Theoretical and Experimental Evaluation of the Influence of
the Length of Drill Rods in the SPT-T Test
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Abstract. The influence of soil drill rod length on the N value in the SPT-T test has been studied extensively by Mello (1971),
Schmertmann & Palacios (1979), Odebrecht et al. (2002) and Cavalcante (2002). This paper presents an analysis of the Standard
Penetration Test supplemented with torque measurement (SPT-T). A theoretical study of the resistance of the rod material to
torsion and bending indicated that the shear stress caused by the rod self-weight represents less than 1% of that caused by the
torsional moment. An experimental study with electric torquemeters attached to a horizontal rod system, as well as two field tests
in the vertical direction, were also carried out to compare and substantiate the results. The purpose of these tests was to analyze
changes along the length of the rod in response to successive increments at 1-meter intervals. Torque measurements were taken at
each increment of the length to ascertain the accuracy of the theoretical data. The difference between the applied torque and the

measured torque at the end of rod system was lower than the minimum scale of mechanical torquemeters used in practice.
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1. Introduction

The standard penetration test (SPT) is commonly
used in the design of pile and shallow foundations in Brazil-
ian foundation construction practices. Mayne (2001), who
questioned the notion that just one number (an N-value)
suffices to estimate a wide range of soil parameters, recom-
mended the use of in situ testing with hybrid devices. Ran-
zini (1988) proposed supplementing the conventional SPT
test with torque measurements required to turn the split-
spoon sampler after driving.

A simple test can be performed by drilling, following
the Brazilian ABNT NBR 6484 (2001) standard. After pen-
etration of the split-spoon sampler, keeping count of the
hammer blows, an adapter is attached to the anvil, onto
which the torquemeter is attached. A centralizing device
should be placed either on the top of the hole or inside the
pipe to prevent the rod from shifting off-center in the hole
during the application of torque. The rod-sampler set is then
turned, using the torquemeter. The maximum torque is
measured and turning continues to be applied until the
torque remains constant, at which point the residual torque
value is determined.

Torque is measured at the top of the rod-sampler sys-
tem, Fig. 1a, but friction, as proposed by Ranzini (1994), is
calculated considering only adhesion at the sampler-soil in-
terface, Eq. (1):

T

= ey
(41336 x h —0.032)
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where f, is sampler-soil adhesion, kPa; T is the measured
torque, kN.m; and / is the depth of penetration of the sam-
pler, m.

The constants in this equation are based on sample di-
mensions. In this paper, the Raymond split-spoon sampler
is considered (ABNT NBR 6484-2001).

The influence of rod length on the torque measure-
ments should be checked, since the readings are taken at the
upper end of the sampler-rod system, while the actual load
is borne by the sampler. This paper describes the first study
in which the rod system is considered in a horizontal posi-
tion (Fig. 1b) to allow for control of the applied torque. The
experimental findings are preceded by a theoretical study
of simple torsion, bending and bending-torsion concepts in
a thin-walled tubular steel shaft.

Electric torquemeters designed by Peixoto (2001)
were used here. These torquemeters were equipped with a
data acquisition system coupled to a horizontal rod system
to control the applied torque, Fig. 1b. The purpose of these
tests was to analyze 1-meter to 20-meter long rods, with the
torque measured at the ends of the rod system to ensure the
accuracy of the data.

The SPT-T tests were carried out vertically, but ex-
perimental loading must be done with the rods in the hori-
zontal position to allow for control of the applied torque,
since the results of field tests depend on soil resistance.
Moreover, field tests enable one to evaluate how and to
what extent the rod’s instability affects the accuracy of the
SPT-T test.

The theoretical study that preceded the experimental
tests was fundamental in understanding the behavior of
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rods during the SPT-T test, clarifying the difference be-
tween the torque applied at the upper part of the rod system
and the torque at the sampler-soil interface.

2. Methodology

The present study aimed to determine the influence of
rod length on the N value in the SPT-T test. Therefore, a
theoretical study was first made to provide the necessary
background for analyzing soil drill rod behavior, in order to
gain a better understanding of how experimental tests are
performed in practical engineering.

2.1. Theoretical background

Concepts of materials resistance and buckling phe-
nomena are necessary for theoretical analyses and compari-
sons with experimental results.

Based on the concept of free torsion (or uniform tor-
sion) as a type of load in which all the cross sections of a rod
are loaded only by a torsional moment, any other kind of in-
ternal load such as the bending moment, normal load or
shear load is equal to zero. An initial hypothesis is that the
cross sections undergo free warping, but their projections
remain undeformed. This phenomenon does not occur with
in situ SPT test rods that have a circular thin-walled section.

However, in the initial phase of this research, which
was conducted in the laboratory, thin-walled section rods
were subjected to normal stresses caused only by the bend-
ing moment. The rods were placed in a horizontal position
and loaded with metal weights, as illustrated in Fig. 1b. The
diagram in Fig. 2 depicts a beam with a vertical load P and
its respective load diagrams.

In the second phase, which consisted of field tests, the
rods were positioned vertically and the buckling phenome-
non was examined, which occurs when a structure is sub-
jected to the action of external compression and bending.
According to Schiel (1984), this phenomenon is not a prob-
lem of structural strength. The factor that determines
whether the structure will be subjected to this phenomenon
is its cross section dimensions (elastic buckling).

Elastic buckling is determined by analyzing the phe-
nomenon in an axially compressed prismatic bar, as shown

1 1. The applied torque
2. Rods
3. Split spoon sampler

(a) (b)
Figure 1 - (a): SPT-T test load; (b): Laboratory experimental load.
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Figure 2 - Beam load diagrams.

in Fig. 3. In this figure, the deformation of the bar is repre-
sented by the elastic curve, with the y axis representing the
displacement of the cross section.

The critical buckling load (Euler’s Load) is presented
in Eq. (2),

n’ P n’ El

com T @

where L = L, is the critical length; / is the moment of inertia
of the cross section; and E is Young’s modulus.

However, the goal here is to study the influence of
weight on the buckling phenomenon in a bi-jointed column,
which probably best represents SPT-T rods in field tests.
The real elastic deformation of the bar to meet the new
boundary conditions depicted in Fig. 4 is obtained by
Eq. (3),

—5sinl ™ 3
y Slr(Lj 3)

which results in

Figure 3 - Static scheme of axially compressed bar.
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Figure 4 - Probable deformation of a bi-jointed column under its
own weight.

{{q%o.},{q%“iilﬂ}} @)

where ¢ represents the Critical Distributed Buckling Load.

Mathematica (Wolfram, 2003) software was used to
solve the equation that theoretically determines the critical
rod length.

To verify the theoretical calculation of the Euler load
experimentally, a 2-meter length rod used in the SPT-T test
was subjected to an axial compression test in the Structures
Laboratory, School of Engineering, Sdo Paulo State Uni-
versity, Bauru City, Brazil.

The rod was placed in a metallic frame and loaded,
using a load cell and a hydraulic jack, ensuring that the ulti-
mate buckling load would not be reached. The hydraulic
jack was connected to the load cell and a data acquisition
system was used to control the applied load and record the
strain values.

Four strain gauges were attached vertically around
the rod section at mid-length, which is the critical area for
the occurrence of maximum deformations, Fig. 5.

Figure 6a shows the strain gauge arrangement, while
Fig. 6b illustrates a strain gauge attached to the rod. This
test was conducted to confirm Euler’s critical load, since a
test that could analyze only the rod’s self-weight could not
be performed.

2.2. Laboratory tests

The influence of length rod on the buckling phenome-
non was studied using the SPT device recommended by the
Brazilian NBR6484 (2001) standard. The theoretical
weight of the rod was 32 N/m, its external diameter was
334 mm = 2.5 mm, and its internal diameter was
24.3 mm + 5 mm.

The laboratory tests were performed to control the ap-
plied torque without soil resistance. The calibration system
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Figure 5 - Strain gauges attached to the rod.

(b)

Figure 6 - Strain gauge details.

represents the field operator applying the torque, but with
the rods in a horizontal position, as illustrated in Fig. 7. The
results were recorded by two electric torquemeters posi-
tioned at the extremities of the rod system.

The rods were positioned horizontally and their
length varied from 1 m to 20 m. Tripods equipped with
roller bearings were used to reduce the friction between the
rods and tripods, Fig. 8.

2.3. Field tests

The purpose of the field tests was to verify the influ-
ence of rod length on practical SPT-T tests. These tests
were performed in winter (July 2006) at the Experimental
Foundation Site, School of Engineering, Sdo Paulo State
University, Bauru City, Sdo Paulo State, Brazil, Fig. 9.

Two different tests were carried out. The first was in a
borehole, as performed in a standard SPT test, while the
second one was carried out inside a pit with a diameter of
0.80 m, in which it was possible to execute a test similar to
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1. Calibration system 2. Electric torquemeter 3. Rods 4. Tripods with bearings

Figure 7 - Rod system.

Sdo Paulo State

F&ui@r_

Bauru City_
Campinas City

Figure 8 - Roller bearing.

Figure 9 - Site location.
the laboratory test, i.e., using two electric torquemeters, the
first attached to the upper end of the rod system and the sec-

is is followed b lysis of the laborat d field
ond between the sampler and the rod system. 515 15 foflowed by an afiatysts Of the taboratoty and He

tests.
Figure 10 illustrates the two test configurations, in-

cluding previous in situ tests carried out in this area. 3.1. Theoretical analyses

3. Results and Analysis . . S
In the static scheme, Fig. 11, the rod’s self-weight is
This analysis is essential, since rod instability may considered as a transversally distributed load (¢ = 32 N/m)

impair the practical results. The presentation of this analy-  and the applied torsion moment, M, = 500 N.m, is greater

26 Soils and Rocks, Sdo Paulo, 33(1): 23-31, January-April, 2010.
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Figure 10 - Configuration of the tests conducted at the Experimental Foundation Site of UNESP’s Faculty of Engineering at Bauru.
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Figure 11 - Static scheme showing the rod’s self-weight load and
torsion moment.

than the usual field test loads. The rod’s geometric proper-
ties are listed in Table 1.

As can be seen in Table 2, the shear stress (t,) caused
by bending was less than 1% of the shear stress caused by
the torsional moment, 1, , Eq. (5), since itis 20 m long in the

M
rod system.
M
Ty =— &)
2tA,
where T,, is the torsion shear stress at the cross section,

Mt
MPa; ¢ is the cross section thickness, m; and A is the area

enclosed by the medium curve, m’.

3.1.1. Buckling

Based on the theoretical expressions, Table 4 illus-
trates the critical load results for the columns with articu-
lated ends. The Critical Buckling Load (Euler load), P_, is
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Table 1 - Cross section dimensions and properties.

d, (m)' d,, (m)’ d, (m)’
2.390.10° 3.355.10° 2.8725.10°
A, (m) t (m)’ A, (m)’
4.3542.10° 4.8250.10° 6.4805.10™
I (m"’ I (m""* r (cm)’
1.089.10" 7.3034.10° 1.030

'Internal diameter; ‘External diameter; *Medium diameter; ‘Cross
section area; “Cross section thickness; “Area enclosed by the me-
dium curve; 'Torsion inertial momentum; 8Bending inertial mo-
mentum; “Radius of gyration.

Table 2 - General stress.

o (MPa)’
0.82

T, (MPa)'
7.35.10"

1,, (MPa)’
79.95

lBending shear stress; “Torsion shear stress at cross section;
‘Bending stress.

obtained by Eq. (2) and the Critical (Self-Weight) Distrib-
uted Buckling Load, ¢, is obtained by Eq. (4). The
Equivalent Critical Load (P,,,,) is calculated by multiply-
ing the Critical Self-Weight Buckling Load (¢,,,) by the cor-
responding rod length (L). It is then possible to compare
those values with the theoretical Critical Buckling Load
(P, far right column, Table 4).

Since the rod’s weight is 32 N/m, note that the self-
weight is not a limiting factor for the occurrence of buck-
ling up to 20 m (as shown in the g, column, Table 4).
These results indicate that the influence of the column’s
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Table 3 - Shear stress caused by bending (t,) and torsional (t,,)
moments.

L (m) V(N) T, (MPa) 1, (MPa) v (g
Y

1 16 0.037 79.95 0.046

5 80 0.184 79.95 0.230

10 160 0.367 79.95 0.460

15 240 0.551 79.95 0.689

20 320 0.735 79.95 0.919

self-weight does not affect the buckling phenomenon in the
STT-T test.

Even admitting, hypothetically, that the weight of the
SPT operator with a magnitude of 772.1 N (column 4, Ta-
ble 4) is applied axially to the upper extremity of the rod
during the in situ test, this would be considered a critical
load for a rod with over 11 m of free length. Considering
depths of more than 11 m, this influence may cause lateral
instability of the rod system, given that critical loads dimin-
ish.

Table 4 - Critical Buckling Load ¢, as a function of the rods’

cri

It is also possible to conclude that the self-weight is
less critical than the axial load the operator applies at the
upper extremity of the rod. Therefore, the column’s slen-
derness must be taken into account when defining a safety
limit for the rod’s free length in order to ensure the good
performance of the SPT-T, considering an axially com-
pressed column.

Table 5 shows the slenderness (L) of the rod col-
umn calculated as a function of length and obtained by
the ratio of the buckling length (L) to the radius of gyra-
tion (r).

According to the Brazilian ABNT NBR 8800/1986
code, the maximum admissible slenderness of a prismatic
steel bar subjected to axial compression is 200. Considering
the results found in Table 5, the critical buckling length in
the rod column test is 2 m (A = 194,2). This means that in
tests conducted at deeper depths, intermediary spacers must
be added at 2-meter intervals to satisfy the slenderness
limit. The goal is to diminish the rod’s free length, avoiding
buckling and large lateral displacements of the rod column,
thereby improving the efficiency of the test.

Figure 12 depicts the instant when buckling occurs in
a compressed rod under the application of the critical load.
The cross section at mid-span shows the maximum trans-
versal displacement.

length. Considering L, =L/ J2=07Lfora joint-clamp bar
Length  Critical self-  Equivalent criti- Critical buckling scheme according to the ABNT NBR 8800/86 standard, it
L(m)  weight buckling cal load load (Euler load)  is possible to estimate the buckling load. Based on theoreti-
load P, N) P, (N), Eq. (2) cal calculations (Eq. (11)), the buckling load was 46 kN.
4., (N/m), Eq. (4) Figure 13 depicts the load vs. time curve obtained during
1 583706.3 583706.3 93423.0 the buckling test, showing a maximum load of 48.5 kN was
2 72963.3 145926.6 23355.7 obtained, which means a difference of about 5% over the
. 216158 64836.3 10380.3 eXPeij: ;?:ll;is of Fig. 14 reveals that when the buckling
4 91204 36481.6 5838.9 load was almost attained, two pairs of the four strain
5 4669.7 23348.3 3736.9 gauges exhibited major deformations, distension and con-
6 2702.3 16214.0 2595.1 traction.
7 1701.8 11912.4 1906.6
8 11401 1204 14397 Table 5 - Slenderness as a function of length.
9 800.7 7206.2 1153.4
10 583.7 5837.1 934.2 Length (m) A Length (m) A
11 438.6 4824.1 772.1 1.0 97.1 11.0 1068.1
12 337.8 4053.5 648.8 2.0 194.2 12.0 1165.2
13 265.7 3453.8 552.8 3.0 291.3 13.0 1262.3
14 212.7 2978.1 476.7 4.0 388.4 14.0 1359.4
15 173.0 2594.3 415.2 5.0 485.5 15.0 1456.5
16 142.5 2280.2 364.9 6.0 582.6 16.0 1553.6
17 118.8 2019.8 3233 7.0 679.7 17.0 1650.8
18 100.1 1801.6 288.3 8.0 776.8 18.0 1747.9
19 85.1 1616.9 258.8 9.0 873.9 19.0 1845.0
20 73.0 1459.2 233.6 10.0 971.0 20.0 1942.1
28 Soils and Rocks, Sdo Paulo, 33(1): 23-31, January-April, 2010.
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Buckling

Figure 12 - Instant when buckling occurred.
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Figure 13 - Load vs. time curve.

3.2. Laboratory tests

The two graphs below display the values of torque
obtained at the extremity close to the point where torque
was applied, and the differences between the first and sec-
ond torque values. In Fig. 15, the ordinate axis represents
the ratio between the torque applied at the beginning (7))
and the torque received at the end of rod system (7). The
ordinate axis in Fig. 16 shows the values of the differences
between the two torquemeters. Note that although the ap-
plied torque increases the ratio between the applied torque
and the received torque, the minimum value remains con-
stant (Fig. 15).

Soils and Rocks, Sao Paulo, 33(1): 23-31, January-April, 2010.
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3.3. Field tests

Figure 17 depicts the data recorded by the data acqui-
sition system, showing the torque values from both torque-
meters and the substantial differences between those
values.

Table 6 lists the maximum torques recorded by the
torquemeters used in the field tests. As can be observed, the
differences between the two values, 7, and 7, (on average
around 16 N.m) are below the normal minimum torque-
meter scale (20 N.m). These results confirm the data ob-
tained in the laboratory tests.

4. Conclusions

Based on the laboratory and field tests, it is possible to
ensure that the torque difference through rod length is
lower than the minimum scale of mechanical torquemeters
that are used on practical engineering (20 N.m). That way,
the influence of the drill rod length is not significant consid-
ering the practical results.

Following the theoretical analyses, it can be con-
cluded that the rod’s self-weight is not the limiting factor
for the buckling phenomenon. The most important rod

100
3 meters depth
80 1
é 60 1
o
2 40
=
20 {fF
0+
70 80
Time (s)
300
9 meters depth
250 -
E
(X
o
=
g

Time (s)

Figure 17 - Torque vs. time.

30

characteristic is the column’s slenderness in order to pre-
serve the rods’ stability during field tests.

As stated earlier herein, the column’s slenderness
should be kept to the 200 limit, which corresponds to two

Table 6 - Differences in the applied torques recorded by the two
torquemeters.

Rod length Depth T, T, T,-T,
(m) (m) (N.m) (N.m) (N.m)
2 1 50.2 36.9 133
3 2 60.2 57.6 2.6
4 3 57.7 42.6 15.1
5 4 96.8 78.9 17.9
6 5 98.6 80.7 17.9
7 6 158.7 146.4 12.3
8 7 99.5 81.2 18.3
9 8 289.9 272.0 17.9
10 9 192.9 164.2 28.7
16 15 290.7 273.2 17.5

Average (N.m) 16.2

100
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T
0 10 20 30 40 50 60 70 80
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meters of free rod length. Intermediate spacers should be
placed along the rod’s entire length to avoid free rod
lengths from exceeding two meters and thereby reducing
the efficiency of the test.

Moreover, with regard to the sampler’s penetration in
response to the falling hammer, this load can be considered
to have no influence down to a depth of around 12 m. How-
ever, this dynamic effect could not be eliminated, since de-
termining it is the goal of the test.

Some important aspects to be considered are that the
real column is not bi-articulated at its extremities and also
that it has eccentricities along its length, neither of which
are considered in the theoretical formulation. All the above
described details confirm the idea that the rod’s free length
should be diminished by using intermediate spacers.
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