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Abstract

The Nspr index is usually used in empirical correlations to estimate parameters of the soil, carrying capacity, foundation settlement, etc.
Because these correlations have no scientific basis, researchers have been developing rational methods of analysis, based on energy
concepts. The amounts of energy involved in the SPT test are evaluated by the EFV method. With force and acceleration records, amounts
of energy, equipment efficiency, experimental dynamic reaction force of the soil and stresses acting on the sampler were assessed. In this
study, a sample extractor system was designed, which consists of a base, a hydraulic cylinder and a load cell. The objective of this equipment
is to experimentally quantify the internal friction force, allowing the stresses acting on the sampler to be evaluated. Also, the Aoki’s a

parameter, which is the ratio of internal friction and external friction between the ground and the sampler, could be calculated.

Keywords: SPT test; energy; efficiency; stress on the sampler; dynamic instrumentation; Aoki’s a parameter.

Evaluacion de las tensiones internas y externas que actian sobre el
muestreador del ensayo SPT

Resumen

El indice Nspr es muy utilizado en correlaciones empiricas para estimar parametros del suelo, capacidad de carga, asentamiento de
fundaciones, etc. Debido a que estas correlaciones no tienen ningin fundamento cientifico, investigadores han desarrollado métodos
racionales de analisis, basados en conceptos de energia. La cantidad de energia envuelta en el ensayo SPT es evaluada por el método
EFV. Con los registros de fuerza y aceleracion, pueden ser obtenidas las cantidades de energia presentes en el ensayo SPT, la eficiencia
del equipo, la fuerza de reaccion dindmica experimental del suelo y las tensiones que actuan sobre la cuchara partida. En este estudio,
se disefié un sistema de extraccion de muestras, el cual se compone de una base, un cilindro hidraulico y una célula de carga. El objetivo
de este equipo es cuantificar experimentalmente la fuerza de friccion interna, lo que permite determinar las demas fuerzas y tensiones
que acttian sobre la cuchara partida. Ademas, se puede calcular el parametro a de Aoki que es la relacion de la friccion interna y externa
entre el suelo y el muestreador.

Palabras clave: Ensayo SPT; energia; eficiencia; tensiones que actian en el muestrador; instrumentacion dindmica; parametro a de

Aoki.

1. Introduction

The standard penetration test (SPT) does not directly
measure the shear strength of soils. Because of this, different
authors have suggested empirical correlations to estimate
relative density, friction angle and other soil parameters [1].
However, as these correlations have no scientific basis,
researchers have been developing rational methods of
analysis that are based on energy concepts.

The SPT (Standard Penetration Test), standardized in
Brazil by ABNT-NBR 6484 (2001) [2], is usually used to
estimate soil resistance through the dynamic resistance index
(Nspr). This index refers to the number of hammer blows
required to penetrate the SPT sampler 0.30 m into the soil
after an initial penetration of 0.15 m. The blows are produced
by lifting the 65-kg hammer at a height of 0.75 m and
dropping it in free fall, transmitting its potential energy
(478.2 J) to the string of rods.
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However, as this Nsprindex does not directly represent
the real value of soil resistance, researchers have developed
energy-based methods to estimate the theoretical static
reaction force (Rs) and the theoretical dynamic reaction force
(Fa) of the soil [3-5]. Both theoretical reactions forces and the
experimental dynamic resistance (Rp), mobilized during the
penetration of the sampler, are obtained from the energy
transferred during the propagation of waves in the string of
rods and the sampler.

This paper presents the results of SPT tests conducted in
the Experimental Field of the University of Sao Paulo at Sao
Carlos. The SPT tests were performed with an instrumented
subassembly, which was placed at the base of the string of
rods. The amount of energy transmitted to the sampler could
be evaluated using measured accelerations and forces, which
allowed the equipment efficiency to be calculated.

The accelerations and forces were measured through an
instrumented subassembly, which is composed of two
accelerometers and a load cell, and placed at the top of the
sampler.

The internal friction force between the soil and the
internal sampler wall was evaluated using a sample
extracting system in order to subsequently assess the other
stresses acting on the sampler. Finally, knowing these
stresses, the Aoki’s a parameter, which is the ratio of internal
friction and external friction between the soil and the sampler
wall, respectively, can be calculated.

2. The sample energy and reactions.
2.1. Energy and efficiency

The amount of energy transferred to the sampler (Epqse),
can be either theoretically or experimentally estimated.
Experimentally, the amount of energy can be evaluated
through the EFV method, which consists of the integration of
the product of the normal force (F) and velocity (v) with
respect to time (eq. 1). The velocities (v) were calculated by
integrating acceleration with respect to time.

ty
Ebase=ft, Fxvdt (1)

where the & is the initial instant corresponding to the
beginning of the event, that is, when the force becomes different
from zero, and ¢ris the final instant, when the force and velocity
signals becomes zero and no subsequent impacts occur.
Theoretically, according to Odebrecht [6], the system’s
potential energy (£Psystem) is the theoretical potential energy
(£P) plus the potential energy of the hammer and rods due to
the sampler penetration into the soil (eq. 2).
EPsystem = EPi + (Ap X My X g) + (Ap X M, X g)  (2)
Where,
H=height of fall (m).
Ap= permanent sampler penetration (m).
M= rod mass (kg).
M= hammer mass (kg).

g= acceleration of gravity (m/s?).

However, the amount of energy that reaches the sampler
(Esampler) 18 lower than EPgseem due to energy losses that occur in
the process of penetrating the sampler into the soil [7]. These
energy losses depend on the type of equipment (type of hammer,
the length of the string of rods, the geometry of the sampler, test
procedures, i.e., mechanical or automatic, etc.), loose rod
couplings and reflections due to cross section changes.

According to Odebrecht et al. [8], these losses are
represented by three distinct coefficients: 7: (hammer
efficiency), 7z (efficiency of the string of rods) and 73
(system efficiency). The energy actually reaching the
sampler is shown in eq. (3).

Esampler = n3[n1(EPi + (Ap X Mh X g))

+1,(4p X My X g)] @
Where,
féf Epase X v dt
T T075+ 4p) X My X g] @
n,=1 (5)
n; =1-0.0042 L, (6)

L, = total length of the string of rods.

The equipment efficiency (1) is the ratio of the energy
that reaches the sampler (Ebase) and the system’s potential
energy (EPsystem).

Ebase

n= )
EP system

2.2. Experimental dynamic reaction (Rp)

The experimental dynamic reaction for one blow (Ra) is
the average of the resultant forces caused by the impacts
during the time interval when the SPT sampler is penetrated
into the soil (Fig. 1).

The experimental dynamic resistance (Rp) at a certain
depth is defined as the average of the values of the
experimental dynamic resistance for each blow, divided by
the number of blows (V) for the last 0.3 m of the sampler’s
penetration into the soil (eq. 8).

_XRy
- N

Ry ®)

2.3. Reaction forces and stresses developed during the
sampler penetration.

At the instant that the stress wave reaches the sampler, the soil
reacts, producing an experimental dynamic force (Rp), which is
constituted by the stresses and forces shown in Fig. 2. [4]

The balance of non-conservative vertical forces acting on
the sampler (Fig. 2) is represented by:
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RD+Wh=R1+R2+R3+R4 (9)
Where:
Ry =T X Dox¢ X (Lext — Lp) X1 (10)
Ry =1 X Dspoe X T1; X Lgpoe 1
100
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Figure 1. Force and displacement versus time for a typical record corresponding
to a section just above the sampler (4" blow at the depth of 4 m).
Source: The authors.
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Figure 2 Reaction forces and stresses when the sampler is being penetrated
into the soil.

Source: Adapted from [4]
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Where,

Dexr=50.8 mm

Dine=34.7 mm

Ds[me =32.0 mm

Dp=134.7 mm

Lp,=21.5 mm

Lshoe = 50.36 mm

Dexr= sampler’s external diameter.

Dine= sampler’s internal diameter.

Dinoe= sampler’s shoe internal diameter.

Dp=sampler’s tip diameter.

Lp=sampler’s tampered section length.

Lexr= sampler’s total penetration.

L,= sample’s length.

Lsnoe= sampler’s shoe length.

= friction on the sampler’s outer surface and chamfer.

ri= friction on the sampler’s inner surface.

Rp= dynamic experimental reaction.

Wi= weight of the rods and anvil.

R:= frictional force at the sampler’s outer surface.

R>= frictional force at the sampler’s inner surface.

Rs3= vertical reaction force on the annular section of the
sampler’s tip (may be considered negligible).

R4+ = vertical component of frictional force along the
sampler’s tampered surface.

Rs= horizontal component of frictional force along the
sampler’s tampered surface.

The balance of non-conservative vertical forces acting on
the sampler (Fig. 2) is represented by:

Rp+Wy,=R{+Ry+R3+R, 9)
Where

Ry =m X Doyt X (Lext — Lp) X1 (10)

Ry =1 X Dspoe X 71 X Lspoe (1

Following Aoki [3], the a parameter can be defined as the
ratio of the internal and external friction:

T
a=— 12
, (12)

Eq. (11) can be rewritten:

Ry =1 X Dgpoe X a X1 X Lgpoe (13)

Fig. 3 shows the forces acting on the sampler’s open tip
of. It can be seen from this figure that R- is equal to the
resistance reaction acting in the open tip of the standard
sampler (eq.14):

2

D;'Lnf X7, (14)

R2:TL'X

Similarly to the CPT test, the friction ratio (Rs) is defined
as the ratio of the external lateral friction and the tip
resistance of the soil (7p).
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Figure 3 Forces acting on the open tip of the sampler.
Source: Adapted from [4]

T T
Rr=_l—__"Li _
f p  (aXT1y) (15)

Combining eq. (11), (14) and (15), the following equation
is obtained:

2
R — Dint
f 4xXax Dshoe X Lshoe

(16)

The Rzand R4 forces can be assessed by eq. (17) and (18).

T n
R; = 2 X (Dﬁ — D) X R_f (17)
Lp
R, =1, X (5L x T) (18)
Where,
210,5
(Dext - Dp)
L= {Lg + [# (19)
T X L X (Doxy + D) (20)
2
Therefore,
Rp + Wy,
= 21
T Y+ +U @
Where,
G =1 X Doyr X (Lexe — L) (22)
I =7 X Dgpoe X a X Lgpoe (23)

T 1
J=—=%x(DZ—-DZ;) x— (24)
4~ VP TR,
L
U=SL><T” (25)

3. SPT equipment

The following is a list of the specifications of the SPT
equipment that was used in this research:
e Tripod
e String of rods (24.3-mm inner diameter, 33.4-mm outer
diameter. lengths of 1 to 2 m and unit weight of with 32.3-N/m)
65-kg pinweight hammer with a wood cushion.
Anvil (90-mm height, 87.5-mm diameter and 3.3-kg
weight)
Rope (to lift the hammer)
Conventional couplings (to connect the rods)
Helical auger
Raymond type split sampler

4. Instrumentation

4.1. Instrumentation and

accelerations

for

measuring  forces

The instrumented subassembly, which was developed by
Lukiantchuki [9], consists of one segment of rod in which one
load cell and two accelerometers are mounted. For more
information about the instrumentation, data logger and
software used in this research refer to Zapata [10].

4.2. Equipment for measuring the friction force between
the soil and the sampler

An equipment to extract samples from inside the sampler
and to evaluate the friction between the soil and the sampler
was developed by Zapata [10]. The friction between the soil and
the sampler can be evaluated by measuring the force Rzneeded
to move the sample inside the sampler. The force Rzis applied
by a hydraulic cylinder and measured by a load cell. This
procedure is performed for each meter of the SPT test.

This equipment consists of the following (Fig. 5):

e Naval aluminum base and supports for the sampler and
the hydraulic cylinder

Hydraulic cylinder to apply the sample extracting load

Load cell (HBM model RSCBC3 with a maximum

capacity of 500 kg) to measure the force applied to move

the sample inside the sampler (Fig. 6)

215 =~
: 7LD I P
I I L/—
347 328 (=504~ 347 50.8
1 ! !
2o 1 oo

- 665.0 -

826.7
Figure 4 Dimensions (mm) of the sampler used in this research.
Source: The authors.
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Figure 5 Equipment for measuring the internal friction force between the soil
and the sampler.
Source: The authors.

Load cell

Figure 6 Load cell to measure the internal frictional force (Rz).
Source: The authors

The load cell force signals (Xz) are sent to and recorded
by a portable data acquisition system (HBM model MX-410),
which is controlled by the CatmanEasy software.

From the measured internal shear force R- and the
experimental dynamic reaction (Rp) corresponding to a
specific depth, the remaining reactions (tip, internal and
external friction) that take place when the sampler is
penetrated into the soil can be assessed. Furthermore, the
Aoki’s a parameter and the friction ratio (Rr) are evaluated
by using the equations described in section 2.3.

5. Results and discussions
5.1. Energy and efficiency
The amounts of energy and the efficiency values at the top

of the sampler were determined for the blows that corresponded
to the last 0.3 m of the total sampler penetration into the soil.
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Table 1 shows the penetration of the sampler, the energy
estimated at the bottom of the string of rods (top of the sampler,
(Epase) and the system’s potential energy (£Pystem). The
differences between the nominal potential energy (£F) values and
the system’s potential energy (£Psystem) values (Table 1), show the
importance of correcting the energy according to Odebrecht [6].

The system’s potential energy that corresponds to higher
resistance soil layers (Nspr> 5 blows) is at least 8.5% higher
than the nominal potential energy (478.2 J), whereas in the
lower resistance soil layers (Nspr< 3 blows); this percentage
may be as high as 30.6%.

The estimated energy at the base of the string of rods and
the system’s potential energy curves show a parallel trend
(Fig. 7). The distance between the two curves is the energy
loss, which can be represented by efficiency (7).

Table 1
Energy and penetration results of the SPT test.

Depth  Blow L, EP gsom
(m) . (m) Nspr p(m) E pase (1) (J)

2 0.114 393.50 555.55

1 3 1.28 2.69 0.106 42924 550.13

4 0.114 432.53 555.55

Average 41842 553.74

2 0.148 411.94 583.30

2 3 228 201 0.151 432.08 585.43

Average 422.01 584.37

2 0.207 476.47 631.74

3 30 32 152 4087 46004 61691

Average 468.26 624.33

2 0.116 417.01 567.94

4 3 428 299 0.09 403.09 547.83

4 0.095 435.75 551.70

Average 418.62 555.82

2 0.091 336.44 551.49

5 3 528 297 0.109 389.68 565.98

4 0.103 375.23 561.15

Average 367.12 559.54

2 0.135 438.69 591.18

6 3 628 3.03 0.075 350.26 540.99

4 0.087 420.94 551.03

Average  403.30 561.06

3 0.062 363.47 532.07

4 0.064 380.14 533.81

7 5 728 536 0.049 361.81 520.79

6 0.048 359.87 519.92

7 0.057 383.97 527.73

Average 369.85 526.86

2 0.081 364.66 551.14

3 0.061 353.92 533.14

8 4 828 5.19 0.051 341.13 524.14

5 0.046 345.76 519.64

6 0.05 360.07 523.24

Average 353.11 530.26

4 0.045 339.98 520.16

5 0.041 327.68 516.44

6 0.044 329.81 519.23

9 7 928 6.89 0.05 362.33 524.82

8 0.04 343.76 515.51

9 0.037 330.33 512.71

10 0.048 370.77 522.96

Average 343.52 518.83

3 0.047 320.68 523.52

4 0.053 367.01 529.30

5 0.048 364.58 524.48

10 6 10.28  6.82 0.046 362.67 522.55

7 0.039 353.27 515.81

8 0.036 33527 512.92

9 0.039 354.11 515.81

Average 351.08 520.63

Source: The authors
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Figure 7 Energy average values versus string of rods length.
Source: The authors.

Table 2

Average efficiency values.
7 (%) od (%) cv (%)
70.59 2.46 3.51

Source: The authors.

According to Fig. 7, the shorter the length of the string of
rods, the greater the system’s potential energy and the greater
the energy that reaches the sampler.

Table 2 shows the average values of efficiency for the
tests conducted in this research as well as the standard
deviation and the variation coefficient.

Table 3 displays the SPT test efficiency (7) values, the energy
values that reach the sampler (according to Odebrecht et al. [8]),
the hammer’s efficiencies (771), the string of rods’ efficiencies (772)
and the system’s efficiencies (773). These parameters can be
calculated by eq. (4), (5) and (6), respectively.

Table 3 shows the estimated energy at the base of the
string of rods (Epase) is lower than the energy that reaches the
sampler (Esampier), calculated by eq. (3) for shorter string of
rods. However, if the string of rods’ length is increased, the
values of Epse Will be closer and closer to the sampler’s
energy values (Esampier), possibly even exceeding them.

This is the case as the hammer efficiency (77) is always
higher than the efficiency (7). For longer strings of rods, the
influence of the system efficiency (775) is higher as it drops
from almost 100% to 96%; as a consequence, the energy that
reaches the sampler is decreased (Esampler)-

5.2.  Reactions and stresses developed during sampler
penetration.

The values of the force Rz and other reactions acting on
the sampler, in addition to Aoki’s @ parameter [4] and friction
ratio (Rs), are shown in Table 4.

Table 3.
Results of the SPT test efficiency and hammer and system efficiencies
according to Odebrecht et al. [8].

Prof. Blow L,
(m) —#  (m)

Epase

Npr o Esampler 1 N3

U] %) (%)

395.96 71.42 99.46
431.18 78.64 99.46
43478 78.51 99.46
420.64 76.19 99.46
418.56 71.94 99.04
438.72 7521 99.04
428.64 73.57 99.04
491.09 78.08 98.62
472.85 77.00 98.62
48197 77.54 98.62
42494 7552 98.20
407.81 7526 98.20
440.53  80.87 98.20
42443 7722 98.20
343.85 62.74 97.78
398.84 71.14 97.78
383.74 6899 97.78
37548 67.62 97.78
453.25 77.74 97.36
355.52  66.58 97.36
426.67 78.87 97.36
411.81 74.40 97.36
366.20 7020 96.94
382.80 73.24 96.94
361.67 71.01 96.94
359.57 70.72 96.94
384.95 7462 9694
371.04 7196 96.94
37247 68.82 96.52
357.04 68.44 96.52
342,16 66.79 96.52
34536 68.12 96.52
360.19 70.59 96.52
35544  68.55 96.52
33942 67.07 96.10
32647 64.97 96.10
329.37 65.14 96.10
362.31 71.03 96.10
341.64 68.24 96.10
327.89 65.82 96.10
369.86 72.87 96.10
34242 67.88 96.10
32146 63.10 95.68
367.66 71.68 95.68
363.77 71.65 95.68
361.32 7145 95.68
350.15 7022 95.68
331.99 66.89 95.68
350.95 7039 95.68
349.62  69.34 95.68

n
base
(%)
70.83
78.03
77.86
75.57
70,62
73.81
7221
75.42
74.57
75.00
73.43
73.58
78.98
75.33
61.01
68.85
66.87
65.58
74.21
64.74
76.39
71.78
68.31
71.21
69.47
69.22
72.76
70.19
66,16
66.39
65.08
66.54
68.82
66.60
65.36
63.45
63.52
69.04
66.68
64.43
70.90
66.20
61.26
69.34
69.51
69.40
68.49
65.36
68.65
67.43

393.50
429.24
432.53
Average 418.42

411,94

2 3 228 201 432.08
Average 422.01

2 476.47

3 3 3.28 1.52 460.04
Average 468.26

2 417.01

428 299 403.09
4 435.75
Average 418.62

2 336.44
528 297 389.68
4 375.23
Average 367,12

438.69
350.26
420.94
403.30
363.47
380.14
361.81
359.87
383.97
369.85
364.66
353.92
341.13
345.76
360.07
353.11
339.98
327.68
329.81
362.33
343.76
330.33
370.77
343.52
320.68
367.01
364.58
362.67
353.27
335.27
354.11
351.08

2
1 301,28 2.69
4

(5]

628 3.03

(=2}
EENRVI S )

Average

728  5.36

~
NN ReWw

Average

828 519

0
[= N I SN I )

Average

928  6.89

K=l
R=Rr BN e RV N

<

Average

10 10.28  6.82

N=NeLREN e RV RN )

Average

Source: The authors

Table 4
Values of the reactions acting on the sampler during its penetration into the
soil, the friction ratio Rf , and the Aoki’s a parameter.

Prof  RD+Wh gp RIOR2OREn i p
(m)  (kN) (kN) (kN) (kN) (kPa) (kPa) (kPa)
1 30 02 08 28 00 01 371 88 486
2 26 02 09 24 00 01 340 71 393
3 23 29 01 19 03 01 202 583 3210
4 34 1.0 02 31 02 01 423 413 2271
5 37 07 02 34 02 01 498 373 2052
6 38 09 02 35 02 01 470 438 2413
7 52 12 01 46 04 02 614 T45 4099
8 55 05 03 51 02 02 687 361 1989
9 63 1.0 02 57 04 02 769 783 4307
10 62 0.6 03 58 03 02 808 483 2658

Source: The authors
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Figure 8 Internal friction force (R2) versus time to 2m deep.
Source: The authors

Fig. 8 shows a representative curve of the internal friction
force versus elapsed time.

Table 4 shows that Aoki’s a parameter values are
approximately equal to one for any bore depth, with the
exception of 1 and 2 m bore depths. This makes sense as the
specific weight of the soil inside the sampler (%) and the
specific weight of the natural soil (), found in [11] are
approximately equal (Table 5).

6. Conclusions

The differences between the nominal potential energy
(EP) values and the system’s potential energy (EPsystem)
values, shown in Table 1, clearly show the importance of
correcting the energy according to Odebrecht [6].

Table 5.
Values of the specific weight of the soil inside the sampler and the natural
ground.

T Y Nm3) Yo (RN/m3) Vil Ve
1 18.7 15.6 1.2
2 14.4 15.5 0.9
3 16.3 15.8 1.0
4 15.2 16.9 0.9
5 16.4 17.2 1.0
6 17.5 17 1.0
7 17.6 18.3 1.0
8 16.8 19 0.9
9 17.3 18.4 0.9
10 19.4 18.9 1.0

Source: The authors.
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The system’s potential energy corresponding to soil
layers of higher resistance (Nspr> 5 blows) is at least 8.5%
higher than the nominal potential energy (478.2 J), whereas
in the lower resistance soil layers (Nspr < 3 blows) this
percentage increases up to 30.6%.

The estimated energy at the base of the string of rods and
the system’s potential energy curves show a parallel trend.
The distance between the two curves is the energy loss, which
may be represented by efficiency (7).

The average efficiency at the base of the string of rods is
70.59%, with a standard deviation of 2.46% and coefficient
of variation of 3.51.

The estimated energy at the base of the string of rods
(Ebase) 1s lower than the energy that reaches the sampler
(Esampler) Tor shorter string of rods. However, if the string of
rods’ length is increased, the values of Ejqs. will be closer and
closer to the energy values of the sampler (Esampier), possibly
even exceeding them. This is the case as the hammer
efficiency (77z) is always higher than the efficiency (7). For
longer strings of rods, the influence of the system efficiency
(713) is higher as it drops from almost 100% to 96%; as a
consequence, the energy that reaches the sampler is
decreased (Esampier)-

The development of equipment for estimating the internal
friction force (R2) allowed the stresses acting on the SPT
sampler to be evaluated.

The Aoki’s a parameter values are approximately equal
to one for any bore depth, with 1 and 2 m bore depths being
the exception. These results show the efficacy of the new
equipment that is designed to estimate the internal friction
force (R2).
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