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CHAPTER 9  EARTH PRESSURE AND HYDRAULI C PRESSURE 

 

General 

 

This chapter deals with earth pressure and hydraulic pressure acting on exterior basement walls of 

buildings and retaining walls. AIJ's Recommendations for the Design of Building Foundations (2001) 

(hereafter referred to as the "RDBF") describes in detail the concept of basic load values that reflect 

the limit state design method more clearly than those in the past. 

 In general, earth pressure acting on exterior basement walls is assumed to be earth pressure at rest. 

At depths below the groundwater level, the influence of hydraulic pressure is taken into consideration, 

and if there is surcharge on the ground surface, its influence is also taken into account. In the design of  

an exterior basement wall, serviceability limit states under earth pressure and hydraulic pressure that 

act permanently 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 earthquake. Since, 

however, experience has shown that major damage does not occur even during an earthquake if the 

wall is designed taking into account the serviceability limit states under the earth pressure and 

hydraulic pressure that act permanently, checks on ultimate limit states under earthquake loading may 

be omitted. 

 In general, earth pressure acting on a retaining wall  is assumed to be active earth pressure, and is 

determined taking into account the influence of surcharge on the ground surface behind the wall  and 

the influence of hydraulic pressure (if any). When retaining walls are designed, serviceability limit 

states under the earth pressure and hydraulic pressure that act permanently and ultimate limit states 

under active earth pressure during an earthquake are examined. The permanent earth pressure is 

calculated by using Coulomb's active earth pressure, and the earth pressure during an earthquake is 

calculated by using, for example, Mononobe and Okabe's formula for active earth pressure during an 

earthquake. 

 The basic load values used in this guideline are values corresponding to those of the return period 

of 100 years or those corresponding to the 99-percent probability of non-exceedance. The basic values 

of hydraulic pressure dealt with in this chapter are values corresponding to a return period for the 

annual highest free water level of 100 years, and those values are determined taking into account 

time-dependent variations appropriately. 

 Earth pressure that acts permanently varies very little over time but is strongly influenced by 

calculation accuracy and the uncertainty of geotechnical parameters. It is therefore necessary to 

determine basic values corresponding to a 99 percent probability of non-exceedance, assuming that 

such uncertainty is a main factor. As an example, this chapter describes the method of using the 

geotechnical parameter values at the site under consideration corresponding to a 99 percent probability 

of non-exceedance. In reality, however, a suffi cient amount of data is often not available. In such cases, 

use of empirical values as basic values is permitted. 
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Symbols 

 

Main symbols used in this chapter are as follows: 

 

Uppercase letters 

 0K :  coeffi cient of earth pressure at rest 

 AK :  coeffi cient of active earth pressure 

 EAK :  coeffi cient of active earth pressure during earthquake 

 

Lowercase letters 

 c :  cohesion of soil (kN/m2) 

 c! :  cohesion of soil (kN/m2, expressed in terms of effective stress) 

 hk :  design lateral seismic coeffi cient 

 h:  depth of groundwater level depth (m) 

 p :  earth pressure per unit area at depth z (kN/m2) 

 p! :  increase in earth pressure due to surcharge on the ground surface behind the 

retaining wall (kN/m2) 

 q :  uniformly distributed load acting on the ground surface behind the retaining wall  

(kN/m2) 

 

Greek Alphabet 

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

 t! :  wet unit weight of soil (kN/m3) 

 ! ":  submerged unit weight (kN/m3) 

 w! : unit weight of water (kN/m3) 

 ! :  angle between the back of the retaining wall and the vertical plane (deg) 

 k! : resultant incidence angle of earthquake (�¹ tan! 1
hk , deg) 

 ! :  fri ction angle of retaining wall (deg) 

 !  : internal fri ction angle of soil (deg) 

 

9.1 Overview 

(1) Earth pressure and hydraulic pressure 

 In the design of an exterior basement wall  or retaining wall, earth pressure reflecting the wet unit 

weight of the soil is assumed to be the load at depths above the groundwater level, and earth pressure 

and hydraulic pressure reflecting the submerged unit weight of the soil is assumed to be the load at 

depths below the groundwater level. In the case of a building with a basement, if the bottom of the 

foundation is below the groundwater level, buoyancy is considered as a load applied to the underside 
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of the foundation. This chapter describes the methods of calculation and concepts of these earth 

pressures, hydraulic pressures and buoyancy. 

 As shown in Fig.9.1.1, the amount of earth pressure varies with the relative displacement between 

the building and the soil. Active earth pressure is the earth pressure that occurs when the soil behind 

the building reaches a plastic state as it pushes the wall forward. Passive earth pressure is the earth 

pressure that occurs when the soil behind the building reaches a plastic state as it is pushed back by the 

wall. Both active earth pressure and passive earth pressure occur in a state of plastic equilibrium in 

which the strength of the soil behind the wall is fully exerted. 

 Earth pressure at rest is the earth pressure that occurs when the wall in contact with the soil is at 

rest. Earth pressure at rest is an intermediate state between active earth pressure and passive earth 

pressure. In general, as a retaining wall is displaced under the influence of the soil behind the wall, the 

earth pressure decreases with the progress of displacement and a state of earth pressure at rest tends to 

approach a state of active earth pressure. 

 Theories proposed to calculate earth pressure in a plastic state include Coulomb's earth pressure 

theory and Rankine's earth pressure theory. The former derives earth pressure from the equilibrium 

conditions by assuming a limit 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 plastic state that occurs when the 

entire soil block behind the wall fails. Coulomb's earth pressure theory is a practical method because it 

takes into consideration such parameters as the fri ction between the wall and the soil, the inclination of  

the wall and the inclination of the ground surface behind the wall. It is generally known that earth 

pressure values derived by Coulomb's method agree with the values derived by Rankine's method 

when these parameters take certain values. 

 

Figure 9.1.1. Relationship between displacement and earth pressure 

 

(2) Earth pressure that acts permanently on exterior basement walls 

 It is common practice to examine the serviceability limit state of exterior basement walls by giving 

consideration to earth pressure and hydraulic pressure that act permanently. Since the displacement of  
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exterior basement walls is small under normal conditions, earth pressure that acts permanently is 

calculated as earth pressure at rest. 

 When designing exterior basement walls, the possibility of ultimate limit states in which earth 

pressure or hydraulic pressure that acts permanently predominates cannot be precluded. Ultimate limit 

states of this type may be neglected, however, because not much is known about the variability of the 

coeffi cient of earth pressure at rest and because no major damage was experienced in the past if  

serviceability limit states were examined against permanently acting earth pressure and hydraulic 

pressure. 

 

(3) Earth pressure that acts permanently on retaining walls 

 It is generally said that although earth pressure acting on ordinary retaining walls varies depending 

on the soil behind them, the transition from earth pressure at rest to active earth pressure is caused by a 

very small amount of displacement. In the case of sandy soil, for example, the transition to active earth 

pressure can be caused by a very small forward horizontal displacement of the top of the retaining wall  

that is equal to only about 1/1,000 of the wall height. Even when earth pressure increases and 

approaches the earth pressure at rest because of seepage flow such as rainwater infi ltration occurring 

over a long period of time, the retaining wall tends to be inclined again so that active earth pressure 

results. When designing ordinary retaining walls, therefore, it is acceptable to examine serviceability 

limit states by using active earth pressure as permanently acting earth pressure. If, however, very little 

displacement of the retaining wall under consideration is expected as in the case of a retaining wall in 

a dry area whose top and bottom are connected to a building, it is better practice to use earth pressure 

at rest instead of active earth pressure. 

 In the design of retaining walls, the possibility of an ultimate limit state in which permanently 

acting earth pressure and hydraulic pressure are principal loads cannot be precluded. By the same 

reason as in the design of exterior basement walls, however, the examination of ultimate limit states in 

such cases may be omitted. In the case of a retaining wall, it is important to examine ultimate limit 

states, taking into consideration the influence of earthquakes described in Item (4) below. 

 

(4) Earth pressure during earthquake 

 Earth pressure acting on exterior basement walls during an earthquake may become greater than 

the earth pressure at rest depending on the differences in the vibration properties of the surrounding 

ground and the building. No measurement result or damage that verifi es such behavior has been 

reported, however, and it is thought that ignoring earth pressure increases during earthquakes is not 

likely to cause major problems if cross sections conforming to conventional allowable stress design 

criteria for sustained loading are used. When designing exterior basement walls in nonliquefiable soils, 

therefore, it is acceptable to examine serviceability limit states against permanently acting earth 

pressure and hydraulic pressure and omit the evaluation of ultimate limit states that takes into 

consideration earth pressure increases during earthquakes. 
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 In soils that could liquefy during an earthquake, earth pressure and hydraulic pressure acting on 

the wall could increase considerably. In such cases, it is necessary to examine ultimate limit states by 

assuming that a soilÐwater mixture with a unit weight of 18 to 20 kN/m3 applies pressure on the wall. 

When liquefaction occurs, buoyancy acting on the underside of the foundation increases considerably. 

It is therefore necessary to examine safety against buoyancy in the case where a building is floating in 

a soilÐwater mixture with a high specifi c gravity. 

 Cases of major earthquake-induced damage to retaining walls not accompanied by the liquefaction 

of the soil behind the walls have been reported. There is a need, therefore, for the evaluation of 

ultimate limit states during a major earthquake in addition to the examination of serviceability limit 

states under permanently acting earth pressure and hydraulic pressure. In the case of a retaining wall , 

stability of the entire ground behind the retaining wall including the wall is often an important 

consideration. In such cases, it is necessary to perform stability evaluation by an appropriate method 

such as the circular slip method in addition to the examination of stability under active earth pressure 

during an earthquake. 

 

(5) Basic values of earth pressure and hydraulic pressure and their uncertainty 

 Earth pressure is calculated by appropriately taking into account the influence calculation 

accuracy and the uncertainty geotechnical parameters (unit weight and strength parameters of soil). 

Fluctuations of groundwater level are also taken into account as appropriate. 

 This guideline uses the values corresponding to the 100-year return period or the values 

corresponding to a probability of non-exceedance of 99 percent as basic load values. Earth pressure 

that acts permanently does not change over time, and earth pressure values are greatly dependent on 

the degree of uncertainty determined by the accuracy of calculation methods and the variability of 

geotechnical parameters. When considering earth pressure, therefore, it is necessary to determine basic 

values corresponding to a probability of non-exceedance of 99 percent, assuming that these types of 

uncertainty are primary factors. 

 As an example of such a method, Section 9.6 describes the method of using geotechnical 

parameter values for the soil at the site consideration corresponding to a probability of non-exceedance 

of 99 percent. In reality, it is often not possible to obtain a suffi cient amount of geotechnical data. In 

such cases, values recommended in, for example, the Recommendations for the Design of Building 

Foundations (backfi ll-related parameter values shown for reference in the RDBF's Table 3.4.2) are 

used. These values are considerably conservative values that have been calculated so that they can be 

used in cases where detailed surveys are not conducted. For the time being, therefore, these values are 

assumed to be comparable to the values corresponding to a probability of non-exceedance of 99 

percent. 

 In the calculation of earth pressure during an earthquake, values corresponding to the 100-year 

return period are used as basic values, taking into consideration not only the degree of uncertainty 

resulting from the accuracy of calculation methods and the variability of geotechnical parameters but 
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also changes caused by earthquake motions. It should be kept in mind, however, that as explained in 

Section 9.4, at present, highly accurate estimation for earthquake motions of various sizes is not 

necessarily possible. 

 For example, the MononobeÐOkabe equation2),3) is used to calculate active earth pressure acting 

on retaining walls during an earthquake. It should be noted, however, that the design horizontal 

seismic coeffi cient substituted in the MononobeÐOkabe equation does not necessarily correspond to 

the value obtained by dividing the maximum horizontal acceleration maxa by gravitational 

acceleration g. The reason is that the accuracy of the calculation method applied to earth pressure 

during a strong earthquake is not suffi ciently high. Although the MononobeÐOkabe equation is used in 

design, but in cases involving a strong earthquake, the design horizontal seismic coeffi cient is 

determined by reference to, for example, the values back-calculated from the data on the damage 

caused by the Hyogo-ken Nanbu Earthquake. 

 In view of these circumstances, it has been decided to permit the method of using empirical values 

for the design horizontal seismic coeffi cient in the MononobeÐOkabe equation and assume that the 

active earth pressure calculated from the MononobeÐOkabe equation has been obtained by using a 

value corresponding to the 100-year return period. 

 It should be noted, however, that the concepts of basic values of earth pressure recommended in 

this guideline are provisional ones intended for use before the transition to the limit state design 

method. Depending on the accumulation of research findings in the coming years, it is necessary to 

make the method for calculating the basic values of earth pressure more straightforward and clear-cut. 

 For the method of hydraulic pressure calculation, refer to Section 9.5. 

 

9.2 Earth  Pressure and Hydraulic Pressure acting on Exterior Basement Walls 

 As shown in Fig.9.2.1, earth pressure that act on exterior basement walls is assumed to be earth 

pressure at rest, and hydraulic pressure is also taken into consideration at depths below the 

groundwater level. If there is surcharge on the ground surface, its effect is also taken into account. 

 

(1) Coeffi cient of earth pressure at rest, 0K  

 The use of the results of field measurements and laboratory tests on collected samples has been 

considered for the determination of the coeffi cient of earth pressure at rest, 0K . Although the amount 

of field measurement data obtained for the determination of the coeffi cient of earth pressure at rest is 

limited, it is generally said that there a substantial amount of data indicating a value of around 0.5. 

 Laboratory tests conducted to measure the coeffi cient of earth pressure at rest include compression 

tests, and triaxial compression tests in which lateral displacement is restricted. The coeffi cient of earth 

pressure at rest varies depending on such factors as soil type, strength and stress history. Many have 

reported, however, that in a state of normal consolidation, measured values for both sand and clay 

show fairly good agreement with the values given by the equation proposed by Ĵ ky.4) 
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 ! "#= sin10K  (9.2.1) 

 

Figure 9.2.1. Earth pressure and hydraulic pressure acting on exterior basement wall 

 

In this equation, if the internal friction angle ! "expressed in terms of effective stress is 30¡, then 0K  

is 0.5. Eq.(9.2.1) was obtained by solving the stress at rest in the central vertical plane of a 

two-dimensional triangular fi ll and simplifying the obtained equation. At present, therefore,  data that 

clearly show the relationship with the actual state of exterior basement walls are lacking although 

there are some theoretical bases. In view of these circumstances, it is deemed reasonable to use a value 

of 0.5 or so for the coeffi cient of earth pressure at rest for both sand and clay except in cases where 

highly reliable laboratory test or field measurement results are available. 

 The above discussion concerns the coeffi cient of earth pressure at rest in the case where the 

ground surface behind the wall is horizontal. If  the ground surface behind the wall is inclined, the 

following equation has been proposed5): 

 )sin1(00 !! += KK  (9.2.2) 

where !0K is the coeffi cient of earth pressure at rest 0K for an inclined backfi ll; 0K , the coeffi cient of 

earth pressure at rest for normally consolidated soil; and ! , the inclination of the backfi ll surface 

(deg). 

 Knowledge that has been gained about the nature of the coeffi cient of earth pressure at rest 

includes the following. It  is generally known from laboratory test results that the value of coeffi cient 

of earth pressure at rest, ouK , for overconsolidated soil can be estimated by using the equation6): 

 ! "= sin
00 )(OCRKK u  (9.2.3) 

where ouK  is the coeffi cient of earth pressure at rest for overconsolidated soil; 0K , the coeffi cient 

of earth pressure at rest for normally consolidated soil; ! ", the internal fri ction angle expressed in 
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terms of effective stress (deg); and OCR, the overconsolidation ratio (the value obtained by dividing 

the maximum effective stress experienced in the past by the present effective vertical stress). 

 Ladd et al.7) report that the coeffi cient of earth pressure at rest for normally consolidated 

undisturbed clay is strongly correlated with the plasticity index pI . According to them, 0K =0.5 

when pI =15, and 0K  tends to converge to 0.8 as pI increases. Kikuchi et al. measured the 

coeffi cient of earth pressure at rest 0K  for clay and showed that it was about 0.5 regardless of the 

value of pI . These results indicate that the relationship between pI  and the coeff icient of earth 

pressure at rest varies considerably, and at present it is diffi cult to find out a general tendency. In 

Kikuchi et al.'s study, too, the relationship between 0K  and !"  is explained by Ĵ ky's equation.8) 

 Hatanaka et al. conducted a study on the 0K  of gravelly soil. According to that study, 0K  is 

strongly correlated with the in situ shear wave velocity SFV , and the following equation has been 

proposed9): 

 )/300(5.00058.00 smVVK SFSF !"=  (9.2.4) 

(2) Case in which load acts on ground surface 

 In the case where a concentrated load acts on the ground surface, the following equation can be 

used to calculate the amount of increase in horizontal stress at the location of the exterior basement 

wall (Fig.9.2.2): 
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 (9.2.5) 

where P is a concentrated load (kN); r, the horizontal distance from the point of action of the load to 

the location of interest (m); x, the shortest distance from the point of action of the load to the exterior 

basement wall; and z, the vertical distance from the point of action of the load to the location of 

interest (m). 
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Figure 9.2.2. Horizontal stress components acting on exterior basement wall 

 

 Equation(9.2.5) calculates the horizontal stress acting on a displacement-free exterior basement 

wall by assuming that the ground is a semi-infinite elastic body, determining the horizontal stress in 

the ground in the case where a concentrated load acts on the ground surface by use of the Boussinesq 

solution and multiplying the obtained value by two by use of the principle of reflection. The 

calculation method is described in detail in the RDBF.1) 

 If the load is distributed in a certain part of the ground surface, incremental increases in earth 

pressure can be calculated by integrating Eq.(9.2.5). If a uniformly distributed load acts on the ground 

surface, the earth pressure obtained by multiplying the amount of increase in vertical stress by the 

coeffi cient of earth pressure is taken as an incremental earth pressure, 0p! . If  the increment of  

vertical earth pressure is assumed, by way of approximation, to be equal to the uniformly distributed 

load q  acting on the ground surface, Eq.(9.2.6) can be obtained: 

 qKp 00 =!  (9.2.6) 

where q  is a uniformly distributed load (kN/m2). 

 

9.3 Earth  Pressure that acting Permanently on Retaining Walls 

 As shown in Fig.9.3.1, earth pressure that acts permanently on a retaining wall is assumed to be 

active earth pressure. The active earth pressure resultant per unit width is 2
05.0 Hpp AA = , and it acts 

at the location of 30H  from the bottom of the raining wall at an angle of !" + . 

 Equation(9.4) is the Coulomb coeffi cient of active earth pressure derived from the rigidÐplastic 

theory. When the ground surface is horizontal and the back of the wall is vertical and therefore fri ction 

can be ignored, the Coulomb coeffi cient of active earth pressure is expressed as shown below and is 

equal to the Rankine coeffi cient of active earth pressure. 

 !
"

#
$
%

& '¡=
2

45tan2 (
AK  (9.3.1) 

 The incremental earth pressure in the case where a uniformly distributed load acts on the ground 

surface can be calculated from the following equation: 

 qKp A=! 0  (9.3.2) 

whereq is a uniformly distributed load (kN/m2); and AK , the coeffi cient of active earth pressure. 
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Figure 9.3.1. Earth pressure acting permanently on retaining wall 

 

 Total earth pressure is calculated by calculating the incremental earth pressure from Eq. (9.3.2) 

and adding the result to Eq.(9.3). Vertical stress transferred to the soil decreases with depth depending 

on the angle of wall fri ction. This is usually not taken into consideration, and Eq.(9.3.2) is used 

regardless of depth. 

 If necessary, the influence of hydraulic pressure is taken into consideration. The calculation 

procedure is the same as the procedure used for Eq.(9.2) for exterior basement walls. When designing 

retaining walls, it is standard practice to provide drainage facilities. During long periods of wet 

weather such as localized heavy rains and seasonal rains during tsuyu (rainy season in Japan), the 

backfi ll may become saturated so that the backfi ll fails because of high hydraulic pressure. If, 

therefore, such cases are anticipated, it is necessary to conduct a study using the unit weight of soil in 

a saturated state and the strength parameters for saturated soil and examine ultimate limit states under 

unusual water level conditions. 

 

9.4 Earth  Pressure acting on Retaining Walls Duri ng Eart hquake 

(1) MononobeÐOkabe formula for active earth pressure during earthquake 

 When calculating earth pressure acting on a retaining wall, it is common practice to use the 

MononobeÐOkabe formula (Eq.(9.6)) for calculating earth pressure acting during an earthquake. 

Eq.(9.6) was derived by making the horizontal seismic coeffi cient hk  during an earthquake act on the 

back of the retaining wall and considering the equilibrium of forces in a limit state. Although some 

cases have been reported in which values given by the formula showed good agreement with the 

results of shaking table tests involving standing-wave excitation. Very little information is available, 

however, about verifi cation made by use of measurement data collected during earthquakes. 

 When calculating earth pressure during an earthquake, it is desirable to determine the value of 

design horizontal seismic coeffi cient hk  in Eq.(9.6) according to the value of maximum horizontal 
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acceleration maxa  corresponding to the 100-year return period described in Chapter 7 (seismic load). 

It is necessary, however, to keep in mind that if a wide range of earthquake motions ranging from 

medium to small earthquake to large earthquakes need to be covered, the accuracy of calculation of 

earth pressure during an earthquake by use of Eq.(9.6) is not necessarily high. 

 In the examination of earth pressure during medium to small earthquakes, gakh max=  ( maxa : 

maximum horizontal acceleration of the soil  block behind the wall, g: gravitational acceleration) may 

be assumed. In the examination of earth pressure during large earthquakes, however, calculation 

results obtainable from Eq.(9.6) assuming gakh max=  would be excessively large. Because Eq.(9.6) 

is derived from the equilibrium of a rigidÐplastic 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 localization of ground strains. Consequently, 

the determination of the value of hk  by use of a large value of maximum horizontal acceleration 

during a large earthquake will result in the assumption of an unrealistic slip line and hence 

overestimation. It  is generally said that the range of acceleration in which hk  may be calculated by 

use of the maximum horizontal acceleration is below 200 Gal or so.10),11) 

 For these reasons, the RDBF recommends to use hk  values of 0.2 or so for the examination of 

damage limit states during medium to small earthquakes with an acceleration of less than about 200 

Gal and hk  values of 0.25 or so for the examination of ultimate limit states during large earthquakes. 

The hk  values for medium to small earthquake motions are empirical values that have been used 

conventionally, and the hk  values for large earthquake motions have been determined mainly from 

the values14) back-calculated from the results of housing retaining wall and slope surveys conducted 

after the HanshinÐAwaji Earthquake. This guideline follows the same philosophy, so no effort is made 

to achieve correspondence between the design horizontal seismic coeffi cient and the values 

corresponding to the 100-year return period of the peak ground acceleration. Instead, empirical values 

recommended in the RDBF are used for the design horizontal seismic coeffi cient, and the active earth 

pressure at rest calculated from the MononobeÐOkabe equation is regarded as the earth pressure 

obtained by using the value corresponding to the 100-year return period. 

 It is to be noted that the concept of earth pressure during an earthquake described above is a 

tentative approach used before a changeover to the limit state design method. It is necessary to make 

the concrete method for determining the basic values of earth pressure more straightforward and 

clear-cut by accumulating more research results. As one way to do it, a recently proposed modified 

MononobeÐOkabe method is introduced below. 

 The MononobeÐOkabe method assumes that shear strength is isotropic and constant. In reality, 

however, the internal fri ction angle of soil along a failure surface decreases from peak strength to 

residual strength. Koseki et al. proposed a modified MononobeÐOkabe equation that takes into 

consideration the effect of strain localization in the shear zone and the effect of the resultant strain 

softening.10),11) In this method, the design horizontal seismic coeffi cient hk  is assumed to be equal to 

gamax  when the maximum horizontal acceleration maxa  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 strength peak!  and the residual strength res! in the 

MononobeÐOkabe equation are fi rst evaluated by one method or another, for example by laboratory 

testing or according to empirical rules, and the conditions for the fi rst active failure are determined. 

The design horizontal seismic coeffi cient assumed in this method is crkk = ,and the inclination of the 

slip surface formed, cr!! = , is calculated by using the MononobeÐOkabe method assuming 

peak!! =  (Fig.9.4.1). Then, from the equilibrium of forces acting on the wedge whose bottom is the 

slip surface calculated earlier, the coeffi cient of active earth pressure acting on the initial failure 

surface, EAK! , is calculated from the following equation: 

 

Figure 9.4.1. Forces acting on a wedge of soil 
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where EAK!  is the coeffi cient of active earth pressure during an earthquake in the modified 

MononobeÐOkabe equation; ! , the inclination of the slip surface (deg); ! , the internal fri ction 

angle of soil (deg); ! , the angle between the back of the retaining wall and the vertical plane (deg); 

! , the fri ction angle of the wall (deg); ! , the inclination of the ground surface behind the wall; k! , 

the resultant incidence angle of an earthquake (=tan! 1kh, deg); and hk , the design horizontal seismic 

coeffi cient. 

 In the above equation, the internal friction angle !  of the soil is lowered to res! . The inclination 

of the failure surface, ! , is fi xed at the angle of the initial slip surface, cr! . This coeffi cient of  

active earth pressure, EAK! , is compared with the coeffi cient of active earth pressure EAK  calculated 

from Eq.(9.6) by assuming peak!! = . If the former is smaller than the latter, it is assumed that the 

coeffi cient of active earth pressure EAK!  acting on the initial slip surface is still in effect. The 

horizontal seismic coeffi cient during an earthquake, crhk , , used to determine the fi rst failure surface is 

determined arbitrarily. This is as yet no established method for determining this, and empirical values 

of about 0 to 0.2 are often used. 

 By taking into consideration decreases in the internal fri ction angle, the modified 
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MononobeÐOkabe equation gives a value of the coeffi cient of active earth pressure EAK!  that is 

greater than the value obtained by assuming peak!! =  in Eq. 9.6 and is smaller than the value 

obtained by assuming res!! =  in Eq. 9.6. The modified MononobeÐOkabe equation makes it 

possible to calculate active earth pressure corresponding to a large design horizontal seismic 

coeffi cient ( hk ) to which the MononobeÐOkabe equation cannot be applied, and gives a more realistic, 

smaller active failure region than the MononobeÐOkabe equation. As an example, Fig.9.4.2 shows the 

relationship between the design horizontal seismic coeffi cient hk  and the coeffi cient of active earth 

pressure EAK ! . As shown, compared with the MononobeÐOkabe equation, the modified 

MononobeÐOkabe equation gives more realistic values of active earth pressure for large values of  

design horizontal seismic coeffi cient hk . 

 This guideline does no more than explain the evaluation method for the geotechnical parameters 

peak!! =  and res!  used in the above method partly because the method is not yet in wide use and 

partly because the method involves relatively complex calculation and there are still a number of 

unsolved problems such as the diffi culty in determining the fi rst failure surface. It is generally known 

that in the MononobeÐOkabe equation, after a slip surface due to the fi rst active failure is formed, the 

acceleration acting on the sliding block does not increase regardless of the amount of further increase 

in the acceleration of the ground behind the wall.12),13) According to this concept, there should be an 

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

area. 

 
Figure 9.4.2. Coeffi cient of active earth pressure EAK!  in the modified MononobeÐOkabe 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 active earth 

pressure during an earthquake from the equilibrium of forces acting on the soil mass behind the wall  

by assuming the angle of active slip ! during an earthquake. In this method, the active earth pressure 
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at the time the equilibrium condition is met is determined from a funicular polygon by varying ! . In 

the trial wedge method, the cohesion in the MononobeÐOkabe equation can be taken into 

consideration. For the design horizontal seismic coeffi cient used for calculation in the trial wedge 

method, a conceptual approach similar to the one used for the design horizontal seismic coeffi cient in 

the MononobeÐOkabe equation is used. 

 The method described above is applicable to independent retaining walls whose displacement is 

not constrained. In cases where the bottom and top of a retaining wall is connected to a building so 

that there is likely to be little wall displacement, as in the case of a retaining wall in a dry area, earth 

pressure that acts during an earthquake does not necessarily become an active earth pressure. Instead, 

it may even become closer to the passive side. As mentioned in Section 9.1, for a retaining wall like 

this, it is appropriate use earth pressure at rest for earth pressure that acts permanently. When 

considering earth pressure during an earthquake, it is necessary to use earth pressure calculated as the 

sum of earth pressure at rest and the increase in earth pressure due to the earthquake. Failure of 

retaining walls like this, however, has not been reported, and at present suffi cient knowledge is not 

available about to what extent earth pressure during an earthquake should be increased. This is an area 

that requires further study. In design, it will be necessary to conduct a study on a case-by-case basis 

through, for example, earthquake response analysis or to determine earth pressure by reference to 

reported analysis results.15)  

 

Figure 9.4.3. Trial wedge method ignoring the cohesion in the MononobeÐOkabe equation 
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Figure 9.4.4. Trial wedge method taking into consideration the cohesion in the MononobeÐOkabe 

equation 

 

9.5 Design Groundwater Level 

(1) Design groundwater level 

 Soil layers include high-permeability layers such as sandy soil layers and low-permeability layers 

such as clay layers, and these layers often appear as alternations. Since perched water, free water and 

confined water exist, it is necessary to judge which of these different types of water will influence the 

building greatly. 

 Factors contributing to free water surface fluctuations include factors related to the natural 

environment such as rain, snowmelt, tide and floods and anthropogenic factors such as pumping from 

wells, pumping regulation and subway construction. Each city has records of past groundwater level 

fluctuations. Government organizations such as the Ports and Harbors Bureau, the National Land 

Agency (now restructured) and the Environment Agency also have their records. 

 If hydraulic pressure is not a primary load, the design groundwater level is determined by 

decreasing the value corresponding to the 100-year return period, aiming at a target value set around 

the highest water level determined from estimated fluctuations over a period of one year. One-year 

fluctuations are not necessarily estimated from one-year water level measurement results. Instead, they 

are judged from free water level observation records for past several years. If hydraulic pressure is a 

primary load in the evaluation of ultimate limit states (examination of conditions during periods of 

abnormal water level), the design groundwater level is determined by increasing the value 

corresponding to the 100-year return period according to estimated fluctuations. Water level 

fluctuations are estimated from records of abnormal water levels. 

 Pressure acting at a point in water is consistent with hydrostatic pressure distribution. In the 

ground, however, impermeable layers or low-permeability layers of such materials as clay and silt and 

permeable layers or aquifers of sand and gravel often form alternations, so pressures at particular 

points are not necessarily consistent with the overall hydrostatic pressure distribution. Since, however, 
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measurement results indicate that hydraulic pressures at depths below the free water level seldom 

exceed the hydrostatic pressure distribution, design groundwater level is determined on the basis of the 

free water level. If  the confined water level is higher than the free water level because of, for example, 

the inclination of the geological formations, a detailed groundwater survey should be conducted. 

 

(2) Buoyancy 

 At the floor slab of a basement, for example, because hydraulic pressure at the groundwater table 

is zero, buoyancy that can be calculated by multiplying water depth by the unit weight of water occurs. 

This buoyancy may cause the entire building to be lifted up, but buoyancy that is stable over a long 

period of time can be expected to reduce vertical loads. To be conservative in a study of the uplift of a 

building, groundwater level should be assumed to be high. To be conservative in expecting a vertical 

load reduction, groundwater level should be assumed to be low. 

 If liquefaction occurs during an earthquake, buoyancy is caused by excess pore hydraulic pressure. 

It is therefore necessary to pay careful attention in design to the possibility of a large amount of  

buoyancy. In such cases, a unit weight of muddy water of 18 to 20 kN/m3 is used in place of w! in Eq. 

9.1 to calculate buoyancy. 

 

9.6  Uncertainty of Eart h Pressure and Geotechnical Parameters used for Design Purposes 

(1) Coeffi cients of variation of geotechnical parameters 

 Parameters affecting earth pressure include the following: 

 

1) Geotechnical parameters 

 c :  cohesion of soil (kN/m2) 

�� ! :  internal fri ction angle of soil (deg) 

 ! :  unit weight of soil (kN/m3) 

 ! :  wall fri ction angle (deg) 

2) Geometric parameters 

 z : vertical depth from the upper end of the wall  to the location at which earth pressure 

is to be calculated (m) 

 H : wall height (m) 

 ! :  inclination of the ground surface behind the wall (deg) 

 ! :  angle between the back of the wall and the vertical plane (deg) 

 h:  groundwater level (m) 

3) Load-related parameters 

 q :  surcharge on the ground surface behind the wall (kN/m2) 

 hk : design horizontal seismic coeffi cient 

 

 Factors contributing the variability of geotechnical parameters include inhomogeneity and 
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anisotropy of soil, soil sampling methods and test methods. In general, the coeffi cient of variation of 

cohesion, which is a parameter that is subject to considerable variation, ranges between 0.2 and 0.4, 

and that of the internal fri ction is 0.1 to 0.2. In contrast, the coeffi cient of variation of unit weight is so 

small (0.02 to 0.08) that it may be practically regarded as a determined value.16) 

 Using the MononobeÐOkabe equation, Matsuo et al.17) evaluated variations in the active earth 

pressure of sand, silt and clay by the Monte Carlo method. They examined the internal fri ction angle 

(! =30, 35, 40¡) for sand, the internal fri ction angle ( ! =10, 20, 30¡) and cohesion (c=9.8, 14.7, 19.6 

kN/m2) for silt, and the internal fri ction angle ( ! =5¡) and cohesion (c=14.7, 19.6 kN/m2) for clay. The 

coeffi cients of variation for the internal fri ction angle and cohesion were 05.0=!V , 0.10 and 

03,2.0=cV , respectively, and normal distribution was assumed. The wall fri ction angle !  was 

assumed to be 32! . From these results, it is generally said that normal distribution may be assumed 

for active earth pressure. 

 Variations in shape and dimensions include variations in wall height and angle. These variations 

occur depending on construction accuracy. Although their statistical properties are still largely 

unknown, these variations are generally said to be relatively small. Surcharge on the ground surface 

behind the wall varies considerably depending on the conditions around the building. 

 

(2) Values corresponding to 99% probability of non-exceedance 

 Site-specifi c geotechnical parameters are determined at the design stage on the basis of 

geotechnical survey and soil test results. When determining the characteristic values or statistical 

properties, therefore, it is necessary to take into consideration the uncertainty of sampling. Basically, 

the values corresponding to the 99-percent probability of non-exceedance for the site under 

consideration are used. The values that are used, however, are limited to estimated values determined 

giving consideration to values that are abnormal from the viewpoint of engineering and the number of 

data sets. Thus, because available information is limited mainly for economic reasons, the lack of  

information is often compensated by, for example, empirical knowledge about buildings of the same 

type or sites with similar geological conditions or engineering judgment that takes into consideration 

such factors as the region that influences the limit states of the building under consideration. 

 If a certain amount of data is available and a statistical method can be applied, characteristic 

values can be estimated, on the basis of sample distribution, as follows. The sample meanx and the 

sample variance 2x of a sample ix  (i=1, 2,..., n) can be calculated as 
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 Since the values corresponding to the 99-percent probability of non-exceedance follow a 
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t-distribution with a degree of freedom 1!n , characteristic values can be defined, considering the 

confidence level !"1 , as follows18): 

 

 
n

stxx nk
1

11; +±= !"  (9.6.2) 

 

In the above equation, the plus/minus (±) values are determined so as to be conservative with respect 

to limit states. The term 1; !nat  is a point with a confidence level of !  percent. For example, for a 

99-percent confidence interval and 201=!n , 528.220;01.0 =t . Table 9.6.1 shows representative 

values of 1;01.0 !nt . 

 

Table 9.6.1 representative values of 1;01.0 !nt . 

1!n  5 10 15 20 25 30 60 120 !  

1;01.0 !nt  3.365  2.764 2.602 2.528 2.485 2.457 2.390 2.358 2.326 

 

 As mentioned in Section 9.1, however, the amount of geotechnical data that are actually available 

is not necessarily suffi cient. In such cases, empirical values that have been used conventionally, for 

example, the values recommended in the RDBF (MononobeÐOkabe equation's parameter values 

shown for reference in Table 3.4.2 in the RDBF) are used as basic values. Because these values are 

conservative values for use in cases where detailed surveys are not conducted, they are regarded, for 

the moment, as values corresponding to the 99 percent probability of non-exceedance. 

 Besides the uncertainty of these parameters, the accuracy of the earth pressure formula 

(uncertainty of the model) greatly influences the uncertainty of earth pressure. Concerning the 

accuracy of the earth pressure formula, it is necessary to compare the formula with in situ 

measurement data including accurate measurements of geotechnical parameters. This is not practiced 

widely, however, partly because earth pressure measurement itself is diffi cult. It is believed that a 

rational limit state design method can be established by investigating the uncertainty of construction 

methods in addition to accumulating such measurement data. 
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