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ABSTRACT: Excavations in granite residual soil, at Porto, tend to be performed lowering the water 
table. This operation can be performed either previously or during the excavation works. In any case, for 
practical purposes, it is commonly assumed that the non saturated condition creates an increase in both 
the resistance and the stiffness of the soil and hence it is safe to model the excavation as a soil with effec-
tive stresses equal to the total stresses. Nevertheless the above referred, considering that the water table is 
already at the bottom of the excavation, and hence not modeling the lowering operation, versus modeling 
the water table lowering conduces to significant differences in the behavior of the excavation, particularly 
by changing the at rest condition, which is a fundamental parameter in the design of retaining structures. 
The present paper discusses the strategy to model this operation and the differences in the results, both 
in the ground and in the retaining structure, as a consequence of the adopted strategy. In the final part 
of the paper attention will be given to the main aspects that are not covered by a non saturated model, 
presenting clues for further developments or strategies to take into consideration the problem with simpli-
fied models.

 predominant at most superficial horizons in the 
city of Porto. These soils, well characterized by 
Viana da Fonseca (1996, 2008) and Topa Gomes 
et al. (2008) are saprolitic materials, preserving the 
natural fabric of the original rock, with less than 
10% clay, around 20% silt and almost 70% sand. A 
small percentage of gravel also appears. Figure 1 
presents a typical range of granulometric curves for 
these soils. The soil may exhibit, in certain cases, 
some plasticity.

Recent studies have shown that non saturated 
conditions have decisive influence on both, stiff-
ness and strength. Regarding strength, experimen-
tal results conduced to a friction angle with respect 
to suction of 14° (Topa Gomes, 2009) and hence an 
equivalent cohesion for the classic Mohr-Coulomb 
failure criteria may be obtained by the following 
equation:

′ ′ +c c= sat a+ w( )− u−au w tan ( º )14
 

(1)

where c′sat = saturated effective cohesion and 
(ua − uw) = matric suction.

Concerning the soil stiffness, triaxial tests under 
non saturated conditions showed an increase in the 
Young modulus in accordance with equation (2):

E
E u u

sat
a wu= 1 0+ . (078 )

 
(2)

1 INTRODUCTION

The dominant geotechnical materials in the city of 
Porto are granites which may present significant 
weathering depths, reaching more than 20 m of 
residual soils. Although being a soil-like material, 
granite residual soils tend to exhibit certain stiffness 
gain when the water table is lowered. On the other 
hand, the practical advantages of working without 
water and the gains produced by the non saturated 
condition, both in strength and stiffness, encourage 
the systematic lowering of the water table. Recently, 
during the construction of Porto Light Rail Metro, 
11 underground stations were constructed, all asso-
ciated with the drawdown of the water table.

In any case the topic is far from being completely 
understood. This paper presents a numerical study 
in which several strategies to model the water table 
lowering are adopted and its implications on the 
displacements and forces of the structural elements 
are analyzed.

2 DESCRIPTION OF THE MODEL

2.1 Brief description of Porto Granite 
Residual Soils

Granite residual soils cover a large area of the 
northern part of Portugal, being the material 
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where E = unsaturated soil stiffness and Esat = satu-
rated soil stiffness.

2.2 Excavation and retaining wall characteristics

The excavation considered on this study is a typical 
example of what is commonly executed in Porto. 
As shown in Figure 2, it is a 15 m depth and 30 m 
wide excavation, performed in moderated to highly 
decomposed granitic materials. The length of the 
excavation was considered long enough so the tri-
dimensional effects were negligible. This last con-
sideration allows the use of a plane strain model.

Regarding the soil of the excavation site, two 
distinct soil strata were considered: the most 
superficial layer is a granite residual soil (W5) with 
24 m thickness; bellow, there is a heavily weathered 
granite (W4).

The wall retaining the excavation is formed by 
concrete piles with 0.60 m diameter and 0.80 m dis-
tance between axes. The piles length was consid-
ered with 24.8 m which means they penetrate the 
lower stratum of heavily weathered granite (W4) 
about 0.80 m. Considering a value of 30 GPa for 
the concrete Young modulus, a flexural stiffness of 
160,000 kNm2/m is obtained.

To simulate the contact between the piles and 
the soil in a realistic way, interface elements with 
two thirds of the soil strength were used.

Supporting the wall there is a grid of anchors, 
spaced 2.5 m and 3.0 m in the vertical and horizon-
tal directions, respectively. Altogether there are five 
levels of anchors. The anchor rod was considered 
to have 4 cm2 of cross section and a stiffness value 
of 200 GPa. The anchors have a free length of 10 m 
and a grout body with 6.0 m. The tilt angle of 30º 
is common to all anchors. The prestress force was 
established according to the diagram in Figure 2, 

derived from Terzaghi & Peck diagrams for granu-
lar materials (Terzaghi & Peck 1967).

The trapezoidal shape of the diagram is a direct 
consequence of the vertical spacing of the anchors 
(2 m from the surface to the first level of anchors 
and 3 m from the fifth level to the excavation base) 
and the fact that the force in every anchors was set 
to the same value. In each anchor a prestress force 
of 390 kN is applied.

The water table was assumed to be coincident 
with the surface before the excavation works had 
begun. Prior to excavation works, it was lowered 
15.0 m, up to the maximum excavation depth.

Apart from the initial consideration, described in 
the next item, the phreatic level is kept unchanged 
during all construction phases.

2.3 Numerical model

PLAXIS was elected as the numerical code to 
be used in this study, partly because of its user 
friendly interface, but mostly because it’s one of 
the most used software in earth retaining structures 
design. Taking in consideration that this study tries 
to reproduce the design environment, in its entire 
vicissitudes, no other software seemed plausible. 
Besides, the hardening soil constitutive model, 
included in PLAXIS, proved to be particularly 
suitable to model the granite residual soil behav-
ior (Raposo 2007), mainly because of its ability for 
considering different stiffness values according to 
the stress path followed.

An excavation such as the ones modeled in this 
paper is composed of several phases. The simula-
tion of the excavation phases begins with the exe-
cution of the piles, followed by the first excavation 
step of 2.5 m height (0.5 m bellow the first level 
of  anchors). The next phase corresponds to the 
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Figure 1. Typical granulometric curves for Porto Gran-
ite Residual soil.
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placement of the ground anchors and the applica-
tion of the prestress forces. Successive excavation 
steps and prestress phases are made until the final 
depth of 15 m is reached.

To study the effect of the water table varia-
tions and modeling options on the soil’s behavior 
around the excavation, three different calculation 
models were created, according to the most com-
monly used approaches to this problem. Figure 3 
shows the first stages of each numerical model, 
highlighting the differences among them.

In model 1 the water table lowering is not 
included in the calculations. Right from the first 
calculation step the water table is admitted to be 
at the base of the excavation. This is probably the 
most common approach designers use to model 
excavations, having in simplicity its principal 
advantage. It will serve as reference for the other 
models.

In model 2 the water table lowering is explicitly 
considered. In the first calculation step, before the 
execution of the wall, the water table is lowered 
15 m, from the surface up to the maximum excava-
tion depth.

In model 3, besides the considerations regard-
ing the water table lowering, identical to those in 
the previous model, the effects of suction on soil 
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Figure 3. Schematic representation of the calculation 
models.
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stiffness and strength (cohesion) are considered 
according to equations (1) and (2).

Figures 4 and 5 compare the soil stiffness and 
cohesion considered in each numerical model.

The soil mass around the excavation was mod-
eled using two different constitutive models. The 
upper layer of granite residual soil was modeled 
using the hardening soil model. To model the lower 
level, the heavily weathered granite (W4), an elastic 
perfectly plastic model was used. The decision to 
use a simpler model in the lower stratum was taken 
for simplicity purposes. Taking into account the 
low shear stress and the small strains in this region, 
it didn’t seem necessary to use a more sophisticated 
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constitutive model. Furthermore, the strength and 
stiffness of the material at this depth is quite high 
when compared to the upper soil, in which would 
be expected significant strain levels.

Although the use of only two different layers 
might seem insufficient to adequately represent 
the behavior of the ground around an excavation 
in this type of soil, it must be made notice that 
the used constitutive models allow the variation 
of soil properties with depth, namely the stiffness 
parameters and the cohesion, as shown in Figure 4 
and Figure 5. Using the hardening soil constitutive 
model, the soil stiffness becomes dependent of the 
confining stress σ’3, according to the equation:

E E
c

c
refe

m

′ ′ ′ ′
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(3)

were Eref = the reference stiffness determined from 
triaxial tests at a confining stress p′ ref; c′ = effective 
cohesion; φ′ = friction angle; and m = stress depend-
ency stiffness parameter.

In model 3, to assign different stiffness and cohe-
sions due to suction, the upper layer of residual soil 
was divided in several layers with 2.5 m thickness.

The model was truncated at a depth of 39 m, 
15 m bellow the transition of the two soil layers 
described above. At this depth the displacements 
are small enough to be considered null. Similarly, at 
a distance of 75 m away from the wall, correspond-
ing to five times the excavation depth, the horizon-
tal displacements were considered negligible and 
thus horizontal fixities were used (Wood 2004).

Tables 1 and 2 include the soil parameters con-
sidered in all the calculations.

3 RESULTS

3.1 Global analysis of the results

The results that were considered to be the most 
important are the maximum bending moment in 
the wall, the horizontal wall movements and sur-
face settlements. Table 3 summarizes the results 
obtained in the three models after the final excava-
tion stage, allowing a first glance at the outcome.

Aiming for a better comprehension of the dif-
ferences between the models, the next two Figures 
can help to understand the phenomenon. In Fig-
ure 6 the earth pressure coefficient is displayed. 
This coefficient is obtained dividing the effective 
horizontal stress by the effective vertical stress. It 
corresponds, in all models, to the earth pressure 
coefficient after the groundwater changes, just 
prior to the first excavation stage.

It is perceptible that the groundwater table low-
ering almost does not change the K0 value, prov-
ing that, from a numerical point of view, models 
1 and 2 are very similar. Model 3 will be different 
from the previous as different strength as stiffness 
properties are assigned to the materials, as a conse-
quence of the non saturated condition.

Figure 7 presents the earth pressure coefficient, 
K, at the end of the excavation. It is clear that mod-
els 1 and 2 are almost coincident whereas model 
3 presents smaller values for K, in the excavation 
height. These values were determined on a vertical 
plane 5 m away from the wall.

Table 1. Soil parameters.

Granite residual 
Soil (W5)

Heavily weathered 
granite (W4)

Hardening 
soil model

Elastic perfectly 
plastic model

Unsaturated weight 19 kN/m3 22 kN/m3

Saturated weight 20 kN/m3 23 kN/m3

Effective cohesion 10 kPa(1) 100 kPa

Friction angle 33º 42º

Dilatancy angle 11º 12º

Soil stiffness 25 MPa(1) (2) 400 MPa

Poisson coefficient 0.26 0.2

Pressure coef. at rest 0.5 0.33 

(1) This is the base value. In some cases it is changed due 
to suction according to equation (2)
(2) This value corresponds to the secant young’s modulus 
(for primary loading) at 50% strength, derived from triax-
ial tests with the reference confining pressure of 100 kPa.

Table 2. Hardening model soil advanced parameters(1)

Granite 
residual Soil 
(W5)

Hardening 
soil model

Soil stiffness for unloading and reloading 75 MPa

Oedometric soil stiffness 25 MPa

Stress dependency stiffness parameter 0.7

Failure ratio 0.9

(1) Details about these parameters can be found in Brink-
greve et al. (1989)

Table 3. Results summary—maximum values.

Calculation model

Model 1 Model 2 Model 3

Bending moments (kNm/m) 212.4 210.9 195.7

Wall horizontal disp. (mm) 36.2 36.2 28.5

Surface settlements (mm) 15.2 81.1 64.8
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Model 3 presents smaller values for K as a 
consequence of the increased cohesion for the 
soil, which allows smaller values for the horizon-
tal effective stress without violating the adopted 
Mohr-Coulomb failure criteria.

In the uppermost 2.5 m, K tends to grow rapidly 
as the vertical effective stress tends to zero. As a 
consequence the values were truncated at a maxi-
mum of 1.0.

Regarding model 3, it must be made notice of 
the sudden variations of the earth pressure coeffi-
cient at depths 5 m, 7.5 m, 10 m, 12.5 m and 15 m. 
These jumps are caused by the methodology fol-
lowed to introduce the suction in this model. They 
correspond to the transition between layers of soil 
with different stiffness and cohesion, so it can be 
stated that this is a numerical haziness, without 
much effect on the quality of the results.

Figure 8 shows the horizontal effective stress on 
the active side, measured on a plane 5 m away from 
the wall, the same plane used for Figure 7. The dif-
ferences between model 3 and the remaining are 
relevant. The cause to that disparity seems to be 
the soil improvement caused by suction. This can 
explain the bigger differences felt near the surface, 
since the suction grows from the water table, at 
15 m depth, up to the surface. Taking this explana-
tion into account it should be no surprise that the 
bigger discrepancy from model 3 to models 1 and 2 
are located in the first few meters.

3.2 Bending moments

The effects of the water table variations on the wall 
bending moments can be observed in Figures 9 
and 10. Regarding the bending moments at the 
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last stage, Figure 9 shows a significant variation 
according to how the groundwater level changes 
were considered in the calculations. Although the 
results of excavations model 1 and model 2 are 
quite similar, in model 3 the bending moments 
diagram is shifted to the right, resulting on higher 
negative moments in the first half  of the excavation 
height, and lower positive moments in the proxim-
ity of the excavation base. Despite the mentioned 
differences, the maximum bending moment sit’s 
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around 210 kNm/m, with variations between the 
three models not exceeding 8%.

Figure 10, presenting the bending moments 
envelope, conduces to similar conclusions as Fig-
ure 9. There are important differences in the upper 
part of the excavation but, near the bottom of the 
excavation and bellow, the results of the several 
calculations tend to agree with each other. In both 
Figures it can be noticed a significant difference 
between the calculations, which should not be too 
worrying, considering that the bending moments 
in this region are far from the maximum values.

The comparison between Figures 9 and 10 
shows that the maximum bending moments are 
obtained after the last excavation step. In all the 
three models the maximum bending moment is 
located somewhere between 1.0 m and 1.5 m above 
the base of the excavation.

3.3 Wall displacements

In Figure 11 are displayed the wall displace-
ments after the end of all the excavation works. 
As exposed in the previous sections, the distinct 
strategies to lower the water table in models 1 and 
2 didn’t produce relevant differences in the in situ 
stresses. Naturally, the wall displacements are very 
much similar.

The introduction of the suction effects, in 
model 3 results in lower wall displacements. Taking 
model 1 as reference, the horizontal movement was 
reduced 21%. The main reasons to this reduction 
are the increase of the soil stiffness and strength 
caused by the matric suction.

3.4 Surface displacements

The correct modeling of the groundwater in an 
excavation has capital importance regarding the 
surface settlements. Taking a close look at Figure 12 
it can be verified that the consideration of a first 
stage, in which the groundwater is lowered, pro-
duces important vertical settlements. In model 2, a 
total maximum settlement of 81 mm was predicted, 
about 5 times larger than the value obtained in the 
reference calculation, model 1, where no ground-
water level change was considered. In model 3, the 
consideration of matric suction and its effects over 
the soil strength and stiffness, reduces the total set-
tlement when compared to model 2, but the total 
value remains high.

Since the surface settlements appear to be very 
dependent on the first stage, where the groundwater 
table is lowered, a detailed analysis of these move-
ments was performed.

In model 1, as the water table lowering wasn’t 
modeled, the settlements due to this process were 
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necessarily zero. In model 2 these uniform settle-
ments reached a total value of 66.3 mm, while in 
model 3 they were 54.3 mm.

Figure 13 represents the settlements obtained 
after the water table lowering operation, this 
means, the total settlements subtracted by the ones 
produced during the water table variation. For 
comparison purposes the scale of the Figure was 
kept the same as in Figure 12. This Figure shows 
a quite similar behavior in all the three models. 
Nevertheless, the values obtained on model 3 are 
about 30% smaller than the ones in models 1 and 2. 
These differences are justified by the soil properties 
improvement caused by matric suction.

4 CONCLUSIONS

The comparison between models 1 and 2 shows that 
the groundwater variations, prior to the excavation, 
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Figure 13. Surface settlement due to the excavation and 
presstress phases.

have no appreciable effects on wall forces and deflec-
tions. Even though, the groundwater lowering has an 
undeniable importance when referring to the surface 
settlements. This parameter has shown responsibil-
ity for approximately 80% of the surface settlement, 
in models 2 and 3. This scenario gains even more rel-
evance in cases where the groundwater table profile, 
after drainage, is not uniform.

The consideration of a non saturated soil condi-
tion is crucial. Model 3 showed that the use of a 
simple model to reproduce the effects of soil suc-
tion resulted in the improvement of the retaining 
wall performance, reducing bending moments by 
8%, whereas wall deflections and surface settle-
ments were reduced more than 20%.

Given the importance of the simulation of the 
unsaturated soil behavior, confirmed by the values 
above, the design of such excavations should com-
prise a fully coupled hydro mechanical analysis. 
For such analysis it is fundamental to perform a 
set of in situ tests allowing the evaluation of soil 
stiffness variations with suction, mainly as a con-
sequence of water table fluctuations.
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