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Abstract 

Engineers commonly rely on the Rankine active earth pressure formula, as prescribed in 

design codes, when designing retaining walls. However, research has demonstrated that 

retaining walls designed using this approach may be prone to failure under conditions 

such as heavy rainfall, earthquakes, or even under normal scenarios without wind, rain, or 

seismic activity. To address this issue, the present study uses the pier caisson-type retain-

ing wall at the Taichung Port in Taiwan, as a case study to investigate the influence of 

shear banding on the active earth pressure exerted on retaining walls. The key findings 

are as follows: (1) During significant lateral displacement of the retaining wall toward the 

seaward side, the soil behind the wall undergoes lateral unloading; as the Mohr circle 

expands and tangentially intersects the yield envelope, the soil reaches its yield point and 

enters the plastic range. (2) In a plastic strain-softening model, shear band failure planes 

develop in the soil behind the wall. In contrast, no such failure planes are observed in a 

perfectly plastic model. This suggests that soil yielding does not always lead to the for-

mation of shear band failure planes. (3) Significant lateral movement of the retaining wall 

is required to induce active earth pressure, it is crucial to account for the residual shear 

strength parameters of the soil, which are determined once strain has sufficiently pene-
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trated the plastic range. Based on these findings, the authors recommend integrating shear 

banding theory and the corresponding active earth pressure calculation formulas into fu-

ture design codes to enhance the stability of retaining walls. 

 

Keywords: caisson, retaining wall, shear band, soil liquefaction, strain softening. 

 

Introduction 

In 1995, Japan was struck by the 

7.2 magnitude Hanshin earthquake. The 

measured horizontal peak ground ac-

celeration at the Kobe Port pier caisson 

was 0.55g, and the maximum lateral 

displacement toward the sea was 5.9 

meters, resulting in significant damage 

(Figure 1). Similarly, in 1999, Taiwan 

experienced the 7.3 magnitude Jiji 

earthquake. The measured horizontal 

peak ground acceleration at the 

Taichung Port pier caisson, located 50 

kilometers from the epicenter, was 

0.163g. The maximum lateral dis-

placement of the pier caisson-type re-

taining wall was 1.7 meters, causing 

substantial damage (Figure 2). 

 

 

 

Figure 1. Damage to the rear line region of the pier caisson caused by the 1995 

Great Hanshin Earthquake, Kobe Port, Japan (Kobe Geotechnical Collection, 2019). 
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Figure 2. Damage to the rear line region of the pier caisson caused by the 1999 Jiji 

Earthquake, Taichung Port, Taiwan (Lai et al., 2007). 

 

The pier caisson-type retaining 

wall at the Taichung Port in Taiwan is 

19.2 meters high, with a water depth of 

13.2 meters on the seaward side and an 

elevation of 6.2 meters at the rear line 

region. The failures observed during 

both the Hanshin and Jiji earthquakes 

clearly suggest that the active earth 

pressure formula used in the design 

codes was likely applied without con-

sidering the effects of shear banding in 

the rear line region of the wall. This 

oversight may have led to an underes-

timation of the active earth pressure 

acting on the retaining wall. Therefore, 

it is essential to revise the active earth 

pressure formula in the design codes to 

accurately account for the impact of 

shear banding. 

Issues Arising from the Active Earth 

Pressure Formula Provided  

by the Design Codes 

The active earth pressure formula, 

as shown in Equation (1), provided in 

the current design codes for building 

foundation structures (2023) for retain-

ing walls—particularly for soils with 

both cohesion (c) and internal friction 

angle (ϕ)—has several limitations due 

to the assumptions made during its 

derivation. Based on Rankine’s theory 

(McCarthy, 1977), this formula as-

sumes that the soil behaves as an elas-

tic-perfectly plastic material, with no 

wall friction angle (δ = 0) and other 

simplifications that fail to accurately 

represent the true behavior of cohe-

sive-frictional (c-ϕ) soils. 
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             (1) 

 

For Equation (1), the assumptions 

made by Rankine (1857) in deriving the 

formula, as illustrated in Figure 3, in-

clude: 

1. The soil is modeled as an elas-

tic-perfectly plastic material. 

2. The yield envelope is used as the 

Mohr-Coulomb failure envelope. 

3. The wall friction angle (δ) is as-

sumed to be zero. 

 

4. The soil behind the wall is assumed 

to be non-cohesive, dry, and to have 

a slope angle of β. 

5. The active earth pressure acting on 

the retaining wall is assumed to be 

equivalent to the pressure exerted by 

an infinitely extending, uniform soil 

slope. 

6. The direction of the active earth 

pressure is assumed to be parallel to 

the slope. 

 

 

Figure 3. Basic elements of Rankine's active earth pressure theory (McCarthy, 1977). 

 

For a cohesive-frictional (c-ϕ) soil 

stratum, it is important to recognize 

that the actual soil behaves as an elas-

tic-plastic strain-softening material 

(Hsu, 1987; Hsu, 2022). Under the six 

assumptions made by Rankine, the 

yielding of a perfectly plastic soil only 

indicates that the soil has entered the 
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plastic range, without necessarily re-

sulting in the formation of failure 

planes. Additionally, the wall friction 

angle (δ ≠ 0) is present due to the c-ϕ 

soil behind the retaining wall. There-

fore, the first three assumptions made 

by Rankine do not fully reflect the ac-

tual conditions. Consequently, directly 

applying Equation (1) to calculate the 

active earth pressure on the retaining 

wall introduces uncertainties that may 

compromise the safety of the wall. 

Figure 4 illustrates a schematic 

cross-section of the pier caisson-type 

retaining wall and the soil layers behind 

it at Taichung Port, Taiwan. In this dia-

gram, the retaining wall has a vertical 

back, and the surface of the soil behind 

the wall is horizontal. Figure 5 shows 

the Mohr circle for an element at depth 

z, subjected to the maximum principal 

stress ( ) and the minimum principal 

stress ( ), where  represents the 

vertical stress and  represents the 

horizontal stress.

 

 

 

Figure 4. Schematic diagram showing the maximum and minimum principal stresses 

acting on an element within the soil layer behind the pier caisson-type  

retaining wall at Taichung Port, Taiwan. 
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As the pier caisson-type retaining 

wall, shown in Figure 4, moves toward 

the sea, Figure 5 illustrates the expan-

sion of the Mohr circle due to the re-

duction in lateral earth pressure. As the 

Mohr circle expands and becomes tan-

gent to the yield envelope, the mini-

mum principal stress ( ) acting on the 

soil element decreases to the minimum 

principal stress under yield conditions 

( ). At this point, the element in the 

soil layer yields and enters the plastic 

range. 

 

 

 

 

Figure 5. Mohr's circle representing the principal stresses (  and ) acting on an 

element in the soil layer behind the retaining wall. 

 

Within the plastic range, Hsu 

(2022) demonstrated that the perfectly 

plastic model is stable, while the plastic 

strain-softening model is unstable. Hsu 

(1987, 2022) also showed that only the 

unstable plastic strain-softening model 

leads to the formation of shear band 

failure planes as strain progresses 

deeper into the plastic range. Therefore, 

in Figure 5, the shear band failure 

planes appear only when the Mohr cir-

cle is tangent to the Mohr-Coulomb 

failure envelope, not when it is tangent 

to the yield envelope. 

In direct shear test results, the 

yield envelope is derived from the peak 

strength values of the stress-strain 

curves obtained from tests on three 

specimens, providing the experimental 

values of peak cohesion (cₚ) and peak 

friction angle (ϕₚ). In contrast, the 

Mohr-Coulomb failure envelope is ob-

tained from the residual strength values 
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of the stress-strain curves for the same 

specimens, yielding the experimental 

values of residual cohesion (cᵣ) and 

residual friction angle (ϕᵣ). 

Active Earth Pressure Formula for  

Retaining Walls Considering Shear 

Banding Effects 

For the pier caisson-type retain-

ing wall at Taichung Port in Taiwan, as 

shown in Figure 6, a Coulomb wedge 

sliding failure block (Coulomb, 

1773/1776) is generated when the re-

taining wall moves toward the sea 

along line . In this case, segments 

 and  represent the shear band 

failure surfaces. When the retaining 

wall is subjected to Coulomb active 

earth pressure, the shear band failure 

planes  and  of the wedge 

block  experience plastic strain 

softening, while the regions outside 

these shear band failure planes remain 

in an elastic strain state. 

 

 

Figure 6. Various forces and the active earth pressure acting on the pier caisson-type 

retaining wall at Taichung Port, Taiwan, along with the wedge  

failure block in the region behind the wall. 

 

Calculation Formula for Active Earth 

Pressure  of Frictional Soil 

When the backfill soil behind a 

retaining wall is frictional, the gravita-

tional force W of the Coulomb wedge 

sliding failure block , as shown 

in Figure 6, can be calculated as fol-

lows: 
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                (2) 

In Equation (2),  represents 

the back of the retaining wall, and  

represents the sliding failure plane of 

the wedge-shaped block. Figure 7 

shows the force polygon of the three 

forces W, R, and . When these 

forces are balanced, the force polygon 

is closed. 

 

 

Figure 7. The closed force polygon of W, R, and . 

 

According to the law of sines, 

the active earth pressure  shown in 

Figure 7 for frictional soils can be de-

termined as follows: 
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       (2) 

For the failure wedge shown in 

Figure 6, the active earth pressure  

for frictional soils can also be ex-

pressed as:

 

                   (3)

where  is the coefficient of 

active earth pressure  for fric-

tional soils. It is defined as: 

            (4) 

By adjusting the inclination angle 

of the sliding failure plane such that 

 in Equation 2 is the maximum 

value. Therefore, if and only if active 

earth pressure function shown in Equa-

tion 2 exists, then Equation 5 was 

proved by Hsu et al. (2021) as the 

governing equation for solving active 

earth pressure  for frictional 

soils.

  (5) 

When the values of , , , and 

 are known, solving Equation (5) 

will yield . Then, by substituting 

 into Equations (2) and (4), the 

active earth pressure  and the ac-

tive earth pressure coefficient  for 

frictional soil can be determined, re-

spectively. 

Calculation Formula for Active Earth 

Pressure  of c-ϕ Soil 

When the retaining wall is backed 

by cohesive-frictional (c-ϕ) soil, the 

active earth pressure acting on the wall 

consists not only of the frictional 

component but also includes contribu-

tions from the cohesive force cL and 

adhesive force , as shown in Fig-

ure 7. Therefore, the active earth pres-

sure   of cohesive-frictional (c-ϕ) 

soil exerted on the retaining wall can 

be calculated as follows: 
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     (6) 

Figure 7 shows the force polygon 

of the five forces W, R- R, cL, H, 

and  in Figure 6. When the forces 

are balanced, the force polygon is 

closed.

 

 

Figure 7. The closed force polygon of W, R- R, cL, H, and . 

The lower triangle in Figure 8 

shows the force polygon formed by 

, , and cL, while the upper 

triangle shows the force polygon 

formed by , , and H. 

When the forces are balanced, both the 

upper and lower force polygons are 

closed. 
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Figure 8. The closed lower triangle force polygon formed by cL,  and 

the closed upper triangle force polygon formed by H ,  

 

Based on Figures 7 and 8, the ac-

tive earth pressure ( ) for cohe-

sive-frictional (c-ϕ) soil is determined 

as follows: 

                (8) 

Therefore, the active earth pressure 

coefficient ( ) for cohe-

sive-frictional (c-ϕ) soil is calculated 

as follows: 

 =                         (9) 

Figure 8 shows the closed force 

polygons required to calculate the ac-

tive earth pressure increments  

and , corresponding to the cohe-

sive force (cL ) and adhesive force 

( H), respectively. By applying the 

sine rule to the lower triangle in Figure 

8, we can obtain: 
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        (10) 

Additionally, by applying the sine rule 

to the upper triangle shown in Figure 8, 

we can obtain: 

         (11) 

 

Case Study 

For the cohesive-frictional (c-ϕ) 

soil in the rear line region of the pier 

caisson-type retaining wall at Taichung 

Port in Taiwan, Figure 9 presents the 

results from a direct shear test con-

ducted on field-sampled specimens in  

 

the laboratory. From Figure 9, it is evi-

dent that the peak cohesion 

( =10.2kPa), the peak internal friction 

angle (ϕp=36o), the residual cohesion 

( =0 kPa), and the residual internal 

friction angle (ϕr=30 o) are observed. 

 For the pier caisson-type retaining 

wall at the Taichung Port in Taiwan 

shown in Figure 6 with a height 

H=19.2 m, the inclination angle of the 

wall face  is , while the 

inclination angle of the ground surface 

 in the rear line region is , 

and the unit weight of the soil is 

. 
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Figure 9. The direct shear test results of the c-ϕ soils from the rear line region of the  

pier caisson at the Taichung Port in Taiwan 

 

Case 1: Calculation of Active Earth 

Pressure on the Retaining 

Wall Using Formulas  

Provided by the Codes 

For the cohesive-frictional (c-ϕ) soil in  

 

 

the rear line region of pier caisson-type 

retaining wall at the Taichung Port in 

Taiwan, the Foundation Structure De-

sign Code (2023) provides the follow-

ing Rankine formula for calculating the 

active earth pressure (Pa) on the retain-

ing wall. 

             (14) 

Since the perfectly plastic model 

was adopted by Rankine in the deriva-

tion of Equation 14, when applying 

Equation 14 to calculate the active 

earth pressure, it is necessary to use the 

peak cohesion ( ), and the 

peak internal friction angle ( ), 

and the wall friction angle ( ).. 

Therefore, the inclination angle of the 

sliding failure surface ( ), the active 
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earth pressure coefficient ( ), and 

the active earth pressure ( ) can be 

calculated as follows: 

, 

, 

 

Case 2: Calculation of Active Earth 

Pressure on Retaining Wall Using the 

Formula Proposed by the Authors 

In this paper, the authors present 

Formulas (8) and (9) to calculate the 

active earth pressure ( ) acting on 

retaining walls for cohesive-frictional 

(c-ϕ) soil. Since the soil has entered the 

plastic range when the active earth 

pressure is induced, it is in a state of 

plastic strain softening. Therefore, in 

the calculation of active earth pressure, 

the soil parameters used should corre-

spond to those after plastic strain sof-

tening, specifically the residual cohe-

sion ( ), residual internal 

friction angle ( ), and wall 

friction angle ( ). 

In this case study, the inclina-

tion angle of the sliding failure 

surface ( =55.8o) is first deter-

mined using Equation (8). Subse-

quently, the active earth pressure 

( ), along with 

the active pressure differences 

caused by cohesive force (  

=0kPa) and adhesive force (cαH 

=0kPa), can be calculated using 

Equations (10) and (11), resulting 

in the active earth pressure in-

crement = 0kPa, and the ac-

tive earth pressure increment 

=0 kPa, respectively. Thus, 

the active earth pressure ( ) and 

the active earth pressure coeffi-

cient ( ) can be determined as 

follows: 

, 
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Comparison and Discussion 

1. For the retaining wall shown in 

Figure 10, the derivation of the 

Rankine active earth pressure for-

mula is based on the following six 

assumptions (Rankine, 1856): 

(a) An elastic-perfectly plastic soil 

model is adopted. 

(b) The Mohr-Coulomb failure en-

velope is adopted as the yield 

function. 

(c) The wall friction angle is as-

sumed to be . 

(d) The slope of the soil on the back 

of the wall is  of frictional dry 

backfill. 

(e) The active earth pressure of the 

retaining wall is the earth pres-

sure of an infinitely extending 

uniform soil slope. 

(f) The direction of the active earth 

pressure is assumed parallel to 

the slope. 

 

 

Figure 10 Basic elements of Rankine active earth pressure  

(Reproduced from McCarthy, 1977). 

 

2. After the strain has entered the 

plastic range, the soil strength de-

creases from peak strength to re-

sidual strength. However, the 

Rankine active earth pressure the-

ory adopts a perfectly plastic model 

without considering the effect of 

plastic strain softening. 
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3. For the perfectly plastic model 

adopted in Rankine's active earth 

pressure theory, the inner product of 

the stress increment tensor ( ) and 

the strain increment tensor ( ) is 

zero. Therefore, based on Drucker's 

stability postulate, it is known that 

the perfectly plastic model is stable. 

4. Since actual soils exhibit plastic 

strain softening behavior, in this 

case, the inner product of the stress 

increment tensor ( ) and the strain 

increment tensor ( ) is less than 

zero. According to Drucker’s stabil-

ity postulate, it is known that the 

plastic strain softening model is un-

stable. 

5. Hsu et al. (1987 and 2022) demon-

strated that in a stable perfectly 

plastic model, no shear band failure 

surface is formed once the strain 

enters the plastic range. However, 

in an unstable plastic 

strain-softening model, shear band 

failure planes develop as the strain 

progresses deeper into the plastic 

range. 

6. When a retaining wall is subjected 

to active earth pressure, shear band 

failure planes develop in the soil 

behind the wall. Therefore, in de-

riving the active earth pressure 

formula for the retaining wall, the 

stable perfectly plastic model 

should be avoided. Instead, the un-

stable plastic strain-softening model 

should be adopted. In Rankine's 

derivation of the active earth pres-

sure formula, both the unstable 

sliding failure surface and the stable 

perfectly plastic model are applied 

simultaneously. As a result, these 

incompatible conditions lead to an 

active earth pressure formula that 

does not align with practical re-

quirements. 

7. For the pier caisson-type retaining 

wall at Taichung Port in Taiwan, the 

active earth pressure is closely 

linked to the shear band failure 

planes. The actual active earth 

pressure, based on the shear band 

failure plane, is 1094.13 kPa. 

However, previous researchers and 

engineers have typically used the 

formula provided in design codes, 

which is based on the yield enve-

lope. As a result, the active earth 

pressure calculated using the design 

code formula is only 757.48 kPa. In 
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other words, the actual active earth 

pressure, which represents the 

maximum value, is 44.4% higher 

than the value obtained using the 

design code. 

8. Since there is often a difference in 

the water tables on both sides of the 

pier caisson, placing the pier cais-

son directly on the seabed can cause 

the hydraulic gradient (i) at the 

groundwater exit point M, as shown 

in Figure 5, to exceed the critical 

hydraulic gradient (ic), leading to 

piping failure. During this failure 

process, the pier caisson will shift 

significantly toward the sea, result-

ing in substantial subsidence in the 

rear line region. This movement can 

also trigger sand boiling and soil 

liquefaction (Hsu, et al., 2017), par-

ticularly in the soil layers affected 

by shear banding and shear textur-

ing (Figure 2). 

Conclusions and Recommendations 

Over the past two decades, many 

retaining walls in Taiwan have failed 

during heavy rainfall, earthquakes, and 

even under normal conditions (without 

wind, rain, or earthquakes). Engineers 

typically design retaining walls using 

the Rankine active earth pressure for-

mula from the design codes, and 

post-disaster investigations often at-

tribute these failures to poor construc-

tion quality. In this paper, the authors 

examine the pier caisson-type retaining 

wall at Taichung Port in Taiwan to in-

vestigate the causes of excessive active 

earth pressure acting on the wall. The 

research leads to the following three 

conclusions: 

1. The pier caisson-type retaining wall 

at Taichung Port in Taiwan experi-

enced active earth pressure due to 

significant movement toward the 

sea. This caused the soil behind the 

wall to enter the plastic strain range, 

where plastic strain softening con-

tributed to the formation of shear 

band failure planes. 

2. Hsu (2023) demonstrated that only 

an unstable plastic strain-softening 

model can induce the formation of 

shear band failure planes, while a 

stable perfectly plastic model can-

not. As a result, Rankine's applica-

tion of the stable perfectly plastic 

model in deriving the active earth 

pressure formula led to a funda-

mental misjudgment, assuming the 
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existence of shear band failure 

planes that do not actually form. 

Consequently, the Rankine formula 

fails to capture the maximum lateral 

earth pressure, leading to an under-

estimation of the active earth pres-

sure acting on the retaining wall. 

3. The active earth pressure calculated 

using the formula provided by the 

design code underestimated the ac-

tual pressure by 44.4%. As a result, 

the pier caisson-type retaining wall 

at Taichung Port in Taiwan experi-

enced significant movement toward 

the sea. This movement not only 

caused substantial subsidence in the 

rear line region but also triggered 

localized sand boiling, soil lique-

faction, and the formation of large 

piping holes. 

Based on the three conclusions 

outlined above, the authors recommend 

that future retaining wall design codes 

incorporate the revised active earth 

pressure theory and calculation formu-

las presented in this paper. Furthermore, 

it is essential to clearly define the test-

ing methods and results necessary for 

accurately calculating active earth 

pressure when designing retaining 

walls. By adopting these revisions, en-

gineers will be better equipped to pre-

cisely determine the active earth pres-

sure acting on retaining walls and de-

sign more stable structures that meet 

the desired performance objectives. 
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