ERRORS IN STRESS MEASUREMENTS IN SOILS
UNDER SHORT-TERM LOADS
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The results of experimental investigations of systemic errors in stress measurements in
sandy soils by strain gauges under short-term loads produced by detonation of a plane charge
are presented. The effect of rigidity of sensitive elements of the gauges and the effects of
stress concentrations around the gauge body on the stress field measured are analyzed. A
comparison of the experimental results with the theoretical calculations of [1, 2] is offered.
It is shown that the systemic errors will not exceed + 3-7% if certain easily achieved re-
quirements with respect to the gauges are fulfilled. The question of evaluating systemic
error in stress measurement in soils under low intensity static loads has been examined in

{3-6]. :

1. Experimental Method

Sensors used in stress measurements in soils during propagation of explosive waves [7-9] have a
cylindrical form with ratio of height h to diameter D varying within the limits h/D = 0.30-0.166. The sen-
sitive element of such gauges is a thin film of thickness 0, attached to the surface with a strain resistor

glued to its surface.

The diameter of the film d is less than the body diameter, being, as a rule, within the range d/D =
0.5-0.75.

A strain resistor is mounted on the interior lateral surface of the gauge body, forming a half bridge
with the working strain resistor. A second half bridge is located in the strain gauge amplifier. The prin-
ciple of operation of such a gauge is based on the development of unbalance in the bridge upon action on the
sensitive element by a dynamic load. Calibration of the gauge is performed statically in an oil chamber.

In contact measurements the gauge is mounted in a shield in a manner such that only the elastic film
is located at the point of contact. Systematic errorsare then connected with deformation of the film and de-
pend on the relationship between the rigidities of the film and soil.

In measurements in unlimited masses the sensor is located within the soil, and in this case not only
film deflection, but stress concentration around the gauge body, affects the measured stress field, as would
inclusion of any other rigid body within the medium.

To evaluate the effect of film rigidity on measured stress, gauges were used with various d = 1845
mm, 6 =1.0-4.0 mm. The gauges were made from duralumin with a modulus of elasticity E, = 7.4 -10°
kg/cm?, Poisson coefficient vy = 0.33, and elastic limit ¢g = 60 kg/mm?.

The gauges with various d and & were mounted on a large ferroconcrete slab, with dimensions 2 x 2x
0.5 m® in its central portion, in a manner such that the surfaces of their sensitive elements were located
at the same level as the slab surface. Sand was poured and rammed on the slab from above. Soil layer
height was 0.5 m. Stress waves were generated by detonation of a plane charge of explosive. The sand
density was y, = 1.45-1.50 g/cm®, with moisture content by weight of w = 5-7%.
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i ren ot 1 P To study the effect of strain concentration around the gauge
.22 A 24 body, gauges with various ratios of h/D = 0.166, 0.33, 0.50, 1.0,
7’ | * b and 2.5 were used. These particular gauges had the highest sen~

sitive element rigidity in the experiment (d = 22 mm, 6 = 3.0 mm).
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Experiments were also conducted with the goal of studying
the character of the stress distribution over the surface of a rigid
cylindrical block located within the soil mass, as it interacts with
an incident wave. This block, also made of duralumin, had a
diameter of D =150 mm and height h = 50 mm (h/D = 0.33). On

03 ?\, the block surface (about the axis of symmetry and at distances of
74\ 30 mm and 60 mm from the axis) were mounted three sensors
[ \ A with -diameter d =18 mm and thickness 6 = 2.5 mm.
@ . j,,b The corrected densities of the gauges in the experiment
J = /2 w = P/V, where P is the gauge weight and V its volume, varied
[ x 4 from 2.2 to 2.6 g/cm?, with ratios of y;/y from 1.37 to 1.65 (y =
4 e - 1+0.01 w, the soil density). For the cylindrical block v, = 2.85
X 42 3 =
. b e 7 g/ewm’, yi/y =1.78.
71 s P \5 £ misec The gauges with different forms and different h/D ratios
Fig. 1 were installed in the soil at the same relative distance from the

explosive source. Here R = r/G, where r is distance in m, G is
charge weight in kg. '

A portion of the experiments was conducted in undisturbed soil with v, = 1.50-1.55 g/cm3, w =57%.

The gauge indications were recorded by a type UTS-VT-12/35 amplifier and N-105 loop oscillographs.
In all experiments loops of the same type were used, so that the time error was identical for each of a
series of experiments, and had no influence on the value of the systematic errors under investigation [9].

2, Mechanical Characteristics of the Soil

In order fo perform theoretical calculations to evaluate measurement errors it was necessary to
have corresponding data on the mechanical characteristics of the soil in which the experiments were con-~
ducted. Therefore laboratory investigations were made on this soil to determine compressibility and
plasticity under different modes of deformation in a quasistatic apparatus, using the method described in
[10]. Samples with y4 =1.50 g/em® and w = 5%, diameter Dy = 150 mm, and height hy = 30 mm were sub-
jected to loading by a shock load three times. Total strain on the sample was measured by a tensometric
glass, normal strains ¢y (t) and ¢,(t) by membrane sensors, and sample deformation &(t) = hy' u(t) [u(t) is the
displacement of the device piston] was measured by a tensometric displacement sensor. Experiments were
repeated five times under one and the same conditions. Each of the parameters in an experiment was mea-
sured by two or three sensors. The mean variation coefficient g for stress and deformation with a statistical
probability of &= 0.95 was 8 == 15-17% in these experiments.

Figure 1a, b presents measurements of the quantities ¢y(t), g5(t), £(t) for three successive loadings
of the samples [first load: 2) oy(t), 2a) (), 2b) 0y(t); second load: 3) 0y(t), 3a) &), 3b) 0,(t); third load: 4)
gy (t), 4a) €(t), 4b) oy(t)]. The corresponding o(e) curves, constructed by eliminating time t from the
traces ¢y(t) and €t),are presented in Fig. 2 (curves 2, 3, and 4). Curve 1 is the result of a field study of
o1(e ) at the front of a shock wave € = 9e/at = =, while curve 5 is from static studies (g =1-107 sec ). It
is evident from Figs. 1 and 2 that deformation rate significantly affects deformation of a given soil [10]. It
is important to note that in dependence on the deformation rate the value of the modulus of deformation

E (B) — dcs;Z {(;:)

varies significantly.

Meanwhile, for € > 0, the maximum values of E(g) correspond (for oy = const) to curve 1,where €= o,
while the minimums correspond to curve 5 (€ —0). The values of E, (g) for € > 0 are greater than E(g)
under the same stresses.
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It will now be of interest to obtain quantitative data on the behavior of E4 as a function of gy for € < 0.
For this purpose, oscillograms of ¢y (t) and e(t) at £ < 0 were divided into n equal time intervals At = 0.25 -
107% sec, and the mean moduli E,; were then determined by the formula

-1

Ey: Z (Suawvs j — Sy, ) [2 (Bisa) 5 — Bimy, J)-J

J=1

(i=1,2,,..,n;p=1,2 ..... I (2.1)

which were then placed in correspondence with the stresses

5—11 2k Z (611,+‘/z + 511—‘/1 ]) (2'2)

F=1

Here ky and ky are the number of strain and deformation measurements in each of the experiments,
and / is the number of experiments in a series.

The function E, {(o1)» corresponding to curve 2 of Fig. 2,is presented in Fig. 3 (curve 1). The portion
of the curve at 4 = ¢y = 20 kg/cm? is approximated with sufficient accuracy by the linear rule

E, =0, + Bioy (kg/cmz) (2.3)
where

a, =&, — r,AS,? [AS‘ 2171 5, B, = 1 AS 2 [AS,E]E

ASlAS; 2 2 (Emp511 "nlE "1)

1 i==1

and the correlation coefficient

ASE=—r D3 By — By, A8 =

are the dispersions ofthe quantities E, and oy, respectively. Here r; = 0.79, oy = —400 kg/cm?, By = 300.
The dots 2 in Fig. 3 correspond to a probable interval with reliability o = 0.95.

For successive loadings, the value of Ex(¢y) is larger than E« (gq) for the first load by 10-15% (for
the same values of oy = 20 kg/cm?, which, however, is within the limits of experimental accuracy (Fig. 3).

The plasticity function for a given so11 as earlier in [7, 8, 10}, can be taken as linear, and the plas-
ticity condition written in the form

= (ko + b)*/ 6, J, = 2 (01—0y)%,
o = (0; + 20,) /3 (2.4)
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where k =1.50, b = 0 are experimental coefficients. From Eg. (2.4),

=
LA © o . P
e /’7/1// M} in accordance with [10],we have the lateral pressure coefficient ¢,
P
/ oc/ 3 '
| po INV/4 5 __
o j/zﬂ a?
/ 3. The Effect of Sensitive Element
2 004 208 017 ¥4 Deflection on Stress Measurement

Figure 4 presents the results of tests of sensors of varying
rigidity installed on the slab. The ordinate represents the ratio oq,/
o1 4> While the abscissa is the dimensionless quantity 6 /d, characterizing the rigidity of the sensitive ele-
ment. Here ¢y, is the maximum strain recorded by a sensor, o{, is the mean arithmetic value maximum
strain from data of the most rigid sensor in an experiment (6/d=0.136), equal to 5.1 kg/cm? for points 1,
and to 41.1 kg/cm? for points 2, The points 1 and 2 correspond to location of sensor and slab for differing
distances R from the explosion source: 1) R = 4.0, 2) R =1.0. Curves 1 and 2 (Fig. 3) were constructed
from the theoretical formula of [1]

Fig. 4

3 j— -1 1 — 2

where ¢y, are the maximum strains recorded by a gauge, o{ are the "true" strains in the soil, E is the
modulus of deformation of the soil, v is the soil Poisson coefficient, by, ¢y are the propagation velocities of
transverse and longitudinal waves in the soil, J; = J (d/2)7° is the dimensionless film (sensitive element)
rigidity, J = Eg6%/12 (1—v}) is the film cylindrical rigidity, Ey is the modulus of elasticity of the film mate-
rial, and vy is the Poisson coefficient of the film material.

For the sandy soils studied, m = 1/3, and E = E, (01 4) according to curve 1 (Fig. 3). It is considered
here that the interaction of sensor with shock wave occurs in a state of soil unloading € < 0.

To eliminate from Eq. (3.1) the unknown quantity oy, all calculated values of ¢y, were divided by the
quantity '

o ‘o m{l—m) E,°\-1 (3.2
51* =3 (1 + 23.2 I } )

where Ji° is the sensor figidity with 6/d = 0.136, and Ex+° = E, (o74). In calculating the values o1/ 0f% of
curve 1 for 6/d = 0.02-0.04, it was assumed that E, = 600 kg/cm? (Fig. 4).

As is evident from Fig. 4, curves 1 and 2 describe the experiment sufficiently well. The mean varia-
tion g in these experiments for a reliability &=0.95 for curves 1 and 2 was +25and +17%, respectively.

For comparison, the dashed lines of Fig. 4 show curves 1 and 2, as constructed from the data of [4],
for the same experimental conditions as our curves 1 and 2.

Thus, the measurement error in maximum stresses for short-term loads can be determined with suf-
ficient accuracy by the formula

A =_<1_ﬂ_h>“" A = Jw—0’ (3.3)

m{d—my B,

Considering that Eq. (3.3) has been verified under the worst conditions, with € < 0, the evaluation of
Eq. (3.3) will also be employed beyond the shock wave front.

The error values A_, determined by Eq. (3.3) for the gauges examined above, are presénbed below:

e/d=0.022 0.057 0.089 0.136
A_= 0450 0.085 0.020 0.010
A_= 0.790 0.380 0.150 0.050

The first and second columns correspond to curves 1 and 2 (Fig. 4). From these data and Eq. (3.3)
it follows that gauges with 6/d = 0.022 and 0.057 at stresses g1, = 20-40 kg/cm? have large errors and are
not suitable for measurements. Therefore, in conducting experimental studies in the stress range indi-
cated, more rigid gauges with 6/d = 0.089-0.136 are usually employed [7-10].
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¢, kg/cm? 4. Errors Related to Stress Concentration

o { .
il 3

o3 L around the Body of a Gauge Located
’”o} within the Soil Mass

Figure 5 presents the results of experiments to character-
ize the stress distribution over the surface of a rigid block with
h/D = 0.33, located in a soil mass, as it interacts with an explosive
wave. Points 1 and curve 1 correspond to time t; = 0.5:107° sec,

[ points 2 and curve 2 to t, = 2.5+10 3 sec, and points 3 and curve
2r/d 3 tot; =5.0:107% sec. Curves 1, 2, and 3 are constructed from

v Y the results of theoretical calculations [2] applicable to these
conditions. From these results it follows, in particular, that for -
h/D=1 in the central portion of the sensor with d =(0,3~0.5) D the
stress distribution is close to equal, the stress concentration value
q,kg/cmz is minimum and determined by

Fig. 5

a _ h L _ S1 —6i° R (4.1)
A¢.—m1—), A+-— *510 1—D—<1

8 and gy« is the stress value recorded by a rigid sensor.

s\ where m = (by/ay)?, oy° is the stress value in the incident wave,
P

?‘\ Theoretical deductions on the constancy of stress on a rigid
block with d = (0.3-0.5) D are supported by the experimental data
{ N of Fig. 5. Analogous conclusions as to the decrease in the effects
w \ of concentration with reduction in the ratio d/D have been an~

\. nounced earlier in [3].

Equation (4.1) relates to moments of time when a quasistatic

» N sensor motion regime has been established, i.e., when diffraction
\ N ! processes around the sensor can be neglected. This time ¢; occurs

: ; \§\° ~ s ) quite quickly for a sensor, and aty;/y = 1.5-2.0 is (2.0-2.5) D/ay,

a4 \~€.g,tx\> where g, is the propagation velocity of elastic waves in the soil

R [2]. For standard sensors in the experiments performed vy /y =

? 5 W0 sec 1.3-1.5, and the value of t; at D = 60 mm is 0.5 1072 sec. For the

block of Fig. 5, t; ~ 1.2 -10"% sec.

>

Figure 6 presents experimental data on the change with time
of stress on the surface of the block of Fig. 5. Points 1 are the
indications of a standard sensor located the same distance from the explosion source, with h/D = 0.166
d = 22 mm, 6 = 3.0 mm, A_ = —0.050), points 2 are the indications of a sensor in the central portion of the
block, and points 3 the indications of a sensor at the block edge (d =18 mm, 6 = 2.5 mm, A _= —0.040).

From the data of Fig. 6 it is evident that the indications of sensor 1 coincide with those of sensor 2 in
the center of the block. This testifies to the establishment of a quasistatic regime for the sensor and block
at time t; = 0.5+1073 sec. The indications of sensor 3 over the course of the whole process are 25-30%
higher than those of sensors 1, 2. This confirms the conclusion of [2] that stress concentration for sensors
has a quasistatic character.

Figure 7 presents the results of strain measurements in a mass of sandy soil by gauges with the
same rigidity (6/d = 0.136) for d/D = % at various h/D ratios. The ordinate shows maximum stress o1 *
recorded by the sensors with various h/D values.

Points 1-3 correspond to sensors installed at various relative distances R from the explosion source:
1) R=0.5,2) R=1.0,3) R=1.5.

The variation coefficients 8 for the sets of points 1, 2, 3 are, respectively, +19.0,%9.0, + 22.0% with a
statistical probability of o =0.95.

It follows from the experimental results that the function ¢4 * (h/D) can be approximated with sufficient
accuracy by the linear rule

6,* = 6,° + mh /D 4.2)
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9 where ¢°, m; are experimental coefficients. For curve 1)

»
gpkgfom N Y 01° = 28.5 kg/em?, my = 6.3 kg/cm?, 2) ¢y° = 22.0 kg/cm?, m; =
alo2 1 /_+ 5.9 kg/em®, 3) ¢4° = 14.0 kg/cm?, my = 4.5 kg/cm?.
. d 4// s
o a4 A;A . ? /{ For the error Ay = (o4*—01°)/01° we obtain from Eq.
o ___og@-q———fy“/ ’ (4.2) a formula analogous to Eq. (4¢.1), but with different m
” ° 4 values for curves 1-3: 1) m = 0.22, 2) m = 0.27, 3) m = 0.32.
. L . __L’--—""l.
reummcl "T—_ The tendency to decrease in the value of m with increase
10 in stress ¢1° can be explained by the increase in that case of

VRGN . )
o " o o8 4 the role of plastic deformations of the soil, and qualitatively

Fig. 7 agrees with the conclusions of [11]. The evaluation of Ay ac-
cording to Eq. (4.1) at the value m = (by/ay)? = %, which is char-
acteristic of the soil studied in its elastic state of operation, will then be an upper evaluation of the error
related to stress concentration around the gauge body. For h/D > 1.0, the measurement error A, rises
sharply. In the experiments it was shown, in particular, that for h/D = 2.5 the indications of the sensors
o1x were almost twice as great as the indications at h/D =1.0.

We present below the values of error A, determined for the cylindrical sensors with various h/D
by Eq. 4.1) for m = 1/3

hiD  0.166 0.33 0.50 1.0
A, 0.055 0.110 0.165 0.330

The evaluations obtained agree sufficiently well with the results of static studies [3, 12]. In [3], in
particular, at d/D = 0.75 for dense sandy soil m = 0.6-0.65; for clays with moisture w = 13-16%, m = 0.39-
0.45; for clays with w =18%,m = 0.15. At the same time, it follows from the experiments of [3] that for a
decrease in the ratio d/D to 1/3 the values of m decrease 1.5-2 times. In [12], for rigid bar-type sensors,
at h/D =1.35 the value of "overload" for static experiments in dense sandy soils with y, = 1.68 g/cm® was
equal to oy /oy° =1.54-1.66. Therefore m = 0.40-0.49. For the action of a dynamic load, the data obtained
in {12] for rod and membrane sensors are contradictory, and evidently indicate a significant scattering in
the measurement results.

The investigations conducted indicate that if certain quite simple conditions are observed with respect
to cylindrical gauge geometry (h/D = 1/5—1/6, d/D = 0.3-0.5) and sensitive element rigidity (J{/E, > 1/8), sys-
tematic errors in stress measurement insoils with short-term loads will not exceed A = + (3-7%) and prove
to be significantly (2-3 times) lower than random errors.

In connection with this, one must agree with the proposal of [5, 12] that it is necessary to calibrate
gauges in soil. It can be expected in this case that random errors related to the irregularity of loading soil
into the calibration chamber will prove to be significantly larger thansystematic errors of the gauges them-
selves, and thus will reduce the accuracy of the entire experiment.

In conclusion, the authors thank N. V. Zvolinskii and A. M. Skobeev* for their valuable advice and
evaluation of the study, and A. I. Kotov, V. P. Sutyrin, and L. G. Romanov for participation in the conduct
of the experiments and processing of the results.

LITERATURE CITED

1. A. M. Skobeev, "Interaction of an elastic wave with a lamina,"” Zh. Prikl. Mekhan. i Tekh. Fiz., No. 2
(1972).

2. A. M. Skobeev, "Diffusion of an elastic wave on a disk," Zh. Prikl. Mekhan. i Tekh. Fiz., No. 3 (1972).

3. K. R. Peattie and R. W. Sparrow, "The fundamental action of earth. Pressure cells," J. Mech. and
Phys. Solids, 2, No. 3, 141-155 (1954).

4. V. Askergaard, "Measurement of pressure between a rigid wall and a compressible medium by means
of pressure cells," Acta Politechn. Scand. Civ. Eng. and Build. Constr. Ser., No. 11 (1961).

5. D. S. Baranov, "Selection of basic soil dynamometer parameters based on minimum distortion of
-measured pressure," Tr. TsNIISK, No. 14 (1962).
6. V. Askergaard, "Measurement of pressure in solids by means of pressure cells,” Acta Polytechn.

Scand. Civ. Eng. and Build. Constr. Ser., No. 17 (1963).

* Deceased.



N

10.

11.

12.

V. D. Alekseenko, 8. S. Grigoryan, L. I. Koshelev, A. F. Novgorodov, and G. V. Rykov, "Measurement
of stress waves in soft soils," Zh. Prikl. Mekhan. i Tekh. Fiz., No. 2 (1963).

G. V. Rykov, "An experimental investigation of the stress field in explosions in sandy soils," Zh.
Prikl. Mekhan. i Tekh. Fiz., No.1 (1964).

A. F. Novgorodov, "An evaluation of measurement error in maximum stresses in soils with explo~
sions," Prikl. Mekhan., 4, No. 12 (1968).

G. V. Rykov, "The effect of deformation velocity on compressibility and shear in sandy and clay soils
under short-term loads," Zh. Prikl. Mekhan. i Tekh. Fiz., No. 3 (1969).

A. M. Skobeev, "The influence of the measuring device on stress in soil," Izv. Akad. Nauk SSSR, MTT,
No. 4 (1970).

K. B. Simmons, "Dynamic evaluation of soil stress gauges," Advanced Test Measurements, Vol. 5,
Instrument. Soc. America, Pittsburgh, Pa. (1968), pp. 579/1-579/10.

563



