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Tests in Alluvial Sand with the PQS Probe

Essais dans le Sable Fluviatile avec la Sonde PQS

A.G. FRANKLIN Research Civil Engineer, U.S. Army Engineer Waterways Experiment Station, Vicksburg, Mississippi, USA
S.S. COOPER Research Geophysicist, U.S. Army Engineer Waterways Experiment Station, Vicksburg, Mississippi, USA

SYNOPSIS The PQS probe, combining the functions of the electric friction cone and the plezom-
eter probe, provides simultaneous measurement of penetration resistance and pore water pressure.

Data from cohesionless polnt bar deposlts of the Lower Milssissippi Valley indicate that the excess
pore pressure induced during probe penetration conslsts of a component related to the total normal
stress at the cone tip and a component related to contractive or dilative response accompanying shear
stralns 1nduced by the probe. The behavior of the pore pressure after termination of the probe
advance is related to the density, permeabllity, and homogeneity of the soil.

INTRODUCTION L
THD FOR
The need of the Corps of Engineers for in situ kool

tests to evaluate the relative density and lique-
faction potential of cohesionless soils has led
to the development of the PQS probe, which
simultaneously measures penetration resistance
and pore water pressures 1induced in the soil by
the advance of the probe. Penetration resis-
tance 1s measured electrically as the axlal load /
on the point (Q) and the shearing force on the RS/
friction sleeve (S); the pore pressure (P) is i e - 4
measured through a porous filter element at or 14" AV,
near the cone tip. 36mm
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The design and use of piezometer probes have
been described by Wissa et al. (1975) and Tor-
stensson (1975). Schmertmann (1978a) used the
Wissa probe to examine the dilation-contraction
response of a mine tailings sand 1in Florida.
Baligh et al. (1979) present a considerable body STRAIN GAUGE
of data from cone penetration tests (CPT) and LOAD céLL
plezometer probes in three clay deposits. The
studies of Schmertmann and Baligh et al. show
the value of complementary use of CPT values and FRICTION SLEEVE—
pore pressures, though the correlations in those
studies were necessarily made between pore pres-
sures and CPT values obtained in different
soundings.
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THE PQS PROBE

A primary consideration 1n the design of the PQS

probe was the need to adopt a standardized geo- RET
metry so that direct comparisons could be made
with data obtalned with the conventlonal CPT.

For this reason the PQS probe was deslgned to

conform to the external geometry for electric

cones given in ASTM Tentative Method D 3441-75T au g i\ (|

(1975). N4
\\ T'

As shown 1n Fig. 1, the prototype unit 1s com- b B e ‘i’

posed of six pleces, including a mandrel,
strain-gauged housing, frictlon sleeve,
pressure cell, cell retainer, and cone tip. Fig.1l PQS probe, sectional view
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The pressure cell retalner 1s machined from
bronze, the mandrel froh 1141 CR steel, and the
remaining parts from 304 series stalnless steel
which was selected primarlly for 1ts resistance
to rust and corrosion during wet storage. The
gauge housing provildes for 1lndependent measure-
ments of sleeve frictlon and polnt reslstance,
and locates the pressure cell as close as pos-
sible to the porous tilp 1in order to minimilze
internal water volume. The skirt of the housing
reacts the frictlonal forces generated durilng
penetration and these forces are measured as a
tenslle straln in the strain-gauged sectlon of
the housing which surrounds the mandrel. Axlal
forces are measured as compressive strains in
the strain-gauged housing section immedlately
behind the pressure cell. All electrical wiring
1s brought through the center hole 1n the man-
drel and exits the probe vlia a Pyle-Natlonal
sealed fitting. A sealed adapter above the
probe houses a cable connector, and the wilring
from thls connector 1s routed to the surface
inside the jointed drilve pipe. Drilve forces,
both frictional and axial, are transmitted to
the mandrel at the flat machlned 1nterface be-
tween mandrel and housing.

The frictlon sleeve 1s provided wilth sufflcilent
clearance lengthwlse so that the tip cannot
transfer axlal load to the sleeve, and sleeve
"O" ring seals as well as speclal coatings are
used to protect the straln-gauged sections from
entry of fluids. The 1nterchangeable flanged
tip transfers axlal penetratilon loads directly
to the machined face of the housing, and a short
internal channel communicates pore pressure from
the porous element to the 100-psi (690 kPa)
rated CEC straln-gauged pressure cell. Inter-
changeable tips with other placements of the
porous element are also used. The stalnless
steel porous element has a nomlnal pore slze of
2 um, which has been found to be sufficlently
permeable to allow rapld response of the pres-
sure cell while having a sufficlently high alr
entry pressure to maintain saturation during
short perilods of exposure of the cone to air.

The overall deslgn was based on a maximum allow-
able stress of 30,000 psi (207 MPa) in the 304
stalnless steel structural elements, and 70,000
psl (483 MPa) in the 1141 CR steel mandrel.
This equates to a maximum allowable force 1limit
of 15,000 1b (67 kN), or a maximum of 9000 1lb
(40 kN) force on the tip (g = 400 tsf, or 38
MPa) plus 6000-1b (27-kN) force on the friction
sleeve (1.e. a friction ratio of 1 percent at
maximum tip load). Deslgn details are glven by
Cooper and Franklin (1981).

The pressure cell, sleeve frictlon, and polnt
penetration load cells were callbrated by 1nde-
pendent loadings, but all channels were monl-
tored durlng each loading cycle so as to detect
any crosstalk between channels. Tests 1included
application of axlal (point penetration) loading
to the fully assembled and saturated probe.
Calibration test results indilcate that all three
sensors of the PQS probe have linear response to
within +1/2 percent up to maxlmum capacilty, and
that mechanical and electrilcal crosstalk between
sensors 1s typlcally within 1.5 percent to maxl-
mum capaclty. Bench tests of dynamlc response
indlcate that pressure impulses wilth rise times
of 1.5 msec to 10 psi (69 kPa) can be accurately
measured wilth the PQS probe uslng a 2-um porous
element 1n the tip.
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Complete saturation of the internal water chan
nels and porous fllter of the probe 1s essen-
tlial. Thils 1s accompllished by evacuating the
probe in a vacuum chamber, saturating with de-
alred water, and capping the tip with a plastic
cover fllled with de-alred water during storage
perlods prior to use. Saturatlon 1s checked 1n
the fleld before and after soundings by measur-
ing the response to a brilef 1impulslve pressure
load of 10 to 15 psl (70 to 100 kPa).

TEST RESULTS IN POINT BAR DEPOSITS

The recent point bar deposits of the Lower
Mississippl River typilcally consist of fine
quartz sand with intercalated bodles of filne-
gralned, plastlc slough deposlits. These sands
have a wlde range of densiltles, and 1n places
are subjJect to flow slides. Flg. 2 shows an
example of a record obtained in these materlals.
The cone bearing capacity, q (the "Q" curve),
and the friction ratlo, f , are the same as 1n
the conventlonal CPT. The "P" curve shows the
pore water pressure, p , measured at the cone
tip during and after the advance of the probe.
Next to the friction ratio curve 1s a curve
showing the ratio u/q of the excess pore
pressure to the cone bearing capaclty. Also
noted on the P curve are the time intervals
between increments of probe advance. The dura-
tion of the 1interval 1s governed in most

f . u/q , q., P,
per cent per cent psi psi

] ) |

Flg. 2. Log of sounding at Delta, La.
(NOTE: 1 ft = 0.3048 m; 1 psi = 6.895
kPa)



instances by the time required to add a length
of drill rod to the string, approximately 50 to
60 sec. The probe was pushed in 2.5-ft (76.2
cm) increments, at a rate of 2 cm/sec, to a
depth of 22.5 ft (6.86 m).

There are several noteworthy features on this
record. Flrst, the pore pressure ratlo u/q 1is
generally quite low, on the order of 1 to 2 per-
cent, in the sand intervals. Peaks as high as 5
to 7 percent occur in zones where low cone bear-
ing and high frictlon ratlo values indicate
cohesive soils. Torstensson (1975) also noted
that excess pore pressures measured in clay were
several times greater than 1n sand. Baligh et
al. (1979) show pilezometer tip pore pressures in
Boston Blue clay and Atchafalaya Basin clay that
approach, and even exceed, g Pore pressure
ratios greater than 1.0 are attributed to inac-
curacles 1n q measurements, and 1t 1s noted
that pore pressures acting behind the tip lead
to underestimation of the actual cone resistance.
This may also affect measurements with the PQS
probe, though 1in clean sands 1t cannot be impor-
tant with the magnlitudes of pore pressures so
far observed.

In sands of intermedlate density, the P and Q
curves typlcally show a distinct tendency to
parallelism. PFlg. 3 shows the 17.5 to 22.5 ft
(5.33 to 6.86 m) interval of the same record,
plotted on a time scale and showing the 1lnstru-
mental records for the time 1ntervals between
advances of the probe as well as during the ad-

vances. The parallelism of the P and Q
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Fig. 3. Time record of a segment of

the Delta sounding
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curves 1n the 17.5 to 20 ft (5.33 to 6.10 m)
interval 1s particularly striking. From the
correlations given by Schmertmann (1978b), the
17.5 to 19.5 ft (5.33 to 5.94 m) interval should
be sand with a relative denslty in the range of
45 to 75 percent, while a thin cohesive soil
zone appears 1n the 19.5 to 20 ft (5.94 to

6.10 m) interval. The parallelism does not hold
for the 20 to 22.5 ft (6.10 to 6.86 m) interval.
The evidence indicates that the soll from 20 to
22 ft (6.10 to 6.71 m) 1s a very loose sand
which collapses as it 1is disturbed by the probe.
The P curve bullds up steadily with penetra-
tion to about 26 psi (179 kPa), while q drops
to a value of 115 psi (793 kPa). The friction
ratlio 1s about 2 percent. According to the
same correlations, such values are indicative
of loose sand or sand-silt mixtures, and if
sand, wlth a relative density of the order of

5 percent. The pore pressure ratio reaches a
value of about 16 percent and appears to stabi-
lize until the character of the soill changes

at 22 ft (6.71 m).

Additional 1nsight into the behavior of the
soll can be galned from examination of the pore
pressure curve in the lnterval between advances
of the probe. From the data observed so far,
it is found that the pore pressure curve during
this interval can 1n general be described 1n
terms of three phases of response. Phase I
(see Fig. 3) consists of a rapid drop in pore
pressure which accompanies a similar drop in
the Q curve. This occurs wlithin a few milli-
seconds after the probe stops, and in all cases
seen so far 1s 1n the negative direction. This
1s interpreted as volumetric elastlc rebound of
the pore water. Taken together with the tend-
ency to parallelism of the P and @Q curves,
thls 1s evidence that a major component of the
pore pressure response, and the dominant one

in the 17.5 to 20 ft (5.33 to 6.10 m) interval,
1s volumetric response of the pore water at the
face of the cone to the increase in total mean
normal stress. By contrast, the pore pressure
response 1in the 20 to 22 ft (6.10 to 6.71 m)
interval is dominated by the collapse response
to shear deformatlions caused by the probe.

Phase II of the pore pressure response curve

is a bulldup of pore pressure, lasting in this
instance for about 9 seconds, before the trend
reverses and the pore pressure starts to
approach the hydrostatic value. The Phase II
bulldup seen in Fig. 3 represents about 0.5 psi
(3.4 kPa) increase in pore pressure. A sounding
made about 5 ft (1.5 m) away, using a penetra-
tion rate of 4 cm/sec, or twilce the rate repre-
sented by Flg. 3, showed the same behavior of
both P and Q curves, except that the

Phase II bulldup amounted to 7 psi (48 kPa),
reached in 15 sec. It seems clear that the
Phase II behavior 1s due to pore pressures in
the collapsing zone below the cone, and with the
cone tlp halted Just above, or in the top of,
the collapsing zone, being communicated to the
pressure cell by upward flow of water. It 1s
hypotheslzed then that Phase II response 1n
general represents shear-induced dilatlon at
some remove from the pore pressure sensor. It
could be either positive or negative 1n sense.

In most cases, Phase II behavior is not seen,

and Phase I 1s immediately followed by Phase III,
an asymptotiec approach to the equillbrium pore
pressure (which normally is the hydrostatic).
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This can be seen at 22.5 ft (6.86 m) depth in
Fig. 3, where the typlcal shape of the dissipa-
tion curve, resembling a negatlve exponential
curve, 1s shown. Torstensson (1975) has related
the time for 50 percent excess pore pressure
dissipation in clay to the coefficlent of conso-
lidation. In sands, the permeabllity 1s greater
and consolidation consequently more rapid.
Typlcal times to 50 percent excess pore pressure
dissipation are on the order of a few seconds.

Denser sands were encountered in polnt bar depo-
sits at a site near LaPlace, Loulslana. Fig. 4
shows a time record of the 1nterval from 50 to
53 ft (15.24 to 16.15 m). The probe was ad-
vanced in 1 ft (30.48 cm) increments, at a rate
of 1 cm/sec. The groundwater table was at 6 ft
(1.8 m). An example of dilatant response can

be seen 1n the pore pressure behavior during the
pause at 52 ft (15.85 m). At the end of the
probe advance, the pore pressure value 1s very
close to hydrostatle, and the subsequent Phase I
response is a decrease of -13 psi (-90 kPa).
Phase II 1s absent, and the Phase III pressure
dissipation 1s relatively rapid, with 50 percent
dissipation in 3-1/2 seconds. According to
Schmertmann's correlations, the relative density
of the sand in the interval of 51 to 52 ft

(15.5 to 15.8 m) should be in the range of 60

to 80 percent.
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Fig. 4. Time record of a segment of

sounding at LaPlace, La.
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CONCLUSION

Experlences with the PQS probe 1in point bar
deposits have shown that simultaneous measure-
ment of friction cone penetration parameters

and the pore water pressures induced by pene-
tration 1s reliable and requires 1little addi-
tional effort over that required for the CPT
alone. The evidence of these and earller
investigations 1s that the induced pore pres-
sures are linked to soil conditlons or proper-
tlies, rather than being controlled by details

of test procedure. The ratio of the induced
excess pore pressure to the cone bearing capa-
city 1s much lower in sands than in clays, being
usually of the order of a few percent, eilther
positive or negative. It bears an inverse rela-
tionshlp to relative density, although the
limited data available to date do not justify
the drawing of correlation curves. Simultaneous
measurement of penetration resistance and pore
pressures at the same locatlon provides a basis
for an improved understanding of the mechanisms
involved in both kinds of response, and addi-
tionally, the pore pressure behavior during
pauses between penetration increments, while
relatively complex, offers important information
on soil behavior.
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