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lines on the tanks are linked, the back pressure can be controlled independently of the 

differential pressure, significantly reducing the risk of overpressuring the sensors.  

 

Figure 7. New constant head reservoirs. 
 
 

3.5 Instrumentation 
 
 

Instrumentation for the tests consists of the differential pore pressure 

transducers previously mentioned, and a magnetic-flux flow meter installed between 

the higher head reservoir and the high pressure cell.  Data is collected using a Campbell 

Scientific CR 1000 data logger at 0.1 second intervals throughout the tests.  

The four Validyne DP15-26 differential pressure transducers are connected to 

the pressure cells, soil sample, and the demodulator shown in Figures 8 and 9, 

respectively.  One of the pressure transducers is connected between the top and 

bottom cells to measure the total differential head across the sample.  The other three 
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transducers are connected between the lower pressure cell and one of the three pore 

pressure measurement ports in the soil sample.  Electronic readings from the 

transducers are sent through the demodulator which converts the signal to a 0 to 

20mAmp signal that can be read by the data logger.  The demodulator has zero and 

span screws that are used to zero and calibrate the pressure transducer readings so that 

the data collected is displayed in inches of water.  The pressure transducers were 

calibrated once and are checked regularly. The pressure transducers readings are zeroed 

at the beginning of each test. 

 

 
Figure 8. Pressure transducers. 

 

 
Figure 9. Demodulator. 
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The data logger used is a CR 1000 from Campbell Scientific as seen below in 

Figure 10.  A program was written that controls how the data logger samples the flow 

meter and pressure transducers every tenth of a second and averages the readings over 

one second before storing them in a data file.  The data logger is connected to a 

computer so that the data can be viewed and plotted in real time on the computer 

screen.  Each test is videoed from the side.  The timing of the video and data are 

correlated using an electronic counter displaying the passing seconds of the test.  The 

electronic counter is attached to the outside of the lower pressure cell and is visible in 

the recorded video.  

 
Figure 10. Data Logger CR 1000.  
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CHAPTER 4 

TESTING PROCEDURE 

4.1 Introduction 
 
 

Detailed step by step instructions to set up and run the tests are included in 

Appendix A.  A summary of this process is presented in this chapter. 

4.2 Sample Preparation 
 
 

The soil sample is prepared by using dry-raining and vibration technique.  The 

sand is placed into the soil holder in small lifts (approximately ½ inch thick) and the soil 

container is tapped on the side to densify the sand by vibration.  This resulted in 

consistent densities when duplicating the experiments.  The soil holder is filled over 

capacity and struck off to produce a surface level with the top of the sample holder. This 

makes a soil sample that is five inches tall.  The soil sample and the sample holder are 

then weighed and their weight is recorded.  The weights allow the calculation of the 

buoyant soil unit weight, and are used to calculate the theoretical critical gradient using 

Equation 1-2.   

The soil holder is then sealed between the pressure cells.  The appropriate pore 

pressure connections need to be connected before the top plate of the pressure cells is 

placed.  The bottom pore pressure port and tube needs to be connected before the soil 

holder is placed into the pressure cells.   The pore pressure measurement tubes that go 

through the top plate need to be connected to the quick connections in the soil sample. 
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Once these connections are made, the top and bottom plates are bolted together to 

seal the pressure cells. 

4.3 Saturation and Deairing 
 
 

The valves are closed to completely seal off the pressure cells.  To assist in the 

saturation, a vacuum is applied to the high-head pressure cell and a CO2 line is attached 

to the low-head pressure cell.  The CO2 and vacuum are applied to the soil for 10 to 15 

minutes, forcing CO2 through the soil sample and replacing all of the air.  CO2 is more 

soluble in water than the gasses contained in atmospheric air and therefore speeds the 

process of saturation.   

The vacuum is maintained until the soil sample is almost saturated with de-aired 

water.  The pressure cells are filled with de-aired water from the low-head pressure cell.  

The de-aired water needs to be at a high enough flow to maintain a water column on 

top of the soil sample to avoid premature heave of the soil sample.  The water will flow 

through the soil sample and begin to fill the high-head pressure cell.  The vacuum can be 

removed at this point.  The de-aired water valve is shut off after both pressure cells are 

filled. 

4.4 Application of Differential Pressure 
 
 

The differential pressure transducers are attached to lines leading to the ports in 

the sample holder and the readings are zeroed.  With the pressure cells connected with 

a ½-inch bypass line to avoid buildup of differential pressure, the reservoirs are slowly 
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pressurized to 15 psi back pressure.  The back pressure forces any remaining gas 

bubbles in the soil sample into solution and fully saturates the soil sample.  It should be 

noted that some of the tests were run using the older constant head reservoirs that 

were open to atmospheric pressure.  These did not have the ability to apply back 

pressure and therefore, saturation was achieved by allowing the sample to sit for 

several hours before testing.   

4.5 Data Collection 
 
 

The entire laboratory instrumentation set up can be seen in Figure 11. After 

pressurizing the cells, the data logger is turned on and the computer program, logger 

net, is opened on the connected computer.  The data collection program is sent from 

the computer to the data logger.  Data collection is started using a flag variable in the 

program that can be triggered from the computer terminal.  This set up allows the 

output for the pressure transducers to be read in real-time on the computer screen, 

allowing the pressure transducers to be zeroed using the zeroing screws on the 

demodulator.   After the pressure transducers are set and the zero readings are 

maintained, the data logger is prompted to collect data and is stopped while the zeroing 

data is deleted.  This way, when each experiment is started, the start of the data will 

correspond to the electronic counter visible in the video. 

With the test ready to start, the camera is set up so that the top of the soil 

sample is in view.  The electronic counter is placed in the view of the camera but not 

blocking the view of the soil sample.  To start the experiment, the camera is started, the 
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pulse counter is reset to zero, and the data logger is prompted to start collecting data.  

The counter visible in the video allows the recorded video and the test data to be 

correlated. 

 
Figure 11. Test set up (minus the reservoirs). 

4.6 Sample Failure  
 
 

Each test is started with the bottom of the Mariotte tube and the tip of the 

outlet tube at the sample elevation (zero differential head across the sample).  To 

increase the differential head across the soil sample, and thus increases the hydraulic 

gradient, the Mariotte tube is raised.  A schematic of this process was shown in Figure 7 

in Chapter 3.  The Mariotte tube is slowly raised in one-inch increments until the sand 

starts to develop a failure mechanism.  At this point the Mariotte tube is raised in half-

inch lifts.  After each incremental increase in differential hydraulic head, the differential 

hydraulic head is held constant for two to three minutes to give the soil time to react to 
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the increased differential head.   The raising of the Mariotte tube is also paused when it 

looks like there is movement of the soil sample.  This allows the soil sample time to 

react to the increasing hydraulic gradient and reach equilibrium with the seepage 

forces.  The modes of failure observed in the test runs are discussed in Chapter 5.  

After the soil sample has failed, the water valves are left open until the flow has 

leveled off.  The water valves are then closed and the data logger is left on long enough 

to establish the zero reading at the end of the test.  At this point the camera is turned 

off and the data is collected from the data logger.  This data is saved to the computer 

and opened into an excel spreadsheet to be analyzed.   
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CHAPTER 5 

TEST RESULTS 

5.1 Introduction 

Tests have been performed on a variety of sandy soils. Ottawa 20-30 and Graded 

sands conforming to ASTM C778-03 (well-rounded silica sands) were tested.  In addition 

to these sands, samples of angular silica sand were prepared to the same gradations as 

the Ottawa 20-30 and graded sands.  This was done to investigate the effect of grain 

shape on the critical gradient of the soils.  Uniform, No. 16 sieve size angular quartz and 

uniform fine-grained, No. 100 sieve, garnet sand were prepared to investigate the effect 

of grain size on the critical gradient of the soils.  The garnet sand has a much higher 

specific gravity than the quartz sands (3.87 verses 2.64 specific gravity for the quartz 

sands).  In addition to these sands, samples with 2 percent by weight Kaolinite clay 

added to the fine-grained garnet sand were tested to investigate the effect of a small 

amount of cohesive soil would have on the critical gradient of the soil.  A summary of 

the tests performed is presented in Table 3. 

The soil samples have failed in several different ways: heaving, piping, or a 

combination of both.  Piping is when a sand boil forms on the exit face and is caused 

when a preferential seepage pathway forms through the upper portion of the sample.  

The finer fraction of the soil gradation will be washed through the preferred pathway 

and deposited on the surface in a conical shape.  Piping is pictured in garnet sand in 

Figure 12a.   
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    Table 3. Results of critical gradient testing 

 

Heave occurs as the upper portion of the soil sample decrease in density 

resulting in the sample surface heaving upward and can be seen in Figure 12b.  During 

the experiment, the soil column experiences a small heave at the top of the soil column 

and forms a bridge across the sample holder.  When this happens, the increase in 

differential head is paused to allow the sample time to fully develop a failure 

mechanism before starting to increase the differential head again.  

Three stages of failure were identified in the soils during testing: 1) first visible 

movement, 2) boil formation, and 3) total heave.  The first visible movement is a slight 

movement of the exit face and could be described as slight movements of the 

uppermost sand grains as they reach a state of incipient motion.  The soil particles on 

the surface of the soil sample start to move as the seepage forces exceed the resistive 

Specific 

Gravity, 

G

Avg. Unit 

Weight
γ'/γw

 First 

Visible 

Movement

 First 

Sand 

Boil

Total 

Heave

Number 

of Tests

Angular # 16 2.64 93.33 0.93 1.24 - 2.16 5

Angular Sand 20-30 2.64 88.79 0.88 1.38 - 2.07 7

Angular Sand Graded 2.64 92.90 0.93 1.11 1.69 2.82 4

Garnet Sand (clean) 3.87 117.55 1.40 1.52 2.04 2.28 6

Garnet Sand w 2% Kaolinite Clay 3.87 115.65 1.38 0.80 1.95 2.26 2

Ottawa Sand 20-30 2.64 104.15 1.04 1.21 - 1.70 4

Ottawa Sand Graded 2.64 101.19 1.11 1.28 1.40 1.68 6

Specific 

Gravity, 

G

Avg. Unit 

Weight
 γ'/γw

 First 

Visible 

Movement

 First 

Sand 

Boil

Total 

Heave

Number 

of Tests

Angular Sand 20-30 2.64 92.29 0.92 1.48 1.75 2.72 3

Angular Sand Graded 2.64 96.41 0.96 1.39 2.03 2.95 7

Garnet Sand (clean) 3.87 128.17 1.52 1.73 1.76 2.89 4

Ottawa Sand 20-30 2.64 106.48 1.08 1.32 1.65 1.95 17

Ottawa Sand Graded 2.64 107.97 1.08 1.38 1.57 2.10 10

Silicon Sided

Fully Instrumented 

Soil Type

Soil Type

 Average Gradient

 Average Gradient


