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SPT-CPT CORRELATIONS

By P. K. Robertson,' R. G. Campanella,* M. ASCE, and A. Wightman’

Assthact: A method for estimating equivalent Standard Penetration Test {(SPT)
N-values from Cone Penetration 'I'este(%l’n data has been presented accounting
for variations in soil grain size and SPT energy input. A discussion is given
regarding the problems associated with the SPT and how these relate to 5PT-
CPT correlations. A historical review of SPT-CPT correlations is presented with
additional recent data that include energy measurements during the SPT. An
example is given to illustrate how the SPT data can be rationalized using energy

. corrections. Also, a chart is provided to estimate mean grain size from CPT
data.

INTRODUCTION

The Standard Penetration Test (SPT) is the most commonly used in-
situ test in North America. It is estimated that up to 90% of conventional
foundation design in North America is accomplished by using the SI'T
N value (18). Despite continued efforts to standardize the SPT procedure
there are still continued problems associated with its repeatability and
reliability.

The Cone Penetration Test (CPT) is becoming increasingly more pop-
ular as an in-situ test for site investigation and geotechnical design. The
authors believe this test is unequalled with respect to the delineation of
stratigraphy and the continuous rapid measurement of parameters like
cone bearing, 4., and sleeve friction, f,. The procedure and equipment
of the quasi-static electric Cone Penetration Test (CPT) are easily stan-
dardized (1). The most significant advantages of the CPT are its sim-
plicity, repeatability, accuracy -and continuous record (36,34).

Significant improvements have been made recently in the interpreta-
tion of CPT data (31). However, many geotechnical engineers have de-
veloped considerable experience with design based on local SPT corre-
lations. With time, direct CPT design correlations will also be developed
based on local experience and field observation (43,12). However, with
the initial introduction of CPT data there is a need for reliable SPT-CPT
correlations so that CPT data can be used in existing SPT data based
design correlations. This paper presents a review of available SPT-CPT
correlations and reviews how these correlations could be applied to geo-
technical design.,

Stanparo PeneTRaTiON TesT (SPT)

The SPT was developed in 1927 and is presently practiced worldwide
to a greater extent than any other soil test. The test is made by dropping
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a “free” falling hammer weighing 63.5 kg (140 Ib) onto the drill r
i . ods
from a height of 0.76 m (30 in.). The number of blows, N, necessary to
achieve a penetration of 0.30 m (1 ft) (below the seating drive of 0.15 m)
g]f a standa;d -tsan_]%)le htube, is regarded as the penetration resistance, in
ows per foot. The hammer is generally lift
ot is generally lifted by a rope and cathead
Numerous studies have shown considerable variability in the proce-
dures and equipment used in this supposedly standardized test. Con-
siderable improvements in the understanding of the dynamics of the
SPT have occurred in recent years (41,17,18). Schmertman (38) concludes
that SPT results may be influenced by such factors as:

;. %e size of the drill hole.
. The number of turns of the rope around the cathead
3, The length of the drill rods. e

4. The use of drilling mud versus casi
drill hole. g asing to support the walls of the

5. The use of non-standard sampling tubes.

6. The depth range over which the penetratio ist i
(0-0.30 m or 0.15 m-0.45 m). P n resistance is measured

Schmertmann (38) and Kovacs and Salomone (18) identify the most
significant factor affecting the measured N-
ergy delivered to the dril% rods, irvalue 26 the amount of en-

Kovacs (17) has shown that the energy delivered to the rods during a
SPT can vary from about 30%-80% of the theoretical maximum, 475 }
{4,200 in.-Ib). The energy delivered to the drill stem varies with the num-
ber of turns of rope around the cathead and varies with the fall height
drillrig type, hammer and anvil type, and operator characteristics. Kn:
vacs and Salomone (18) suggest that a nominal two turns of a rope around
the cathead would minimize the effect of operator performance char-
acteristics on the delivered energy. When using the rope and cathead
procedure with two turns of the rope the typical energy delivered from
a standard donut type hammer is about 50%-60% of the theoretical max-
imum (18). Schmertmann (37) has suggested that based on limited data
an efficiency of about 55% may be the norm for which it can be assumed
that many North American correlations were developed.

It is clear there is a need for increased standardization when using the
SPT. The Japanese have standardized the hammer, anvil and drill rod
since 1961 (16). Several studies have concluded that an energy standard
should be adopted as a criterion for SPT. Kovacs and Salomone (18) have
suggested the development of a National Average Energy (NAE). Once
established, the NAE could be used for standardizing the SPT or cor-
recting blow count data, or both, for a common energy. The NAE would
also allow comparisons of SPT data with empirical correlations in North
America and other countries. If adopted the NAE may conceivably be
close to the 55% level suggested above. With the existence of a fairly
inexpensive and easy to use energy calibration unit (13) many research-
ers consider that measured energy correction factors will lead to more
repeatability and reliability of the SPT N-values in the future (5,18).

Kovacs work shows that in general a safety hammer has a slightly
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larger efficiency than the standard donut hammer. Douglas (10) has shown
that the automatic-release trip hammer has an efficiency approximately
1.4 times that of the standard donut hammer, Douglas (10) also suggesls
that the efficiency decreases with increasing soil density.

Cone Penetration Test (CPT).—Many of the cone penetration devices
were developed and used in Europe but are not gaining increasing ac-
ceptance in North America. The main reasons for the increasing interest
in CPT are, the simplicity of testing, the low cost, continuous profile,
reproducibility of results and the test data is more amenable to rational
analysis.

A)I:Une with a 10 cm? base area and an apex angle of 60° is accepted
as standard and has been specified in the European and American Stan-
dards (15,1). The friction sleeve, located above the conical tip and of the
same diameter, has a standard area of 150 cm®. The mechanical cones
(2) require a double rod system for their telescopic action. The electrical
cones (8) have friction sleeve and tip advanced continuously with a sin-
gle rod system. The electric cones have built-in load celis that record
continuously the end resistance (q.) and side friction ( f.), while some also
record inclination and pore pressure as well (4). The load cells can be
made in a variety of capacities depending on the strength of the soils to
be penetrated. An electric cable usually connects the cone with the re-
cording equipment at ground surface.

The electric cone offers obvious advantages, such as, a rapid proce-
dure, continuous recording, high accuracy and repeatability, potential
for automatic data logging, reduction and plotting, and the possibility
of incorporating additional sensors in the cone.

The factors affecting the measured parameters from electric cones have
been discussed in detail by Campanella, Robertson and Gillespie (5)-

SPT-CPT Correlations.—The SPT is still the most commonly used in-
situ test in North America. However, despite continued efforts to stan-
dardize the SPT procedure, there are still continued problems associated
with its repeatability and reliability. However, many geotechnical en-
gineers have developed considerable experience with design methods
based on local SPT correlations. With time, direct CPT design correla-
tions will also be developed based on local experience and field obser-
vation. However, with the initial introduction of CPT data, there is a
need for better SPT-CPT correlations so that CPT data can be used in
existing SPT data based design correlations.

A considerable number .of studies {(see Fig. 1) have taken place over
the years to quantify the relationship between SPT N values and CFT
cone bearing resistance, q.. A wide range of g./N ratios have been pub-
lished leading to much confusion. The variations in published q./N ratio
can be rationalized somewhat by reviewing the derived g./N ratios as a
function of mean grain size (Ds), as shown in Fig. 1. It is clear that the
g./N ratio increases with increasing grain size. The scatter in results ap-
pears to increase with increasing grain size. This is not surprising since
penetration in gravelly sand (Ds = 1.0 mm) is significantly influenced
by the larger gravel sized particles, not to mention the variability of de-
livered energy in the SPT data. Also sand deposils in general are usually
stratified or non-homogeneous causing rapid variations in CPT tip re-
sistance. There was also some difficulty in defining the Ds; from some
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FIG. 1.—Variation of 4./N Ratio with Mean Graln Size

of the references.

Work by Martins and Furtado (21) and
the q./N .relaﬁpnship also varies (wi{h S”Df‘:g;seillg];asazgot‘;ns;ﬁ:
;xtent with soil density. The 4./N ratio is significantly affected by SPT
ammer type since this effects the energy transmitted to the rods. Most
;)lfa tt:; ;ift:vi il}:own in Fig.cl 1 wz;:s obtained using the standard donut type
a rope and cathead system.
shéJWn tlilat g./N ini;reases in sensiti\);e days:‘?»chmertmann (7 has also
Severa ‘si_tes in the Fraser River Delta area, near Vancouv
vided additional SPT and CPT data. A site on Tilbury Islandei: tl;l?gr‘:;g'
River Delta also provided energy measurements for the SPT data. The
:einergy measurements were made using an SPT Force Calibrator pro-
uced by Blpary Instruments Inc. (13). The SPT calibrator is an analog
tt:l(:mpqter with some digital control that measures the energy (ER;) in
e drill rods below the anvil, by means of a load cell, for each blow of
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the hammer. The device provides the means to measure the percent of
475 | (4,200 in.-1b) transmitted through the rods.

The site on Titbury Island consists of a thick deltaic fine sand deposit
below a depth of about 7 m. The average grain size (Ds) for the sand
deposit was about 0.25 mm. The sand was overlain by about 7 m of a
soft interbedded silt, clay and sand deposit. Groundwater level was ap-
proximately 1.5 m below ground surface. SPT's were performed using
several different rotary drillrigs (Longyear 34, 38 and Mayhew 1000) and
operators. Both standard donut and safety hammers were used. The
hammers impacted on anvils attached to a string of Aw drill rods. The
spoons used were standard 2 in. type with split liners. Two nominal
turns of the rope around the cathead were used to operate the hammers.
The Longyear drillholes were drilled using drilling mud and casing. The
casing was retracted 0.6 m prior to each SPT test. Holes drilled with the
Mayhew 1000 were supported by bentonite mud only. Considerable
variation in measured SPT N values were observed using the different
operators and hammer types. To obtain the CPT-SPT correlations, Cone
Penetration Testing (CPT) was performed using the research vehicle and

5-channel electric cone developed at the University of British Columbia

(UBC). Full details of the cone and equipment are given by Campanella
and Robertson (4).

Energy Variations,—The variation of the average measured energy ra-
tio (ER,) with SPT N value using the donut hammer for the sand is shown
in Fig. 2. The average energy was 47% of the theoretical maximum. The
theoretical maximum was calculated using the assumed 0.76 m fall of
the hammer. Each data point represents one SPT test and is the average
of individual energy measurements for each hammer blow. A total of
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F1Q. 2.—Measured Average Energy Ratlc for SPTN Values Using Donut Hammer,
Tiibury Island
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over 1,000' individual energy measurements were made to compile Fi
2, A considerable range in energy measurements was recorded wilgI;
maximum and minimum values of 89% and 19%, respectively.

-The mean value of the g./N ratio for the sand deposit was 4.2. Con-
Sldera!)le scatter was found in the q./N ratio for the overlying siit cla
deposit due to the interbedded nature of the deposit. Therefore on])ir
the data for the sand deposit are presented here. o

The SPT N values for the donut hammer were corrected to an ener
ratio level of 55%. The correction was carried out assuming a linear v'a%i}i
ation of N value with energy as suggested by Schmertmann and Palacios
(42). The resulting q./N. ratio, using corrected N values (N,), was 4.9
Thse Fl;vo ratios are also shown on Fig. 1. “ .

Hammer Comparison.-—Fig. 3 shows SPT results fr.

hole (8217) where a safety and donut hammer were usedogroé}fefnogfe
tests at about 0.5 m spacing. Energy measurements were made for each
hammer blow. The average overall energy ratio levels for the hammers
were 43% and 62% for the donut and safety hammers, respectively. Fi
3‘shows clearly that the donut hammer SPT N values are consist-entlg.
higher than the safety hammer N values. When both hammer N valueﬁ
are corrected to an energy ratio level of 55%, the apparent variation in
SPT is rationalized and a consistent SPT N value profile is obtained. This
is illustrated by the SPT profiles shown in Fig. 3. Using the corrected
N, values, considerably less scalter in the SPT results was observed.

BOREHOLE B217 - ALTERNATE DONUT & SAFETY HAMMER o1 © 5m

SPT N, blows / loat SPT N, blows/fool
{Meosured) {Correct 10 ER; = 85%)
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s—+——t—t— sttt
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Depih, meters
o

A
15 15—

Donut hammer, Avarage overnll Energy Rotio, ER;= 43%

Sofely hammer, Averoge overall Energy Rotio, ER=62%
Meosured avaroge Enargy Aalio, ER, %

SPT Blow counl correcled 1o Enargy Ralio ® 35%

FiG. 3.—Comparison of SPT N Values Using Alternate
with Energy Corrected N, Values ng Danut and Safety Hammer
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Based on the studies shown by Kovacs and Salomone (18} it would
appear that the average energy level of the SPT data using the donut
hammer from the Tilbury Island site was slightly on the low side for the
2 turns of the rope procedure. This is confirmed by the g./N ratio of 4.2,
which appears to be slightly lower than the historical average (Fig. 1).
However, when the SPT N values are corrected to an energy level of
55% the q./N. ratio agrees remarkably well with the historical data.

Other Comparisons.—Additional SPT and CPT data were obtained from
the UBC research site for in-situ testing, which is located on an aban-
doned farm {(McDonald's Farm) near the Vancouver International Aijr-
port. The site is located between the North Arm and Middle Arm of the
Fraser River on the north side of the main Fraser River Delta, approxi-
mately 8 km west of the Tilbury Island site. Full details of the site and
ground conditions are given by Campanella and Robertson (4). The up-
per 2 m of the site consists of soft, compressible clays and silts. A sand
deposit exists from 2 m to 13 m below ground surface. The sand has a
medium to coarse grain size (Dsp = 0.45 mm) with thin layers of medium
to fine sand. Groundwater is approximately 1 m below existing ground
surface,

SPT N values were obtained using a BBS-37A rotary drillrig supplied
and operated by the B.C. Ministry of Highways and Transportation. One
turn of the rope around the cathead was used to operate the standard
safety hammer. The hole was drilled using drilling mud and casing. Un-
fortunately, no energy measurements were made since the SPT calibra-
tor was not available at that time. This rig and operator will be calibrated
in the future. In the meantime, the work by Kovacs and Salomone (18)
would indicate that using the one turn of the rope around the cathead
procedure and a safety hammer produces an energy level of 20% larger
than using two turns of the rope. Therefore, the energy level can be
assumed to be about 65%-70%.

The average 4./N ratio for the sand deposit (D5, = 0.45 mm) was 7,
as shown on Fig. 1. if the N values are corrected to an energy level of
55% the g./N. ratio becomes 5.7, as shown on Fig. 1.

The high energy SPT data using 1 turn of the rope around the cathead
produced a q./N ratio significantly higher than the historical average.
However, when the SPT N values were corrected to an energy level of
55%, the g./N, ratio again agrees remarkably well with the historical data.

Recent additional SPT and CPT data has been obtained from another
site located in the Fraser River Delta area. The site will be referred to as
the Jacombs Road site and consists of 4.5 m of organic sandy silts over-
lying about 15 m of medium to medium-fine sand. The average energy
for the SPT tests was 56% with a mean value of g./N in the sand deposit
(average Dy = 0.23 mm) of 4.4. Correcting the N-values to an ER; = 55%
gave no significant change in mean g./N value. The values of 4.4 for 4./
N and 0.23 mm for Dy, lie only slightly below the curve in Fig. 1 (Laing,
1983), therefore providing additional energy evidence supporting the
historical data.

The above examples when seen in the context of Fig. 1 appear to in-
dicate that the average energy ratio of 55% suggested by Schiertmann
may represent the energy level associated with many of the SI'T based
empirical design correlations.
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Standard Penetration Test Calibrator.—Enerpy me i
paper were obtained using the Binary lnstrumg"{lts I\zits)lcliﬁl?g; t;tefl?'trdtell;lds
Pet?etra!hon Test Calibrator, The calibrator system consists of a load cell
mlz:t(;zg Plalc:I?d tirl the drill rods below the anvil. The load cell is con-

cable to an i
tioIn;s 1! gbtain = instrument box that performs the necessary func-

uring some of the energy measurements at the Jacomb’ i
a digital oscilloscope was connected to the calibratiorjl u(r)\?t]t:;’ alzggsds st’;::
accuracy of the instrument box. The oscilloscope provided a trace of the
force~t1m§ record for each hammer blow. Analyses of the records showed
th'a\t }he instrument box provided energy ratios (ER;) which were always
within +5% of the calculated energy ratios using the oscilloscope tracgs
over a wide range of energies, N values and depths (20).

ConcLusion

Fig. 1 can therefore be used to convert CPT data to equi
values for 55% efficiency. To estimate the mean grain siezguflr‘;é:‘:flgl’%zrag
use can be made of the classification chart shown in Fig. 4. The classi-
fication chart in Fig. 4 has been adapted from the chart proposed b
pou_glas and Olsen (9) for standard electric cones. The classification char}t’
in Fig. 4 sh()_t{ld be used as a guide to grain size. The writers consider
that the addition of pore pressure measurements during cone penetra-
tion can significantly improve the soil classification. For mechanical cone
data use can be made of dlassification charts by Schmertmann (39), Searle
33 or Muromachi and Atsuta (25). The friction ratio using tl{e UBC
electric cone for the sand deposits at Tilbury Island and McDonald's Farm
was about 0.5% with an average 4. of around 135 bars (13.5 MPa)

If local design correlations have been developed based on SPT " data

! bor = 100KPQ = 1.02 kg/em®
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obtained using alternative procedures such as a trip hammer or proce-
dures other than the rope and cathead technique, the g./N ratios shown
in Fig. 1 may be slightly in error. If a trip hammer was used it is likely
that the energy level would be higher than the average 55% level by a
factor of about 1.4 (10). Therefore, g./N ratios would be slightly higher
than those shown in Fig. 1.

It is important that geotechnical engineers are aware of the average
energy level on which local SPT design correlations have been based. It
is hoped that this paper will provide some guidelines as to how to cor-
relate CPT data to equivalent SPT N-value based on an understanding
of SPT energy level.
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