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ABSTRACT: In this study, safety factors of shallow strip foundations on reinforced clay foundation soils
were investigated. The problem was analyzed using the finite element code, Plaxis. The foundation soil was
modeled as a Mohr-Coulomb material and the reinforcement was modeled as a linear elastic material. Safety
factors were calculated by using the Phi-c reduction method in the analyses. First the effects of foundation
width, surcharge load and soil cohesion on an unreinforced clay soil was analyzed. The ultimate bearing ca-
pacities obtained using this technique was compared to the values obtained using limit analysis techniques
proposed by Terzaghi. A good agreement was observed between Terzaghi and finite element solutions. In or-
der to investigate the influence of the reinforcement configuration on the factor of safety, a parametric study
was conducted. The parameters investigated were number of reinforcement layers and vertical spacing of
reinforcement layers. The parametric study indicated that bearing capacity increased with increasing rein-

forcement layer numbers and vertical spacing of reinforcement layers.

1 INTRODUCTION

Many researchers investigated the behavior of sur-
face foundations constructed on reinforced sand
(Omar et al. 1993; Khing et al. 1993; Yetimoglu et
al. 1994; Das & Omar 1994; Adams & Collin 1997).
However most of the problematic foundation soils
are of cohesive nature. Therefore in this study the ef-
fect of reinforcing cohesive foundation soils was in-
vestigated. Normally the cohesive soil excavated
would be replaced by a granular fill. This means that
improvement will be obtained due to the geosynthet-
ic reinforcement but also because of the soil ex-
change. In order to see the effect of geosynthetic
reinforcement alone, in this study the backfill was
considered to have the same properties as the natural
cohesive soil.

The foundation behavior is assessed using limit
equilibrium and finite element method (FEM). In
this study as the finite element code, Plaxis was
used. A parametric study was conducted using dif-
ferent foundation widths, soil cohesions, surcharge
loads and reinforcement configurations.

2 FINITE ELEMENT ANALYSIS

The finite element program Plaxis Ver.8 was used to
carry out the numerical simulations in the current
analyses. Safety factors were calculated by using the
“Phi-c reduction” method in the finite element ana-
lyses. In the “Phi-c reduction” approach the shear
strength parameters tan¢g and c of the soil are suc-
cessively reduced until failure occurs. The safety
factors are computed as:

_ availableshear strength

0

shear strength at failure

The mechanical behavior of soils was modeled
using the Mohr-Coulomb model (MC). The elas—
tic—plastic Mohr—Coulomb model involves six
input parameters, i.e. y (unit weight), E (Young
modulus), v (Poisson’s ratio), ¢ (cohesion), ¢ (inter-
nal friction angle) and vy (dilatancy angle) of the soil.
The reinforcement was modelled as a linear elastic
material. In the analyses, no specific interaction
model between soil and reinforcement was used.
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2.1 Boundary Conditions and Material Properties

The analyses presented in this study involve strip
foundations on clay soil. The problem was analyzed
under plane strain condition. The material properties
were chosen in accordance with those in the litera-
ture to represent an average stiff clay soil. The soil
parameters adopted were: y = 15 kN/m’; E = 25,000
kPa (500 * c,); v = 0.30; ¢ = 50-100 kPa; ¢ = 0°% vy
= 0° Footing thickness was chosen as 0.143 m and
was placed directly on the surface without any em-
bedment. Geosynthetic axial stiffness per unit width
was selected as J=2,000kN/m (Deb et al. 2007). The
boundary conditions and finite element mesh are
presented in Figure 1. For the finite element analys-
es, vertical boundary was chosen to have only hori-
zontal fixity and bottom boundary has both horizon-
tal and vertical fixity. The size of the finite element
mesh used was the same for all the analyses. It was
chosen to be large enough to reduce the boundary ef-
fects to a negligible level. Therefore the distance
from both the base and edge of the footing was
placed at a minimum distance of 1.5B.
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2.2 Safety Factors of Clay Foundation Soil

Factor of Safety (FS) for bearing capacities were
calculated first by FEM and then by Limit Equili-
brium analysis. The footing width (B=2.5, 5, 10 and
20 m), cohesion of the foundation soil (c=50 and
100 kPa), and surcharge load on footing (ws=100
and 200 kPa) were varied to assess their influence on
the safety factor of the shallow foundation.

The ultimate bearing capacity of the foundation
based on the finite element analyses is calculated as:

Qu,FE =FS * wy ()

where, FS is obtained from Equation (1) using the
FEM analysis, wg = applied surcharge load on foun-
dation used as an input in the finite element analysis.
The ultimate bearing capacity values from the
limit equilibrium analysis proposed by Terzaghi
(1943) for cohesive soils is be calculated as:
Qur=c*Nc=57%*c 3)

where, g, 1 = ultimate bearing capacity calculated by
Terzaghi approach, ¢ = cohesion of soil, N.= bearing
capacity factor.

Table 1 gives the results of the bearing capacity
calculations. A good agreement was achieved be-
tween bearing capacity calculated using the Terzaghi
approach (qy,1) and finite element solutions (qyFE).
Table 1 also indicates that the bearing capacity cal-
culated with the FEM is almost independent of foot-
ing width and that the bearing capacity of the footing
increases proportionally with increasing cohesion.
These results are also consistent with the Terzaghi
bearing capacity theory.

Table 1. Safety Factors and Ultimate Bearing Capacities

mﬁ; qu,FE qQu,T
3 B |c(kPa) | ws(kPa) | FS | (kPa) (kPa)

) Wl 25] 50 100 275 275 285
T 25| 50 200 [1.37] 274 285
25| 100 100 |546] 546 570

DIDD—BJ'2 —5]30 25| 100 200 |2.75| 550 570

: : 5 50 100 |2.64| 264 285

25_& RN NN NN 5 50 200 133 266 285

. bt 5 100 100 [530] 530 570

ml H 5 100 200 |2.64] 528 570

— y 10 50 100 [2.60] 260 285

mo; sz 10 50 200 |1.30| 260 285
=] 10 | 100 100 |5.19] 519 570

1 B 10 | 100 200 [2.60] 520 570

B 20 50 100 [2.60] 260 285

e 20 50 200 | 1.30] 260 285

®) 20 | 100 100 [520] 520 570

Figure 1. (A) The Boundary Conditions and Finite Element 20 100 200 2.60 520 570

Mesh for Strip Foundation; (B) Detail of reinforced section
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In Figure 2 the displacement vectors of the de-
formed shape are given. It can be seen that the outer
boundary of the zone that participates in the dis-
placement, matches very well with the failure me-
chanism given by Terzaghi (1943). These failure
lines are marked on the same figures with bold lines.
It can be seen that plastic or active zone, the radial
shear zone and passive zone described by Terzaghi
(1943) are almost exactly reproduced by the dis-
placement vectors obtained from the finite element
analyses and given in Figure 2.

2.3 Safety Factors for Reinforced Soil

In order to investigate the influence of the rein-
forcement on the factor of safety, a parametric study
was conducted using different reinforcement confi-
gurations. Number of reinforcement layers and ver-
tical spacing of reinforcement layers were chosen as
parameter in the analyses.
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Figure 2. Failure Zones for Shallow Foundations; (A) B =10m
strip foundation, (B) B=5m strip foundation.

Reinforcement width (L) was chosen to be the
same as the foundation width (B). The cohesion of
the foundation soil was taken as ¢=50 and 100kPa.
Only one type of geosynthetic reinforcement (i.e.,
reinforcement stiffness) was used. The number of
reinforcement layer was varied from one to six. The
depth ratio (u/B) was kept constant as 0.05 in the
analyses. The depth ratio is defined herein as the ra-
tio between the depth of the first reinforcement layer
from the footing base (u) and the footing width (B)
as can be seen in Figure 1. The vertical spacing be-
tween horizontally placed reinforcement layers (H)
were taken as 0.025B, 0.05B and 0.1B. A series of

analyses were performed for different footing widths
namely B=5 m, 10 m and 20 m under a surcharge
load of 100 kPa by using the “Phi-c reduction” me-
thod.

12

S

E ——B=20m
2\5,8 --#-B=10m
Q2 5, - -+ -B=5m
©

o 54

Total Reinforcement Number

Figure 3. Safety Factors of Strip Foundations on Reinforced
Clay Soils (c = 100kPa; H/B = 0.1; ws = 100kPa)

Safety factors of foundations on reinforced soft
soil with different footing widths and different num-
ber of reinforcements is given in Figure 3 and Table
2. Safety factors with different (H/B) ratio for a
foundation with a width of B = 10 m is given in Ta-
ble 3 and Figure 4.

Table 2. Safety Factors of Reinforced Clay
(H/B =0.1; ws= 100 kPa; N = No. of Reinforcement Layers)

B=20m B=10m B=5m

c=100|c=50|c=100|c=50[c=100|c=50
N | (kPa) | (kPa) | (kPa) | (kPa) | (kPa) | (kPa)
1 | 526 | 263 [ 527 | 2.63 | 526 | 2.63
2 | 537 ] 268 | 539 2.7 5.4 2.71
3 1549 [ 274 [ 556 [278 | 559 [2.79
4 1569 | 283 | 575 | 288 | 5.78 | 2.89
5 [ 587 1294 [ 593 [297 [ 598 [ 2.99
6 | 608 | 3.04 | 6.11 [ 3.06 [ 6.18 [ 3.09

Table 3. Safety Factors for Reinforced Clay
(B =10m; wg = 100 kPa; N= No. of Reinforcement Layers)

H/B 0.025 0.05 0.1
c=100|c=50|c=100|c=50|c=100|c=50
N | (kPa) |(kPa)| (kPa) | (kPa) | (kPa) | (kPa)
1 526 | 263 | 527 | 263 | 527 | 2.63
2 | 531 267 | 534 | 269 | 539 | 2.70
3 535 | 269 | 545 | 273 | 556 | 2.78
4 | 542 | 271 | 557 | 279 | 575 | 2.88
5 549 | 275 569 | 284 | 593 | 297
6 | 558 1279 ] 581 | 291 | 6.11 | 3.06
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Figure 4. Safety Factors for Different H/B Ratios
(B =10; ¢ = 100 kPa; ws= 100 kPa)

Failure zones in the soil indicated that the rein-
forced zone behaves different than the rest of the
clay and the inclination of the failure plane directly
below the foundation increases when a geosynthetic
reinforcement is used. An example is seen for
H/B=0.05 (Figure 5).
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Figure 5. Shear stress shading for reinforced soils (Light-
colored zones represent large shear stresses) A) N=1, B) N=6

3 CONCLUSION

For unreinforced cohesive soils, ultimate bearing
capacities determined by finite element analysis and
Terzaghi limit analysis technique show a very good
agreement.

The finite element analysis gave factor of safety
values directly proportional to cohesion of the clay
soil as expected.

The safety factor increases as the number of rein-
forcement layers increases.

Regardless of total number of reinforcement lay-
ers the foundation width did not have a significant
effect on the bearing capacity.

One layer of reinforcement increased the factor of
safety about 1.5%. When six reinforcement layers
were used the increase in the factor of safety values
were calculated as: 7.5%, 12% and 17% for H/B
values of 0.025, 0.05 and 0.1 respectively.

For the same number of reinforcement layers the
safety factor increases as the H/B value increases.
This fact indicates that the bearing capacity increas-
es as the total depth of the reinforced zone increases.

The shapes of failure planes indicated by the finite
element analyses agree very well with the failure
surfaces suggested by Terzaghi’s limit equilibrium
theorem for the unreinforced cohesive soil. For the
reinforced case, the inclination of the failure surface
directly below the foundation has an inclination that
is steeper than the inclination of the failure zone in
pure clay within the reinforced zone. Outside the
reinforced zone the inclination of the failure zone
reduces to its average inclination in clay soil.
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