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ABSTRACT: Pipelines can be considered as the blood vessels of the economy especially in a country with a large territory and an 
energy-focused economy like Kazakhstan. Pipeline failure can cause economic and environmental disasters as have happened in this 
country. A full-scale testing facility was developed at Nazarbayev University in Astana, Kazakhstan to conduct full-scale testing of the 
interaction between large and heavy buried pipe and its surrounding soils. The testing rig was fully instrumented with customized 
state-of-the-art sensors to measure forces, pressures and pipe, soil displacements including measurement of the top soil surface 
movements with photogrammetric techniques. Realistic monotonic and cyclic loading paths were tested in consultation with 
industrial collaborators; initial testing results showed that the facility can be successfully used to discover new mechanisms of buried 
pipe-soil interaction behaviour.    

RÉSUMÉ : Les pipelines peuvent être considérés comme les vaisseaux sanguins de l'économie, surtout dans un pays avec un grand 
territoire et une économie axée sur l'énergie comme le Kazakhstan. L'échec du pipeline peut entraîner des catastrophes économiques et 
environnementales comme dans l'histoire de ce pays. Une facilité d'essai à grande échelle a été mise au point à l'Université Nazarbayev à 
Astana, au Kazakhstan, pour effectuer des essais à grande échelle de l'interaction entre les grands tuyaux enterrés lourds et le sol 
environnant. Le banc d'essai a été entièrement équipé de capteurs à la fine pointe de la technologie pour mesurer les forces, les pressions 
et les déplacements des sols et des tuyaux, y compris la mesure des mouvements de la surface du sol avec des techniques 
photogrammétriques. Des réalistes chemins de chargement cycliques et monotones ont été testés en consultation avec des collaborateurs 
industriels; les résultats des essais initiaux ont montré que la facilité peut être utilisée avec succès pour découvrir de nouveaux 
mécanismes de comportement d'interaction entre les tuyaux enterrés et le sol.
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1  INTRODUCTION 

General guideline for steel pipeline design can be referred to the 
guideline by the American Lifelines Alliance (ALA 2001). One 
of the critical design situations that requires significant input 
from soil mechanics and geotechnical engineering expertise is 
when there is large movement of the buried pipe at the pipe 
bends due to internal pipe pressure and/or thermal expansion of 
the pipe wall material. The stress-strain behavior of the 
interaction between buried pipe and soil at the bends is highly 
non-linear as of typical soil behavior and this is further 
complicated in cyclic loading condition when the steel pipe is 
subjected to thermal cycles. A safe design solution must ensure 
that pipe deformation will not exceed the limits in terms of 
crack and rupture control, and this depends very much on 
accurate estimation/prediction of the soil resistance forces as a 
function of the pipe displacement. The design guideline (ALA 
2001) recommends numerical modelling of the non-linear 
buried pipe-soil interaction behavior for pipe movement at the 
bends; a full-scale testing facility was developed at Nazarbayev 
University in Astana, Kazakhstan to conduct full-scale tests of 
the buried pipe-soil interaction to validate the numerical 
modelling and to contribute to the pipeline design solution of a 
new large scale pipeline development project in the country.         

The built testing rig for buried pipe-soil interaction consists 
of a large test chamber of 2x6x3.5m (WxLxH) effective 
dimensions (see Figure 1) to contain the buried test pipe 
segment under different backfill conditions; pulling forces on 
the pipe of up to 1000kN can be applied from both sides along 
the length of the chamber using electric load actuators to allow 
for load reversal. The steel pipe segment used in the tests has 
1.2m length, 355mm outer diameter and 22mm wall thickness. 

2  EQUIPMENT DESIGN 

Since the pipe-soil interaction behavior was identified as the 
main objective of the tests, the two primary characteristics that 
must be measured to the required accuracy and data integrity 
specifications were the pipe displacement and the pulling forces 
applied on the pipe.  Both monotonic and cyclic loading were 
conducted but only small displacement rate of a few millimeters 
(~5mm) per minute was used as it should have resulted from 
thermal expansion cycles.  
 

 
Figure 1. 3D drawing of the testing rig with actuators installed at both 
sides of the centered test chamber. 

To ensure data integrity, primary force and displacement 
were measured with sensor redundancy; this had proved to be 
necessary during the tests when some sensors were damaged 
and/or showed abnormal behavior. The pulling forces were 
measured by the load pins that were installed on the fork end of 
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 the actuators where pulling cables were connected to for force 
transmission; the other end of the pulling cable was connected 
to a connection rod that was attached to the pipe segment as 
shown in Figure 2. Hollow core load cells (in doughnut shape) 
were installed around the connection rods from inside the pipe, 
they measured “true” soil resistance force which differs with the 
actuator force by the cable friction and soil resistance to the 
buried connectors. To prevent pipe rotation, two screw-jacks 
driven by a common motor (Figure 1) were used to pull from 
each side of the pipe, which resulted in two load pins and two 
hollow core load cells were used to measure the pulling forces 
in each loading direction. Curved plate adaptors were used to 
improve the force transmission from the actuator applied onto 
the inner surface of the pipe as shown in Figure 3. 
 

 
Figure 2. Test pipe segment inside test chamber during installation. 

 

 
Figure 3. Installation details of the hollow core load cell (orange part) 
inside the pipe, the (yellow) rods are connection rods to actuators. 

Displacement were measured separately for actuator 
movement and pipe movement. Movement of the actuators’ 
screw-jacks were measured using LVDTs attached to the pulling 
cables outside of the test chamber; short (50mm maximum) and 
long (500mm maximum) travel range LVDTs were used for 
different loading paths. These sensors were used simultaneously 
for small displacement loading paths; whereas for large 
displacement loading paths the short range LVDTs were 
disconnected from the pulling cables when the displacement 
was about to exceed their measurement limit of 50mm. Pipe 
movement was measured using a string potentiometer of which 
a string was attached directly to the buried pipe wall and 
extended within a protection conduit to the outside of the test 
chamber to connect to the sensor box as shown in Figure 4. The 
displacement measurement system was set up similarly for both 
loading directions and hence there were a total ten displacement 
sensors used in the tests.  

The load actuators, sensors were connected to an integrated  
control and data acquisition system; all sensor data were 
recorded automatically and feedbacks from displacement 
sensors were used selectively as control signals to drive the 
actuator motors to achieve the displacement/time profile of each 
loading stage. The control system was placed inside a separate 
working cabin where the tests were operated from and a “no-
entrance” zone was setup around the test chamber during  
loading stages for safety reason in case of pulling cable rupture 
under load.   

 
Figure 4. String for pipe displacement measurement going out of the 
test chamber within a protection conduit. 

Earth pressure cells of circular disk type were used to 
measure soil pressures acting on the four test chamber walls at 
the pipe level and vertical earth pressure acting on the chamber 
floor directly below the initial pipe position. A horizontal in-
place inclinometer system was installed along the whole test 
chamber length at a distance of two pipe diameters above the 
pipe level to continuously measure vertical soil movement 
when the pipe was moved underneath it. Finally, a dotted grid 
was painted on the top soil surface (see Figure 5) before the test 
and its picture was captured by two mounted cameras at 
specified time intervals during loading stages; the pictures were 
then processed to extract information of surface soil movement. 
 

 
Figure 5. Dotted grid is painted for surface movement measurement. 

 

 
Figure 6. Soil placement from the top using a big wheel loader. 

During the tests, the soil was placed into the test chamber 
from the top using a big wheel loader machine (Figure 6), soil 
was spread into even layers manually and compacted using a 
plate vibrator following specified procedures. Natural moisture 
content was measured but not controlled. Soil placement was 
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paused at certain levels to install the test pipe segment and 
sensors before it was continued until the required burial depth 
of the pipe was achieved (see Figure 7). The loading stages 
were then started following different loading protocols. When 
loading stages were completed, the front doors of the test 
chamber were opened and soils were removed manually into the 
bucket of the loader, which was moved close to the opening 
doors to facilitate soil removal. 
 

 
Figure 7. Layers of soil placement with pipe and inclinometer levels. 

3  TEST RESULTS 

This section describes the test results of one test example to 
demonstrate the performance of the testing facility. In-depth 
analyses will be presented in future publications. For this test,  
the pipe was burried at 1.5m burial depth under a compacted 
sandy gravel backfill material. The measured moisture content 
was 4% and the initial pipe position before test is shown in 
Figure 8 where the offset distance P is equal to 138mm. The test 
was conducted in a displacement-controlled manner, which 
targeted a constant rate of 5mm/min. Detailed information on 
the pipe travel distance is given in Table 1. 
 

 
Figure 8. Initial pipe position. 

 
Table 1. Pipe travel distance of different loading stages where zero 
distance indicates the initial pipe position as shown in Figure 8. Travel 
towards the right end wall is positive direction and vice versa. Stages 2, 
3, 5, 7 and 9 were cyclic tests when five loading cycles were conducted 
in each stage. 
 

Loading 
stages 

Pipe travel distance  Note 

1 0 – 100mm Monotonic
2 100mm – 47.5mm – 100mm 5 Cycles
3 100mm – 152.5mm – 100mm 5 Cycles
4 100mm – (-17.5mm) Monotonic
5 (-17.5mm) – 17.5mm – (-17.5mm) 5 Cycles
6 (-17.5mm) – 35mm Monotonic
7 35mm - (-35mm) – 35mm 5 Cycles
8 35mm – 52.5mm Monotonic
9 52.5mm – (-52.5mm) – 52.5mm 5 Cycles
10 52.5mm – 150mm – (-200mm) Monotonic

 
The results of the monotonic loading stage 1 are shown in 

Figures 9 to 11. The maximum resistance force was obtained at 
the maximum displacement in Figure 9. Subsurface vertical 
settlement profile in Figure 10 was obtained from the 

inclinometer data, which shows heaving in the moving direction 
of the pipe leaving downward settlement behind it. The 
subsurface settlement behavior continues to reflect on the 
surface movement behavior in Figure 11, which shows upwards 
movement on the right side and downwards movement on the 
left side of the pipe as it was moved 100mm to the right.  
 

 
Figure 9. Force-displacement behavior of the loading stage 1. 

 

 
Figure 10. Vertical settlement profile from inclinometer data. 
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Figure 11. Surface settlement profile from photogrammetry for the 
monotonic loading stage 1; the top figure shows vertical settlement 
(positive is upwards movement) while the bottom figure shows 
horizontal movement. 
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 The surface movement profile on horizontal plane in Figure 
11 shows that downward settlement is less associated with 
horizontal movement than upward movement on the right side 
of the test chamber. Furthermore, the dots mostly moved along 
the chamber length direction but not across it showing the 
behavior is more of two dimensional characteristics than three 
dimensional as expected from the relative dimensions between 
the pipe length and the chamber width during the design stage 
of the equipment. 
 

 
Figure 12. Displacement/time profile of the cyclic loading stage 2.  

 

 
Figure 13. Force/displacement profile of the cyclic loading stage 2. 

 

 
Figure 14. Vertical subsurface settlement profile of the cyclic loading 
stage 2. 

 
The results of the cyclic loading stage 2 are shown in 

Figures 12 to 15. In Figure 12, SP1 and SP2 are the 
measurements from string potentiometers 1 and 2 at two sides 
of the chamber showing that cyclic pipe movement was 
successfully achieved in this full-scale test under applied forces 
of more than ten tons in this loading stage. The vertical 

subsurface settlement profile in Figure 14 shows that the soils 
above the pipe have moved downwards more in stage 2 than 
stage 1 on both sides of the pipe (maximum heaving 1cm is less 
than  2cm as compared to stage 1; similarly maximum 
settlement of 1.5cm is more than 0.5cm in stage 1). 
 

 
 

 
Figure 15. Surface settlement profile from photogrammetry for the 
cyclic loading stage 2; the top figure shows vertical settlement (positive 
is upwards movement) while the bottom figure shows horizontal 
movement. 

4  CONCLUSIONS 

A full-scale testing facility has been sucessfully constructed 
from scratch at Nazarbayev University and a testing programme 
on burried pipe-soil interaction has been conducted using the 
newly developed facility. The outcomes of the works will 
contribute to the development of a major pipeline project in the 
country and this project has started new direction in terms of 
research collaborations with industry at this young university, 
which was only established a few years ago. The project is also 
a sucessful showcase of undergraduate student involvement in 
university research where students from different engineering 
departments have actively participated in the project in all 
phases from design to procurement, construction and 
conducting the tests. It is intended that different aspects of this 
project will continue to be incroporated into the teaching 
curriculumn at the Department of Civil Engineering, School of 
Engineering at Nazarbayev University.       
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