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9.81 m/s2 = 386.22 in./s2 = 32.185 ft/s2, Paris: g = 9.80665 m/s2 London: g = 3.2174 x 101 
ft/s2 

1 m2 = 1.5500 x HP in.2 = 1.0764 x 101 ft 2 = 1.196 yd2 = lo6 mm2 = 
lo4 cm2 = 2.471 x 10-4 acres2 = 3.861 x 10-7 mi2 

1 m2/s = lo4 cm2/s = 6 x 1o5 cm2/min = 3.6 x 107 cm2/h 
= 8.64 x 1o8 cm2/d<1y = 2.628 x 1010 cm2/month 
= 3.1536 x 1011 ~m2/year 
= 1.550 x UP in. ~s = 4.0734 x 109 in.2c{month 
= 1.3392 x 1o8 in.l/day = 4.8881 x 101 in.2/year 
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1 kN.m = 7.3759 x 1o2 Jb.ft = 7.3759 x 10-l kip.ft = 3.6879 x 10-l t.ft 
= 1.0194 x 1()3 g.cm = 1.0194 x 102 kg.m = 1.0194 x 10-l T.m 
= HP N.m = 153 Joule 

1 m4 = 2.4025 x lo6 in.4 = 1.1586 x 102 ft4 = 6.9911 x 10-l yd4 
= lo8 cm4 = 1012 mm4 

1 kN.m/m = 2.2482 x 102 Jb.ft/ft = 2.2482 x 10-l kip.ft/ft 
= 1.1241 x 10-l I.ft/ft 
= 1.0194 x 102 kg.m/m = 1.0194 x 10-l T.m/m 

100 kPa = lo2 kN/m2 = 1.4503 x 101 lb/in.2 = 2.0885 x 1o3 lb/ft2 
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1. INTRODUCTION 

1.1 Introduction 

The purpose of this report is to provide guidelines for the proper use of the Flat 

Dilatometer (DMT). This includes the proper way to perform a dilatometer test (DMT 

test), to reduce and interpret the data, and to use the data in design. Anyone wishing to 

learn about the DMT in more details than provided in this manual can refer to the list of 

references and in particular to the reports written by Schmertmann (1988) for the Penn­

sylvania DOT. 

A single dilatometer test consists of pushing into the soil and to a desired depth, a 

flat blade located at the end of a series of rods (figures 1.1, 1.2, 1.3, 1.4, 1.5). Once the 

test depth is reached, the operator uses gas pressure to expand horizontally into the soil 

a circular steel membrane located on one side of the blade. The operator records two 

pressures (A and B pressures). The pressure A is the pressure on the blade before 

expansion while the pressure B is the pressure required to produce an expansion of 1 mm 

of the membrane into the soil. The operator then deflates the membrane and records a 

third pressure (C pressure). This test sequence requires about 1-2 minutes. The blade is 

then advanced to the next test depth. A series of single dilatometer tests is referred to as 

a DMT sounding. 

The design applications of the DMT includes: deep foundations under horizontal 

and vertical load, shallow foundations under vertical load, compaction control, and any 

other geotechnical problems which can make use of the soil properties obtained from the 

DMT (chapter 6). 

The flat dilatometer was designed by an Italian professor, Silvano Marchetti, in the 

1970's and was patented in 1977 in Italy. The dilatometer test was then introduced in the 

USA through Schmertmann & Crapps, Inc. The test is increasingly used in research and 

in practice. 

In 1986, an ASTM suggested method for performing the flat dilatometer test was 

proposed by Schmertmann (1986a). 

1.2 Definitions 

The following definitions are from this ASTM suggested method. 

QMI 
DMT is an abbreviation for DilatoMeTer. 

1 
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FIG. 1.1. Flat Dilatometer Blade 

FIG. 1.2. Control Unit 
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FIG. 1.3. Insertion of the flat Dilatometer Blade 
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A-Pressure or Pil 
The A-pressure is the gas pressure against the inside of the membrane when the 

center of the membrane has lifted above its support and moved horizontally 0.05 

( + 0.02,-0.00) mm into the soil surrounding the vertical blade. 

B-Pressure or Pl 
The B-pressure is the gas pressure against the inside of the membrane when the 

center of the membrane has lifted above its support and moved horizontally 1.10 :i: 0.03mm 

into the soil surrounding the vertical blade. 

C-Pressure or P2 
The C-pressure is the gas pressure against the inside of the membrane obtained by 

slowly deflating the membrane (after the A and B pressure readings) until contact is 

reestablished (membrane is flushed with the side of the blade). 

1.3 Soils Suited for a DMT 

The DMT is best used in soils which are finer than gravelly sands. It is not recom­

mended in soils which have. penetration obstructions such as rock layers, concretions, 

cobbles, cemented zones, large shells (bouldery glacial sediments or gravelly deposits). 

The previous soils resist penetration and may damage the blade and the membrane. 

Table 1.1 prepared by Schmertmann (1988) will help to appreciate the suitability of 

the DMT for a given soil. 
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TABLE 1.1. Suitability or DMT in Different Types or Soil (From Schmertmann 1988) 

Suitability ranking: 0 = do not use DMT 2 = good 

1 = sometimes suitable 3 = best application 

Note: Hammer-driving alters the DMT results and decreases the accuracy of corre­

lations. 

Suitability for Different Soil Conditions 

Weak, Loose • Medium 
I 

Nsn<S*** N sn = 2s••• 

qc<lS**** qc .. 7S**** 

Soil Type Fills Natural Fills Natural 

Dumped, Light 

Pumped cmpxn 

Clays 3 3 2 2 
Silts 2 2 2 2 

Sands 3 3 2 2 

Gravel, . lg. shell and 1 1 0 0 
concreuons 

Cobbles 0 0 0 0 

Rocks (weathered) 0 1 0 0 

CL+Sl+SD 3 3 3 2 

CL+ SI+ SD+ Shell 2 2 2 2 

CL+SI +SD+ Rock 1 1 1 .. 1 .. 

Sand+ Gravel 2 2 2** 1•• 

Organic CL +SD 3 " 3 2 2 

Residual w/o rock 3 3 2 2 

Residual w rock 1 1 0 1** 

Cemented sand - 1 - 1 .. 

Tallus with rock - 1 - 1** 

Glacial till 0 1 0 0 

V arved Clays 3 2 2 2 

Loess 3 2 2 2 

Peats 3• 2• 2 2 

Slimes, tailings 3• - 2 . 
Sensitive testing in very weak soils . • 

•• 
••• 

High risk of damage; use high strength blade and membrane . 

N sn = Standard Penetration Test blow count Blows/ft . 

•••• q c = Cone Penetrometer point resistance: bars . 

7 

Stiff, Dense •• 

Nsn > 40*** 

qc > 1 SO**** 

Fills Natural 

Heavy 

cmpxn 

2 2 
1 1 

1 1 

0 0 

0 0 

0 0 

2 2 

0 0 

0 0 

0 0 

1 1 

1 1 

0 0 

- 0 

- 0 

0 0 

1 1 

- -
- -
- -



2. COMPONENTS 

2.1 Flat Dilatometer Blade 
The flat dilatometer blade is a stainless steel blade with an expandable circular steel 

membrane mounted flush on one face. The blade is also fitted with a three position electric 

switch which indicates three phases in the membrane expansion (figure 1.5): 

• "Collapsed" ( expansion < 0.05 mm). 

* "Expanding" (0.05 mm~ expansion < 1.10 mm). 

• "Fully expanded" (expansion~ 1.10 mm). 

( The A reading corresponds to 0.05 mm expansion, and the B pressure corresponds to 

1. 10 mm expansion.) 

The shape and dimensions of the blade are presented in figure 1.4. According to 

the ASTM suggested method (Schmertmanil 1986a) "the blade should have no discernible 

bend, defined as a clearance of 0.5mm or more under _a 150 mm straight edge placed along 

the blade parallel to its axis. Its penetrating edge should not deviate more than 2 mm 

from the axis of the rods to which the blade attaches." 

The circular membrane is made of stainless steel and is screwed to the blade. Its 

dimensions are presented in figure 1.4. There are two kinds of membrane: 

• The S (standard) type is relatively soft and should only be used when the 

thrust necessary to advance the blade is less than 2 tons or when the hammer 

blowcount is less than 5 blo'"'.s per inch of penetration, in order to avoid 

damage. ' 

* The H (high strength) type is ·strong, ·can be used in any soil, and is much 

less susceptible to damage than the S type. The H type therefore provides 

the best overall service (Schmertmann 1988). 

The electric switch is constituted of a sensing disc, a plastic insulating seat, a plexiglass 

cylinder, a stainless steel cylinder, a feeler, and a stainless steel spring. The way this switch 

works is described in figure 1.5. 

2.2 Push Rods 
Push rods are used to transfer the thrus't from the pushing equipment to the blade. 

Cone Penetrometer Test (CYf) rods or drill rods can be used, providing the necessary 

adaptors are available. The recommended tolerances for the CYf rods are the following: 

* The deflection at the mid-point of a 1 m push rod shall not exceed 0.5 mm 

for the five lowest push rods, and 1 mm for the remainder. 
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• For any pair of connected push-rods, the deflection at the joint shall also 

not exceed these limits. 

2.3 Pneumatic-Electrical Cable 

The pneumatic-electrical cable (p-e cable) is made of a spring-temper stainless steel 

wire enclosed within nylon tubing with special connectors at either end (figure 2.1). It 

transmits gas pressure and electric continuity from the control unit to the blade. There 

are three types of p-e cables (figure 2.1): 

• The non-extendable type. 

• The extendable type. 

• The short Connector cable. 

These cables are quite stiff and shoul~ not be twisted in order to prevent damage to 

the wire. The operator should always choose the shortest possible cable to minimize this 

problem. 

2.4 Control Unit (and Calibration Unit) 

The control unit is used to monitor the A, B, and C pressures at each test depth. 

There are several types of con_trol uni~s (two of them are described in detail by 

Schrnertrnann 1988) which typically include one ( or two) manually read bourdon gage(s), 

a pressure source quick connect, a quick connect for the pneumatic-electric cable, an 

electrical ground cable connection, a galvanometer and an audio buzzer signal which 

indicates when to read the A, B and C pressures, and valves to control gas flow and vent 

the system. The buzzer and the galvanometer are activated by the electric switch built-in 

the blade as follows: 

. Buzzer and galvanometer on: membrane expansion < 0.05 mm or 

membrane expansion ~ 1.10 mm . 

. Buzzer and galvanometer off: 0.05 :::; membrane expansion < 1.10 mm. 

A typical control unit is shown in figure 2.2. For measuring membrane calibrations 

(section 3.1) a calibration unit is required, which consists of a low range sensitive Bourdon 

gage and a large syringe to accurately pressurize ( or depressurize) the membrane. The 

calibration unit can be built in the control ·unit or clipped in the control unit. 
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2.5 Insertion and Pushing versus Driving 

In order to force the flat dilatometer blade into the soil, the use of a hydraulic jacking 

system, or a hammer is required. The preferred method is to push the DMT rather than 

to drive it. The procedures in this manual are based on pushed DMT results unless 

otherwise specified. Usually, the thrust capacity needed {or number of blows/inch) varies 

between 2 tons (5 blows/inch) for soft soils and 15 tons ( 45 blows/inch) for very hard soils. 

Because the value of the thrust force is a useful quantity (required for some soil parameters' 

determination, such as the friction angle) it is desirable to measure this force with a load 

cell. This load cell is usually located at the top of the rods, under the hydraulic jacking 

system. The penetration rate should be about 2 cm/s like the cone penetrometer. 

The best available equipment is the CPT equipment mounted in a heavy duty truck 

(15 to 20 tons of thrust) with a dead weight of 20 tons to provide the necessary reaction. 

The CPT truck usually has a working cabin which is air-conditioned for the comfort of the 

operating crew. The limitation is that if refusal is reached, drilling is required before 

resuming to push the DMT; drilling is not possible with a cone truck. 

Other hydraulic jacking systems can be mounted on lighter trucks or trailers which 

can be equipped with earth screw anchors to provide the necessary reaction (5 to 15 tons 

thrust). Drill rigs can also be used to push the blade and to bore through impenetrable 

soil or rock layers above the layer(s) to be tested. Drill rigs usually provide reactions 

varying between 2 to 5 tons but can be anchored to provide reaction up to 20 tons. 

Driving the blade may be accomplished by using a hammer such as the one used in 

the standard penetration test SPT (ASTM D-1586). However, Schmertmann (1988) stated 

that the method of penetration affects the test results, and that quasi-static push (CPT 

equipment) best minimizes this effect. Therefore a hydraulic jacking system should be 

preferred. 

The difference between pushing and driving was studied by Briaud (1991) who 

showed experimentally that the initial horizontal pressure a hi on a driven pressuremeter 

is very different from the initial horizontal pressure on a pushed pressuremeter. In a stiff 

clay ah, from driven insertion was 2.5 times smaller than a hi from pushed insertion ( average 

of 2 tests). In a medium dense sand, the trend was reversed and a hi from driven insertion 

was 4.3 times larger than a hi from pushed insertion (average of 2 tests). 

Basnett (1991) makes the following comments on driving versus pushing the DMT 

based on a detailed comparison of driven DMT versus pushed DMT performed by 
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Davidson et al. (1988). Driving the blade generally reduces the A and B pressures pro­

portionally but the C pressure appears unaffected by driving in free draining soils. The 

driving effect is most prevalent in loose to very loose sand deposits. Different hammer 

drop heights (6 in. compared to 18 in.) did not conclusively demonstrate different 

reductions in A and B pressures. More research is still needed in this area. 

If the driving technique is used, it is recommended that as a minimum 2 soundings 

be performed side by side: one by pushing and one by driving. This would give a site and 

soil specific correlation which would allow to get back to the parameters obtained from 

correlations based on the pushing insertion (with added imprecision, however). At this 

time, the pushing insertion should be preferred. 

2.6 Pressure Source 

In order to expand the DMT membrane, a gas pressure source is necessary. The 

membrane and the gas source must be air dry or moisture will condense in the blade. The 

best suited gas is Dry Nitrogen. This gas is contained in tanks which should be equipped 

with a pressure regulator to protect the DMT equipment. The regulator should regulate 

the pressure to supply no more than the control unit gage(s) range or 80 bars, whichever 

is less. 
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3. CALIBRATION, PREPARATION 

3.1 Calibration 

In air, under atmospheric pressure, the membrane is naturally lifted above its support 

between the A position at 0.05 mm expansion and the B position at 1.10 mm expansion, 

and the buzzer of the control unit is off as explained in section 2.4. The gas pressure 

necessary to overcome the membrane stiffness and move it in air to both the A position 

and B position are referred to as b,. A and 6 B respectively; they are not negligible. The 

calibration procedure consists in obtaining the b,. A and /J. B pressures in order to correct 

the ~ B and C readings (section 1.2) to account for membrane stiffness. 

To perform the calibration in air, the operator progressively applies a vacuum behind 

the membrane until the buzzer of the control unit activates (membrane expansion <0.05 

mm). Then he slowly releases the vacuum and reads the 6 A pressure when the buzzer 

stops·( expansion = 0.05 mm). In order to obtain 6 B, the operator progressively applies 

a positive pressure behind the membrane and reads the /J. B pressure when the buzzer 

activates ( expansion = 1. 10 mm). This procedure should be repeated several times for 

consistency (the calibration values of an undamaged membrane remain relatively constant 

during a calibration and during a DMT sounding), and the average 6. A and /J. B should 

be recorded. The detailed calibration procedure is equipment specific and is not described 

here. The reader is referred to Schmertmann's (1988) report where a detailed calibration 

procedure can be found. 

The t::,. A avg pressure is added to the A and C pressures as a positive correction 

(sections 5.1.2 and 5.1.3), and the t::.B avg pressure is subtracted from the B-pressure as a 

negative correction ( section 5.1.1 ). 

The calibration values depend on the membrane type: they are higher for the H 

type than for the S type. The expected calibration values for both types are presented in 
table 3.1. Calibration values outside these ranges indicate that the membrane is damaged 

or requires exercise (section 3.2). In any case a DMT test should not be performed if the 

calibration values do not fall within expected ranges. 

If a load cell is to be used to measure the thrust force, it should be calibrated properly 

and regularly. 

14 



3.2 Exercising the Membrane 

New membranes usually have calibration values outside of the expected range ( table 

3.1). Also, the calibration values of a new unexercised membrane usually vary during a 

DMT sounding or during calibration. The solution to these problems is to exercise the 

membrane. To do so, the operator repeatedly pressurizes (do not pressurize beyond 6 

bars for an S membrane and 20 bars for an H membrane) and depressurizes the membrane, 

increasing 6 ll and decreasing 6 B until they fall within the recommended values of table 

3.1. 

At the end of this process, the final 6 A value of H membranes is usually too high. 

In this case, the operator may not be able to start a DMT test because the soil pressure 

acting against the membrane might be less than the 6 A pressure (buzzer stays off). To 

solve this problem the operator must use a plastic hammer to knock the edge of the 

membrane back down in order to reduce 6 A ( do not hit the center of the membrane). 

TABLE 3.1. Expected Calibration Values (from Schmertmann 1988) 

6 A Calibration (bars) .0. B Calibration (bars) 

Membrane Type Minimum Maximum Average Minimum Maximum 

Standard "S" 0.10 0.20 0.13 0.10 0.70 

Hard "H" 0.10 0.25 0.19 0.10* 1.50 

* 6B < 0.30 is unusual for "H" membranes and may indicate damage. 

* * considerable variation 
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4. RUNNING THE TEST 

At this time ASTM is proceeding with the development of an ASTM standard for 

the DMT test (Lutenegger, chairman). A suggested method for performing the flat 

dilatometer test was published in 1986 and represent the work of committee D18.02 

(Schmertmann, 1986a). The following procedure is a step by step abbreviated version of 

that method. 

4.1 Test Procedure 

1. ff the equipment used to push the blade is a hydraulic jacking system which 

transfers the thrust by a clamping system (CPT equipment), it is recommended 

to pre-thread the p-e cable (Pneumatic-Electrical cable) through the push rods 

(do not twist the cable in the process) as shown in figure 4.1. 

If the equipment used to push the blade transfers the load to a thrust head on 

top of the push rods, or if a hammer is used to drive the blade, the p-e cable 

should be left outside of the push rods and taped to them every 1 meter during 

the test as shown in figure 4.2. 

2. Connect the p-e cable to the blade, and connect the blade to the first push rod. 

If the cable is to be taped on the rods, insert the cable exit adaptor between the 

blade and the first push rod as shown in figure 4.2. 

3. Prepare the control unit and the pressure source for the test (this step is 

equipment specific and is therefore not described here; see Schmertm~ 1988). 

4. Connect the other end of the p-e cable to the control unit. 

5. Connect the ground cable at the control unit "ground" and clip the other end to 

the push-rods or the truck chassis. 

6. Check electrical continuity by pressing on the membrane (the buzzer signal of 

the control unit should activate). 

7; Perform the membrane calibration in air (section 3.1) and record 6. A and .6. B. 

8. Record the gage zeros, the rod type, the type of friction reducer and the blade 

serial number. 

9. Advance the blade to the desired test depth ( at a constant rate of 2 cm/ s if using 

a CPT pushing equipment) and record the thrust required to advance the blade, 

or the hammer blowcount (recording the thrust is not necessary but is very 

desirable). If the thrust necessary to advance the blade exceeds 5 tons or if the 

hammer blowcount exceeds 15 blows per inch of penetration, the risk of 
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equipment damage becomes significant. In this case it is recommended to 

predrill down to the test depth. Then·.the blade ca~ be pushed at least 15 cm 

ahead of the bottom of the drilled hole. · 

10. Release the load on the rods (the buzzer should be on). Start the test within 15 

seconds after r_eaching the test depth. Apply a positive pressure behind the 

membrane. As the pressure rises take the ~-reading when the buzzer signal 

stops. Do not stop at this time, keep on incre;ising the pressure and take the 

B-reading when the .buzzer reactivates. Then vent the pressure rapidly until the 

buzzer signal stops. Failure to vent the pressure immediately after the buzzer 

sounds will allow continue~ expansion of the membrane and possible damage. 

Ulen release. slowly the remaining pressure and read the C-pressure when the 

buzzer reactivates (the meaning of the buzzer signal-is explained in section 2.4 ). 

Record the A, Band C pressures on the field data sheet (table 4.1 ). Step 10 

should be ,performed in less tl;lan 2 minutes .. (This step is equipment specific 

and is not described in detail here; see Schmertmann 1988). 

Note: the C reading is not necessarily taken every 20 cm. It is taken at least 

every 2 to 3 m. -When possible it is performed in the most cohesionless lenses 

(high material ind~x Id, see section 5.1.4). In clay deposits the C reading is 

taken while deflating very slowly, perhaps 3 min to go from the Breading to the 

C reading. Th_is is to allow water to fill the gap . 

. 11. Advance the blade to the next test depth;as in.step 9, and repeat step 10. 

12. Retrieve the blade without delay when the test is over. 

13. Perform .the membrane calibration in ai~-, and record the values. Check them 

against the initial values from step 7, and record the average 6. A avg and ~ B avg 

on the field data sheet. 

Note: As Basnett (1991) points ~ut, one will not obtain the C pressure until the 

(hydrostatic) pore pressure overcomes the compressive membrane stiffness. 

This membrane stiffness corresponds to 1.3 to 1.9 m of water pressure depending 

on the membrane type. Until this water pressure occurs, one can apply vacuum 

in order to obtain the C pressure. 
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TABLE 4.1. DMT DATA SHEET 

DILATOMETER SDG. NO.: DATE:. CLIENT: 

Location: Blade No.: DMT Opera~or: 

Low Gage Zero (bars): brA·aug (bars): Rig Operator: 

High Gage Zero (bars): · b. B a~r, (bars): Rig Type: 

GWT depth (m): Ca~irig Depth (m): Rod Type: 

Predrill Depth (m): Membrane Type: Frict. Red. Diam. ( cm): 

Thrust ' ' Thrust 

or ·or 

blows/ 
', 

blows/ 
,, 

Depth 30cm A Time B Tune C Time Depth 30.cm A Time B Time C Time 

( ) ( ) (Bars) (sec) (Bars) (sec) (Bars) (sec) ( ) ( ) (Bars) (sec) (Bars) (sec) (Bars) (sec) 

D:.A D:.B 

. ' 

'' ·, 

Notes: 
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4.2 Problems That May Occur During The Test 

l 
4.2.1 Membrane Damage 

Damage to the membrane mainly occurs when penetrating through gravel, large 

shells, miscellaneous fil~ _rocks. etc. Membrane damage can be diagnosed during the test 

when: 

it is impossible to obtain the A or B readings even at high pressure, 

the buzzer does not activate after advancing the blade, 
. . 

it is impossible to maintain pressure, 

the test readings are erratic, choppy, high or low, 

the pressure suddenly decreases. 

In any case, the blade must be retrieved and cleaned because of the possibility of 

water and soil ingress. The damaged membrane can be replaced in the field, providing 

the blade does not need to be cleaned. 

4.2.2 Cable Damage 

When the cable is taped on the rods, it can be damaged. Cable damage can be 

diagnosed when: 

the buzzer stays on continuously (short below water table) or stays off contin­

uously {cable 1s cut), and pressure drops, 

it is impossible to maintain pressure. 

It is very difficuli to repair a p-e cable in the field. Therefore it is recommended to bring 

a back up p-e c·able to the field. 

4.2.3 Blade Damage 
The blade damages that may occur are: 

denting of the blade's leading edge (repairable in the field), 

bending of the blade (not repairable in the field), 

breaking of the rod-blade connection (loss of the blade) 

Schmertmann ( 1988) proposed the following table which will help to avoid blade 

damages: 
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Thrust P SPT 140 Lb Hammer , Risk of Damage 

(tons) Blowcount N 

(Blows/inch) 

P<2 N<5 Very Little 

P=S N =.15 Significant 

p > 10 N > 30 High 

4.2.4 Push Rod Buckling 

In very loose or soft soils such as swamps or ba~kwater organic deposits, silty hydraulic 

fill, or loose sand, rods can buckle when being pushed into the soil. One way to avoid this 

problem is to limit the thrust applied on the rods. 

4.2.5 Reaction Force Exceeded 

This problem may occur during a test and may be due to the presence of a hard layer. 

One way to pre.vent this from happening is to reduce the friction along the rods. A friction 

reducer should always be used; it is usually made of an enlarged ring around the rods near 

the blade. It is located approximately 350 mm above the tip edge of the blade (figure 1.3). 

4.3 DMT Dissipation Test 

The dilatometer test has the potential .~f providing estimates of the in situ horizontal 

coefficient of consolidation Ch from dissipation tests ( section 6.11 and figure 6.24 ). The 

dissipation test which makes use of the C reading is called the DMTC dissipation test and 

can be performed at any depth as suggested in the following procedure by Robertson et 

al. (1988): 

1. After penetration to the test depth, follow the normal sequence of A-B-C 

readings. Start a stopwatch at the instant of the thrust release. Note the time 

elapsed at the moment of the C-pressure reading and record the data. 

2. Repeat the test sequence to obtain reasonably spaced data points_ for_ the curve 

obtained in step 3 below. A factor of 2 increase in time at each C-pressure 

reading test is satisfactory. (i.e. C-pressure readings at 1, 2, 4, 8, 15, 30 min after 

the instant of the thrust release). 

3. Plot the C-pressure against a square root of time scale, making at least enough 

measurements to find C so , the pressure at 50% of the dissipation to the equi­

librium C pressure, C 100 (see section 6.11 and figure 6.26). 
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This procedure is based on the assumption that the C pressure is the pore pressure. 

While data exists to prove that point (Lutenegger and Kabir, 1988, Robertson et al. 1988), 

others have not found a clear relationship (Powell and Uglow, 1988). Mrachetti and 

Tottani (1989) propose another approach to obtain CL, This approach makes use of the 

A reading and is called the'DMTA dissipation test. The procedure is identical to the 

DMTC procedure except that only the A reading is taken. 

1. The stopwatch is started when the DMT reaches the desired depth. The A 

reading is taken after an elapsed time to of 0.5 minute. The pressure is released 

back to zero, omitting the expansion to get the Band C readings. 

2. Step one is repeated for an elapsed time to equal to 1, 2, 4, 8, 15, 30 minutes. 

3. Plot the A pressure versus log t (see section 6.11). 

22 



5. REDUCING THE DATA 

5.1 Data Reduction 

The data collected for each test consist of the A-pressure, the B-pressure and the 

C-pressure; these data are recorded every so often as a function of depth. These data 

must be corrected in order to obtain the corrected A-pressure po, the corrected B-pressure 

p 1 , and the corrected C-pressure p 2. 

5.1.1 Corrected B-pressure, p 1 

The B-pressure measured during a DMT test is the gas pressure against the inside 

of the membrane required to push the center of the membrane 1.10 mm into the sur­

rounding soil. This B-pressure needs to be corrected to account for the effect of membrane 

stiffness (section 3.1) and for the gage pressure deviation from zero when vented to 

atmospheric pressure. The net soil pressure p I at 1.10 mm expansion of the membrane 

1s: 

( S. 1) 

where: 

Z M ;::: the pressure gage reading when vented to atmospheric pressure. 

6 B ;::: the gage pressure inside the membrane required to overcome the stiffness of 

the membrane and move it outward to a center-expansion of 1.10 mm into the 

air. 

5.1.2 Corrected A-pressure po 

The A-pressure measured during a DMT test is the gas pressure against the inside 

of the membrane required to move the center of the membrane horizontally 0.05 mm into 

the surrounding soil. The pressure p o is the net soil pressure against the membrane 

immediately before its expansion into the soil (0.00 mm expansion). In order to obtain 

po , it is necessary to correct the A-pressure to account for the effect of membrane stiffness, 

the 0.05 mm expansion itself, and the gage pressure deviation from zero when vented to 

atmospheric pressure. If the relationship between the pressure at the soil-membrane 

interface and the membrane displacement is assumed to be linear (figure 5.1), p 0 can 

be calculated as follows: 

(5.2) 

where: 
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Contact Pressure at 
the Soil Membrane Interface 

Po 

0 0.05 1.1 

Displacement of Membrane (mm) 

FIG. 5.1. Linear Extrapolation to Estimate po at Zero Displacement (After Marchetti 

and Crapps 1981) 
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Z M , 6. B = defined as before. 

6 A = the gage pressure inside the membrane required to overcome the stiffness of 

the membrane and move it outward to a center-expansion of 0.05 mm into 

the air. 

5.1.3 Corrected C-pressure p z 

Following the normal pressure expansion sequence to obtain the conventional DMT 

A and B pressures, an additional pressure reading (C-pressure) may be taken to obtain 

the pressure at which the membrane comes back to 0.05 mm expansion during controlled 

deflation. This pressure reading, corrected for membrane stiffness and for the gage 

pressure deviation from zero when vented to the atmospheric pressure, gives a pressure 

referred to as p 2 such that: 

p 2 =C-ZM+6A 

where Z M and 6 A are defined as before. 

(5.3) 

5.1.4 Dilatometer Modulus E o, Material Index ID , Horizontal Stress Index K D , Pore 

Pressure Index U o 

If the membrane expansion into the surrounding soil is modelled as the flexible 

loading of a circular area at the surface of an elastic half space, having a Young's modulus 

E and a Poison's ratio µ , the outward movement S of the center of the membrane subjected 

to a normal pressure 6. p is (Gravesen, 1960): 

4·R·6p(l-µ 2
) 

S=------ (5.4) 
n £ 

where: 

R = radius of the membrane = 30 mm. 

6 p = applied pressure. 

The ratio £ / ( 1 - µ 2 ) is termed the dilatometer modulus E o and is calculated by 

replacing S = 1.10 mm and 6p = p 1 - Po in equation 5.4: 

(5.5) 

The normalized lateral stress on the blade is called the horizontal stress index, K D : 

(5.6) 
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where: 

o vo = vertical effective stress. 

u o = pre-insertion water pressure. 

pa = corrected A-pressure. 

The material index ID ( mainly used to estimate soil stratigraphy and soil type ) is: 

(5.7) 

where p 1 , po , u o are defined as before. 

The pore pressure index U D ( mainly used to help classifying the soil type ) has been 

defined by Lutenegger and Kabir (1988): 

(5.8) 

where p 2 , po , u a are defined as before. 

5.2 Data Presentation, and Report 

5.2.1 Data Presentation (table 5.1 and figures 5.2-5.3) 

1. A-pressure versus depth. 

2. B-pressure versus depth. 

3. C-pressure versus depth. 

4. Average calibration values: 6. A avg , 6. B avg. 

5. Corrected A-pressure po versus depth. 

6. Corrected B-pressure p I versus depth. 

7. Corrected C-pressure p 2 versus depth. 

8. Thrust 

9. Dilatometer modulus En versus depth. 

10. Material index Iv versus depth. 

11. Horizontal stress index K D versus depth. 

12. Pore pressure index U D versus depth. 
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TABLE 5.1. DATA REDUCTION SHEET 

Test Location: 

Sounding Number: 

Date: 

Client: 

Low Gage Zero: 

High Gage Zero: 

6./laug: 

D. B aug: 

Depth Corrected Readings 

Po Time P, Time P2 Time 

( ) ( ) (sec;) ( ) (sec.) ( ) (sec.) 

~ 

27 

Blade Number: 

Rod Type: 

Diam. Frict. Red.: 

Rig Operator: 

Thrust 

or Dilatometer Index 

blows/30 

cm 

Q FD lo KD UD 

( ) 



DATA REDUCTION SHEET 

Test Location: TAMU, sand site 

Sounding Number. SD2 

Date: July S, 1990 

Cient: Texas A&M University 

Low Gage Zero: 0.02S bars 

High Gage ?,cro: 0.025 bars 

ll..1 0 "': O.lS bars 

li.8 0,v: 1.35 bars 

Depth Gage Readings Corrected Readin~ 

(m) (ft) A B e Po P1 Pz 
(bars) (bars) (bars) (bars) (bars) (bars) 

4 5.6 10.6 0 5.6 9 0.15 

9 5.6 13.0 0 5.4 11.4 0.15 

14 5.5 13.4 a 5.3 11.8 0.15 

19 5 18.2 0 4.5 16.6 0.15 

24 10.8 18.2 3.2 10.6 16.6 335 

29 12 295 0.05 11.3 Z:'1.9 0.20 

34 11.2 31.2 0.05 10.4 29.6 0.20 

39 13 35 0.1 12.1 33.4 0.25 

Ko 
0 J O 10 20 .---....----- .............. ...--.---.--

10 

$ 
.c: 
C. c 
:zo 

Blade Number. TAMU 3 

Rod Type: NW 

Diam. Prict. Red.: 58.4 mm 

Rig Operation: Mr. Dean 

Dilatometer Index 

ED I I) Ko 
(bars) 

117.9 0.61 20.7 

208.2 1.11 9.8 

2255 1.23 6.6 

419.9 2.68 4.3 

208.2 0.56 8.5 

576.1 1.47 8.2 

666.2 1.85 7.0 

739.1 1.84 7.6 

Eo (bus) 

FIG. 5.2. Data Presentation (Texas A&M University; Sand Site) 
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Test Location: TAMU, clay site 

Sounding Number: CDl 

Date: July 6, 1990 

Oient: Texas A&M University 

DAT A REDUCTION SHEET 

Low Gage Zero; 0.025 bars 

High Gage Zero: 0.025 bars 

Ll 11,,0 : 0.10 bars 

Blade :-lumber: TA.\1U 3 

Rod Type: NW 

Diam. Frict. Red.: 58.4 mm 

Rig Operation: Mr. Dean 

. Depth Gage Readings Corrected Readings Dilatometer Inde,; 

(m) (ft) A B C Po P1 P2 Eo / D Ko 
(bars) (bars) (bars) (bars) (bars) (bars) (bars) 

4 3 72 0.03 2.9 5.6 0.13 93.7 0.93 13.2 

9 2.9 10 0 2.7 8.4 0.1 197.8 2.11 5.7 

14 9 17 2.1 8.7 15.4 2.2 232.5 0.77 11.6 

19 3.4 21 0 2.7 19.4 0.1 579S 6.18 2.7 

24 26.5 41 9.2 25.9 39.4 93 468.5 0.52 21.3 

29 33 44.6 9.6 32.6 43.0 9.7 360.9 032 24.2 

34 29 43.8 9.0 2K4 42.2 9.1 478.9 0.49 . 19.3 

39 27.2 45.6 4.6 26.4 44.0 4.7 610.7 0.68 16.4 

i::o (bar,) 

0 3 0 10 20 0 200 400 6W 

\ 
1 

lO 

\ 

20 

lO 

40 

FIG. 5.3. Data Presentation (T~xas A&M University; Clay Site) 
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13. The date and the time of the test, and the name of the firm. 

14. The number of the test and its location. 

15. Any abnormal interruption of the test procedure (section 4.1). 

16. The identification number of the blade. 

5.2.2 Report 

The report should include all the information described in section 5.2.1. In addition 

the following information should be included: 

1. The pushing equipment used. 

2. The maximum test inclination. 

3. The name of the operator who performed the test. 
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6. INTERPRETATION OF THE DATA 

A wealth of parameters can be obtained from the DMT through various procedures 

and correlations. The validity of those techniques is only as good as the size of the data 

base used to develop them, the similarity of geology between the data base and the par­

ticular application at hand, and the period of time over which the techniques have been 

used. Because the D MT is a relatively recent device, some of these procedures are likely 

to evolve in the future. These procedures are presented in sequence. The order in which 

the parameters are presented is not tied to any particular order of reliability. Wherever 

possible appropriate notes of caution have been inserted. 

6.1 Penetration Pore Water Pressure 

The corrected C-pressure p 2 is obtained by slowly deflating the dilatometer 

membrane (after the A and B pressure readings) until the buzzer is reactivated (contact 

is reestablished), and is usually measured about 1 minute after the testing depth is reached. 

The pressure p 2 has been compared with the pore pressure. The contention is that upon 

deflation of the DMT membrane, a gap opens between the DMT membrane and the soil, 

this gap fills with water and the DMT membrane feels the pore water pressure. 

A piezoblade is a flat blade modified by replacing the membrane with a flush mounted 

porous stone/transducer system in the same position. This porous stone allows to measure 

the pore pressure. Lutenegger and Kabir (1988) compared p 2 values measured 1 minute 

after the testing depth was reached, with penetration pore pressures u = u a + u. measured 

with a piezoblade immediately after the testing depth was reached, at the same locations 

(where ua is the equilibrium pore pressure, and u. is the excess pore pressure generated 

around the blade during penetration). 

In cohesive soils, they found that the value of p 2 is a very close approximation of 

the penetration pore pressure u , especially in soft clay. After examining more than 100 

data points (figure 6.1) they concluded that the value of p 2 is within about 5% of the 

penetration pore pressure value for cohesive soils. 

In sand, Lutenegger (1988) and Robertson et al. (1988a) found that the p 2 pressure 

is equal to the equilibrium pore pressure uo (figure 6.2). This is due to the fact that 

significant drainage occurs in sand 1 minute after penetration and that the equilibrium 

pore pressure u o is reestablished by the time the p 2 pressure is measured. 
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Basnett (1991) suggests that a plot of p 2 versus depth can be used to obtain fairly 

accurate water table measurement as well as changes in soil type ( e.g. OC clay, OC sand) 

by negative pore pressure differences. 

Marchetti (1991) considers that obtaining pore pressure for DMT is still a contro­

versial issue. 

6.2 Coefficient of lateral earth pressure Ko 

Clal'. 
It is not possible to measure the pre-insertion in situ lateral stress directly with a 

dilatometer because the blade insertion disturbs the soil. However, empirical correlations 

have been proposed between the coefficient of l_ateral earth pressure K,., and the dila­

tometer horizontal stress index K D• 

Marchetti (1980) proposed the following relationship based on tests in Italian clays: 

K = -E.. -0.6 ( 
K )o.47 

0 1.5 
( 6 .1) 

This relationship is based on a comparison between 21 DMT and 21 laboratory tests 

on Italian clays, and is only recommended for soft and medium to stiff uncemented clays 

having / 0 $ l . 2 ( J amiolkowski et al. 1988). 

However, several authors ( Lacasse and Lunne 1988, Lunne et al. 1989) suggested 

that Marchetti's (1980) correlation needed some modification in order to fit the latest 

available data bases (figure 6.3). Also, Lunne et al. (1990) and Powell and Uglow (1988) 

showed that the correlation between Ko and K "was different for young ( < 60,000 years) 

and old ( > 70 million years) clays. 

In an attempt to implement the previous comments, Lunne et al. (1990) proposed: 

(6.2) 

(6.3) 

Lunne's (1990) relationship for young clay compares well with the relationship 

proposed by Lacasse and Lunne (1988), which is based on results from ten test sites in 

Norway: 

(6.4) 

where: 

m = coefficient varying between 0.44 ( highly plastic clay ) and 0.64 ( low plastic 

day). 
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Therefore, it is recommended to use Lunne's (1990) method (equations 6.2 and 6.3) 

for soft and medium to stiff uncernented clays having / D :5 1 . 2 and K o < 4. 

Saru! 
Schrnertmann (1983) proposed to estimate. Ko of uncemented sands using the fol-

lowing equation: 
, . , 2 

40 + 23 K D - 86K D (l - Sin <I> ax)+ 152(1 - sin <I> ax) - 71 7 (1 - Sin <I> ax) 

K O = 192 - 7 1 7 (l - sin <I>· 0 .,,J ( 6 ·5 ) 

where: 

K O = dilatorneter horizontal stress index 

~ - ax = axisyrnmetric friction angle calculated from the plane-strain angle obtained 

in the dilatorneter test (section 6.5) 

Since Schmertmann method is complex, l.a.casse and Lunne {1988) recommend to 

use Marchetti's (1985) chart (figure 6.4) to obtain a first estimate of the lateral stress. 

Marchetti's method requires to obtain q c values from an adjacent cone penetrorneter 

test. This method is based on calibration ·chamber tests as well as 25 tests in the Po river 

sand. 

6.3 Soil Classification 

Based on test results collected on different soil types it has been found that the 

material index I D is a parameter which is dependent on the prevailing grain size of a soil 
. . .. 

(Marchetti," 1980), relatively independent of OCR (Marchetti, 1980) and independent of 

the degree· of saturation of a soil (Luteriegger 1988, Schmertmann 1982, l.a.casse and Lunne 
- . 

1986). ,Therefore, the correlation of / D versus soil type presented by Marchetti (1980) 

( table 6.1) can be expected to provide a good estimate of the soil type. 

Marchetti and Crapps (1981) proposed an extended version of table 6.1 which can 

also be used for the determination of soil type (figure 6.5). Lutenegger (1991) points out 

that the profiles of po and p I versus depth can be very helpful with soil classification and 

stratigraphy. 

Figure 6.6 presented by Davidson and Boghrat (1983) shows that the degree of 

dissipation of excess pore water pressure generated during penetration of the blade 

depends on the soil type: very little drainage occurs in clay while significant drainage occurs 

in sand after 1 minute penetration. Since the value of the closing pressure p 2 (usually 

measured 1 minute after penetration) is very similar to the initial pressure u 0 plus the 

excess pore water pressure generated on the DMT membrane (1 minute after penetration), 
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· TABLE 6.1. Soil Classification Based on / o (From Marchetti 1980) 

Soil Type 
Peat/ Sensitive Clays •••••••• 
Clay ••••••••••••••••• 
Silty Clay •••••.••••••••• 
Clayey Silt ••••••••••••• 
Silt. • ~ • • • • • • • • • • 
Sandy Silt ••••••••• 
Silty Sand ••••••••• 

• • • • • 
• • • • • 
• • • • • 

Sand ••••••• ~. • • • • • • • • 

37 , 

Material Index 
< 0.10 

0.10 - 0.35 
0.35· - 0.60 
0.60 0.90 
0.90 1.20 
1.20 1.80 
1.80 3 ~30 

> 3 .30 
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Lutenegger and Kabir (1988) proposed to compare p 2 to the DMT p O reading (measured 

immediately after penetration) in order to obtain an initial indication of stratigraphy. They 

defined the DMT pore pressure index U o as follows: 

(6.6) 

where u o = hydrostatic pressure. 

In sands where the excess pore pressure dissipates quickly, U o should be very low 

( O < U O < o . 2) because p 2 is very similar to u o • On the other hand in clays U o should 

be higher. 

Lutenegger and Kabir (1988) stated that" the U o ratio can be useful for identifying 

changes in stratigraphy" as_ illustrated in figure 6.7. However, no relationship between 

U o and soil type has been proposed yet. 

6.4 Unit Weight 

Marchetti and Crapps (1981) presented~ chart for predicting the unit weight of a 

soil, which makes use of the material index / D and £ n (figure 6.5). This chart was later 

adapted by Lacasse and Lunne ( 1988) to account for the effect of OCR on / D and E o 

(figure 6.8). The same chart was evaluated by comparing the unit weight predicted by 

Marchetti's (1981) chart and reference unit weights measured in the laboratory (figure 

6.9). Lacasse and Lunne (1988) concluded that figures 6.5 and 6.8 tend to underpredict 

the unit weigpt in soft clays. 

6.S Drained Friction Angle in Cohesionless Soils 
The penetration of the DMT blade in sands represents a drained bearing capacity 

failure approximating a plane•strain condition. Therefore any drained friction angle 

determined from DMT results is a plane strain parameter: q> ~s. 

Schmertmann (1982) presented a method to estimate $ ~s based on the vertical 

equilibrium of the DMT and the rods during penetration and on the wedge penetration 

theory developed by Durgunoglu and Mitchell (1975). In this equation the coefficient of 

friction between the blade and the soil is assumed to be equal to tan ( cl> ~s I 2) . 

Schmertmann's procedure requires the measurement of the thrust necessazy to advance 

the dilatometer blade and rods. 

For drained soils with Io 2: 1.2 Schrnertn:iann proposed: 
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tan ( $ ~s I 2) = [THRUST - ( n / 4) · DI AM ~ · u O • 1. 0 1 9 

- (A+ (n/ 4) · d 2 - B · d) · q 1 + W · (Z + 2) ]/ F H 

where: 

<I> ~s = drained friction angle of the soil - plane strain 

THRUST = insertion thrust (kg) 

DIAM = drill rod diameter (cm) 

u 0 = pore water pressure prior to insertion of the dilatometer (bars) 

A = bearing area of the dilatometer (12.9 or 14.4 cm2) 

d - diameter of the friction reducer ·(cm) 

B = thickness of the dilatometer (1.37 or 1.5 cm) 

(6.7) 

q 1 = Durgunoglu and Mitchell bearing capacity (kg/cm2) found as explained 

in the following paragraph 

W = drill rod weight per unit length (kg/m) 

Z = test depth (m) 

F H = horizontal force normal to the dHatometer blade 

= ( p O - u ~) x a x l . 0 l 9 where a is the blade friction area (355 cm2) 

p O = corrected dilatometer "A" reading (bars) 

Durgunoglu and Mitchell (1975) prop<:>sed to e~timate q I as follows: 

q 1 = y ~ AVC • B · N yq I I 0 

cos(w-6)( l + sin cl>~ssin(2v-cl>~.)) cos 2 (y-cl>~.) 
Nyq=---- , , { 2 z 10 

COSO COSqlp5 COS(y-cj)ps) 4COS '\j)COS 0 

• 2 . • 
3 COS ( Y - cj) ps) COS f3 29 tan ,t, ( 2 . ) COS '\I.I COS cj) ps 

+ . e O P• m- -m - K . 
4 COS ljJ COS cj) ps 3 COS ( Y - <j> ps) 

' . 
( ')2 ( 2 ') KCOSljlCOS<l>ps 3} tan'\j) · m-m · m+ m + • m ---

. COS ( y - <I> ps) 4 

m=DIB 

. sin [3cos(y- 41 · ps) 8 tan•· 
m = -------e o P• 

2cos\j)coscf>' ps 

tan y = (sinq>' ps +JI+ 2coscj)' p.)1(2 + coscj) 'ps) 

'\1)=90°-a 
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(6.9) 

(6.10) 

(6.11) 

(6.12) 

(6.13) 



(6.14) 

(6.15) 

where: 

y - -1vc = average effective unit weight for the soil above the dilatometer blade 

(t/m3) 

N vq = bearing capacity factor 

w = penetrometer angle (figure 6.10) 

a = half of dilatometer base angle; approx. 8 deg (figure 6.10) 

~ = angle to vertical tangency of failure surface (figure 6.10), assumed = cp • ps 

(deg) 

y = angle of plane shear zone, originally an iterative solution but simplified 

by assumption for 6 (figure 6.10) 

6 = dilatometer to soil friction angle,= ¢>' ps/2(deg) (figure 6.10) 

m = ratio of dilatometer depth D to blade thickness 

m = ratio of distance between blade tip and vertical tangency of failure surface 

("critical depth") to blade thickness 

e 
O 

= defines logarithmic failure surface angle ( deg) (figure 6.10) 

K .= coefficient of lateral earth pressure, assumed = Ko 

The solution of equation 6.7 requires the following iterative procedure proposed by 

Schmertmann (1988): 

1. Make an initial estimate for cp ~. 

2. Solve equations 6.10 - 6.15 for their respective parameters 

3. Calculate Ko as shown in section 6.2 

4. Substitute the parameters obtained in steps 2 and 3 into equation 6.9 to 

find N vq bearing capacity factor 

5. Find an average unit weight for the soil profile above the dilatometer and 

solve equation 6.8 for the bearing capacity 

6. Calculate cp ~. from equation 6.7 

7. If the difference (calc. angle - assumed angle) is less than zero, then the 

assumed value was too low. If it is greater than zero, the assumed value 

was too high. 
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8. Revise the angle estimated and repeat steps 1 - 7 until the difference 

between the assumed and calculated angle is < 1 degree. The final value 

may then be found by interpolation based on the error found in step 7. 

The above method has been evaluated by several people. Using Schmertmann ( 1982) 

technique, Clough and Goeke (1986) obtained friction angle values for gravelly sand which 

were within 15% of the values obtained with laboratory triaxial compression tests. 

Jamiolkowski et al. (1988) stated that the Durgunoglu and Mitchell theory used in con­

junction with the dilatometer wedge resistance, slightly underpredicts the value of <P ~. (1 

to 2 degrees lower than peak friction angle resulting from triaxial compression test) for 

silica sands. They found that the difference [ <I> ~s (LAB) - <I>~. ( D MT ) ] increases with 

increasing sand density. 

Schmertmann (1988) added that his method used for cemented and strongly dilatant 

sands usually yields friction angles in excess of the actual value. 

Because of the non-linearity of the failure envelope, the angle <P ~s is not uniquely 

defined, but depends on the magnitude of the effective normal stress a~ 1 on the failure 

plane at failure. Therefore any value of 4> ~s inferred on the basis of the DMT results 

corresponds to a secant angle of friction, whose magnitude is controlled by the average 

value of the effective normal stress er~, acting on the failure plane around the penetration 

device. A knowledge of er~ 1 existing during the DMT test is necessary to link the cp ~. 1 

value inferred from a DMT with <P ~s 2 of a specific design problem where a stress o ~ 12 

exist on the failure plane. Schmertmann (1982) proposed: 

(6.16) 

where a uo = vertical effective stress at the depth of the test. 

Then the value of a~ 12 is estimated for the problem considered and the friction angle cp ~.2 

is obtained by using Baligh's (1976) work with a simplifying assumption: 

· ( 0 ~11) 
tan<\> ps2 - tan<\> psi= 0.105log ----'-.-'---

( O I /2) 
(6.17) 

Schmertmann's method provides a drained plane strain friction angle which can be 

converted to an axisymmetric drained angle <P 'ax (Schmertmann, 1988): 

for <P ~s :5 32 ° 

for<P~s>32° 
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<Pax = <Pps 

<\>~x = 4>~ 5 -[(¢~,-32)/3] 

(6.18) 

(6.19) 



Marchetti (1985) presented a procedure to obtain ¢ ~s which makes use of the cone 

resistance q c measured during a neighboring cone penetration test, and Ko determined 

as explained in section 6.2 ( figure 6.11 ). Lacasse and Lunne ( 1988) evaluated Marchetti's 

method and obtained friction angles comparing well with the results of drained triaxial 

compression tests. They recommended to use figure 6.11 to obtain the friction angle of 

sands. 

6.6 Drained Constrained Modulus M 

The drained constrained modulus M refers to the tangent modulus, as found from 

the vertical effective stress versus vertical strain curve obtained in a 1-dimensional 

oedometer laboratory test on high-quality samples. The modulus Mis described in figure 

6.12. 

Sarul 
Marchetti (1980) presented a correlation between M and the dilatometer modulus 

E o of the form: 

where: 

RM = coefficient, function of the horizontal stress index Ko 

If/ 0 ~0.6 

If/ 0 ~3.0 

If 0.6~/D<3.0 

RM= 0 .14 + 2.36 Log K 0 

R M = 0. 5 + 2 Log K 0 

RM= RM, 0 + ( 2 .5 - RM, 0 ) Log K D 

with RM, 0 = 0 .14 + 0 .1 S (/ 0 - 0 .6) 

RM= 0.32 + 2.18 Log K 0 

RMisalways 2:::0.85 

(6.20) 

Baldi et al. (1986 and 1989) found that Marchetti's (1980) correlation underpredicts 

M, especially for O.C. sands (figure 6.13). As a result Leonard and Frost ( 1988) recommend 

to use M = I .3M Mo.rchotli for NC sands and A1 = 2.4M Marcholli for oc sands. 

Marchetti (1991) disagrees with the need to factor M March9tti for two reasons: 1) 

Schmertmann's evaluation of the shallow foundation settlement calculation method using 

M Marchew gives a ratio of predicted over measured settlement equal to 1.18 (section 8.1.3); 

the above factors would make the average prediction unsafe, 2) the above factors come 

from calibration chamber tests where the sand may not be representative of natural sands. 

Chu'. 
Lunne et al. (1989) recommend to use Marchetti's (1980) correlation. 

46 



30001---+----+--+--+--t---1>-+-++--+-+-----t-----1,--t--v,,.._~ 
,_ 

,,V 
20__ A . V 1 

ASSUMED CONE ROUGHNESS u/¢ = 0 - 5/ , 

10 

50 

11 1// /v~ 
:»--+--+-+----t--+-+-+ ~;=4 6 ° _,.,,,v 

1
.' ,-

I-

Q l 

I 
I 

v..,.. 
i- ,,,,-/ I/ 

~ i.-...- v" I J u.---- V, 

I 
l 

I 

\_L---,-- 3 8... / / 
o o I---+-,-+---,-\ +----t--t--1rr,.,-t.,..~ V K0=- t< P ,- --i.-- ./ ' 

, 1.a-'"""i-..-i.-26- v' 

-
-

-

-

~ , ~24-i.--
1011--+--r-1+-4-_-±~~..,j-t-f'=p::....!...+--+~,.-1--1--+--+--+---1 
9 • L-15 __ .1...2--L-• .l-J-• .i.;4 ;;;;..i..s_,,1,...1.-.~8....,_1 _ ___._ .... 2___,""'--::J:---4.__7s--=-s ~e 

Ko 

FIG. 6.11. Chart for tnterpreting ¢1 from CPT requiring an Evaluation of Ka (From 

Marchetti 1985) 

47 



. , 
Axial stress, a 

---------------►, 

Tangent modulus: 
M _ da' 

- de 

FIG. 6.12~ Definition of the Constrained Tangent Modulus M (From Sandven 1990) 

48 



6.-----,------.------.....,...---,----, 

5 

2 

, • 
•• 

., .. .... 
• 

Constrained { Ho=inf erred from DMT"s 

modulus 
Mt=measured in cal. chb. 

P '11 =DHT effective lift-off stress 

... • NC 
} SPE~IHENS ' ... ... .... ... ... 0( 

... .... 

... ... ' 

... ... • _ ...... . ,.. . ... 
••• • • .... . . ... 

'1• .. ... 
• • ... 

0 .___ __ ....,_ ____ ,...._ __ ___.__ 
,o 20 50 100 200 300 

P'r/ J rrvo 

FIG. 6.13. Constrained Tangent Modulus of Ticino Sand From Dilatometer Modulus 

(From Baldi et al. 1989) 

49 



6. 7 Elastic Modulus 

To date, two values of the elastic modulus E have been investigated: 1. the secant 

Young's modulus at 25% of strength mobilization E 2s , 2. the initial tangent modulus 

E, . The reference E values were obtained from UU triaxial compression tests at confining 

pressures equal to the total horizontal stress estimated from the DMT. Evidence accu­

mulated from several sources (Robertson et al. 1989a, Campanella et al. 1985, Baldi et 

al. 1986, Bellotti et al. 1989) suggests a simple relationship between E and the dilatometer 

modulus Ea: 

( 6 .? l ) 

Table 6.2 and figure 6.14 show the general trend for the F values. These values can 

be used to obtain a first estimate of E from equation 6.21. 

6.8 Maximum Shear Modulus GD 

£iln.d 
Lee and Stakoe (1986) argued that the maximum shear modulus G c of cohesionless 

soils is mostly a function of the following variables: 

where: 

DR = relative density 

a , a = effective stress acting in direction of seismic wave propagation 

a· b "" ~ffective stress acting in direction of soil particle displacement 

(6.22) 

Sully and Campanella (1989) acknowledged this fact and proposed to correlate 

G O /En with the relative density D 1<. They presented figure 6. 15 which gathers most of 

the published data on sand. The data shown in figure 6.15 were obtained by comparing 

GD measured during resonant column tests and cross hole tests, and the results of DMTs 

performed in a calibration chamber and in situ. This may explain the scatter in the data 

presented herein. 

This method can be used to obtain a first estimate of GD• However Sully and 

Campanella (1989) emphasized that "additional field data is required to verify the above 

points.'' 

As an alternate to' the previous method or maybe as a check, one can use figure 6.16 

proposed.by Baldi et al. (1989) which makes use of the effective lift-off pressure from the 
dilatometer p ' 0 = ( p O - u O ) and the dilatometer modulus E o-
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TABLE 6.2. Suggested Correction Factor F (From Lutenegger 1988) 
. . . . ' ' ------------------------------------------

Soil Type Modulus F Ref. 

Cohesive soils . Ei' 10· Robertson et al . 
(1989) 

Sand Ei 2 Robertson et al. 
'' (1989) 

Sand 'E25 l Campanella 
et al. (1985) 

NC Sand E25 0.85 Baldi et al. 
(1986) 

oc Sand E25 3.5 ·Baldi et al. 
·'(1986) 

------------------------------------------
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.Cl.al 
To date, no reliable correlation exists to obtain Go of clays from dilatometer test 

data, although Lunne et al. (1989) tentatively proposed a correlation based on few dila­

tometer test results. 

Sand and Clay 
Recently, Hryciw (1990) proposed a new but well documented method to obtain Go 

for both sand and clay. The method is based on a recent version of equation 6.22 proposed 

by Hardin and Blandford (1989): 

CRk S (1-n) 
G = 0 iJPa (a' 0 , )n12 

0 0.3+0,7e 2 2(l+u) ab 
6.23 

where OCR is the overconsolidation ratio, k is a constant which depends on the plasticity 

index (k = 0 for sands), e is the void ratio, S ,, is a dimensionless stiffness coefficient, pa 

is the atmospheric pressure, and u is Poisson's ratio. The equation proposed by Hryciw 

1s: 

6.24 

where a, u is the vertical effective stress, y O is the total unit weight obtained from the 

. DMT (figure 6.5), y w is the unit weight of water, and K;, is the coefficient of earth pressure 

at rest obtained by equation 6.1 for cohesive soils and by equation 6.5 for cohesionless 

soils. This method is based on studies at 9 sites in Italy, Norway, Canada and the USA. 

The data includes a variety of soils: gravel, sand, silt and clay. Figure 6.17 gives a com­

parison between observed and predicted G max using the data base on which equation 6.24 

is based. 

6.9 Stress History 

.cm: 
Marchetti (1980) proposed to correlate the overconsolidation ratio OCR from 

oedometer tests with the dilatometer horizontal stress index: 

OCR= 0.5K bs6 (6.25) 

Marchetti recommended to use the previous correlation with "materials free of 

cernentation, attraction, .etc. in simple unloading" and for I O s; 1 . 2. 
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Jamiolkowski et al. (1988) evaluated Marchetti's method based on results of dila­

tometer tests performed on two hard clays presented in tables 6.3 and 6.4 . They found 

the method to be promising for soft and medium to stiff uncemented clays, but suggested 

that more experimental work will be required for other clays. 

Lacasse and Lunne (1988) found that the coefficient of Marchetti's correlation should 

be changed to fit their data accumulated at different test sites in Norway. 

To date the most comprehensive work to evaluate Marchetti's correlation has been 

done by Lunne et al. (1989). Their data base is presented in figure 6.18. It is recommended 

to use the procedure proposed by Lunne et al. (1989) in order to estimate O.C.R. This 

procedure consists of: 

Sand 

Use the ratio Su Io : 0 or geological evidence to check whether the clay is young 

or old. Lunne et al. (1990) proposed: 

Young clays: S Jo :0 :::: 0.8 

Old clays : Su/0~0 >0.8 

For young clays, use OCR= 0.3 K b· 17
• 

For old clays, use OCR= 2.7 K b· 17
• 

The uncertainty in the O.C.R. determination in this manner is about ± 30%. 

Schrnertrnann (1988) adapted a relationship by Mayne and Kulhawy (1982) for 

finding OCR from the lateral earth pressure coefficient Ko and the drained axisymmetric 

friction angle <1>~x. Schmertmann proposed for sand, with ID~ 1 .2: 

( 

K )(11(0.8s,nt~,) 
OCR= 

0 
• 

1 - sin¢ ax 
(6.26) 

where: 

<1>~x = drained axisyrnmetric friction angle calculated from the plane strain angle 

obtained in the dilatometer test (section 6.5 ) 

Ko = coefficient of lateral earth pressure from dilatometer (section 6.2 ) 

Schmertmann (1988) does not recommend his method for old and/or cemented 

sands. For other types of sands he indicates that the method appears to overpredict OCR 

by an average of 16%. 
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TABLE 6.3. Laboratory vs DMT Results in Taranto Silty-Clay (From Jamiolkowski et 

al. 1988) 

CDHT OCRDHT ~ 
BH/S Dept.h 17' PI C ,,. OCR H CaC03 Cf ¾ ID 

u --, Po pl --
VO u p C OCR H 

uu u 

frOl:ll t.o 
ltN/a:a3 l'lo. m Ill k:Pa % kPa HPe - MPa % l MPa HPa - - - - -

1/1 2.5 3.1 54.9 19. II 39.9 783 - - - 29.0 44 1. 14 2.77 20.8 1. 43 N.A. - -
1/2 5,5 6.1 113 .8 19.S 29.7 823 - - - 26,5 33 1.21 2,93 10.6 l.U N.A. - -
l/3 7,9 8.5 158.9 19.6 42.7 88_6 - - - 26.0 38 2. 49 3.91 15.7 0.57 O.S2 - -
l/4 10.9 ll. 5 188.4 18. 7 2S.7 H,7 - - - 25.5 34 2. 49 4.26 13. 1 0, 72 0.58 - -
3/2 5.5 6.1 106.S 20:1 J0.7 305.l 1.77 16.5 35.3 29.5 34 l. 01 1. 63 9.4 0.62 0.53 0.68 l. 48 
3/3 7.0 7.6 121.6 19. 4 28.7 252.l l.'iS 12.3 2S.5 26.5 34 1. 21 1.91 9.B 0.59 0.77 0.97 2.04 
3(4 8.5 S.l 136.4 20.0 30.B 302.l 2.28 16.7 39.2 27.0 32 l.45 2.24 10.3 0.56 o. 77 0.77 l. 77 
3/5 10.0 10. 6 151.1 21.0 27.1 483.0 =3.13 20.7 59.8 27.5 37 l. 75 2.79 ll.2 0.61 0.59 0.71 1. 49 
3/6 ll. 5 12.l 165.8 20.8 22.3 485.0 :::J .27 19.7 88.3 27.0 39 2.21 3 ,44 12.9 0.57 0, 7' 0,93 1.33 
3/ 11 22.0 22.6 268.~ 20.4 25.2 676.4 3.12 11.6 54.0 24 .0 30 2.92 4.17 10.2 0.45 0.61 1.10 2.03 
3/11 .. 22.0 22.6 268.8 20.3 25.2 676.4 2.75 10.2 48.6 24.0 30 2.92 4.17 10.2 0. 45 0.67 1.25 2.25 
3/12" 26.5 27.l 312.9 20.5 - - .... 44 15.8 108.9 - - 3.25 4.67 9.7 0. 47 - 0.72 1.13 
3/H 35,5 36.l 401.2 20.6 26. 4 845.6 . -' .91 12.3 81.4 49.5 35 4.09 5.62 9,4 0.41 0.72 0.91 1. 60 
5/4 9.0 9.6 113.8 19.9 27.0 200.0 1.62 H.2 27.7 25.0 35 0.37 l. 51 3,2 3.78 N.A. 0.30 2.16 
5/6 13. 6 14 .2 158.9 20.D 25.2 "75.8 2.35 H.7 311.5 26.5 35 0.59 1.59 3.6 1.11. N.A. 0.28 1.38 
5/8 17. 5 18.1 197.2 20.3 25.6 - 2.97 15.0 59.8 28.5 32. l. 60 2.54 7.3 0.65 - 0.50 1.21 

NOTES: GWL.; 0.00 A!OVE H,S.L.; GL,. +11.0, +S. l, 2.3 RESPECTivtLY BB-1, BB-3 -.nd BB-5; 
H • TANGENT CONSTRAINED tt:lDUl.US At .. 0.9 • er I; .. " C'RS-oEDCMETER TES'?, ALL OTHER. IL TESTS p 

TABLE 6.4. Laboratory vs DMTResultsinAugusta Clay (FromJamiolkowskiet al.1988) 

crMr OCRDHT Jffl 
BB/S Dept.h v' -, PI C C 11• OCR H CaC03 CF Po P1 'o ID ~ ~ VO u u p C H 

tru ex u u 
0 

(rOOI t.o 
klt/ri No. m m tP■ I Ir.Pa Ill'• Jr.Pa - HPa % z tPa kPa - - - -

1/1 5.3 5.9 81:lt 18.2 51.l 130.5 126.l 78/t.8 9.6 11.3 H.O 51 777 .4 1191.9 e.J 0.55 0,95 1.15 2.55 
111• 5.3 5.9 81.4 18.2 51.l 130.5 126.1 833.9 10.2 13.7 21. 0 51 777. 4 1181. 9 9.3 0,55 - 1.08 2.10 
1/2 7.0 7,6 97.1 18.0 51.9 142.2 - 932.0 9.6 18.6 21.0 54 1044.8 1554.9 10.4 0.51 1.18 1.36 2.28 
1/4 12.0 12.5 141.3 18.5 48.3 23,.5 - 1275.3 8.D 21.6 15.5 51 15'8.l 2261.2 11.1 0.3111 1.13 l.61 2.57 
1/4** 12.0 12.5 141.3 18.5 48,3 234.5 - 1422'.5 10 0 24,0 1'6.5 51 1648.1 2261.2 11.1 0,39 - 1.45 2.31 
1/6 17.0 17 ,6 185.4 18.3 50:s 181.5 - 101.5 7.9 20.6 21. 0 58 11119.8 2469,7 9.1 0.39 1.49 1.35 2.63 
1/6• 17.0 11.6 185.4 18.3 S0.5 111.5 -· 1561.6 8.5 21.6 21.0 58 111111.8 24611.7 11.1 0.311 - 1.25 2.51 
1/8· 25.0 25.6 256.0 18,l 411. 7 - 1117.7 1569.6 6.1 21.l 16.5 60 2138.6 2952,8 7.5 o.-.o 1.49 1.29 2.115 

ll'OTES: GWL AT 3.6 H BELCM GL; K • TAlfGEHT CORSTRAIHED tl)[)ULUS AT "'0. 9 v~: • CRS OEDCtlt.lER 'J'.ESTS; 

•• INSTRUHEIITED OEDCt4ETER TESTS ALLOWING HEA.SUREJ-ElT OF RADIAL STRESS, ALL OTBER IL TESTS 
-
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Ko Profi1e 

As pointed out by Marchetti (1991) the K D profile is very useful in describing the 

stress history of the deposit. Indeed, inspecting the K D profile (figure 6.19) and comparing 

it to the dashed lines for the K D = 1.5 and 2 which correspond to OCR = 1 gives a good 

idea of the stress history of the deposit. 

6.10 Undrained Shear Strength 

Marchetti ( 1980) proposed to correlate the undrained shear strength Su with the 

horizontal stress index K o : 
. 1.25 s u = 0.220011(0.SK D) (6.27) 

The previous correlation was developed using field vane test results, UU triaxial 

tests and unconfined compression tests. The available· pairs of values for Su I a~" and 

K o are plotted in figure 6.20 on a log-log scale. 

Several authors (Lacasse and Lunne, 1983; Fabius, 1985; Greig et al., 1986; Lute­

negger and Timian, 1986; Ming-Fang, 1986) have shown that the DMT prediction of 

undrained shear strength using equation 6.27 in soft uncemented saturated clays compares 

fairly well with uncorrected field vane results. 

Figure 6.21 proposed by Lutenegger (1988) compares the measured error in Su 

between DMT and field vane for a number of clay sites; it shows that the accuracy of the 

prediction of S.. is strongly linked to the material index / o and that the error can be 

significant. Lutenegger ( 1988) suggests that equation 6.27 would be best used in clays with 

I O :5 0.33. 

The use of equation 6.27 is not recommended for_ QC cemented and/ or fissured 

clays. Indeed, the experimental data (tables 6.3 and 6.4 ).presented by Jamiolkowski ( 1988) 

indicate that for these types of clays further calibration of the DMT correlation is required. 

Powell et al. (1986), working at sites in the UK. found that Marchetti's 1980 corre­

lation was significantly overestimating the undrained shear strength in one highly over 

consolidated clay and underestimating it in glacial tills. 

The measured value of Su varies depending on which test is used to establisij s u 

for a given soil. Lacasse and Lunne (1988) acknowledged this fact and presented three 

correlations (figures 6.22, 6.23, 6.24) between K D and s u for the uncorrected field vane 

strength, the simple shear strength and the triaxial compression strength, adapted from 

Marchetti's 1980 correlation. 
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Lacasse and Lunne (1988) recommended that the user should select the diagram 

corresponding to the strength needed for design. These three correlations are only rec­

ommended for soft uncemented clays. 

Roque et al. (1988) argued that the dilatometer inser-tion can be considered as a 

footing loaded horizontally to failure. Therefore, they proposed to use the classical bearing 

capacity formulas to estimate the undrained shear strength of the soil: 

S = P1 - Oho 

u NC 
(6.28) 

where: 

p 1 = initial (maximum) DMT expansion pressure 

a 110 = total horizontal in situ stress, estimated by the formula o 110 = K O • a ~0 + u 0 

a 110 = in situ vertical effective overburden 

u O = in situ pore pressure 

K O = coefficient of lateral earth pressure at rest ( see section 6.2 ) 

Roque et al. (1988) proposed the following N c values: 

Soil type NC 

Brittle clay and silt 5 

Medium clay 7 

Non sensitive plastic clay 9 

Dilatometer tests performed in Glava clay in Norway and reported by Roque et al. 

(1988) shows that for this type of clay, undrained shear strengths determined using this 

last method were in good correspondence with strength values from triaxial compression 

tests. 

Overall, it appears that if one method is to be favored, the method by Rogue et al. 

should be the one. 

6.11 Coefficient of Horizontal Consolidation 

Two testing procedures were presented in section 4.3 in order to obtain the coefficient 

of horizontal consolidation C 11 : the DMTC procedure and the DMTA procedure. The 

two corresponding calculation procedures are described in this section. 
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Several workers have shown that the DMT closing pressure P 2 (or C-pressure) is 

very similar to the initial pore pressure plus the excess pore water pressure generated on 

the DMT membrane (dilatometers equipped with pore pressure devices). Furthermore, 

Robertson et al (1988) found that the P 2 readings follow a very similar dissipation curve 

to that of the actual DMT pore pressure (figure 6.25). They presented a method to obtain 

c 1i from the P 2 dissipation curve, which is comparable to the CPTU method. 

Schmertmann (1988) combined the work of Robertson et al. (1988), Baligh and 

Levadoux (1986), Gupta (1988), Lutenegger (1988) and presented the following step­

by-step procedure to obtain the horizontal coefficient of consolidation C 1i from a DMTC 

dissipation test: 

1. Run a DMTC dissipation test (section 4.3). 

2. Plot the C-pressures against a square root of time scale (figure 6.26), making at 

least enough measurements to find C so , the C-pressure at 50% of the dissipation 

to the equilibrium C-pressure, CI oo. 

Determine t so, the time required to reach C so on the dissipation curve. Use 

the following method to get C so: ( the 30% distribution time may also be used 

to save time if uo is known accurately) 

i) extrapolate the beginning of the dissipation curve back to the C-pressure 

intercept at time t = 0, Co, mathematically or graphically; use a straight 

line through the early data points. 

ii) extrapolate the end of the dissipation curve forward to estimate the 

asymptotic C-pressure, C 100, or alternatively the operator may estimate 

C 1 oo by calculating the expected in situ pore water pressure at the test 

depth and subtracting the value of A. 

iii) average Co and C 100 to find C so at 50% dissipation. 

3. After estimating the £ / s" ratio, calculate the DMT cl, using the following 

equation: 

(6.29) 

where: 

t 50 = time required to reach C so on the dissipation curve 

T 50 = time factor estimated using the following table adapted from the 

work by Gupta (1983): 
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EISu 100 200 300 400 

Tso 1.1 1.5 2.0 2.7 

(min) 

T 30 0.47 0.59 0.72 0.89 

(min) 

Estimating the field C ti requires another correction to account for the 

recompression behavior in the DMT vs. possible virgin behavior in the field. 

Schmertmann (1988) suggested the following correction factors. They depend 

on whether the expected field behavior will be entirely virgin compression (NC), 

a combination recompression-virgin (NC-OC), recompression near the pre­

consolidation stress (LOC), or recompression in a highly overconsolidated soil 

(HOC). 

Field Behavior NC NC-OC LOC HOC 

C hDMT IC hfiQld 7 5 3 1 

Marchetti and Totani (1989) describe the procedure to calculate C 11 based on the 

DMTA dissipation test procedure. In this procedure a characteristic time T I iex is defined: 

T ftgx is the time which corresponds to the point of reverse curvature on the A pressure 

versus log time curve discussed in section 4.3. An example curve is shown in figure 6.27. 

The reasons for choosing T I tex for this procedure and the advantages thereof can be found 

in Marchetti and Totani (1989). The authors then give a rating on consolidation speed 

depending on the value of T 1iox (table 6.5). They also propose a simple equation: 

ch.QC X T/lex=S lo 10cm 2 

As pointed out by the authors this equation should be used cautiously and is likely to evolve 

· as more data becomes available. Ch. oc is the coefficient of horizontal consolidation for 

an overconsolidated soil and is the one measured with this procedure since the DMT is 

a horizontal loading test which prestresses the soil before obtaining its properties. Mar­

chetti and Totani point out that the coefficient of vertical consolidation for a normally 

consolidated soil may be many times smaller than Ch. oc . A ratio of 35 is mentioned as 

an order of magnitude. 
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Kabir and Lutenegger (1990) present some useful data on the comparison between 

a piezocone and a peizoblade as well as three approaches to obtain the in situ C II from a 

dilatometer. 

6.12 Automatic Data Reduction 

A computer program exists to reduce and interpret the data automatically (GPE, 

Inc. 1991). Another program called DILLY which also includes settlement calculations 

for spread footings is available from McTrans (Dumas, 1990; McTrans 1991). 

TABLE 6.5. RA TING ON CONSOLIDATION SPEED BASED ON Tflex 

Tflex (minutes) Consolidation Rate 

< 10 very fast 

10 to 30 fast 

30 to 80 medium 

80 to 200 slow 
.. 

> 200 very slow 

.r' 

67 



7. DESIGN OF LATERALLY LOADED PILES 

7.1 Introduction 
The purpose of this section is to describe a method to estimate the response of 

laterally loaded piles. The theoretical approach used herein is the non-linear subgrade 

reaction method. In this method, the pile is considered to be an elastic beam-column with 

a bending stiffness EI, and shear induced deformations are ignored. The soil is modeled 

by uncoupled springs distributed along the length of the pile. Because the response of 

real soils is non-linear, the springs idealizing the load-deformation response of the soil-pile 

mechanism are also taken to be non-linear._ The load-deflection curves are usually referred 

to as P - y curves, where Pis the soil reaction in load per unit length of pile, and y is the 

horizontal deflection. These curves are defined by the coefficient of subgrade reaction k. 

The behavior of the laterally loaded pile ( no axial load ) is governed by the equation: 

where: 

d"'y . 
E I -+kBy=O 

P P dZ 4 

E P = modulus of elasticity of the pile 

IP = moment of inertia of pile section around the bending axis 

y = pile deflection 

B = width of the pile 

Z = depth below the ground surfa.ce 

(7 .1) 

k. = coefficient of subgrade reaction, in units of / orce I length 3 (pressure / 

displacement). 

The solution to the above equation may be obtained either analytically or numer­

ically. Analytical solutions are only available in convenient form for the case of a constant 

k value along the pile. In the general case, the P - y curves are non-linear and vary with 

depth. A standard way to treat this non-linear problem is to solve the above differential 

equation by using a numerical finite difference method. To do so, the embedded part of 

the pile is divided into discrete segments with the soil resistance along each segment 

modelled by a horizontal spring with non-linear behavior. Thus, the first step is to 

determine the P - y curves associated with each spring from the DMT results. 
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7.2 P. y Curves: Robertson et al. (1989a) Method for Driven Piles 

Robertson et al. (1989a) presented a preliminary semi-empirical method for the 

evaluation of P - y curves using Matlock's original method and data obtained from the 

DMT. 

Matlock (1970) proposed: 

(7 .2) 

where: 

P = soil lateral resistance in force per unit length of pile. 

Pu = ultimate soil lateral resistance in forde per unit length of pile. 

y c - ultimate horizontal deflection of the pile element corresponding to 

P=0.5Pu; 

y = horizontal deflection of the pile element. 

Pu and y c can be calculated as follows: 

Cohesive soils (undrained conditions} 

Robertson et al. (1989a) proposed: 

23.67 S uD 05 

y C =. 

where: 

(7 .3) 

y c = uJtimate horizontal deflection of the pile element corresponding to 

P = O. 5 Pu in cin. 
Su = undrained shear strength from DMT. 

D - · pile diameter in cm. · 

ED = dilatometer modulus. 
E 

F c = E: taken equal to 10 as a first approximation. 

E i = initial tangent modulus. 

where: 

NP = non dimensional ultimate resistance coefficient 

Su = undrained shear strength from DMT 
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D = pile diameter 

Matlock (1970) proposed to compute NP from: 

0110 ( X) N =3+-+ J-
P s D 

LI 

and 
NP$ 9 

where: 

x = depth 

a 110 = vertical effective stress at depth x 

J = empirical coefficient found from the following table: 

Value of J Soil Type Soil Tested 

0.5 Soft Clay Sabine Clay 
0.25 Stiff Clay Lake Austin Clay 

Lutenegger and Blanchard (1990) discuss the problem of DMT and laterally loaded 

piles and point out that for the predictions the D MT test should be performed after allowing 

for pore pressure dissipation around the DMT since this is likely to be the case around 
the pile. 

Cohesionless soils 
Robertson et al. (1989a) proposed: 

4. 1 7 Sin~, , CJ ~o 
y = . XD 

C Eo,Fs.(1-sin~') 

where: 

ct> • = angle of internal friction (section 6.5) 

o 110 = vertical effective stress at depth x 

D = pile diameter 

ED = dilatometer modulus 

E 
F s = f taken equal to 2 as a first approximation 

D 
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E i = initial tangent modulus 

Robertson et al. (1989a) used the work of Reese et al. (1974) and of Murchison and 

O'Neill (1984) to determine Pu from the lesser value given by the two following equations: 

' 3 2 ' ' 
Pu=av0 D[KP+2K 0 KPtan4> +tan¢> -Ka] 

where: 

(7 ,6) 

(7 .7) 

a vo = vertical effective stress at depth x 

D = pile diameter 

cj> , = angle of internal friction ( section 6.5 ) 

Ka = Rankine active coefficient = ( 1 - sin <p,) / ( 1 + sin <p ') 

KP = Rankine passive coefficient = 1 /Ka 

K
O 

= coefficient of earth pressure at rest 

f3 = 45° + ¢/2 

7.3 Response of Laterally Loaded Pile using LATPILE.UBC: Robertson et al. (1989) 

Procedure 

In order to predict the lateral behavior of a pile subjected to a horizontal loading 

and/or a moment loading at the ground surface, one can use the following procedure 

(Robertson et al. 1989a): 

1. Obtain the DMT field data. 

2. Interpret the data using the computer program DMT.UBC (based on Mar­

chetti 1980), or using the methods presented in chapter 6. 

3. Calculate P" and y c at each test depth, as explained in section 7.2, or using 

the computer program PU-Y C. UBC. 

4. Average the previous sets of values into a maximum of 20 (Pu , y J sets of 

values. 

5. Run the PY.UBC computer program in order to generate the P -y curves, or 

use equation 7.2. 

6. Run the computer program LATPILE.UBC (P.C. version of LATPILE 

adapted from Reese, 1980) or any other suitable computer program 

(LTBASE, BMCOL76) to obtain the pile response. 
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7.4 Precision of Robertson et al. (1989) Procedure 

This method is only suited for laterally loaded piles under static, one-way loads. 

Robertson et al. (1989b) evaluated their method using the results from three lateral load 

tests on three driven pipe piles. The soil profile at the test site was constituted.of a surface 

layer of fill overlying an organic silty clay layer to a depth of about 15 m. Below this upper 

layer was a medium dense sand deposit; locally silty down to about 30 m. Underlying the 

sand, to a depth of about 150 m was a normally consolidated clayey silt deposit containing 

thin sand layer. 

The calculated and measured load deflection curves as well as the piles' geometries 

are presented in figures 7.1, 7.2, 7.3. This method provided a good prediction of pile 

response. 

Robertson et al. (1989) method requires further field validation, and is only rec­

ommended to obtain a first estimate of the response of laterally loaded piles. 

7.5 P - y Curves: Gahr and Borden (1988) Method in Cohesionless Soils 

Murchison and O'Neill (1984) proposed to determine the P-y curves for cohesionless 

soils from: 

where: 

n = LS for uniformly tapered piles, such as timber piles, and H piles 

n = 1.0 for circular, prismatic piles 

A = 0.9 for cyclic loading 

A= 3-o.s(i)~0.9forstaticloading 

D = width of the pile 

k 
O 

= initial coefficient of subgrade reaction in units of force/length3 

Z = depth 

p u = ultimate soil resistance = lesser value given by equations 7.6 and 7.7 

Evaluluation of k D 

Gabr and Borden (1988) proposed: 
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where: 

po 

Oh 

h 

= 
= 
= 

dilatometer reading, A, corrected 

in-situ total horizontal stress at rest 

half the blade thickness = 0.27 in. if Po and oh are in psi 

The estimation of oh can be achieved providing that the coefficient of at rest earth 

pressure, K O is known. The method presented in section 6.2 can be used to obtain K,. 

although Gabr and Borden have suggested that an educated guess should be sufficient to 

estimate oh• 

7.6 Response of Laterally Loaded Piles in Cohesionless Soils Using Gahr and Borden 

P-y Curves 

The lateral behavior of a pile subjected to a horizontal loading and/or a moment 

loading at the ground surface can be estimated as follows: 

1. Divide the soil profile around the pile into layers of approximately constant 

behavior. 

2. Obtain the P - y curves for each layer using the method described in section 7.5. 

3. Run a suitable finite difference computer program such as LATPILE.UBC 

(University of British Columbia), LTBASE (Borden and Gabr, 1987) or 

BMCOL76 to obtain the pile response. 

7. 7 Precision of Gahr and Borden (1988) Method 

This method is only adapted to laterally loaded piles under static, one way loads. 

The Murchison and O'Neill method was proposed for driven piles, however, Gabr and 

Borden (1988) evaluated their method using the results from three lateral load tests on 

three bored piles, 30 in. (.762 m) in diameter and 7 ft (2.13 m) long, constructed on a 

highway embankment with side slopes of 3.5:1. The test piers #1 and #2, were loaded 

along the direction of the highway (horizontal ground surface). Pier #3 was loaded down 

the side slope of the embankment. The piers were subjected to a lateral load and an 

overturning moment. A lateral load was applied at the top of a 30 ft-column supported 

by the pier being tested. The load-deflection response for the 3 piers is shown in figure 

7.4. The predicted load-deflection behaviors of the piers were obtained using the computer 

program LTBASE and are shown in figure 7.4. This method provided good predictions 

of the bored piles responses. Gabr and Borden (1988) stated that their method can be 

expected to produce good results for bored piles. However an enlarged data base is 

74 



140 50 

1501 [ no 
• UIIDTEST PIERII, L ■ T f ■ LOAD TEST PIERl2, l c 5' 

~ . LDADTEST PEN3,L■T 

• ~De I!. . PAOPOOEII l0lo 8U)Pl EffECT 40 -~ ~ . 
ii: i f 100 . 

IIOIILOP£ 

1 
• 

i 
~ I ., f . _.--l~I'. I • I ID 
~ 

0 40 <> 

I @ ; 20 ~ 
0 0 

0 1 2 :I 4 0 2 4 ' I 0 

+ 
I 2 :I 4 

-..J PIEII TOP DEFUCTlON, (IN) PIE.l'I TOP D£R..ECl10N, PIii PIEJI TOP DEIUCTION, PIii 
1.,1 

ID 30 ., 
■ 

~ 
■ LOADIUT ~ 

LDADIEST 
~ ■ UIIDTEST • PIIOPOSmlCM ■ SLOPEEmCI 
~ • 

PROPOSEO~•• 
■ ~ ~ 

NOSUlPE · i ID i I 
., 

_______. ■ 
20 

I'"° a· I I 
40 A/ • 10 ■ 0 0 

20 
. 

I I 
20 a • 

I 
■ 

0 0 

0.0 0.2 0.4 0.1 0.1 1.0 1.2 1 2 0.0 0.5 1.0 1.1 

REIi T0P OEfUCllON. ~" PIEJI T0f' ~ (INI PIER TOI' D£IUCTIOH, PIii 

FIG. 7.4. Measured vs Calculated Pile Top Deflection (From Gahr et al.1988) 



required to further assess the model applicability. More recently Borden and Lawter 

(1989) further evaluated the method on 2 jetted then driven 24 in. square prestressed 

concrete piles. The results continue to be encouraging especially at small deflections. 
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8. DESIGN.OF SHALLOW FOUNDATIONS 

8.1 Settlement of Shallow Foundations 

8.1.1 Settlement: Introduction 

The settlement of a shallow foundation due to soil consolidation may be computed 

from: 

where: 

I
t.a 

S= -'·h M l 
l 

(8 .1) 

S = total settlement 

h, = thickness of the ith layer 

t.a, = expected change in stress at the middle of the ith soil layer 

M, = average constrained modulus of the ith layer 

The value of the constrained modulus M, is not unique for a given soil. Indeed, 

M, varies with the effective stress in a different manner for various soil types. The DMT 

determines the property of the soil in situ at the time of the test and at one point on the 

M, - a~ curve. The vertical effective stress during the loading of the foundation is often 

different from the a~ at the time of the DMT. Therefore it may be necessary to adjust 

M, from the DMT to the average vertical effective stress during the shallow foundation 

loading. 

Schmertmann (1986b) acknowledged this fact and presented two methods to estimate 

the settlement of shallow foundations: 

- The ordinary method which makes use of the M, values obtained directly 

from the DMT data. 

- The special method which includes steps for adjusting the M, values to the 

effective stress which exists for the problem under investigation. An 

expanded version of this method has been automated in a computer program 

called DILLYSET (Dumas, 1991). 

Only the ordinary method is outlined in this manual. Indeed, Schmertmann (1986b) 

stated that the ordinary method usually suffices to predict the settlement with good 

accuracy (section 8.1.3 ), and that the special method produces calculated settlements which 
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are at most 20% less than the settlement calculated with the ordinary method. One should 

keep in mind that the scatter on the plot of M predicted from DMTversus measured values 

exceeds ± 20% (figure 6.13 ). 

Leonards and Frost (1988) presented a detailed method for granular soils with 

particular emphasis on the influence of the overconsolidation ratio. 

8.1.2 Settlement: Schmertmann's (1986b) Ordinary Method 

Schmertmann recommended the following procedure: 

1. Prepare a table with the following headings 

Layer# h, M1 60, Lloi 
-·h M, I 

I 

I 6o. 
S= - 1 •h. 

Mi I 

2., Perform a DMT sounding at each settlement analysis location and determine 

the profiles of M through the soil layers of interest using Marchetti's (1980) 

method described in section 6.6. 

3. Divide the soil into layers of approximately constant 6 o . Since 6 o does not 

vary linearly with depth, the layer thickness h I should be small right below the 

footing, and increase with depth. 

4. Determine the average M, value from the DMT results for each layer in step 

3. 

5. Estimate the expected change in stress 6a i at the center of each layer using 

the following methods; these methods give the increase in stress under the 

center of the footing. 

Circular footing; 

(8.2) 

where: 

Ll p = net footing pressure = q - a ' 1 

q = footing bearing pressure 

o 1 = effective stress at the footing depth 
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R = radius of the footing 

Z = distance from the bottom of the footing to the center of the soil layer 

Rectangular footing; 

6o=46p·lcm,nl (8.3) 

where: 

6 p = net footing pressure defined as before 

I cm." J = stress influence factor calculated using figure 8.1 where n x Z is half the 

width of the footing, m x Z is half the length of the footing, and Z is 

defined as above. 

For the increase in stress t-. o under the corner of the footing, the equation is: 

(8.4) 

where I cm. n l is obtained as shown on figure 8.1. 

6. Calculate the 1-D settlement s, of each layer using the following equation: 

(8.5) 

7. Calculate the total 1-D settlement S using equation 8.1. 

8.1.3 Settlement: Precision of Schmertmann Method 

The settlement calculation method presented in section 8.1.2 should only apply to 

consolidatioi: or volume change settlement under a perfectly flexible loaded area, in 1-D 

compression. The previous situation is seldom encountered in reality. However it seems 

that Schmertmann's method still gives relatively good results when applied to real situa­

tions. Schmertmann (1986b) evaluated the accuracy of his method by comparing the DMT 

calculated settlement with the measured settlement for 16 structures at 11 locations. The 

ratios of estimated to measured settlements, the soil types and the structures' dimensions 

are presented in table 8.1. Overall, the ratio of predicted to measured settlement ( ordinary 

method only) had a mean of 1.22 and a standard deviation of 0.39. Thus, this method 

overpredicts the settlement on the average and for this data base. From the work of 

Leonards and Frost (1988) one can infer that the ordinary method is likely to be more 

conservative for overconsolidated granular soils than for normally consolidated granular 

soils. 
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TABLE 8.1. Comparisons Between DMT-Calculated and Measured Settlements (From 

Schmertmann 1986b ) 

No. Location 

1 T&111pa 

2 Jackaonv l l. 

] Lyon Haven 

4 British 
Columbia 

)8 lfredrictoo 
b " 
C " 

61 Oatar-io 

b II 

7 Miami 

Ba Peter-
borough 

b II 

9 " 

10 ■ Lio le.oping 

b " 

11 Sunne 

Compress. Settlemeot (mm) ratio 
Structure BO i l DKT ,.,. Keas. DliT 

' Keas. 

bridge HOC Clay * 25 b,d 15 1.6 7 
pier 

Power compacted • 15 b,o 14 1.07 
Plaot sand ave. J) 

factory peaty sd. 188 a !BS 1.02 

test peat 20]0 a 2850 0. 71 
embankment org. ed. 

surcharge saod ,. 11 a 15 0. 7) 

]' plate sand • 22 a ·2e 0. 7 9 
·, 

building quick cl. * 7 B a )5 2. 2) 

I ilt 

road peat *JOO a,o 27 5 1.09 
emba0kllle11t 

building peat *262 a,o 270 0,97 

4· plate peat 9) b 71 1.31 

Apt. bldg ad.6 8 i. * 58 a,o 48 1.21 

Factory " * 20 a,o 17 l. 18 

water tack Bi, clay * 30 b,o 31 0 .97 

b.3 m . Ii., ■ and * 9 a,o 6.7 1.34 
plate 

l. hl.3m s i. aand * 4 a,o 3 !.JJ 
plate 

b0u1e silt 6 * 10 b,o 8 1.25 
sand 

• Denotes Ord1nar-y M method used 

•• b de00te1 aettlement ■· c'alculated· before tbe eveot 
a denotes 1ettlementa calculated after the event 
o deootea settlement calculation ■ by other than the writer 
d denotes dile.tometer ad.,acced by driving with SPT hammer". 
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. 8.1.4 Settlement: Design Example 

The data for use in this example, as well as the footing shape are presented below. 

B • IOk 

L • son 

I 
N . ... 

~ I 
~ l 

l!' 
• ·c 
i .i 
! -
¥ ... i ;; 

S:o El) (bonJ M (lion) I,.•• 

.--------...;;J I 10 IO .IOXJ <Oil ll00 0 JOO 15111) 900 1200 l500 IIOO O O.OS O I O.tl O.» lU5 

10 

ID 

\ 

\ 

The method used to estimate the settlement of this rectangular footing is described 

in sections 8.1.1 and 8.1.2. 

* Layer# h i(ft) M i(bars) ~a i (bars) ~OL 
-h. 
M1 I 

1 s 446 1.68 0.019 

2 5 494 1.20 0.012 

3 5 602 0.80 0.007 
4 5 609 0.55 0.005 

5 5 908 0.41 0.002 

6 5 1384 0.34 0.001 
7 5 1545 0.29 0.001 
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* The profile of Mis obtained using Marchetti's (1980) method presented in section 6.6 

and the given profile of E o . Then for each layer the average value M; is calculated. 

* The profile of the stress influence factor / cm. n i is obtained using figure 8.1. 

The net footing pressure 6 p is calculated as follows: 

6.p=q-o·• 

where: 

q = footing bearing pressure = 2 bars 

0 I 

0• I 

= 
= 

effective stress at the footing depth = 110 * 4 = 440 lb/ft2 = 0.21 bars 

0.21 bars 

So 

6 p = 2 - 0.21 = 1.79 bars 

The expected change in stress t,,.o; at the center of each layer is computed from: 

6o,=46p/ 1m,nJ 

6o,=4Xl.79X/(m,n) 

6.o;=?.16/(m,n) 

* The settlement of the footing is: 

S = 0.047 ft ( 1.4cm) 

8.2 Bearing Capacity of Shallow Foundations 

8.2.1 Cohesionless Soils (Drained Behavior; Io> 2) 

The Terzaghi bearing capacity equation for cohesionless soils is: 

q =K ·y··D·N +!·K ·y··B·N u q q 2 y y 

where: 

q u = ultimate bearing capacity. 

(8.6) 

y 

D 

= 

= 
effective unit weight of the soil obtained from DMT data (see section 6.4). 

depth of embedment of the footing. 

B = 
Nq = 
Nv = 

width of the footing. 

(Exp[n tan qi']) (tan 2 ( 45° + qi· /2)) 

2(N 9 + l)tanqi· 
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<j) - = effective friction angle. This effective stress friction angle should be the plane 

strain friction angle obtained from the DMT data and corrected for the stress 

level a 112 developed under the footing (section 6.3). The average stress o 112 

can be estimated as 1/3 to 1/2 of the bearing capacity value, q u. 

K q , K v = two correction factors which account for load inclination, footing shape, depth 

of embed,ment, inclination of base and inclination of ground surface. These 

factors are described in detail by Vesic ( 1975). 

An appropriate factor of safety should be used to obtain the safe bearing pressure, 

usually 3. 

8.2.2 Cohesive Soils (Undrained Behavior;· 7 o < O .6) 

The ultimate bearing capacity of.a footing on cohesive soils under undrained con­

ditions is: 

where: 

qu 
y 

D 

NC 

= 

= 

= 

= 

. q u =Su" N c. Kc+ Y • D 

ultimate bearing capacity. 

total unit v.,eight of the soil obtained from DMT data (see section 6.4). 

depth of embedment of the footing. 

(8.7) 

Skempton's bearing capacity factor which accounts for footing shape and depth 

of embedment (figure 8.2) 

L = length of the footing. 

Su = undrained shear strength obtained from DMT data (see section 6.10). 

K = a correction factor'which accounts for load inclination, base inclination and 
C 

ground inclination. This factor is described in detail by Vesic (1975). 

An appropriate factor of safety should be used to obtain the safe bearing pressure, 

usually 3. 
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FIG. 8.2. Skempton's Bearing Factor N c for Undrained Clay Conditions (From Peck, 

Hanson, and Thombum, 1974) 
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9. DESIGN OF VERTICALLY LOADED DRIVEN PILES 

There is no well recognized DMT method to calculate pile capacity. The approach 

consists of calculating the capacity by another method and using the DMT data to help in 

estimating the necessary parameters. 

9.1 Ultimate Bearing Capacity of Driven Piles: Introduction 

The ultimate bearing capacity in compression for a pile is: 

or 

where: 

Ql=qp-Ap+IJ·.li, 

Q p = total end bearing resitance, lb (kN) 

Q s := skin friction resistance, lb (kN) 

f := average unit skin friction 'within a chosen layer, lb/ft2 (kPa) 

As = pile shaft area within a chosen layer, ft2 (rn2) 

q P == ultimate end bearing, lb/ft2 (kPa) 

AP = pile gross end bearing area, ft2 (rn2) 

( 9 .1) 

(9 .2) 

In the special case of an open-ended pipe pile, the ultimate bearing capacity in 

compression requires the calculation of Q L(unpluggad) and Q L( pluggod) • The value of 

Q L(ptugg•d) is obtained by equation 9.2. The value of Q L(uriplugggd) is obtained as follows: 

or 

where: 

Q l(unp/ugged) =:cc Q p + Q s 

Q P = total end bearing resistance, lb (kN) 

Q s = skin friction resistance, lb (kN) 
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f = average unit skin friction within a chosen layer, lb/ft2 (kN/m2) 

As = outer pile shaft area within a chosen layer, ft2 (m2) 

A~ = inner pile shaft area within a chosen layer, ft2 (m2) 

q P = ultimate end bearing, lb/ft2 (kpa) 

A~ = cross sectional area of pile point = n t ( d O - t), ft2 (m2) 

t = pile wall thickness, ft (m) 

d a = outer pile diameter, ft (m) 

The pile capacity is the lower of the two values: Q L(unplugged) and Q L(plugged) • 

For H piles, the ultimate bearing capacity in compression should be calculated by 

considering that the pile is half plugged (Tucker and Briaud, 1988). In tension, the 

enclosing outside perimeter should be used. 

9.2 Ultimate Bearing Capacity: Procedure for Driven Piles 

The following procedure is the pile design method described and recommended in 

API RP2A 18th edition (1989), where the soil parameters are obtained from the DMT. 

Cohesive soils 

1. Obtain the s" vs depth profile from DMT data using one of the methods 

described in section 6.10. 

2. Divide the S" profile in layers. Then, average S" for each layer. 

3. For each layer, calculate the unit skin friction f : 

f =a· Su (9.5) 

where: 

S" = undrained shear strength from DMT data. 

with a :5 1.0 

a 00 = vertical effective stress at the point in question 
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4. Calculate the unit end bearing q P : 

qP=9·Su. 

where: 

(9.6) 

s u = undrained shear strength from DMT data at the pile end (see section 

6.10). 

5. Compute the ultimate bearing capa~ity as described in section 9.1. 

Cohesionless soils 
1. Obtain the dilatometer modulus £ ~ and the material index ID profiles from 

the ground surface to the pile tip. 

2. Divide the soil profile into layers of approximately constant ID and £ o . Then, 

average the values of / o and FD _for each layer. 

3. Assign a soil type as in table 9.1 to each average set of values using figure 6.5. 

4. For each layer calculate the unit skin friction _f: 

I = K · o· · tan f> UO 

where: 

K = 0.8 for low displacement piles. 

K = 1.0 for high displacement piles. 

o 110 = vertical effective stress at the point in question. 

(9.7) 

o = · friction angle between the soil and pile wall estimated using table 9.1 

.f should not exceed the limit friction values given_in table 9.1. 

5. Calculate the unit end bearing q P: 

(9.8) 
where: 

, 

o uo = vertical effective stress at the pile tip 

N q = dimensionless bearing capacity factor from table 9.1. 

q P should not exceed the limiting e0;~ bearing values given in table 9.1. 

6. Compute the ultimate bearing capacity using equation 9.2 or 9.4. 

9.3 The DMT - oh c Method for Estimating the Friction on Driven Piles 

This method is based on the DMT data alone (Marchetti et al., 1986). Equation 9.7 

above can be rewritten: 
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TABLE 9.1. Design Parameters for Cohesionless Siliceous Soil (From RP2A 18th Edition 

1989) 

Soil-Pile 
Friction 

Soil Angle. 6 
Density Description Degrees-

Very Loose Sand 15 
Loose Sand-Silt•• 
Medium Silt 

Loose Sand 20 
Medium Sand-Silt•• 
Dense Silt 

Medium Sand 25 
Dense Sand-Silt•• 

Dense Sand 30 
Very Dense ·sand-Silt•• 

Dense Gravel 35 
Very Dense Sand 

•The parameters listed in this table are intended as guidelines 
only. Where detailed information such as in situ cone tests. 
strength tests on high quality samples, model tests. or pile 
drivinit performance is available. other values may be justified. 

Limiting Unit 
Limiting Skin End Bearing 

Friction Values Values 
kips/ft' (kPa) N kips/ft2 (MPa) 

1.0 (47.8) 8 40 (1.9) 

L4 (67.0) 12 60 (2.9) 

1. 7 (81.3) 20 100 (4.8) 

2.0 (95.7) 40 200 (9.6) 

2.4 (114.8) 50 250 (12.0) 

.. Sand-Silt includes those soils with significant fractions of 
both sand and silt. Strength values generally increase with 
increasing sand fractions and decrease with increasing silt 
fractions. 



J=a~tano (9.8) 

The DMT allows to obtain a~ by taking A readings as a function of time until it stabilizes. 

The coefficient tan o varies from 0.2 to 0.4. The DMT in this case should be driven in 

place in order to duplicate the pile insertion. _LLitenegger (1991) goes on to measure the 

thrust after the A reading dissipation is complete in order to back calculate ~an o. This 

method is based on testing analogy and common sense; it shows promise and µmst be 

verified by further comparison to load tests. 
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10. SPECIAL PROBLEMS 

10.1 Liquefaction 

10.1.1 Liquefaction Potential: Robertson and Campanella (1986) Method 

Soils which may liquefy when subjected to large dynamic shocks are typically satu­

rated loose uncemented sands and silts; having little stress history, in a low horizontal 

stress environment. 

Marchetti (1982) argued that the horizontal stress index Ko obtained from a DMT 

is influenced by the following factors: 

Relative density, D, 

In-situ stresses, Ko 

Stress history and pre-stressing 

. Aging 

Consequently, he suggested to correlate the cyclic stress ratio to cause liquefaction 

( -c I Io ~0 ) with the horizontal stress index Ko in order to estimate the liquefaction 

. potential of a soil (figure 10.1). 

Robertson and Campanella (1986) proposed such a correlation (figure 10.1) for 

normally consolidated uncemented sands under level ground conditions, based on results 

from 4 calibration chamber tests and 2 site tests. The following procedure should be used: 

1. Calculate the average cyclic stress ratio -c Io ~0 induced by the design 

earthquake: 

'( amax 00 
-, =0.65----, rd 
0 UO g CJ VO 

(10.1) 

where: 

a max = acceleration in the sand layer being considered 

g = acceleration due to gravity 

Q VO 

00 

rd 

= 
= 
= 

initial vertical effective stress on the sand layer being considered 

total vertical stress on the sand layer being considered 

a stress reduction factor varying from a value of 1 at the ground 

surface to a value of 0.9 at a depth of about 30 ft (10 m). 

2. Using figure 10.1, estimate the cyclic stress ratio -c I Io uo to cause lique­

faction of the soil. 
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1991) 
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3. If -r 11 a ~0 > -r I a ~0 the soil is not likely to liquefy. 

If -r 11 a· uo < -r I a· uo the soil may liquefy. 

Reyna and Chameau (1991) corrected the two previous recommendations on the 

basis of results at 3 sites in California (figure 10.1). They show that the Robertson­

Campanella recommendation is appropriate at low cyclic stress ratios while the Marchetti 

recommendation is appropriate at higher cyclic stress ratios. 

10.1.2 Liquefaction: Precision of the Method 

The correlations proposed are based on limited data and require considerable field 

verification. However, they should give at least a preliminary indication of a sand's sus­

ceptibility to liquefaction. 

10.2 Compaction Control 

Dynamic compaction, compaction grouting, vibratory rolling, etc, are commonly used 

for modifying the bearing capacity and settlement characteristics of loose granular soils 

and weak cohesive soils. 

The dilatometer appears to be a very useful tool to control the compaction effect on 

settlement potential because it gives a modulus £ D from which the tangent constrained 

modulus can be obtained. 

Results of about 50 DMTs (reported by Lacasse and Lunne 1986, Lutenegger 1986, 

and Schmertmann et al. 1986) performed before and after soil compactions show the 

following gen.era! tendency: 

The material index ID does not change before and after compaction. 

The horizontal stress index Ko and the dilatometer modulus E O increase 

due to compaction. 

The constrained tangent modulus M obtained from DMT data (section 6.6) 

increases due to compaction. 

If the compaction requirement is to obtain a minimum M value over a depth interval, 

then the dilatometer is a very useful tool to check compaction effectiveness. 

However, if the engineer wants to obtain a minimum value of the relative density 

D,, the DMT is useless because no method is available to assess D, from DMT data 

alone. 
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11. ADVANTAGES, DISADVANTAGES, AND COSTS 

The following non-exhaustive list of advantages and disadvantages provides a guide 

to the strengths and weaknesses of the DMT. 

11.1 Disadvantages 
From the testing point of view, one of the primary disadvantages is that the blade 

penetration disturbs the soil. 

The DMT cannot be used in cobbles, boulders and rocks. The penetration depth is 

limited in the strongest soils where the blade and membrane can be damaged. 

Any hydraulic jacking system (CPT rigs, drill rigs etc) can be used to insert the blade 

in the soil. The SPT hammer can also be used to force the dilatometer blade into the soil, 

but it is recognized that dynamic penetration affects DMT results. 

From the design point of view, the dilatometer test is a fairly recent testing technique 

which is still not widely used, and the available design rules are not well documented and 

require further field validation. Also, the methods used to obtain the soil parameters 

(chapter 6) are mainly based on correlations instead of theory. Therefore it is recom­

mended that the first time the DMT is used in a new geologic setting, local correlations 

be established and compared with those outlined in this manual. 

11.2 Advant.ages 

From the testing point of view, the DMT has the advantage of being fast, economical, 

and easy to perform by a technician. The data obtained during the test are highly 

reproducible and the test results are much less operator-dependent than with other in situ 

tests. 

The parameters are measured in situ, which avoids the delay and costs of laboratory 

testing and allows to "understand" the deposit (figure 11.1). 

The DMTequipment is mechanically very simple (no sophisticated electronics), easy 

to repair, and is fully portable. 

An ASTM suggested method for performing the test exists. 

The data from a DMT can be easily reduced using a personal computer. 

The equipment is relatively inexpensive ($15,000 in 1989) and can be used readily 

with any drilling rig or CPT rig provided the suitable rod adaptators are available. 
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From the design point of view, the best applications are the design of horizontally 

loaded piles, and settlement of shallow foundations. Indeed, there is a close analogy of 

loading of the soil in the case of horizontally loaded piles; settlement calculations can also 

be readily made since the DMT provides the engineer with a modulus. 

11.3 Cos~ and Time Required 
.. · The cdst of the ·equipment is about $15,000. This includes 2 flat blades, several 

pneumatic electrical cables, one cable exit adaptor, two types of rod adaptor, a tool kit 

with twenty Spare membranes (H and S types), 1 ground cable, the control unit with a 
built-in calibration unit (the ·push rods are not included, but this equipment can be used 

with ordinary drill rods)~ 

Commercial costs vary from approximately $15-30 per test, including insertion and 

data reduction. 

In favorable soil conditions (no drilling required), the time required to perform a 10 

ni deep DMT sounding, with readings taken every 20 cm is about 1.5 to 2 hours. 

,. 
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