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ABSTRACT 
 
Lizhou Hydropower Station is an important cascading hydropower station on the Muli River in Sichuan 
Province of China. The height of RCC arch dam is 132 m, which is the world-class high RCC arch dam under 
construction. The geological conditions of the dam abutment are complex with various faults, interlayer shear 
zones, fissure belts, etc. These serious geological defects directly affect the stability of the arch dam abutment. 
Thus, a 3D geo-mechanical model test is used to analyze and evaluate the stability and security of Lizhou arch 
dam. In order to obtain the relative displacements of weak structure planes, a new type of inbuilt displacement 
measurement (IDM) system has been developed and installed on the structural planes to monitor the relative 
displacement. The IDM is composed of a displacement sensor, a Wheatstone bridge and a signal receiver. In the 
geo-mechanical model test of Lizhou high RCC arch dam, a large amount of efficient test data had been 
obtained by the IDM and provided important information to analyze and evaluate the stability of the high arch 
dam. 
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INTRODUCTION 
 
Geo-mechanical model test is a kind of scale rule research method to specific geotechnical engineering 
problems based on the similarity principle (Fumagalli 1979). It can factually reflect the geological structures, the 
engineering structures, the mechanical characteristics and the boundary conditions. During the model test, 
overloading on dam upstream leads the model to develop from the elastic stage to the plastic stage until the dam 
abutment and foundation failure. At last the associated test results are visualized, the failure patterns and the 
deformation distribution characteristics of the dam and the foundation can be obtained, and the failure 
mechanisms and the safety factor can be determined (Chen et al. 2012; Guan et al. 2011; Liu et al. 2012; Zhang 
et al. 2011).  
 
There are three core technologies in the geo-mechanical model test, include the technologies of model material 
developing, the loading and measuring. The measurement technology is very important to ensure adequate and 
accurate test data. In recent years, with the development of the electric resistance strain gages technology, the 
digital imaging theology and the optical fiber measurement technology, the model measurement technology 
have been improved steadily. However, there are still some unsatisfactory problems, such as the measurement of 
the relative displacement of weak structural planes in the foundation is difficult to monitor by the current 
measure instruments. Nevertheless, the relative displacement is an important reference to determine the dam 
abutment instability and to analyze the safety factor (Pan and He 2000). Therefore, in order to solve the problem 
of the relative displacement measurement, many research institutions have conducted numerous studies and 
obtained certain results (Zhu et al. 2010a, 2010b; Shen et al. 1988). Hong-hu Zhu of Najing University 
developed a mini multipoint extensometer measurement system, which is based on optical fiber measurement 
technology, to measure the small displacements in a cavern group model test. The Yangtze River Institute of 
Water Resources and Hydropower Research installed a special sheet metal in a geo-mechanical model to 
measure the internal displacement. 
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In this paper, a new type of inbuilt displacement measurement (IDM) system based on the electric resistance 
strain technology is presented. The IDM is composed of a displacement sensor, a Wheatstone bridge and a 
signal receiver. The displacement sensor can be installed on the weak structural planes and monitor the 
displacement parameters as the rock mass move along the structural planes. Then, the electric signals can be 
converted to the displacement values through the Wheatstone bridge and the signal receiver. The IDM is 
applicable for geo-mechanical models to monitor the relative displacement of weak structural planes. 
 
IDM SYSTEM 
 

Working Principle and System Design 
 
The IDM system is composed of displacement sensor, Wheatstone bridge and signal receiver. The working 
principle of the IDM system is described in Figure 1. Displacement sensors are embedded beside the structure 
planes to sense the displacement by the strain gages. Wheatstone bridge transforms the resistance signal of the 
strain gages into the electric signal for the signal receiver. The signal receiver consists of host device and vice 
device. The vice device is an amplifier that can amplify the electric signals. The host device is a digitalizer that 
can collect and analyze 100 signals simultaneously. 

 
Figure 1. Working principle diagram of IDM system 

 

 
Figure 2. Structure of displacement sensor 

 
The displacement sensor is made of a bottom box, a spring sheet, an electric resistance strain gage, a sliding 
cover, fixed block and other auxiliary facilities, as shown in Figure 2. The bottom box is a cubic box with an 
open top; and a fixed block is attached to one side. One side of the spring sheet is bolted to the fixed block, and 
the other side is free. The electric resistance strain gage attaches to the spring sheet and connects to the signal 
receiver. A sliding cover is placed on the bottom box and contacts with the spring sheet. 
 
The core of this displacement sensor is the spring sheet with an attached electric resistance strain gage. The 
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displacement of the spring sheet is proportional to its strain, as the spring sheet deforms, the strain of the spring 
sheet can obtained by the strain gage and the displacement values can be determined by the relationship curve of 
strain and displacement. According to the requirements of the displacement sensor, the elastic modulus of the 
spring sheet should be small and the elastic range should be large. Usually, the cymbal or phosphor bronze is 
usually adopted to make the spring sheet. 
 
In the model, the bottom box is embedded in the footwall rock of the weak structural plane while the sliding 
cover is embedded in the hanging wall rock of the weak structural plane. As the rock mass slide along the 
structure plane, it will push the sliding cover move and cause the spring sheet deform. Subsequently, the electric 
resistance strain gage creates the strain signals which can be transformed to the signal receiver trough the 
Wheatstone bridge. Finally, the displacement values can be determined according to the strain-displacement 
curves.  
 
Calibration for Strain-displacement Curve 
 
In order to obtain the displacement values measured by the IDM system, the strain-displacement curve of the 
displacement sensor should be determined before embedment. The relationship of strain and displacement can 
be determined by a calibration test in which a common surface displacement meter is used to measure the 
sliding cover’s displacement of the displacement sensor. The determination process can be carried out as 
following steps. First, the spring sheet creates an initial deformation, and the initial strain and displacement are 
recorded. Then, push the sliding cover forwards, both the displacement and strain values are recorded. Repeat 
this step and several dates can be obtained to draw the strain-displacement curve. Slop of each curve is used to 
convert the stain value to the displacement value for the corresponding displacement sensor. The typical 
strain-displacement curves of the displacement sensor are shown in Figure 3. The accuracy of the IDM system is 
0.001 mm. It can meet the demands of the displacement measurement in geo-mechanical model test. 
 

 
  Figure 3. Calibration curve of displacement sensor 

 
ENGINEERING APPLICATION 
 

Project Descriptions 
 
Lizhou hydropower station is located in Liangshan Yi Autonomous Prefecture in Sichuan Province in southwest 
China. It is one of six cascading hydropower stations along the Muli River with power generation as its major 
function. The total reservoir capacity is 189.7 million m3 at a normal water level of 2088 m, and the installed 
capacity is 355 MW. The height of the concrete arch dam is 132 m, which is the world-class high RCC arch dam 
under construction. At the dam site, the river valley is sharply incised with a high steep in both banks, which is 
beneficial to the construction of high arch dams. However, , there are many adverse geological structures in the 
dam foundation that affect the dam’s stability, such as faults, interlayer shear zones, and fissure zones. In the left 
abutment, the main geological structures include faults f4 and f5, fissure belts L1 and L2, large fracture Lp285 and 
interlay shear zones fj1~fj4. In the right abutment, the main geological structures include faults f4 and f5, and 
interlay shear zones fj1~fj4. The key factors affect the dam abutment stability are the interlay shear zones fj1~fj4, 
which cut the dam abutment into three layered rock mass structures (fj1~fj2, fj2~fj3, and fj3~fj4) and affect the 
integrity and stability of abutment. The geological structure of Lizhou project is shown in Figures 4 and 5. 
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Figure 4. Geological profile of Lizhou Project 
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Figure 5. Geological horizontal section of Lizhou Project at EL. 2050m 

 
Research Theory and Method 
 
The geo-mechanical model test is a kind of nonlinear failure test that must satisfy the similar requirements. 
Especially the requirements for simulating the characteristics of rock mass and structural planes are very 
complex. These similar requirements should been confirmed both in the elastic stages and the failure stage. The 
main similar requirements of geo-mechanical model test include the following contents. 
(1) The geometrical profiles of the dam, the dam abutment rock mass, and the main geological structure must be 
similar to the prototype. 
(2) The deformation modulus, tensile strength, and compressive strength of the model material must be similar, 
and the relationships of stress and strain also meet to the similar requirements. 
(3) The shear strength parameters of the friction coefficient f ′ and the cohesion force c′ must be similar. 
(4) The dam deadweight as well as the water and soil loads applied on the model must be similar. 
(5) The main similarity conditions can be expressed as Eqs1-6: 

×E LC C Cγ=                                         (1) 

1,   1,   1fC C Cµ τ= = =                               (2) 

б E cC C C Cτ= = = =…                               (3) 
3 2× ×CF L E LC C C Cγ= =

                               (4) 
If 1Cγ = , then 
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E LC C=                                             (5) 
3

F LC C=                                             (6) 
Where CE, Cγ, CL, Cσ and CF are similarity ratios for the deformation modulus, unit weight, geometry, stress, and 
load, respectively; and Cμ, Cε, Cf, and Cc are the similarity ratios for Poisson’s ratio, strain, friction coefficient, 
and cohesion force, respectively (Chen 1984, Zhang 2009, Wang et al.2009). Each similarity factor is defined as 
the ratio of the prototype parameter to the model parameter. 
 
By comprehensively analyzing the valley topography features, the main geological structure features, and the 
general layout characteristics of the arch dam and the modeling requirements, the geometry scale of the Lizhou 
dam model is determined as CL=150, the unit weight ratio is Cγ= 1, and the deformation modulus ratio is CE = 
150. Thus, the model size is 2.6 m × 2.8 m × 2 m (downstream direction × transverse × height), which is 
equivalent to the prototype size of 390 m × 420 m × 300 m. 
 
Based on the similarity principle, the mechanical parameters of the prototype and model materials are presented 
in Table 1. For each type of rock mass, barite powder is used as the main composition to provide the weight and 
realize the similar condition of Cγ＝1.0. Besides, the high grade oil and various polymeric materials are also 
mixed. For different type of rock mass involved in the study, different additive ratios are adopted to prepare the 
rock materials. And a hydraulic pressing machine is used to press the raw materials into the rock blocks by 
different sizes, which are used to build Lizhou geo-mechanical model. Furthermore, the faults, interlayer shear 
zones and fissure belts of the abutment are the major factors controlling the overall stability of Lizhou arch dam 
and the foundation deformation. The modeling materials of the structural planes are developed according to 
their similarity of shear strength parameters. A soft model material and various thin films with different 
roughness are used to confirm the demands of the similarity in shear strength. These materials are clamped 
between the rock blocks to build the layered structures. 
 

Table 1. Physical-mechanical parameters of prototype and model materials 

Material 
Prototype material parameters Model material parameters 

Ep fp 
cp Em fm cm 

103 MPa MPa MPa 10-3MPa 
Limestone (moderate weathering) 8 0.8 0.6 53.33 0.8 4 

Limestone (fresh rock) 12 1.2 1 80 1.2 6.7 
Interlayer shear zones fj1, fj2 — 0.65 0.08 — 0.65 0.53 
Interlayer shear zones fj3, fj4 — 0.45 0.03 — 0.45 0.2 

Faults f4, f5 3~4 0.45 0.05 20~26.7 0.45 0.33 
Fissure belts L1, L2 3~4 0.65 0.06 20~26.7 0.65 0.4 
Large fracture L285 — 0.2 0.005 — 0.2 0.033 

Note: Em, fm and Cm are the model parameters of deformation modulus, friction factor and cohesion, 
respectively. 
 
Model Measurement System 
 
In the model test, both the surface displacement system measurement and inbuilt displacement measurement 
system have been installed. The surface displacement measurement system is installed on the surface of both 
abutments and the dam body to study the surface deformation features. The inbuilt displacement measurement 
(IDM) system is embedded in weak structural planes, such as interlayer shear layers fj1~fj4, f5 and fault f4, 
fissure belts L1, L2, and large fracture Lp285, to monitor the structural relative displacement. For example, the 
arrangement of IDM on the layers of fj2 and fj3 are shown in Figures 6 and 7, respectively. In the figures, the 
arrows indicate the positive direction of the relative displacement. 
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 Figure 6. Arrangement diagram of IDM on fj2             Figure 7. Arrangement diagram of IDM on fj3 

 
MODEL TEST RESULTS  
 
The test schedule includes two phases: First, the loading is gradually increased to the normal load to test the 
working performance of the dam and its foundation under the normal working conditions. Secondly, the water 
pressure upstream is gradually overloaded by the loading step of 0.2~0.3 P0 (P0 is the normal water pressure) 
until the deformations are so large that the dam and foundation appear the trend of global instability. In each 
testing step, all test data are recorded to analyze the deformation characteristics, failure process, and failure 
pattern of the dam and foundation. 
 
Through the test, the following results can be obtained: (1) Relation curves between surface displacement δ  vs. 
overloading factor Kp of dam body and dam abutment, (2) Relation curves between internal relative 
displacement Δδ  vs. overloading factor Kp of structural planes and (3) Final failure pattern of dam model. 
 
Test Results of Surface Displacement 
 
In this model test, 64 measuring points of surface displacement were arranged on the dam surface downstream 
and both dam abutments. According to the relation curves between the dam body or abutment surface 
displacement δ vs. overloading factor Kp, their deformation characteristics can be obtained.  
 
For dam body displacement, under the normal working conditions, the dam crest displacement is larger than that 
of the lower-middle part, the arch-crown displacement is larger than the arch-side displacement, and the radial 
displacement is larger than the tangential displacement. This displacement feature of dam body is conventional. 
At the overloading stage, as the overloading multiple increases, the displacement of left arch increases more 
than the displacement of right arch, especially the displacement of the upper-middle portion of left arch is 
relatively large. The relation curves δ ~ Kp of dam crest are shown in Figure 8. 
 
For the dam abutment, the displacements of the left abutment are lager than that of the right abutment, and the 
structural planes have great influence on their surface displacements. On the left abutment, the displacements of 
the areas at the fj2~fj3 interlayer shear zones and near the fault f5 are large. And on the right abutment, the 
displacements of the areas at higher elevations near the fj3~fj4 interlayer shear zones are also larger. Therefore, 
the interlayer shear layers fj2, fj3, fj4, and fault f5 have a serious impact on the dam abutment deformation. The 
relation curvesδ ~ Kp of left abutment are shown in Figure 9. 
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Figure 8. δ~Kp curves of dam crest                  Figure 9. δ~Kp curves of left abutment 

 
Test Results of Internal Relative Displacement  
 
On the layers of the main structure planes, such as the interlayer shear layers fj1~fj4, faults f5 and f4, and the 
fissures belts L1, L2, and large fracture Lp285, 42 IDM systems were installed to monitor the structural relative 
displacement. The relative displacement Δδ and overloading factor Kp curves of the structural planes were 
obtained.  
 
For the left abutment, the main structure planes include f5, fj2 and fj3. Under the action of the arch thrust, the 
upper part of the abutment displacement is much larger than the lower part of the dam foundation. Under the 
normal condition, the displacements of structural planes are small. With the increasing of the water pressure, the 
displacements increase gradually. As the overloading factor Kp = 3.4~4.3, the relative displacement curves 
appear larger fluctuations and obvious inflection points, and the growth rate of the relative displacement 
increase rapidly. At last, most curves appear fluctuations and inflection points many times, and then the whole 
model loses the stability. The relative displacement curves of fj2 and fj3 on the left abutment are shown in 
Figures 10 and 11, respectively. 
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     Figure 10. Δδ~Kp curves of fj2 in left abutment         Figure 11. Δδ~Kp curves of fj3 in left abutment 
 
For the right abutment, the main structure planes include f4, fj4, fj3 and fj2. Under the action of the arch thrust, the 
rock mass move along the fault f4 downstream and the relative displacement f4 is largest. Additionally, as the 
overloading factor Kp = 3.4~4.3, relative curves appear with fluctuation and inflection points, and as Kp > 5.0, 
the growth rate increases rapidly and fault f4 appears to have a trend of instability. The relative displacements of 
fj2, fj3 and fj4 are larger than other positions, and the curves obviously appear some fluctuation and inflection 
points at Kp = 3.4~4.3. As the load increases, the rock mass between fj3 and fj4 incurs several cracks, and 
ultimately, fj3 experiences complete shear failure. The fj2 and fj3 relative displacement curves on the right 
abutment are shown in Figures 12 and 13, respectively.  
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  Figure 12. Δδ~Kp curves of fj2 in right abutment     Figure 13. Δδ~Kp curves of fj3 in right abutment 

 
Failure Pattern 
 
The final failure pattern of the dam body is shown in Figure 14. In the figure, the black lines represent the cracks. 
When Kp =3.4~4.3, the dam body is initially destroyed at EL.2040 in the left arch and this crack ultimately 
expands to the dam crest. When Kp =5.0~6.3, another crack is generated at the dam toe on the foundation 
surface in the right arch and ultimately expands to EL.2043.  
 
The final failure patterns of both abutments are shown in Figures 15 and 16. The destroyed zone of the left 
abutment is larger than the right abutment. In the left abutment, fault f5, located at the dam foundation, cracks 
through the entire structural plane. The interlayer shear layers fj3 and fj4 crack along the structural planes and 
expand downstream, and the rock mass between fj2~fj4 is seriously destroyed and generates a large number of 
cracks. These cracks extend downstream for approximately 81 m (prototype value). In the right abutment, the 
main destroyed zone is located at the upper abutment. The interlayer shear layers fj3 and fj4 crack along the 
structural planes, and the rock mass near the fj3~fj4 is destroyed. The cracks extend downstream for 
approximately 57 m (prototype value). 
 

 
Figure 14. Final failure pattern of model dam 

 

   
 Note: black lines represent the cracks. 

Figure 15. Final failure pattern of left abutment        Figure 16. Final failure pattern of right abutment 
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Evaluation of Safety Factor 
 
The overall stability of the dam and foundation has been assessed based on the following three aspects: (1) 
Relation curves between surface displacement δ vs. overloading factor Kp of dam body and dam abutment; (2) 
Relation curves between internal relative displacement Δδ vs. overloading factor Kp of structural planes; (3) 
Failure process and final failure pattern of dam and abutments. Based on above results, the overloading safety 
factor of Lizhou arch dam is KP=3.4~4.3. 
 
CONCLUSIONS 
 
Based on the resistance strain gage technology, a new kind of inbuilt displacement measurement (IDM) system 
has been developed to monitor the relative displacement of the structure planes in geo-mechanical model test. 
The IDM composed of a displacement sensor, a Wheatstone bridge and a signal receiver. It is applicable for 
different scales geo-mechanical models and be able to provide sufficient accuracy and stability. In the model test 
of Lizhou arch dam, IDM system was installed in the weak structural planes and obtained a large amount of 
relative displacements efficiently and successfully. These valuable data provided useful information to analyze 
and evaluate the abutment stability of the high RCC arch dam. 
 
According to the test results, include surface displacement curves, relative displacement curves and final failure 
pattern of dam model, the overall stability safety factor of Lizhou arch dam is determined as KP=3.4~4.3. The 
failure process and the failure pattern show that the rock masses in the middle-upper area of both abutments 
have been seriously destroyed. These damaged zones should be reinforced by the engineering measurements. 
Especially the treatments for the structure surface planes and the nearby rock masses located at the upper-middle 
section of the left abutment and the upper section of the right abutment should be focus on. The concrete 
replacement, pre-stressed cables, and consolidation grouting are recommended to perform and improve the 
abutment stability. 
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