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Method for efficient calculating 
earth pressure of retaining wall 
considering plant transpiration
Junhui Zhang 1,2, Huiren Hu 1,2, Wei Fu 3, Junhui Peng 1,2*, Feng Li 4 & Le Ding 5

An accurate estimation of earth pressure on retaining walls is imperative to achieving its design. 
This paper presents an analytical method framework that considers the effect of plant transpiration 
relative to the traditional calculation approaches. Specifically, a closed-form solution for one-
dimensional steady unsaturated flow considering plant transpiration is incorporated into a 
representation of effective stress to obtain the changes in matric suction, and effective stress. The 
representations are used to extend Hooke’s law and Rankine’s earth pressure theory to determine 
at-rest, active, and passive earth pressures. Subsequently, the analytical method is used in a series 
of analysis case studies on the influence of root architecture types, transpiration rates, and soil types 
on earth pressure, to reveal that it can rapidly obtain the earth pressure. Notably, the effect of plant 
transpiration on earth pressure is significant. Furthermore, it is found that soil types and transpiration 
rates have a larger influence than root architecture types. Collectively, the research not only reveals 
the effect of plant on earth pressure for retaining wall, but also provides a theoretical basis for further 
exploration of the contribution of plants to the stability of retaining wall.

As a widely used support structure, the retaining wall plays a vital role in geotechnical engineering, such as slope 
support engineering, foundation pit supporting engineering, etc. The earth pressure it bears is the key index to 
evaluate its stability and always arouses great  attention1,2. It, therefore, becomes important to determine the earth 
pressure exactly. The most famous methods for calculating earth pressures are Coulomb’s and Rankine’s earth 
pressure theories seen as limit equilibrium methods. The limit analysis  method3–5 and the slip  method2,6–8 were 
also proposed successively. These researches provide alternative methods to calculating the earth pressures of 
the backfill behind retaining wall and promoting the researcher’s understanding of the earth pressure loading 
mechanism.

As the earth pressure sources to retaining wall, the soil is composed of a three-phase medium, i.e., solid, gas, 
and liquid. Because of the complexity of the three-phase medium, it is often treated as a two-phase medium 
of solid and liquid, i.e., saturated soil, and, in the field of geotechnical engineering, a large number of research 
theories are carried out for saturated soil, such as the steady calculation of  slope9,  foundation10, retaining  wall11,12, 
etc. However, when the soil is unsaturated, it has significantly different properties from the saturation  one13,14. 
And the contact surface between the three phases of the soil will produce a force that changes the strength of 
the soil, referred to as matric suction. Many researchers have studied how matric suction changes soil strength. 
Fredlund et al.13 and  Bishop15 gave the different shear strength theory of unsaturated soil by combining with a 
large number of experimental data and effective stress principle respectively. Based on unsaturated shear strength 
theory, traditional methods for calculating earth pressure have been  extended16–20. Meanwhile, the conditions, 
i.e.,  rainfall20–22,  groundwater5,23, and  evaporation4,5, that can change the unsaturated state of the soil are often 
considered in these theories, and the results show that the unsaturated state has a significant effect on the earth 
pressure of retaining wall.

However, the influence of plant growing behind the retaining wall (Fig. 1) on earth pressure is ignored in the 
existing theoretical  methods1–8. In recent years, plant has been shown to significantly change the state of unsatu-
rated  soil24,25. Feng et al.26 conducted dimensional analysis to explore dimensionless numbers controlling pore 
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water pressure (PWP) distributions in vegetated slope. Liu et al.27 performed a parametric study to investigate 
hydraulic effect of vegetation on shallow slope stability with different root architectures, and calculated results 
show the exponential root architecture has higher ability to maintain shallow slope stability than the parabolic 
one. Zhu et al.28 evaluates the effects of root morphology on the enhancement of induced suctions in soil grounds 
due to transpiration and the results show that the exponential and triangular root networks enhance soil suctions 
more remarkably than the uniform and parabolic patterns. In a word, plant has a significant effect on matric 
suction, and the main factors are root structure and transpiration rate. Therefore, it is necessary to expand the 
existing calculation theory of earth pressure so that it can consider the contribution of plant transpiration.

Several numerical, analytical, and experimental studies have been performed to investigate the effect of plant 
transpiration on matric suction. Leung and  Ng29 experimented on a vegetated slope to analyze the effect. Nyam-
bayo and  Potts30 presents a root water uptake model which has been coded into a finite element program that can 
perform coupled (mechanical and fluid flow behaviour) analyses. Zhu and  Zhang31 used random field theory to 
model the maximum transpiration rate varies spatially and then the effect was studied by finite element software 
(FlexPDE). Ng et al.32 developed analytical solutions for calculating matric suction in an infinite unsaturated 
slope with different root architectures. Liu et al.33 derived a new analytical solutions of PWP distributions in a 
vegetated multi-layered slope considering the effects of roots on water permeability. It is found that the model 
experiments need to consume a lot of time and money, e.g., test equipment, model making, data monitoring, 
etc. The numerical simulation is very complex and then a high level of expertise is required. As a less complex 
yet reliable alternative, an analytical method for the matric suction is chosen in this paper.

This paper presents an analytical framework to determine active, at-rest, and passive earth pressures of unsatu-
rated soils considering plant transpiration. A closed-form solution for one-dimensional steady unsaturated flow 
considering plant transpiration was proposed by Ng et al.32, which is adapted to the calculation of matric suction 
for the backfill soil. This solution is incorporated into a representation of effective stress to obtain shear strength. 
Afterwards, the representation is used to extend Hooke’s law and Rankine’s earth pressure theory, leading to 
the determination of at-rest, active, and passive earth pressure for unsaturated soils considering transpiration. 
Finally, the proposed analytical method is used in a series of cases to study the influence of plant transpiration 
on earth pressure. This work is the first attempt to develop an analytical method for unsaturated earth pressure 
considering plant transpiration. The proposed method provides a useful and robust support for assessing the 
effectiveness of the plants on the stability of the unsaturated earth retaining wall.

The effective stress and shear strength models of unsaturated soil. In this paper, based upon 
Bishop’s effective stress  expression15, the effective stress for unsaturated soils can be defined as Eq. (1).

where the first term on the right of the equation is the net stress acting on the soil. The second term is the stress 
contribution due to matric suction (CMS). σ and σ′ are the total and effective stress, respectively, and ua rep-
resents the pore-air pressure, which is assumed to be equal to the atmospheric pressure and set to zero in this 
study (ua = 0)1. χ is an effective stress parameter, which is related to the saturation degree of soil. Vanapalli and 
 Fredlund34 defined χ when the matric suction range is 0–1500 kPa as:

where θ is soil water content. θr and θs are residual water content and saturated water content, respectively.
By applying the effective stress Eq. (1) to the classical Mohr–Coulomb failure criterion, the shear strength 

failure envelope of unsaturated soil can be expressed in Eq. (3)1.

(1)σ ′ = (σ − ua)+ χ(ua − uw)

(2)χ =
(

θ − θr

θs − θr

)

Riverway

Damaged retaining wall

Plant

Figure 1.  Plant growth of backfill behind retaining wall.
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where C’ is effective cohesion. ϕ′ is the effective angle of internal friction.
The criterion is shown in Fig. 2. The state of soil is explained by the position relationship between the stress 

circle and the failure envelope. The critical state is that the stress circle is tangent to the failure envelope. When 
the stress circle is within the failure envelop, the soil will not be damaged. When the stress circle exceeds the 
scope of the failure envelope, the soil mass has already been damaged. By the geometric relationship in Fig. 2, 
the relationship between the maximum principal stress σ1f ′ and the minimum principal stress σ3f ′ can be solved 
to assess the state of the soil.

Analytical solution of matric suction considering transpiration in unsaturated soils
Richards’ equation is commonly employed as the governing equation to describe fluid flow in unsaturated  soils35. 
Based on this equation, Srivastava and  Jim36 proposed the closed-form for the one-dimensional form to obtain 
the matric suction at different depths. Subsequently, Li and  Yang2,4 used it to solve the matric suction for backfill 
soil of retaining walls, and carried out an in-depth analysis of the influence parameters. In this study, this idea 
is referred to obtain matric suction of retaining walls considering transpiration. It is noted that Ng et al.32 and 
Yuan and  Lu37 have derived the analytical solution of matric suction considering plant transpiration for slope. 
This analytical solution is modified to suit the matric suction calculation of retaining walls by setting the angle 
between the soil layer and the horizontal to 0°. The derivation and results are reproduced below.

A semi-infinite homogeneous horizontal soil layer is shown in Fig. 3. It is assumed that the surface of the 
backfill soil is leveled with the top surface of the retaining wall, and equipotential lines of PWP are parallel to 
the backfill soil surface, thus it can be treated as a 1D flow perpendicular to the surface.

For a vegetated soil layer, a sink term S(z) is used to consider root water  uptake38:

(3)τf=c′ +
[

(σ − ua)f + χ(ua − uw)
]

tan ϕ′

(4a)σ1f ′=σ3f ′tan2
(

π

4
+

ϕ′

2

)

+ 2c′tan

(

π

4
+

ϕ′

2

)

(4b)σ3f ′ = σ1f ′ tan2
(

π

4
−

ϕ′

2

)

− 2c′ tan

(

π

4
−

ϕ′

2

)

Figure 2.  Schematic diagram of failure criterion of unsaturated  soil1.
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Figure 3.  Schematic diagram showing backfill soil.
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where g(z) is a shape function describing root architecture at a given depth z. Tp is the transpiration rate, which 
is mainly governed by weather conditions and leaf area. In this study, uniform, triangular, and exponential root 
architecture are considered. And the water uptake function S(z) can be rewritten as  follows32,39–41:

The governing equation can be derived by adding a sink term S(z) to consider root water  uptake32,39. It is 
expressed as

where t is time. ψ is the pressure head and is equal to − (ua − uw)/γw and γw is the unit weight of water. k is the 
water permeability of the soil. H(z − L1) is the Heaviside function defined  as42:

where L1 and L2 are the depth of the outside root zone and root depth, respectively, as shown in Fig. 2.
Equation (7) is a highly nonlinear equation, which can be linearized using Gardner’s43 exponential model 

for the Hydraulic Conductivity Function (HCF) and Soil Water Retention Curve (SWRC). Owing to its simple 
functional form and reasonable accuracy, Gardner’s model is widely used in the  literature1,29. The HCF and 
SWRC model can be written as:

where ks is the saturated hydraulic conductivity. α is the desaturation coefficient of soil.
Equation (7) can be linearized by implementing Eq. (9):

The following variable is defined:

Substituting Eqs. (11) into (10) yields

One dimensional (1D) steady flow is considered, then time is not taken into account, and the corresponding 
steady-state equation for Eq. (12) is written as

For a given set of boundary conditions, the solution of Eq. (13) can be derived.
Firstly, the upper boundary is given and q0 is the surface flux (evaporation or rainfall flux) under a steady state.

where q∗0 = q0/ks.
Secondly, bottom boundary is set as that pressure head ψ is zero.

Using the same procedure as Ng et al.32 the solution to Eq. (13) for both the inside and outside  root zones 
with boundary conditions (Eq. (14) and Eq. (15)) can be derived as follows:

Uniform root architecture

(5)S(z) = g(z)Tp

(6)S(z) =
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Triangular root architecture

Exponential root architecture

where A = exp [α(ψ0 − z)]+ q0
[

exp (−αz)− 1
]

/ks .
Using Eq. (9) and Eq. (16), matric suction (ua-uw) can be derived as:

This equation establishes the relationship between plant transpiration and matric suction, which can be used 
to solve the spatial distribution of matric suction at a stable state considering plant transpiration.

Earth pressures considering plant transpiration. In this section, the formulations for matric suction, 
CMS, and effective stress presented in the previous sections are incorporated into Hooke’s law and Rankine’s 
earth pressure theory to determine at-rest, active, and passive earth pressures considering plant transpiration.

At‑rest earth pressure. Hooke’s law is a linear stress–strain constitutive equation, which is commonly used to 
establish a relationship between vertical and horizontal stress components. In an unsaturated soil layer, Hooke’s 
law can be extended to unsaturated soils by incorporating the effective stress representation i.e., Eq. (1) as follows:

where εx, εy and εz are elastic strains in the x, y, and z directions, respectively. σx, σy, and σz are elastic total stresses 
in the x, y, and z directions, respectively. E and μ represent Young’s modulus and Poisson’s ratio, respectively. 
For a homogenous unsaturated layer in a half-space domain, it is reasonable to consider the following sim-
plifying  assumptions1: The horizontal stresses are equal (σx = σy = σh), and the horizontal strains are negligible 
(εx = εy = εh = 0).

Imposing these assumptions reduce Eq. (18) to:

where σh and σv, are elastic total stresses in the horizontal and vertical directions, respectively.
Substituting Eq. (9) and Eq. (17) into Eq. (2), the CMS become:

Substituting Eq. (20) into Eq. (19) yields:

where σv − ua=γ (L− z) , γ is the soil unit weight.
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The above equation can be used to determine the at-rest earth pressure distribution along with the depth.

Active earth pressure. Active earth pressure is the earth pressure when the backfill is damaged due to the retain-
ing wall moving away from the filling. Rankine’s theory has been widely used in this pressure  calculation1,20. 
There are several simplifying assumptions to express this failure in the limit equilibrium analysis. A friction-
less boundary is assumed, which allows the lateral movement of a soil mass and reduces the horizontal stress. 
Further, this assumption enables one to consider the major and minor principal stresses acting along with the 
vertical and horizontal directions, respectively. According to effective-stress expression Eq. (1), the major and 
minor principal stresses can be written as:

Implementation of the Mohr–Coulomb failure criterion in the active mode i.e., Eq. (4b) allows defining the 
stress state at failure  as1:

Substituting Eq. (20) into Eq. (23) yields:

where Ka = tan2
(

π
4 − ϕ′

2

)

 , which is called the coefficient of active earth pressure.

Passive earth pressure. The passive failure mode is the soil failure of the retaining wall under external loads, 
such as a soil mass in front of a failing retaining wall or expansive soil mass behind a retaining wall. And the 
earth pressure acting on the retaining wall is called passive earth pressure. In the passive earth pressure mode, 
the horizontal pressure is usually greater than the vertical stress induced by soil weight. Considering the Mohr–
Coulomb criterion, the state of failure occurs when the horizontal stress reaches a level that the combination 
of normal and shear stresses exceeds the failure envelope. The fundamental difference between the passive and 
active mode of failure lies within the direction of principal stresses. The horizontal effective stress is the maxi-
mum principal stress and the vertical stress is the minimum principal stress in the passive mode. the major and 
minor principal stresses can be written as:

Substituting Eq. (25) into Eq. (4a) yields:

Substituting Eqs. (20) into (26) yields:

where Kp = tan
(

π
4 + ϕ′

2

)

 , which is called the coefficient of passive earth pressure.

The resultant force of earth pressure. In the design, the earth pressure will be expressed by the resultant force of 
earth pressure. The resultant force is the sum of the earth pressures acting on a retaining wall per meter of width, 
as shown in Fig. 4. In the above study, the distribution of earth pressure considering transpiration has been cal-
culated. Therefore, the resultant force can be expressed by the area enclosed by the earth pressure distribution 
curve and the vertical coordinate, as shown in Eq. (28).

Finally, the method framework for efficient calculating earth pressure of retaining wall considering plant 
transpiration is presented in the Fig. 5. And the earth pressure can be obtained by this method.

Parametric study. The proposed analytical method framework can be employed to assess the influence of 
various factors on earth pressures of unsaturated soils subjected to plant transpiration. In this section, we chose 
three main factors, namely, root architecture, soil type, and transpiration rates, for analysis of its influence on 
earth pressures. A series of the cases used to analyze these effects are outlined in Table 1.
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To simplify the calculation and highlight the effect of transpiration, a hypothetical model is selected and 
described below. The water table is consistent with the location of the bottom for the retaining wall and is the 
origin of the ordinate. Moreover, L = 5 m is selected as soil thickness. 1 m is chosen as the root zone thickness, 
which is common for soil with  roots26. The rate of infiltration q0 is considered to be constant and equal to  zero1,26.

Figure 4.  Schematic diagram resultant force calculation.

Geometry, strength and environment parameter

Distribution of matric suction

considering plant transpiration is obtained by Eq.(17)

Distribution of CMS is obtained by Eq.(20)

Distributions of at-rest, active, and passive earth 

pressure are obtained by Eq.(21), (24), and (27), respectively

Resultant force of earth pressure is obtained by Eq.(28)

Figure 5.  The flowchart of the calculation method proposed by this paper.

Table 1.  Summary of case.

Series Root architecture type Tp
29,32 (mm/d) Soil type c′ (kPa) ϕ

′(°) γ (KN/m3) μ ks (m/s) α  (m−1)

1

Uniform

4.5 Silt1 15 30 18 0.35 1e−7 0.20Triangular

Exponential

2 Uniform

0

Silt1 15 30 18 0.35 1e−7 0.20
1.5

3

4.5

3 Uniform 4.5

Silt1 15 30 18 0.35 1e−7 0.20

Clay20 5 25 18 0.20 5e−8 0.13

Sand20 0 35 18 0.25 5e−6 0.70
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The influence of root architecture type. Root systems play a vital role in plant life, owing to their function in 
water absorption from the soil. Root systems have different architectures, which subsequently been associated 
with variations in water content in the soil under equal  conditions26,32,44. Therefore, As the most common root 
architectures, the Uniform, Triangular, and Exponential root architectures are considered to study the effect of 
the root architecture types on the earth pressure, and the parameters are shown in series 1 in Table 1.

To investigate the mechanism underlying plant effect on earth pressures, it is necessary to analyze the matric 
suction and CMS, as these represent the bridge through which plants influence the earth pressures. Variations 
matric suction with z for different root architecture types are depicted in Fig. 6. Summarily, it shows that the 
matric suction increases after considering plant transpiration. The maximum matric suction is about 1.7 times 
larger than that in the no-plant soil layer at the soil surface. Notably, different matric suctions are evident for dif-
ferent root architecture types, which is because the different types means the different water absorption capacities 
along the depth (Eq. (7)) and was also confirmed by relevant physical model tests such as centrifuge  tests45. The 
matric suction of the exponential root is the maximum, and it is close to that of the triangular root. Conversely, 
a uniform root has a smaller matric suction than another root. However, it is no difference in matric suction 
distributions among three root architectures beyond root depth.

Variation of the matric suction distribution changes CMS. Figure 7a depicts the variation of CMS with z for 
different root architecture types, and its variation with matric suction for silt is depicted in Fig. 7b. Notably, CMS 
distributions are significantly different between plant transpiration and lack of it (Fig. 7a). All of CMS is only 
equal at z = 3.3 m, but when z < 3.3 m, the CMS taken into account plant transpiration is large and reversed in 
other areas. Meanwhile, the CMS distribution, considering no plant transpiration, constantly increases always 
along with z. However, the other CMS distributions decrease in the upper soils when z is greater than 2.63 m. This 
is attributed to the fact that CMS first reaches the peak point, then gradually decreases with increasing matric 
suction (Fig. 7b). When z = 2.63 m, the matric suction considering plant transpiration increases up to 50 kPa, 
which corresponds to the peak of CMS. Further, CMS for different root architecture are the same in the no-root 

Figure 6.  Profiles of matric suction distributions for root architecture types.
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zone. Triangular and exponential root architectures generate almost the similar distribution in the root zone, 
and these are lower than those observed in the uniform root architectures.

The above results revealed that different root architectures affect matric suction and CMS of soil. From this, 
the evolution law of earth pressure can be deeply analyzed under different root architectures. Figure 8 shows the 
at-rest, active, and passive earth pressures for the different root architectures.

Figure 8a displays that there are two-zone i.e. tension and pressure, which is because the action of matric 
suction (Eq. 21). The at-rest earth pressure does not consider the stress in the tension zone, because it is gener-
ally deemed that the soil cannot bear the  tension1,4,20. However, it is also worthy of attention due to the fact that 
it is highly likely to develop a crack under the tension stress. The tension zone becomes smaller, considering 
plant transpiration, while the location of Pa = 0 kPa increases to about z = 4.4 m, indicative of a smaller potential 
area for soil cracking. In the pressure zone, there is a significant difference in at-rest earth pressure between 
considering plant transpiration and without it. When z > 3.3 m, the pressure increases after considering plant 
transpiration, while an opposite trend is recorded in the other zones. Notably, there are no significant differences 
in the distribution across different root architectures, while the earth pressure is equal in the no-root zone. This 
phenomenon can be explained by the fact that they are similar to the variation of CMS with z (Fig. 7a). Further, 
we used Eq. (30) to calculate the resultant forces of at-rest earth pressure, and the results are 94.35, 90.90, 90.93, 
and 90.93 kN for no plant transpiration, uniform root, triangular root, and exponential root, respectively. Based 
on these findings, it is evident that the resultant forces decrease after considering plant transpiration, with small 
differences among the three root architectures.

Profiles of distribution of the active earth pressures are displayed in Fig. 8b. There are also tension and pressure 
zone. The locations of Pac = 0 kPa are 0.9 m and 1.1 m when considering and not considering plant transpiration, 
respectively. Notably, the locations of Pac = 0 kPa are equal for the three root architectures, because the matric 
suction is the same in this zone (Fig. 7a). This also explains why active earth pressure distributions and the result-
ant forces are the same. The resultant forces, when considering and not considering plant transpiration are 6.83 
and 5.47kN, respectively, which implies that the resultant forces decrease after considering plant transpiration.

The distribution of the passive pressures is summarized in Fig. 8c. Notably, this pressure is different from 
other earth pressure in that there is not a tension zone. This is confirmed by the essence of passive pressures that 
passive pressure is a kind of pressure when retaining walls are subjected to an external load, such as a soil mass 
in front of a failing retaining wall or expansive soil mass behind a retaining wall. The pressures decrease when 
z > 3.3 m, but increase in another zone when considering plant transpiration. This indicates that plant transpira-
tion reduces and increases earth pressure in the upper and lower parts, of the retaining wall, respectively. The 
resultant forces are 1066.90, 1072.09, 1070.97, and 1070.79kN for no plant transpiration, uniform root, triangular 
root, and exponential root, respectively. This means that soil with plants can bear greater force when the retaining 
wall exhibits passive failure mode. And it also indicates that uniform root has a greater and significant influence 
than other root architectures, with that of other root architectures found to be approximate.

The influence of transpiration rate. Transpiration rate represents the amount of water that is extracted by roots 
per unit time, which means different rate corresponds to different change in the water content and mechanical 
properties of soil. In this section, we adopted Tp = 0, 1.5, 3.0, and 4.5 mm/d, to analyze the influence of transpira-
tion rates on earth pressure as shown in series 2 in Table 1. Tp = 0 mm/d means that the soil is not influenced by 
plants and the results of matric suction are the same with no plant.

Variation of matric suction with z for different transpiration rates are depicted in Fig. 9. From the results, it is 
clear that the matric suction increases with increases transpiration rate. The increment of matric suction is 14.67, 
20.83, and 36.36 kPa at the soil surface, respectively, namely rise with increasing the rates. This is explained by the 
fact that an increase in transpiration rate causes a corresponding increase in water absorption capacity in plants 
thereby accelerating water loss from the  soil46. Results further show that the growth of matric suction is greatest 
near the junction of the no-root zone and the root zone, especially when Tp = 4.5 mm/d. This is attributed to the 
fact that a higher matric suction, makes it the more difficult for plants to absorb water from the soil.
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Variations in CMS with z for different transpiration rates is depicted in Fig. 10. Summarily, CMS increases and 
decreases in the lower and upper soil layers, respectively, after considering plant transpiration. The locations of 
the difference in this law are z = 4.3, 3.8, and 3.4 m for Tp = 1.5, 3.0, and 4.5 mm/d, respectively, indicating that the 
locations decline with transpiration rates. This phenomenon can be explained by the fact that higher transpira-
tion rates, influence on matric suction, and the location is lower when the matric suction is up to 50 kPa that is 
the matric suction when CMS is up to maximum. These are summarized in Fig. 9 and Fig. 8b.

Profiles of earth pressure distributions are illustrated in Fig. 11. The tension and pressure zones are depicted 
in Fig. 11a. The partition locations are 4.14, 4.13, 4.19, 4.40 m for Tp = 0, 1.5, 3.0 and 4.5 mm/d, respectively, 
indicating that the tension zone has a small increase when Tp increases to 1.5 mm/d, although this zone decreases 
when Tp increases to 3.0 and 4.5 mm/d. In addition, it is also evident that the pressure earth decreases in the 
pressure zone when Tp increases to 1.5 mm/d. Nonetheless, the earth pressure first decreases, then increases 
for others Tp. The locations where earth pressure is equal to no plant are z = 4.36, 3.83, and 3.42 m for Tp = 1.5, 
3.0, and 4.5 mm/d, respectively. In addition, the resultant forces which are 94.35, 92.23, 90.95 and 90.90 kN for 
Tp = 0, 1.5, 3.0 and 4.5 mm/d, respectively. Notably, these forces decrease with an increase in Tp but are similar 
when Tp = 3.0 and 4.5 mm/d.

A summary of active earth pressure distributions is illustrated in Fig. 11b. There are also tension and pressure 
zones, while the locations of Pac = 0 kPa are 1.12, 1.04, 0.97 and 0.91 m for Tp = 0, 1.5, 3.0 and 4.5 mm/d, respec-
tively. In tension zone, the maximum of pressure appears at the surface, and decreases with an increase in Tp. 
From this results, it is implied that the cracks are deeper, but the soil near the surface may crack more narrowly 
with an increase in Tp, when occurs active failure mode. In pressure zone, the earth pressure decreases with an 
increase in Tp anywhere. Meanwhile, the resultant forces for different Tp are 6.83, 6.31, 5.86, and 5.47 kN. Based 
on these results, it is evident that the pressures decline with increasing Tp, mainly because the matric suctions 
are less than 50 kPa where CMS increase with increasing matric suction (Fig. 7b).

Profiles of passive pressure distribution are illustrated in Fig. 11c. Summarily, the pressures first increase, 
then decrease with z, after increasing Tp. The locations of the difference in the law are z = 4.36, 3.83, and 3.42 for 
Tp = 1.5, 3.0, and 4.5 mm/d, respectively, indicating that a larger transpiration rate is associated with a smaller 
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increase zone. The resultant forces are 1066.90, 1075.66, 1078.15, and 1072.09 kN for Tp from 0 to 4.5 mm/d, 
which means that the resultant forces first increase, then decrease with increasing Tp. However, it is found that 
the resultant forces are larger than no plant transpiration. From these analysis, it is concluded that the stability 
of retaining wall is more favorable under passive failure model when the transpiration rate is 3.0 mm/d.

The influence of soil type. The retaining wall exhibit various types of backfill, while soils have different mechani-
cal properties due to their variations in their internal structures and components, indicating that the soil shows 
different hydraulic characteristics under the influence of plant. In this section, the three hypothetical soil types, 
namely Clay, Silt, and Sand, are considered from existing  literature1,20  corresponding to the parameters of series 
3 shown in Table 1.

Variation in matric suction with z for different soil types are illustrated in Fig. 12. Summarily, there is a small 
change in matric suction of sand and a significant difference for silt and clay after considering plant transpira-
tion. The maximum of matric suction for sand, silt, and clay is 53.9, 121.8, and 186.0 kPa, respectively. This is 
attributed to the fact that sand has a larger particle size than other soils and changes water content have little 
effect on the inter-granular force.

Figure 13a depicts the variation of CMS with z for different soils under two conditions with and without plant 
transpiration. Notably, there are significant differences in CMS distribution for different soils. The order of CMS 
from small to large is sand, silt, and clay, which can be explained by Fig. 13b. Moreover, the maximum CMS for 
clay, silt, and clay, are 28.3, 18.4, and 5.3 kPa, respectively, corresponding to matric suction of 77.0, 50.0, and 
14.5 kPa. The CMS of sand reaches the inflection point faster with the change of matric suction. When it is the 
same soil under different plant transpiration, the CMS of clay has the most significant difference and the sand 
has the smallest difference. That may also be explained by previous reasons.

The at-rest, active, and passive earth pressures for the different soil under two conditions with or without plant 
transpiration are depicted in Fig. 14. Presence of tension and pressure zones is confirmed by Fig. 14a. Notably, 
clay and sand have the largest and smallest tension zones, respectively. For clay, the locations of pc = 0 kPa are 1.43 
and 2.22 m when considering and not considering plant transpiration, respectively. Resultant forces are 14.76 
and 23.58 kN when considering and not considering plant transpiration, respectively. These indicates that the 
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earth pressures decreases after considering plant transpiration. The earth pressures for silt have been analyzed 
in the “The influence of root architecture type”. For the sand, we found little differences with the resultant forces 
of 63.70 and 63.35 kN when considering and not considering plant transpiration, respectively. Notably, the dif-
ference was only 0.35 kPa.

Figure 14b shows the distribution of the active earth pressures. It is clear that the locations order of pc = 0 kPa 
is silt, clay, and sand. Silt and sand have the largest and smallest tension zone, respectively. There exist different 
laws for different soils. For sand, the pressure first decreases and increases after considering plant transpiration, 
while the other soils only exhibit the law of decrease. The resultant forces are 27.50 and 37.64 kN for clay, 5.47 
and 6.83 kN for silt, 48.64 and 48.27 kN for sand, under considering plant transpiration or not, respectively. The 
resultant forces in clay and silt decrease by 10.14 and 1.36 kN, while sand increases by 0.37 kN. This means that 
plant transpiration has the significantly influences active earth pressure of in clay.

Profiles of passive earth pressure are summarized in Fig. 14c. The maximums of passive earth pressure are 
237.45, 321.96, and 332.12 kPa for clay, silt, and sand, respectively, indicating that the maximum of sand is the 
largest and the clay is the smallest. However, it is also clear that the minimum of sand is the smallest and the silt 
is the largest. The law is revealed that the passive earth pressure has the fastest reduction speed with increasing 
z for sand. Moreover, pressure first increases, then decreases with z after considering plant transpiration, while 
the locations of change are 3.96, 3.42, and 1.41 m for clay, silt, and sand. The resultant forces for clay are 784.95 
and 752.93 kN, when considering and not considering plant transpiration, respectively, whereas those for silt 
are 1072.09 and 1066.90 kN. However, the resultant forces for sand are 876.15 and 877.69 kN when with and 
without plant transpiration, respectively, and the difference is just 1.54 kN. This is because the location of the law 
change is 1.41 m and the reduction zone is larger than the increased zone after considering plant transpiration.

a) b)

0 5 10 15 20 25 30
0

1

2

3

4

5

m/
z

reta
w

e
v

o
ba

ec
natsi

D

CMS  χ(ua-uw) /kPa

 NP Clay

 Clay

 NP Silt

 Silt

 NP Sand

 Sand

0 50 100 150 200 250 300 350 400
0

5

10

15

20

25

30
Clay

Silt

Sand

Matric suction (ua-uw) /kPa

S
M

C
χ(
u a

-u
w
) 

/k
P

a

Figure 13.  Profiles of CMS distributions for different soil type: (a) CMS with z, (b) CMS with matric suction.

a) b) c)

-20 -15 -10 -5 0 5 10 15 20 25 30 35 40 45 50
0

1

2

3

4

5

 NP Clay

 Clay

 NP Silt

 Silt

 NP Sand

 Sand

At-rest earth pressure pa /kPa

m/
z

r
et

a
w

e
v

o
b

a
e

c
n

at
si

D

pa=0 kPa

Tension

zone

Pressure

zone

-30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30 35
0

1

2

3

4

5

Active earth pressure pac /kPa

m/
z

reta
w

e
v

o
ba

ec
natsi

D

pac=0 kPa

Tension

zone

Pressure

zone

 NP Clay

 Clay

 NP Silt

 Silt

 NP Sand

 Sand

0 50 100 150 200 250 300 350
0

1

2

3

4

5
 NP Clay

 Clay

 NP Silt

 Silt

 NP Sand

 Sand

Passive earth pressure pp /kPa
m/

z
reta

w
e

v
o

ba
ec

natsi
D

Figure 14.  Profiles of earth pressure distributions for different soil type: (a) At-rest earth pressure, (b) Active 
earth pressure, (c) Passive earth pressure.



13

Vol.:(0123456789)

Scientific Reports |        (2023) 13:15366  | https://doi.org/10.1038/s41598-023-42411-8

www.nature.com/scientificreports/

Conclusions
Analysis of earth pressures in retaining wall usually consider many factors that change the moisture content of 
the backfill, e.g., rainfall, evaporation, groundwater, and so on. Notably, plant transpiration is rarely considered. 
This paper addressed this problem by proposing a calculation method, then carrying out the parameters study. 
The main conclusions are as follows:

1) This paper presents an analytical method framework to determine earth pressures of unsaturated soils con-
sidering plant. Specifically, a closed-form solution of matric suction considering plant proposed by Ng et al.32 
is limited to adapt the calculation of matric suction for the backfill soil. Next, the solution is used to extend 
the traditional earth pressure theory, and the relationship between plant transpiration and earth pressure 
is built and the method is given that can analyze the influence of plant transpiration on at-rest, active and 
passive earth pressures.

2) At-rest earth pressure is close for uniform, triangular and exponential root architecture types, whereas active 
earth pressure is the same for different root architecture types. Notably, passive earth pressure is different 
from other earth pressure, as evidenced by lack of a tension zone. The pressures first increase, then decrease 
with z, while the resultant forces are close to triangular and exponential root architecture types.

3) The tension zone for at-rest earth pressure first increases, then decreases with increase in transpiration rates. 
Conversely, the resultant forces not only decrease with increasing Tp but are also similar when Tp = 3.0 and 
4.5 mm/d. Active earth pressure and its resultant forces decrease with increasing transpiration rates. On the 
other hand, passive pressures first increase, then decrease with z after increasing Tp, while the resultant forces 
are larger than when plant transpiration is not considered.

4) Clay has the largest tension zone under at-rest earth pressure, while sand has the smallest. There is a small 
difference in the pressure of sand, and its resultant force exhibits a little increased after considering plant 
transpiration. However, the resultant forces in other soils exhibit a marked decrease. Active pressure for 
sand first decreases and increases after considering plant transpiration, while other soils is only a decrease. 
Meanwhile, the resultant force for sand increases and is opposite to that of the other two soils. Passive pres-
sure for different soils first increase, then decreases with z after considering plant transpiration. Sand has 
the fastest reduction in passive earth pressure with increasing z. In addition, clay and silt exhibit a marked 
decrease in resultant forces, while sand only exhibits a small increase.

5) There are some interesting ideas which can be explored in the future work based on this study. To com-
prehensively real the influence of the plant transpiration on the earth pressure, the change of transpiration 
rates with time and the difference of plant spacing can be considered to reveal long-term evolution of earth 
pressure over time. Meanwhile, the influence of plant transpiration on earth pressure can also be investigated 
by different methods such as experiment and numerical simulation.
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