
 

 

1 INTRODUCTION  

The application of piezoceramic bender elements for 
measurement of damping ratio in the frequency do-
main in a triaxial cell under isotropic confinement is 
discussed in this paper.  

To characterize soils dynamically piezoceramic 
elements have been increasingly used in the last 30 
years. In an early stage piezoceramics were mainly 
used to generate and receive compression waves. 
Since little information about the soil structure can 
be obtained and the P-wave velocities are highly 
influenced by pore fluid, the piezoceramics have 
been combined in different forms to generate and re-
ceive shear waves. Such combined forms of piezoce-
ramics are known as bender elements.  

Bender elements consists of two thin piezoce-
ramic plates rigidly bonded to a central metallic 
plate. Two thin conductive layers, electrodes, are 
glued externally to the bender.  

The polarization of the ceramic material in each 
plate and the electrical connections are such that 
when a driving voltage is applied to the element, one 
plate elongates and the other shortens. The net result 
is a bending displacement. On the other hand, when 
an element is forced to bend an electrical signal can 
be measured through the wires leading to the ele-
ment. A transmitter element and a receiver element 
are respectively placed in the bottom and top cap of 
a triaxial cell.  

The shear strain of a pulse generated by a bender 
element is less than 10-3 %, falling in the elastic 
strain range of soil.  

In most of the papers presented in literature 
bender elements are used to measure wave velocity 
in the time domain. In these methods a pulse is emit-
ted by a bender element and the travel time is deter-
mined when the pulse arrives at the second bender 
element, with the tip located at a known distance 
from the tip of the emitter.  

The work of Brocanelli & Rinaldi (1998) de-
scribes a method to measure the damping ratio and 
shear wave velocity, using bender elements while 
working in the frequency domain. This technique is  
revived, new theoretical formulations for the inter-
pretation of the test and finally the results of tests on 
two samples of a silt material are given. 

2 OUTLINE OF THE METHOD 

The idea of the method is to bring a short cylindrical 
soil sample in a shear movement. For that reason the 
bottom bender element is excited with a steady sine 
signal of constant voltage and the amplitude is 
measured at the receiver element. To make this 
value independent from the source amplitude it is 
normalized by this amplitude. This process is re-
peated at different frequencies until the whole spec-
trum of sample response is defined. The damping ra-
tio is estimated at the points of the curve around the 
natural frequency of the shear mode. For this pur-
pose different techniques are available such as the 
half-power and the more general circle-fit method, 
the latter is also using the phase components of the 
resonant curves. Preliminary tests on a clay sample 
showed that it could be difficult to find the correct 
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peak in the response spectrum corresponding with 
the shear mode. So it is useful to have knowledge 
about the frequency range were this mode domi-
nates.  

The main tasks to apply this method are, beside 
the laboratory test itself:  a) finding of a suitable way 
to predict the shear mode frequency and b) the cal-
culation of the damping value from the response 
spectrum itself. 

3 LABORATORY APPARATUS AND TEST 
SET-UP 

The test triaxial cell in which the sample is subjected 
to an isotropic confining water pressure and the pe-
ripheral devices used in this work are shown in Fig-
ure 1. Bender elements are mounted at the center of 
the bottom and top cap (Dyvik & Madshus 1985). 
The signals to drive the transmitter element are gen-
erated by a HP Dynamic Signal Analyzer and ampli-
fied in a separate device to a peak-to-peak amplitude 
of about 40 Vp-p. The receiver bender element is 
connected to the analyzer directly. To make com-
parisons possible between the applied and the re-
ceived signal, the driving signal to the sender is ob-
served by the analyzer too. If the dynamic analyzer 
is used in the swept sine mode and a frequency-span 
with a step width is given, the analyzer changes the 
source frequency automatically, calculates the ratio 
between source and receiver amplitudes and draws 
the response curve. A test takes about 1.5 minutes.  

The mass of a standard metal upper cap is several 
times larger than the mass of the soil specimen. This 
would force the sample to a bending oscillation in-
stead of the desired shear oscillation. Therefore the 
metal cap was redesigned and a new cap was made 
of a plastic material with a total mass of about 51 g. 

During the test the top cap only rests on the sam-
ple, the connection to the loading plunger is re-
moved. 
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Figure 1. Schematic test set-up. 

4 NATURAL FREQUENCY OF THE SHEAR 
MOVEMENT 

4.1 Analytical formulations 
A cylindrical soil sample placed in the triaxial cell 
can be considered in a simplified assumption as a 
fixed-free beam with the mass of the top cap at-
tached at the free end. Brocanelli & Rinaldi (1998) 
have shown by means of a finite element analysis of 
a 3 cm high sample that with a relatively light mass 
at the top, the sample deforms in perfect shear in the 
first mode and with the increase of the mass at the 
top, the shape of the deformed specimen tends to be 
of flexural. For a pure shear deformation an expres-
sion for the angular natural frequency of the first 
shear mode (ωS) can be derived from the wave equa-
tion for a shear wave propagating in a rod and the 
force equilibrium at the boundaries: 
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where m is the mass of the top cap, mT is the mass of 
the sample, L is the sample length, k is the shear fac-
tor and VS is the shear wave velocity, latter is con-
nected to the shear modulus G and the unit mass ρ 
by the expression: 

ρ
GVS =  (2) 

A detailed formulation can be found for instance in 
Graff (1991) and Brocanelli & Rinaldi (1998). For 
long samples or large masses of the top cap, the first 
resonant mode of the beam will be predominately of 
the bending. For the case of a pure bending deforma-
tion Cascante et al. (1998) obtained the following 
equation from the Rayleigh approximation: 
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E is the modulus of elasticity, I the area moment of 
inertia and h the distance between the end of the 
sample and the centroid of the mass of the top cap. 

The basic concept in the Rayleigh method is the 
principle of conservation of energy. To apply the 
Rayleigh procedure, it is necessary to assume the 
shape of the system in its fundamental mode of vi-
bration. This assumption of a shape function effec-
tively reduces the system to a SDOF system. Thus 
the frequency of vibration can be found by equating 
the maximum strain energy developed during the 
motion to the maximum kinetic energy. Detailed in-
formation concerning Rayleigh's method can be 
found in Clough & Penzien (1993). 

Because the real behavior of the sample is always 
influenced by shearing and bending it could be diffi-



 

 

cult to find criteria to decide what expression is 
more suitable. Therefore the Rayleigh expression 
was extended by a term for the horizontal shear dis-
placement. This led to the following equation: 
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The derivation of Equation 4 can be found in the ap-
pendix. The actual shape of the mode is supposed as 
the superposition of a bending and a shearing dis-
placement. η depends on the ratio between these two 
parts. The unit of η is m². A is the area of the cross 
section. The resonant frequency ω can be calculated 
at those η where ω becomes a minimum. This fol-
lows from the consideration that any shape other 
than the true vibration shape would require the ac-
tion of additional external constraints to maintain 
equilibrium. These extra constrains would stiffen the 
system, adding to its potential strain energy, and 
thus cause an increase in the computed frequency. 
Consequently, the true vibration shape will yield the 
lowest frequency obtainable by Rayleigh's method. 
The solution of the extreme value problem is possi-
ble but leads to a very large expression and is there-
fore not given here. 

Another approach to calculate the natural fre-
quency of the soil sample is to use the thick beam 
theory, the so-called Timoshenko beam theory. The 
Timoshenko beam includes beside the bending ef-
fects, shear and rotary inertia effects. A suitable so-
lution of the system of differential equations of a 
cantilever beam with a mass elastically mounted at 
the free end can be found in Rossit & Laura (2001). 
Simplified to the case of a rigid mounted mass, this 
solution is given by the following determinant ex-
pression: 
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The natural circular frequency ωT can be extracted 
from this expression. 
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Figure 2. Simplified system with parameters of Equation 5. 

 

4.2 Finite element model 
The given analytical expressions describe only the 
first flexural mode. Even though the kind of excita-
tion suggests that this mode is dominating, a finite 
element model was used to get an idea what other 
modes appear and especially to check how they in-
teract with the flexural mode of interest. Further-
more the validity of the Rayleigh and the Ti-
moshenko formulation can be evaluated. 

The system of the cylindrical sample and the top 
cap was modeled in the three dimensional space 
with the FEM-program ABAQUS. All nodes in the 
bottom face of the sample were fixed. The discreti-
zation of sample and cap was done by nearly cubic 
brick elements of about 4 mm length. Linear elastic-
ity was chosen for the behavior of the soil sample 
and the cap. The latter was modeled with the actual 
properties of the plastic material, i.e. a mass of 51 g, 
an elasticity modulus of 3400 MPa, a height of 19 
mm and a diameter of 50 mm. The bender elements 
itself and the excitation were not included since the 
modeling focuses on the extraction of the natural 
frequencies and shapes of the modes. The first five 
modes together with a verbal description are given 
in Table 1. This table is valid for the reconstituted 
silt sample S1 at 100 kPa confining pressure and for 
the coefficient CA = 0. 

From the FEM-calculation it is seen that the low-
est mode is indeed a flexural mode dominated by 
shear deformation. The frequency of the second 
mode seems to be sufficient higher so not interacting 
with the first mode. 



 

 

Table 1. Natural frequencies found by finite element calcula-
tion for sample S1, 100 kPa and CA = 0. ___________________________________________________ 
Mode 1 Mode 2 Mode 3 Mode 4 Mode 5  ___________________________________________________ 
 

     
875 Hz 1301 Hz 2171 Hz 2354 Hz 4251 Hz 
flexural torsional longi- flexural torsional, 
  tudinal  2nd order ___________________________________________________ 

Poisson's ratio 
The shear wave velocity is determined by time arri-
val measurements on the real sample so the shear 
modulus is known. However the analytical expres-
sions as well as the finite element model need the 
elasticity modulus too. An experimental measure-
ment using pulses of compression waves was not 
done. Therefore, the elasticity modulus was calcu-
lated assuming a Poisson's ratio of ν = 0.29. The fi-
nite element analysis is performed with different ν 
values to evaluate the influence of ν on the natural 
frequencies. The differences between the natural fre-
quencies for the lowest mode, dominated by shear 
deformation, were not crucial. Therefore an assump-
tion of ν = 0.29 seems to be acceptable and is used 
in all calculations. 

Shear coefficient k 
A shear coefficient k is needed in the Equations 4 
and 5. The coefficient is a dimensionless quantity, 
dependent on the shape of the cross section and is 
introduced to account for the fact that the shear 
stress and shear strain are not uniformly distributed 
over the cross section. According to the definition, k 
is the ratio of the average shear strain on a section to 
the shear strain at the centroid. Beside the simple, 
Poisson's ratio independent assumption k = 0.9, 
Cowper (1966) gives the following expression for a 
circular cross section: 
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This gives for a Poisson's ratio of ν = 0.29, 
k = 0.886. Because in a FEM calculation the values 
of shear stress and shear strain are known at each 
node the k coefficient can be calculated by these 
data too. The shear stress at each node in a cross sec-
tion was taken and averaged. This value was divided 
by the shear stress in the middle of the section and 
provided a k factor. The k values for the different 
sections were again averaged. The final k factor cal-
culated at the frequency of the 1st mode was 
k = 0.8039, which is less than Cowper's shear coef-
ficient. This seems reasonable since Cowper (1966) 
points out that his values of k are most satisfactory 
for static and low-frequency deformations of beams 
and not for high-frequency vibrations as in our case. 

The estimation of the natural frequencies in the 
experimental part of this work is always done with 
the FEM-value k = 0.8039. 

4.3 Influence of the confining water pressure on the 
natural frequency of the sample 

The water in the triaxial cell used to apply an iso-
tropic stress to the sample, is considered as an in-
compressible and inviscid fluid. An open water sur-
face does not exist in the closed cell. In this case the 
influence of the fluid to the natural frequencies of a 
rigid cylinder, surrounded by the fluid, can be taken 
into account by introducing an additional mass to the 
system. This mass results from some of the fluids 
particles being permanently displaced by the intrud-
ing body and can be quantified following Wilson 
(1984): 

4
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am denotes the added mass per unit length, CA is a 
nondimensional added mass coefficient, ρF is the 
fluid density and d the diameter of the cylinder. It 
was observed that, as the cylinder length becomes 
much larger than its diameter, the value of CA ap-
proaches a theoretical limit of unity. For shorter cyl-
inders different authors give coefficients depending 
on the length to diameter ratio l/d. For instance Haf-
ner (1977): 
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Equation 8 is given for the case of a moving cylinder 
with two free ends. Even though the considered sys-
tem of sample and top cap is fixed at one side it can 
be assumed that this equation gives a reasonable ap-
proximation. The length l is assumed with the total 
length of sample and top cap. 

So resonance frequency calculations, including 
the effects of the confining water, can be easily per-
formed using a virtual mass composed of the actual 
body mass and the above given added mass.  

5 VISCOUS MATERIAL DAMPING 

The basis for the analysis of the frequency response 
of the soil sample is the identification of different 
modes of vibration at resonance. The damping ratio 
D is calculated at these points of the response spec-
trum in the neighbourhood of a resonance peak.  

5.1 Amplitude of the response spectrum 
The most common method of measuring damping 
uses the relative width of the response spectrum. Us-



 

 

ing the quantities indicated on the curve in Figure 3, 
the logarithmic decrement δ and the damping ratio 
D, can be calculated from (Richart et al. 1970): 
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When D is small, the last term and (1-D2)0.5 can be 
taken as equal to 1.0. Further simplification is possi-
ble, if A is chosen equal to Am/20.5: 
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The application of latter expression is usually called 
the half-power method. 

 
 

 
Figure 3. Resonant curve with variables for half-power method. 

 

5.2 Circle-Fit method 
The circle-fit method, described in Ewins (1988) is 
able to calculate the damping ratio with very few 
points around the resonance peak and the amplitude 
of the peak has only little influence on the result. 
This is an advantage in cases were different modes 
have frequencies close to each other. 

The Nyquist plot of the response spectrum of a 
single degree of freedom system leads to a circle as 
shown in Figure 4. Even though the sample is not 
such a system it behaves for selected frequency sec-
tions in the same way. The material damping can be 
calculated from points close to the maximum ampli-
tude using the following expression: 
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with:  
ω0, angular frequency corresponding to the maxi-
mum sweep angular velocity; 

 ω1,  ω2, angular frequencies; 
α1, α2, angles at both sides of ω0. 

 
A circle is fitted to the points of the response curve 
close to the resonant frequency to find the center. 

Knowing this point makes it possible to determine 
the necessary angles α. 
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Figure 4. Nyquist plot used in the circle-fit-method. 
 

6 TESTING ON SILT SAMPLES 

The bender element test was performed on two silt 
samples from the same site. One sample was recon-
stituted (S1) and the other undisturbed (S2). Both 
were subjected to different isotropic stress levels by 
an external water pressure. The backpressure inside 
the sample was set to 100 kPa. The external iso-
tropic pressure was therefore chosen always 100 kPa 
above the value of the target effective stress. The ab-
sorption of water by the sample during consolidation 
was measured and taken into account for the calcula-
tion of the sample mass. The shear wave velocity 
was determined by the analysis of the wave arrival at 
each stress level. The parameters of the sample be-
fore the installation in the cell are given in Table 2. 
The properties of the top cap are repeated in Table 3. 

 
 

Table 2. Parameters of the tested silt samples. ___________________________________________________ 
Sample  S1 S2 
  reconstituted undisturbed ___________________________________________________ 
Length, L [mm] 29.0 29.5 
Diameter, d [mm] 50 50 
Distance bender  
elements, tip to tip [mm] 25 25.5 
Mass, mT [g] 101.53 119.49 
Unit mass, ρ [kg/m³] 1783.1 2062.9 ___________________________________________________ 

 
Table 3. Properties of the top cap. ___________________________________________________ 
Height [mm] 19 
Diameter, d [mm] 50 
Mass, m [g] 50.74 ___________________________________________________  
 
Figures 5 and 6 present the measured response spec-
tra, Tables 4-7 and Figure 7 the predicted and meas-
ured natural frequencies. 



 

 

 
Figure 5. Frequency response spectra for sample S1 (reconsti-
tuted). 

 
 

 
Figure 6. Frequency response spectra for sample S2 (undis-
turbed). 

 
 

 
Figure 7. Calculated and measured resonant frequencies for the 
first flexural mode of sample S2 (undisturbed), added mass ef-
fects are included (CA = 0.48).  

 
 

Table 4. Sample S1 (reconstituted), sample conditions. ___________________________________________________ 
Effective Stress, peff [kPa] 100 200 300 ___________________________________________________ 
Water absorption [g] 11.44 10.94 10.24 
Effective sample mass, mT,eff [g] 112.97 112.47 111.77 
Shear wave velocity, VS [m/s] 216.92 224.52 246.31 ___________________________________________________ 

 
Table 5. Sample S1 (reconstituted), measured and predicted 
natural frequencies, measured damping ratios. ___________________________________________________ 
Effective Stress, peff [kPa] 100 200 300 ___________________________________________________ 
Resonant frequencies: 
 
 CA = 0  _________ 
 Rayleigh Equation 4, fRay. [Hz] 888 918 1005 
 Timoshenko Equation 5, fTBT [Hz] 962 995 1090 
 FEM, fFEM [Hz] 875 904 989 
 
 CA = 0.48  _________  
 Rayleigh Equation 4, fRay. [Hz] 773 799 875 
 Timoshenko Equation 5, fTBT [Hz] 880 909 996 
 FEM, fFEM [Hz] 763 788 862 
 
 Experimental result, fmeas. [Hz] 582 708 807 ___________________________________________________ 
Damping ratio: 
 Half-power method, DHPM [%] 7.9 9.1 8.0 
 Circle-fit method, DCFM [%] 7.2 9.9 8.9 ___________________________________________________ 
 

 
Table 6. Sample S2 (undisturbed), sample conditions. ___________________________________________________ 
Effective Stress, peff [kPa] 100 200 300 ___________________________________________________ 
Water absorption [g] -3.22 -5.57 -6.97 
Effective sample mass, mT,eff [g] 116.27 113.92 112.52 
Shear wave velocity, VS [m/s] 197.67 246.14 271.28 ___________________________________________________ 
 
Table 7. Sample S2 (undisturbed), measured and predicted 
natural frequencies, measured damping ratios. ___________________________________________________ 
Effective Stress, peff [kPa] 100 200 300 ___________________________________________________ 
Resonant frequencies: 
 
 CA = 0  _________ 
 Rayleigh Equation 4, fRay. [Hz] 799 988 1084 
 Timoshenko Equation 5, fTBT [Hz] 864 1070 1175 
 FEM, fFEM [Hz] 787 972 1066 
 
 CA = 0.48  _________  
 Rayleigh Equation 4, fRay. [Hz] 696 860 943 
 Timoshenko Equation 5, fTBT [Hz] 791 978 1074 
 FEM, fFEM [Hz] 686 847 929 
 
 Experimental result, fmeas. [Hz] 636 766 820 ___________________________________________________ 
Damping ratio: 
 Half-power method, DHPM [%] 6.2 7.3 5.4 
 Circle-fit method, DCFM [%] 5.9 4.7 4.9 ___________________________________________________ 
 
The theoretical estimation of the natural frequencies 
of the first mode was done with an added mass coef-
ficient of CA = 0.48, which corresponds to a length 
to diameter ratio of 0.96, and as well with no added 
mass (CA = 0) to allow comparisons. As expected, 
the frequencies including the added mass component 
are lower than the values without the additional 
mass. For the same CA, the results from the Rayleigh 
expression show a good agreement with the FEM-
values. The frequencies calculated by the Ti-
moshenko equation are always higher.  

The test results show that the natural frequencies 
and the shear wave velocities increase with an in-



 

 

creasing cell pressure. The amplitude ratios of the 
observed peaks decrease with increasing stress level.  

The predicted frequencies are in all cases larger 
than the measured. The closest agreement to the ex-
perimental results is achieved at CA = 0.48 by the 
Rayleigh equation and the FEM.  

 The damping ratios are in the range of 7.2 to 
9.9 % for S1 and between 4.7 and 7.3 % for S2. The 
deviation between the values from the half-power 
method and the circle-fit method are in nearly all 
cases less than 1 %. A dependence of the damping 
ratio on the confining stress could be not noticed. 
The damping values are high in comparison with re-
sults of field and laboratory tests at low shear strains 
presented in literature.  

Therefore a resonant column test is performed on 
an undisturbed silt sample from the same boring as 
sample S2. A shear strain of about 10-3 % was cho-
sen and measurements were taken after isotropic 
consolidation at 50, 100, 200 and 400 kPa. This test 
gave for all cases a viscous damping ratio in the 
range of 1.0 to 1.5 %. This means the gap between 
the damping values out of both methods is quite sig-
nificant and still under investigation.   

7 CONCLUSIONS AND REMARKS 

The application to measure the damping ratio in the 
frequency domain by means of bender elements in-
stalled in the triaxial cell is discussed in this paper.    

Two basic problems of the test results should be 
noticed here. The first is the deviation of the calcu-
lated and the measured resonant frequencies. The as-
sumption of a beam with top-mass at its one end, 
even if shear effects are taken into account, might be 
a relatively crude way to describe the very short, 
about 3 cm long, sample and the top cap. The finite 
element model can partly overcome this geometrical 
problem, but also in this case, influences of the rub-
ber membrane and the not fully rigid mounting of 
the bottom cap are not taken into account. Further-
more the consideration of the water in the cell by an 
additional mass might not be sufficiently correct. If 
the viscosity of the water is taken into account, a 
frictional (viscous) drag force, which is proportional 
to the velocity of the moving cylinder, has to be 
introduced (Wilson 1984). The used coefficient CA 
for the added mass depends, besides the cylinder ge-
ometry, also on the Reynolds number and the cylin-
der roughness. A more detailed investigation could 
help to find a more exact theoretical solution. On the 
other hand the prediction of the natural frequency is 
only used to find the right resonant peak among sev-
eral, so the calculations are already sufficient for a 
successful selection. 

Brocanelli & Rinaldi (1998) used air to apply the 
confining pressure to the sample, which has indeed 
no affect on the sample movement. 

The second problem concerns the difference be-
tween the results of the resonant column device and 
the bender element test.  Attention should be given 
also here to the influence of the confining water pre-
ssure on the resulting damping ratio, which is not 
taken into account yet.  
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APPENDIX 

Resonant frequency: Rayleigh’s method 
The mode shape for the horizontal bending dis-
placement yB of the specimen at elevation x is as-
sumed to be a third-order polynomial: 

3
3

2
210)( xaxaxaaxyB +++=  (A1) 

At the lower plate (corresponding to x = 0) the dis-
placement and the tangent are y(0) = 0 and y'(0) = 0, 
respectively. Hence, a0 = 0 and a1 = 0. Neglecting 



 

 

the moment at the top end x = L, EI y''(L) = 0. Then, 
Equation A1 becomes 

[ ]xLxxyB −= 3)( 2α    for x ≤ L (A2) 

where α is a constant given by α = a2/3L = -a3. The 
horizontal displacement of a rigid mass placed above 
the specimen is estimated from the horizontal dis-
placement y(L) and the tangent y'(L) at the top of the 
specimen: 

[ ])(32)( 2 LxLLxyB −+= α    for x > L (A3) 

The mode shape for the shearing displacement yS is 
assumed to be linear. This is described by: 

xxyS β=)(    for x ≤ L  (A4) 

and  

LxyS β=)(   for x > L (A5) 

The superposition of bending and shearing follows 
then with: 

[ ] xxLxxy βα +−= 3)( 2    for x ≤ L (A6) 

and 

[ ] LLxLLxy βα +−+= )(32)( 2    for x > L (A7) 

The maximum internal potential energy Epot is com-
puted by taking into consideration the internal en-
ergy of the bending and shearing component of the 
deformed specimen: 

∫∫ +=
LL

pot dxyGAkdxyEIE
0

2

0

2 )'(
2
1)''(

2
1  (A8) 

Introducing A6 in A8 gives: 
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The maximum kinetic energy Ekin is computed by 
presuming harmonic oscillation with frequency ω. 
The component for the specimen is 

dxyAE
L

mkin T ∫=
0

22
, 2

1 ρω  (A10) 

or using A6: 







 ++= 224622
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βαβαω  (A11) 

The kinetic energy for a concentrated mass added at 
a distance h above the specimen can be evaluated us-
ing Equation A7 at x = h + L: 

22
, 2

1 ωLhmkin ymE +=  (A12) 

and 
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222423

452622
,

LhLhL

LhLLmE mkin

βααβ

αβααω

+++

++=
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 (A13) 

Finally, the circular resonant frequency for the flex-
ural mode is computed by equating the maximum in-
ternal potential energy Epot and the maximum kinetic 
energy Ekin, mT + Ekin, m: 

δγ
ηω

mm
GAkLEI

T +
+⋅=

22
2 56042  (A14) 

with 
235 70231198 ηηγ LLL ++=  

and 
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To the same time α and β are replaced by η=β/α. 
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Figure A1. Assumed mode shapes a) bending and b) 
shearing. 
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