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1  INTRODUCTION TO INCLINODEFORMETER 

1.1 Equipment 

The Inclinodeformeter (IDM) is a novel measurement 
device for measuring earth pressure changes, which 
was developed at the ETH Zurich (Schwager 2013). 
Figure 1a shows the IDM probe. The measurement 
system consists of the probe, a winch with a position-
ing system (shown in Figure 1b), a converter, a con-
necting cable between converter and laptop, a cable 
and a transition piece between inclinometer casing and 
winch. The different components of an inclinometer 
are shown in Figure 2.  

The probe is lowered down into the inclinometer 
casing, where the upper and the lower wheel are guid-
ed in one groove of the inclinometer casing. These two 
wheels are firmly connected with the probe. The mid-
dle wheel is pushed by means of a spring into the op-
posite groove and is equipped with a tilt sensor. Based 
on the inclination of the middle wheel the distance be-
tween two opposite grooves, i.e. the diameter of the 
inclinometer casing, can be  measured. The  measure- 

 
ments of the diameter are performed in two perpen-
dicular directions. 

Two additional tilt sensors at the top of the probe 
enable the measurement of the inclination of the incli-
nometer casing, i.e. a conventional inclinometer 
measurement. Furthermore, the IDM probe is 
equipped with a pressure sensor and a temperature 
sensor for measuring the water pressure in the incli-
nometer casing, and the temperature for a temperature 
correction respectively. 

 

 
 
Figure 1. Inclinodeformeter: a) IDM probe, b) winch with IDM 
probe 
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Figure 2. Inclinodeformeter: components of measurement system. 

 
The position of the probe in the inclinometer casing 

is determined with a rotation sensor on the winch. The 
measurements are taken continuously.  

1.2 Determination of earth pressure changes 

The model for determining earth pressure changes 
with the IDM probe, based on diameter measurements 
was also developed at ETH Zurich (Schwager 2013). 
The basic idea is that changes in the earth pressure 
lead to a change in two perpendicular diameters of the 
inclinometer casing, i.e. the circular cross section of 
the inclinometer casing is deformed to an elliptical 
cross section. 

The cross section of the inclinometer casing is de-
scribed by an ovalization value  on the basis of the 
measured diameters DA and DB and the initial radius of 
the inclinometer casing R (see Figure 3). 
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Figure 3. Cross section of inclinometer casing 

     





 

 
The change in the cross section of the inclinometer 

casing due to a change in the earth pressure is de-
scribed by the difference in the ovalization value be-
tween two sequential measurements. 

     1   0
   –

t t t t    (2) 

The earth pressure increment, which caused the de-
formation of the cross section of the inclinometer cas-
ing in a certain depth, is back calculated on the basis 
of the corresponding boundary value problem 
(Schwager 2013), which is explained briefly in the fol-
lowing. Therefore, the stiffness of the inclinometer 
casing, of the grout and of the soil must be known. 
The time-dependent stiffness of the inclinometer cas-
ing was determined by Schwager (2013) in laboratory 
tests. The grout stiffness is assumed equal to the soil 
stiffness as the back calculation is not very sensitive to 
the grout stiffness. The soil stiffness can be deter-
mined on core samples in the laboratory or estimated 
with in situ tests. The vertical direction is assumed as 
principal stress direction with a constant normal stress 
at a certain depth due to the overburden. Thus, the hor-
izontal cross section is under plane stress conditions. 
The two remaining principal stress increments, which 
represent the change in the earth pressure, are back 
calculated. A schematic layout of the boundary value 
problem is shown in Figure 4. The direction of the ma-
jor principal stress increment is another important pa-
rameter for the back calculation and is indicated in 
Figure 4 with . This direction of the major stress in-
crement, i.e. the rotation of the ellipse axis with re-
spect to the measured diameters of the inclinometer 
casing, cannot be determined from the measurements 
as only two diameters are measured. Meanwhile an in-
clinometer casing with 8 grooves has been developed 
to overcome this problem (Wachter 2016). Thus, in a 
first step the direction of the major principal stress in-
crement is assumed equal to the resulting displace-
ment vector of the inclinometer casing, which can be 
determined by conventional inclinometer measure-
ments. In some cases this assumption could lead to 
mistakes in the back calculation as shown in chapter 3. 

 
 
Figure 4. Layout of boundary value problem adapted according to 
Schwager (2013) 
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The mathematical procedure for the back calcula-
tion of the changes in earth pressure is comprehensive 
but consists of the parameters described before. Thus, 
the authors refer to the research work at ETH Zurich 
(Schwager 2013) concerning the equation for deter-
mining the changes in earth pressure based on IDM 
measurements. 

2 PRACITCAL APPLICATION OF THE IDM 
PROBE 

The Inclinodeformeter has already been used on dif-
ferent sites, including the stabilization of slow moving 
landslides, bridge abutments and retaining walls (Mar-
te & Ausweger 2014, Ausweger 2014). 

In this chapter the application of the Inclinode-
formeter for the strengthening of an existing retaining 
wall in Austria is presented. 

1.3 Presentation of the site 

The measurements at an already existing cantilever 
wall, which stabilizes a cutting for a highway showed 
high horizontal deformations of the retaining wall. To 
avoid a collapse of the retaining wall, a stabilization 
measure with pre-stressed grouted anchors was de-
signed and executed. The height of the cantilever re-
taining wall is about 12.9 m with an inside stem at the 
bottom and a reverse stem at a height of about 7.5 m 
from the bottom. The additional anchors were in-
stalled at three different levels. At about 3.9 m, 5.1 m 
and 8.4 m measured from the bottom of the retaining 
wall. The pre-stress load of the anchors is between 50 
kN for the upper anchor level and 340 kN for the low-
er anchor level. The grouted anchors are inclined with 
10°, the anchor length is between 15 m and 18 m and 
the anchor bond length is 10 m. 

 

 
 
Figure 5. Schematic layout of the boundary value problem includ-
ing the position of the inclinometer casing 

 
Table 1.  Material parameters Hardening Soil model  __________________________________________________ 
Parameter   Unit     Gravel     Silt __________________________________________________  
unsat     kN/m³    21.0      20.0 
sat      kN/m³    22.0      20.0 
E50,ref     kN/m²    40 000     20 000 
Eoed,ref    kN/m²    40 000     20 000 
Eur,ref     kN/m²    120 000     50 000 
’ur     -      0.2      0.2 
pref     kN/m²    100      100 
m      -      0.5      0.8 
’      °      39.5      20.0 
c’      kN/m²    3.5      14.0 
      °      9.5      0.0 
K0nc     -      1-sin´     1-sin´ __________________________________________________ 

 
A schematic representation of the retaining wall and 

the ground profile is shown in Figure 5. Additionally 
the position of the inclinometer casing for the Incli-
nodeformeter measurements is given. 

The soil behind the retaining wall consists mainly of 
sandy, silty gravel. Below the retaining wall the sub-
surface explorations identified clayey silt. The soil pa-
rameters were determined on the basis of laboratory 
tests. Together with the input parameters for the FE-
calculation, they are summarized in Table 1. 

As the retaining wall was close to the ultimate limit 
state, before the stabilization work started, the in-
creased earth pressure due to the pre-stressing of the 
anchors was of high interest. For this reason, meas-
urements with the IDM probe were conducted before 
and after the remediation work. The inclinometer cas-
ing was measured also one year after the stabilization 
work has been finished. This was done to evaluate the 
changes in earth pressure with time. 

1.4 Measurement results 

As mentioned in chapter 1 the IDM probe enables 
conventional inclinometer measurements and diameter 
measurements of the inclinometer casing. In the fol-
lowing the results of the conventional inclinometer 
measurements, which means the displacements of the 
inclinometer casing, and the results of the IDM meas-
urements (diameters), i.e. the earth pressure changes 
are shown. 

The zero measurement was taken on the 
16th January 2014, before the pre-stressed anchors 
were installed. Further measurements were taken on 
the 2nd April 2014 (after the installation of the an-
chors) and on the 16th April 2015. 

The measurement results are shown in Figure 6 and 
Figure 7. The conventional inclinometer measure-
ments show the displacements perpendicular to the re-
taining wall. Positive displacements represent a de-
formation of the retaining wall in direction of the 
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highway (see Figure 5). The magnitude of the dis-
placements is very small.  

 
 
Figure 6. Results IDM measurements: displacements A-direction 

 
However, after the installation of the pre-stressed 

anchors a deformation in the negative direction oc-
curred. After one year the retaining wall is roughly at 
the same position as it was before the anchors were in-
stalled. 

Figure 7a and 7b show the earth pressure changes 
for a major principal stress increment direction  of 0° 
and 30°, respectively. A positive value means an in-
crease of earth pressure. The measurement data is av-
eraged over one inclinometer casing with a length of 
3.0 m and the data in the area of couplings between 
two inclinometer casings is not taken into account. For 
the back calculation of the earth pressure changes the 
unloading / reloading stiffness of E = 120 MPa for the 
gravel and E = 50 MPa for the silt was chosen. These 
values are based on the site investigations and lab 
tests. The measurement results show a continuous in-
crease of earth pressure over depth due to the installa-
tion of the anchors (measurement on the 2nd April 
2014). The measurement one year after the remedia-
tion work shows a further increase of the earth pres-
sure.  

As mentioned in chapter 1.2, is the direction of the 
major principal stress increment  (see Figure 4) gen-
erally assumed equal to the resulting displacement 
vector of the inclinometer casing. Due to the fact that 
the displacements in this boundary value problem are 
very small it is very difficult to determine the resulting 
displacement vector in this case. In principle a defor-
mation perpendicular to the retaining wall (due to the 
pre-stressing of the anchors) can be assumed. In this 

case the direction of the major principal stress incre-
ment would be  = 0° (Figure 7a). 

 

 
 
Figure 7. Results IDM measurements: a) earth pressure changes 
with  = 0°; b) earth pressure changes with  = 30° 

 
Figure 7b shows the results of the analysis of the 

measurement data, considering a direction of the prin-
cipal stress increment of  = 30°. These different di-
rections of the major principal stress increment are 
considered for the following reasons: firstly, to show 
the significant influence of the direction of , the ma-
jor principal stress increment and secondly, the com-
parison with the FE-analysis, as presented in chapter 
3, which shows that the value for  cannot be equal to 
0° over the entire depth.  

The comparison of Figure 7a and Figure 7b shows 
the big influence of the major principal stress incre-
ment direction on the earth pressure changes. From 
that follows, that it is important to improve the deter-
mination of the parameter  in future. In general the 
earth pressure changes show an expected result, which 
is an increase of the earth pressure due to the anchor 
installation, but measurements also indicate an in-
crease of the earth pressure with time.  

2 COMPARISON OF MEASUREMENT RESULTS 
WITH FE-ANALYSIS  

To validate the measurement results of the Inclinode-
formeter the remediation work of the retaining wall 
was analysed by means of a FE-analysis. Therefore, 
the software PLAXIS 2D 2012 (Brinkgreve et al. 
2012) was used. 

For the sandy, silty gravel and the clayey silt the 
Hardening Soil model was used. The material parame-
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ters are summarized in Table 1. The unload-
ing/reloading stiffness Eur for the Hardening Soil 
model is the same as the stiffness for the back calcula-
tion of earth pressure changes. 

 
 
Figure 8. FE-model: deformed mesh after pre-stressing of anchors 

 
Other parameters are determined based on laborato-

ry tests or estimated from the results of the site inves-
tigations. The (deformed) FE-mesh after the calcula-
tion phase of "anchor pre-stressing" is shown in Figure 
8. The used model consists of about 2400 15-noded 
elements with a shape function of 4th order. 

Figure 9 shows the comparison between the meas-
ured earth pressure changes and the calculated earth 
pressure changes obtained with the FE-analysis. In the 
FE-analysis the change in earth pressure due to anchor 
installation is evaluated 2.5 m behind the retaining 
wall, which is the position of the inclinometer casing 
(Figure 5). The measured earth pressure changes are in 
a good agreement with the results obtained with FE-
analysis, with the exception of the area from 0.0 to 2.0 
m. In this area the measurement results are distorted 
due to a concrete pavement of an adjacent street be-
hind the retaining wall. However, this good agreement 
can only be achieved if the direction of the major prin-
cipal stress increment is changed with depth in the 
back calculation of the earth pressure changes based 
on the measurements with the IDM probe. Above the 
reverse stem  = 0° and below the reverse stem 
 = 30° was used for the direction of the major princi-
pal stress increment. This difference is most probably 
due to torsion of the inclinometer casing with depth, 
and maybe also a real change in the direction of the 
major principal stress increment (e.g. due to the re-
verse stem). However, the change in the direction of 
the major principal stress increment seems to be very 
large and the reason for that has not been clarified so 
far.  

The change with depth might also indicate a mis-
take in the assumption of a rotated ellipse for the de-
formed inclinometer casing. This problem with respect 
to the direction of the major principal stress increment 
shows, that improvements for an easy and correct de-
termination of the major principal stress increment di-

rection are necessary. Thus, an inclinometer casing 
with 8 grooves was developed (Wachter, 2016). 

 
Figure 9. Comparison measurements and FE-analysis  

 
During the investigation of the deformed retaining 

wall, cracks at the transition between the inside stem 
and the wall were detected. In order to investigate 
whether these cracks also develop in the FE-model, a 
novel constitutive model for shotcrete was used for the 
cantilever retaining wall. This model enables to calcu-
late the crack propagation in concrete structures. The 
model is briefly described in chapter 4. 

3 CONCRETE CONSTITUTIVE MODEL 

The constitutive model is explained in detail in 
Schaedlich & Schweiger (2014), therefore only a brief 
summary is given here. The model has been imple-
mented in the finite element software PLAXIS 2D and 
PLAXIS 3D 2013 (Brinkgreve et al. 2013).  

A compression negative notation is employed 
throughout this chapter of the paper. 

3.1 Yield surfaces and strain hardening/softening 

Plastic strains are calculated according to strain 
hardening/softening elastoplasticity. The model em-
ploys a Mohr-Coulomb yield surface Fc for deviatoric 
loading and a Rankine yield surface Ft in the tensile 
regime. Strain hardening in compression follows a 
quadratic function up to the peak strength fc, governed 
by Hc = 3

p / cp
p (3

p = minor plastic strain, cp
p = mi-

nor plastic strain at peak in uniaxial compression). 
Strain softening in compression is available in the 
model, but has not been employed in this study. The 
model behaviour in tension is linear elastic until the 
tensile strength ft is reached. Linear strain softening 
follows, governed by the major principal plastic strain 
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1
p and the fracture energy Gt. Leq is the equivalent 

length of the current stress point, which is derived au-
tomatically from the size of the finite element. 

 
Figure 10. Stress - strain curve in tension 

3.2 Time dependent stiffness, time dependent  
strength, creep and shrinkage 

Young’s modulus E increases with time t following 
the recommendation of CEB-FIP model code (1990). 
The same approach is followed for the evolution of 
concrete strength with time. The ratio of ft / fc is as-
sumed to be constant. Creep strains cr increase linear-
ly with stress  and are related to elastic strains via the 
creep factor cr. For concrete utilization above 45% of 
fc, non-linear creep effects are accounted for according 
to EC 2 (2004). 

Shrinkage strains shr are calculated as: 

 
shr

shrshr

tt

t
t

50
   (3) 

with ∞shr being the final shrinkage strain and t50
shr the 

time when 50% of shrinkage has occurred. 

4 BACK ANALYSIS OF CRACK PROPAGATION 

As time effects of stiffness and strength, creep and 
shrinkage are of minor importance in this example, 
only strain softening in tension was considered for the 
cantilever retaining wall. This feature of the constitu-
tive model enables to investigate the crack propaga-
tion in concrete structures due to high tensile stresses. 

In Figure 11 the normalized tension softening pa-
rameter Ht is shown for the cantilever retaining wall 
before the pre-stressing of the anchors. Ht is plotted 
from 0 (dark) to 1 (light), while Ht of 0 means no 
strain softening in tension, Ht = 0-1 means strain sof-
tening in tension and Ht > 1 would show regions with 
the residual tensile strength.  

The results of the FE-analysis show strain softening 
in tension at the transition between the inside stem and 
the wall, i.e. according to the FE-analysis in this area 
the crack propagation starts. This is exactly the same 

position where the cracks were observed at the real 
cantilever retaining wall.  

 

 
Figure 11. FE-analysis: crack propagation in cantilever retaining 
wall bevor pre-stressing of anchors 

5 CONCLUSION 

The paper shows the successful application of the In-

clinodeformeter for measuring the earth pressure 

changes behind a retaining wall due to the pre-

stressing of anchors. The comparison with FE-

analyses confirms the measurement results, but shows 

also that that the current approach used for the back 

analysis of earth pressure changes needs some im-

provements concerning the definition of the major 

principal stress increment.  
Finally, for the retaining wall a novel constitutive 

model for concrete was used. With that advanced 
model it is possible to calculate the crack propagation. 
In the performed analysis the position of the calculated 
tensile cracks show a very good agreement with the 
cracks observed at the real cantilever wall. 
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