1) Coefficients of variation of geatechnical parameters

Paraneters affecting eart pressure include the following:

1) Geaechical parameters
c: coheson of soil (kN/m?)
! . interral friction angle of soil (deg)
y : unit weight of soil (kN/m°)
! wall friction angle (deg)
2) Geometic parameters
z: vertical depth from the upper erd of the wall to the locaton at which eath pressure
isto be calculated (m)
H : wall height (m)
! inclination of the ground surface behind the wall (deg)
! . angle betweenthe backof the wall and the vertical plare (deg)
h: groundwater level (m)
3) Loadrelated parameters
q: surcharge on the ground surface behind the wall (kN/m?)

kn: dedgn horizontal seismic coefficient

Facors contributing the variahility of geaechmical parameters include inhomogenreity ard
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anisotropy of soil, soil sampling metods and tes methods. In gereral, the coeffi ciernt of variation of
coheson, which is a parameter that is subjectto considerable variation, ranges between0.2 ard 0.4,
and that of theinterral friction is 0.1 to 0.2. In contrad, the coefficient of variation of unit weight is so
small (0.02 to 0.08) thatit may be practicaly regarded asa determinedvalue.'®

Using the MononobeBOkabe ecuation, Matsuo et al.'” evaluated variations in the acive earh
pressure of sard, silt and clay by the Monte Carlo method. They examined the interral friction angle
(! =30, 35, 40j) for sard, the interral friction angle (/ =10, 20, 30;) and coheson (c=9.8, 14.7, 19.6
kN/m?) for silt, and the internal friction angle (! =5;) and coheson (c=14.7, 19.6 kN/m?) for clay. The
coefficients of variation for the intermal friction angle and cohesion were V; =0.05, 0.10 ard
Ve =0.2,03, regpecively, and normal distribution was assumed The wall friction angle ! was
asumedto be 2!/ /3. From these reallts, it is gereraly said that normal distribution may be assumed
for active eath pressure.

Variations in shape and dimersions include variations in wall height and angle. These variations
occu depending on construction accuracy. Although their statistical properties are still largely
unknown, these variations are gererally said to be relatively smal. Surcharge on the ground surface

behind the wall variesconsiderally depending on the conditions around the building.

(2) Valuescorresponding to 99% probahility of non-exceednce

Site-specific geaechmical parameters are determined at the dedgn stage on the basds of
geaechical survey ard soil ted reaults. When determining the characteristic values or statistical
properties therefore, it is necesary to take into consideraton the uncertinty of samgding. Bascally,
the values correponding to the 99-percert probability of non-exceednce for the site under
consideraton are used. The valuesthat are used, however, are limited to edimated values determined
giving consideraton to valuesthat are abnormal from the viewpoint of engineering and the number of
data sets. Thus, becawse availabe informaton is limited mainly for ecanomic rea®ns, the lack of
informaton is often compersated by, for example, empirical knowledge about buildings of the same
type or siteswith similar gedogical conditions or engineering judgmert that takesinto consideration
such factors asthe regon thatinfluencesthe limit states of the building under consideraton.

If a cerain amount of data is availabe and a statistical metod can be applied, characteristic
valuescan be edimated, on the bass of sample distribution, asfollows. The sample meanx ard the

swampevariamex2 of asamplex (i=1, 2,..., n) canbe calculatedas

I X (9.6.1a)

2= U (%" xY (9.6.1b)

Since the values corregponding to the 99-percert probahlity of non-exceedance follow a
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t-distribution with a degee of freedom n! 1, charactristic values can be defined, considering the

confidencelevel 1" ! , asfollows™:

Xk =Xit";n!13 :I.‘}'1 (962)
u n

In the above equation, the plus/minus () valuesare determined so asto be conservative with regect
to limit states The term tani1 is a point with a confidence level of ! percert. For example, for a
99-percen confidence interval and n! 1=20, toor20=2528. Table 9.6.1 shows represrtative
valuesof tyy;.;-

Table 9.6.1 represertative valuesof tq, ;.

nt'1 5 10 15 20 25 30 60 120 !
toorma | 3.365 | 2.764 | 2.602 | 2.528 | 2.485 | 2.457 | 2.390 | 2.358 | 2.326

As mertionedin Section 9.1, however, the amount of geatechmical data that are actually availabe
is not necesarily sufficiert. In such cass empirical values that have beenused convertionally, for
examgde, the values recanmended in the RDBF (MononobebOkabe equation's parameter values
shown for refererce in Table 3.4.2 in the RDBF) are used as badc values Because thes values are
conservative valuesfor use in cases where detailed surveys are not conducted, they are regarded, for
the momert, asvaluescorresponding to the 99 percert probakility of non-exceednce.

Beddes the uncertainty of thes parametkers the accuacy of the eath pressure formula
(uncerainty of the model) greaty influences the uncertinty of earth pressure. Concerring the
accuacy of the earth presure formula, it is necessary to compare the formula with in situ
measirement data including accuate measiremerts of geaecmical parametrs This is not practiced
widely, however, parly because eart pressure measiremer itself is difficult. It is believed that a
rational limit state desgn method canbe edalished by invegigating the uncertainty of construction

methods in addition to accumulating such measuremert data.
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