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CALCULATION METHOD FOR SETTLEMENT OF HORIZONTALLY REINFORCED SUBSOIL
LA METHODE DE CALCUL DES TASSEMENTS SUR SOL RENFORCE HORIZONTALEMENT
METHODE DER SETZUNGSBERECHNUNG FUR WAAGRECHT BEWEHRTE ERDE

Reinforced subsoil can be modelled as a multi-
layered soil-syatem in which reinforced layers
having a definite thickness of soil surrounding
them have to be separated from those having no
reinforcement, In the celculation the soil with
and without the reinforcement is considered a=s
a material having a linear elastic stress-strain
behaviour. Elastic parameters /i.e. modulus of
elasticity and Poisson-ratio/ is measured by
triaxial tests in which height of the sample

is equal to the thickness of the reinforced
layer considered in the calculation of the
settlement, The initial state of stress is mo-
delled by the confining pressure. Calculation
was performed 1n the case of non-reinforced as
well as reinforced soil, The calculated results
were compared to those which were measured in

a geries of model foundation tests. The results
correlated closely to the measured ones.

Soils reinforced with horizontal sheets can be
considered as two or multi-layered systems in
which the reinforcement together with the nar-
row band of eoil in direct contact with it con-
stitutes one layer and the non-reinforced soil
the other. /The idea of reinforced soil layer
or medium will be defined later./ When settle-
ments are calculated using the theory of elas-
ticity, the =0il is amsumed to be homogeneous
end isotropic whose -behaviour can be charscte-
rized with the aid of two parameters: the mo-
dulus of elasticity and Poimson ratio.

Reinforced soils are snisotropic because the
modulus of elasticity is higher in the horizon-
tal direction than in the vertical one. Instead
of searching, however, for the elastic proper-
ties in the horizontal direction the vertical
modulus of elasticity will be increased as a
result of leboratory triaxial compression test.
This approximation is within the accuracy of
the sssumption that the soil is a non-lineer
end non-elastic material.

In der Studie versuchen wir die Setzungsberech-
nung auf Grund der Analogie zu einem mehrschich-
tigen Bodensystem durchzufithren., Aus den verein-
fachenden Ansatzen sind jenen fiir dem linear
elastischem Spannung - Verformung Zusammen-

hang des Bodens und der bewehrten Irde zu er-
wéhnen. Die physikalische Parameter der bewehr-
ten Erde kOnnen ahnlich wie jene der unbewehr-
ten Erde mit der Hilfe von triaxialen Druckver-
suchen bestimmt werden. Mit Annehme des Seiten-
drucks wurde der Anfangs-Spannungszustand model-
liert, die Messungen wurden dem Elestizitatsmo-
dul bei der Anfangstangente und der Poissonzahl
enteprechend ausgewertet, Die Setzungsberech-
nung wurde fiir dem bewehrten und dem unbewehr-
ten Boden durchgefiihrt, die Ergebnisse der Be-
rechnungen wurden miteinander bzw, mit den Er-
gebnissen., Einige unter den berechneten Ergeb-
nissen stimmen sehr gut mit den Versuchsergeb-
nissen iiberein,

Settlement calculations can be made more accu-
rate by taking into account the soil modulus
of elagticity E, increaging with depth. The
triaxial compression test, interpreted in ac-
cordance with Balla's method (l) ieg suitable
to produce a relationship between the modulus
of elasticity and depth. By choosing appropri-
ate values of the all-round pressure, the Ez
value of both reinforced and non-reinforced
80ils can be evaluated.

Strains below an infinitely long strip footing
along its axis of simmetry can be expressed by

£z=ol>2—la(éx* ay) 71/

B,

‘where é?z is the vertical principal stress

and é?x and é},are horizontal principal
stresses, Ez is the modulue of elasticity in
the verticel direction, The settlement then is

equal to
o !
8 = é;z dz

/2/
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An analitical eolution of Eq.2. 1s practically
impossible because Ez is "discontinuous at the
bounderies between the reinforced and non-rein-
forced so0il layers,

Graphical integration, however, is possible by
dividing the stress distribution diagram into
horizontal elices and by the summation of the
areas of the slices (2) /Pig.l./.
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goil can be determined by triaxial compression
tests. In thie care the higher E, value is va-
1id for a layer whose thickness 1s the same as
the height /H/ of the sample.

This method then consiasts of an application of

the theory of compression of multi-layered sys-
tems where each reinforced soll layer /of thick-
ness H/ is considered as a separate layer.
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Fiz. 1. The beneficial effect of soil reinforcement OA the settlement of soile

The limit depth end principal atresses can be
determined by the approach used in homogeneous
goils and Ez is assumed to increase linearly
with depth /see Fig. 1/c./. On the other hand,
the Ez valueg are higher for reinforced solls
and quantitaetively depend on the spacing /see
Fig. 1l/e./ of the reinforcement and its depth
below ground surface.

The boundaries between horizontal elements
/slices/ are chosen depending on the posiltion
of the earth reinforcement and the sgtrain of
an element is calculated by using Eq.l. The
results are then measured along the vertical
axis. The elastic modulue of the reinforced
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This epproximation is simple but within accep-
table limits, It has all short comings inherent
in those settlement calculations which are ba-~
ged on the assumed elastic behaviour of soiles.
It is wellknown that soils are nelther perfect-
1y elastic nor perfectly plastic, Also in a
triaxial compression test, the state of gtress
18 different from that in the real soll where
usually plane strain conditions prevail, TFurt-
her, in the calculetions perfect interaction is
assumed between the soil and reinforcement in
gpite of the fact that this is rarely the case.
Finelly it must be emphagized that more Inaccu-
racies come from neglecting the effect of moll
reinforcement on the stress distribution below
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the footing. curves the initial moduli were determined and
the ratios _@B/Cfl, G1 - &3/Eys Poisson’s ratio

Notwithstanding the above, this method may be and the elastic modulus were estimated using

more accurate because the properties of the Balla’s formulae and are plotted as a function

reinforced earth maegs are not derived separe- of all-round pressures /Fig. 3./. The regression

telly from the properties of the soil and rein- - L5 © :

a
£ Kel-sing=03

forcement but are obtained from actual measure-

ments on composite samples. 2 " :f'gg“ of the samples .
I. Results of the Triaxial Compression Tests 10 % $h=2.0 g/cm .
Measurements were made in the Hungarian Insti- 8 E h= KG /
tute for Building Sciences in 1983. During 6 §,

_ g Pt C
compression of the large samples /H = 17 cm, m 653\‘\9
dia = 10,2 em/ both the axial and radial 40w e
strains were measured., Into the middle of the ZOE
reinforced samples a NETLON geogrid disc /Type ° ’ Confining pressures
Nr, H-11/ wae placed., The diameter of the grid o] 10 20 30 40 50 60 70 80 90 3 kPa

5 L. S ~h _  m
" "Depth equivalent to the confining pressure
Fig, 3. Initial tangent modulus vs. confining

was equel to that of the sample. Six unrein- e
forced and six reinforced mamples were loeded

triaxially. The confining pressures /‘(33 = pressure and depth

= 82/ ranged from lo to loo kPa. The relation-

ship between axial stress, axial strain /51. lines for the five pointe have the following
51/ end radial strain /&,/ is illustrated equations. Non-reinforced samples:

on Fig., 2. On the besis of the stress-strain By = 0,78 83 + 10,8, 73/

a./ Non-téinforced samples  b./Reinforced by Netlon disc
reinforced samples:

/ 400 By = 1,29 G5 + 17,9, /4/
/ = kf1 in which E, and Egare in MPa, and G in kPa.
// G / A The average value of the Poisson-ratio for
] /]
/

yd
non-reinforced samples is /*‘T = 0,28, while
for the reinforced samples is/LN= 0,33. Fric-
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tion angle of both reinforced and non-reinfor-

& 200
// ' L ced sand was found to be ®p = &, = 45°, The
ﬁ / / equivalent depth of the minor principal stress
‘ﬁ/ 7 . wag estimated from the wet density of the soil
s/ / Pu =250 g/cm3/ and the earth pressure at
g rest /K, = 1 - sin @ =\__9,3/.
0 0, 10 61 w415 II. Laboratory Model Foundation Tests

To f£ind out the optimal depth of NETLON-grid
under a foundation some experiments were per-
/ formed in ETI (3). The general setup in the
experiments were similar to that in the tri-
axial compression tests. The model foundation
of B =18 cm width was placed in a 3,2 x 3,2 x
x 7,4 m box in which one or two NETLON sheets

(7

Ly P

N

W

Horizontal strain
\

NN
e e

xial strain were embedded at 18, 36, 54 and 18 + 54 cm
Fig. 2. griaxial compression tests on rein- deptl haldy e gizlate oL thS Hoils Domts
orced and nonreinforced samples were epplied and settlements under a loading

of p = loo kPa are shown on the Fig. 4. in
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Depth of reinforce layer Measured mettlement Calculated | Diff., between calculated
below the foundation level mm settlement | and measured settlement
cm H 12 H 08 Average mm %
h,=/ B=/18 2,3 2,6 2,45 2,5 2
h2=/2B=/36 1,6 || 1,65 2,2 1,8 2,6 31
h3=/3B=/54 1;7 1,7 197 2’7 37
hl = 183 h2 = 54 2,3 2!6 2,45 2,3 -6
Nonreinforced 2,953:313:5 3,23 2,8 - 15

Fig.4. Comparison of results of foundation model temt with the calculated values /p=loo kPa/

the second, third end fourth columns.
Settlements were calculated as showed on Fig.5.

Modulus Ey on Fig.5/c. was measured in a triaxi-
al compregsion test on a sample of 17 cm height,
which was reinforced with a single H-11 NETLON-
~-dise across its centre. The EN vs. h relation-
ship applies to the sample reinforced at 17 em
spacing of depth only. Thie is the reason why

z is calculated for a soil thickness of 17
cm height, too; i.e. the height of the sample
predetermines the thickness of the layer in
the numerical evaluation of Lgs. 1., and 2.

The results are also shown on Fig.4., in column
4, In the case of nonreinforced soil 2,8 mm
settlement was calculated and 3.23 mm was mea-
sured in the laboratory, which shows the reali-
ty and accuracy of the computation (15 % diffe-
rence), Very good agreement was obtained with
the NETLON grid at the depth of hy = B = 17 om;
it can be meen that the difference between the
calculated and measured settlement is negligib-
le.

The discrepancy between measured and calculated
gsettlements with reinforcement at depths of

h, T 2B ¥ 36 cm and hy ¥ 3B ¥ 54 cm was not
only larger by varying the bedding level within
the range of B to 3B depth caused an altogether
different behaviour: according to the experi-
ments, increasing the bedding depth would yleld
a decreape in settlement, while the calcula-
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_the reinforcing levels is 17-17 cm,

tions show the opposite effect., In other words
the optimum bedding depth according to the cal-
culations based on elastic theory, differs sig-
nificantly from that obtained in the experi-
ments.

In the case of double-layer reinforcement the
calculated and measured settlement were in ve-
ry good agreements with one another, (The cal-
culated settlement was lese then the measured
one by 6 %). A comperigion can also be made
between the measured and calculated "effici-
ency" of the reinforcement: 24 % decrease was
obtained in the laboratory tests and 11 % dec-
rease in the calculations for h; = 18 cm /=B/.
Assuming the decrease of the settlement in the
case of the double-reinforced gystem was better
(18 %) than that of the two single reinforced
systems (hy, = 2B = 36 cm; 3o %, hy = 3B = 54
cm; 40 %).

IIT. A Full-size Strip Tooting

The width and embedment of the footing are
B=+t=1,00m and the load is p = loo kN/m°.
The subsoil and reinforcement below the foot-
ing are the same ag in the trisxial compressi-
on tests. Reinforcement levels are hl 17 cm,
h2 = 35 cm and h3 = 52 cm and the theoretical
width of the reinforced layer ies 50 cm with
lo em and
between
thus the
"density" of reinforcement 1s the same as in
the laboratory tests, so relationship there-

ite upper and lower limits being at
60 cm depth, respectively. Distance
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Vertical and horizontal stresses along the axis
of the foundation are shown on Fig.6. The ini-
tial tangent modulus ranges within this zone
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the subsoil reinforced by NETLON. In Fig.6/d.
the strains (compression for unit thickness of
goil layer) are illustrated. It can be seen
that the three reinforcement-levels are at the
optimum depth according to the stress distri-
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at 17cm spacing

L
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and 52cm depthbelow the

founding level )
Fig. 6, Steps of settlement calculation for a full-size foundation example
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bution diagram.

The regults of the calculations are very en-
couraging: a settlement of Ss = 5,8 mm and SR=
4,5 mm wag obtained for a non-reinforced and
reinforced subsoll, respectively, which means
al5 % (As = 0,9 mm) improvement relastive to
the result obtained for the non-reinforced esoil,

IV, Summary

In this study we were unable to compare the cal-
culeted settlements with the measured ones on

a full-pize footing, but the followlng impor-
tant observations can be made:

1. Laboratory measurements confirmed that rein-
forcement, especially elasgtic non-woven geog-
rids (NETION), embedded into the subsoil below
a foundation decreases mettlements. Although
this fact has been established earlier by other
researchers it cannot be overemphesized, becau-
se there are very few cases when reinforcement
has been installed below footing for the purpo-
se of settlement control,

2. Assuming a similar foundation arrangement
(dimensions, properties of soil and reinforce-
ment detalles) for a single reinforeing layer,
about 5 % decrease of settlement can be expec-
ted. If two or more reinforcing sheets are em-
bedded below the foundation level, the improve-
ment is roughly linear /i.e. in the case of
three reinforcing layers about 15 % decreage

of gettlement can be expected.

3. The physical properties of a reinforced soil
element can be measured in the same way as of

a non-reinforced soil., The triesxial compression
test pregsented before is a suitable tool to de-
termine the stress-strain relationship or "elas-
tic" properties of the reinforced soil aend to
measure the decreased compressibility of hori-
zontally reinforced soll, By the laboratory
tests the effect of embedment depth can also be
measured,

4, The initial tangent modulus and Poisson~ra-
tio for reinforced or non-reinforced solls cen
be used in any settlement calculation., In thie
study a very simple example was presented pro-
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ving that

- the gettlement celculation is as accurate as
in any other method based on the assumption of
the theory of elasticity,

- with this method the decrease of the sett;e—
ment can be reasonably well epproximated.

The proposed method is suitable to calculate
gettlements using laboratory data. Differences
between the calculated and measured settlements
can be attributed to inamccuracies of the basic
essumptions: pertly - e.g. linear stress-strain
relationships for the soil, application of axi-
gimmetric laboratory (triaxialy) compression
teat to the plene-strain strip load etc.,, - and
partly to differences between the tested and
actual goil and plastic grid. While keeping
there limitations in mind, the proposed method
of calculation is suitable to predict settle-
ments of foundetions resting on reinforced sub-
moil,
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