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Temperature OC = S/9 ("F - 32), OK= 'C + 273.15 
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1. INTRODUCTION 

The purpose of this report and the accompanying videotape is to provide guidelines 

for the proper use of the pressuremeter. This includes the proper way to perform a 

pressuremeter test, to reduce the data and to use the data in design. The pressuremeter 

test consists of placing a cylindrical probe in the ground and expanding the cylinder to 

pressurize the soil horizontally (figure 1). The pressure, p, on the soil (radial stress, c TT 

at the cavity wall) and the relative increase in cavity radius, AR c 1 R c (hoop strain, E 00 at 

the cavity wall) are obtained; therefore the pressuremeter test gives an in-situ stress strain 

curve of the soil. The pressuremeter test is repeated at various depths in order to obtain 

profiles of soil parameters. There are several different kinds of pressuremeters (figure 

2). They are the preboring pressuremeter (PBPMT), the selfboring pressuremeter 

(SBPMT), the cone pressuremeter either pushed (PCPMT) or driven (DCPMT) in place, 

and the pushed Shelby tube pressuremeter (PSPMT). These various pressuremeters are 

different mainly because of the way the probe is placed in the ground. The scope of this 

report is limited to the preboring pressuremeter; the preboring pressuremeter is the one 

which is used most commonly in practice. The scope is not limited to soils, but does include 

some aspects of testing and design in rock. 

The design applications of the preboring pressuremeter (PBPMT) test include: 

shallow foundation under vertical loads, deep foundations under vertical and horizontal 

loads, ground anchors, cantilever drilled shaft walls and anchored bulkheads, pavements, 

ground improvement and compaction control. The preboring pressuremeter (PBPMT) 

test is of little use in slope stability analysis and in conventional active and passive earth 

pressure problems although there is potential for future development in the earth pressure 

problem area. 

Kogler, in 1933 in Germany, is credited with having developed the first preboring 

pressuremeter; however Kogler did not pursue his idea. Menard, in 1955, in France, 

developed a preboring pressuremeter to measure the in-situ soil deformation properties 

and started his own company. Fukuoka, in 1959 in Japan, developed the “Public Works 

Research Type K-Value Tester,” a preboring pressuremeter, to obtain lateral soil moduli 

values. That same year Menard built the “slotted tube” where the probe protected inside 

a slotted casing was inserted by driving it into the ground. In 1963, Menard, from the 

experience gathered, published the first equations and charts relating pressuremeter 

results directly to foundation settlement and bearing capacity. In an effort to improve the 

procedure, Jezequel, in 1965 in France, developed the first selfboring pressuremeter at 
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Figure 1. The preboring pressuremeter test. 
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PBPMT 

1. Drill tight fitting hole 
2. Remove drilling tool 
3. Lower probe to testing depth 

1. 

SBPMT 

Probe selfbores its way into the soil 
down to the testing depth starting at 
the surface or from the bottom of a 
predrilled borehole. 

fi r+ cuttines 

. 

- 

- 

- 

pressuremeter 
cell 

cutting 
shoe 

(4 

PCPMT 
DCPMT 

1. Push or drive the probe into 
place from the surface. 1. 

(b) 

PSPMT 

push 

drill rods (rotation 
+ circulation of fluid) 

drill bit (cutting + 
circulate fluid) 

Push the "Shelby tube shaped" pressure- 
meter from the bottom of a predrilled 
borehole. 

I 
i 

pressuremeter 
cell H 1 soil 

Figure 2. Different pressuremeters and insertion procedures. 
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2. CALIBRATION OF THE EQUIPMENT 

The following three chapters will deal with the proper way to perform a preboring 

pressuremeter test and will emphasize the key issues in pressuremeter testing. An ASTM 

standard exists (ASTM D4719-87) and is entitled “Standard Test Method for Pressure- 

meter Testing in Soils”. 

2.1 Checking for Saturation and Leaks 

Preboring pressuremeters for testing soils are usually filled with water. For these 

types of systems, the first step is to saturate the complete apparatus: probe, tubing, pres- 

sure/volume control unit. This is done by purging water through the system. Then the 

system must be checked for leaks. This is done by sliding the deflated probe in a tight 

fitting calibration tube. The inside diameter of the calibration tube should be equal to 

about 1.005 times the outside diameter of the probe, the wall of this steel tube should be 

thick enough to ensure that, at full pressure, the deformation of the tube is negligible. 

Once the probe is in the steel tube the pressure is increased and a curve such as the one 

shown on figure 3 is obtained. From A to B the probe comes in contact with the steel 

tube. At 5 tsf of pressure (point C), a good contact is considered to exist and the pressure 

is increased to 25 tsf of pressure (point D). The tangent to the curve at C is extended back 

to zero pressure (point E). The pressuremeter system is considered to be properly de-aired 

and leakproof if the volume u 1 on figure 3 is smaller than 0.1 percent of the nominal volume 

of the measuring portion of the deflated probe u 0 per 1 tsf (100 kPa) of pressure. This 

corresponds, for example, to having u 1 smaller than 50 cm3 for a probe having a I/ 0 of 

2000 cm3, and for 25 tsf (2500 kPa) of pressure. If this tolerance is not met, a better 

saturation must be achieved, or if the system is well saturated, a less deformable tubing 

needs to be used. 

2.2 Establishing the Zero Volume of the Probe 

A zero volume of the probe must be defined so that all tests start with the probe 

having the same deflated volume. This can be done as follows: at the end of the check for 

saturation and leaks, the probe is in the calibration steel tube under 25 tsf of pressure. 

The probe is then deflated, the pressure decreases, and the zero volume of the probe is 

defined as the volume reached when it first becomes possible to withdraw the probe from 

the tube by hand. This procedure is simple and quick but it is only valid if the calibration 
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steel tube meets the specifications described in section 2.1. Once the probe is at the zero 

volume, the volume reading scale is brought to zero by adding or wasting the necessary 

amount of water. 

2.3 Calibration for System Compressibility 

In order to measure the system compressibility and correct for it during the data 

reduction process, the probe is inserted in the calibration steel tube. The pressure is 

increased in steps to 5 tsf, 15 tsf, and 25 tsf. Each pressure step is held for 30 seconds. 

Readings of volume are taken at the end of each pressure step and a curve such as the 

one on figure 4 is obtained. The volume loss curve is obtained as shown on figure 4. For 

a given pressure, p, the volume u 2 is the volume lost in the expansion of the pressuremeter 

system. The volume u zis injected into the pressuremeter system, but does not correspond 

to any increase in volume of the probe (since the probe was held inside the rigid steel 

tube). Therefore the volume u 2 would not correspond to an increase in volume of the soil 

cavity during the test. As a result, the volume u 2will be subtracted from the volume reading 

vg taken during the pressuremeter test in the soil. 

As can be seen, the calibration for volume losses is very similar to the check for 

saturation and leaks. The tolerance which applied to the saturation and leaks, and 

described in section 2.1 (0.1 percent) of the nominal volume of the measuring portion of 

the deflated probe, u .per 1 tsf of pressure) also applies to the calibration for volume losses. 

2.4 Calibration for Membrane Resistance 

At the end of the calibration for volume losses, the probe is deflated back to the zero 

volume u ,_,and removed from the steel tube. The probe is then fully inflated and deflated 

a minimum of three times to work the rubber. Then with the probe in the air and at the 

level of the pressure gauge, a calibration for membrane resistance is performed. This 

consists of inflating the probe to its maximum volume in equal increments of pressure 

(Method A) or of volume (Method B). .For Method B, volume increments equal to 10 

percent of the probe deflated volume u 0 are used. Each pressure or volume step lasts 1 

minute and readings of pressure and volume are taken at the end of each step. A curve 

such as the one shown on figure 5 is obtained. On figure 5, for a volume uq the pressure 

is p 9 This pressure exists inside the probe, but does not exist outside the probe (since 

the probe is in the air). This pressure p 4would therefore not be exerted on the wall of 

the soil cavity during the test. As a result, the pressure p 4will be subtracted from the 

pressure reading p 3 taken during the pressuremeter test in the soil. The preboring 

pressuremeters have the ability to expand up to approximately twice their deflated volume, 
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i.e. it is usually possible to inject approximately 2000 cm3 in a probe which has a deflated 

zero volume of 2000 cm3 in a probe which has a deflated zero volume of 2000 cm3. At 

full inflation preboring probes typically have a membrane resistance of apprbximately 1 

tsf (100 kPa). 

Pressure I 

v4 Injected Volume 

Figure 5. Calibration for membrane resistance. . 



3. PREPARING THE BOREHOLE 

3.1 General Requirements 

The preparation of a quality borehole is the single most important step in obtaining 

a satisfactory pressuremeter test. Two conditions are required to obtain a quality borehole: 

the diameter of the borehole must be within certain tolerances, the equipment and the 

method used to prepare the borehole should cause the least possible disturbance to the 

soil and the wall of the borehole. The diameter of the drilling tool is D 1 the diameter of 

the deflated probe is D 2 and the initial diameter of the borehole is D 3 The tolerances on 

the diameters are: 

D,lD, I1.030, (1) 

1.030, F D, I 1.200, (2) 

Those tolerances exist to help ensure that the borehole will not be too small, nor too large. 

If the borehole is too small it will be difficult to lower the probe in the hole, a curve like 

Curve A on figure 6 will be obtained and the net results will only be partially useful. If 

the borehole is too large a curve like Curve B on figure 6 will be obtained; indeed the 

probe inflates to a maximum of twice its zero volume and therefore the maximum probe 

diameter D a at full inflation is 1.41 D 3 

The equipment and the methods used to prepare the borehole are presented in table 

1 with ranking as 1 = first choice, 2 = second choice, NR = not recommended, NA = not 

applicable, These methods have been selected for each type of soil from a wide range of 

field practices with the objective of recommending methods which create the least possible 

disturbance to the soil and the wall of,the borehole. As can be seen from the table, rotary 

drilling with axial injection of prepared mud is by far the most versatile method. This 

method is discussed in detail in the following section. 

3.2 Rotary Drilling with Axial Injection of Prepared Drilling Mud 

For the proper preparation of a pressuremeter borehole with this method the fol- 

lowing is recommended. The drill bit is a three wing bit for clays, silts and fine sands, and 

a roller bit for gravelly soils. The bit must allow the drilling mud to discharge axially 

against the bottom of the borehole. Any side discharge will lead to poor quality holes 

9 



Pressure 
t 

Hole too small 

Injected Volume 

Figure 6. Influence of borehole diameter on 
pressuremeter curves. 

10 

i 



Table 1. Guidelines for selection of borehole preparation method. 
(ASTM Standard D4719-87) 
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especially in erodible soils. The diameter of the rods must be small enough compared to 

the diameter of the bit so as to allow good flow of the cuttings up the hole (say AW rods 

for a 3-in bit). 

Prepared drilling mud with a thick consistency is necessary for sands, gravels, silts and soft 

clays. For clays, water circulation is often sufficient as the water-clay interaction will lead 

to a suitable mud. For the most difficult case of loose sand below the water table very 

thick mud is necessary. In all cases, rotation of the drill bit should be very slow (less than 

60 r-pm). The circulation of the drilling mud should also be very slow (no bubbles or big 

ripples on the return to the mud pit). Because of this slow mud flow some of the cuttings 

will not come back up all the way to the mud pit and will settle back at the bottom of the 

borehole once the mud flow is stopped. This is why it is recommended to drill 2 or 3 ft 

past the selected depth of testing; this allows the cuttings to settle at the bottom of the 

hole without filling the portion of the hole where the test is to be performed. 

The borehole should be prepared in one downward passage of the bit followed by an 

immediate retrieval of the bit. Never should the borehole be “cleaned” by ramming the 

bit up and down the hole while circulating the mud at high flow; this leads to oversized 

boreholes. The penetration rate varies greatly from slow rates in stiff clays (say 1 ft in 

several minutes) to fast rates in clean sands (say 1 ft in 10 seconds). The borehole should 

always be advanced only deep enough to perform one pressuremeter test at a time. A 

sequence might be: drill to 8 ft, perform a test at 5 ft (middle of the probe at 5 ft), then 

drill to 13 ft, perform a test at 10 ft, and so on. The apparently more efficient technique 

which would consist of drilling to the bottom of the borehole and then performing all the 

pressuremeter tests in that hole usually leads to poor quality tests and ultimately to lost 

efficiency. 

As can be seen, drilling a quality pressuremeter borehole is much different from drilling 

to obtain samples. For samples one cares about minimizing the disturbance to the soil 

below the drill bit while for pressuremeter tests one cares about minimizing disturbance 

to the borehole walls above the drill bit, As a result a period of adjustment should be 

allowed for any drilling crew to prepare quality pressuremeter boreholes. 
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4. RUNNING THE TEST 

4.1 Inflating the Probe: The Standard Test 

As in the membrane calibration, the probe can be inflated in a series of equal pressure 

increments (Method A) or a series of equal volume increments (Method B). For pressure 

increment tests (Method A), the anticipated limit pressure of the soil (pressure corre- 

sponding approximately to Point D on figure 1) is estimated using table 2. The pressure 

increment is then chosen as one tenth of the anticipated limit pressure. Each pressure 

step A p lasts 1 minute including the time necessary to increase the pressure by A p. For 

each pressure increment a reading of injected volume is taken after 30 seconds, t/30 and 

60 seconds, ubO. Ideally a test is brought to the limit pressure of the soil in 10 pressure 

increments for a ten minute test. Practically a good test is brought to the limit pressure 

of the soil after between 7 and 14 pressure increments. A typical raw data curve is shown 

in figure 7a. It is a plot of the pressure readings p versus the 60 second volume readings 

ubO, Figure 7b shows the evolution of ubO - uSOa measure of the soil creep, as a function 

of the pressure level. The soil starts to yield when the value of u 60 - u aostarts to increase 

significantly (point A on figure 7a and b). 

For volume increment tests (Method B), the volume of the inflatable part of the 

probe is increased in increments equal to u, / 4Q Each volume step lasts 15 seconds 

including the time necessary to increase the volume by Au. For each volume increment, 

a pressure reading p 1 5 is taken at the end of the 15 second increment. The probe reaches 

twice its initial volume u 0 after 40 volume increments for a 10 minute test. A typical raw 

data curve is shown in figure 8. It is a plot of the 15 second pressure readings p 15 versus 

the increase in probe volume u 3 The soil starts to yield at the end of the straight portion 

of the curve (point B on figure 8). 

Figure 9 and 10 are example data sheets for the pressure increments and volume 

increments test method respectively. It is useful, for reasons to be discussed later, to 

perform an unload-reload cycle at the end of the linear portion of the pressuremeter curve 

(figure 7a and 8). The end of the linear portion of the curve is found during the test by 

keeping track of the successive increases in volume A u 6. (figure 7a) for the pressure 

increment tests and of the successive increases in pressure Ap 15 (figure 8) for the volume 

increment tests. The value of A ubo or Ap 15 will be relatively constant during the linear 

portion of the curve and then will increase or decrease, respectively, as the soil starts 







PRESSURE INCREMENT TEST - METHOD A 

TEST NO. = 

BORING NO. = 

DEPTH = 

PROBE Vo = 

PROBE Ro = 

HEIGHT OF GAGE 
ABOVE G.S. = 

Pressure Volume Volume Pressure Volume Volume 
Increment Increment 

P "30 "60 
A" P 

"30 "60 
A" 

units= unitI= units= units= unit:;= units= 

Figure 9. Data sheet for pressure increment test, method A. 
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VOLUME INCREMENT TEST - METHOD B 

rEST NO. = 

BORING NO. = 

DEPTH = 

PROBE Vo = 

PROBE Ro = 

HEIGHT OF GAGE 
ABOVE G.S. = 

Pressure Volume Pressure Pressure Volume Pressure 
Increment Increment 

p15 V 
AP15 p15 

V 
Ap15 

units= units= units= units' units units 

Figure 10. Data sheet for volume increment test, method B. 
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yielding. At that time the pressure is reduced to one-half of its value in one increment 

and then increased again in one increment as shown on figures 7a and 8. These increments 

last as long as those used before the unload-reload cycle. 

4.2 Testing Sequence 

The borehole must be advanced only far enough to perform one test. If tests are required 

at 10,20,30 and 40 ft, then the hole is drilled to approximately 13 ft (to have space for the 

cuttings to settle), the drill bit and rods are withdrawn and, immediately after, the probe 

is lowered in the borehole until the middle of the expandable part of the probe is 10 ft 

deep. After the test, the probe is withdrawn and the hole is advanced to 23 ft. The bit is 

withdrawn, the probe is lowered for the 20-ft test, and so on. This sequence is slower than 

drilling a 45ft hole and then testing at lo-, 20-, 30, and 40-ft depth. However most of the 

time, only the 40-ft test will be good; the borehole diameter for the other tests is likely to 

be too large.. 

In an 8-hour day, 8 pressuremeter tests can be performed on the average. This 

number can vary from 5 to 12 tests. Sometimes the membrane will burst during the test. 

This is very rare in clays, silts and fine sands. It can happen in gravelly soils where the 

large gravel particles are sliced by the bit; the pieces of particles lodge themselves between 

the overlapping steel strips of the probe sheath and end up puncturing the rubber. This 

risk can be minimized by a thorough cleaning of the probe after each test. The probe can 

burst also in hard soils when the borehole diameter is too large; this is due to the fact that 

when the inflating probe finally comes in contact with the soil, the pressure quickly reaches 

high values while the probe is unsupported at each end of the probe. This problem can 

be minimized by not letting the pressure go over 25 tsf when the borehole diameter is 

found to be large (borehole diameter > 1.20 probe diameter). 
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5. DATA REDUCTION 

5.1 Correcting the Raw Data 

A microcomputer program PRESRED exists to perform data reduction and plotting 

automatically.(lW. 

The raw data collected during the test consists of the pressure read on the gauge of 

the control unit pr and the volmeread on the volume measuring device of the control 

until u ,. This raw data must be corrected to obtain the corrected pressure p e acting against 

the wall of the soil cavity and the increase in volume of the probe u,. The corrections 

include the corrections for membrane resistance, for hydrostatic pressure, for initial 
reading, for system compressibility. 

The correction for membrane resistance consists of subtracting the pressure p ,read 

at a certain volume during the calibration for membrane resistance (section 2.4) from the 

raw pressure p r is necessary to overcome the resistance of the membrane alone and is not 

exerted on the wall of the soil cavity. : 

The correction for hydrostatic pressure consists of adding to the raw pressure p r the 

hydrostatic pressure p ,,due to the column of water which exists between the control unit 

and the probe located at the testing depth in the borehole (figure 11). Indeed this pressure 

p,,exists in the probe but is not included in the raw pressure pc read on the gauge of the 

control unit. 

The correction for initial reading consists of subtracting the initial pressure p i and/or 

initial volume u i from the raw readings p r and u ,. The initial readings p i and u i are taken 

with the probe at zero volume at the height of the gauge on the control unit immediately 

before lowering the probe in the borehole. The values of p i and u ishould be zero; however 

sometimes due to temperature or other effects they are not and, if they are small, it may 

be more convenient to correct the data than to rezero the system. 

The correction for system compressibility consists of subtracting the volume u,read 

at a certain pressure during the calibration for system compressibility (section 2.3) from 

the raw volume u,read at the same pressure (figure 11). Indeed this volume u, is due to 

the compressibility of the system; it does not correspond to an increase in volume of the 

probe since it was measured with the probe fitting tightly inside the thick wall steel tube. 



The corrected pressure pC and the corrected volume u, are therefore obtained as 

follows: 

PC =Pr-Pm+Ph-Pi (3) 

UC = v,-v,-vi (4) 

The parameters p c and u C represent the pressure on the wall of the cavity and the increase 

in volume of the probe. The plot of p c versus u, is the corrected pressuremeter curve 

(figure 11). This corrected curve is the one used for all parameter calculations. 

5.2 Coefficient of Earth Pressure at Rest, K, 

A value of the coefficient of earth pressure at rest K. can be obtained from the 

beginning of the pressuremeter curve. Prior to drilling the borehole, the horizontal stress 

is the horizontal stress at rest crow As the borehole is drilled, the borehole wall yields 

inward and the horizontal stress decreases. After drilling the borehole and prior to 

insertion of the probe, the horizontal stress decreases to about zero. After insertion of 

the probe and as the probe is inflated in small increments, the borehole wall is pushed 

back to its original position and then past that position. As this occurs the horizontal stress 

increases and passes through the special threshold of pressure corresponding to the hor- 

izontal pressure at rest o Ow It is argued that c ,,,-, is found on the early part of the pres- 

suremeter curve at the point of maximum curvature (point A on figure 2). Before point 

A the soil is recompressing, after point A the soil is stressed in the virgin behavior. 

The determination of point A is relatively easy if the borehole is properly prepared 

and is difficult if the borehole walls are disturbed by the drilling process. With a properly 

prepared borehole the transition between recompression and virgin behavior is sharp; 

with the disturbed borehole this transition is progressive and leads to a well rounded 

beginning of the curve from which it is difficult to get a point of maximum curvature. 

The pressure corresponding to point A is c OM the horizontal total stress at rest. The 

coefficient of earth pressure at rest K. is obtained from: 

K,= 
bOH-UO 

(5) 
~ov-U0 



where cs ,,” is the total vertical stress at rest and u. is the hydrostatic porewater pressure. 

The values of (J 0v and u. are calculated from data on depth, total unit weight and ground 

water level. Values of K. obtained in this fashion have been found to be reasonable and 

consistent with other measurement such as SBPMT.(45) 

Marsland and Randolph have proposed a different method to obtain c OH from PMT 

results.(W 

5.3 Plotting the Pressuremeter Curve 

The corrected pressuremeter curve of figure 11 is presented in terms of correct ed 

pressure p c versus corrected increase in probe volume u C. This presents a problem in that 

large probes lead to large u 0 small probes to small u C and therefore it is not possible to 

compare PMT results obtained from various size pressuremeters. In an effort to normalize 

the PMT curve, it is recommended that the curve be plotted as pressure versus relative 

increase in probe radius AR /R o (figure 12); then the curves obtained with any pressur- 

emeter can be compared directly. The p c versus AR 1 R o curve could be transformed into 

a p c versus A R c/ R c curve by using the construction of figure 12 and rezeroing the 

horizontal axis at (A R /R ,,) c which corresponds to the initial position of the cavity wall 

(figure 13). The plot of figure 13 is the stress strain curve c TT versus E 80 where c TT is the 

radial stress at the wall of the cavity and E 08 is the circumferential strain at the wall of the 

cavity. 

5.4 Pressuremeter Modulus E, and Reload Modulus Er 

The pressuremeter modulus E o is calculated by using the slope of the straight line 

portion of the pressuremeter curve. Referring to figure 14a for definition, the modulus 

E o is calculated as: 

E,=(l+v)(P*--P,) 
[ 1 +(sf),]‘+[ 1+($)J2 
[ l+(iy,]“-[l+(?)J’ 

(6) 

It is general practice to assume a Poisson’s ratio of 0.33 for all soils in the calculations 

of this modulus. Whatever value of Poisson’s ratio is used, it should be stated next to the 

modulus value. Note that no assumption on his necessary if only the shear modulus G is 

required: 

G= E 
Z(l+v) 
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Figure 12. Obtaining the horizontal pressure at rest. 
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Figure 11. Correcting the raw ?ata. 



The pressuremeter reload modulus E r is calculated in the same manner (figure 14a): 

E,=(l+WP,-P4) 
[ l+(if)3]2+[l+(:)4]2 
[l+(g)3]2-[1+(:)4]2 

(8) 

, Note that the modulus E r is measured in such a way that p 4 = l/2 p 3 Note that the 

unload-reload loop must be such that the pressure at the bottom of the cycle p 4 and the 

pressure at the top of the cycle p 3 (figure 14) satisfy the following condition:(107) 

in clays P4-P3- < zs, (9) 

, 
P4 

in sands -_r2K 
P3 a 

(10) 

i where p 4and p 3are the reload and unload total radial pressures respectively, as measured 

during the PMT test (figure 14), p land p jare the corresponding effective radial pressures 

obtained by subtracting from p ,and p athe hydrostatic pore pressure, S U is the undrained 

shear strength and k a the coefficient of active earth pressure. Equations 9 and 10 ensure 

that the elastic limit of the clay is not exceeded during the unload reload loop.(lO7) The 

aforementioned recommendation of taking p 3close to the yield pressure p Y(section 4.1) 

and p a equal to l/2 p 3 satisfies equations 9 and 10. 

The pressuremeter modulus E o is a relatively low modulus for one or more of the 

following reasons. First, E o is measured over a large strain range; this strain range varies 

from 2 to 5 percent as given by the difference (A R / R o ) 2 - ( A R / R o ) , in figure 14a. 

Second, the elasticity equation which is the basis for equation 6 assumes that the elastic 

soil has the same modulus in compression and in tension; since soils are very weak in 

tension and since tension may occur in the circumferential direction during the pressur- 

emeter expansion, E o represents an average between the compression and tension moduli 

of the soi1.(36) Third, E o is influenced by the disturbance of the wall of the borehole; for 

example if the disturbed zone extends to 1.41 times the radius of the cavity R C (disturbed 

zone is 0.41 R e thick) and if the disturbed soil modulus within the disturbed zone is 0.10 

times the undisturbed soil modulus, the measured E o will be 25 percent lower than the 

undisturbed modulus; therefore it is important to follow the recommended procedure to 

prepare the borehole (section 3). Fourth, E o is influenced somewhat by the length to 
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Figure 13. Obtaining the stress strain curve from the 
pressuremeter curve. 
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Figure 14. Unload-reload loop during a pressuremeter test. 
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diameter L/D ratio of the pressuremeter probe; equation 6 is based on the assumption of 

an infinitely long cylinder; Hartman showed that for an L/D ratio of .6.5, the modulus 

calculated using equation 56 is 5 percent larger than the modulus of the soil (modulus 

which would be calculated if the pressuremeter was infinitely long); shorter probes lead 

to larger errors and an L/D ratio of 6.5 is recommended.(48,36) Fifth, E o is measured in 

about 2 minutes while the foundation for the structure will load the soil for say 50 years; 

Briaud used a model which tends to indicate that the modulus at 50 years may be 4 times 

smaller than the modulus at 2 minutes for soft clays and 1.4 times smaller for very stiff 

clays and sands. Sixth, the pressuremeter measures a horizontal modulus E H and not a 

vertical modulus E I; this concern about anisotropy is not as crucial as it might seem because 

both E H and E V are involved in the response of a foundation to vertical loading and because 

several investigators testing with a pressuremeter in the vertical and then horizontal 

direction found at most 5 percent difference between E H and E ,,in a wide variety of 

All the above factors led Menard to propose a correction factor OL (see table 8, page 

53) in his settlement equation in order to better match predicted settlement with measured 

settlements.(79) Th e use of E o in an elasticity settlement equation for a given foundation 

shape will generally overpredict the settlement observed at working loads during the load 

test on that foundation element. It has been suggested that E./a is equivalent to the 

Young’s modulus for the soi1.(62) Others have had success in predicting settlement when 

using the reload modulus E r together with elasticity settlement equations(55358) 

5.5 Yield, Limit and Net Limit Pressure 

The yield pressure p ,is found at the end of the linear portion of the pressuremeter 

curve (figure 14a). This pressure p ,can be determined by simple inspection of the curve 

or by making use of the creep curve as shown in figure 7 (section 4.1). The yield pressure 

is useful in indicating beyond which pressure significant long term creep of the soil will 
1 

occur. 

The limit pressure is defined theoretically as the pressure reached for an infinite 

expansion of the cylinder. Such infinite expansion cannot be reached during the test; 

instead the limit pressure is defined practically as the pressure reached when the soil cavity 

has been inflated to twice its initial size; P L is the pressure at A I/ c 1 I/ c = 1. This corresponds 

to a relative increase in probe radius (AR/R,),=0.41 + 1.41(AR/R,), where 

(A R /R , ) ,is the relative increase in probe radius corresponding to the initial size of the 

cavity (figure 13) 

26 

i 



The value (AR/R o)L may not have been reached during the test, and some 

extrapolation technique may be necessary to obtain p L, Several extrapolation techniques 

have been suggested. The recommended procedure is to extend the curve manually 

to (AR /R ,) L and read p L on the extrapolated curve; the other techniques are not as 

consistently correct. 

The net limit pressure p 1 is defined as: 

* 
PL=PL-aOH (11) 

where uOH is the horizontal total stress at rest obtained either from the pressuremeter 

curve (section 5.2) or by calculation while making the necessary assumptions. The 

parameter p 1 is a measure of the strength of the soil. 

The value of p ; is relatively insensitive to the disturbance of the borehole wall which 

may occur during drilling.(IO) However p 1 is relatively sensitive, in theory, to the length 

to diameter ratio L/D of the pressuremeter probe; this is especially true in sands where 

p; increases by 20 percent when L/D decreases from 10 to 5; in clays the variation is not 

as significant.(36) A length to diameter ratio of 6.5 is recommended. 

In cohesionless soils the effective stress values of the yield pressure p Y and of the 

limit pressure p L are obtained by subtracting the hydrostatic pore pressure u 0 from p Y 

and p L respectively. 

p;=py--u, (12) 

PL= Pr-uo (13) 

The hydrostatic pore pressure u. is used because it is assumed that no excess pore pressures 

will develop during a 10 minute PMT test in cohesionless soils. The value of u 0 is calculated 

as y W h where y W is the unit weight of water and h is the distance from the PMT test to the 

water table. 
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5.6 Common Values and Soil Identification 

Common values of the net limit pressure for various soils and for depth up to 100 ft 

are shown on tablz;. Common values of the modulus E 0 are also shown on the table. 

The yield pressure p ,is usually about one-half of the limit pressure in clays and one-third 

in sands. The ratio E r / E o is about 1.5 to 5 in clays and 3 to 10 in sands. 

The ratio E o / p L can serve as an indication of the soil type. The following ratios can 

serve as general guidelines for soil identification: 

in clays 12~ E,/p; (14) 

in sands 7 < E,/pf < 12 (15) 

This difference in behavior between clays and sands is also apparent in the shape of 

the curve. Clays will generally exhibit a relatively sharp bend in the curve and a relatively 

obvious limit pressure (figure 15); the more overconsolidated the clay, the more obvious 

those two features will be. On the contrary, sands will not exhibit a sharp bend but rather 

a smooth continuous curvature without clear evidence of reaching a limit pressure (figure 

15). The reason for this difference is that sands are frictional materials which derive their 

shear strength from the normal stress on the failure plane. The pressuremeter, by 

expanding, is shearing the sand but also increases the normal stress level in the soil mass 

thereby increasing the strength of the sand; the more the pressuremeter expands the 

stronger the sand gets. As a result, no clear failure appears on a pressuremeter curve in 

sand. In clay, on the other hand, the undrained shear strength (PMT tests lasting 10 minutes 

are considered to be undrained tests in clays) is independent of the normal total stress 

increase imposed by the expanding pressuremeter and a clear failure is apparent towards 

the end of the test. 

In summary a combination of the shape of the pressuremeter curve, the values of 

p 1, E ,, , E ,, / p 1, and inspection of the cuttings during drilling allows proper identification 

of the soil. 
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Table 3. Approximate common values for the pressuremeter parameters in clay. 

SOIL TYPE SOFT MEDIUM STIFF VERY STIFF HARD 

p; (tsf) 0 - 2 2 -4 4-8 8 - 16 > 16 

E (tsf> 0 - 25 25 - 50 50 - 120 120 - 250 > 250 
0 

Table 4. Approximate common values for the pressuremeter parameters in sand. 

SOIL TYPE I LOOSE COMPACT VERY DENSE 

p; (tsf) 0 - 5 5 - 15 15 - 25 > 25 

E (tsf> 0 - 35 35 - 120 120 - 225 > 225 
0 



5.7 Judging the Quality of the Test 

The quality of the test can be judged by inspecting the pressuremeter curve. Figure 

16 shows the results of a test performed in a hole which is too large (curve A). The hole 

is considered to be too large when the radius of the cavity is larger than 1.20 times the 

radius of the deflated probe. Sometimes, even when the hole is too large the modulus E o 

can still be obtained. Figure 16 also shows the results of a test performed in a hole which 

is too small (curve B). In this case the probe has to be forced into the soil and an initial 

horizontal pressure exists on the probe before the start of the expansion; in this case the 

modulus E o cannot be obtained but the limit pressure p L which is relatively insensitive to 

minor disturbance, can still be obtained. Curve C on figure 16 shows the results of a test 

where the soil was badly remolded by the drilling process; the results of this test cannot 

be used. 

The quality of the test can also be judged by the value of the E o / p r ratio. Because 

the modulus E o is more sensitive to disturbance than the limit pressure, values of E ,, / p 1 

which are much lower than those mentioned in section 5.5 may be indicative of excessive 

disturbance. 
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Figure 15. Difference in pressuremeter curve for clay and sand. 

Figure 16. Examples of poor quality pressuremeter curves. 
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6. SOIL PARAMETERS AND COMPARISON WITH OTHER TESTS 

6.1 Undrained Shear Strength of Cohesive Soils 

There are various ways of obtaining the undrained shear strength of a cohesive soil 

from apressuremeter test. They include the limit pressure method, empirical correlations, 

the yield pressure method, the Gibson-Anderson method, and the shear curve method. 

The limit pressure method makes use of the theoretical expression of the limit 
pressure (plasticity theory with Tresca criterion): 

PL=OOH (16) 

where p L is the limit pressure, Q OH is the total horizontal stress at rest, S .is the undrained 

shear strength of the cohesive soil. Equation 36 can be rewritten: 

(17) 

Menard in 1970 proposed that /3 be taken as 5.5., In fact the parameter p depends on the 

ratio of the shear modulus G over the undrained shear strength S v The ratio G / S U varies 

from one clay to another depending mainly on the overconsolidation ratio. Some rea- 

sonable limits for G 1 S U are 100 to 600. This leads to values of P between 5.6 and 7.4 for 

an average p of 6.5. Equation 16 is based on the assumption that the pressuremeter is 

infinitely long. It has been shown that the limit pressure for a sphere is equal to 1.33 times 

the limit pressure for an infinitely long cylinder.(36) Therefore the limit pressure for 

conventional pressuremeters is expected to be higher than the limit pressure in equation 

16. As a result the average value of p needs to be higher than 6.5. 

Baguelin et al. present an extensive comparison of undrained shear strength S ,and 

p ;.(lo) The plot (figure 17) shows that the ratio p ; 1 S U varies from about 5.5 for clays 

with S uvalues less than 0.5 tsf to 10 for clays with S .values of about 1.5 tsf. This suggests 

a nonlinear relationship between s U and p 1. A log-log regression on figure 17 leads to: 

sll =0.67~;‘.~’ ,.. with S, and pl in kPa (18) 

or 
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S,= o.~ip;~‘~~ . . . with S, and p; in tsf (19) 

Baguelin et al. mentions the following reasons for the scatter in the data: different sample 

disturbance between soft and stiff clay, inaccuracies in evaluating c O,, nonhomogeneity of 

the soil, sensitivity of the clay, length to diameter ratio of the PMT probe, anisotropy, 

borehole disturbance and unloading.(l@ Others have compared S u and p ; they include 

Cassan, Komomik et Al., Meigh and Greenland, Higgins, Amar and Jezequel, Lukas and 

LeClerc de Bussy, Roy et al.(39,57,72,49,2,67,91) 

The above comments have led to the recommendation of the expression: 

s,= 0.21p;“~’ . . . with S, and p; in tsf (19) 

Obtaining s u from PMT tests is particularly useful in very fissured clays where triaxial test 

results may be widely scattered. 

6.2 Friction Angle of Cohesionless Soils 

There are several ways of obtaining the friction angle $ of a cohesionless soil from 

a pressuremeter test, none of which are very satisfactory. They include the yield pressure 

method, the limit pressure method, the Hughes-Wroth-Windle method, and empirical 

correlations. Of all those methods the Hughes-Wroth-Windle method is the one which 

is the most theoretically sound.(51) All in all however it is not recommended that the 

preboring pressuremeter be used solely t a site for obtaining the effective stress friction 

angle. 

6.3 Comparison with Other Test Results 

A data base of preboringpressuremeter test data and other test data was formed.(25) 

The pressuremeter data were collected over the last 10 years on various research and 

consulting projects. The pressuremeters used were the Menard pressuremeter, the 

TEXAM pressuremeter and the pavement pressuremeter all inserted in a prebored hole. 

The 82pressuremeter borings were located in the south, southwest, west and central United 

States with 36 sand sites, 44 clay sites and 2 silt sites. Next to the PMT borings other 

borings were performed leading to data on undrained shear strength S u effective stress 

friction angle @ ’ SPT blow count N, cone point and friction resistance 4 c and f S. At each 

depth in a boring a record was created which consisted of E ,,, E ,, p L, S u $ ‘, N, Q c and f S. 
A total of 426 records were accumulated. The data are described in detail.(25) 
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Table 5. Correlation results for sand. 
(Column A = Number in Table 
x Row B.) 

E tsf 1 0.125 8 1.15 57.5 4 
0 

ER tsf 8 1 64 6.25 312.5 22.7 

P* tsf 0.125 0.0156 1 0.11 5.5 0.5 
L 

qc tsf 0.87 0.16 9 1 50 5 

f tsf 0.0174 0.0032 0.182 0.02 1 0.1 
S 

N bl/ft 0.25 0.044 2 0.2 10 1 

Table 6. Correlation results for clay. 

(Column A = Number in Table 
x Row B.) 

E tsf 1 0.278 14 2.5 56 100 
0 

ER tsf 3'6 1 50 13 260 300 

P* tsf 0.071 0.02 1 0.2 4 7.5 
L 

qc tsf 0.40 0.077 5 1 20 27 

f tsf 0.079 0.0038 0.25 0.05 1 1.6 
S 

s tsf 0.010 0.0033 0.133 0.037 0.625 1 
U 
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The clay deposits had undrained shear strengths as low as 0.1 tsf (9.6 kPa), as high 

as 26 tsf (2490 kPa), and averaged 1.5 tsf. The sand deposits had blow counts as low as 1, 

as high as 100 and averaged 43. Best fit regressions were performed for the entire data 

base and for combinations of any two parameters. The results are shown in tables 5 and 

6. The scatter in the correlations was very large as exemplified by figures 18 and 19. This 

drastic scatter makes these correlations essentially useless in design. 

The value of the data base is to give a relative idea of the magnitude of the pres- 

suremeter parameters. Among the relationships are: 

In clay 

In sand 

pL=7.5Su (20) 

Pr = 0.2qc (21) 

p,=O.O71E 0 (22) 

Eo = loos, (23) 

Eo = 2.59, (24) 

EL? = 0.278E, (25) 

p@f) = 0.5N(blows/f t> (26) 

pr=O.llq, (27) 

p,=0.125Eo 

E,(tsf) = 4N(blows/ft) 

E,= l.l5q, 

El3 = O.l25E, 

(28) 

(29) 

(30) 

(31) 

Equation 20 indicates that the pressuremeter limit pressure is somewhat larger than the 

ultimate bearing pressure of a shallow footing and somewhat smaller than the ultimate 

bearing pressure under the point of a pile. Equation 23 gives an idea of the magnitude of 

the preboring pressuremeter modulus; the scatter of the data on figure 18 tends to indicate 

that obtaining elastic moduli from undrained shear strength is unreliable. Comparison of 

equations 22 and 28 shows that the stiffness to strength ratio is much higher for clays than 

it is for sand and that the E ,, / p L ratio can serve as a soil classification index (section 5.5). 

Comparison of equations 25 and 31 shows that the reload to first load modulus ratio is 

much higher for sand than it is for clay and that the E R / E 0 ratio can also serve as a soil 
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Figure 19. Examples of correlations in sand from PMT data base. 
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classification index (section 5.5). Equation 30 can be compared to the relationship 

proposed by Schmertmann in 1978 for calculating the settlement of spread footings on 

sands using elasticity: 

E=2.5 to 3.5 q, (32) 

This would indicate that the pressuremeter modulus E o is 2 to 3 times too low for use in 

elasticity settlement formulas in sand. 

Other comparisons have been made. Merritt et Al. compared K 0 from PMT tests 

with K D from oedometer tests and from Ladd’s relationship at a site in Houston.@o@) 

Although there was some scatter, all values of K, were reasonable and showed general 

agreement. Gan and Briaud compared K 0 from preboring PMT and selfboring PMT at 

three sites in stiff clay and in medium dense to loose sand.(45) The results showed very 

good agreement. 

Davidson and Perez compared preboring PMT (PBPMT) moduli with those obtained 

from selfboring PMT (SBPMT) tests and from UU triaxial compression tests in the Seattle 

stiff clay.(42) Some of their conclusions were that the PBPMT moduli E ,, are lower than 

the SBPMT moduli, the UU triaxial tests initial tangent moduli values are even lower than 

the PBPMT moduli, the unload-reload moduli of the PBPMT tests E r are comparable to 

the SBPMT moduli; this finding is also mentioned by Baguelin et AI. Shields and 

Bauer compared PBPMT moduli E o with laboratory tests moduli, and plate tests moduli 

in a sensitive clay.(92) Some of their conclusions are that the PBPMT moduli E ,, and the 

UU triaxial tests moduli are comparable, and are about two times smaller than the plate 

moduli. Closer agreement between E o and the plate modulus was found by Greenland in 

a stiff varved clay.(46) Tavenas et Al. testing in a sensitive clay found that the PBPMT 

modulus E o was drastically lower than the modulus measured on reconsolidated triaxial 

specimens.(98) On the other hand, Burgess and Eisenstein testing in a hard silty clay till 

found that the PBPMT modulus E. was about twice the modulus from consolidated, 

undrained triaxial tests.(37) Briaud and Shields found very good agreement between the 

PBPMT reload modulus and the plate modulus; the plate modulus was a secant modulus 

at a plate deflection of 0.5 in, and the PBPMT reload modulus was obtained from an 

unload-reload cycle as described in equation 8 and figure 14 except that the bottom of the 

cycle was near zero pressure.(28) Briaud et Al. found good agreement between predicted 

deflections using the proper PBPMT modulus and measured deflections with the Falling 
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Weight Deflectometer; the deflections were very small (only a few thousandths of an inch) 

and the PBPMT moduli were chosen at the right strain level and stress level in order to 

properly predict the deflections. 
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7. DESIGN OF SHALLOW FOUNDATIONS 

7.1 Bearing Capacity: Step-by-Step Procedure 

A microcomputer 

cally.( W 
program, SHALPMT, exists to perform this procedure automati- 

* Bearing capacity eauation 

The ultimate bearing capacity, o p is: 

q,=kp;,+q, 

where 

k = pressuremeter bearing capacity factor (figure 20), 

P*L = net limit pressure = pL - pOH, 

POH = total horizontal stress at rest, pi = limite pressure (from test), 

p*Le = equivalent net limit pressure near the foundation level, and 

qo = total stress overburden pressure at foundation level. 

* Calculating p le the eauivalent net limit nressure 

l 

PLo=n P*rl x PLJPtn 

8 Calculating H o the eauivalent depth of embedment 

(33) 

(34) 

where p Tiare the net limit pressures obtained from tests between the ground surface 

and the foundation level, and A z is the thickness of each elementary layer corre- 

sponding to the pressuremeter tests. 
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Figure 20. Recommended design curves for shallow foundations. 
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* Qbtaining k. the pressuremeter bearing capacity factor 

The relative embedment depth is Ho / B. The bearing capacity factor k is read on 

figure 20. This k value is for a square or circular footing. For a strip footing use 

k/1.2. If the footing is rectangular, linear interpolation is performed between the 

case of a square footing and the case of a strip footing; the interpolating parameter 

is B/L. For special cases such as inclined, eccentric loads and footings on slope, see 

section 7.3. 

q,,=kP:e+qo 

k&e q safe =3+qo9 and 

(36) 

(37) 

kP;e 

4 net =q safe- qo = 3 (38) 

Examples are provided in section 7.7. 

7.2 Bearing Capacity: Precision of the Design Rules 

The data base for figure 20 is shown in table 3 and described in Briaud et a1.(30) The. 

data points used to select the recommended design curves are shown on figure 20. These 

curves correspond approximately to the curve which would split the data points in half (mean) 

minus one standard deviation of the scatter around the mean. It is emphasized that these 

curves are proposed to calculate the ultimate bearing pressure defined as the pressure nec- 

essary to generate a short term settlement equal to l/lOth of the footing width. It is also 

emphasized that one must follow rigorously the rules for obtaining p Ie and H o 

The ratio of the ultimate bearing pressure predicted by these design curves to the 

measured ultimate bearing pressure varied between the extreme values of 0.65 to 1.65 for the 

data base (figure 20). For comparison purposes, the precision of the method which consists 

of using the general bearing capacity equations to predict the ultimate bearing pressure is 

shown on figure 21 for clay and figure 22 for sand. These figures come from a data base study 

performed by Amar, Baguelin and Canepa. As can be seen, the ratio of predicted over 

measured ultimate bearing pressure varies from 0.51 to 1.67 in clay and from 0.12 to 12 in 

sand. Therefore the pressuremeter may not improve significantly the bearing capacity pre- 

dictions in clay but may improve dramatically the predictions in sand. 
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Table 7. Data base for shallow footings. 

'tudy Footing 
No. I.D. No. Reference 

Footing Footing Footing 
Soil Width Depth Type 

(m) (m) 

1 
2 
3 
4 

5 
6 
7 

8 
9 
10 

11 
12 

13 

Deschenes (1978) Medium 0.30 0 Strip 
Briaud (1979) Dense 0.30 0.30 Strip 

Sand 0.30 0.60 Strip 
0.30 0.90 Strip 

Deschenes (1978) Dense 0.30 0 Strip 
Briaud (1979) Sand 0.30 0.30 Strip 

0.30 0.60 Strip 

Amar-Baguelin-Canepa Silt 1.0 0 Square 
(1984) 1.0 0.60 Square 

1.0 1.0 Square 

Shields-Bauer (1975) Clay 0.46 2.6 Circular 
3.1 0.70 Square 

O'NeillSheikh (1985) Clay 2.41 2.36 Circular 
Briaud-Riner (1984) 

6 

7 

8 

9 

10 

14 
15 

16 
17 
18 

19 

20 
21 
22 
23 

24 

O'Neill-Reese (1970) Clay 0.76 7.0 Circular 
WCC (1981) 2.29 7.0 Circular 

Tand et al. (1986) Clay 0.60 1.50 Circular 
Briaud Engineers (1984) 0.60 1.50 Circular 

0.60 1.50 Circular 

Menard (1963) Sand/ 0.25- 0.5- Circular 
Silt 0.6 1.7 Circular 

Marsland-Randolph Clay 0.865 6.1 Circular 
(1977) 0.865 12.2 Circular 

0.865 18.3 Circular 
0.865 24.0 Circular 

Johnson (1986) Clay 0.762 0.0 Circular 
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7.3 Bearing Capacity: Eccentric Load, Inclined Load, Slopes 

The previous design rules refer to the case of a vertical load applied at the center of a 

shallow footing around which the ground surface is horizontal. The number of load tests 

which address the special problems of eccentric load, inclined load and footings near slopes 

are almost nonexistent. Some recent studies are: one study of footings near slopes reported 

by Shields et al. and an ongoing study by the Laboratoire Centrale des Ponts et Chaussees.(93) 

Baguelin, Jezequel and Shields list a few other studies and, after emphasizing the scarcity of 

the experimental data, propose to apply Meyerhof reduction coefficients to the pressuremeter 

rules.(10~81~82) These M eyerhof rules adapted to the pressuremeter approach by Baguelin, 

Jezequel and Shields are described below, 

The ultimate load which can be carried by a footing loaded vertically, concentrically 

and on horizontal ground is called Q u. The ultimate loads Q uB, Q ui , and Q us refer to eccentric 

loading, inclined loading, and loading near a slope, respectively. The ultimate load Q ,,,would 

refer to an inclined loading near a slope, Q usi to an eccentric inclined loading, and Q uois to an 

eccentric inclined loading near a slope. 

For wtric loading (figure 23) a reduced width B ’ is used (B ’ = B - 2e) and the 

pressuremeter rules are applied to the B ‘wide concentrically loaded footing. The ultimate 

load is reduced and the reduction factor is: 

Q ie=e (39) 

For inclined (figure 24) a reduction factor i iis applied to Q U. This factor is given 

by (see figure 24 for the definition of 6): 

+( l-;)2(l-A)t( 1-$)A (40) 

with h=h,h, (41) 

h,=l-D/B for O<D/B<l (42) 

A,=0 for D/B> 1 (43) 

A,= l-m for O<m< 1 (44) 

A,=0 for m>l (45) 
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Figure 23. Eccentrically loaded 
shallow footing. 

Figure 24. Shallow footing 
subjected to an inclined 
load. 

I B I 
I 

Shallow footing near a 
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m=(pf at z=D)/(pf at z=D+B) (46) 

Then: Qui=iiQu (47) 

If i &s negative, Q Uiis zero and the footing must be embedded deeper in order to gain capacity. 

For footines (figure 23, the first step is to ensure that the slope with the 

footing load is sufficiently safe. If this is the case, the reduction factor is is calculated by using 

equations 40 to 47 in which 6 is replaced by l3 ‘, an angle defined on figure 25. 

Q.s=i,Q. (48) 

For concentricd loadingnear a slape, two cases can occur; the inclined load is 

directed towards the slope (figure 26) or away from the slope (figure 27). If the inclined load 
s 

is directed towards the slope the reduction factor i is is calculated by using equations 40 to 46 

after replacing d by 6 + l3 ‘. 

Quis = iisQu (49) 

If the calculated load is directed away from the slope, the failure can occur towards the 

slope or away from the slope; the two cases are considered separately. For the failure towards 

the slope the reduction factor i is is calculated by using equations 40 to 46 after replacing 6 by 

l3 ’ - 6 For the failure away from the slope the reduction factor is the same as the one for an 

inclined loading on horizontal ground (equations 40 to 46). The lower of the two loads obtained 

is the failure load for the case of an inclined load directed away from the slopes. 

For eccentricinclined two cases can occur; the case of figure 28 or the case of 

figure 29. In the case of figure 28, the reduction due to eccentricity is calculated first. This 

leads to the reduction factor i,. Then the reduction due to the inclined load is applied to a 

footing of reduced width B’ is B - 2e (figure 28). This 

ultimate load is: 

leads to the reduction factor i, The 

(50) 

In the case of figure 29, the failure can occur to the left or to the right. For failure to the left, 

the reduction due to eccentricity is calculated; this leads to i, Then the reduction due to 

inclined loading is calculated (equations. 40 to 46) by using the real width B to calculate m 

and h& this leads to i + The ultimate load is: 



Figure 26. Shallow footing near a 
slope with a load 
inclined towards the slope. 
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Figure 27. Shallow footing near a 
slope with a load 
inclined away from the 
slope. 

Figure 28. Shallow footing eccentrically 
loaded with a load inclined 
towards the edge. 

Figure 29. Shallow footing eccentrically 
loaded with a load inclined 
towards the center. 



Qnei =:Q,, if :<I (51) 
L L 

Quei=Qu if ‘< 1 
ii (521 

For failure to the right, the footing is considered to have a width B ’ = B + 2 e. The ultimate 

load Q U for the B + 2 e wide footing subjected to concentric, vertical loading on horizontal 

ground is calculated. The reduction due to inclined loading is calculated (equations. 40 to 

46) by using the real width B to calculate m and h,; this leads to i i The ultimate load is: 

Q uoi= iiQ u(B+Pe) (53) 

An example is given in section 7.7. 

7.4 Settlement: Step-by-Step Procedure 

A microcomputer program, SHALPMT, exists to perform this procedure automati- 

cally.(loO) 

* Settlement equation 

The pressuremeter equation for settlement is:(7% 

(54) 

deviatoric 

settlement 

* Calculating the layer moduli 

spherical 

settlement 

The soil below the foundation level is divided into a series of elementary layers B/2 

thick (figure 30). In each layer the average pressuremeter modulus is calculated 

using the PMT results within that layer and the harmonic mean technique. 

n 1 1 1 -_=--+-+ 
Ek El E2 ‘*.+E, 

where 

(55) 

Ei= PMT moduli within the Itch layer, and 

Ek =average PMT modulus of the krh layer, 
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Figure 30. Decomposition of the soil into layers for settlement 
analysis. 
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This process is repeated for all layers (1 through 16); if no data is available beyond 

a certain depth z the moduli of the layers deeper than z are estimated based on other 

data available at the site. 

* Calculating & and Ed 

According to the theory of elasticity the spherical part of the strain tensor decreases 

rapidly with depth. However, the magnitude of the deviatoric part of the strain tensor 

is significant even at large depth. As a result, E c is taken as the modulus of the first 

layer under the footing. 

EC =E, (56) 

On the other hand, E $s taken as an equivalent modulus within 16 layers, B/2 thick, 

under the footing; the formula which gives the equivalent distortion modulus E d is 

based on an assumed reasonable cd strain distribution:(Ts) 

1 1 1 1 -=- +-+ 
Ed E~,cm 2-5Ewm + 2.5E9,16 

(57) 

where E p,4 is the harmonic mean of the moduli of layers p to q. For example, 

3 1 1 1 -c-_+-+- 
E 3/4/s E3 E-4 Es 

(58) 

Obtaining a& h 

The parameters a, A., , an d h c are obtained from table 8 and figure 31. The 

determination of o is made by assessing the soil type and estimating the state of 

consolidation through the use of the ratio, E 1 p L. The shape factors h, and h d 

depend on the length to width ratio, L/B. 

Calculating the settlement 

The settlement is calculated using equation 54 mentioned above; the bearing 

pressure is taken to be the net safe pressure: 

q nef =q -go safe 

Note that the settlement is linearly proportional to qnet. 

(59) 



Table. 8. Menard's c1 factors. 

Peat Clay Silt Sand Sand and 
Soil Type Gravel 

I 

E/p2 a E/p: a E/pt a E/P; a E/P; a 

Over- >I6 1 >14 213 >I2 l/2 >lO l/3 
consolidated 

Normally For 1 
I 

9-16 213 8-14 l/2 7-12 l/3 6-10 l/4 
consolidated all 

Values 

Weathered 7-9 l/2 l/2 l/3 l/4 
and/or 
remoulded 

Rock Extremely 
Fractured Other 

Slightly Fractured 
or Extremely 
Weathered 

a = l/3 a = l/2 a = 2/3 

251 I I I I I I I I I 1 

20, 

I.5 

1.0' I I I I I I I I I I 
0 I 2 3 4 5 6 7 8 910 

L/B 

Figure 31. Menard's shape factors. 
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c 

7.5 Settlement: Special Cases Involving a Thin Son Layer 

* Thin soft layer at death 

In this case the settlement is:(lo) 

s=s’+s” (60) 

where s’ is the settlement of the footing when considering that the modulus of the 

soft layer (Es,ft) is the same as the modulus of the soil immediately above the soft 

layer (Ehard); and s” is the compression of the soft layer alone. 

a 

+&qh,B,and 
c 

(61) 

I 
S 

,I 

> 
Aa,H (621 

A Q V is the average increase in vertical stress in the soft layer and H is the thickness 

of the soft layer, The settlement s” is calculated using an elasticity formula with a 

modulus equal to E/o. See example 4 in section 7.7. 

* Thin soft layer close to the eround surface 

If the raft or the embankment rests on a soft layer which is thinner than B/2, the 

settlement of the soft layer is calculated as:(lO) 
I 

n cLirjAU( 
S= z AZ, 

1 Ei 
(63) 

where n is the number of layers constituting the soft layer and p is a function of the 

safety factor, F. 

(64) 

F is the ratio of the ultimate bearing capacity to the pressure applied by the foun- 

dation, Au i is the average increase in vertical pressure in the ith layer computed by 

elastic theory, 01 i is the rheological factor for the 1 ‘th layer, E i is the pressuremeter 

modulus for the ith layer, and A z iis the thickness of the ith layer. Equation 63 above 

is based on the theory of elasticity using a modulus E/cc 
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The coefficient P tends to take into account the increase in compressibility beyond 

the preconsolidation pressure and is explained as follows: 

1. S is a consolidation settlement. 

2. If the factor of safety is 3, the bearing pressure is likely to be close to or 

smaller than the preconsolidation pressure, and l3 is 1 in this case. 

3. If the factor of safety is less than 3, the bearing pressure is likely to exceed 

the preconsolidation pressure and p increases accordingly. 

See example 5 in section 7.7. 

7.6 Settlement: Precision of the Design Rules 

A number of footing load tests in stiff clay, silt and sand (table 7) were used to compare 

the settlement calculated by Menard’s equation to the measured settlement.(30,32) The 

procedure followed was to use the design curves of figure 20 in order to obtain a bearing 

capacity factor k, to evaluate the ultimate bearing capacity and use a factor of safety of 3 to 

obtain the safe bearing pressure qsafe. 

kp;, 
q safe =3+9, (65) 

The pressure qsafe was then used to calculate the footing settlement. This settlement was 

compared to the settlement measured at qsafe during the load tests. Figure 32 is a comparison 

of the measured and predicted settlement obtained. Figure 32 indicates that a precision of * 

50 percent can be expected from the Menard’s rules. 

In 1978, Baguelin, Jezequel and Shields showed the results of 45 comparisons between 

predicted and measured settlements on various structures; the results are plotted on figure 

33. 

As an example of the precision obtained in current practice, one result of a settlement 

data base study for footings on sand is shown in figure 34.(52) This figure shows a comparison 

of measured settlement with predicted settlement by the Peck and Bazaraa method.(g7) 

The consolidation test applies well to the prediction of the spherical part of the settle- 

ment, s ,while the pressuremeter test which is theoretically a pure deviatoric test applies well 

to the prediction of the deviatoric part of the settlement. Therefore for a wide foundation 
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Figure 33. Measured settlement vs. predicted settlement 
by Menard's method, for data base 2. Cl01 
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Figure 33. Measured settlement vs. predicted settlement by Menard's 
method (continued). 
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Figure 34. Measured settlement vs. predicted settlement by Peck and Bazaraa'S 
method.(52) 
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over a thin compressible layer where sc will predominate, the consolidation test approach is 

to be favored. For footings on deep relatively uniform deposits where sd will predominate, 

the pressuremeter test approach is to be favored. 

7.7 Design Examples 



EXAMPLE PROBLEM 1: RECTANGULAR FOOTING ON CLAY 

L = 13 ft B=6ft 

II’::::::. 
1, 

5 ft , ‘d \ . _ -. ‘. k I qo 

4.5 ft HARD SILTY CLAY 

P" L = 8.2 tsf 

Eo = 115 tsf 

Yt 
= 115 lb/ft3 

PRESSUREMETER TEST 

Figure 35. Example problem 1. 

63 



BxLllIpLE 1 - Shallow Footing on a Clay (Fiwre 35) 

Bearing Capacity 

qL = k abbe + q, 

P*Le = P*L He = 5.0 ft 

B-6 ft He/B = 0.83 B/L - 0.46 

From Figure20 : k(square footing) = 0.95 

then, k(strip footing) = 0.95/1.2 = 0.79 

and by interpolation, 
. 

k(B/L = 0.46) = 0.79 + 0.46 x (0.95-0.79) = 0.86 

4L = 0.86 x 8.2 + (115 x 5)/2000 = 7.34 tsf. 

qsafe = 0.86/3 x 8.2 + (115 x 5)/2000 = 2.64 tsf. 

qnet = 2.35 tsf. 

Settlement 

OL 

2 a 
s = - 

qnet BO 

gEd 
' &- qnet Ac B 

C 

Ed = E, = 115 tsf. 

E/PL = 14, then from Table 8 a = 0.66 

L/B = 2.2. then from Figure31 A, = 1.22 and Ad = 1.58 

21 6 0 0.66 
2) 

0.66 
s=-- x 2.35 x 2.0 x (1.58 t x 2.35 x 1.22 x 6.0 

9 115 2.0 9 x 115 

s - 0.025 t 0.011 = 0.036 ft = 0.43 in. < s(allowable) = 1 in. 

therefore, pall = qsafe - 2.64 tsf. 

61 



EXAMPLE PROBLEM 2.: RECTANGULAR FOOTING ON LAYERED SOIL 

= 33 ft B = 7 ft 

Depth (ft) P; (tsf) 

5 

10 

15 

20 

25 

30 

25 

20 

18 

17 

19 185 

26 215 

42 

31 

31 

33 

42 

Eo(tsf) 

165 

150 

290 

262 

260 

3il 

345 

SILTY 
SAND 

P = 
r 

3 

4 

5 

6 

7 

8 

Figure 36. Example problem 2. 
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EXAMPLE 2- Rectangular Footing on Layered Soil (Figure 36) 

Bearing Capacity 

qz, = k P*Le + qo 

where p*Le = P*Ll x P*L2 x ’ ’ ’ x P”Ln 

= equivalent net limit pressure 

5 values of p*L exist within the zone 2 1.5B above and below 
the footing depth, 

P*Le = 25 x 20 x 18 x 17 x 19 = 19.6 tsf 

He = I(P*L1 
p*Le 

Zl + P*L2 22 + . . . + p*Ln z) 

= equivalent embedment depth 

1 value of p*L exists within the zone of embedment. 

1 
He = - (25 x 5) = 6.4 ft. 

19.6 

Determination of k, 

He = 6.4 ft, B = 7 ft He/B = 6.417 = 0.91 B/L = 0.21 

From figure 20: k(square footing) = 1.31 

then k(strip footing) = 1.31/1.2 = 1.09 

and by interpolation, 

k(B/L = 0.21) - 1.09 + 0.21 (1.31 - 1.09) = 1.14 

qL = 1.14 x 19.6 + (12.4 x 5)/2000 - 22.65 tsf. 

qsafe = (1.14 x 19.6)/3 + (124 x 5)/2000 - 7.76 tsf. 

qnet = 7.45 tsf. 
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Settlement 

2 
s=- 

9Bd 

B a 
q, Bo (Ad --> + A qn xc B 

BO 9E, 

where E, = harmonic mean of E’s within layer 1 

E, = weighted average of E’s from layers 1 - 16 

3 1 1 1 
E c, -=-+-+_ 

EC 170 165 150 

EC = 161.2 tsf 

Ed, El = 161.2 tsf 

2 1 1 
-=-+-_ 

E2 150 185 

E2 = 165.7 tsf 

3 1 1 1 
- = -+-++ 

E3/4/5 215 290 262 

E3/4/5 = 251.8 tsf 

3 1 1 1 
- = -+-+- 

E6/7/8 260 311 345 

E6/7/8 = 301.2 tsf 

E9/16 is taken as 

since the modulus 

4 1 

equal to E6/7/8. This is conservative 

appears to increase with depth. 

1 1 1 1 
-s-+ +-+ + 

Ed 161.2 (0.85) 165.7 251.8 (2.5) 301.2 (2.5) 301.2 

Bd = 200.7 tsf 
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Ed zoo.7 
-31 - = 10.24 

P*Le 19.6 

From table 8, ad = 0.33 

EC 161.2 
-s- = 8.22 

P*Le 19.6 

From table 8, ac = 0.33 

L 33 
-=- = 4.7 From figure 31,xd = 2.09 and A, = 1.38 

/ B 7 

2 7.45 7 0 0.33 
5=-x 200 (2.0)(2.09 -1 

0.33 7.45 
+ - - (1.38IC7.0) 

9 . 2.0 9 161.2 

s - 0.032 + 0.016 = 0.048 ft - 0.58 in. 

I 
I 
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5 ft 

15 ft 

EXAMPLE PROBLEM 3: FObTING NEAR A SLOPE 

I 7 ft 
FOOTING LENGTH = 33 ft 

Pressuremeter data is the same as example problem 2. 

Figure 37. Example problem 3. 
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EXAUPLE 3- Rectangular Footing with Inclined Load Uear a Slope (Figure 37). 

The footing has been designed in such a way that the load will 
be centered. However the horizontal push from the backfill induces 
an inclination of 5” in the load. The case is therefore the one of 
a concentric inclined loading near a slope where the inclined load 
is directed towards the slope. In this case the reduction factor 
iis is calculated by using equations 40 to 46 with the angle 6 

+ B’ instead of 6 in the equations. 

W)2 
ii, = (1 - - (1-X) + (1 

b+B ’ _ -) h 

90 20 

6 = 5” , B’ = 13.4’ (see the figure) 

Ad = 1 - D/B = 1 - 217 = 0.714 because 0 < D/B < 1 

X,=1-m=l- (P*~ at z = D)/(P*L at z = D+B) 

A, = 1 - 20/19 = -0.053 

hrn = 0 since m > 1 

x - 0.714 x 0 = 0 

5 + 13.4 2 5 + 13.4 
iis = (1 - ) (l-0) + (1 - ) 0 = 0.633 

90 20 

The ultimate load for the footing on horizontal ground and embedded 
2 ft into the soil was calculated separately to be Qu = 1600 
tons. Therefore the ultimate load for problem 5 is: 

Q uis = 0.633 x 1600 = 1013 tons. 
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EXAMPLE PROBLEM4 : RECTANGULAR FOOTING WITH SOFT LAYER 

L= 33 ft B - 6.5 ft 

Depth (ft) P2 (tsf) 

5 

10 

15 

20 

25 

30 

25 

20 

L8 

20 

21 

E. C-f) 

I A 

I I 5 ft 
l 4 

b w. 

225 

171 

163 

150 

186 

!6 224 

29 

!8 26 

I1 

13 

42 

260 6 

311 

350 

1 

SILTY SAND 

Yt = 124 pcf 

-20 75 ft . 

7 

8 

Figure 38. Example problem 4. 
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BXAHPLE 4 - Bectaagular Footing on a Soft Layer at Depth (Figure 38). 

Bearing Capacity 

Estimate 

1 

qsafe=- k P*Le + qo 
3 

1 

,qne t = qsafe - qo = - k p*Le 
3 

B 6.5 He 5.0 
- = - = 0..2 -z--z 0.77 

L 33.0 B 6.5 

NOW, from fig. 20, k(square) = 1.21 

1.21 
k(strip) = - = 1.0 

1.2 

B 

k(- = 0.2) = 1.0 + 0.2 (1.21 - 1.0) = 1.04 

L 

Assume that p*Le is probably controlled by weak layer. (This 

is conservatively false. 1 

p*Le = (3 x 2.8)“* = 2.9 psf 

1 5 x 124 

Qsafe - - (1.04)(2.9) + ( ) = 1.30 tsf 

3 2000 

qnet = 1.0 tsf 
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Settlement 

Here: ST= S’ + S” 

2 Ba a 
Where: S’ = - qn B, (Ad --) + - qn ‘C B 

9Ed BO % 

1 1 
s 11 = a (- - -1 AP, H 

Using the procedures already 

S’ = 0.042 ft = 

Now consider the softness of 

described, s’ was calculated to be: 

0.50 in. 

the silt layer: 

EC = pressuremeter modulus of soft layer 

2 1 1 
-em+- 

E, 29 26 

EC - 27.4 tsf 

Em = Ed (for the case where there is no soft layer) 

Ed was calculated separately as 200 tsf 

From Boussinesq theory and Newmark’s chart, the vertical stresses at the 
upper and lower surfaces of the soft layer have changed by: 

z = 14.75 ft Ao, = 0.24 qnet 

z - 20.75 ft Au,, = 0.17 qnet 

qnet = 1.0 tsf, therefore (Au,) at 14.75 ft = 0.24 tsf 

and (Ao,> at 20.75 ft= 0.17 tsf 

Average Ap - (0.24 + 0.17)/2 0.205 tsf 

1 1 
S 11~ a (- - -_) Ap H 

EC Em 
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EC 27.4 
-=- = 9.5, ftim Table 3, silt a - 0.5 
p*L 2.9 

2 1 
s” P 0.5 (--- - -) (0.205)(20.75 - 14.75) 

27.4 200 

S I1 = 0.0194 ft = 0.23 in. 

thus, sT = 0.50 + 0.23 = 0.73 in. 
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Depth (ft) 

1.5 

3.5 

5.5 

7.5 

9.5 

EXAMPLE PROBLEM 5: MAT FOUNDATION ON A SOFT LAYER 

B = 160 ft 

P; (tsf) 

2.5 22.5 

2.0 17.1 

1.8 16.3 

1.9 15 

LOOSE SILT 

Yt 
= 124 pcf 

SHALE 

Figure 39. Example problem 5. 
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EXAMPLE 5- Mat Foundation on a Soft Layer (Figure 39). 

Bearing Capacity 

1 
. 

Estimate q,afe = - k p*Le qo 
3 

1 

qnet = - k Pact 
3 

He 
Since - - 0 ‘k = 0.8 

B 

Assume that the silt layer controls bearing capacity; then let: 

p*te = average of the compressible layer 

P*Le = (2.5 x 2.0 x 1.8 x 1.9) l/4 = 2.03 tsf 

1 124 x 1.5 

qsafe = (- x 0.8 x 2.03) + ( ) = 0.63 tsf 
3 2000 

q,et = 0.54 tsf 

Settlement 

For a wide foundation underlain by a soft layer (i.e. relatively 
thin, soft layer) 

h 

s = I 

a(z) S(F) p(z) n ci Bi pi 
dz = Azi 

0 E(z) 1 Ei 

For silt layer: 

E 
- - 9, fromtable 8 a = 0.5 

p*L 

k P*Le 
F = safety factor = -, where k = 0.8 

qnet 
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.2.03 
F = (0.8) - = 3.0 

0.54 

2 F 2 3.0 
thus, B(F) = - (-) = - ( ) - 1.0 

3 F-l 3 3.0-1.0 

Assume that Apv due to foundation loading is equal to actual founda- 
tion pressure since the layer of silt is thin compared to the foundation 
width. 

Then: 
ah, AZ 

s = c - AZ - aBq, c (-) 
E E 

(3.5-1.5) 2.0 2.0 2.0 
s = (0.5)(1.0)(0.54)( +-+-+- ) 

22.5 17.1 16.3 15 

s = 0.125 ft = 1.5 in. 



8. DESIGN OF VERTICALLY LOADED PILES 

8.1 Ultimate Load: Step-by-Step Procedure 

A microcomputer program exists for automatic calculations.(lOl) This procedure fol- 

lows the recommendations outlined in the “Regles de Justification des Fondations sur Pieux,” 

published by the LCPC and the SETRA as an official French design document. 

* Eauation for ultimate point pressure g L 

qr=k(P,,-Pod+qou 

where k is the bearing capacity factor 

pLo is the equivalent limit pressure (from test) 

pO,, is the total horizontal stress at rest (from test) 

poV is the total vertical stress at rest (calculated) 

* Calculating the equivalent limit pressure p Lo (figure 40) 

(66) 

The equivalent limit pressure represents the average limit pressure in the homogeneous 

bearing layer near the point of the pile. A homogeneous layer is defined as a layer where the 

maximum limit pressure is not larger than 1.5 times the minimum limit pressure p L min In 

this case 

(67) 

If B is the pile equivalent diameter, the value of ;a is taken as: 

a= 1.65 ft if BS3.3 ft (68) 

a=B/2 if B>3.3 ft (69) 

The pile equivalent diameter is taken as: 

B 4A =- 
P 

(70) 



% 

\ 
x 

Figure 40. Parameters for determining the equivalent limit 
pressure for the point capacity. 



where A and P are the area and perimeter of the pile cross section, respectively. 

The quantity JIzpL(Z) dz is the area under the limit pressure versus depth profile 

obtained by joining the points on the profile. If the bearing layer is not homogeneous, a limit 

of 1.5 times p L ,.,Js imposed on the profile before applying equation 67. The value of a above 

is relatively small; one must ensure that the bearing layer is underlain by layers which are as 

strong or stronger. If weaker layers exist below the bearing layer, careful attention must be 

given to the influence of these weaker layers on the point resistance of the pile and the pile 

group. If the embedment D of the pile into the bearing layer is less than a, then p Lo is calculated 

as 

P r&z (71) 

* Determining k. the pressuremeter bearing canacity factor 

The bearing capacity factor k is obtained from table 9. This k value is for a circular or 

square pile as opposed to a slurry trench wall used as a foundation element. For this “strip 

footing” type of deep foundations the k value is taken as the k of table 9 divided by 1.2. 

Interpolation is used for intermediary shapes. 

The k values of table 9 are for full embedment of the pile in the bearing layer. The 

equivalent embedment De is defined as: 

where x iare the thicknesses of the elementary layers corresponding to the p Livalues, p riare 

the limit pressures within the depth of embedment D in the bearing layer. Full embedment 

is considered to be achieved when: 

D,>5B (73) 

If not, the k values must be reduced to k (De/B) as follows: 

where k is obtained from table 9. 

8 Calculating the point @ 

The ultimate point pressure is calculated using equation 66. 

77 
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(75) 

then the ultimate point load is: 

Qp=qdp (76) 

where A p is the area of the pile point. For open-end pipe piles the value of A p is limited to 

one-half the value of Q p obtained for the closed end pipe pile. 

* Obtaining the ultimate unit friction, f L 

The value off L at a depth z is obtained as a function of the soil type, the pile type, and 

the limit pressure at the depth z. First table 10 is used to choose the proper curve on figure 

41. Then figure 41 is used together with the limit pressure p Le at depth z to obtain the ultimate 

unit friction f Lat that depth. 

* Qbtainine the ultimate friction load 

The ultimate friction load Qs is obtained by: 

(77) 

where f Lczj is the profile of the ultimate unit friction versus depth, P is the pile perimeter and 

h the depth of embedment (figure 40). 

* Obtaining the total ultimate load 

Qr=Q,+Qs-W, (78) 

where W p is the weight of the pile. The ultimate load Q L is the load which corresponds to a 

settlement of the pile equal to one-tenth of the pile diameter. Note that for H piles, Q L is 

taken as the smallest of the two values of Q L obtained by considering that the pile fails along 

the soil-steel interface and by considering that the pile fails along the enclosing perimeter. 

* Obtaining the safe load and the creep load 

The safe load Qsafe is defined as: 

Q safe 
=Qp+Qs_, 

F P 

73 
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Table 9. k values for piles 
(after LCPC-SETRA, 1985). 

Piles with NO 

Soil Displacement 
Piles with Full 

Soil Displacement 
1 

Clay-Silt 

Sand-Gravel 

Chalk-Marl 
Marly Limestone 

I.2 1.8 

1.1 3.2 to 4.2 (1) 

1.8 2.6 

Weathered or 
Fractured Rock 

1.1 to 1.8 (2) 1.8 to 3.2 (2) 

(1) Use 3.2 for dense sand or gravel (pL > 30 tsf> 
and 4.2 for loose sand or gravel (PL < 10 tsf). 
Interpolate in between. 

(2) Data are limited. Treat the rock as the soil that might 
have a similar behavior. 



Table 10. Choice of design curves for ultimate friction 

(after LCPC-SETRA, 1985). 

MARL/ 
MARLY WEATHERED OR 
LIMESTONE FRACTURED ROC! 

Drilled - Dry 

Drilled - with Mud 
QQ:;21 

Q1*(6) Q2(6) 
42 43 ::=,2, $2 > 

Q6* 

Drilled - with Casing Q1*(6) Q2(6) Q4 
(Casing retrieved) ::;41 42 43 :&) 

Drilled - with Casing Ql Ql 42 42 Q3* 
(Casing left in place) 

Caissons (1) 
::,5, 

Q4* Q5 Q6* 

Driven - Metal 
(Closed end) $75) 

42 43 Q4 44 Q4*(7) 

Driven - Concrete 42 

Driven - Molded (10) 42 

Driven - Coated (11) 42 

Injected - Low Pressure Q2* 

Injected - High Pres- Q5* 
sure (8) 

43 43 Q4* Q4* Q4*t7> 

Q2* 43 44 44 

Q3* 44 Q5* Q4* 

Q3* Q3* Q5* Q5* Q6* 

Q5* Q6* Q6* Q6* Q7*(9) 

(1) Without casing left in place (rough contact). 
(2) Reaming and grooving before pouring concrete. 
(3) Reaming and grooving before pouring concrete, for very stiff clays only (pL 2 15 tsf). 
(4) Drilling in the dry. without twisting the casing. 
(51 Stiff clays (pL > 15tsf J. 
(6) Long piles (> 100 ft). 
(7) If driving is possible. 
(8) Selective and repetitive injection at a low rate of flow. 
(9) (8) and proper grouting of the fissured mass. Especially for micropile for which load 

tests are recommended. 
(10) Driven closed-end casing; once at final penetration the casing is filled with concrete, 

the point is left in place and the casing is retrieved, 
(11) Driven pipe or H pile with an oversize shoe (2 in. oversize); as the pile is driven, 

mortar is injected in the annulus. 
* Probably conservative, but the friction cannot be increased without a verification 

by load testing. 
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where F is a factor of safety. Using a pile load test data base Briaud and Tucker showed that 

for that data base and for a method very similar to the recommended method, a factor of 

safety of 2.8 would lead to a risk of failure of zero.(33) R’ k 1s was defined as the probability 

that the predicted ultimate load divided by the factor of safety is larger than the ultimate load 

measured in the load test. For a factor of safety of 2 the risk was 13.3 percent. A factor of 

safety of 2.8 is recommended. 

The creep load Q c is defined as the load beyond which the slope of the load-settlement 

curve for the pile starts to increase rapidly. Below Qc the settlement is generally small and 

creep is limited. The load Q c is given in the LCPC-SETRA document as:(hI) 

Q _Q, Qs 
--_+- 

c 2 1.5 
for bored piles 

Qc=g+$ for driven piles 
. 

(80) 

(81) 

Examples of calculations are shown in section 8.5. 

8.2 Ultimate Load: Precision of the Design Rules 

Several comparisons have been made between measured and predicted ultimate loads 

using various pressuremeter methods.(l4,15,18,20,21,23,26,33,35,41,47) 

A data base of 51 pile load tests was assembled (table 11). These pile load tests were 

all performed in the United States between 1982 and 1987. Pressuremeter tests were per- 

formed next to those load tests and predictions were made for the ultimate capacity. The 

PMT method used for this data base is the earlier version of the method described in section 

8.1. 

The load settlement curve for each load test was used to determine the measured 

ultimate load, Q,,,. The load Q ,,, was defined as the load reached for a settlement equal to 

one tenth of the diameter or equivalent diameter of the pile plus the elastic compression of 

the pile under Q m ( D 110 + Q M L / A E ). This load was not always reached during the load 

tests collected; only the piles where Q ,,, or a plunging load was reached (88% of the data) or 

where Q,,, could be obtained with reasonable confidence by extension of the load test curve 

were used. Note in table 11 that, especially for piles in sand, at the (D 110 + Q L/ A E > 

settlement the tangent to the load-settlement curve did not indicate plunging failure. It is 

estimated that in those cases the true ultimate load was larger than the “D/10” ultimate load 

listed in table 11 by at least 20 percent.(35) 
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Table 11. Full scale vertical pile load tests. 

ilc ID Site Pile Pile Pile Load Soil Ult. Load Measured 
Type Length Diam. Test Predicted Load at 

B/10 
(cl) (Ill) (tons) (tons) 

2’ L6D 26 HP 14x73 16.5 0.36 Tens Sand/Grav 304 12ow 
L6D 26 HP 14x73 0.36 CWP Sand/Grav 

2 LLD LhD 26 26 HP HP 14x73 14x73 ::*55 16:2 0.36 0.36 Tens 
ComP 

Sand/Grav Sand/Grav 3:: 3:Y 

: L6D L6D 26 26 HP 14x73 16.2 

ix HP :2::3 14x73 21:1 ::*oe 

00.33: 

0:36 0.36 

ComP Tens Sand/Grav Sand/Grav ::: 313 “,:;: 

; LLD LLD 26 26 Tens Tens Sand/Grav Sand/Grav 405 338 150 :,‘x=* 

9 L6D 26 HP 14x73 17.7 0.36 Tens Sand/Grav 331 loo** 
10 L6D 26 HP 14x73 18.0 0.36 ComP Sandf Grav 391 225 

:: L6D L&D 26 26 HP 14x73 Pipe 12.2 14.2 0.36 0.30 Tens ComP Sand/Grav Sand/ Grav 223 230 l& 

:2 L&D L6D 26 26 Pipe Pipe 11.0 14.4 8% Tens CcmP Sand/Grav Sand/Grav 284 111 
15 L6D 26 Pipe 11.1 0:36 Tens Sand/Grav 132 

1:;* 

16 L6D 26 Pipe 14.6 0.41 ComP SandlGrav 343 180** 
17 L6D 26 Pipe 11.1 0.41 Tens SandfGrav 151 100 
:: L6D 26 HP 14x73 11.9 0.36 Tens Sand/Grav 

LLD 26 HP 14x73 11.3 

:: Miss. L6D 26 Bored BP 14x73 12.5 11.3 :*:66 0:36 

Tens Sand/Grav :;: 13FI* 

Tens ComP Clay Sand/Grav la: 192: 
:: Miss. Sq. Cone 

Miss. Sq. Cone 76:: :*2t 

0146 

ComP ComP Clay Clay 1;: 120 90 

24 Miss. Sq. Cone 10.4 
ComP 

25 Hiss. Sq. Cone 
26 Hiss. Sq. Cone 

3:: 0.36 ComP Z!:: ::25 2F 
0.36 ComP 100** 

27 Miss. Sq. Cone 1::: 0.36 
Clay/Sand 

ComP Clay/Sand ;: 67 
28 Miss. Sq. Cone 0.36 ComP Clay/ Sand 115 108 
:: Miss. MISS. Bored HP 12x53 10.6 19.1 0.36 0.30 ComP ComP Clay Sand 138 113 130 

:: Miss. Sq. Cone 16.0 0.36 ComP Sand 243 :zw 
Hiss. HP 12x53 

lf*: 
0.30 CcmP Sand 

33 Miss. HP 12x53 0.30 ComP Sand 3; ;: 
:: Miss. Miss. Sq. Sq. Cone Cone 14:o 16.4 0.41 0.41 CWP ComP Clay/Sand Clay/Sand 283 184 143 117 

33: LhD l&D 2 2 HP HP 14x89 14x89 :f*: 
19:5 

0.36 0.36 ComP Tens Clay/Sand Clay/Sand f:: 2:5** 
38 L6D 2 HP 14x89 0.36 ComP Clay/Sand 366 

43: L6D L6D 2 2 Sq. Cone Cone Sq. 16.2 19.7 0.41 0.41 CoQlP ComP Clay/Sand ClaylOand 213 266 f:8” 230 

:: L6D L6D 2 2 HP Sq. 14x73 Cone 22.7 15.9 0.41 0.36 ComP Tens Clay/ Clay/Sand Sand 1:: :f: 
4: l&D LADWP 2 HP Bored 14x73 18.3 2.9 0.36 0.66 Tens Tens Clay/Sand 287 60 

Clay 

a: 
LADWP Bored 

2:: 
0.64 Tens Clay :89 :: 

LMWP Bored 0.66 Tens Clay 46 05 

:: LADWP LMWP Bored Bored 2.9 0.71 0.75 Tens Tens Sand Sand :91 125* 75 
49 Lackland Bored 1::: 0.46 ComP Clay 121 

:‘: 
U of Hous Driven 13.1 0.27 ComP Clay ‘Xi 
U of Hous Bored 2.36 2.41 Camp Clay 2325 336 

;a 
Hous Ship Bored 0.91 ComP Sand/Clay 965 
Hous Ship Sq. Cone 3X 0.51 ColnP Sand/Clay ix; 
Hour Ship Pipe 36:9 0.61 ComP Sand/Clay 393 :::: 

* Load test curve extended to B/l0 + QmL/AB with reasonable confidence. 
** Slope at B/10 + QmL/AE does not indicate plunging failure; true ultimate load most 

probably higher than load listed in table by at least 20%. 
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Table 11. Full scale vertical pile load tests (continued). 

Pile I.D. 
I 

References 

1 to 20 Corps of Engineers, St. Louis District and Tucker, 
Briaud, 1987 

21 to 32 Mississippi State Highway Department and Briaud et al., 
1986 

36 to 43 Corps of Engineers, Vicksburg District and Briaud 
Engineers, 1984 

44 to 48 Los Angeles Department of Water and Power, Earth Tech- 
nology Corporation, and Briaud et al., 1984 

49 U.S. Army Engineers Waterways Experiment Station, and 
Briaud Engineers, 1982 

50, 51 O’Neill et al., 1980, O’Neill, Sheikh, 1985, and Briaud 
Riner, 1984 

52 to 54 Texas State Department of Highways and Public Trans- 
portation, McClelland Engineers and Briaud Engineers, 
1986 
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The predictions were performed automatically by using an IBM-PC computer program 

written for that purpose. For the H piles the ultimate pile capacity was calculated first by 

using the steel-soil contact areas for point and shaft resistance, Qv L and second by using the 

enclosing rectangular areas for point and shaft resistances, Q U a For these Hpiles the predicted 

ultimate load was considered to be the lowest of the two loads Q U 1 and Q Ua In all cases Q u2 

was smaller than Q U 1. Note that Q U2 corresponds to a plugged condition where a soil plug 

exists between the flanges of the H piles. 

Figure 42 shows predicted versus measured ultimate loads for compression tests. On 

the average the method overpredicted the measured loads by 20 percent. However, as was 

mentioned earlier, for a significant number of piles (table 11) no plunging failure was reached 

at a settlement of D / 10 + Q ,,, L 1 A E and the true ultimate load for those piles was estimated 

to be at least 20 percent larger. Therefore if the true ultimate load had been measured and 

plotted on figure 42 instead of the (D 110 + Q m L 1 A E ) ultimate load, the over-prediction of 

the PMT method would have been lower. 

Figure 43 shows predicted versus measured ultimate load for tension tests. On the 

average the method overpredicts the measured loads by a factor of 2.5. However almost all 

the tension tests in the data base were performed on H piles and there is evidence showing 

that for H piles the friction in tension is approximately one-half of the friction in compression; 

this may explain in part the over-prediction of thePMT method.(35,23) Indeed, if the H piles 

are ignored on figure 43, the few other piles (3 pipe piles and 5 bored piles) do not show the 

overprediction trend. 

Inspection of figure 42 shows that for compression loading the use of a factor of safety 

of 2.8 may be appropriate to determine the design working load. Indeed for this data base 

this would ensure that at the design working load none of the piles would be loaded to failure 

and that the design working load would be on the average one-half the measured 

(D/ lO+Q,.,,L/AE)ultimate load. 

8.3 Settlement: Method 

A microcomputer program PILPMT exists for automatic calculations.(lol) The 

settlement of a single pile at half the ultimate load is always quite small. Another data base 

study was performed on 98 pile load tests.(33) F or each full scale pile load test the following 

settlement was calculated: 

QL s, = s, - 0.5- 
AE 

85 

(82) 







where s, is the adjusted settlement, s, is the measured settlement at one-half the measured 

ultimate load, Q is one-half the measured ultimate load, L is the embedded length of the pile. 

A is the pile cross section area, E is the pile modulus of elasticity. Equation 82 assumes that, 

at one-half the measured ultimate load, the load in the pile decreases linearly from one-half 

the measured ultimate load at the ground surface to zero at the pile point. A relative frequency 

plot of the ratio of S a 1 Bwhere B is the pile diameter is shown on figure 44 together with the 

mean and standard deviation of So 1 B. The log-normal distribution based on this mean and 

standard deviation is also shown and fits the data quite well. Based on this distribution there 

is a 95 percent probability that the adjusted settlement will be 1.25 percent of the pile diameter 

or less or that the settlement will be 1.25 percent of the pile diameter plus QL/AE or less. 

The LCPC-SETRA document (1985) makes the following recommendations for cal- 

culating the pile settlement, s, at working 

s = 0.006B 

s = 0.009B 

loads: 

for bored piles (83) ; 
I 

for driven piles (84) 

where B is the pile diameter. One should add the elastic shortening of the pile (QL/AE) if 

the pile is long. 

The complete load-settlement curve at the top of the pile can be generated if the q-w 

curve and the f-w curves are obtained. The q-w curve is the load transfer curve at the tip of 

the pile, where q is the average point pressure developed for a pile tip movement w. An f-w 

curve is a load transfer curve along the shaft of the pile where f is the pile soil friction developed 

for a pile shaft movement w. 

The recommended method models the f-w and q-w curves as elastic-plastic models. The 

method evolved from the method proposed by Baguelin et Al.(lo) The recommended slope 

for the f-w curve is E R / 2 R( 1 + u)( 1 + Ln(L/2R)) where ER is the unload-reload pressuremeter 

modulus, R the pile radius, ~Poisson’s ratio for the soil, L the embedded length of the pile 

(figure 45). The slope for the q-w curve is 2ER/( 1-u 2)R for driven piles and 2E/( 1-w qR for 

drilled shafts where E is the first load pressuremeter modulus. These slopes correspond to 

the equation for the settlement of a rigid plate at the surface of an elastic half space and 

therefore makes the reasonable assumption that the decrease in settlement due to the 

embedment of the pile point is offset by the increase in settlement at the pile point due to the 

shear stresses in the soil induced by the pile shaft friction (figure 45).(Sg) Note that the q-w 
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ER is used for driven piles. If the bottom of the hole for the drilled shaft was bored cleanly 

and if it was cleaned thoroughly before pouring the concrete, it may be possible after careful 

evaluation of the soil type to use ER for the q-w curve of drilled shafts. 

Examples of settlement calculations are given in section 8.5. 

8.4 Settlement: Precision of the Design Rules 

The method above was used to develop the complete load settlement curve for the piles 

of the data base (table 11). Then a factor of safety of 2.5 was applied to the predicted ultimate 

load. This gave the design working load. The predicted and measured settlements were 

obtained at the design working load; they are plotted on figure 46. Only the compression pile 

load tests are considered because of the problems associated with the tension tests on H piles. 

As can be seen the predictions compare favorably with the measured values. The settlement 

magnitude of these single piles is very small since it averages 2.5 mm (0.1 in). 

8.5 Design Examples 
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EXAMPLE 1: PILE IN CLAY 

. 

1 ft 41 

50 ft 

BORED CONCRETE PILE 

(DRILLED SHAFT, DRILLED DRY) 

Figure 47. Example 1. 
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STIFF CLAY 

PL - 8 tsf 

E. ” - 40 tsf 

ER - 100 tsf 

yt - 128 pcf 



EXAMPLE 1 :uLrII4A~cAPAcInr 

Point 

Since the soil is uniform pLe = pL = 8 tsf, pOH obtained 
from the test at 50 ft depth is 2.1 tsf. From table 8 , no displacement 
pile , clay, k = 1.2. 

qL = k(pLe - POH) + qov 

118 
= 1.2 x (8 - 2.1) + 50 x - = 10.0 tsf 

2000 

Q, = Ap l qL = TI x 0.52 x 10 - 7.85 tons 

Ql leads to an fL value of: 

fL = 0.31 tsf 

Qs - A, . fL = x 1 x 50 x 0.31 = 48.7 tons 

Total Capacity 

QL * 7.85 + 48.7 x 56.5 tons 

Side 

From table 9, the pile is drilled dry and therefore curve Ql is 
used. Note that if reaming and grooving is ensured before pouring 
concrete curve Q2 can be used. From figure 84 and for pLe, curve 

total recommended load at the ground surface is 

QL 56.5 100 
Q =--W = - - nx 0.52 

’ 
x 50 x - = 17.2 tons 

2.8 2.8 2000 

check creep load 

7.85 48.7 
Qc = - + - = 36.4 tons > 17.2 tons, o.k. 

2 1.5 
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L _ 

I 
EXAMPLE 1 :q-u Am f-w CURVXS 

q-w Curve 

9 4 Ecl 4 x 40 
-= P - 58 tsf/ft 
W 

n (1-d) B 3.14 (l-0.352) x 1 

qL - 10.0 tsf 
10.0 

5 - = 0.17 ft = 2.07 in 
wq 58 

f-w Curve 

f ER 100 
-s P = 15.3 tsf/ft 
W 

(l+v)(l+Ln(k) B 
50 

(1+0.33)(1+Ln -) 1 
B 1 

fL - 0.31 tsf wf = 0.24 in 

q, f (tsf) 

I 
10 

5 

0 

r q-w curve 

f-w curve 

0.3ltsf 
. 

0 0.24in 2 2.07in 3 

w(in ) 
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EXAMPLE 2~ PILE THROUGH LOOSE SILT INTO DENSE SAND 

47 ft 

B-2ft 

STEEL PIPE 

(OPEN END, 

PILE 

WALL THICKNESS 

Figure 48. Example 2. 

SILT 

pL 
= 4 tsf 

E. = 50 tsf 

ER = 150 tsf 

Yt 
- 102 pcf 

SAND 

PL 
= 21 tsf 

E. 
= 200 tsf 

ER - 830 tsf 

Yt = 125 pcf 

= 3/8 IN ) 
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EXAMPLE 2 : ULTIMATE CAPACITY 

Point 

The equivalent limit pressure is 

1 +a 

PL = - J 2a _a 
PL(z) d= 

a is 1.65 ft since B < 3.3 ft 

Since the pL value does not vary within + 1.65 ft around the pile 
point, the bearing layer is homogeneous and: 

PLe = 21 tsf 

From table 8, for a full displacement pile (assumes that the pipe pile 

plugs), 

k - 3.2 for pL > 30 tsf 

k - 4.2 for pL < 10 tsf 

for this example pL = 21 tsf and by interpolation 

k = 3.65 

The embedment in the bearing layer is 13 f t > 5B ; therefore 
there is no need to reduce k for lack of embedment. The total horizon- 
tal pressure at rest is obtained from the test at 63 ft depth as being 

POH = 2.5 tsf. 

60 x 125 
qL - 3.65 (21 - 2.5) + = 71.3 tsf. 

2000 

Qp - ApqL - * x 1 2 x 71.3 - 223.9 tons. 

All calculations above assumed that the pile was close ended. For the 
open ended pipe pile a reduced value of Qp equal to one-half times the 
Qp value for the close ended pipe pile is used. 

1 1 
Qp (open end) = - Q, (close end) = - x 223.9 = 112 tons 

2 2 
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Side 

From table 9, the pile fits under the category Driven Metal. For 
silts curve Ql is used, while for sand curve 42 is used. From 

figure 84and for the pbe values of the example, the fL values are: 
in the silt fL - 0.20 tsf and in the sand fy, = 0.84 tsf. Therefore : 

Qs = 47 x ‘II x 1 x 0.20 + 13 x n x 1 x 0.84 = 29.5 + 34.3 

Qs = 63.8 tons 

Total Capacity 

QL = 112 + 63.8 = 175.8 tons 

total recommended load at the ground surface. 

32 
~r(12~ - (12 - -))60 

QL 175.8 8 450 
Q P-_-w - 

2.8 ’ 
=-- x - - 62.8 2.6 

2.8 144 2000 

Q - 60.2 tons 

check creep load 

QL 175.8 
Qc=-~ - = 117.2 tons > 60.2 tons o.k. 

1.5 1.5 



EXAMPLE 2 :q-wmd f-UcuBvES 

q-w Curve 

9 PER 4 x 830 
-I 
W Ul-v2) B -Ml-0.32) x 2 

= 581 tsflft 

1 

9L = - x 71.3 = 35.6 tsf because pipe is open ended. 
2 

35.6 

w9 - - = 0.06 ft - 0.74 in 
581 

f-w Curve in the Sand 

f ER 830 
-0 I = 72.5 tsflft 
W 

(l+V)(l+Ln "1 B 
60 

(1+0,3)(1+Ln -_) x 2 
B 2 

fL - 0.84 tsf. 

0.84 

wf = - = 0.012 ft * 0.14 in 
72.5 

f-w Curve in the Silt 

f ER 150 
-= I - 13.1 tsf/ft 
W 

(l+v)(l+Ln "1 B 
60 

(1+0.3)(1+Ln -) 2 
B 2 

fL - 0.2 tsf 

0.2 

wf - - - 0.015 ft = 0.18 in 
13.1 
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9 (tsf) 

35.6 tsf 

w(in ) 

1.0 

0.5 

0' 

0.84 tsf SAND 

0.20 tsf SILT 

I 
0.14 0.5 

W 
1.0 w(in ) 



8.6 Pile Groups 

No specific pressuremeter method exists to calculate the settlement of pile groups; 

however, potentially two approaches are possible. The first one would consist of using a 

PILGPl type of approach by combining the load transfer curves and the pressuremeter reload 

modulus as elastic modulus.(g4) Th e second one would be to use the concept of an equivalent 

footing at a depth equal to two-thirds of the pile length and treat it as a shallow foundation 

settlement problem. These two methods have not been checked against case histories. 



9. DESIGN OF HORIZONTALLY LOADED PILES 

9.1 The Phenomenon 

When a pile is loaded horizontally there are several components to the soil resistance 

(figure 49). The front resistance due to normal stresses, CT TT the shaft friction resistance due 

to shear stresses, T .,and ‘C re the base friction resistance due to shear stresses ‘c Z 0 and -c .,and 

the base moment resistance due to normal stresses, CJ,, Except for very short stubby piles 

(D / B < 3) the major components of soil resistance are due to c ,.T and ‘T: re At working loads 

the contribution due to the ‘c ,,effect may be as much as 50 percent of the total resistance.(*g) 

At any depth, z, the resultant of the above soil resistance is the P-y curve where P is the 

resultant soil resistance in force per unit length of pile, and y is the horizontal displacement 

of the pile. The horizontal load versus horizontal deflection of the pile at the ground surface 

is then obtained by finite difference solution of the governing differential equation using the 

P-y curve.(g9) 

Close to the ground surface there is a zone of reduced soil resistance due to the lack of 

vertical confinement. This phenomenon affects both the pressuremeter expansion and the 

laterally loaded pile down to a critical depth, D pm for the pressuremeter and D pi for the pile 

(figure 49). Below the critical depth the deformation process is no longer influenced directly 

by the ground surface. Within the critical depth the soil resistance decreases from the “deep” 

resistance at the critical depth to a minimum resistance at the ground surface. 

9.2 Subgrade Modulus Approach for Long Flexible Piles 

Here, the soil is assumed to have a linear P-y curve (figure 50): 

p=-Ky (85) 

where P is the soil reaction in load per unit length of pile (lb/in), K is the horizontal spring 

constant (lb/in*), and y is the pile deflection (in). Furthermore, it is assumed that K is a 

constant independent of depth (uniform soil). 

The horizontal subgrade modulus k (lb/$) is defined as: 

E=-ky 
P 

(86) 

where B is the width of the pile. Therefore, the relationship between the horizontal spring 

constant K and the horizontal subgrade modulus k is: 
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Figure 49. Components of soil resistance (after GA1 
Consultants, 1982). 
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Figure 50. Assumptions for the subqrade modulus approach. 
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K=kB (87) 

It is recommended that, in first approximation, the horizontal spring constant k be taken as: 

K=E,+E, for nondisplacement or low displacement piles (88) 

K=2E, for full displacement piles (89) 

where E ,, is the pressuremeter first load modulus and E R is the pressuremeter reload modulus. 

Nondisplacement piles are bored piles; low displacement piles are H-piles and unplugged 

pipe piles. Note that a pipe pile which would form a plug at a penetration larger than 5 to 10 

pile diameters should be considered as unplugged for horizontal load purposes. Indeed, this 

5-to lo-pile-diameter zone close to the ground surface, which controls the horizontal behavior 

of the pile, would have been subjected only to low displacements. Full displacement piles 

are, for example, prestressed concrete piles and closed end pipe piles. 

The horizontal spring constant K is selected after preparing a profile of K versus depth. 

The K value should be selected as a conservative average within the zone of influence near 

the ground surface. 

The assumptions made are: the P-y curves are linear, the soil is uniform (all P-y curves 

are the same), the pile is infinitely long. The limitations due to these assumptions are discussed 

at the end of this section. The governing differential equation is: 

Eld4Y dX4 +Ky=O 

or 

l:d4yc0 -- 
y+ 4 dz4 

with 

(90) 

(91) 

p4 - J 4EI 
K 

(92) 

This parameter 1 O is called the transfer length. A pile will be considered as infinitely 

long if: 

L231, 

135 

(93) 



where L is the embedded length of the pile. This condition must be satisfied for the solution 

to apply. The boundary conditions are: 

fox-z==, y=o (94) 

forz=O, I/=H,and M=M, (95) 

where HO and MO are the horizontal load and the applied moment at the ground surface, 

respectively. Given these boundary conditions the solution to the differential equation is:(lo) 

ZH, -f 
Y(zl'1,KQ 

x 2M, -; 
ocos-+- 

1, 1fK e 
cosZ-sin2 

1, 10 

so that the deflection at the ground surface is: 

ZH, 2M. 
YO =-+- 

l,K 1,2K 

The solution for the slope y’ is: 

ZH, -t 
Y’(z,=-xQ 

0 

(96) 

(97) 

(98) 

At the ground surface the slope is: 

ZH, 4Mo 
Y’o=---- 

1,2K 1,3K 
(99) 

The solution for the bending moment M is: 

_I _f 
M,,,=H,l,e “sinf+.M,e lo 

( 
cosX+sinL 

0 

l 
lo 0 

ww 

At the ground surface the bending moment is M o More importantly the maximum bending 

moment in the pile M ,,,px must be found. This is done by finding the value of z ( z ,,,px ) which 
satisfies d M / dz = Q Since d M 1 d z is the shear force V, the solution for V is given first. 

Therefore 2 l,,aX is given by: 



‘max 

-- 

Hoe lo 
z . 

(cosy-sin 
z,,-ax 2M, 

0 
--+---j--e 

-5 or,,,, 
sin- =0 

0 0 1, 

or 

z 

tanY-== 
1 
2Mo 

0 l+- 
IOH, 

(102) 

(103) 

Note that z,,, / 1 .is expressed in radians, not in degrees or grades. 

The load per unit length of pile P (lb/in) can be obtained from the deflection y (in) at 

any depth by: 

P=Ky (104) 

At the surface, 

p,=K~o (105) 

and the average pressure on the pile close to the ground surface is 

(106) 

This pressure p ,, is compared to the soil limit pressure close to the ground surface in order 

to minimize the creep problem under sustained horizontal loads. 

The factor of safety F must be 2 or more. An example of calculations given in section 9.7. 

The above approach applies to the case of long flexible piles as defined by the condition: 

L>31, (108) 

where L is the embedded pile length and 1 o is the transfer length (equation 92). The solution 

given by equation 211 corresponds to a straight line on the H 0 versus y 0 plot (figure 51). In 

reality the H 0 - y ,, plot shows a curvature, so that the straight line solution of equation 96 

intersects the real plot at one point. With the recommended values of K (equations 88 and 

89), this point corresponds to a horizontal deflection y 0 equal to 0.5 in on the average. This 

statement is based on 3 comparisons with full scale load tests.(45) If the deflection is less 
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Subgrade Modulus 
Approach 

Load Test 

0.5 in. on the average 
/ 

Figure 51. Evaluation of the subgrade modulus prediction. 



than 0.5 in, the deflection is likely to be overestimated; if the deflection is more than 0.5 in it 

is likely to be underestimated. The recommendations for K come from the simplifications of 

the more detailed recommendations for constructing P-y curves from preboring pressuremeter 

curves (section 9.4). A design examples is presented in section 9.7. 

9.3 Subgrade Modulus Approach for Short Rigid Piles 

The following assumptions are made: 1. the P-y curves are linear, 2. the soil is uniform 

(all P-y curves are the same), 3. the pile is rigid and therefore there is no curvature in the pile. 

With these assumptions a solution was proposed by Baguelin, Jezequel and Shields as fol- 

lows.(lO) Assumption 1 leads to: 

P=Ky (1091 

Assumption 2 states that K is a constant independent of depth. Assumption 3 which describes 

the fact that the pile is rigid leads to a linear variation of y versus depth. 

y=Rz+S (110) 

The pile is considered rigid if the embedded length L is smaller or equal to the transfer length 

1,: 

LI 1, (111) 

where 
lo=4 - J 4EI 

K 
(112) 

and E is the pile modulus, I the moment of inertia, and K the horizontal spring constant for 

the soil. As for long flexible piles: 

K=E,+E, for no displacement or low displacement piles (113) 

K=2E, for full displacement piles (114) 

where E o and E Rare the load and reload preboring pressuremeter modulus respectively. The 

proper Kvalue is chosen as a conservative value near the surface of the Kversus depth profile. 

With these assumptions, the shear in the pile is calculated as:(lO) 

(1151 

or z2 
V=Ho -KR2-KSz (116) 
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Also the bending moment is given by: 

M=Mo+Hoz- ZP(z-t)dt 

Or 

M=M,+H,,z-KR;-KS; 

The boundary conditions are: 

for x=L,V=O,M=O 

This leads to the values of R and S:(lo) 

R _W-W+2Mo) = 
KL3 

s = 2(2H,L+ 3Mo) 
KL2 

The displacement at the ground surface is: 

Yo=S= 
2(2HoL+3Mo) 

KL2 

The slope at the ground surface is: 

= R = _WLJ+ 2Mo> 
0 KL3 

(117) 

(118) 

(119) 

(120) 

(121) 

(122) 

(123) 

Note that the slope y’ is a constant independent of z since there is no curvature in the pile 

(rigidity). The maximum bending moment M max is found by determining first the depth x max 

at which M max acts. The value of x max is found by setting I/ Cfj = 0. 

V=H/KR+KSz,,,=O (124) 

which leads to: 

2s 2Yo z =---L=-- 
max R Yb 

-L (125) 
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The maximum bending moment is then calculated as (equation 118): 

M 
Gmx 

n-lax =M,+H,z,,,-KR- 
6 (126) 

The load per unit length of pile P (lb/in) can be obtained from the deflection y (in) at any 

depth by: 

P=Ky=KRz+KS WV 

At the surface, 

P.=KY, 

and the average pressure on the pile close to the ground surface is: 

KY0 
PO=- B 

(128) 

(1291 

This pressure p o is compared to the soil limit pressure close to the ground surface in order 

to minimize the creep problem under sustained horizontal loads: 

+Pr 
PO 

(130) 

The factor of safety F must be 2 or more. 

An example of calculations is given in section 9.7. 

9.4 P-y Curve Approach: The Procedure 

In the two previous sections it was assumed that the P-y curve was linear and that the 

same P-y curve applied at all depths. In the general case the P-y curve is nonlinear and various 

P-y curves exist at various depths. This is the case which is addressed in the following sections. 

A microcomputer program PYPMT exists for automatic calculations using this 

method.(65) This method was presented in 1985.(15~95) It cannot be performed by hand and 

is not described in detail. Instead a summary of the procedure is given, then the precision of 

the method is evaluated. ’ 

1. Perform pressuremeter tests in a prebored hole at the site with close spacing near 

the surface and down to a depth of approximately 20 pile diameters or down to 

the pile tip, whichever is smallest. 
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2. 

3. 

4. 

Correct the pressuremeter curves for membrane resistance, system compressibility 

and pressuremeter critical depth effect. 

Obtain the front reaction curves (Q-y) from the pressuremeter curves. 

For any pressuremeter test within the pile critical depth apply the proper reduction 

factor to obtain the true Q-y curves. 

5. Obtain the friction resistance curve (F-y) by applying the subtangent method to 

the reload pressuremeter curves. 

6. 

7. 

Obtain the P-y curves by adding at each depth the Q-y curve to the F-y curve. 

If the pile is short (L/B < 3) add a P-y curve at the bottom of the shaft to take the 

bottom friction into account. 

8. Run the finite difference program to obtain the pile response. 

9.5 Precision of the Method 

A 27 pile load test data base is used to determine the precision of the method. The piles 

in the data base (table 12) cover a wide range of types and pile insertion techniques including 

bored piles, pipe piles, H piles, and concrete piles. The pile lengths vary from 3m (10 ft) to 

25 m (82 ft) and the diameters from 0.27 m (0.88 ft) to 137 m (4.5 ft). The soil included sand, 

silt and clay as well as layered profiles. 

For each pile, preboring pressuremeter tests were performed next to the pile and pre- 

dictions were performed leading to a predicted horizontal load-horizontal deflection curve 

at the pile top. On the same graph the measured curve obtained during the load test was 

plotted (figure 52). The site names followed by an asterisk in table 12 represent cases where 

predictions were sent to the sponsor prior to receiving the load test results. In order to compare 

predicted with measured behavior, the loads obtained at a value of the horizontal deflection 

equal to 10 percent (ultimate) and 2 percent (small movements) of the pile diameter were 

compared (figures 52 and 53). Figures 52 and 53 show that the method predicts the measured 

behavior very satisfactorily. Note that only piles 1 to 7 were used to develop the method 

initially. 

The work done by Matlock and Reese from 1955 to 1970 has represented a major step 

forward in the solution to the problem of horizontally loaded piles.(71~90~70~104) It is believed 

that the pressuremeter can represent an additional step forward by allowing to improve the 

quality and range of applicability of the P-y curve approach. The PMT P-y curve approach 

has the drawback of requiring the performing of PMT tests which are not routine tests in the 
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Table 12. Full scale horizontal pile load test data base. 

?ile I.D. 
Number Site 

Pile 

Type 

Pile Pile 

Embedded Diam. Soi 1 
Length 

(m) (m) 

1 Sabine Pipe 12.2 0.32 Clay 
2 Mustang Island Pipe 21.0 0.61 Sand 
3 Lake Austin Pipe 12.2 0.32 Clay 
4 Houston Bored 13.0 0.76 Clay 
5 Texas A&M (1977) Bored 6.1 0.91 Clay 
6 Texas A&M (1978) Bored 4.6 0.76 Clay 
7 Texas A&M (1979) Bored 4.6 0.76 Clay 
8 Univ. of Houston* H 11.8 0.27 Clay 
9 Univ. of Houston* Pipe 11.4 1.22 Clay 

10 L&D 26 (1983) HP14x73 20.4 0.36 Sand 
11 L&D 26 (1983) HP14x73 20.4 0.36 Sand 
12 L&D 26 (1978) H 15.2 0.36 Sand 
13 L6D 26 (1978) Pipe 15.2 0.36 Sand 
14 Virginia Bored 3.5 1.37 Clay 
15 Carol ina Bored 4.5 1.37 Sand 
16 I owa Bored 4.6 1.37 Clay 
17 LADWP Delta* Bored 3.0 0.61 Clay 
18 LADWP Caliente* Bored 3.0 0.74 Sand 
19 LADWP Alamo* Bored 3.0 0.65 Clay 
20 Baytown Bored 11.9 0.61 Clay 
21 Lackland* Bored 10.5 0.46 Clay 
22 La Baule 1 Rd. Cont. 6.0 0.61 Sand/Clay 
23 La Baule 2 Rd. Cont. 6.0 0.61 Sand/Clay 
24 Plancoet Caisson 4.4 0.95 Silt 
25 Plancoet Ii 6.1 0.36 Silt 
26 Cubzac Pipe 24.7 0.91 Clay 
27 Proving Pipe 23.0 0.93 Silt/Peat 

*Load test results unknown at time of predictions 
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Table 12. Full scale horizontal pile load test data base (continued). 

Pile I.D. Number Reference 

1 

2 

3 

4 

5 

6 

7 

8 and 9 

10 and 11 

i2 and 13 

14 to 16 

17 to 19 

20 

21 

22 and 23 

24 -and 25 

26 

27 

Matlock, Tucker, 1961 and Smith, 1983 

Reese et al., 1967 and Smith, 1983 

Matlock et al., 1956 and Smith, 1983 

Welch, Reese, 1972 and Smith, 1983 

Kasch et al., 1977 and Smith, 1983 

Holloway et al., 1978 and Smith, 1983 

Bierschwale et al., 1981 and Smith, 1983 

O’Neill, Dunnavant, 1984 and Briaud et al., 1985 

Corps of Engineers, St. Louis District and Briau’ 
et al., 1984 

Woodward-Clyde Consultants, 1979 and Smith, 1983 

GA1 Consultants, 1982 and Smith, 1983 

Los Angeles Department of Water and Power and 
Briaud et al., 1984 

Soil Mechanics, Inc., 1982 and Smith, 1983 

Corps of Engineers, Fort Worth District and 
Briaud Engineers, 1982 

LeMauff, Peignaud, 1973 and LCPC, 1982 

Baguelin, Jezequel, 1972, LCPC, 1982 and Smith, 
1983 

Ambrosino et al., 1973 and LCPC, 1982 

Bigot et al., 1982 and LCPC, 1982 
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12: Pile ID no. ‘5 
. see Table II 

Deflection 
Diameter % ( 1 
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50 
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MEASURED LOAD AT lo%, Q,,, (kN) 

Figure 52. Predicted vs. measured horizontal loads at a deflec- 
tion equal to 10. percent of the pile diameter. 
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Figure 53. Predicted vs. measured loads at a groundline 
deflection equal to 2 percent of the pile 
diameter. 
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United States. The advantages over the current P-y curves are: the PMT P-y curve is obtained 

point by point in situ with the pressuremeter, the pressuremeter test can be performed in 

almost all soils and rocks including calcareous soils, permafrost, peat, and rock; therefore, the 

method can always be used, the method of installation of the pile can be duplicated by the 

method of installation of the pressuremeter such as prebored holes for bored piles and driven 

probes for driven piles, the type of loading can be easily simulated during the PMT test 

including long-term sustained loads, cyclic loads, and rate of loading effects. 

9.6 Rule of Thumb to Estimate the Horizontal Behavior 

The ultimate horizontal load Qv is defined as the load reached for a pile horizontal 

deflection equal to l/lOth of the pile diameter if the pile has not been overstressed when this 

point is reached. In other words this ultimate load is the soil ultimate load for a given pile 

and not the pile ultimate load. This ultimate load Q ucan be estimated in first approximation 

by: 

Qu= P;BD, (131) 

where B is the pile diameter, pt is the average pressuremeter net limit pressure within the 

pile critical depth D C. The value of D c is obtained from the following equations: 

D,=B if (132) 

(133) 

where E is the modulus of the pile material, I is the moment of inertia of the pile cross section 

around its centroidal axis. This rule of thumb does not take into account the strength of the 

pile but helps in estimating the ultimate load. 

A factor of safety of 3 on this ultimate load usually leads to a load for which the deflection 

will be approximately 1.5 percent of the pile diameter. 

At working loads, the subgrade modulus approach can be used to calculate the deflection 

and the maximum bending moment (section 9.2 for long flexible piles and section 9.3 for short 

rigid piles). 
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9.7 Design Examples 

EXAMPLE 1: LONG FLEXIBLE PILE 

Eo(tsf) Er(tsf) K (tsf) 

Ho 
= 10 tons 

PLbf) 

110 ft 

I- 
SAND 
70 ft 

1 

CLAY 

+ 
0 200 400 0 400 800 0 400 800 0 10 20 30 

24 IN 

Depth (ft) 

PIPE PILE UNPLUGGED, WALL THICKNESS = 3/8 IN 

Figure 54. Example 1. 

118 

\ r I 6 
I 8 

11 

\ 1 18 23 

\ .23 



EXAMPLE 1: LONG FLEXIBLE PILE UNDER HORIZONTAL LOAD 

Select horizontal spring constant. 

From the profile a conservative value of 250 tsf is selected: 

K = 250 tsf 

Calculate the transfer length. 

144 
E = 30 x lo6 psi = 30 x lo6 x - tsf * 2.16 x lo6 tsf. 

2000 

4 
=DO =D1 

4 n ~24~ TI (24-2~0.375)~ 
I~----_l8-- - 1941 in.4 - 0.0936 ft4 

64 

K = 250 tsf. 

Check that pile can be considered as “long flexible” 

L = 110 ft > 3 1, = 22.6 ft ok. 

Displacement and slope at ground surface 

2H, 2M, 
y=-+- 

bK lo2K 

2 x 10 2x4 

Yo = + 
7.54 x 250 7.542 x 250 

Y. - 0*,0106+ 0.00056 0.0112 ft - 0.13 in. 

2H, 4Mo 

Y’o -- - - - 
lo2K lo3K 

11s 



2 x 10 4 x4 
Y’o = - - - 

7t542 x 250 7.543 x 250 

Y’O = - 0.00141 - 0.00015 = - 0.00156 radians 

Y’o = - 0.089degrees. 

Find depth to maximum bending moment. 

Z max 1 1 
tan - = r = 0. 904 

10 2MO 2x4 
l+- l+ 

430 7.54x10 

Z 
s = 0.735 radians 

l0 

Z max * 0.735 x 7.54 = 5.54 ft 

Find maximum bending moment. 

Z max Z max -- -- 

10 Z max 10 Z max Z 

Sax = Holoe 
. 

sin - + MO e (cos - + sin 
max 

--I 
10 10 10 

-0.735 -0.735 
Sax = LO x 7.54 e sin 0.735 + 4 e (cos 0.735 + sin 0.7353 

Sax - 24.24 + 2.71 - 26.95 t.ft 

Check for creep. 

P - Ky P = 250 x 0.0112 =2.8t/ft. 

P 2.8 
Average corresponding pressure pa = - - --=1*4tSf. 

B 2 

The limit pressure close to the surface is at least 6 tsf. 

pL 6 
Therefore F = - - - = 4.29 

P 1.4 

The factor of safety is sufficient to ensure that there will be little 
creep versus time. 



50 ft 

EXAMPLE 2: SHORT RIGID PILE 

1 
- 30 tons 

VERY STIFF CLAY 

t-t 
7 ft 

Eo(tsf> Er(W K (tsf) PL(tSf) 

0 100 200 0 300 600 0 500 1000 0 25 

DRILLED 59 

SHAFT 
10. 

15= 

20. 

25. 

30. 

DEPTH (FT) 

Figure 55. Example 2. 
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EXAMPLE 2: SHORT RIGID PILE UNDER HORIZONTAL LOAD 

Select horizontal spring constant. 

From the profile, a conservative value of 600 tsf is selected. 

K = 600 tsf 

Calculate the transfer length. 

144 
E = 3 x 106 psi - 3 x lo6 x - tsf = 2.16 x lo5 tsf 

2000 

rD4 rx74 
I=--_=-a#? 117.8 ft4 

64 64 

K = 600 tsf 

1. y/y= 20,29 ft 

Check that pile can be considered as "rigid short" 

L - 20 ft < 1, = 20.29 ft ok 

Displacement at the ground surface. 

Ho - 30 t 

MO - 30 x 50 - 1500 t.ft. 

2(2H,L + 3M,) 

Fo - 
KL2 

2(2x30x20+3x1500) 

Yo - = 0.047 ft 
600 x 202 

y, - 0.57 in. 
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Slope at the ground surface. 

Y’o = - 

Y’o = - 

y’. t - 

6(H,L + 2M,) 

KL3 

6(30 x 20 + 2 x 1500) 
= - 0.0045 radians 

600 x 203 

0.26 degrees. 

Calculate maximum bending moment. 

2Yo 
The depth Zmax is: Zmax = - - - L 

y’o 

2 x 0.047 
Z max = - - 20 - 0.89 ft. 

-0.0045 

Z max z 2 max 
Then Mmax = MO + Ho Z,,, - KR 6 - KS 2 

R= Y’o - - 0.0045 

s - y. = 0.047 ft. 

and 
0.8g3 0.8g2 

Ehlax 3: 1500+30x0.89-600 (-0.0045) - - 600 x 0.047 x - 
6 2 

Mmax = 1515.8 t.ft. 

Check for creep. 

P - Ky P - 600 x 0.047 - 28.2 t/ft. 

P 28.2 
Average corresponding pressure P * - = - = 4.03 tsf 

The limit pressure close to the surface 
profile; therefore F = pL/p = 10/4.03 = 
is sufficient to ensure that there will 

B 7 

is estimated at 10 tsf from the 
2.5. The factor of safety 
be little creep versus time. 
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10. DESIGN OF RETAINING WALLS 

10.1 General 

The pressuremeter is of little help in the design of the following types of retaining walls: 

gravity walls, cantilever walls, reinforced earth walls. An exception would be the problems 

associated with the bearing capacity and settlement of such walls (section 7). 

This chapter is devoted to the design of drilled shaft retaining walls, sheet pile walls, 

slurry trench walls, and more generally to the design of walls which develop part or all of the 

retaining force from the resistance of the embedded portion of the wall (figure 56). 

There are various types of methods available to design such retaining walls. The first 

type of method is the limit equilibrium approach, where the global equilibrium of the wall is 

considered. 

The second type of method is the finite element method where the wall and the soil 

surrounding the wall are modeled by finite elements. 

The third type of method is the finite difference method where the wall is modeled by 

a series of elements acted upon by nonlinear spring models representing the soil reaction. 

This method gives a prediction of the wall displacement and can be considered as being of 

intermediate complexity between the first and second type of method. The nonlinear springs 

modeling the soil behavior are described by P-y curves where P is the load on the wall at depth 

z per unit length of wall and per unit width of wall (pressure) and y is the displacement of the 

wall at the same depth z (figure 56). This method is the one which is used throughout this 

chapter. 

10.2 Preparing the P-y Curves within the Retained Soil Depth 

Within the retained soil depth (figure 56), there is soil on one side of the wall and air 

on the other side. Consider figure 56 for sign convention. The at rest pressure is exerted on 

the wall. If the wall moves towards the positive y the pressure decreases until it reaches the 

active earth pressure p A. The amount of wall displacement necessary to reach p ,, is y ,, (figure 

56). If the wall moves towards the negative ythe pressure increases until it reaches the passive 

earth pressure p p The amount of wall displacement necessary to reach p p is y ,, (figure 56). 

The values of p A and p p are calculated from classical soil mechanics. 

pa=Koc+u 

124 

(134) 



WA 
P'O 

PP 4 P'O 

'P 'A 
I 

0 
1 

. 

0 2 
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P~=K&+u (135) 

where o i is the vertical effective stress at depth z , K a and K P the coefficients of active and 

passive earth pressure respectively, and u, the water pressure at depth zagainst the wall. Many 

recommendations have been made for the values of Y ,, and y p. Terzaghi (1954) shows data 

which suggest the following order of magnitude for y a an d y ,,: 

y,=O.O005H (136) 

yP=0.005H (137) 

where H is the height of the wall (height of retained soil). 

The P-y curve is therefore completed as shown on figure 56 for any depth zwithin the 

retainined soil depth. 

10.3 Preparing the P-y Curves within the Retaining Soil Depth 

Within the retaining soil depth (figure 56), there is soil on both sides of the wall. The 

side where the soil to be retained is located is side 1 (figure 56); the side where the retaining 

soil is located is side 2 (figure 56). For side 1 the P-y curve is prepared as in the case of the 

P-y curve within the retained soil depth. 

The P-y curve for side 2 is prepared in the same way except that the pressure P are 

negative since they are opposed to the direction of y (figure 56). 

The resulting P-y curve in the retaining soil depth is obtained by adding the P-y curve 

on side 1 to the P-y curve on side 2 as shown on figure 57. These combined P-y curves can be 

prepared at various depths within the retaining soil depth. 

10.4 Pressuremeter P-y Curves 

Menard made some recommendations for obtaining the individual P-y curves within the 

retaining soil depth.(7%76,77) F’ rgure 58 shows an individual P-y curve for side 2 in the 

retaining soil depth. Menard proposed to calculate the slope k of the P-y curve (figure 59). 

k= 
EO 

0.33ah+0.43( 1.83/t)” 

125 

(138) 



-1 

P (lb/ft2) 

Combined P-y Curve 

Side 27, ; ’ 

0.8 0.4 

- 2000 

- 4000 

8000 

6000 

4000 

Side 1 P-y Curve 

.\ 
\ 

I 

\ . I 

\ 
\ 

0.4 0.8 

\ 

y (in.> 
\ 
\ 
\ ---------- 

Figure 57. Preparing the combined P-y curve. 

127 



P (lb/in.2) 

pA 

my (in.1 
\ 

p. 
P 
P 

Figure 58. P-y curve for side 2 on figure 110. 
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Figure 59. Definition of the corrected depth. 
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where E 0 is the pressuremeter first load modulus in tsf at a depth z within the retaining soil 

depth, h is the corrected depth of embedment in feet as defined on figure 55, and cx is a 

dimensionless coefficient (table 8, section 7) depending on the ratio of E 0 over the pressur- 

emeter limit pressure p L. 

Menard gives the following equation for the ultimate passive resistance of the soil: 

Pt- PO 
pp= 

Ki3 
+p. (139) 

where p L is the pressuremeter limit pressure, p 0 is the at rest total horizontal stress in the 

soil and K B is a dimensionless coefficient dependent upon the E 0 / p L ratio as follows: 

clay forE/p,= lO,K,=2.7 

forUp,= 15,K,=3.2 

sand forE/p,= lO,K,=3.5 

forE/p,= 15,K,=4.2 

Engineering judgement must be used to determine values of K Bfor E ,, / p Lvalues other 

than 10 and 15. The value of the passive resistance calculated using equation 139 probably 

represents a short term value. For long-term values the classical approach is recommended 

(equation 135). 

For the ultimate active resistance of the soil, Menard does not make any PMT recom- 

mendations, therefore the classical approach is retained (equation 134). 

Once the P-y curve for side 2 is prepared at a depth ;: the P-y curve for side 1 at the 

same depth zis prepared according to the same recommendations. Then the P-y curves for 

side 1 and side 2 are added to give the combined P-y curve at depth z (section 10.3). 

10.5 Examples 

The site is located at the intersection of the West Belt and Kimberly Lane in Houston, 

Texas. The two retaining walls will allow for an underpass intersection. Each of the two 

retaining walls will be made of a line of drilled piers, 36-in in diameter with a 42-in spacing 

center-to-center. At the final stage of construction, those piers will have a total length of 68 

ft and retain 22 ft of soil (figure 60). 
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Figure 60. Underpass retaining wall in Houston. 
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A total of seven pressuremeter tests were performed on August 31,1983. Their position 

is shown on figure 60 along with the observed soil layers. The results are presented in figure 

61. 

In order to analyze the retaining wall the following assumptions were made: each pier 

affects a width of soil equal to 3.5 ft, the reinforcing steel is such that the cracking moment is 

not exceeded in each pier, the modulus of elasticity for the concrete is 4 x 106 psi, the soil 

total unit weight is 120 lb/ft3 and the soil friction angle is 4 = 30 o with no cohesion. 

For the part of the analysis based on the conventional approach, the displacement needed 

to develop active pressure is 2 mm, the displacement needed to develop passive pressure is 

10 mm. 

For the Menard method, the procedure outlined in section 10.4 was used below the 

excavation level. Above the excavation level P-y curves based on the conventional approach 

were used. 

Table 13 contains a summary of the P and Y coordinates used to analyze the wall. The 

depth z is the depth in ft from the top of the wall, P is the pressure’in psf, and Y is the 

corresponding lateral displacement in ft. A, B, C, and D refer to the four points on the P-Y 

curve shown on table 13. 

The results of the analysis are shown on figures 62 and 63. 
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Figure 61. Summary of pressuremeter test results. 
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Table 13. P-y curve data for West Belt and Kimberly Wall. 

A B C D 

P Y P Y P Y P Y 
2 

(lb/ft ) (ft) (lb/ft ) (ft) (lb/ft ) (ft) (lb/ft 1 (ft) 

0 0 - 1000 - 0 1000 

22 4740 - .245 1320 0 - 880 .031 

31 12930 - ,217 1660 - .003 70 .012 - 10730 ,117 

42 8400 - ,106 2150 - .OlO - 360 .020 - 6200 .160 

49 10620 - ,282 2390 - ,017 - 650 .032 - 8410 .282 

57 14830 - .866 2720 - .047 - 960 .077 - 12630 .866 

66 10950 - ,407 3080 - .041 -1310 ,061 - 8750 .407 
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Figure 62. Results of analysis of the wall. 
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11. ADVANTAGES, DISADVANTAGES AND COSTS 

11.1 Disadvantages 

The quality of the borehole influences the quality of the test results. This induces 

variation in the results. This variation can be minimized if the recommended way to prepare 

the borehole is strictly followed and if proper training of the drilling crew takes place. 

The probe dimensions are not standardized. This induces variation in the results. This 

problem can be solved by proposing a stricter ASTM Standard. A probe with a 3-in diameter 

and inflatable length-to-diameter ratio equal to 6.5 is recommended. 

There are some soils in which it is difficult to prepare a quality borehole for the pres- 

suremeter. These include soft clays (undrained shear strength 5 500 psf), loose clean sands 

under the water table (SPT blow count 5 10 blows/ft), large grained soils (maximum particle 

size > 2.5 in). 

As with any other in-situ test, drainage cannot be controlled during the pressuremeter 

test. Furthermore pore pressures are not commonly measured with preboringpressuremeters. 

From the design point of view the pressuremeter cannot be of direct help for the problem 

of slope stability. The pressuremeter is of limited use for the problem of retaining structures. 

11.2 Advantages 

136 

From the testing point of view, one of the primary advantages of the preboring pres- 

suremeter is that the test can be performed in most soils. This ensures the engineer that the 

site investigation will lead to useful results. In a study reported by Baguelin et al. 63 sites 

were tested with the pressuremeter (PMT), the cone penetrometer (CPT) and the retrieval 

of undisturbed samples.(6) The number of sites where the tests could be performed is shown 

on table 14. This table indicates that the PMT test could be performed and led to useful 

results in 95 percent of the cases. The CPT test could be performed and lead to useful results 

in only 43 percent of the cases. Undisturbed samples could be obtained and analyzed in only 

40 percent of the cases. 

The second advantage of the preboring pressuremeter test is that it represents an in-situ 

load test. With this in-situ load test a number of loading sequences can be duplicated: long 

pressure steps for long-term loading, rapid inflation for impact loading, unload reload cycles 

for cyclic loading. 



Table 14. Feasibility and representativity of various geotechnical 
tests. 

Number of sites for which the tests . . . 

. . . were . . . were . . . were . . . could . . . could 

effectively interpretable incomplete not be have been Tota 

Type of Test performed and represen- or non- performed performed and 

Considered tative interpre- a priority interpreted 

table but were not 

carried out. 

Cone Pene- 

tration Test 

(CPT) 

% 

3s = 22 + 13 23 5 63 

(premature (soils too 

refusal) compact) 

Menard (PM) 

Pressure- 

meter 

p1 

61 = 58 + 3 0 2 63 

(pl spacing 

too large) 

Laboratory 

Tests 

c¶ 4 

29 = 14 + 15 23 11 63 

(unacceptable (soils not 

scatter) appropriate) 



The third advantage is that because of the simple geometry of the expansion process, 

theory allows to transform the PMT curve into an in-situ stress-strain curve. From this stress 

strain curve, a large number of important soil parameters can be deduced. 

The fourth advantage is that the equipment is relatively inexpensive ($10,000 in 1987) 

and can be used readily with any drilling rig able to prepare a proper borehole. 

The fifth advantage is that, to a certain extent, the quality of the test can be judged from 

the shape of the test curve. 

From the design point of view, the first application is the design of horizontally loaded 

piles including onshore piles, offshore piles, guardrails and sign posts. Experimental data and 

common sense indicate that, short of a horizontal load test, the pressuremeter is at present 

the best tool for predicting the response of horizontally loaded piles. Indeed, the analogy is 

striking. 

The second application is the design of shallow foundations and more specifically spread 

footings where the pressuremeter provides a unified approach to the problem. It is particularly 

useful for footings on stiff clays and medium dense to dense sands. 

The third application is the design of vertically loaded piles and in particular end bearing 

piles. 

11.3 Cost and Time Required 

The cost of the basic equipent is about $10,000. On the average 8 tests can be performed 

in 1 day. In favorable soil conditions, 12 tests/day can be expected while only 4 quality tests/day 

may be possible in difficult soil conditions. One pressuremeter test cost approximately the 

same as a consolidation test. 
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