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UNIT CONVERSIONS

Acceleration 9.81 m/s? = 386.22 in./sZ = 32.185 ft/s2, Paris: g = 9.80665 m/s2
London : g = 3.2174 x 10! ft/s2

Area 1m2 =1.5500 x 103 in.2 = 1.0764 x 10! ft2 = 8.3610 x
10~! yd2 = 106 mm2 = 104 cm?

Coefficient of 1 m2/s = 104 cm?/s = 6 x 10% cm2/min = 3.6 x 107 cm2/h
Consolidation = 8.64 x 108 cm2/day = 2.628 x 1010 cm2/month

= 3,1536 x 1011 cm?/year

= 1,550 x 103 in.2/s = 4.0734 x 109 in.2/month

= 1.3392 x 108 in.2/day = 4.8881 x 1010 in.2 year

= 9,4783 x 105 ft2/day = 2.8830 x 107 ftZ/month

= 3.3945 x 108 ft2/year

Flow 1 m3/s = 106 cm3/s = 8.64 x 104 m3/day = 8.64 x 1010 cm3/day
= 3.5314 x 10! ft3/s = 3.0511 x 106 ft3/day

Force 10 KN = 2.2482 x 103 1b = 2,2482 kip = 1.1241 t (short ton = 2000 1b)
= 1.0194 x 103 kg = 1.0194 x 106 g = 1,0194 T (metric ton = 1000 kg)
= 109 dynes = 3.5971 x 104 ounces = 1.022 t1 (long ton = 2200 1b)

Force per 1 kKN/m = 6.8526 x 10! 1b/ft = 6.8526 x 10~2 kip/ft
Unit Length = 3,4263 x 1072 t/ft
= 1.0194 x 102 kg/m = 1.0194 x 10~! T/m

Length 1m=3.9370 x 10! in, = 3,2808 ft = 9.1440 x 10~1 yd
= 1010 Angstrom = 106 microns = 103 mm = 102 cm
= 1073 km = 6.2137 1074 mile = 5.3996 104 nautical mile

Moment or 1 kN.m = 7.3759x102 1b.ft = 7.3759x10"! kip.ft = 3.6879x10~1 ¢t.ft
Energy = 1.0194 x 103 g.cm = 1.0194 x 102 kg.m = 1,0194 x 10-! T.m
= 103 N.m = 103 Joule
Moment of 1 m® = 2.4025x106 in.4 = 1.1586x102 ft4 = 6.9911x10-1 ydé
Inertia = 108 cm® = 1012 mmé
Moment per 1 kN.m/m = 2.2482 x 102 1b.ft/ft = 2.2482 x 10~} kip.ft/ft
Unit Length = 1.1241 x 10~! t.ft/ft

= 1,0194 x 102 kg.m/m = 1.0194 x 10~! T.m/m

Pressure 100 kPa = 102 kN/m2 = 1.4503 x 10l 1b/in.2 = 2.0885 x 103 1b/ft2
= 1.4503 x 10”2 kip/in.2 = 2,0885 kip/ft2

1.0442 t/£t2 = 7,5003 x 10! cm of Hg (0°C)

1.0197 kg/em? = 1.0197 x 10! T/m2

9.8689 x 10~! Atm = 3.3455 x 10! ft of Hy0 (4°C)

1.0000 bar = 10% dynes/cm?
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Temperature
Time

Unit Weight,
Coefficient of
Subgrade
Reaction
Velocity or

Permeability

Volume

Volume Loss
in a Tubing

°C = 5/9 (°F - 32), °K= °C + 273.15
1 year = 12 month = 365 day = 8760 h = 5.256 x 10° min = 3.1536 x 107 s

10 kN/m3 = 6.3654 x 101 1b/ft3 = 3.6837 x 102 1b/in.3
= 1.0196 g/cm3 = 1.0196 T/m3 = 1.0196 x 103 kg/m3

1m/s = 3.6 km/h = 2.2369 mile/h = 6 x 10! m/min = 102 cm/s
= 1,9685 x 102 ft/min = 3.2808 ft/s
= 1.0346 x 108 ft/year = 2.8346 x 105 ft/day

—

m3 = 6.1024x10% in.3 = 3.5315x10! f£t3 = 7.6455 10-1 yd43
= 109 mm3 = 106 cm3 = 103 dm3
= 103 liter = 2.1998 x 102 gallon (U.K.) = 2.6417 x 102 gallon (U.S.)

1 cm3/m/kPa = 8,91 x 10™4 in.3/ft/psf
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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, 0,
at the cavity wall) and the relative increase in cavity radius, AR ./ R . (hoop strain, €44 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 (PBFMT)
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 préboring pressuremeter test.



PBPMT SBPMT

1. Probe selfbores its way into the soil
1. Drill tight fitting hole down to the testing depth starting at
2. Remove drilling tool the surface or from the bottom of a

3. Lower probe to testing depth predrilled borehole.
cuttings
push‘
pressuremeter drill rods (rotation
cell + circulation of fluid)
drill bit (cutting +
cutting circulate fluid)
shoe
(a) (b)
PCPMT
DCPMT PSPMT
1. Push or drive the probe into
place from the surface. 1. Push the "shelby tube shaped" pressure-
A meter from the bottom of a predrilled
borehole.
pressuremeter L U
cell -
pressuremeter
cell
/V soil
(c) (d)

Figure 2. Different pressuremeters and insertion procedures.



the Laboratoire des Ponts et Chaussees. Jezequel’s SBPMT called the PAF has been
upgraded over the years. In 1966, Suyama, Imai and Ohya, of the OYO Corporation,
developed the Lateral Load Tester and later on the Elastmeter 100; both are preboring

pressuremeters.

Wroth and Hughes, in 1971 in England, developed a selfboring pressuremeter at the
University of Cambridge which they called the Camkometer; this unit is now sold com-
mercially by Cambridge In Situ. In 1975 the Building Research Establishment in the UK
built a pushed shelby tube pressuremeter (PSPMT) for offshore applications; this
pressuremeter is now operated by Stressprobe. In 1978, Briaud and Shields in Canada,
developed a small pressuremeter for pavement design now known as the Pencell and sold
by Roctest. In 1978 the Russian Research Institute of Foundations and Underground
Bases (NIIOSP) developed an automatic pressuremeter called the PA108. Also in 1978,
the French Petroleum Institute (IFP) developed a selfboring pressuremeter for offshore
investigation called the PAM. The book by Baguelin, Jezequel and Shields on the Pres-
suremeter and Foundation Engineering was published in 1978.

In 1981, Hergheleglu and Unchesel reported that a prototype pressuremeter was
manufactured in Romania. In 1982, Briaud and his co-workers developed the TEXAM,
a preboring and selfboring pressuremeter now sold by Roctest. In 1982 the Laboratoire
des Ponts et Chaussees in conjunction with the Techniques Louis Menard developed the
LPC-TLM pressio-penetrometer for shallow offshore penetrations; this probe is a cone
pressuremeter inserted by vibrations. The symposium on the Pressuremeter and Its Marine
Applications took place in Paris in 1982. From 1982 to 1986 efforts have been made by
various groups to develop cone pressuremeters; these groups include Cambridge InSitu,
Fugro B.V., Hogentogler, Roctest, the University of British Columbia, and Texas A&M
University. In 1984, Bonne Esperance in France introduced the PAC, an automated
version of the Menard pressuremeter. In 1984, both Roctest and Cambridge InSitu
developed high pressure pressuremeters for testing in rock. In 1986, the Second Inter-
national Symposium on the Pressuremeter and Its Marine Applications took place at Texas
A&M University. In 1988 an ASTM standard was published for Pressuremeter Testing

in Soils (ASTM D4719-87).

In parallel with this equipment development, progress has been made in the inter-
pretation and use of the pressuremeter data in France, England, Japan, Canada and more
recently in Italy, Norway and the United States.




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/" olume control unit. This is done by purging water through the system. Then the

SRS VT oo Qi A2V Ry 2 111,

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 S5 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 Cis extended back
to zero pressure (point E). The pressuremeter system is considered to be properly de-aired
and leakproof if the volume v , on figure 3 is smaller than 0.1 percent of the nominal volume
of the measuring portion of the deflated probe v, per 1 tsf (100 kPa) of pressure. This
corresponds, for example, to having v, smaller than 50 cm?3 for a probe having a V, 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 v, is the volume lost in the expansion of the pressuremeter
system. The volume v, is 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 v, would not correspond to an increase in volume of the soil
cavity during the test. Asaresult, the volume v ,will be subtracted from the volume reading
vz 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, v ,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 v ,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 v, 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 § is obtained. On figure §, for a volume v, the pressure
is ps This pressure exists inside the probe, but does not exist outside the probe (since
the probe is in the air). This pressure p ,would therefore not be exerted on the wall of
the soil cavity during the test. As a result, the pressure p , will be subtracted from the
pressure reading p; taken during the pressuremeter test in the soil. The preboring
pressuremeters have the ability to expand up to approximately twice their deflated volume,



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 approximately 1
tsf (100 kPa).

Pressure 4

4 Injected Volume

Figure 5. Calibration for membrane resistance. °
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3. PREPARING THE BOREHOLE

3.1 General Requirements

The preparation of a quality borehole is the single most important step in obtaining
asatisfactory 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, the diameter of
the deflated probe is D and the initial diameter of the borehole is D5 The tolerances on
the diameters are:

D,<D,<1.03D, (1)

1.03D,<D5<1.20D, (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 , at full inflation is 1.41 D,

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
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Figure 6. influence of borehole diameter on
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Table 1.

(ASTM Standard D4719-87)

Guidelines for selection of borehole preparation method.

Rotery Drilling Pilot Hole
with Bottom Pushed Orilling and | Pilot Hole Hend Auger Oriven,
Discherge of Thin Well | Subsequent |Orilling and | Continuoue with Bottom | Oriven or Core Vibrodriven
Soil Type FPraplnd Mud Sempler Sempler Simultensous Flight Hand Auger | Discharge of | Vitrodriven | Bsrrel Rotsry or Pushed
Pushing Shaving Auger in the Dry | Prepared Mud Sempler Orilling | Percussion| Slotted Tube
Clayey Soila | Soft 8 r o 2 2 " ", 1 ] MR w ™
Fire to Stiff 18 1 2 2 18 1 1 ] N " "R
Stiff to Herd 1 2 1 1 ® NA NA M 18 B NR
Silty Soils Above GWLC 18 A8 2 8 1 1 2 ] R R R
under GWLE 18 R R 8 ] R 1 NR N N N
Sandy Soils Loose and Above GWLE 18 R » 2 2 2 1 ) NA - R
Loose and Below GWLC 18 e N 2 N NR 1 R NA M R
Medium to Dense 18 NR M 2 1 1 1 2 NR 8 NR
Sandy Gravel or] Loose 2 ) " » " " M wR NA 2 2
Gravely Sends { Dense R NA M N "] NA NA = NA 2 P
Below GWL
Weathered Rock 1 A ol NA 1 N NA 1 2 ) M

A} 1s Firet choice, 2 is second choice, NR is» not recommended and NA is nonepplicable.

thod epplicable only under certain conditions (mee text for deteils).
Cowt s ground water level.
Dpilot hole drilling required befurehand.




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 rpm). 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.

12



4. RUNNING THE TEST

4.1 Inflating the Probe: The Standard Test

Asinthe 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, v 3, and
60 seconds, veo. 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
veo, Figure 7b Shows the evolution of v¢o — v30a measure of the soil creep, as a function
of the pressure level. The soil starts to yield when the value of v — vgostarts to increase
significantly (point A on figure 7a and b).

For volume iﬂcrement tests (Method B), the volume of the inflatable part of the
probe is increased in increments equal to v,/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,sis taken at the end of the 15 second increment. The probe reaches
twice its initial volume v, 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 s versus
the increase in probe volume v; 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 Av¢o (figure 7a) for the pressure
increment tests and of the successive increases in pressure A p ;s (figure 8) for the volume
increment tests. The value of Avg, or A p s will be relatively constant during the linear
portion of the curve and then will increase or decrease, respectively, as the soil starts

13



Table 2. Guidelines for estimating the limit pressure of the soil,

SOILS PRESSUREMETER SPT BLOW UNDRAINED SHEAR
COUNT STRENGTH
Py, (tsf) N (bpf) Sy (tsf)
Sand - Loose Q- 5 0 -10
Medium 5 - 15 10 = 30
Dense 15 = 25 0 - 50
Very Dense > 25 > 50
Clay - Soft 0 -2 0 - 0.25
Firm 2 - 4 0.25 - 0.5
Stiff 4 - 8 0.5 -1
Very Stiff 8 - 16 1 -2
Hard > 16 > 2

14
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o
Av
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PRESSURE INCREMENT

TEST - METHOD A

TEST NO, = PROBE Vg =
BORING NO. = PROBE Ry =
DEPTH = HEIGHT OF GAGE
ABOVE G.S. =
Pressure Volume Volume Pressure Volume Volume
Increment Increment
v v v v v v
P 30 | Vo0 4 P 30 | 60 A
units= unitd= units= units= unitg= units=
Figure 9. Data sheet for pressure increment test, method A.
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VOLUME INCREMENT TEST - METHOD B

TEST NO. =

PROBE Vg, =
BORING NO. = PROBE R, =
DEPTH = HEIGHT OF GAGE

ABOVE G.S. =
Pressure Volume Pressure Pressure Volume Pressure
Increment Increment
v
P1s APl5 plS v AplS

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 thenincreased 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
withdréwn, the probe is lowered for the 20-ft test, and so on. This sequence is slower than
drilling a 45-ft hole and then testing at 10-, 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).



5. DATA REDUCTION

5.1 Correcting the Raw Data

A microcomputer program PRESRED exists td perform data reduction and plotting
automatically.(102),

The raw data collected during the test consists of the pressure read on the gauge of
the control unit p, and the volume read on the volume measuring device of the control
untilu . This raw data must be corrected to obtain the corrected pressure p . acting against
the wall of the soil cavity and the increase in volume of the probe v.. 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 . 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 . 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 nexists in the probe but is not included in the raw pressure p, read on the gauge of the
control unit. ‘

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

initial volume v, from the raw readings p, and v, The initial readings p; and v,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; andv ;should 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 v, read

at a certain pressure during the calibration for system compressibility (section 2.3) from
the raw volume v - read at the same pressure (figure 11). Indeed this volume v, 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.
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The corrected pressure p. and the corrected volume v, are therefore obtained as

follows:

Pc=D;~Pm*Pr~D; (3)

U, =U,—Ug—U

i (4)

The parameters p .and v represent the pressure on the wall of the cavity and the increase

in volume of the probe. The plot of p. versus v. 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 Ky can be obtained from the
beginning of the pressuremeter curve. Prior to drilling the borehole, the horizontal stress
is the horizontal stress at rest 0,,. 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 prbbe 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 6,,. It is argued that o, 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 0 oy, the horizontal total stress at rest. The

coefficient of earth pressure at rest K is obtained from:

GOH—uo
K,=—— S)
Oov— U, (



where 0, is the total vertical stress at rest and ug, is the hydrostatic porewater pressure.

The values of 0, and ug 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 o, from PMT
results.(68)

5.3 Plotting the Pressuremeter Curve

The corrected pressuremeter curve of figure 11 is presented in terms of correct ed
pressure p . versus corrected increase in probe volume v.. This presents a problem in that
large probes lead to large v,, small probes to small v. 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, (figure 12); then the curves obtained with any pressur-
emeter can be compared directly. The p.versus AR/ R, curve could be transformed into
a p.versus AR./R. curve by using the construction of figure 12 and rezeroing the
horizontal axis at (AR /R ,) which corresponds to the initial position of the cavity wall
(figure 13). The plot of figure 13 is the stress strain curve o, versus €4, where o, is the
radial stress at the vlvall of the cavity and € ¢,is the circumferential strain at the wall of the
cavity.

5.4 Pressuremeter Modulus E, and Reload Modulus E,

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

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

E ,is calculated as:
(%) =R

Eo=(1+U)(p2—pl)[]+(%§)2]2—[]+(%§)l:|2 (6)

Itis 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 vis necessary if only the shear modulus G is
required:

E

TR | 73
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Figure 12. - Obtaining the horizontal pressure at rest.
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Figure 11. Correcting the raw data.
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The pressuremeter reload modulus £ , is calculated in the same manner (figure 14a):

[ () ()T

ER=(1+U)(P3'P4)[1 (

R EEA -

Note that the modulus E , is measured in such a way that p, = 1/2 ps Note that the

unload-reload loop must be such that the pressure at the bottom of the cycle p 4and the
pressure at the top of the cycle p ;(figure 14) satisfy the following condition:(107)

inclays Ps—D352S, (9)
insands p—?ZKa (10)
' P3

where p sand p ;are the reload and unload total radial pressures respectively, as measured

during the PMT test (figure 14), p sand p sare the corresponding effective radial pressures
obtained by subtracting from p sand p sthe hydrostatic pore pressure, S is the undrained
shear strength and k . 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.(107) The
aforementioned recommendation of taking p sclose to the yield pressure p, (section 4.1)
and p sequal to 1/2 p 3satisfies equations 9 and 10.

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

following reasons. First, F ,is measured over a large strain range; this strain range varies
from 2 to 5 percent as given by the difference (AR/R,),-(AR/R,), 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, F ,represents an average between the compression and tension moduli-
of the s0il.(36) Third, E , 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 . (disturbed
zone is 0.41 R . thick) and if the disturbed soil modulus within the disturbed zone is 0.10
times the undisturbed soil modulus, the measured E , 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, £, is influenced somewhat by the length to
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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, F , 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 £ 4 and not a
vertical modulus £ ,; this concern about anisotropy is not as crucial as it might seem because
both £, and E  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 £, and E ,in a wide variety of
soils.(63,53,92)

All the above factors led Menard to propose a correction factor a(see table 8, page
53) in his settlement equation in order to better match predicted settlement with measured
settlements.(79) The use of £ , 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 £ ,/a is equivalent to the
Young’s modulus for the 50il.(62) Others have had success in predicting settlement when
using the reload modulus F, together with elasticity settlement equations.(55,58)

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
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
hasbeeninflated to twice itsinitial size; p, isthe pressure at AV . /V . = 1. This corresponds
to a relative increase in probe radius (AR/R,),=0.41+1.41(AR/R,), where
(AR/R,)_is the relative increase in probe radius corresponding to the initial size of the
cavity (figure 13)
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The value (AR/R,), may not have been reached during the test, and some

extrapolation technique may be necessary to obtain p;, Several extrapolation techniques
have been suggested.(lo) The recommended procedure is to extend the curve manually

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

The net limit pressure p; is defined as:

P:=PL"00H (11)

where 0, 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; 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.(lo) However p is relatively sensitive, in theory, to the length
to diameter ratio L/D of the pressuremeter probe; this is especially true in sands where
p1increases 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, and of the

limit pressure p, are obtained by subtracting the hydrostatic pore pressure u, from p,
and p, respectively.

Py= Py~ U, (12)

pP=pP.-U, (13)

The hydrostatic pore pressure ug 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,is calculated
as vy, h where v, 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 table 4 Common values of the modulus £ , 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 £,/ F ,is about 1.5 to § in clays and 3 to 10 in sands.

The ratio £,/ p, 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,/p,<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. Inclay, 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
pi.E, E,/ p},andinspection of the cuttings during drilling allows proper identification
of the soil.



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

SOIL TYPE SOFT MEDTUM STLIFF 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
o ,

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

SOIL TYPE LOOSE COMPACT DENSE VERY DENSE
Ly (tsf) 0-5 5 - 15 15 - 25 . > 25
E (tsf) 0 - 35 35 - 120 120 - 225 > 225
(o]
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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 £,
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 £, cannot be obtained but the limit pressure p, 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 £,/ p;ratio. Because

the modulus F , is more sensitive to disturbance than the limit pressure, values of £,/ p;
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.
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Figure 16. Examples of poor quality pressuremeter curves.



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 a pressuremeter 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 expressidn of the limit
pressure (plasticity theory with Tresca criterion):

G
pL=00H+Su(l+Ln3—) (16)

where p, is the limit pressure, 0 5 is the total horizontal stress at rest, S ,is the undrained

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

Pl
S, == 17
u B ( )

Menard in 1970 proposed that B be taken as 5.5. In fact the parameter B depends on the
ratio of the shear modulus G over the undrained shear strength S . The ratioG/ S , varies
from one clay to another depending mainly on the overconsolidation ratio. Some rea-
sonable limits for G/ S, are 100 to 600. This leads to values of B between 5.6 and 7.4 for
an average B3 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 B needs to be higher than 6.5.

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

p3.(10) The plot (figure 17) shows that the ratio p;/ S, varies from about 5.5 for clays
with S, values less than 0.5 tsf to 10 for clays with S ,values of about 1.5 tsf. This suggests
a nonlinear relationship between s, and p;. A log-log regression on figure 17 leads to:

$,=0.67p}°” ... with S, and p, in kPa (18)

or
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5,=0.21p;" ... 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 o ,,, nonhomogeneity of
the soil, sensitivity of the clay, length to diameter ratio of the PMT probe, anisotropy,
borehole disturbance and unloading.(lo) Others have compared S ,and p; they include
Cassan, Komornik 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:

5,=0.21p;°" ... with S, and p; in tsf (19)

Obtaining s, 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 preboring pressuremeter 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 82 pressuremeter 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, effective stress
friction angle ¢ “ SPT blow count N, cone point and friction resistance q.and f,. At each
depth in a boring a record was created which consisted of £, £, p,, S, ¢ N,qg.and f..
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.)
B Eq ER p*L qc fs N
A tsf tsf tsf tsf tsf bl/ft
E tsf 1 0.125 8 1.15 57.5 4
ol
ER tsf 8 1 64 6.25 312.5 22.7
p*L tsf 0.125 0.0156 1 0.11 5.5 0.5
q ¢tsf 0.87 0.16 9 1 50 S
o
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.)
B Eq ER P*L qc £s S,
A tsf tsf tsf tsf tsf tsf
E tsf 1 0.278 14 2.5 56 100
o
ER tsf 3.6 1 50 13 260 300
pf tsf | 0.071 0.02 1 0.2 4 7.5
tsf 0.40 0.077 5 1 20 27
c
fs tsf 0.079 0.0038 0.25 0.05 1 1.6
Su tsf 0.010 0.0033 0.133 0.037 0.625 1
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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 p,=7.5S, (20)
p;=0.2q, (21)
p,=0.071F, (22)
E,=100S, (23)
E,=2.5q, (24)
,=0.278E,; (25)
In sand p,(tsf)=0.5N(blows/ft) (26)
p.=0.11qg, (27)
p,=0.125F, (28)
E,(tsf)=4N(blows/ft) (29)
E,=1.15¢q, - (30)
E,=0.125F, (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  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 £ z/ E , ratio can also serve as a soil
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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=25 to 35 q, (32)

This would indicate that the pressuremeter modulus £ , 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 . from PMT tests

with X , from oedometer tests and from Ladd’s relationship at a site in Houston.(80,60)
Although there was some scatter, all values of K, were reasonable and showed general
agreement. Gan and Briaud compared K . 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.

Davidsonand 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 £ , 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 , are comparable to
the SBPMT moduli; this finding is also mentioned by Baguelin et AL(10) Shields and
Bauer compared PBPMT moduli £ , with laboratory tests moduli, and plate tests moduli
in a sensitive clay.(92) Some of their conclusions are that the PBPMT moduli £ , and the
UU triaxial tests moduli are comparable, and are about two times smaller than the plate
moduli. Closer agreement between £ , 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 £ , 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 Ey 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



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.(17)
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7. DESIGN OF SHALLOW FOUNDATIONS

7.1 Bearing Capacity: Step-by-Step Procedure

A microcomputer program, SHALPMT, exists to perform this procedure automati-
cally.(loo)

* Bearing capacity equation

The ultimate bearing capacity, q , is:

Gp=kDr*q, (33)

where

= pressuremeter bearing capacity factor (figure 20),
p*L = net limit pressure = pL - POH,
pOH = total horizontal stress at rest, pj = 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.the equivalent net limit pressure

Pi="P*LXPiz X Pin (34)

* Calculating H . the equivalent depth of embedment

H,=-—Y Az,p} (35)
pLe 1

where p ;;are 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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* Qbtaining k, the pressuremeter bearing capacity factor
The relative embedment depth is H,/ 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.

* Calculating gp, gsafe. and gpet

qp=kPl+q, (36)

Qsafe= 7 T4, and (37)

Qnet=qsafe_QO= (38)

Examples are provided in section 7.7.
7.2 Beafing Capacity: Precision of the Design Rules

The data base for figure 20 is shown in table 3 and described in Briaud et al.(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 1/10th of the footing width. It is also
emphasized that one must follow rigorously the rules for obtaining p eand H,

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.(l) 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.



Table 7.

Data base for shallow footings.

Study Footing Footing Footing Footing

No. I.D. No. Reference Soil Width Depth Type

(m) (m)

1 1 Deschenes (1978) Medium 0.30 0 Strip

2 Briaud (1979) Dense 0.30 0.30 Strip

3 Sand 0.30 0.60 Strip

4 0.30 0.90 Strip

2 5 Deschenes (1978) Dense 0.30 0 Strip

6 Briaud (1979) Sand 0.30 0.30 Strip

7 0.30 0.60 Strip

3 8 Amar-Baguelin-Canepa Silt 1.0 0 Square

9 (1984) 1.0 0.60 Square

10 1.0 1.0 Square
4 11 Shields~Bauer (1975) Clay 0.46 2.6 Circular
12 3.1 0.70 Square
5 13 0'Neill-Sheikh (1985) Clay 2.41 2.36 Circular

Briaud-Riner (1984)

6 14 O0'Neill-Reese (1970) Clay 0.76 7.0 Circular
15 WCcC (1981) 2.29 7.0 Circular
7 16 Tand et al. (1986) Clay 0.60 1.50 Circular
17 Briaud Engineers (1984) 0.60 1.50 Circular
18 0.60 1.50 Circular
8 19 Menard (1963) Sand/ 0.25~ 0.5~ Circular
Silt 0.6 1.7 Circular
9 20 Marsland-Randolph Clay 0.865 6.1 Circular
21 (1977) 0.865 12,2 Circular
22 0.865 18.3 Circular
23 0.865 24.0 Circular
10 24 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 Meyerhof 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. The ultimate loads Q.. , Q .., and Q ., 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.. to an eccentric inclined loading, and Q ;s to an
eccentric inclined loading near a slope.

For gccentric 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:

=Que
© Qu

i

(39

For inclined loading (figure 24) a reduction factor ¢ ;is applied to Q.. This factor is given
by (see figure 24 for the definition of &):

zi=(1—§—)2(1—>\)+(1——6—>>\ (40)
90 20

with A=Ay, (41)

Ayg=1-D/B for O0<D/B<1 (42)

Ay= for D/B>1 (43)

A,=1-m for O<m«<1 (44)

Ap=0 for m> 1 (45)
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m=(p, at =z=D)/(p, at z=D+B) (46)

Then: Qu=1,Q, (47)

Ifi.is negative, Q ..is zero and the footing must be embedded deeper in order to gain capacity.

For footings near slopes (figure 25), the first step is to ensure that the slope with the
footing load is sufficiently safe. If this is the case, the reduction factor i is calculated by using
equations 40 to 47 in which &is replaced by B, an angle defined on figure 25.

Qus =150, (48)

For concentric inclined loading near a slope, 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
is directed towards the slope the reduction factor i, is calculated by using equations 40 to 46
after replacing 6by 6+ 3.

QuisziisQu (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 calculated by using equations 40 to 46 after replacing &by
B - & For the failure away from the slope the reduction factor is the same as the one for an
inclinedloading on horizontal ground (equations 40to 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 eccentric inclined loading, 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 leads to the reduction factor i, The
ultimate load is:

Quei=ieiiQu (SO)

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 A ; this leads to i, The ultimate load is:
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Figure 27. Shallow footing near a
slope with a load
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Qm“%Q;. if =<1 S

Qui=0a if <1 (52)

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

load Q. for the B+ 2e 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 A ; this leads to i, The ultimate load is:

| Quai=iiQu(B+20) (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:(79)

2 B\* a
= A, — —_
s gEquo( dBo> +ECCI7\¢B (54)
deviatoric spherical
settlement settlement

* Calculating the layer moduli

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
. — 55
E, E, E, E, (55)

where

Ei=PMT moduli within the k* layer, and

Ek=average PMT modulus of the k™ layer.
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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 _Eg and Eg

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, £ . is taken as the modulus of the first
layer under the footing.

E.~E, (56)

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

under the footing; the formula which gives the equivalent distortion modulus £ is
based on an assumed reasonable €, strain distribution:(75)

1 1( 1 1 1 1 1 )
—_—= —+ + + + (57)
Ed 4 El 0851'472 53/4/5 2-556/7/8 2-559/16

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

s 1.1
E3/4/S ES E4

-+

1
E. (S58)

* QObtaining aand A

The parameters o, Ay, and A are obtained from table 8 and figure 31. The

determination of a is made by assessing the soil type and estimating the state of
consolidation through the use of the ratio, £/ p,. The shape factors A ,and A,
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:

Qnet=QSa/e—QO (59)

Note that the settlement is linearly proportional to qpet.
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Table- 8. Menard's o factors.

Peat Clay Silt Sand Sand and
Soil Type Gravel
* * * * *
E/pL a E/pL a E/pL o E/pL a E/pL a
Over- >16 1 >14 |2/3 | >12 |1/2 >10 j1/3
consolidated
Normally For |1 9-16 |2/3 8-14f1/2 | 7-12}1/3 6-10]1/4
consolidated] all
Values
Weathered 7-9 11/2 1/2 1/3 1/4
and/or
remoulded
—%—%
Rock Extremely Slightly Fractured
Fractured Other or Extremely
Weathered
a =1/3 a =1/2 a = 2/3
25
20
Aq X
d,%c
1S+
|() N i ] { 1 1 1 i |
o + 2 3 4 5 6 7 8 9 10
L/B
Figure 31. Menard's shape factors.
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7.5 Settlement: Special Cases Involving a Thin Soft Layer
* Thin soft layer at depth
In this case the settlement is:(10)
s=8"+s"’ (60)

where s’ is the settlement of the footing when considering that the modulus of the
soft layer (Egoft) is the same as the modulus of the soil immediately above the soft
layer (Epard); and s" is the compression of the soft layer alone.

2 B\* «a
= x —
s 9Equ°( dBo) +9Ecq)\cB,and (61)
s = ( P )Ao H (62)
Esojt Ehard v

Ao ,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/a. See example 4 in section 7.7.

* Thin soft layer close to the ground 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:(10)

= a;BAg,
s=Z 7 Az, (63)

where n is the number of layers constituting the soft layer and B is a function of the
safety factor, F.

P=3XF (6%

F is the ratio of the ultimate bearing capacity to the pressure applied by the foun-
dation, Ao, is the average increase in vertical pressure in the ith Jayer computed by
elastic theory, o is the rheological factor for the ith Jayer, E, is the pressuremeter

modulus for the ith layer, and A z ,is the thickness of the ithlayer. Equation 63 above
is based on the theory of elasticity using a modulus E/a.
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The coefficient B tends to take into account the increase in compressibility beyond
the preconsolidation pressure and is explained as follows:

1. Sis 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 (3 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 3 increases accordingly.

See example S 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 qgafe.

_kpi.,
QSafe_ 3 d,

(65)

The pressure qgafe Was then used to calculate the footing settlement. This settlement was
compared to the settlement measured at qgafe 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.(87)

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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MENARD'S METHOD
PREDICTED SETTLEMENT (cm)

Figure 32.
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Measured settlement vs. predicted settlement by
Menard's method, for data base 1.
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over a thin compressible layer where s¢ will predominate, the consolidation test approach is
to be favored. For footings on deep relatively uniform deposits where s, 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 = 6 ft

‘ "‘: :. * ."‘,’:“_‘
T ,'_4.1.'.'-
. . ’0 “ : ..‘ t‘
5 ft U
N .
qO
1.5 ft
- - - - 4;7
4.5 ft HARD SILTY CLAY
* =
P 8.2 tsf
.

PRESSUREMETER TEST

E = 115 tsf
o

v, = 115 1b/f¢3

Figure 35. Example problem 1.
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EXAMPLE 1 - Shallow Footing on a Clay (Figure 35)

Bearing Capacity

q, = k p*e + 9o

p*Le = p¥y, He = 5.0 ft

B =6 ft He/B = 0.83 B/L = 0.46
From Figure 20 : 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

qp = 0.86 x 8.2 + (115 x 5)/2000 = 7.34 tsf,

Qgafe = 0-86/3 x 8.2 + (115 x 5)/2000 = 2.64 tsf.
Qper = 2.35 tsf.
Settlement
a
2 B o
$ = — dpet Bo Moo= | * = dper Ac B
9E4 Bo 9E.

Eq = E. = 115 tsf.
E/pp, = 14, then from Table 8 @ = 0.66

L/B = 2.2. then from Figure3l A, = 1.22 and Ag = 1.58

2 1 6.0 9:66 0,66
§ = - — x 2.35 x 2.0 x (1.58 —) 4+ ——— x 2.35 x 1.22 x 6.0
9 115 2.0 9 x 115

s = 0.025 + 0.011 = 0,036 ft = 0.43 in. < s(allowable) = 1 in.

therefore, pgy1] = qgafe ™ 2.64 tsf.
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EXAMPLE PROBLEM 2:

RECTANGULAR FOOTING ON LAYERED SOIL

L=33ft B-=17ft

Eo(tsf) V

Depth (ft) pﬁ (tsf)
5 ft
25 225
5 = 20 - 170
i8 165
1 SILTY
17 SAND
150
19 185 4
26 215 3
15 - o=
4
290
42
20 - -
5
31 262
31 260
6 6
25 =—- =
7
3 311
30 - -
42 345 8
v v
Figure 36. Example problem 2.
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EXAMPLE 2 - Rectangular Footing on Layered Soil (Figure 36)

Bearing Capacity

qL = k p¥ e + Qg

n
where p¥; = \/p*Ll X P¥pg X o o o X PR

= equivalent net limit pressure

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

5
Pre = 3/ 25 x 20 x 18 x 17 x 19 = 19.6 tsf
1

He = —(p*p) 21 + p¥p 22+ . . . + p¥, 2)
P Le

= equivalent embedment depth
1 value of p*; exists within the zone of embedment,

1
He = —— (25 x 5) = 6.4 f¢t.
19.6

Determination of k,
He = 6.4 ft, B = 7 ft He/B = 6.4/7 = 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
qr = 1.14 x 19,6 + (12.4 x 5)/2000 = 22.65 tsf.
Qgafe = (1.14 x 19.6)/3 + (124 x 5)/2000 = 7.76 tsf.

Qper = 745 tsf.
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Settlement

o
2 B o
$= —— qy Bg Ag —) + — qu A. B
9E4 B, 9K,

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., _— e— e— o ——
E¢ 170 165 150
Ec = 161.2 tsf

Ed, E;j = 161.2 tsf

E; 150 185
Ey = 165.7 tsf
3 1 1 1

= e b — o —

Ey/a/5 215 290 262

E3/4/5 = 251.8 tsf

3 1 1 1

B e f m—— o ——

E¢/7/8 260 311 345

E6/7/8 = 301,22 tsf
E9/16 is taken as equal to Eg/7/8- This is conservative

since the modulus appears to increase with depth.

4 1 1 1 1 1
_— + + + +

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

Eq = 200.7 tsf
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Eq  200.7
= = 10,24
p*Le 1906

From table 8, ¢4 = 0,33

Ec 161.2

p*Le 19.6

From table 8, %. = 0.33

L 33
- = —=4,7 From figure 31,24 = 2.09 and A, = 1.38
B 7
2 7.45 7.0 9:33 0,33 7.45
s = - X (2-0)(2'09 _) + —— (1-38)(700)
9 200.7 2.0 9 161.2

s = 0,032 + 0.016 = 0.048 ft = 0.58 in,
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EXAMPLE PROBLEM 3:

| 7 ft

5 ft

15 ft

' ////A\

5

ft

N

~

~N
N

B! = 13.4° -2

P aan can e ous anm G EE e

21 ft

FOOTING NEAR A SLOPE

FOOTING LENGTH = 33 ft

_\

8 = 18.4°

Pressuremeter data is the same as example problem 2.

Figure 37,

66
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EXAMPLE 3 - Rectangular Footing with Inclined Load Near 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. 1In this case the reduction factor
ijg 1s calculated by using equations 40 to 46 with the angle §
+ B' instead of § in the equations.

ijg = (1 - t-B—')2 (1) + (1 - 22y
90 | 20
§ =5°, B' = 13.4° (see the figure)
A= Ad )\m
A\g =1-D/B=1-2/7=0.714 because 0 <D/B K1

Am =1 -m=1- (p*, at z = D)/(p*, at z = D+B)

Ag = 1 - 20/19 = -0.053
Am = 0 sincem > 1
A =0.714 x 0 =0
2
5+ 13.4 5+ 13.4
ijg= (1 - ————) (1-0) + (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 Qy, = 1600
tons. Therefore the ultimate load for problem 5 is:

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

L =33 ft B=6.5ft

Depth (ft) pf (tsf) Eo (tsf) 1
- ] ]
| |
{ | 5 ft
25 225 I I
5= 20 -1 171 .
18 163 1
20 150 SILTY SAND
Ye = 124 pef
10 J 21 -1 186 3.25 ft 2
3
26 224
15 = -~ 114.75 ft
4
3 29 SOFT SILT
LAYER
20 - 5
28 26
20.75 ft
31 260 6
25 - -
33 311 7
30 - 42 ~ 350 8
v v

Figure 38. Example problem 4,
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EXAMPLE 4 - Rectangular Footing on a Soft Layer at Depth (Figure 38).

Bearing Capacity

Estimate

1
qsafe=; k p*re * 9o

1
9pet = 9safe ~ 90 ; k prre
B 6.5 He 5.0
- = —— =0.2 — = — =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*;, is probably controlled by weak layer. (This
is conservatively false.)

pro = (3 x 2.8)1/2 = 2.9 pst

1 5 x 124

dgafe = ~ (1.04)(2.9) + (——) = 1,30 tsf
3 2000
= 1,0 tsf

et
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Settlement

Here: sT = s' + s"
2 : I
Where: s' = — q By (A\g —) + — qu A, B
9Ed Bo 9Ec
1 1
s" = ¢ (— - —) Apc H
Ec Ep

Using the procedures already described, s' was calculated to be:
s' = 0.042 ft = 0.50 in.

Now consider the softness of the silt layer:

Ec. = pressuremeter modulus of soft layer
2 1 1

— e

Ec 29 26

Ec = 27.4 tsf

Eq (for the case where there is no soft layer)

]
3
]

Eq 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 £t b0, = 0.24 q_,

z = 20,75 ft Aoy = 0.17 q g,
dnet = 1.0 tsf, therefore (Acy) at 14,75 ft = 0.24 tsf
and (80,) at 20,75 ft= 0.17 tsf

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

1 1
s"=a (— - —) Ap H
Ec Ep
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Ec  27.4

—— = e = 9,5, from Table 3, silt & = 0.5
p*L 209
2 1
s" = 0,5 (—— - —) (0.205)(20.75 - 14.75)
27 .4 200

s" = 0.0194 ft = 0.23 in,

thus, sy = 0.50 + 0.23 = 0.73 in.
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EXAMPLE PROBLEM 2 :

MAT FOUNDATION ON A SOFT LAYER

B =160 ft
Depth (ft) pf (tsf) Eo (tsf)
jl..‘)ft

1.5

2.5 22.5
3.5

2.0 17.1 LOOSE SILT
3.3 Ye = 124 pef

1.8 16.3
7.5

1.9 15
9.5

SHALE
v

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

Bearing Capacity

Estimate qgu¢ = — kK P¥ o Qo
3

dpet © ; k prye

He
Since — ~0 -k = 0,8
B
Assume that the silt layer controls bearing capacity; then let:

p* o = average of the compressible layer

prLo = (2.5 x 2.0 x 1.8 x 1.9)1/% = 2,03 tsf

1 124 x 1.5
Qgafe = (- x 0.8 x 2,03) + (=——) = 0.63 tsf
3 2000

dpet = 0.54 tsf

Settlement

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

h
alz) g(F) p(z) n o Bi pi
s = dz = ———— 4z
o E(z) 1 E;

For silt layer:

E

— ~ 9, fromtable 8 a = 0.5

P*L
k P*Le

F = safety factor = , where k = 0.8
dnet
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-2.03
F=(0.8) — = 3,0
0.5

2 F 2 3.0
thus, B(F) = - (—) = - (—) = 1,0
3 F—]. 3 300‘1.0

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

QBQn Az
Then: s = Az = aBqy I (—)
E E
(305_105) 200 200 200 .
s = (0,5)(1.0)(0.54)( + + )

22.5 17.1 16.3 15

s = 0.125 ft = 1,5 in,
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8. DESIGN OF VERTICALLY LOADED PILES

8.1 Ultimate Load: Step-by-Step Procedure

A microcomputer program exists for automatic calculations.(101) 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.

* Eguation for ultimate point pressure g,
QL=k(pL0—pOH)+QOU (66)

where Kk is the bearing capacity factor
P.. 1s the equivalent limit pressure (from test)
Pon 1s the total horizontal stress at rest (from test)

Por 1s the total vertical stress at rest (calculated)

* Calculating the equivalent limit pressure p ;. (figure 40)

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;mi» In
this case

1 [re
pLe=§1‘f_a Piaz (67)

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

a=1.65 ft if B<3.3 ft (68)
a=B/2 if B>3.3 ft (69)

The pile equivalent diameter is taken as:

B=-= (70)



1 4111

I

-4
—~
|
=
X
,/x\k /\X/“
\
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 /2% p;(,) 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 ; minis imposed on the profile before applying equation 67. The value of g 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 .. is calculated
as

1 ra
PLe=a+Df_D Pr=»adz (71)

* Determining k, the pressuremeter bearing capacity 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:

D, = ZAz.—‘ (72)

where =z ;are the thicknesses of the elementary layers corresponding to the p ;. values, p,.are

the limit pressures within the depth of embedment D in the bearing layer. Full embedment
is considered to be achieved when:

D,>SB (73)

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

k-0.8\D, D,\
k =0. —£ -t 7
(D,/B) 08+( 55 )B(IO B) (74)

where k is obtained from table 9.

* Calculating the point capacity

The ultimate point pressure is calculated using equation 66.
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QL=k(pLe_pOH)+QOu (75)

then the ultimate point load is:
Q D = q L A p (76)

where A, is the area of the pile point. For open-end pipe piles the value of 4 , is limited to

one-half the value of Q , obtained for the closed end pipe pile.
* QObtaining the ultimate unit friction, £ .

The value of f ; 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. Thenfigure 41 is used together with the limit pressure p . at depth z to obtain the ultimate
unit friction £ , at that depth.

* Obtaining the ultimate friction load

The ultimate friction load Qg is obtained by:
h
0P [ fumdz (77)

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

h the depth of embedment (figure 40).
* QObtaining the total ultimate load

QL=Qp+Qs_wp (78)

where IV , is the weight of the pile. The ultimate load Q, 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, is
taken as the smallest of the two values of Q , 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 Qgjfe is defined as:

9p2Q: (79)

Qsaje= F D



Table 9.

k values for piles

(after LCPC-SETRA, 1985).

Piles with NO

Soil Displacement

Piles with Full
Soil Displacement

Clay-Silt
Sand-Gravel

Chalk-Marl
Marly Limestone

Weathered or
Fractured Rock

1.2
1.1

1.8

1.1 to 1.8 (2)

1.8
3.2 to 4.2 (1)

2'6

1.8 to 3.2 (2)

1

(1) Use 3.2 for dense sand or gravel (p;, > 30 tsf)
and 4.2 for loose sand or gravel (pp, < 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/
SOIL MARLY WEATHERED OR
PILE CLAY/SILT SAND GRAVEL CHALK LIMESTONE FRACTURED ROCK
Drilled - Dry Ql* Q3* Q4* Q6*
Q2(2) Q3(3) Q6*(2) Q5(2)
Drilled - with Mud Ql¥ Ql*(6) Q2(6)  Q3* Qu* Q6%
Q2(2) Q2 Q3 Q6% (2) Q5(2)
Drilled - with Casing Ql* Ql*(6) Q2(6) Q3* Q4
(Casing retrieved) Q2(4) Q2 Q3 Q4*(4)
Drilled - with Casing Ql Ql Q2 Q2 Q3*
(Casing left in place)
Caissons (1) Q2 Qu* Q5 Q6*
Q3(5)
Driven - Metal Ql* Q2 Q3 Q4 Q4 Q4*(7)
(Closed end) Q2(5)
Driven - Concrete ‘ Q2 Q3 Q3 Q4* Q4* Q4*(7)
Driven - Molded (10) Q2 Q2* Q3 Q4 Q4
Driven - Coated (l1) Q2 Q3* Q4 Q5% Q4*
Injected - Low Pressure | Q2% Q3* Q3* Q5* Q5* Q6*
Injected - High Pres- Q5% Q5% Q6% Q6* Q6* Q7*(9)
sure (B)
(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 (py 2 15 tsf).
(4) Drilling in the dry. without twisting the casing.
(5) sStiff clays (py, > 15tsf ).
(6) Long piles (> 100 ft).
(7) 1f 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.



fL(tsf) fL(kPa)

I30

1
3 p—
2 e
2 _00
Q4
Q3
100 | -
1 Q2
Q1
0 1000 2000 3000 4000
0 10 20 30 40 50
Figure 41. Ultimate unit friction on the shaft of a pile.

See table 10 for choice of curve (after LPC-
SETRA, 1985).



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) Risk 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. is defined as the load beyond which the slope of the load-settlement

curve for the pile starts to increase rapidly. Below Q. the settlement is generally small and
creep is limited. The load Q. is given in the LCPC-SETRA document as:(61)

Qc=92—”+lc.sS for bored piles (80)
Qc=lgﬂ+le5 for driven piles (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.(14,15,18,20,21,23,26,33,35,41,47)

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,(D/10+QyL/ AE). 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/10+Q,/ AE)
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.

Pile ID Site Pile Pile Pile Load Soil Ult, Load Measured
Type Length Diam, Test Predicted Lo;d at
B/10
(m) (m) (tons) (tons)
1 14D 26 HP 14x73 16.5 0.36 Tens Sand/Grav 304 120%%
2 L&D 26 HP 14x73 16.5 0.36 Comp Sand/Grav 356 356%*
3 L&D 26 HP 14x73 16.5 0.36 Tens Sand/Grav 304 45
4 18D 26 HP 14x73 16.2 0.36 Comp Sand/Grav 350 430%*
5 L&D 26 HP 14x73 16.2 0.36 Comp Sand/Grav 380 320%% -
6 18D 26 HP 14x73 16.8 0.36 Tens Sand/Grav 313 130%*
7 L&D 26 HP 14x73 18.0 0.36 Tens  Sand/Grav 338 180
8 L&D 26 HP 14x73 21,1 0.36 Tens Sand/Grav 405 150
9 L&D 26 HP 14x73 17.7 0.36 Tens Sand/Grav 331 100%*
10 L&D 26 HP 14x73 18.0 0.36 Comp Sand/Grav 391 225
11 L&D 26 HP 14x73 12.2 0.36 Tens Sand/Grav 223 50
12 L&D 26 Pipe 14.2 0.30 Comp Sand/Grav 230 130%
13 L&D 26 Pipe 11.0 0.30 Tens  Sand/Grav 111 61
14 L&D 26 Pipe 14.4 0.36 Comp Sand/Grav 284 125%%
15 L&D 26 Pipe 11.1 0.36 Tens Sand/Grav 132 68
16 L&D 26 Pipe 14.6 0.41 Comp Sand/Grav 343 180%*
17 L&D 26 Pipe 11.1 0.41 Tens Sand/Grav 151 100
18 L&D 26 HP 14x73 11.9 0.36 Tens Sand/Grav 185 130*
19 L&D 26 HP 14x73 11.3 0.36 Tens Sand/Grav 172 90
20 14D 26 RP 14x73 11.3 0.36 Tens Sand/Grav 172 95
21 Miss, Bored 12.5 0.36 Comp Clay 93 124
22 Miss. Sq. Conc 6.3 0.36 Comp Clay 66 90
23 Miss,. S8q. Conc 7.6 0.46 Comp Clay 176 120
24 Miss, 8q. Conc 10.4 0.46 Comp Clay 255 200>
25 Miss, 8q. Conc 7.0 0.36 Comp Sand 152 55
26 Miss, 8q. Conc 7.1 0.36 Comp Clay/Sand 75 100%+*
27 Miss. S8q. Conc 8.6 0.36 Comp Clay/Sand 93 67
28 Miss. 8q. Conc 10.2 0.36 Comp Clay/Sand 115 108
29 Miss. Bored 10.6 0.36 Comp Clay 138 130
30 Miss. HP 12x53 19.1 0.30 Comp Sand 113 154 %%
k) Miss, 8q. Conc 16.0 0.36 Comp Sand 243 120
32 Miss, HP 12x53 12.4 0.30 Comp  Sand 58 58
33 Miss. HP 12x53 8.6 0.30 Comp Sand 37 35
34 Miss. Sq. Conc 14.0 0.41 Comp Clay/Sand 184 117
35 Miss, Sq. Conc 16.4 0.41 Comp Clay/Sand 283 143
36 18D 2 HP 14x89 16.5 0.36 Comp Clay/Sand 293 200%*
37 L&D 2 HP 14x89 18.0 0.36 Tens Clay/Sand 284 85
38 L&D 2 HP 14x89 19.5 0.36 Comp Clay/Sand 366 250%*
39 L&D 2 Sq. Conc 16,2 0.41 Comp Clay/Sand 213 220
40 L&D 2 $q. Conc 19.7 0.41 Comp Clay/Sand 266 230
41 L&D 2 Sq. Conc 22.7 0.41 Comp Clay/Sand 325 325%
42 L&D 2 HP 14x73 15.9 0.36 Tens Clay/Sand 240 100
43 L&D 2 HP 14x73 18.3 0.36 Tens Clay/Sand 287 60
44 LADWP Bored 2.9 0.66 Tens Clay 19 55
45 LADWP Bored 2.9 0.64 Tens Clay 18 55
46 LADWP Bored 4.4 0.66 Tens Clay 46 85
47 LADWP Bored 2.9 0.71 Tens Sand 79 125%
48 LADWP Bored 2,2 0.75 Tens Sand 61 75
49 Lackland Bored 10.5 0.46 Comp Clay 121 170*
50 U of Hous Driven 13.1 0.27 Comp Clay 55 80
51 U of Hous Bored 2.36 2,41 Comp Clay 252 336
52 Hous Ship Bored 30.5 0.91 Comp Sand/Clay 989 965
53 Hous Ship 8q. Conc  30.5 0.51 Comp Sand/Clay 689 8507
54 Hous Ship Pipe 36.9 0.61 Comp Sand/Clay 393 6507

* Load test curve extended to B/10 + QuL/AE with reasonable confidence.
#** Slope at B/10 + QuL/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, References
1l to 20 Corps of Engineers, St., Louis District and Tucker,
Briaud, 1987
21 to 32 Migsissippi 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 0'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, Q, ,, and second by using the
enclosing rectangular areas for point and shaft resistances, Q ,» For these H piles the predicted
ultimate load was considered to be the lowest of the two loads Q,and Q5 Inall cases Q>
was smaller than Q. Note that Qy, 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 asettlement of D/10+ Q,, L/ AE 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/10+ Q,, L/ AE )ultimate load, the overprediction 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 overprediction of the PMT 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/710+Q,,L/ AE)ultimate load.

8.3 Settlement: Method

A microcomputer program PILPMT exists for automatic calculations.(101) 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) For each full scale pile load test the following
settlement was calculated:

QL

s_.=s_-0.5
a m AE

(82)
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32: Pile ID no.
see Table 11

H

L

N

D/io

PREDICTED ULTIMATE LOAD, Qp (MN)

Settlement .

2 3
MEASURED LOAD Qp,

AT B/10 + QmL (MN)
AE

Figure 42, Predicted vs. measured ultimate loads for compression tests.
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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,/ Bwhere Bis the pile diameter is shown on figure 44 together with the
mean and standard deviation of S,/ 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 loads:

s=0.006B for bored piles (83)
s=0.009B 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 g-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.(10) The recommended slope
forthe f-wcurveis £ /2 R(1+u)(1+Ln(L/2R))where ER is the unload-reload pressuremeter
modulus, R the pile radius, v 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?)R for driven piles and 2E/(1-u?R 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).(88) Note that the g-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 g-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 j: PILE IN CLAY

1 ft _h STIFF CLAY

= 8 tsf

o]
[}

o 4b tsf
50 ft .

try
(]

100 tsf

<
t
]

118 pcf

BORED CONCRETE PILE

(DRILLED SHAFT, DRILLED DRY)

Figure 47, Example 1.
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EXAMPLE ! : ULTIMATE CAPACITY

Point

Since the soil is uniform pe = pp = 8 tsf, poy obtained
from the test at 50 ft depth is 2.1 tsf, From table 8, no displacement
pile, clay, k = 1.2,

q;, = k(pLe - POH) *+ Qov

118
=1.2 x (8 - 2.1) + 50 x

= 10.0 tsf
2000

Qp = Ap * q = 7x 0.52 x 10 = 7.85 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 Qo can be used. From figure 84 and for ppe, curve
Q1 leads to an £y value of:

f1, = 0.31 tsf

Qs = Ag * fy = x 1 x 50 x 0.31 = 48.7 tons

Total Capacity

QL = 7.85 + 48.7 x 56.5 tons

total recommended load at the ground surface is

QA 56.5 100
Q= — - W, = — - Tx0.52 x 50 x = 17.2 tons
2.8 2.8 2000

check creep load

7.85 48.7
+

2 1.5

Q. = = 36.4 tons > 17.2 tons,o0.k.



EXAMPLEl : q-v AMD f-w CURVES

g-w Curve
q 4E 4 x 40
- = = = 58 tsf/ft
W
n(1-v2) B 3.14 (1-0.352) x 1
10.0
58
f-w Curve
£ Er 100
- = = = 15,3 tsf/ft
w L 50
(1+v) (14Ln(-) B (1+0.33)(l+Ln —) 1
B 1
fy, = 0.31 tsf wg = 0.24 in
q, £ (tsf)
10tsf
10
5
0 0.31tsf (in )
w(in
L — P
2.074in 3
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EXAMPLE 2¢ PILE THROUGH LOOSE SILT INTO DENSE SAND

“|K]

P, = 4 tsf
47 ft L

t=4
]

50 tsf

]
]

150 tsf

102 pef

<
n

13 ft
. J | SAND

P = 21 tsf

B=2ft T E = 200 tsf

ER = 830 tsf

Ye = 125 pcf

STEEL PIPE PILE

(OPEN END, WALL THICKNESS = 3/8 IN )

Figure 48. Example 2.
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EXAMPLE 2 : ULTIMATE CAPACITY

Point

The equivalent limit pressure is
1 +a

PL = — PL(z) 92
’ 2a }_g

a is 1.65 ft since B £ 3.3 ft

.
Sin

[

ce the pp, value does not vary within + 1,65 ft around the pile
point, the bearing layer is homogeneous and:

pLe = 21 tsf

From table g, for a full displacement pile (assumes that the pipe pile
plugs),

k = 3,2 for p, > 30 tsf
k =4,2 for pL < 10 tsf

for this example pp, = 21 tsf and by interpolation
k = 3.65

The embedment in the bearing layer is 13 ft > 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 = 3065 (21 - 2.5) + —= 71-3 tsf,
2000

Qp = ApdL = TX 12 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 Qi is used, while for sand curve Q; is used. From
figure 84and for the ppe values of the example, the fj values are:
in the silt fy = 0.20 tsf and in the sand fy, = 0.84 tsf, Therefore:

Qs =47 x wx 1 x0.20 +# 13 x7vx1 x 0.8 = 29,5 + 34,3

Qg = 63.8 tons

Total Capacity

QL = 112 + 63.8 = 175.8 tons

total recommended load at the ground surface.

3 2
m(122 - (12 - =) )60
QL 175.8 8 450
Q=-—WP= - X 86208-2.6

2.8 2.8 144 2000

Q = 60,2 touns

check creep load
Q. = — = — = 117.2 tons > 60.2 tons o.k.
1.5 1.5

\"
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EXAMPLE 2 : q-w and f-w CURVES

q-w _Curve

q  4Eg 4 x 830
-= = = 581 tsf/ft
w w(1-v2) B m1-0.32) x 2

1

qp = - x 71.3 = 35.6 tsf because pipe is open ended.
2

35.6
& —— = 0,06 ft = 0.74 in

w
1 581

f-w Curve in the Sand

f Ep 830
- = = = 72.5 tsf/ft
w L 60
(1+V)(1+Ln =) B (140.3)(1+Ln —) x 2
B 2

f1 = 0.84 tsf.

0.84
wg = — = 0,012 ft = 0,14 in
72.5

f-w Curve in the Silt

f ER 150
- = = = 13.1 tsf/ft
w L 60

(1+v)(1+Ln =) B (14+0.3)(1+Ln —) 2

B 2

fr = 0.2 tsf

0.2
Vg W —= 0.015 ft = 0.18 in

13.1



40 I
35.6 tsf
|
|
|
|
|
|
|
I
l0 74
| 1
e
1.0 w(in )
£ (tsf)
1.0 P
0.84 tsf SAND
0.20 tsf SILT
1 1 S
0.5 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
PILGP1 type of approach by combining the load transfer curves and the pressuremeter reload
modulus as elastic modulus.(84) The 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.
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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, o ,, the shaft friction resistance due
to shear stresses, T,4and T, othe base friction resistance due to shear stresses T ,sand T ,,and
the base moment resistance due to normal stresses, 0 ,.. Except for very short stubby piles
(D/ B < 3)the major components of soil resistance are due to 6, and T,, Atworking loads
the contribution due to the T, (effect may be as much as 50 percent of the total resistance.(29)

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.(89)

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 . for the pressuremeter and D ; 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 (Ib/in), K is the horizontal spring
constant (Ib/in2), 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 (Ib/in3) is defined as:

P
—=-k 86
B Y (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 50. Assumptions for the subgrade 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_, +FE, for nondisplacement or low displacement piles (88)
K=2F, for full displacement piles (89)

where E , is the pressuremeter first load modulus and £ ris 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 § to 10
pile diameters should be considered as unplugged for horizontal load purposes. Indeed, this
5-to 10-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:

4

E12 Y+eKy=0 (90)
z
or
lid*y
Y dzt Y (91)
with
L =4 [2EL
L, = (92)
This parameter [, is called the transfer length. A pile will be considered as infinitely
long if:

L1231, (93)
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where L is the embedded length of the pile. This condition must be satisfied for the solution
to apply. The boundary conditions are:

forz=o, y=0 (94)
forz=0, V=H,and M=M, (95)

where H, and M, are the horizontal load and the applied moment at the ground surface,

respectively. Given these boundary conditions the solution to the differential equation is:(10)

—2H°e-icosz+2M°e_&(cos£—sin£) (96)
Y@ Tk R Lo,
so that the deflection at the ground surface is:
_2H, 2M, o7
The solution for the slope y’ is:
2H, -,i( ) 4M, "+ 2
ey =—=———e °l cos—+sin— |- e °cos— 98
Y@=y Lo o) 13K L (99)
At the ground surface the slope is:
. __2H,,_4M° (99)
T EY
The solution for the bending moment M is:
-z -z 2 oz
My=H,l,e '°sin-?—+‘M°e '°(cosr+smr) (100)

At the ground surface the bending moment is M, More importantly the maximum bending

moment in the pile M ., must be found. This is done by finding the value 0f Z ( Z max )which
satisfies dM /dz = Q Since dM /dzis the shear force V, the solution for V is given first.

i z .z 2M, -+
Vin=H,e '°(cosl——sml—)— ; ‘e '°sinl£ (101)

Therefore z .., is given by:
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He ° (coszmax—sinzmax)—2M°e-Tsinzfmx=O (102)
l, l, o L, ) '
or
zmax 1
tan —— = —5 (103)
i, ]+ —2
1,H,

Note that Z max 7 Lois expressed in radians, not in degrees or grades.

The load per unit length of pile P (Ib/in) can be obtained from the deflection y (in) at
any depth by:

P=Ky (104)
At the surface,
P,=Ky, (105)

and the average pressure on the pile close to the ground surface is

_ Ky,

= (106)

Po

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.

F=Ltt ' (107)

Po

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 {, is the transfer length (equation 92). The solution

given by equation 211 corresponds to a straight line on the /A, versus y oplot (figure 51). In
reality the H , - v, 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 deflectiony , 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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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-
Jows.(10) Assumption 1 leads to:

P=Ky (109)

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
Lo

Ls1, | (111)

where "
z°=“~/f}-K—I (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=F_, +E, for no displacement or low displacement piles (113)
K=2E, for full displacement piles (114)

where E ,and E pare the load and reload preboring pressuremeter modulus respectively. The

proper K value is chosen as a conservative value near the surface of the K versus depth profile.
With these assumptions, the shear in the pile is calculated as:(10)

V=H,,—f Pdt (115)
or z2
V=HO-KRE—-KSZ (116)



Also the bending moment is given by:

M=M,,+H°z—f P(z-t)dt (117)
or
z3 z?
M=M,+H,z=KR=-KS> (118)

The boundary conditions are:
for z=L,V=0,M=0 (119)

This leads to the values of R and S:(10)

__6(H,L+2M,) (120)
KL3
o 2(2H,L+3M,) (121
KL?
The displacement at the ground surface is:
o 2(2H,L+3M,) (1229
yO KLZ
The slope at the ground surface is:
dy) 6(H,L+2M,)
S - R 3
Yo (dz . ITE (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 . is found by determining first the depth z n.x
at which M ., acts. The value of z ., is found by setting I (,; = Q

Zm

V=H,,—1<R—2—“—1<3zmx=o (124)
which leads to:
2Y,
U A (125)
R Yo
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The maximum bending moment is then calculated as (equation 118):

3 2

Zmax zmax
Moy = Mo+ H o Z o = KR=52 - KS =3 (126)

The load per unit length of pile P (Ib/in) can be obtained from the deflection y (in) at any
depth by:

P=Ky=KRz+KS (127)
At the surface,
P,=Ky, (128)

and the average pressure on the pile close to the ground surface is:

Ky,

= (129)

Po

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:

- P

130
Po ( )

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.(13,95) 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.

111



2. Correct the pressuremeter curves for membrane resistance, system compressibility
and pressuremeter critical depth effect.

3. Obtain the front reaction curves (Q-y) from the pressuremeter curves.

4.  Foranypressuremeter 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.  Obtain the P-y curves by adding at each depth the Q-y curve to the F-y curve.

7.  Ifthe pileis 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 | |

- A27 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.
Pile Pile
Pile I.D. Pile Embedded Diam. Soil
Number Site Type 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 L&D 26 (1978) Pipe 15.2 0.36 Sand
14 Virginia Bored 3.5 1,37 Clay
15 Carolina Bored 4.5 1.37 Sand
16 Iowa 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. Conc. 6.0 0.61 Sand/Clay
23 La Baule 2 Rd. Conc. 6.0 0.61 Sand/Clay
24 Plancoet Caisson 4.4 0.95 Silt
25 Plancoet R 6.1 0.36 Silt
26 Cubzac Pipe 24.7 0.91 Clay
27 Provins 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 Matlock, Tucker, 1961 and Smith, 1983
2 Reese et al., 1967 and Smith, 1983
3 Matlock et al., 1956 and Smith, 1983
4 Welch, Reese, 1972 and Smith, 1983
5 Kasch et al., 1977 and Smith, 1983
6 Holloway et al.,, 1978 and Smith, 1983
7 Bierschwale et al., 1981 and Smith, 1983
8 and 9 : O'Neill, Dunnavant, 1984 and Briaud et al., 1985
10 and 11 Corps of Engineers, St. Louis District and Briaud

et al., 1984

12 and 13 Woodward-Clyde Consultants, 1979 and Smith, 1983
14 to 16 GAI Consultants, 1982 and Smith, 1983
17 to 19 Los Angeles Department of Water and Power and

Briaud et al., 1984
20 Soil Mechanics, Inc.,, 1982 and Smith, 1983

21 Corps of Engineers, Fort Worth District and
Brigud Engineers, 1982

22 and 23 LeMauff, Peignaud, 1973 and LCPC, 1982
24 and 25 Baguelin, Jezequel, 1972, LCPC, 1982 and Smith,
1983
26 Ambrosino et al., 1973 and LCPC, 1982
27 Bigot et al., 1982 and LCPC, 1982
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Figure 52. Predicted vs. measured horizontal loads at a deflec-
tion equal to 10 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 Q is defined as the load reached for a pile horizontal

deflection equal to 1/ 10th 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 ,can be estimated in first approximation
by:

Qu=p.BD, (131)

where B is the pile diameter, p; is the average pressuremeter net limit pressure within the

pile critical depth D.. The value of D. is obtained from the following equations:

D =B if 1 ,"'/E—{56.33 (132)
B Pt

B 1 ,[EI 1 ,[EI
D S (—4 —5) if E4 >6.33... (133)

° 4\ B\ p; o}

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 aload for which the deflection
will be approximately 1.5 percent of the pile diameter.

Atworking 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).



EXAMPLE 1: LONG FLEXIBLE PILE

M° = 4 t,ft
7 N E (tsf) E_(tsf) K (tsf) p, (tsf)
Ho = 10 tons o r
M
- 200 400 0 400 800 O 400 800 O 10 20 30
[ [ | N . |
’
* 100 ’Bazo ’3520 ﬂ>.12
10 4 ¢ 50 - \200 250 = \6 |
2 | ] \210 | s _q \8
350 2450 11
110 ft SAND 1 \ 7 i \ 4 \
70 ft 200 600 800 23
40 _ / R _ / /
| so] 1% 420 670 18
60 210 700 | 910"

CLAY

‘J‘ — v v + v

Depth (ft)

24 IN PIPE PILE UNPLUGGED, WALL THICKNESS = 3/8 IN

Figure 54. Example 1.
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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.

4481
1, = -
K
144
E = 30 x 106 psi = 30 x 106 x tsf = 2.16 x 106 tsf.
2000
wDo4 1rD14 mx244 1r(24-2x0.375)4
1= - = - = 1941 in.% = 0.0936 ft4
64 64 64 64
K = 250 tsf.

1
4 [4x2.16x109x0.0936
1, = = 7.5 ft
250

Check that pile can be considered as "long flexible"

L =110 ft > 31, = 22,6 £t ok.

Displacement and slope at ground surface

2H, 2M,
y~—+
1K 152K
2 x 10 2 x4
Yo ™ +

7.54 x 250 7.542 x 250

Yo ™ 0-,0106+ 0,00056= 0.0112 ft = 0.13 in.

Lk 17K
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2 x 10 4 x 4

Y o
7.542 x 250 7.543 x 250

y'o = - 0.00141 - 0.00015 = - 0,00156 radians

y'o = - 0.G89degrees.

Find depth to maximum bending moment,

Zoax 1 1
tan = = = 0, 904
1, 2M, 2 x4
1+ 1l + ——
I Ho 7.54x10
Zmax
—1 = 0.735 radians Zpax = 0.735% 7,54 = 5,54 ft
o
Find maximum bending moment.
Znax Znax
lO . Zmax lO Zmax . Zmax
Mpax = Holo® sin + Mg e (cog == + sin )
Lo 1, L
Mpax = 10 x 7.54 e sin 0.735 + 4 e (cos 0.735 + sin 0.735)
Mpax = 24.24 + 2.71 = 26.95 t.ft
Check for creep.
P = Ky P =250 x 0.0112 =2.8¢t/f¢t.
P 2.8
Average corresponding pressure pg = - = --=]1,4tsf.
B 2

The limit pressure close to the surface is at least 6 tsf.

Py 6
Therefore F = ~= = - = 4,29
' P 1.4

The factor of safety is sufficient to ensure that there will be little
creep versus time.
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50 ft

EXAMPLE 2:

SHORT RIGID PILE

Eo(tsf) Er(tsf) K (tsf) pL(tsf)
0 100 200 0 300 600 O 500 1000 0 25
L A \\\;\\'l-r A A
DRILLED 54 2009 4 600> 4 800 12
20 fe SHAFT 10 4 1504 450 600 10
154 2008 { 600y {4 800 12
204 200y 4 6004 { 800} 14
VERY STIFF CLAY 25 . 150 - 450 600 15
30 200 6 600% 4 800 20
7 ft !
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,

4l4E1L

1 =\/c—

o
K

144 5

E=3x 105 psi = 3 x 106 x tsf = 2.16 x 10~ tsf

2000

mph  mx74

Is——-a

64 64

= 117.8 ft&

K = 600 tsf
4 1
4x2.16x109x117.8
1, = = 20.29 ft
600

Check that pile can be considered as "rigid short"

L =20 ft < 1, = 20.29 ft ok

Displacement at the ground surface,

Hy = 30 ¢t

M, = 30 x 50 = 1500 t,ft.

2(2H L + 3Mp)

Yo ™
KL?

2(2x30%x20+3x1500)
Yo = = 0.047 ft
600 x 202

Yo ™ 0.57 in.
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Slope at the ground surface.

6 (HoL + 2M,)

y'og'
kL3
6(30 x 20 + 2 x 1500)
y'o ™ = = - 0,0045 radians
600 x 203
y'o = = 0.26 degrees.

Calculate maximum bending moment.

2y,
The depth Zhax is: Zpax =~ — ~ L
Y'o
2 x 0.047
Zpax =~ —— - 20 = 0.89 ft,
-0.0045
Zmax Znax
Then Mpax = Mo * Ho Zp4x — KR - K8
6 2
R=y's =~ 0.0045
S =y, =0.047 ftr.
0.893 0.892
.and Mpax = 1500+30x0.89-600 (-0,0045) ———— ~ 600 x 0.047 x
6 2
Mpax = 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
B 7

The limit pressure close to the surface is estimated at 10 tsf from the
profile; therefore F = p;/p = 10/4.03 = 2.5. The factor of safety
is sufficient to ensure that there will 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 4. The amount of wall displacement necessary toreach p 4isy 4 (figure
56). If the wall moves towards the negative y the pressure increases until it reaches the passive
earth pressure p ,. The amount of wall displacement necessary to reach p , is v , (figure 56).

The values of p 4 and p , are calculated from classical soil mechanics.

Pa=Ko0,+u (134)
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Figure 56. P-y curves for retaining walls.
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p,=K_o. +u (13
s Pov \

D (S A 4

)
7

where o, is the vertical effective stress at depth z, K ,and K , 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 4and y .. Terzaghi (1954) shows data

14bvloag’lll pERAS 2 2L

which suggest the following order of magnitude for y ,andy ,:

y,=0.0005H (136)
¥,=0.00SH (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 = within 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 vy (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 S7. 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.(78’76a77) Figure 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).

E,
k=
0.33ah+0.43(1.83h)°

(138)
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Figure S57. Preparing the combined P-y curve.

127



P (lb/in.z)

|

;-Y (in°)
1

P \{

° P

Figure 58. P-y curve for side 2 on figure 110.
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—— ey e n e ww el e e

Figure 59. Definition of the corrected depth.
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where E , 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 S5, and ais a
dimensionless coefficient (table 8, section 7) depending on the ratio of £, over the pressur-
emeter limit pressure p,.

Menard gives the following equation for the ultimate passive resistance of the soil:

_pL-po+
pp_ KB Po

(139)

where p, is the pressuremeter limit pressure, p, is the at rest total horizontal stress in the

soil and X ;is a dimensionless coefficient dependent upon the £,/ p , ratio as follows:
clay forE/p,=10,Kg=2.7
forE/p,=15,K;=3.2
sand forE/p,=10,K;=3.5

forE/p,=15,K,=4.2

Engineering judgement must be used to determine values of K sfor £,/ p ;values 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 =z 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 = (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).

129
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Figure 60.
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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 100 psi, the soil
total unit weight is 120 Ib/ft3 and the soil friction angle is ¢ = 30 ° 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.

131



Eo(tsf) ER(tsf) pL(tsf)

0 200 400 600 0 1000 2000 0 5 10 15 20 Depth (ft)
A 1 A » ' A ' A . A i A A —

6 23
20 31

14 42.5
14 49
20.5 57
14 66

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 D
P Y P Y P Y P Y
: (1b/ft ) (fr) |(1b/fr )  (ft) [(1b/fr )  (fr) | (1b/ft )  (ft)
0 0 1000 - - - - 0 1000
22 4740 .245 | 1320 0 - - 880 .031
31 1 12930 W217 1660 - .003 70 .012 | - 10730 «117
42 8400 .106 | 2150 - .010 - 360 .020 | - 6200 .160
49 { 10610 .282 | 2390 - .017 - 650 032 | - 8410 .282
57 14830 .866 T2720 - 047 - 960 077 | - 12630 .866
66 | 10950 407 | 3080 - .041 -1310 061 | - 8750 407
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-0.2 .2
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31 ¢— 1 1 » y(ft)
-0.2 \\ 0.2
1000
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1000
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-0.2 0.2
1000
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-0.2 0.2
~J000
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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 < 500 psf), loose clean sands
under the water table (SPT blow count < 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 preboring pressuremeters.

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

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.(G) 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.
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LET

Feasibility and representativity of various geotechnical

Table 14.
tests.
Number of sites for which the tests ...
.es Were s WEre ... Were «so could «+. could
effectively interpretable 1incomplete not be have been Total
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- 35 22 + 13 23 5 63
tration Test (premature (soils too
(cpT) refusal) compact)

9c
Menard (PM) 61 58 + 3 0 2 63
Pressure~ (py spacing
meter too large)

P1
Laboratory 29 14 + 15 23 11 63
Tests (unacceptable| (soils not

c, ¢ 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 1day. Infavorable 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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