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1. Introduction

An Observational Method (OM) is recommended in the 
PN-EN 1997-1:2008 Eurocode 7: Geotechnical Design – 
Part 1: General Rules as a possible method of verification of 
limit states complemented by the use of calculations, adop-
tion of prescriptive measures or experimental models and 
load tests or a combination of the above methods. In cur-
rent everyday design practice, most cases are based on en-
gineering calculations only, without or with a limited use 
of the observational method (Miśkiewicz et al. 2017a). In 
2002 a European geotechnical forum (GeoTechNet) pub-
lished a document (Patel et al. 2007) promoting modern de-
sign tools, including the application of the Finite Element 
Method (FEM) and the observational method to reduce 
costs and programmes on engineering projects without any 
safety compromise. 

The paper presents thoroughly the observational 
method, based on Structural Health Monitoring (SHM) 
system combined with numerical simulations of an in-
novative solution for road embankment. Steel grid rein-
forcement strengthened the embankment and founded 
on Controlled Stiffness Columns (CSC). The study is di-
rected to knowledge acquisition on the intricate (com-
plex) interaction between the CSC columns, the Load 

Transfer Platform (LTP) layer and steel grid via in situ 
measurements during the erection of the structure and 
live loading (Topolnicki 2013). The study was focused on 
the behaviour of the steel reinforcement and the beha-
viour of the outer rows of columns since this component 
is crucial for proper operation of the embankment. Simi-
larly, to the systems described in Kaminski et al. (2015), 
Mariak et  al. (2016a, 2016b), Miśkiewicz et al. (2016, 
2017a, 2017b), Rucka, Wilde (2013) and Wilde et  al. 
(2013), the design team was created to provide a prod-
uct meeting the prior stated conditions. The number of 
sensors and geometrical size of the system should have 
been as small as possible, yet sufficient to provide the 
information about the behaviour of the steel grid, rein-
forced concrete columns, and settlement of the structu-
re. Appropriate design of the LTP layer with steel grid 
should reduce significant horizontal forces acting on the 
outer CSC columns, subsequently, and reduce their ben-
ding. The obtained measurement data are bound to aim 
the subsequent back analyses and FEM computations 
to develop and verify of the authors design procedures 
and to assess better the risk involved in similar ground 
strengthening projects.
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2. Embankment and monitoring system

The monitored embankment is located next to the bridge 
(Fig. 1a). It is supported on CSC columns constructed by 
Keller Polska Sp. z o.o. moreover, overlaid by an LTP layer 
with an embedded steel grid (Fig. 2). The subsoil condi-
tion near the bridge is unfavourable: over 15  meters of 
mud, peat and gyttja over moraine clay and fine sand. The 
structure of the embankment is the foundation on CSC 
columns diameter 360 mm with spacing changing from 
1.4×1.9  m to 1.6×2.2  m. At the place of the most unfa-
vourable soil conditions, the thickness of organic soil is 
about 13 m (according to Cone Penetration Test (CPT) 20, 
Fig. 1b). At that location, the spacing of columns changes 
from 1.9×1.9 m in the centre to 1.9×1.5 m near the fill 
slopes. The columns are built of concrete C16/20. Two 
rows of outer columns are reinforced of UBs 160 (S355/JR 
steel), the LTP layer is 0.5 m thick, the steel grid is made of 
S355 steel with the rigidity of 157 MN in the across road 
direction and 121 MN in the long road direction. The de-
sign was based on ASIRI National Project (Simon 2013).

It was assumed that independent sensors working with 
different technologies measured the critical parameters 
of the embankment monitored during the progress of the 
construction. For example, the elongation of the steel grid 
was measured by a long base extensometers and small base 
extensometers based on vibrating wire sensors technology.

The monitoring program includes the following mea-
surement components (Fig. 1b, Figs 2–3):

 − forces in outer CSC column – 12 strain gages welded 
to steel beam IPE160 (4 sensors at three levels);

 − distribution of vertical stresses on the columns and 
subsoil – load cell sensors mounted on the columns 
heads (2 sensors) and the subsoil (4 sensors);

 − forces in the steel grid and horizontal displace-
ments of steel grid – 14 strain gauges and four long 
base extensometers mounted to the steel grid;

 − settlement of the embankment – measurements in 
one cross-section of the embankment, in two PVC 
pipes using “hydrostatic leveller”;

 − horizontal displacements of the outer columns – 
measurements carried out using an inclinometer. 
Two steel square inclinometer tube, length about 
12 m, were installed alongside steel reinforcement 
in two outer columns;

 − horizontal displacements of the subsoil among 
outer the columns – task carried out using an in-
clinometer. Two inclinometer PVC pipes, diameter 
70 mm and about 16 m long, were installed among 
outer columns.

The monitoring system designers sought to create a 
system not requiring an electrical supply. They were loo-
king for solutions based mostly on compatible sensors al-
lowing simplifying the data acquisition process. Finally, 
vibrating wire sensors were used for monitoring strains 
in the steel grid and column reinforcement as well as the 
pressure acting on columns heads and subsoil.

Fig. 1. Location of the monitored embankment

Fig. 2. Measurement scheme on cross-section of the embankment 
(detail A – Fig. 3a, detail B – Fig. 3b)
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3. Measurements

The location of various components of the monitoring sys-
tem is shown in Fig. 1c.

3.1. Forces in CSC outer column
Force identification in CSC columns was possible based 
on strain measurements. The vibrating wire sensors with 
the base 150 mm were applied (Fig. 4a). The sensor range 
is 3000µε, resolution 1µε, accuracy ±0.5% F.S. and nonlin-
earity <0.5% F.S. These sensors work in the temperature 
range from –20 °C to +80 °C. The sensors consist of a steel 
wire tensioned between two mounting blocks arc welded 
to the steel surface. The sensors detected excellent stability 
over an extended period. The essential task was to protect 
the vibrating wire sensors and cables against possible dam-
age during installation in the CSC column. That was why 
preliminary tests and calibration procedures were done 
in the workshop a few weeks before installation on a con-
struction site. After the installation, steel plates (Fig. 4b) 
protected the sensors.

The control measurements taken after installation of 
the instrumented profile in the chosen column indicated 
that all 12 sensors were operational and that the readings 
were in the desired range. It confirmed that the protection 
and installation procedures were appropriately conducted.

3.2. Pressure on CSC columns and subsoil
Vertical stresses acting on the column heads and the sub-
soil were measured using vibrating wire earth pressure 
cells with diameter 230 mm (Fig. 5b). These cells with 
ranges 5MPa (on columns heads) and 70 kPa (on subsoil) 

Fig. 3. Measurement details

Fig. 4. Measurement points located on columns reinforcement Fig. 5. Vibrating wire load cells measurement points
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showed resolution of 0.025% F.S., and accuracy ±0.1% 
F.S. They work in the temperature range from –20 °C to 
+80 °C. The applied cells (Fig. 5a) were made of two cir-
cular stainless steel plates welded together around their 
periphery and spaced apart by a narrow cavity filled with 
de-aired oil. The change of earth pressure squeezed the 
two plates together causing a corresponding increase in 
fluid pressure inside the cell. A vibrating wire pressure 
transducer converted this pressure into an electrical sig-
nal, next transmitted to the readout location. The site of 
the applied cells is presented in Fig. 5b. The stresses acting 
on the ground were measured at the centre between four 
adjacent CSC columns and among “side” CSC columns. 
The cells placed on the columns were levelled and screwed 
(Fig. 5a). Pressure cells on the ground were placed directly 
on a compacted soil among the columns, fixed in posi-
tions with pins and backfilled. 

3.3. Forces in steel grid

Two independent systems were made for a force identifica-
tion in a steel grid. The first one is based on strain meas-
urements with the use of the same type of sensors as in 
columns, i.e., strain gages. The second system is based on 
long base multiple point extensometers.

Short base vibrating wire sensors were welded to the 
steel grid (Fig. 6a). The works were conducted after back-
filling the first part of the LTP layer (Fig. 6b). The instru-
mented steel grid was laid down on the compacted fill. 
Afterward, the vibrating wire sensors were covered with 
waterproof boxes to protect them from external influ-
ences. The sensor shields were constructed using plastic 
boxes, sealed with micro-rubber and silicone seal. While 
all the sensors were installed, the control measurements 
showed each of them operationally; the readings were 
within the desired range.

Unfortunately, during the fill compaction using the 
smallest vibrator equipment available on site, 7 of 14 
strain sensors experienced excessive deformations. The 
vibro-compaction caused seven sensors to reach the rea-
dings above the allowable range. It was assumed that some 
of the sensors have been damaged and have changed their 
measurement parameters. Most likely, they were damaged 
due to excessive bending occurring during compaction 
and localized plastic deformations of the transmission 
layer and the soil underneath. Consequently, the possible 
readings of the remaining and still “operating” grid sen-
sors had to be interpreted with caution and crosschecked 
with other measurements.

Long base extensometers measured “elongation” of 
steel grid sheets laid down on the ground with an over-
lapping. The device was made of four steel wires of diffe-
rent lengths (from 14.465 m to 23.743 m) connected to 
steel grid sheets in selected locations, and the measuring 
“box” with four extensometers screwed to the steel grid 
at the centre of the embankment (Fig. 7). All wires were 
covered with PVC protection tubes. Extensometers were 
installed across two or three separate steel grid sheets.

3.4. Embankment settlement
The last element of the monitoring system, installed after 
backfilling previous sensors, was the embankment settle-
ment system along the entire cross-section of the embank-
ment. The system was based on the assembly of tubes, the 
location of the precise differential pressure transducer. The 
method is called hydrostatic levelling (Boerez et al. 2012).

Two horizontal tubes were initially installed (Fig. 
8a−b). First, it was planned to install one tube beneath the 
transmission layer and the second one above this layer. 
However, because the monitoring system was a prototype, 
it was decided to double the measurements conducted at 
the top of the transmission layer. Both tubes of 10 cm dia-
meter were made of PVC, corrugated outside and smooth 

Fig. 6. Measured points on steel grid

Fig. 7. Long base extensometers for measuring elongation                 
of the steel grid
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inside. At both ends of each tube, steel H-beams of 1 m 
length were attached (Fig. 8a). The steel beams allowed to 
stabilize the tubes and were used for installation of the re-
ference pins required to make geodetic measurements.

The settlement at the LPT level was measured using 
a high-precision differential pressure transducer (Fig. 8c). 
The device consists of a probe, inserted into the tube and 
pulling the tube using a rope. Inside the probe, there is a 
sensor with a membrane recording small pressure changes 

to determine relative height of the probe. The relative 
height readings were converted to absolute level data ba-
sed on geodetic measurements taken at the reference pins 
located on both sides of each tube.

The initial tests confirmed that the accuracy of settle-
ment measurements with the applied system was less than 
1 mm. It is noted that this device shows a measurement pre-
cision on other geodetic systems, e.g., terrestrial laser scan-
ners (Bernat et al. (2014); Janowski et al. (2015); Laskows-
ki, Szulwic (2014); Szulwic et al. (2016)). The hydrostatic 
levelling device, designed and produced by this monitoring 
system, was intended to control possible vertical displace-
ments of the entire cross-section of the embankment. The 
measurements could be conducted within the transmission 
layer providing reliable information about its response. 

4. Results

Numerical analysis was conducted with the use of Finite Ele-
ment Method. The FEM model of the cross-section with or-
ganic soil thickness of 13 m (according to CPT 20) (Fig. 1b) 
was created. The soil was modelled by elasto-plastic material 
(CM); the linearly elastic material was adopted for reinforced 
columns. The equivalent live load equal 25kPa was assumed 
for the problem. Selected simulation results are shown in 
Fig. 9. The maximum total settlement achieved 9.9 cm, its 
part; equal to 3.9 cm came from deadweight, the rest 6.0 cm 
was produced by the live load.

Structural displacements obtained by the observa-
tional method are shown in Fig. 10. The measurements 
corresponding to the above numerical results are plotted 
by the red line, corresponding to the day of launching the 
road S-61 to public transport (December 19, 2013). At that 
time, the maximum displacement reached 12 cm, more 
than the displacement obtained by numerical analysis. The 
measured displacement profile (Fig. 10) is unsymmetrical 
along the road cross-section indicating that the soil para-
meters are irregular. The settlement process finally stabili-
zed around one year after completion of the embankment 
construction. The maximum value of settlement during 
the observation period is about 150 mm. 

Fig. 8. Embankment settlement measurement by hydrostatic levelling

Fig. 9. Simulations of embankment settlementD
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Figure 11 presents the measurement results of com-
pressive stress on column and subsoil. Within about 2 years 
of observation, the average pressure values per one column 
reached 4.2  MPa, the average pressure values on subsoil 
were 26 kPa. The column pressure detected numerically was 
4.8 MPa. The numerical results approximate the experimen-
tal ones well. It can be stated that the real behaviour of the 
embankment met the designer expectations (Sondermann, 
Topolnicki 2014). However, the interpretation of other me-
asurement data is relatively complex. It requires extensive 
numerical simulations updated on data gained form the mo-
nitoring system. In the design procedures and embankment 
condition evaluation during operation only primary nume-
rical parametric study was conducted, a further study aiming 
at the solution for the inverse problem is planned too.

5. Conclusions

The Load Transfer Platform with steel grid reinforcement is 
a kind of an innovative structure. For this reason, the scien-
tists from Gdansk University of Technology and engineers 
from Keller Polska conducted joined research on road em-
bankment with the use of numerical analysis and in situ 
observational method. The research team developed and 
implemented two prototype measurement systems: hydro-
static levelling of the embankment cross-section and long 
base multiple point extensometers mounted on the steel 
grid. Both systems provided reasonable results to carry out 
long-term structural observations. A lower sort of experi-
ence emerged in strain measurements on Controlled Stiff-
ness Columns and steel grid with the use of short base vi-
brating wire strain gages. The test column was impacted by 
the installation of the adjacent columns. This process result-
ed in a high, temporary stress increase which consequently 
disturbed the interpretation of further measurements. A 
similar problem occurred in strain measurements in the 
steel grid. Some of the vibrating wire sensors were destroyed 
during backfilling and compaction of the transmission lay-
er. Sensor damage happened despite the use of a thicker 
transmission layer and switching off roller vibrations.

Nevertheless, the collected results made a great in-
sight into the embankment condition. The comparison 

of the numerical and experimental results provided ne-
cessary evidence for the embankment numerical model 
validation. The results also allowed to finally stating that 
the innovative embankment reinforcement is working 
according to the design expectations. The proposed solu-
tion, i.e., Load Transfer Platform with steel grid reinforce-
ment, reduce bending of the outer columns, taking assu-
med load level. The combination of numerical simulations 
and in situ measurements led to better understanding of 
structural behaviour, to mitigate risk and possibly optimi-
ze innovative engineering solutions.
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