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ABSTRACT: This paper critically examines the transition from EN1998-5:2004 to prEN1998-5:2023 in the context of 

calculating lateral earth pressures. The Mononobe-Okabe method, a long-standing normative approach, is replaced by a new 

informative method in the latest draft standard. This study explores the implications of this change, assessing the 

conservatism of both methods, their treatment of cohesive soils, sloping backfill, the negative square root problem, and the 

impact of wall roughness. The paper highlights the potential challenges and considerations that engineers may face with the 

adoption of the new standard. 

 

RÉSUMÉ: Ce document examine de manière critique la transition de la norme EN1998-5:2004 à la norme prEN1998-

5:2023, en se concentrant sur le calcul des pressions latérales de la Terre. La méthode de Mononobe-Okabe, une approche 

normative de longue date, est remplacée par une nouvelle méthode informative dans le dernier projet de norme. Cette étude 

évalue les implications de ce changement, en analysant le conservatisme des deux méthodes, leur traitement des sols cohésifs, 

des remblais en pente, du problème de la racine carrée négative, et l'impact de la rugosité des murs. Le document met en 

évidence les défis et les considérations que les ingénieurs pourraient rencontrer avec l'adoption de la nouvelle norme. 
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1 INTRODUCTION 

As known, ΕΝ1998-5:2004 (2004) incorporates the 

Mononobe-Okabe (M-O) method (Okabe 1926; 

Mononobe and Matsuo 1929) for calculating the active 

and passive earth pressures for the seismic situation. 

The coefficient of active or passive earth pressures is: 

 

 

The symbol 𝐾(𝐴/𝑃)𝐸 denotes either the active or the 

passive coefficient (𝐾𝐴𝐸 and 𝐾𝑃𝐸 respectively). 

Having no provision for the cohesion of soil, the total 

active or passive resultant earth pressure force exerted 

on the retaining structure as per the EN 1998-5:2004 

standard is: 

 𝜓 and 𝛽 are the inclination angles of the back of the 

wall and backfill surface from the horizontal line, 𝜑′ is 

the effective angle of shearing resistance of soil, 𝜃 is 

the apparent inclination of the gravity field in the 

seismic situation, i.e., tan𝜃 = 𝑎ℎ/(1 ± 𝑎𝑣), and 𝛿 is 

the friction angle between the soil and the wall (𝛿 is 

ignored in the passive state; 𝛿 = 0), 𝛾 is the unit 

weight of soil, 𝑎ℎ and 𝑎𝑣 are the horizontal and vertical 

seismic coefficient respectively, 𝐻 is the height of the 

retaining structure and 𝛦𝑤𝑠 and 𝛦𝑤𝑑 are the static and 

hydrodynamic water force.  

In the draft standard prΕΝ1998-5:2023 (2023) the 

M-O earth pressure coefficients have been replaced by 

the following expression (presented in combined 

form): 
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The total earth pressure at depth 𝑧 is: 

 

 

where, tan𝜃𝑒𝑞 = 𝑎ℎ or tan𝜃𝑒𝑞 = 𝑎ℎ𝜎𝑣/(𝜎𝑣 − 𝑢) in 

the absence or in the presence of pore water 

pressure respectively, 𝑐′ is the effective cohesion of 

soil, 𝜎𝑣 is the total overburden pressure and 𝑢 is the 

pore water pressure. The coefficients 𝐾(𝐴/𝑃)𝐸𝑞 and 𝐾(𝐴/𝑃)𝐸𝑐 have been defined as follows: 

 

 

Both methods are critically reviewd below.  

2 CRITICAL REVIEW 

2.1 “Normative” versus “informative” 

It is noteworthy that a method which was “normative” 
for about 20 years (Equations 1 and 2) has been 

replaced by an “informative” one (Equations 3 to 6). 

This change seemingly undervalues the new method 

and can be interpreted in two ways. On one hand, if the 

new Eurocode exhibits less confidence in its new 

choice, practicing engineers are likely to do the same, 

sticking to the old method. On the other hand, the 

decision to not use a method included in the Eurocode, 

even if it is labeled as informative, might be viewed as 

risky. In the event of a failure or issue, not following a 

method outlined in the Eurocode could be seen as 

neglecting a recognized standard, even if compliance 

with that specific method is not legally mandated. This 

perspective might lead to the practical obligatory use 

of the new method, as engineers may prefer to align 

with the latest standards to safeguard against potential 

liability or to ensure they are using the most current 

practices. 

A third option would be for engineers to use the 

most conservative method, namely, the one included 

in prEN1998-5:2023. The relative conservatism of the 

two methods is discussed in the following section. 

2.2 Assessing the conservatism of the two 

methods 

In recent decades, a significant number of 

experimental and numerical studies (Fragaszy et al. 

1987; Gazetas et al. 2004; Sitar and Al Atik 2012; Lew 

et al. 2010; Al Atik and Sitar 2010; Agusti and Sitar 

2013; Mikola and Sitar 2013; Mikola et al. 2016; 

Wagner et al. 2017) have indicated that the Mononobe-

Okabe method yields conservative active earth 

pressure values, particularly for PGA (peak ground 

acceleration) values greater than 0.4g. Indeed, some 

authorities, recognizing the conservatism of the 

Mononobe-Okabe method, have adopted the standard 

design practice of using a reduction coefficient for the 

expected PGA. In this context, AASHTO (2010) 

considers a horizontal seismic coefficient equal to half 

the PGA. Conversely, the prEN1998-5:2023 method 

appears to be even more conservative, as shown in 

Table 1. A substantial number of finite element results 

supporting this can be found in Pantelidis and 

Christodoulou (2022) . The excessive conservatism of 

the two Eurocode 8-5 methods, as well as the validity 

of the AASHTO correction on PGA, can also be 

validated by contemporary centrifuge tests, the results 

of which are revealing. Referring to the “Loma Prieta 

SC” test conducted by Mikola and Sitar (Mikola and 

Sitar 2013), the resultant seismic force (excluding the 

static force) calculated by the M-O, AASHTO, and 

prEN1998-5:2023 methods was 54.7, 76.0, and 32.8 

kN, respectively; Mikola and Sitar found a value 

approximately equal to 29 kN, which is very close to 

AASHTO's prediction. Referring now to the “Kobe 

TAK090” test by Mikola and Sitar, the resultant 

seismic force was 70.2, 111.0, and 36.1 kN, 

respectively; the experimental value was 

approximately 35 kN, again very close to AASHTO's 

prediction. The static force, in both cases, was equal to 

20.2 kN. Mikola and Sitar used a dry medium-dense 

sand with a relative density of 75% to 80% as backfill. 

The friction angle and the unit weight of the sand were 𝜑’ =35° and 𝛾 =16.6 kN/m³, respectively. The “Loma 

Prieta SC” wall was tested for 𝑎ℎ=0.51, while the 

“Kobe TAK090” wall was tested for 0.61. Both walls 

had height equal to 3m. 
 

Table 1. 𝐾𝐴𝐸  values for various 𝛼ℎ and  𝜑 values calculated 

according to EN1998-5:2004 (M-O), AASHTO (M-O with 

PGA/2) and prEN1998-5:2023.   

 𝒂𝒉 𝝋 (°) Μ-Ο AASHTO prEN1998-5 
0.2 20 0.672* 0.569 0.714 

 30 0.473* 0.397 0.501 

 40 0.328* 0.268 0.350 

0.4 20 n/a 0.672*M-O n/a 

 30 0.697 0.473*M-O 0.861 

 40 0.488 0.328*M-O 0.611 

2.3 Dealing with cohesive soils 

The earth pressure analysis method included in Annex 

F.3 of prEN1998-5:2023 is a lower-bound solution 

originally proposed by Lancellotta (2007) for purely 

frictional soils being in the passive failure state 

(hereinafter referred to as “RL method”). This method 
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was subsequently expanded from Eurocode 8-5 to deal 

with the active failure state and to apply to cohesive-

frictional soils. For converting the passive state 

formula to the respective active state, Eurocode 8-5 

follows the common practice of changing the proper 

signs into the formula from "+" to "-" or vice versa (see 

Equations 3 and 4). Regarding cohesion, in the initial 

drafts of prEN1998-5, soil cohesion was incorporated 

into the total earth pressure calculation as follows: 

 

The reasoning was that the term 2𝑐′√𝐾𝑋𝛦 (𝑋 = 𝐴 or 𝑃) 

is equivalent to the corresponding 2𝑐′√𝐾𝑋 term of 

prEN1997-3 for static conditions (see §10.3.2 in the 

draft version of prEN1998-5, dated 2022-09). In a 

rational approach, the cohesion term emerges naturally 

during the derivation of the earth pressure coefficient 

(as in the case of Rankine’s theory, extended by Bell; 

Rankine 1857; Bell 1915). The numerical examples 

given in Pantelidis and Christodoulou (2022) clearly 

demonstrate that this approach (Equation 7) is rather 

destructive and indeed, on the non-conservative side 

for the passive state.   

In its final form, the total earth pressure is given by 

Equation 5. One would expect the value calculated by 

the term {𝑐′𝐾(𝐴/𝑃)𝐸𝑐}𝑣2023 to be equal to the value 

calculated by the earlier term {2𝑐′√𝐾(𝐴/𝑃)𝐸}𝑣2022. 

However, as shown in Figure 1, the two approaches 

yield completely different results. Indeed, the 𝐾𝛢𝐸𝑐 

coefficient becomes smaller as 𝜑’ decreases and turns 

negative for 𝜑 less than a certain value (e.g., around 

26° for 𝑎ℎ = 0.4). According to current knowledge 

and common sense, the cohesion of soil reduces the 

earth pressures on the wall, and this effect becomes 

less significant as the soil's friction angle decreases. A 

third problem, also indicated in Figure 1, refers to the 

negative root problem, but this is discussed later. 

 

 
Figure 1. Comparison of the cohesion terms in the active 

state as per prEN1998-5, versions 09/2022 and 2023 (final 

version). 

2.4 Dealing with sloping backfill  

A brief overview of Rankine's theory at this point is 

deemed necessary. According to this theory, the 

passive earth pressure coefficient is given as follows: 

 

Perhaps few have noticed that a positive (and 

therefore, favourable) angle 𝛽 results in an 

unfavorable 𝐾𝑃 coefficient (and vice versa). This is 

obviously not acceptable. Considering that Rankine’s 
theory and the RL method share the same line in 

Mohr’s chart with inclination 𝛽 (as shown in Figure 

2), this presents a strong indication of an erroneous 

practice in the RL method, despite the fact that this 

method yields favorable 𝐾𝑃 values for favorable 𝛽 

values. The explanation is straightforward. 

Schematically, for sloping ground inclined at an angle 

of 𝛽 to the horizontal, the active Rankine’s earth 
pressure is defined by point B in Figure 2 (𝜎𝛢′). The 

fact that 𝜎𝛢′ > 𝜎𝛢, as explained below, does not mean 

that 𝜎𝛢′ is the correct answer to Rankine’s problem. In 
this context, point E provides the answer. Point E 

defines the corresponding passive Rankine’s earth 
pressure (𝜎𝑃"), which is smaller than 𝜎𝑃; the latter 

obviously should not be the case. This discrepancy is 

a strong indication that the line OE in Figure 2 does 

not represent the ground inclination. Another 

indication is that the vertical stress of the sloping 

ground in the active state is less than that of the 

horizontal ground (𝜎𝑉′ < 𝜎𝑉), which is also incorrect. 

A third indication is that the same point in the ground 

has different vertical stress depending on whether the 

problem is examined from the “active“ or “passive“ 

perspective (i.e., 𝜎𝑉′ ≠ 𝜎𝑉"; point C ≠ point D). This 

is also not acceptable since the vertical stress in the 

ground should be independent of the state of the soil. 

In this respect, the RL method used point D to 

calculate the vertical stress 𝜎𝑉"  (see Figure 2), through 

which the passive earth pressure coefficient was 

derived. 

 

 
Figure 2. Rankine’s theory for sloping ground for the active 

and passive state. 
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2.5 The negative square root problem 

Although the RL method has been developed on a 

completely different basis than the Mononobe-Okabe 

method, it presents the same negative root problem, 

also for 𝜑′ − 𝜃𝑒𝑞 ∓ 𝛽 < 0 (the upper sign stands for 

the active state, while the lower one for the passive 

state). This similarity raises suspicions that the cause 

might be common to both methods. It is undoubtedly 

true that 𝐾𝛢𝛦 > 𝐾𝛢 (also, 𝐾𝑃𝛦 < 𝐾𝑃). In a seismic 

situation, the active (or passive) state of the soil is also 

a failure state, and we should be able to represent this 

failure with the corresponding Mohr circle. However, 

because the Mohr's circle for the seismic situation is 

smaller than that for the static condition, it does not 

seem to “touch” the failure criterion, as shown in 

Figure 3a. On the other hand, literature sources (e.g., 

Srbulov 2008) indicate that during seismic excitation, 

the shear strength of soils decreases (𝑐𝑚 < 𝑐′ and 𝜑𝑚 < 𝜑′). Lower shear strength values, in turn, define 

their own failure criterion that starts at the same point 

on the normal stress axis but has a gentler slope, as 

depicted in Figure 3b. The slope decreases with the 

intensity of the seismic event. 

 

 

 
Figure 3. a) Static and seismic Mohr’s circle, b) Mohr-

Coulomb criterion for static and seismic situation (𝑎𝑣 = 0). 

 

The official position of the CEN/TC 250/SC 8 

committee is that “the negative square root problem 

corresponds to a physical situation when the rotated 

slope angle is larger than the friction angle” (CEN/TC 

250/SC 8; document N 1267). However, this is not 

accurate. The negative root problem exists even for 𝛽 = 0° (for example, for 𝑎ℎ = 0.5 and 𝜑’ = 26.5°, 
which is a quite common case). Moreover, according 

to the 𝜑′ − 𝜃𝑒𝑞 − 𝛽 < 0 restriction, a slope with 𝑐’= 0, 𝜑’ = 30°, 𝜃𝑒𝑞= 20° (𝑎ℎ= 0.364), 𝐻 =1.176 m and 𝛽 = 

10° is marginally stable (safety factor 𝐹𝑆 equal to 1), 

because 𝜑′ − 𝜃𝑒𝑞 − 𝛽 = 0. However, this slope yields 

an 𝐹𝑆 of 1.17 with finite elements and 𝐹𝑆=1.15 with 

the method of slices (using the Bishop, Janbu, or 

Spencer method). This slope stability problem has 

been analyzed using Rocscience’s RS2 (a finite 
element program) and Rocscience’s Slide2 (a limit 
equilibrium program). In addition, slopes with 

cohesion do not have this slope angle restriction. In 

fact, even if the backslope fill cannot remain stable 

during an earthquake event, we should be able to 

calculate the seismic earth pressure on the wall. 

For the history, when 𝜑′ − 𝜃𝑒𝑞 ∓ 𝛽 < 0, EN1998-

5:2004 replaces the entire square root in Equation 1 

with zero, while prEN1998-5:2023 states “the 
coefficient 𝐾𝐴𝐸𝛾 cannot be taken larger than the value 

corresponding to 𝜃𝑒𝑞 = 𝜑′ − 𝛽; the coefficient 𝐾𝑃𝐸𝛾 

cannot be taken smaller than the value corresponding 

to 𝜃𝑒𝑞 = 𝜑′ + 𝛽”. When interpreting the prEN1998-

5:2023 statement, it is unclear whether Eurocode 8-5 

is simply highlighting the problem with the formula 

(since it is evident that 𝐾𝐴𝐸𝛾 and 𝐾𝑃𝐸𝛾 cannot take the 

mentioned values) or if it silently suggests bypassing 

the negative root problem, as in the case of EN1998-

5:2004 (replacing the square root in the denominator 

of Equation 3 with zero and the second arcsin in 

Equation 4 with π/2). In any case, this replacement 

leads to the paradox where a soil with a greater friction 

angle appears more unfavorable than a soil with a 

smaller friction angle, as shown in Figure 4. 

2.6 Dealing with wall roughness 

The line inclined at an angle 𝛽 is one of the two lines 

used for deriving the RL method. A similar line, also 

starting from point O, but with an inclination angle of 𝛿, represents the friction angle between the ground and 

the retaining wall (see Figure 2). While one might 

mistakenly associate the inclination of the first line 

with that of dry, cohesionless soil due to their similar 

range of values, from zero to 𝜑′ (the latter being the 

angle of repose of the material in question), the second 

line with angle 𝛿 is not as intuitively interpretable. 

Therefore, its use in the RL method seems 
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unjustifiable. Consequently, this major and arbitrary 

assumption is unlikely to yield correct results. 

The influence of wall roughness on earth pressure 

was initially introduced by Coulomb (1776). Coulomb 

analyzed the equilibrium of a soil wedge, treating it as 

a single block that either moves or rotates as a whole. 

This block was assumed not to undergo internal strain 

or deformation, such as compression or extension. In 

reality, however, soil can expand or compress as the 

wall moves away from or toward it (active and passive 

states, respectively). When dealing with an 

undeformable body, the friction at its boundaries plays 

a crucial role in its equilibrium. Nevertheless, this 

effect is likely to be weaker, or even negligible, for 

deformable bodies like soil, especially in the active 

state where the soil loosens and flows. 

In this context, the author presents a finite element 

analysis example to indicate the impact of wall 

roughness. The finite element model, along with its 

parameters used, are shown in Figure 5. Unless 

specified otherwise, default parameter values were 

used. The analysis was carried out using Rocscience’s 
RS2 (version 11.012), a 2D finite element program. 

The problem involves a (flexible) embedded wall, 

where all states coexist in the same example, and was 

solved twice: first by assuming the wall to be rough, 

and then by considering it as smooth. The findings, 

which are quite revealing, are illustrated in Figure 6. 

They indicate that the impact of wall roughness on 

earth pressure is, in fact, negligible. Additionally, 

Figure 7 demonstrates that wall roughness has only a 

minor influence on wall deflection. 

A uniform horizontal displacement equal to 

0.0001m was applied to the wall to achieve more 

stable results. These results were found to be 

independent of the direction of the displacement. 

2.7 Validation 

According to the CEN/TC 250/SC 8 committee 

(document N 1267), the validity of the prEN1998-

5:2023 method has been checked by direct comparison 

with upper bound solutions and by indirect 

comparison with numerical analyses and results of 

centrifuge experiments. However, similar solutions, 

which share the same problems (such as those 

mentioned in the present paper) are expected to yield 

comparable results. Also, the term "indirect 

comparison" is somewhat ambiguous. As of 2023, 

direct comparison with results from numerical 

analyses and centrifuge experiments has become a 

standard procedure. In this respect, a direct 

comparison containing centrifuge tests results and tens 

of finite element results is detailed in Pantelidis and 

Christodoulou (2022). 

 
Figure 4. Active earth pressure coefficient versus φ’ chart. 
The two Eurocode 8-5 methods have been used for 𝑎ℎ = 0.4 

and 𝑎𝑣 = 0. All methods refer to non-battered, frictionless 

wall with zero backfill inclination. 

 

 
Figure 5. RS2 model of embedded wall. WALL (Timoshenko 

elastic beam): 𝐸𝑤 = 200 GPa, 𝑣𝑤 = 0.3, Thickness: 0.3m; 

INTERFACE: 𝜑𝑖𝑛𝑡 = 0.1 or 30°, Normal stiffness=300 

MPa/m, Shear stiffness=30 MPa/m. 

 

 
Figure 6. Earth pressure chart (example). Negative values 

simply indicate the passive state. 

 

 
Figure 7. Wall deflection chart (example). 
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3 CONCLUSIONS 

The transition from EN1998-5:2004 to prEN1998-

5:2023 in calculating lateral earth pressures adopts a 

more conservative stance, while it introduces 

additional complexities and challenges. This study 

points out that although the Mononobe-Okabe method 

is already conservative, especially for higher Peak 

Ground Acceleration (PGA) values, prEN1998-

5:2023 is even more so, as shown by finite element 

analysis and centrifuge testing. The updated standard 

complicates accurate soil cohesion accounting, 

causing discrepancies in earth pressure calculations, 

and incorrectly addresses sloping backfill. Both 

standards struggle with the negative square root issue, 

highlighting a fundamental problem in modelling 

seismic soil failure. Finite element analysis also shows 

that wall roughness has minimal impact on earth 

pressure, questioning its traditionally assumed 

importance. Ultimately, prEN1998-5:2023 introduces 

complexities and inaccuracies that necessitate careful 

consideration in engineering applications. 
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