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Abstract 

Soil seepage failure within cofferdams is a dangerous phenomenon that always poses difficulties for designers and builders 

of excavations in zones with high water levels. When the hydraulic head difference H between the upstream and 

downstream sides reaches a critical height, the downstream soil seepage failure occurs. Depending on soil properties, soil-

wall interface characteristics, and cofferdam design, different seepage failure modes can be observed: heaving, boiling, 

liquefaction, or failure by reduction of the passive earth pressure. In the literature, there are differences, sometimes very 

large, in the critical value of the hydraulic head loss Hc/D inducing seepage failure given by several methods proposed for 

stability verification. Then, complex cases are generally approached using simplifying assumptions and adopting large 

safety factors to take account of uncertainties. In practice, geotechnical engineers deal with many kinds of excavations and 

different shapes of cofferdams, such as rectangular, square, or circular, which generate three-dimensional (3D) flow 

conditions. Axisymmetric seepage flow through the soil in a circular cofferdam is often used to model such 3D seepage 

flow. In this paper, using the numerical code FLAC, several numerical simulations are carried out in axisymmetric 

groundwater flow conditions to analyze the seepage failure modes of cohesionless sandy soils within a cylindrical 

cofferdam. The effects of the cofferdam radius, internal soil friction, soil dilatancy, and interface friction on the Hc/D value 

and failure mode are studied. The numerically obtained seepage failure modes are presented and discussed in various 

scenarios. The present results, illustrated in both tables and graphs, show a significant decrease in the value of Hc/D 

inducing seepage failure, with a decrease in the cofferdam radius. They also indicate the sensitivity of the seepage failure 

mode to internal soil friction, soil dilatancy, interface friction, and cofferdam radius. As well, new terms are proposed for 

the seepage failure mode designations based on the 3D view of the downstream soil deformation. 

Keywords: GNSS Network; Excavation within Cofferdams; Seepage Failure; Critical Hydraulic Head Loss; Sandy Cofferdam Failure. 

 

1. Introduction 

The construction of infrastructure, such as bridge pillar foundations, deep basements, and underground transportation 

systems, often requires deep excavations within cofferdams. These are often used to stabilize excavations and keep them 

out of water to secure the site during construction. The cofferdam design at high water levels is often dominated by the 

seepage of water through soil around the sheet pile wall. The upward seepage flow, induced by the water level lowering 

(excavation dewatering), influences the cofferdam wall and the excavation base stabilities where seepage failure by bulk 

heaving, boiling, liquefaction or failure by reduction of the passive earth pressure may occur. There are many published 

methods for the assessment of excavation bottom stability against seepage failure, but sometimes failures occur even in 

deep excavations within cofferdams designed by these methods [1, 2]. There are several situations that cannot be 

predicted by conventional soil column approaches or the two-dimensional (2D) seepage flow model. Many sorts of 
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excavation are encountered using single sheet pile walls, causing two-dimensional flow (2Dflow) conditions, or double 

sheet pile walls, generating 2D concentrated flow (2DCflow), or various cofferdam shapes in a plan view, rectangular, 

square, or circular, engendering three-dimensional flow (3Dflow) conditions. An axisymmetric seepage flow through 

soil within a circular cofferdam is often used to model such a 3D seepage flow. The circular cofferdam induces the 

axisymmetric flow (AXSflow) conditions. The 3D effect of water flow around cofferdams increases the water pressure 

to make failure occur easily [3]. Compared to 2DCflow conditions (double sheet pile walls case), the concentration of 

seepage flow into soil within circular cofferdam in AXSflow conditions is strongly accentuated and the safety factor 

against seepage failure of soil surrounded by the circular wall is lower. And, from the point of view of the critical 

hydraulic head difference Hc, it is not reasonable from the point of view of the 2DCflow as 2Dflow and to assume the 

AXSflow as 2DC-or 2Dflow [4, 5]. The risk assessment of soil seepage failure behind sheet piles has been studied and 

discussed by many researchers. Therefore, several methods, theories, and discussions were respectively proposed and 

recorded in the literature. 

Terzaghi's method [6] based on reduced physical model experiments using one-layered sand. The sheet pile is fixed 

and embedded at a depth D below the horizontal surface level of the subsoil which has a thickness T as shown in Figure 

1. The hydraulic head difference H between up- and downstream side induces seepage flow through sand. The sand 

deformations occur by steps with increasing H. The sand adjacent to the sheet pile remains stable as long as H is below 

a certain critical value. However, when this critical value is reached, the downstream sand surface heaves and the subsoil 

collapses. The most dangerous upheaved zone observed is confined to a body of sand adjoining the sheet pile. The sand 

body heaved by the upward seepage flow is assumed by Terzaghi [6], from experimental evidence, having a rectangular 

prism shape with width equal to D/2 and a horizontal base located at some depth D0 below the surface (0 ≤ D0 ≤ D). 

The heaving of sand prism OABC is resisted by the weight and the vertical side shearing resistance such as friction and 

cohesion of soil prism. At the instant of seepage failure, it is assumed that the effective horizontal stress on the sand 

prism sides OC and AB, and the corresponding frictional resistance are practically zero. For sand, the cohesion is also 

practically zero. Then, as soon as the resultant force of the excess pore water pressure Ue on the sand prism base OA 

becomes equal to the sand prism submerged weight W', the prism upheaves. 

𝑊′ =
𝐷

2
𝐷0𝛾′  (1) 

𝑈𝑒 =
1

2
𝐷0𝛾𝑤𝐷ℎ𝑎 =

1

2
𝛾𝑤𝐷𝐶0𝐻  (2) 

where γ’ is the buoyant unit weight of soil, γw is the unit weight of water, ha (= C0H) is the average excess hydraulic 

head, and C0 is a constant, assumed to be independent of H. The hydraulic head difference at the instant of the sand 

prism heaving H0 is calculated from Equations 1 and 2 as follows: 

𝑊′ = 𝑈𝑒 ⇒ 𝐻0 =
𝐷0𝛾′

𝐶0𝛾𝑤
  (3) 

 

Figure 1. Seepage failure by heaving (Terzaghi’s method, 1943) 

The calculation is repeated for different horizontal section, through the sand, located at different depths D0 below 

the bottom of the pit. The critical head difference Hc is determined by the condition H0 = minimum:  
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𝐻𝑐 = min {𝐻0 =
𝐷0𝛾′

𝐶0𝛾𝑤
 ; 0 ≤ 𝐷0 ≤ 𝐷}     (By Terzaghi, 1943 [6]) (4) 

The horizontal section to which this minimum refers is the critical section. On the other hand, in Terzaghi & Peck 

method [7], for the one-layered sand shown in Figure 1, the special case of D0 = D is considered because they found that 

the critical section passes almost exactly through the lower edge of the wall (D0 = D). The critical hydraulic head 

difference Hc then is given by:    

𝐻𝑐 =
𝐷0𝛾′

𝐶0𝛾𝑤
=

𝐷𝛾′

𝐶0𝛾𝑤
       (Terzaghi & Peck, 1948 [7])  (5) 

At a given value of hydraulic head difference H, the safety factor against seepage failure of a sand prism Fs is given 

as a ratio of W’ to Ue, from Equations 1, 2 and 3: 

𝐹𝑠 =
𝑊′

𝑈𝑒
=

𝐷𝐷0𝛾′/2

ℎ𝑎𝐷𝛾𝑤/2
=

𝐷0𝛾′

𝐶0𝛾𝑤
 

1

𝐻
=

𝐻0

𝐻
  (6) 

Fs can also be expressed by: 

𝐹𝑠 =
𝑊′

𝑈𝑒
=

𝐷0𝛾′

𝐶0𝛾𝑤
 

1

𝐻
=

𝐷0𝑖𝑐

𝐶0𝐻
=

𝑖𝑐

𝑖𝑚
  (7) 

where im is the average hydraulic gradient between OA and CB (Figure 1), and ic is the critical hydraulic gradient. 

𝑖𝑚 =
𝐶0𝐻

𝐷0
=

ℎ𝑎

𝐷0
  (8) 

𝑖𝑐 =
𝛾′

𝛾𝑤
=

𝐺𝑠 −1

1+𝑒
  (9) 

where Gs is the specific gravity of solid soil particles, and e is the void ratio of soil. The safety factor against seepage 

failure of the soil behind the sheet piles Fs min is determined by the condition Fs equal to minimum: 

𝐹𝑠 = 𝑚𝑖𝑛 {𝐹𝑠 =
𝑊′

𝑈𝑒
=

𝑖𝑐

𝑖𝑚
=

𝐻0

𝐻
 ;  0 ≤ 𝐷0 ≤ 𝐷}  (10) 

And, from Equations 4 and 10, Fs is given by: 

𝐹𝑠 =
𝐻𝑐

𝐻
  (11) 

Terzaghi’s method [6] initiated the prismatic failure concept and defined the critical hydraulic gradient criterion 

which controls the phenomenon of piping or boiling on one-layered homogeneous sand in 2Dflow conditions. It should 

be noted that, Terzaghi’s method [6, 7] was formulated for 2D problem and may not be applied to estimate a safety 

factor against seepage failure in AXSflow conditions [4]. 

McNamee [8] registered two main forms of seepage failure relating to sheet piles wall: local failure in the form of 

"piping" or "boiling" and general “heaving’’ and formulated a safety factor Fs against seepage failure by boiling as equal 

to the ratio of the critical gradient ic to the exit gradient ie at the excavation level, hence: 

𝐹𝑠 =
𝑖𝑐

𝑖𝑒
  (12) 

Marsland [9] carried out extensive tests on a reduced physical model using homogeneous sand in an open water 

excavation, by testing two types of sand, loose and dense sand. In loose sand, he noted that seepage failure occurs in 

downstream sand when the pressure at the bottom tip of the sheet pile wall is sufficient to uplift the submerged sand 

column adjoining the sheet pile (the width equal to D/2 is not mentioned). And that seepage failure occurs when the exit 

gradient at the excavation bottom surface reaches a critical value in dense sand case. By comparing the effective soil 

weight and the water seepage pressure, Davidenkoff [10] showed that massive uplift of soil rectangular prism is only 

possible if the vertical shear forces on the prism sides are neglected and its width is less than that mentioned by 

Terzaghi’s method. The author concluded that soil prism seepage failure starts from the sheet piles bottom tip for 

homogeneous soils, hence: 

𝐹𝑠 =
𝑖𝑐

𝑖𝑚
  (13) 

Davidenkoff and Franke [11] proposed a diagram based on a studied model, which can be used to determine the 

safety factor against seepage failure by piping for excavations in open water with different thickness of the pervious 

stratum. It should be noted that for the case of a sheet piles wall embedded in homogeneous and isotropic semi-infinite 
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soil, the differences recorded between the safety factors against seepage failure resulting from these various approaches 

are very considerable and reach up to 75% as reported by Kastner [12]. 

Tanaka & Verruijt [13] analysed experimentally and numerically, the seepage failure phenomenon of one-layered 

isotropic sand behind sheet piles, by using respectively a test apparatus and a numerical finite elements method (FEM) 

analysis in 2Dflow conditions. Through their experiments, they observed precisely the seepage failure mechanism. They 

proposed a practical approach to analyses this phenomenon by analytically developing a prismatic failure concept in 

both cases no-friction and friction on prism sides at the instant of failure. A safety factor has been formulated for each 

case. This concept is an extension of Terzaghi’s method and is considering various prisms of smaller and larger widths. 

The critical prism is determined by the condition that the minimum safety factor among all of prisms becomes just equal 

to one, which is detected through the numerical representation of the equi-safety-factor lines. Their numerical results 

revealed that for prismatic failure (No-friction case), the critical prisms have zero width. And for prismatic failure 

(Friction case), the critical prisms have a width smaller than that of Terzaghi's method in which the width is fixed equal 

to D/2. 

Using the variational approach applied to limit equilibrium method, Soubra et al. [14] published the passive earth 

pressure coefficients results in the presence of hydraulic gradients. Their results showed that passive earth pressure 

vanishes completely at the same value of hydraulic head loss H/D = 2.78 for different soil and interface friction angles. 

They concluded that soil and soil-wall interface characteristics have no effect on the Hc/D value causing seepage failure 

by heaving. For the same case, Terzaghi’s approach gives a hydraulic head loss value against seepage failure by heaving 

equal to Hc/D = 2.82, while the seepage failure by boiling phenomenon occurs with a theoretical hydraulic head loss 

value equal to Hc/D = 3.14 = π. This phenomenon appears for a critical hydraulic gradient at the base of sheet pile wall 

point C (Figure 1). Benmebarek et al. [15] performed numerical simulations (FLAC code) in 2Dflow conditions and 

identified the different seepage failure modes occurring by boiling or heaving behind sheet piles wall. Their results 

indicated that the Hc/D value increases with the increase in internal soil friction angle φ, interface soil-wall friction  

and soil dilatancy angle ψ. For large friction angle φ, the Hc/D value was found in good agreement with theoretical value 

and the seepage failure mechanism mode is significantly influenced by the soil dilatancy angle. Then, by varying the 

ratio of horizontal to vertical soil permeability kh/kv, Benmebarek et al. [16] studied the permeability anisotropy effect 

on Hc/D causing soil seepage failure within cofferdam embedded in homogeneous horizontal sandy soil. Their results 

have shown that the increase in the permeability anisotropy kh/kv increases the seepage failure zone width and decreases 

the Hc/D sensitivity to the soil and interface characteristics. 

Using the conventional flow net method and numerical analysis, Pratama & Ou [17] carried out a parametric studies 

series to clarify the safety factor values representing the safety against sand failure by boiling and to predict the seepage 

failure mechanism. The results showed that the critical soil prism width is smaller than that postulated by Terzaghi’s 

method as pointed out by Benmebarek et al. [15]. A computational fluid dynamics solver involving two fluid phases 

and coupled with discrete element method software was developed by Xiao & Wang [18] to simulate the piping process 

around a sheet pile/cut-off wall. Their results indicate that heave behaviour occurs when the drag force located adjacent 

to the boundary on the downstream side is larger than the corresponding weight of the bulk soil. Then, using the same 

approach as that of the Xiao & Wang [18], Xiao [19] simulated the seepage failure process for the three phases of soil, 

water and air. The soil specimens used were made with two layers of graded particles to give different permeability 

properties in the vertical direction. They observed more heaving-type failure for the sample with higher permeability in 

the upper layer. The results indicate that the air bubbles impact would accelerate the development of heaving or boiling 

phenomenon and influence the system stability at an early stage. 

Benseghier et al. [20] proposed a parallel computation framework of the lattice Boltzmann (LB) method and the 

discrete element (DE) method using a graphics processing unit and showed its application to geotechnical and erosion 

problems. Using microscale-coupled methods, Fukomoto et al. [21] present an application of a 2D coupled fluid-particle 

simulation model with no macroscopic assumptions to the seepage failure of saturated granular soils. Their used 

approach consists in coupling the LB method and the DE method to directly solve the seepage flow and the soil particles 

motion. Their results showed that a typical behaviour series for seepage failure can be seamlessly reproduced, where 

boiling and heaving initially occur on the downstream side near the sheet pile and finally lead to quicksand. 

However, there is very little literature available on the resolution methods for seepage flow problems in 3Dflow 

conditions relating to square, rectangular or circular cofferdams. Few studies have presented design charts using 

numerical simulations in 3D- or AXSflow conditions for circular cofferdams [22-24]. 

To analyse the soil seepage failure within a circular cofferdam, Tanaka et al. [4] have developed an extension of 

prismatic failure concept, presented by Tanaka & Verruijt (1999) [13] and Tanaka et al. [25, 26], to the AXSflow 

condition. They assumed that the soil body upheaved by the upward seepage flow has a ring shape with a certain height 

and width adjoining the circular wall, and they considered the case where the side frictional resistance is not zero at the 
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instant of failure as shown in Figure 2. The frictions FL et FR on the left and right prism sides are exerted due to the 

presence of the horizontal effective stress σ’x (Figure 2). The heave of the prism OABC is resisted by the submerged 

weight W’ and the side frictions FL and FR. The safety factor against heaving of the soil prism OABC, which is submerged 

at the total water excess pressure on its base Ue, is given by: 

𝐹𝑠 =
𝑊′+𝐹𝐿+𝐹𝐿

𝑈𝑒
  (14) 

 

Figure 2. Prismatic failure considering friction in AXISflow conditions [4] 

The critical prism is determined by the condition that the minimum safety factor Fs min among all of prisms becomes 

just equal to 1.0. From failure experiments in AXISflow conditions, the authors [4] have discussed the sand seepage 

failure types. When H increases and approaches the hydraulic head difference at failure Hf, the upstream soil surface 

subsides and the downstream one heaves. The upstream subsidence has a ring-shaped wedge adjoining the wall (Figure 

3). But, the change in the downstream soil surface configuration depends on the ratio (D/R) of the wall penetration depth 

D to the circular cofferdam radius R (Figure 3). For a small value of D/R, they observed a soil bulk having a certain 

width (Figure 3-a). On the other hand, for a large value of D/R, the whole soil upheaves (Figure 3-b), and after a few 

seconds the downstream soil is spouted out in the water. According to the surface deformation of downstream soil, the 

soil failure type is termed by the authors [4] as “Ring-type failure” for the small value of D/R and “Punching failure” 

for a large value of D/R. They considered three radius values  R = 3, 5 and 10 m. For R = 3 and 5 m, depending on the 

value D/R, Ring-type failure and Punching failure occur. But for R = 10 m, independent of the value D/R, only the Ring-

type failure occurs when H increases beyond Hc. 

  

(a) Ring-type failure when D/R is small (or when R/D is large) (b) Punching-type failure when D/R is large (or when R/D is small) 

Figure 3. Seepage failure types in AXISflow conditions [4] 
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Employing the coupled LB method and the DE method, Fukumoto & Ohtsuka [27] examined the seepage failure 

induced by an upward seepage flow in 3Dflow conditions. Based on the experimental tests in 2Dflow conditions and 

the numerical simulations in 2D- and AXISflow conditions, Koltuk et al. [28] examined the seepage failure due to 

heaving in sheeted excavation pits in stratified cohesionless soils where a relatively permeable soil layer lies above a 

less permeable one between the excavation base and the wall tip. Their researches have revealed that such continuum 

approaches are an effective numerical tools against seepage failure around sheet piles. 

Madanayaka et al. [29] presented simple solutions for estimating the flow rates and exit hydraulic gradients of square 

and rectangular cofferdams, they also compared the obtained solutions with those provided in the Canadian Foundation 

Engineering Manual (CFEM) in 2006 [30]. Then, by comparing with numerical and experimental models, Madanayaka 

and Sivakugan [31] validated the fragment method to estimate the hydraulic exit gradient and the flow for circular 

cofferdams in AXSflow conditions. 

Zhao et al. [32] conducted both numerical analysis (FEM) and full-scale field tests on shaft construction project 

located in Guangzhou (China), to examine the circular shaft diameter effects on seepage failure by heaving and to 

analyse its failure mechanisms, as well as to develop a reasonable method of evaluating the stability of the circular shaft 

exposed to hydraulic upheave. The authors found that the results obtained from the FEM analysis are in good agreement 

with the phenomena observed at the site. 

By using the numerical FEM PLAXIS code in AXISflow conditions, Ouzaid et al. [33] investigated the stability 

against seepage failure of a real deep excavation project in a circular cofferdam located in Ruhrgebiet (Germany), 

subjected to seepage flow. Then, a vertical drainage system formed by a highly permeable sand columns was adopted 

and examined as a countermeasure to reduce the upward excess water pressure and improve the excavation bottom 

safety. The efficiency of this countermeasure has been tested and proven numerically. 

More recently, Cheng et al. [34] discussed various methods used for the seepage failure problem analysis. Based on 

the use of various numerical methods and computer programs, the authors reported that the finite element method is the 

most adaptable method among all, while the analytical method is actually sufficient for normal engineering problems. 

The authors also collected several cases from different projects in Hong Kong, and stated that the importance of a good 

seepage failure analysis is well recognized by many engineers. Dang & Khabbaz [35] numerically investigated the 

stability against seepage failure by boiling of a sandy soil excavation supported by a sheet piled-cofferdam, using the 

FEM in 2D- and 3Dflow conditions. Their results demonstrated that the cofferdam stability significantly improved with 

an increase in the cofferdam size. Meanwhile, it was found that the shallow penetration depth of the sheet piles and the 

deeper excavation level within the cofferdam had a substantial influence on the excavation base stability when the 

cofferdam size effect was taken into account. 

Koltuk & Fernandez-Steeger [36] performed a coupled hydro-mechanical analysis using the FEM in AXISflow 

conditions to examine seepage failure by heaving of pit excavation supported by a circular sheet pile wall constructed 

in homogeneous cohesionless soils. The FEM analysis results show relatively different failure zones compared to the 

failure plane of Terzaghi’s method. However, the difference between the critical hydraulic head differences ΔHc obtained 

from the FEM analysis ΔHc (FEM) and Terzaghi’s method ΔHc (Terzaghi) is negligible. The maximum and minimum ratios 

of ΔHc (FEM) to ΔHc (Terzaghi), (ΔHc (FEM) /ΔHc (Terzaghi)), are respectively equal to 1.07 and 0.96. 

In geotechnical engineering, different excavations types (long, short, wide and narrow) are encountered, and different 

cofferdams shapes (rectangular, square or circular) are used. Also, complex cases are generally approached using 

simplifying assumptions and adopting large safety factors to account for uncertainties. To this effect, if the excavation 

length is not large enough to consider it under 2D flow conditions, the real conditions and phenomena generated by the 

considered case must be appropriately taken into account in design to improve accuracy and safety. So, more accurate 

and appropriate approaches, using numerical simulations in 3D- or AXISflow conditions, are needed to analyse seepage 

failure problem, asses the Hc/D values, and predict seepage failure modes for such case. 

Based on the review of previous methods presented above and with respect to investigations carried out to date, it 

should be noted that most previous research focuses solely on assessing flow rate, exit gradient and safety factors against 

seepage failure (or hydraulic failure). In addition, the radius variation effect on seepage failure modes and the Hc/D 

value have not been addressed in details for the circular cofferdam case. In AXISflow conditions, rigorous solutions do 

not appear to exist for the Hc/D values and the corresponding seepage failure modes predictions according to soil 

properties, interface characteristics and cofferdam radius. 

The purpose of the present study is to take advantage of the numerical computation, which is able to deal with 

complex cases in their globality without any simplifying assumptions, and which does not require in advance the 

specification of the seepage failure shape needed for previous methods based on the prismatic failure concept, to analyse 

the stability against seepage failure of a soil surrounded by a circular cofferdam wall embedded in a single-layered 

https://www.sciencedirect.com/science/article/pii/S0266352X21002329?via%3Dihub#b0090
https://www.sciencedirect.com/science/article/pii/S0266352X21002329?via%3Dihub#b0140
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/pit-excavation
https://www.sciencedirect.com/topics/engineering/cohesionless-soil
https://www.sciencedirect.com/topics/engineering/continuum-approach
https://www.sciencedirect.com/topics/engineering/continuum-approach
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cohesionless homogeneous sand, and to study the effects of cofferdam radius, soil properties and soil-wall interface 

characteristics on the Hc/D values and seepage failure modes. The present results obtained from computation, using a 

numerical model of groundwater seepage flow in AXISflow conditions, are presented in tables and graphs, and 

compared with previously published results available in the literature [4, 6, 7, 12, 14, 15] in order to explain the 

sensitivity of the seepage failure modes and Hc/D critical values to soil properties, interface characteristics and cofferdam 

radius ratio R/D. Also, to describe and clarify the 3D seepage failure modes of soil within a cylindrical cofferdam. In 

the present study, dimensionless H/D and R/D ratios were used to allow the adaptability of the present results to different 

critical water levels, circular cofferdam sizes and embedment depths (various configurations). A flowchart of the 

research methodology employed in this study is shown in Figure 4. 

 

Figure 4. Research methodology flow chart 

2. Problem Definition 

This paper aims for the numerical analysis of seepage failure modes, in axisymmetric groundwater flow conditions, 

within a cylindrical cofferdam installed in a homogenous isotropic semi-infinite sandy soil. The circular wall with radius 

R is embedded at a depth D below the horizontal surface level of the subsoil, and it is subjected to hydraulic head 

difference H as shown in Figure 5. The water head H behind the circular wall is gradually increased until the occurrence 

of the soil seepage failure (critical state). The analysis is performed using the FLAC code based on the explicit finite 

Literature review 

Advantage of numerical analysis 
Limitation of the theoretical solutions 

and previous methods 

Statement of the problem and the 

purpose of the research 

Development of numerical model 

(Finite difference FLAC code) 

Simulation of soil seepage failure using an uncoupled 

fluid-mechanical calculations in axisymmetric 

groundwater flow conditions. 

Parametric studies 

(Different scenarios: different soil and interface 

characteristics for each cofferdam radius value) 

For each scenario, the deformations occur in stages by 

increasing the water height H behind the wall. 

For each H value, the deformations are checked in order to detect the 

critical state corresponding to the beginning of the seepage failure 

and the critical value Hc. 

Results and discussions 

Conclusion 
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difference method. The continuous medium mechanical behaviour when it reaches equilibrium or plastic flow is 

calculated numerically by this code. The explicit Lagrangian calculation scheme and the mixed-discretization zoning 

technique [37] used in FLAC ensure that plastic failure and flow are very accurately modelled. 

  

(a) (b) 

Figure 5. Studied case: (a) Plan view; (b) Profile view: Schematic sketch of cylindrical cofferdam inducing axisymmetric 

flow conditions 

The soil behaviour is modelled by using the elastic-perfectly plastic no-associative Mohr–Coulomb model encoded 

in FLAC. Depending on the dimensionless ratio R/D of the radius R to the penetration depth D, on soil properties and 

soil-wall interface characteristics, all subsequent results are given for a ratio of saturated soil density to water density 

γsat/γw = 2, a soil elastic bulk modulus K = 30 MPa and a soil shear modulus G = 10 MPa. To study how the Hc/D value 

and the seepage failure modes are affected by the cofferdam radius, ten radius ratios R/D = 0.5; 1; 1.5; 2; 3; 5; 10; 15; 

20 and 30 are examined. For each radius ratio, five values of the internal soil friction angle φ = 20°; 25°; 30°; 35° and 

40°, four values of the interface friction angle δ/φ = 0; 1/3; 2/3 and 1, and three values of the soil dilatancy angle ψ/φ = 

0; 1/2 and 1, are considered in this numerical analysis. 

3. FLAC Numerical Simulation 

For this problem, numerical analysis was performed in AXISflow conditions. Figure 6 shows a typical mesh and 

mechanical boundary conditions retained in this analysis. The mesh size is refined in the wall vicinity where 

deformations and flow gradients are concentrated. The mesh lateral boundary is located at six times D from the wall and 

the mesh depth is equal to five times D for every cofferdam radius to minimize boundary effects. For boundary 

conditions, it is assumed that the bottom boundary is fixed in both horizontal and vertical directions at that time the right 

and left lateral boundaries are fixed only in the horizontal direction. 

 

Figure 6. Mesh used and limit boundary conditions 
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For axisymmetric problem, structural elements combined in FLAC do not work. Therefore, the sheet pile wall is 

modelled by thin fixed impermeable membrane elements connected to the soil grid via interface elements attached on 

both sides. The interface model programmed in the FLAC code, whose components are shown in Figure 7, was used to 

simulate the soil-wall contact governed by the elastoplastic constitutive law based on the Mohr-Coulomb criterion. The 

logic contact for the interface sides is similar in nature to the interface used in the distinct element method [37]. The 

Coulomb shear-strength criterion is represented by the spring and the slider in the tangential direction (Figure 7). The 

spring in the normal direction and the limit strength represent the normal contact. The soil-wall interface has a friction 

angle δ, a cohesion c = zero kPa, a normal stiffness Kn = 10.E9 Pa/m, and a shear stiffness Ks = 10.E9 Pa/m. These 

values of Kn and Ks are selected to approximate the results for the case where the wall is rigidly attached to the soil grid. 

 
Figure 7. Interface element used [5] 

 The FLAC code has the ability to perform both flow-only and coupled fluid-mechanical analysis. Coupled analysis 

may be performed with any of the mechanical material models in FLAC. Several modelling strategies are available to 

approach the coupled processes. But a fully coupled quasi-static hydro-mechanical analysis with FLAC is often time-

consuming and sometimes even unnecessary. There are numerous situations in which, some level of uncoupling can be 

performed in order to simplify the analysis and speed the calculation. 

The present analysis is performed in effective stress using the groundwater configuration as an uncoupled hydro-

mechanical calculations in AXISflow conditions. To identify the critical states corresponding to the onset soil seepage 

failure by heaving or boiling, the following three simulation procedure steps are adopted: 

 Step 1: Initial state: At first, the geostatic stresses are computed assuming the material is elastic. The groundwater 

level is assumed to be located at the ground surface. The initial pore pressure and effective stresses are established 

using the fish library function assuming that the ratio of the effective horizontal stress to the effective vertical stress 

at rest K0 is assumed equal to 0.5. At this stage, some stepping is required to carry the model to equilibrium. The 

reason is that an additional stiffness from interface elements produces an imbalance that necessitates some stepping 

to equilibrate the model. 

 Step 2: Pore pressure distribution induced by hydraulic head loss H: The model is run in groundwater flow mode 

under hydraulic limit conditions. The calculation continues until the steady-state is reached. 

 Step 3: Mechanical response: The model mechanical response is examined for the pore pressure distribution 

established in the previous step by cycling the model to equilibrium or failure in mechanical mode. 

Steps 2 and 3 are repeated with progressive increase in the hydraulic head loss H until soil seepage failure occurs. 

Numerical plotting of velocity vectors, displacement vectors and maximum shear strain rate distribution allows 

visualisation of the seepage failure mode (failure mode predictions). Therefore, for every cofferdam radius, Hc/D value 

is examined for various governing parameters: internal soil friction φ, soil dilatancy ψ and interface friction δ. 

4. Results and Discussion 

The results of the present study, for Hc/D values and seepage failure modes, are well structured and presented in 

tables and graphs depending to soil and interface characteristics for different values of the cofferdam radius ratios R/D. 

Then discussed and compared to the previous work solutions reported in the literature. 

4.1. For large Values of Radius Ratios R/D ≥ 20 (Large Cofferdam) 

First, numerical simulations are performed for large values of cofferdam radius (R/D ≥ 20). The results show no 

effect of increasing radius ratios R/D more than 20. A comparison of the present results for R/D = 20 with those of 

previous work is discussed. 
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4.1.1. Comparison with Previous Work 

For R/D = 20, the obtained results from computation in AXISflow conditions, listed in Table 1 of critical hydraulic 

head loss Hc/D, provide results very closely to computation results in 2Dflow conditions published by Benmebarek et 

al. [15]. Moreover, the same forms of seepage failure mechanisms, as those obtained by the authors [15], are observed 

according to the profile or plan view of downstream soil deformation. The results clearly indicate that the seepage failure 

of downstream soil in AXISflow conditions always corresponds to bulk heaving, except in the dilatant sand case (Dense 

sand) with /φ >1/2, when φ ≥ 35° and with a perfectly rough interface /φ = 1 where failure by boiling would occur. It 

can be seen that seepage failure by boiling starts from a critical hydraulic head loss value Hc/D = 3.15. This value is 

very close to the theoretical value found by Terzaghi’s method [6, 7] Hc/D = 3.14 corresponding to the case of exit 

hydraulic gradient attaining the critical hydraulic gradient value. The Figure 8 shows the seepage failure mode indicated 

by the displacement field and the corresponding distribution of maximum shear strain rates obtained in the case when φ 

= 40°, δ/φ = 1, ψ/φ = 1 and Hc/D = 3.15 where boiling phenomenon is observed in downstream soil on a part of the 

excavation base (Partial boiling-type failure). In addition, according to the plan view of the downstream soil deformation, 

for non-dilatant sand (loose sand) ψ/φ = zero, a heaving of a rectangular soil prism similar to that proposed by Terzaghi’s 

method is obtained. The Figure 9 shows this type of seepage failure mode in the case when φ = 35°, ψ/φ = zero, δ/φ = 

2/3 and Hc/D = 2.92 where bulk heaving of a rectangular soil prism is observed with a smaller width than the Terzaghi’s 

method. However, for the dilatant sand ψ/φ ≥ 1/2, a heaving of trapezoidal or pseudo-triangular soil prism is obtained 

as shown in Figure 10 for the case when φ= 35°, ψ/φ = 1/2, δ/φ = 2/3 and Hc/D = 2.97. 

Table 1. Hc /D for different soil and interface parameters φ, δ/φ and ψ/φ when R/D=20 (large cofferdam) 

/ / 
Hc /D 

 = 20°  = 25°  = 30°  = 35°  = 40° 

0 

0 2.63* 2.67* 2.74* 2.77** 2.80* 

1/2 2.64** 2.70** 2.79** 2.82** 2.89** 

1 2.64** 2.71** 2.81** 2.84** 2.92** 

1/3 

0 2.67* 2.78* 2.84* 2.90* 2.93* 

1/2 2.68** 2.82** 2.88** 2.94** 2.98** 

1 2.68** 2.84** 2.90** 2.96** 3.02** 

2/3 

0 2.72* 2.81* 2.89* 2.92* 2.96* 

1/2 2.73** 2.83** 2.92** 2.97** 3.11** 

1 2.73** 2.84** 2.93** 3.02** 3.15** 

1 

0 2.73* 2.84* 2.90* 2.94* 2.98* 

1/2 2.73** 2.87** 2.94** 3.02** 3.12** 

1 2.73** 2.89** 2.97** 3.04** 3.15*** 

Failure by heaving of rectangular (*) Trapezoidal or pseudo triangular (**) soil prisms, or by boiling (***). 

 

Figure 8. Displacement field and the corresponding distribution of maximum shear strain rates for R/D = 20, when φ=40º; 

ψ/φ=1; δ/φ=1 and Hc/D=3.15; Partial boiling type failure 
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On the other hand, by extending the plan view of these raised prisms (Figures 9 and10) in the third dimension around 

the cylindrical cofferdam axis (with a rotation angle θ = 360° around the revolution axis of the cylinder), we can imagine 

the top view of downstream soil upheaved surface, which will have the ring form with thickness equal to the prism 

width. According to this prism extension and from geometric evidence, these two failure types obtained (Figures 9 

and10) correspond to the ring-type failure (Figure 3-a) observed and proposed by the method of Tanaka et al. [4] based 

on the prismatic failure concept in AXIS flow conditions. 

 

Figure 9. Displacement field and the corresponding distribution of maximum shear strain rates for R/D = 20, when φ=35º; 

ψ/φ=0; δ/φ=2/3 and Hc/D=2.92; Seepage failure by heaving of a rectangular prism 

 

Figure 10. Displacement field and the corresponding distribution of maximum shear strain rates for R/D = 20, when φ=35º; 

ψ/φ=1/2; δ/φ=2/3 and Hc/D=2.97; Seepage failure by heaving of a trapezoidal (or pseudo-triangular) prism 

4.1.2. Soil and Interface Characteristics Effects 

The present simulation procedure indicates that soil dilatancy angle ψ has a significant effect on the seepage failure 

mode. This phenomenon can be explained as follows: when the downstream soil mass adjacent to the wall may expand 



Civil Engineering Journal         Vol. 8, No. 07, July, 2022 

1399 

 

at failure, the shear forces induced on the prism sides block the rectangular prism heaving. Therefore, failure of a 

trapezoidal or pseudo-triangular prism appears instead. This corresponds to a kinematically admissible mechanism 

within the frame of limit analysis theory and Kastner [12] has experimentally observed this phenomenon. For large 

values of φ and , shear forces on the wall embedment part and the horizontal soil expansion delay the trapezoidal (or 

pseudo-triangular) prism failure. Therefore, the surface exit gradient becomes critical before the bulk heaving of the 

trapezoidal (or pseudo-triangular) prism and initiates the boiling phenomenon. 

From Table 1, for R/D = 20, /φ = zero, /φ = 1 and φ varies from 20° to 40°, the critical value of Hc/D is in the 

range of 2.64 to 2.92. It is noted that for various values of φ Terzaghi’s solution is Hc/D = 2.82, whereas that of Soubra 

et al. [14] solution is Hc/D = 2.78. Also, for φ = 40°, / φ = 1 and / φ varies from zero to 1, the critical value of Hc/D 

is in the range of 2.92 to 3.15. Consequently, the present results show that the critical hydraulic head loss value Hc/D 

depends on the internal soil friction angle and the interface friction contrary to the results of Soubra & al. [14] and to 

those of Terzaghi’s method [6, 7]. 

4.2. For Cofferdam Radius Ratios R/D < 20 

4.2.1. Cofferdam Radius Ratios (R/D) effects 

For radius ratios R/D < 20, the results show a significant sensibility of the critical hydraulic head loss value Hc/D to 

cofferdam radius ratios. Table 2 presents the computation results for R/D = 2. The Hc/D critical value is in the range of 

1.75 to 2 and the same failure mechanisms are noted (Failure by heaving of rectangular (*), trapezoidal or pseudo-

triangular (**) soil prisms, or by boiling (***)). The comparison of the present study results for R/D = 2 listed in Table 

2 with results for R/D = 20 listed in Table 1 shows a decrease in Hc/D as well as in the sensibility to soil and interface 

characteristics. 

Table 2. Hc /D for different soil and interface parameters φ, δ/φ and ψ/φ when R/D=2 

 /  / 
Hc /D 

 = 20°  = 25°  = 30°  = 35°  = 40° 

0 

0 1.75* 1.75* 1.76* 1.78* 1.80* 

1/2 1.75** 1.76** 1.80** 1.81** 1.83** 

1 1.75** 1.76** 1.81** 1.82** 1.85** 

1 /3 

0 1.76* 1.77* 1.79* 1.82* 1.84* 

1/2 1.77** 1.78** 1.81** 1.85** 1.88** 

1 1.77** 1.79** 1.83** 1.87** 1.90** 

2/3 

0 1.76* 1.78* 1.82* 1.86* 1.88* 

1/2 1.78** 1.79** 1.85** 1.89** 1.94** 

1 1.78** 1.80** 1.86** 1.91** 1.97** 

1 

0 1.77* 1.80* 1.84* 1.88* 1.91* 

1/2 1.79** 1.82** 1.87** 1.92** 1.98** 

1 1.80** 1.83** 1.88** 1.94** 2.00*** 

Failure by heaving of rectangular (*) or Trapezoidal or pseudo triangular (**) soil prisms, or by boiling (***). 

To illustrate the radius effect, ten radius ratios R/D = 0.5; 1; 1.5; 2; 3; 5; 10; 15; 20 and 30 are numerically tested for 

two extreme cases of the present study as follows: Case 1 (Upper limit), characterized by φ=40°, /φ=1 (Dilatancy) and 

/ = 1 (Perfectly rough interface) and case 2 (Lower limit) characterized by φ=20°, /φ=0 (No dilatancy) and / = 0 

(Perfectly smooth interface). The present results plotted in Figure 11 clearly show the decrease in Hc/D with the decrease 

in R/D. This decrease is accentuated for lower value of R/D. For case 1: Hc/D decrease from 3.15 to 1.3, and for case 2: 

Hc/D decrease from 2.63 to 1.3. Then, the use of one soil column (2Dflow conditions) case overestimates the critical 

hydraulic head loss value. Moreover, it is clearly observed from Figure 11 that the sensibility to soil and interface 

characteristics decreases with the decrease in R/D and vanishes for small value of radius ratio R/D ≤ 0.5. 
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Figure 11. Decrease in Hc/D with the decrease in R/D: Hc/D vs R/D (Present results) 

The present results also show that, for the small value case of R/D = 0.5, different seepage failure mechanisms 

depending on the soil and interface characteristics are obtained for the same value of Hc /D. On the one hand, for R/D = 

0.5, Figure 12 shows the seepage failure mode in the case when φ = 35°, /φ = 1 (Dense sand), /φ = 2/3 (rough 

interface), and Hc/D = 1.3, where the boiling phenomenon has propagated in the downstream soil of the entire excavation 

base (General boiling-type failure). 

 

Figure 12. Displacement field and the corresponding distribution of maximum shear strain rates for R/D=0.5 when φ=35º; 

ψ/φ=1; δ/φ=2/3 and Hc/D=1.3; General boiling-type failure 

On the other hand, for the same value R/D = 0.5, Figure 13 shows the seepage failure mode in the case when φ=35º, 

/φ = 0 (Loose sand), /φ = 0 (perfectly smooth interface), and Hc /D = 1.3 where bulk heaving of a rectangular soil 

prism generalized in the entire downstream soil (Global heaving-type failure). These different modes of seepage failure 

are produced for the same value of Hc /D for which no sensibility to soil and interface characteristics is observed. 
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Figure 13. Displacement field and the corresponding distribution of maximum shear strain rates for R/D=0.5 when φ=35º; 

ψ/φ=0; δ/φ=0 and Hc/D=1.3; Global heaving-type failure 

4.3. Descriptions of 3D Soil Seepage Failure Modes within a Cylindrical Cofferdam 

Based on the present study results discussed above in various scenarios examined in AXISflow conditions, we try 

to explain more about seepage failure modes of downstream soil within cylindrical cofferdam, by providing graphic 

illustrations that show from geometric evidence the soil deformations in profile-, surface- and 3D-view (Figures 14 to 

16), which allows us to make the following additional discussion and proposals. 

 

Figure 14. Uniform thickness cylinder-type failure for: R/D > 1, φ≥ 20°, δ/φ ≥ 0 and ψ/φ = 0 (No dilatancy) 
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Figure 15. Variable thickness cylinder-type failure for: R/D > 1, φ≥ 20°, δ/φ ≥ 0 and ψ/φ ≥ 1/2 (Dilatancy). Except for the 

case when φ=40°, δ/φ = 1 and ψ/φ = 1 

 

Figure 16. Solid cylinder-type failure for small value of R/D =0.5, when φ≥ 20°, ψ/φ ≥ 0 (No dilatancy), δ/φ = 0 (perfectly 

smooth interface) 
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Therefore, according to the surface deformation of downstream soil, we numerically obtained the same seepage 

failure types observed experimentally by Tanaka et al. (2000) [4], which they appropriately termed as "Ring-type failure" 

(Figure 3-a) for the case of seepage failure by heaving of prism (Figure 9 & 10) and "Punching failure" (Figure 3-b) for 

the case of general boiling-type failure (Figure 12). But according to the 3D view of the soil surrounded by the cylindrical 

cofferdam, the upheaved soil body has the shape of a cylinder, which can be solid (Figure 16), or hollow with a uniform 

or variable thickness (Figures 14 and 15). For the present case study, we suggest the following terms for the 3D shape 

of the seepage failure mode: "Uniform thickness cylinder-type failure" corresponding to the heaving of a rectangular 

prism (Figure 14); "Variable thickness cylinder-type failure" for the heaving of a trapezoidal or pseudo-triangular prism 

(Figure 15); and "Solid cylinder-type failure" for the global heaving of the entire downstream soil (Figure 16). For the 

boiling phenomena, we maintain the same terms: "partial boiling-type failure" and "global boiling-type failure" 

mentioned above. All this depends on the soil properties, the interface characteristics, and the cofferdam radius. 

5. Conclusions 

In this study, the soil seepage failure problem within a cylindrical cofferdam has been numerically analysed in 

axisymmetric groundwater flow conditions without any simplifying assumptions and without prior specifications of the 

failure mechanism scheme required for previous methods reported in the literature based on the prismatic failure concept. 

In addition, the effects of the cofferdam radius and various parameters of soil and interface are taken into account in this 

analysis. Numerical computations of the Hc/D critical values and seepage failure modes of homogenous cohesionless 

sandy soils within a cylindrical cofferdam have been performed using the FLAC code for various scenarios. The effects 

of the cofferdam radius ratio R/D, internal soil friction φ, soil dilatancy ψ and interface friction δ on the Hc/D value and 

seepage failure modes have been studied. The present results obtained in terms of the Hc/D critical values and their 

corresponding seepage failure modes (failure mode predictions) are presented in tables and graphs and compared to 

previously published results available in the literature. The sensitivity of seepage failure modes and Hc/D values to soil 

properties, interface characteristics, and cofferdam radius ratio R/D has been discussed and proven. Based on the 3D 

view of the downstream soil deformations, the 3D seepage failure modes of the soil within a cylindrical cofferdam have 

been described and the corresponding new terms have been proposed. In the present study, dimensionless H/D and R/D 

ratios were used to allow the present results to be adapted to different critical water levels, circular cofferdam sizes, and 

embedment depths (various configurations). And to provide decision support for practical design problems of circular 

cofferdams in the presence of water flow. A number of conclusions can be made from this study: 

 For the large value of radius ratio R/D ≥ 20 (large cofferdam), according to the plan view of downstream soil 

deformation, the seepage failure mode in AXISflow conditions is the same as in 2Dflow conditions, where soil 

prism adjoining the wall upheaves (heaving-type failure). Except for the dilatant sand case (Dense sand), with ψ/φ 

≥1/2, when φ ≥ 35° and with a perfectly rough interface soil-wall δ/φ = 1, where boiling-type failure occurs; 

 For R/D = 20, the boiling-type failure starts from a critical hydraulic head loss value Hc/D = 3.15, which corresponds 

to a partial boiling-type failure, and it is very close to the theoretical value found by Terzaghi’s method Hc/D = 

3.14; 

 For R/D varying from 20 to 0.5, the critical hydraulic head loss value Hc /D, corresponding to the onset of 

downstream soil seepage failure caused by upward seepage flow, decreases significantly with the decrease in R/D. 

For instance, when R/D decreases from 20 to 0.5 the Hc /D decreases from 3.15 to 1.3; 

 For R/D < 20, the effects of soil and soil-wall interface characteristics decrease with the decrease in radius ratio R/D 

and vanish completely for small radius ratio values (R/D < 0.5); 

 For R/D > 1, according to the plan view of downstream soil deformation, the seepage failure modes in AXISflow 

conditions are the same as those in 2Dflow conditions: 

– The boiling-type failure only appears for dense sand in which /φ >2/3 (Dilatancy), φ ≥ 35° and a perfectly 

rough soil-wall interface /φ = 1. However, heaving-type failure occurs for the other cases; 

– For R/D = 2, the boiling-type failure starts from Hc/D = 2.00; 

– The present simulation procedure results show that soil dilatancy angle  has a significant effect on the seepage 

failure modes. For a dilatant sand, a failure by heaving of a trapezoidal or pseudo-triangular prism of soil is 

obtained. But for other cases (non-dilatant sand), a failure by heaving of a rectangular prism occurs. According 

to the 3D view of downstream soil deformation at failure, these two failure types corresponding to “Variable 

thickness cylinder-type failure” and “Uniform thickness cylinder-type failure” respectively; 

– The upheaved rectangular prism of downstream sand obtained has a width smaller than that resulting from 

Terzaghi’s method. 

 For the small value of radius ratio R/D = 0.5, different seepage failure mechanisms depending on the soil and soil-

wall interface characteristics are obtained for the same value of Hc /D = 1.3: 
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– The case when φ= 35°, /φ = 1 (Dense sand), /φ = 2/3 (Rough interface), where the boiling phenomenon has 

propagated in the entire excavation base soil (General boiling-type failure); 

– The case when φ= 35°, /φ = 0 (Loose sand), /φ = 0 (Perfectly smooth interface), where bulk heaving of a 

rectangular soil prism generalized in entire downstream soil (Global heaving-type failure), which corresponds 

to “Solid cylinder-type failure” according to the 3D view of downstream soil deformation. 
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