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Abstract. For the determination of the required embedded length for the safety against hydraulic heave sev-
eral approximate solutions exist. However, most of these solutions do not take into account the geometrical 
boundary conditions such as width B and length L of the excavation as well as the thickness of the aquifer 
S. Thus, values obtained by such simplified approximate solutions can easily lead to either uneconomical or 
unsafe design. For this reason investigations on the safety against hydraulic heave have been carried out at 
the Chair of Geotechnical Engineering at RWTH Aachen University. Based on the results of numerous cal-
culations dimensionless design charts have been generated. With the help of these design charts the required 
embedded length T can be determined quite easily taking into account the difference of the ground water 
level H, the Thickness of the aquifer S, the geometrical dimensions B and L of the excavation and the unit 
weight of submerged soil γ′. In addition to these design charts a formula has been developed. By use of this 
design formula the required embedded length can directly be determined taking into account the before 
mentioned boundary conditions.
Keywords: hydraulic heave, failure, design, charts, formula, groundwater flow, excavation.

Corresponding author:
B. Aulbach E-mail: info@zai-ingenieure.de

Introduction

For the determination of the required embedded 
length for the safety against hydraulic heave several 
approximate solutions exist. These however produce 
very varying results, as shown in Figure 1.

Comparing the approximate solutions, the result-
ing embedded lengths for the current example vary by 
a factor of up to about eight. The numerical quantity of 
the factor depends on whether the individual solution 
considers the geometrical boundary conditions such 
as width B and length L of the excavation. Neglecting 
the geometry unsafe results can be obtained for narrow 
excavations.

For this reason, systematic investigations on the 
safety against hydraulic heave have been carried out 

Fig. 1. Embedded length T obtained by several approximate 
solutions for an excavation with a width of B = 10 m and a 

difference of water level of H = 10 m
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at the Chair of Geotechnical Engineering at RWTH 
Aachen University. Based on the results of numerous 
calculations dimensionless design charts have been 
generated. With the help of these design charts the 
required embedded length T can be determined quite 
easily taking into account the difference of the ground 
water level H, the geometrical dimensions of the ex-
cavation B and L, the thickness of the aquifer S and 
the unit weight of submerged soil γ’. In addition to the 
design charts a formula has been developed allowing 
the straight determination of the required embed-
ded length under considering the before mentioned 
boundary conditions.

1. Design according to Eurocode 7

In Europe the verification of resistance to failure by 
hydraulic heave is set by Eurocode 7: Geotechnical de-
sign – Part 1: General Rules (EN 1997-1, German ver-
sion: DIN EN 1997-1, 2009). The verification of resis-
tance within the so called limit state HYD can be done 
in two different ways. On the one hand by comparing 
the design values of the total pore water pressure udst;d 
with the total vertical stress sstb;d and on the other 
hand by comparison of the design values of the seep-
age force Sdst;d with the submerged weight G’stb;d of the 
same considered soil column (see Eqns (1) and (2)).

 dst;d stb;du   ≤ σ ; (1)

 dst;d stb;dS   G≤ ′ . (2)

According to the German National Annex to 
EN 1997-1 (DIN EN 1997-1/NA 2010) and the supple-
mentary national rules established in DIN 1054:2010 
the second way was chosen for the investigations pre-
sented in this paper. The partial factor for the desta-
bilizing actions γG;dst within EN 1997-1 is renamed in 
DIN 1054 by the partial factor γH (Eqn (3)).

 dst;k H tb;k G;stbS   G .s⋅ γ ≤ ′ ⋅ γ  (3)

One special feature of DIN 1054 is the differentia-
tion between favourable and unfavourable soil. Gravel, 
sandy gravel, dense sand with grain sizes bigger than 
0.2 mm and stiff clayey soil are defined as favourable 
soil whereas loose sand, fine sand, silt and soft cohe-
sive soil are defined as unfavourable soils. 

As hydraulic heave typically occurs in excava-
tions, mostly the design situation BS-T (transient situ-
ations) with γH  =  1.30 for favourable and γH  =  1.60 
for unfavourable soil becomes relevant. The partial 

factor for permanent favourable actions amounts to 
γG;stb = 0.95 for all design situations (cf. Table 1).

As mentioned before the verification of resistance 
against hydraulic heave has to be done by comparison 
of the favourable and unfavourable actions acting in 
the same soil column. EN 1997-1 universally specifies 
that for every relevant soil column safety shall be veri-
fied, whereas DIN 1054 recommends that in case of a 
vertical seepage flow in front of a retaining wall a body 
of soil should be investigated which’s width generally 
is half of the embedded length. Figure 2 shows the so-
called Terzaghi-body.

Within the research projects preliminary investi-
gations on the relevant soil column had been carried 
out which confirmed that the Terzaghi-body is a well 
working approximation (cf. Aulbach 2013; Aulbach, 
Ziegler 2014). For this reason, the Terzaghi-body was 
chosen for the following investigations.

2. Investigations and design charts  
for plane conditions

In a first step investigations for homogeneous, isotro-
pic soil under plane conditions had been carried out. 
For this, four different unit weights of submerged soil 
γ’ = 9÷12 kN/m³ were investigated and in each case it 
was distinguished between favourable and unfavoura-
ble soil by setting the corresponding partial safety-fac-
tor (Table 1).

Based on the results of these investigations design 
charts have been generated in which all geometri-
cal variables are normalised by the difference of the 
groundwater level H (cf. Fig. 1). Hence, dimensionless 
design charts are obtained which take into account the 
geometric conditions like the width of the excavation 

Fig. 2. Two-dimensional system including the Terzaghi-body

Gstb
�

Sdst

H = difference of groundwater level

B/2 = half width of excavation

T = embedded length

b = T/2

S = thickness of the aquifer

Terzaghi body-

2 B. Aulbach, M. Ziegler. Hydraulic heave – design charts and design formula for the required embedded length



B and the thickness of the aquifer S. Finally eight de-
sign charts have been generated which can be found 
in Aulbach (2013).

The design charts for a unit weight of submerged 
soil of γ’ = 11 kN/m³ and for favourable soil conditions 
is exemplified below (Fig. 3).

On the vertical axis the required embedded length 
related to the difference of the groundwater level T/H 
is plotted against the width of the excavation related 
to the difference of the groundwater level B/H on the 
horizontal axis. Furthermore, the different curves take 
into account the actual thickness of the aquifer S/H.

The design chart shows quite clearly that the 
width of the excavation has an enormous influence 
on the safety. By decreasing the width B the required 
embedded length T increases disproportionately as 
for narrow conditions the hydraulic potential for most 
part is reduced inside the excavation for reasons of 
continuity. Furthermore, the influence of the aqui-
fer becomes obvious. The higher the thickness of the 

aquifer S the higher is the required embedded length. 
This also results from continuity as for thin aquifers 
more of the hydraulic potential is reduced within the 
reduced sectional area below the retaining wall.

3. Investigations and design charts  
for three-dimensional conditions

In addition, extensive investigations for three-dimen-
sional conditions have been carried out. For this pur-
pose the length L of the excavation was varied leading 
to different width-length-ratios B/L of the excavation 
(Fig. 4).

The ratio was varied from B/L = 1.0 for square to 
B/L = 0.5 for rectangular to B/L = 0.3 for elongated ex-
cavations. Furthermore, it was distinguished between 
the corner and the midpoints of the front and the long 
side of the excavations. Hence, for every combination 
of width of the excavation and thickness of the aqui-
fer three embedded lengths have been determined for 
rectangular excavations (B/L < 1.0) and two embedded 
lengths for square excavations respectively.

As the number of necessary calculations increases 
for three dimensional conditions a software module 
had been developed together with the Institute of Hy-
draulic Engineering and Water Resources Manage-
ment of RWTH Aachen University. This module has 
automatized the iterative determination of the required 
embedded length in parts.

Based on the results, dimensionless design charts 
also for the considered three-dimensional conditions 
have been generated. The design charts for a unit 
weight of submerged soil of γ’ = 11 kN/m³, favourable 

Table 1. Partial factors of safety according to DIN 1054

Action Symbol BS-P BS-T BS-A

Soil weight, 
stabilizing

γG,stb 0.95 0.95 0.95

Seepage force, 
favourable soil

γH 1.35 1.30 1.20

Seepage force, 
unfavourable soil

γH 1.80 1.60 1.35

Fig. 3. Design chart for homogenous, isotropic and favourable 
soil under plane conditions

Fig. 4. System sketch for three-dimensional conditions
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soil conditions and a width-length-ratio of B/L = 0.5 
are exemplified below for the corner (Fig. 5), the front 
side (Fig. 6) and the long side (Fig. 7).

The design charts for B/L = 0.3 and B/L = 1.0 and 
other unit weights of the submerged soil can be found 
in Aulbach (2013).

The results of the three-dimensional calculations 
clarify the great influence of the width of an excavation 
once more. Furthermore, the comparison of the design 
charts shows that in the corner area a higher embed-
ded length is required compared to the sides and even 

more compared to the plane conditions (cf. Fig.  3). 
However, for very narrow excavations the differences 
decrease as under those conditions the main part of 
the hydraulic potential is reduced inside the excavation 
for reasons of continuity.

In order to consider four different unit weights 
of the submerged soil already eight design-charts were 
necessary for homogenous, isotropic soil under plane 
conditions considering favourable and unfavourable 
soil. For three-dimensional conditions, even 64 design 
charts had to be generated to distinguish between the 
corner and the sides and to consider different values 
of B/L (cf. Aulbach 2013).

4. Formula for planar conditions

Each of the design charts represents an instrument, 
with which the required embedded length can be de-
termined quickly and with great accuracy for the re-
levant situation. However, the great number of charts 
seems rather unwieldy. Therefore, the next step was to 
develop progressively an approximate design formula 
yielding the same results with sufficient accuracy. 

The required embedded length T related to the 
difference of the water level H for

– any width B and
– any thickness of the aquifer S,
– plane conditions,
– homogeneous, isotropic soil,
– which can be categorised as favourable and

Fig. 5. Design chart for the corner area in homogenous, isotropic 
and favourable soil under three-dimensional conditions

Fig. 6. Design chart for the short side in homogenous, isotropic 
and favourable soil under three-dimensional conditions

Fig. 7. Design chart for the long side in homogenous, isotropic 
and favourable soil under three-dimensional conditions
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– which has a submerged unit weight of
   γ′ = 11 kN/m³

can be determined with the formula:

( )

S1
H

B
H

0.541 0.395 1
T  0.32 1.244 0.32 .
H

e

e

 − 
 

 − 
 

  
  + ⋅ −      = + − ⋅

  
(4) 

Extensive details of the derivation of this formula 
can be found in Aulbach (2013).

5. Formula for three-dimensional conditions

Finally, the previous formula was extended and com-
bined with other formulae to enable its application 
for three-dimensional conditions, any unit weight of 
submerged soil and different safety levels (cf. Aulbach 
2013; Aulbach, Ziegler 2013).

This results in the overall formula shown in Fig-
ure 8, which includes a design constant Be to compen-
sate for deviations of the original formulae from the 
exact results of the FE calculations or design charts so 
that the results always lie on the safe side. Applying 
the factor Be the average deviation from the FE results 
for favourable soil conditions is ΔT/H ≈ 9%, and for 
unfavourable ground ΔT/H ≈ 12.5%. Without a design 
constant, the average deviations are only ΔT/H ≈ 2.5% 
and ΔT/H ≈ 6% respectively, but with change of sign.

It should be stressed at this point that the pres-
ent investigations are only valid for non-cohesive soils. 
Cohesive soils can suffer quite different failure mecha-
nisms under some circumstances, so that the design 
using only the formula is impermissible. In addition, if 
non-cohesive soil is categorised as unfavourable, com-
pletive investigations should be obligatory to exclude 
untypical failure types such as internal erosion.

6. Further investigations

Finally, it should be mentioned that for anisotropic or 
stratified soil conditions the required embedded length 
might increase as a larger part of the hydraulic poten-
tial has to be reduced inside the excavation. For this 
reason, investigations considering these soil conditions 
have been carried out and design charts and approxi-
mate formulae respectively have been developed.

The required embedded length in anisotropic and 
stratified soil is influenced by the ratio of the perme-
abilities. However, as the determination of permeabil-

ity is one of the most difficult tasks in geotechnical 
engineering, the parameters can often only imprecisely 
be determined or only roughly estimated. Therefore, 
an additional sensitivity analysis should be carried out 
with respect to the range of permeability of the con-
sidered soils.

Further details on anisotropic and stratified soils 
can be found in Aulbach (2013).

Summary and conclusions

Extensive numerical flow calculations were performed 
to develop numerous dimensionless design charts. 
These can be used to directly read off the required em-
bedded length for the safety against hydraulic heave 
depending on the decisive boundary conditions e.g. 
difference of the water level, thickness of the aquifer, 
width and length of the excavation and location in the 
excavation (corner, front, long side) and also depen-
ding on the soil conditions.

In addition, a formula was stepwise derived which 
enables the determination of the required embedded 
length in a simple way depending on the before men-
tioned variables. The deviations between the embedded 
lengths calculated with the formula and those from the 
numerical calculations are generally very small.

The presented formula (Fig.  8) can be directly 
established in structural design programmes to de-
termine the embedded length with respect to the hy-
draulic as well as to the structural requirements. This 
should avoid in future the iteration of the required 
embedded length, alternating between flow analysis 
and structural design programmes. This was formerly 
only possible using greatly simplified design formu-
lae, which however do not consider the geometrical 
boundary conditions, which can lead to unsafe results 
for narrow excavations.
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A spatial flow factor
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