
1 INTRODUCTION 

According to de Beer (1977) horizontally loaded 
piles can be classified into “active piles” and “pas-
sive piles”. “Active piles” are subjected to horizontal 
loads at the pile head caused by the superstructure. 

“Passive piles” are frequently found in soft soil 
layers where eccentric loading or unloading of the 
ground surface around piles causes horizontal soil 
movements resulting in a lateral pressure on adja-
cent piles. Typical examples are embankments be-
hind piled bridge abutments or piles close to excava-
tions (Figure 1). 

In many cases, the lateral pressure acting on piles 
due to horizontal soil movements is calculated with 
empirical formulae or analytically based on plastic-
ity or earth pressure theory, respectively.  
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Figure 1. Lateral pressure on piles due to horizontal soil 
movement (after Chen 2004). 

However, most of these calculation methods do 
not consider possible influences on the resulting pile 
loads such as the roughness of the pile-soil-interface, 
the pile shape or the visco-plastic material behaviour 
of soft soils. 

In the scope of this paper the results of 1g model 
tests in Kaolin clay on piles subjected to lateral pres-
sure, which were carried out to overcome some of 
these limitations and to improve the available design 
approaches, are presented.  

2 LATERAL PRESSURE ON PILES DUE TO 
HORIZONTAL SOIL MOVEMENT 

2.1 Model tests 

An overview of selected 1g- and centrifuge model 
tests carried out on laterally loaded single piles and 
pile groups in horizontally moving clayey soils is 
given in Table 1. Varying boundary conditions such 
as the constraints at the pile head and the pile spac-
ing were investigated. 

Typical techniques for the activation of lateral 
pressure on model piles are depicted in Figure 2 
with the test carried out load- or displacement-
controlled, respectively. 
a) Soil flows
    around the piles
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Figure 2. Activation of lateral pressure in model tests.  
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ABSTRACT: In soft soil layers vertical piles are frequently loaded laterally by horizontal soil movements 
caused by eccentric loading or unloading of the ground surface around the piles. In many cases, the lateral 
pressure acting on piles due to horizontal soil movements is calculated with empirically or analytically based 
approaches, respectively. In the scope of this paper the results of 1g model tests on single piles and pile rows 
in Kaolin clay are presented. During the model tests the soil movements were analyzed with the PIV-Method. 
The model tests investigate the influence of the roughness of the pile-soil-interface, the pile shape and the dis-
placement rate of the soft soil flowing around the pile on the lateral pressure acting on the piles. 



Table 1.  Model tests in clayey soils. __________________________________________________ 
Reference      Activation of   Soil layers 
         lateral pressure  (from top to 
         (Figure 2)    down) __________________________________________________ 
1g model tests 
Wenz (1963)      a); SP, PG   Clay 
Matsui et al. (1982)    a); PG    Clay 
Pan et al. (2000, 2002)  a); SP, PG   Kaolin clay 
Knappett et al. (2010)   a); SP    Kaolin clay 
Centrifuge model tests 
Springman (1989)    c); PG    Sand-Clay-Sand 
Stewart (1992)     c); PG    Clay-Sand 
Bransby (1995)     c); PG    Sand-Clay-Sand 
Ong et al. (2003)    c); SP, PG   Clay-Sand 
Jeong et al. (2004)    c); PG    Sand-Clay-Sand __________________________________________________ 
SP = Single Pile; PG = Pile Groups 

2.2 Design methods 

According to Stewart et al. (1994) the broad group-
ings for existing design methods are  
 empirical methods, 
 pressure-based methods, 
 displacement-based methods, 
 finite element analyses. 

Previous studies (e. g. Gudehus & Leinenkugel 
1978; Randolph & Houlsby 1984) indicate that the 
lateral pressure on piles depends on various parame-
ters such as 
 pile roughness, 
 pile shape, 
 pile flexibility, 
 velocity of the soil flowing around the pile 

However, in design practice frequently the fol-
lowing simplified expression is applied 

puupuu asPdsP   or  (1) 

where Pu = lateral pressure on the pile; χ = em-
pirically or theoretically derived coefficient; su = 
undrained shear strength; dp = pile diameter; ap = 
edge length of the pile. 

In German design practice, additionally the lat-
eral pressure Pe is estimated based on earth pressure 
theory. The smaller value of the two parameters Pe 
and Pu is then applied for the pile design (DGGT 
AK 2.1 2012). Table 2 gives an overview of design 
methods applying Equation 1.  

3 1G MODEL TESTS ON SINGLE PILES AND 
PILE ROWS 

3.1 Test set-up 

For the 1g model tests summarized in Table 3 the 
approach sketched in Figure 2a was adopted, i. e. the 
soil (Kaolin clay) flows around fixed single piles or 
pile rows, respectively. Figure 3 shows the test set 
up. The soil is located in a box on a cart which is 
pulled displacement-controlled by means of a hy-
draulic press. 

Table 2. Design method for the lateral pressure Pu. __________________________________________________ 
Reference      Derivation    Pu __________________________________________________ 
DGGT AK 2.1 (2012)   theoretical    7.0 · su · dP 
Brinch Hansen &     theoretical    7.5 · su · aP 

Lundgren (1960)          6.4 · su · dP 
Schenk &        theoretical    3.4 · su · aP 

Smoltczyk (1966)          2.6 · su · dP 
Wenz (1963)      1g model tests  ≈ 8.3 · su · aP 
Wenz (1972)      theoretical    11.4 · su · aP 
Gudehus & Leinen-   theoretical  

kugel (1978)            4.5 · su · dP 
Randolph &       theoretical*   9.14 · su · dP 

Houlsby (1984)           11.94 · su · dP 
Chen (1994)      FE-Analysis   11.4 · su · aP 
Bransby (1995)      FE-Analysis   11.75 · su · dP 
Pan et al. (2000)     1g model tests  ≈ 10.6 · su · aP 
Knappett et al. (2010)   1g model tests  8.33 · su · aP 

                 8.62 · su · dP __________________________________________________ 
* Results for perfectly smooth and perfectly rough piles 
 

The wheels of the cart are guided in steel channel 
sections. The ground area of the 200 mm deep box 
was variable within maximum dimensions of 
840 mm  1120 mm. Based on the PIV observations, 
the zone of deforming soil around the pile did not 
extend to the container boundaries. A spring pre-
vented cart movements during initial adjustments of 
the press.  

During the tests, each model pile was fixed by 
means of two guyings aligned with the direction of 
the soil movement. The guyings were connected 
with the back of the pile near the pile head and the 
pile base, respectively. A guying comprises a steel 
cable connected to a load cell which allowed for the 
measurement of forces acting on the pile due to the 
soil movement independently from the hydraulic 
press pulling the cart. Additionally, the pile base was 
equipped with a ball bearing to prevent excessive 
friction and was located in a guide rail. During the 
soil placement in the box, the piles were temporarily 
supported by means of two guyings between the pile 
head and the box walls. 

The 200 mm long model piles were fabricated 
from aluminium profiles with circular or square 
cross sections, respectively. Diameters dp and edge 
length ap ranged between 20 mm to 40 mm. The 
plain surfaces of the aluminium profiles are consid-
ered as “smooth” in the scope of this work. For the 
investigation of “rough” piles, sandpaper was glued 
on the aluminium profiles. 

The resistance of the cart comprising inertia forc-
es, friction and spring resistance was measured after 
every test when the box filled with soil but with the 
piles already extracted was moved. 

For the investigation of pile rows, two or three 
piles, respectively, were lined up perpendicular to 
the direction of the soil movement (Figure 4). Guy 
cables between pile heads prevented relative dis-
placements among the piles.  



2  + 4  1600 mm 
1000 mm

1200 mm
3

3

200 mm

1

VI II I

V

III

IV

1120 mm

840 mm

1     2 displacement transducers.             displacement transducer
and load cell for hydraulic press.       load cells for model pile.

VII

2  + 4
3

VI

III
III

IV V
VII

     Model pile.       Temporary guying for the model pile during 
sample preparation.        Guyings between model pile and load 
cells.        Spring.       Polyamid wheels guided in steel channel 
sections.        Adjustable guide rail at the pile base.         Ginny 
wheel between cart and hydraulic press.  
Figure 3. Test set up. 
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Figure 4. Pile row configurations in the model tests. 

 
During two tests, the pore pressure at the pile 

shaft was measured by means of pipes (Inner diame-
ter/Outer diameter: 0.5 mm/1.5 mm) protected by a 
geotextile filter to prevent the infiltration of soil par-
ticles. The water-filled pipes were connected to ex-
ternal pore-pressure cells. To minimize the influence 
of the pipes on pile-soil-interaction, the pipes were 
placed in grooves and only model piles with the 
maximum diameter of dp = 40 mm were employed. 

All tests except the single piles with pore pres-
sure measurement were analyzed with the PIV-
Method (e. g. White & Take 2002). Preliminary tests 
showed that by dispersing fine sand as a tracer on 
top of the Kaolin clay surface, the measurement de-
viations ranged in the same order of magnitude as 
for tests on sand only, i. e. 2 % to 3 % related to the 
displacement of the box.  

The digital reflex camera operated so that images 
were obtained every 1 mm of soil displacement. The 
field of view corresponded to an object space pixel 
size of approximately 0.25 mm.  

Table 3.  Model test configurations. __________________________________________________ 
Test      w     su   dp or ap    v 
      (%)     (kPa)    (mm)   (mm/min) __________________________________________________ 
Single piles 
T01/T11  39.5/39.4  2.4/2.4   20    0.1 
T02/T10  39.6/39.9  2.3/2.2   40    0.1 
T03/T06  39.4/39.4  2.4/2.4   30    0.1 
T04/T08  39.2/40.2  2.5/2.1   30      1 
T05/T09  39.0/39.6  2.6/2.3   30**   0.1 
T07/T17  38.5/46.2  2.7/0.8     30/40   0.01 
T12     34.5    5.2   30    0.1 
T13/T15  44.5/48.0  1.1/0.6   40      1 
T14/T16  46.7/47.1  0.8/0.7   40    0.1 
T18/T19  46.7/45.7  0.8/0.9     30/20   0.1 
T20/T23  38.5/39.3  2.7/2.4  20**/40**  0.1 
T21*/T22*  46.0/39.1  0.9/2.5   30    0.1 
Single piles with pore pressure measurements 
T1P/T2P  47.1/48.0  0.7/0.6   40      1 
Pile rows 
T2d/T4d  39.3/39.2  2.4/2.4   20    0.1 
T6d/T8d  39.3/39.9  2.4/2.2   20    0.1 
T10d     39.5    2.4   20    0.1 
T2d3_1/2  38.6/39.5  2.7/2.4    20    0.1 
w = water content; su = undrained shear strength; dp = pile di-
ameter; ap = pile edge length; v = velocity of the soil body __________________________________________________ 
* rough pile; ** square pile 

3.2 Soil properties and sample preparation 

Kaolin clay (Table 4) with a very soft consistency 
and water contents close to the liquid limit or even 
higher yielding a liquidity index IL  1 was placed in 
approximately 3 cm thick layers in the box. Every 
layer was smoothened before the next layer was 
placed. Under the assumption that the structure of 
Kaolin clay does not change significantly during 
consolidation (Soumaya 2005) and to proceed with 
the testing program in a reasonable time frame, the 
tests started immediately after the soil placement, i. 
e. no time was given for consolidation under self-
weight. Figure 5 shows the variation of the 
undrained shear strength su with water content w. 
The undrained shear strength was determined in the 
test box in preliminary tests and after the actual tests 
with a small vane penetrometer. 

3.3 Test results 

In the scope of this paper, the lateral pressure acting 
on the pile p and the relative displacement between 
the pile and the soil body  were normalized by the 
undrained shear strength su and the pile diameter dp 
or pile edge length ap, respectively. The lateral pres-
sure of the pile p was derived from the measured 
forces on the pile divided by the pile length and the 
pile diameter or pile edge length, respectively. The 
relative displacement between pile and soil body  
was assumed to be equivalent to the displacement of 
the box.  
 
 
 



Table 4.  Kaolin clay properties. __________________________________________________ 
Grain density s       g/cm³  2.71 
Dry density d       g/cm³  1.24 
Atterberg limits LL; PL    %    36.4; 18.6 
Angle of internal friction ' (critical state)  20° 
Slope of the compression line  -    0.114 
Slope of the swelling line    -    0.044 
Permeability k       m/s   2 · 10-9 to 8 · 10-10 __________________________________________________ 
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Figure 5. Variation of undrained shear strength su with water 
content w. 
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Figure 6. PIV analysis of test T10: Vector plot (top) and con-
tour lines of (bottom) of relative displacement. 
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Figure 7. Variation of excess pore pressure u with normalized 
soil displacement /dp. 

 
As an example, Figure 6 shows the result of the 

PIV-analysis of test T10 for a relative displacement 
between pile and soil, i. e. the displacement of the 
box, of   0.1dp  4 mm. The flow of the soil 
around the pile was recognizable up to relative dis-
placements of   1.0dp. The soil at the back of the 
pile separated from the pile shaft and holes of vari-
ous area sizes and depths developed.  

The pore pressure measurements exhibited an in-
crease of the pore pressure at the front of the pile 
(u > 0) during the test with the pore pressures at a 
depth of 14.0 cm higher than at a depth of 10.5 cm 
(Figure 7). At the back of the pile the pore pressures 
decreased (u < 0). In part, this might be the result 
of suction stresses developing during the test. On the 
other hand, the holes at the pile shaft with depths of 
up to 10 cm might influence the pore pressure meas-
urements at the pile back. However, the effect of the 
holes on the pore pressure could not be specified in 
detail, so far. 

Figure 8 and Figure 9 show the variation of nor-
malized soil displacement /dp with the normalized 
pressure acting on the piles p/su for smooth circular 
and square piles. The displacement rate of the soil 
body was held constant at v = 0.1 mm/min in these 
tests. The tests with circular piles (Figure 8) exhibit 
increased values for p/su for higher water contents w, 
which correlate with low values of su (Figure 5). 
However, this might be caused by difficulties in es-
tablishing rather low values of su with the vane 
penetrometer.  

In accordance with Equation 1, there appears to 
be no significant influence of dp or ap, respectively, 
and su, at least for approximately w  40 % (su  2 
kPa), on the normalized pressure acting on the piles 
(Equation 2).  
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Figure 8. Circular piles: Variation of the normalized pressure 
acting on the piles p/su with normalized soil displacement /dp. 
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Figure 9. Square piles: Variation of the normalized pressure 
acting on the piles p/su with normalized soil displacement /ap. 
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However, as the normalized pressures are still in-
creasing it suggests that the maximum values may 
be higher than those stated. 

Due to the larger shaft area and the resulting 
higher shaft resistance, one would expect increased 
lateral pressure for square piles with edge length ap 
compared to circular piles with dp = ap. However, 
this could not be observed in the model tests (Figure 
9). The square piles lay within the bandwidth of re-
sults for the circular piles. 

Figure 10 shows a comparison of test results for 
smooth piles (T03, T06 & T18) and rough piles (T22 
& T21) for water contents of w  39 % and w  
47 %. The rough piles exhibit higher lateral pres-
sures than the smooth piles. Moreover, it appears 
that the difference between smooth and rough piles 
is more pronounced for higher values of su.  

Figure 11 investigates the influence of the dis-
placement rate of the soil v for w  39 % and w  
47 %. An increase of the displacement rate of v = 
0.1 mm/min to v = 1 mm/min yields an increase of 
the lateral pressure of 15 % to 25 %. However, 
based on the work of Gudehus & Leinenkugel 
(1978) an increase of the lateral pressure of 5 % 
would have been expected for an increase of the dis-
placement rate of 10 %. To clarify if the effect ob-
served in the current model tests is related solely to 
the viscosity of the soil or if an increase of excess 
pore pressures with increasing displacement rate 
makes a contribution, too, further investigations are 
necessary.  

As an example for the model test on pile rows, 
selected results for two piles in a row are presented 
in the following. Figure 12 compares pile rows with 
varying pile spacing with single piles for w  39 % 
and v = 0.1 mm/min. In contrast to the results pub-
lished by Wenz (1963) and Matsui et al. (1982), the 
lateral pressures acting on the piles in the row are 
smaller than the lateral pressures on a comparable 
single pile. Similar results as in the current model 
tests were presented by Pan et al. (2002). 
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Figure 10. Influence of the pile roughness: Variation of the 
normalized pressure acting on the piles p/su with normalized 
soil displacement /dp. 
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Figure 11. Influence of the displacement rate v: Variation of 
the normalized pressure acting on the piles p/su with normal-
ized soil displacement /dp. 
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Figure 12. Pile rows: Variation of the normalized pressure act-
ing on the piles p/su with normalized soil displacement /dp. 

10 0 -10 -20
y (cm)

10 0 -10
y (cm)

-15

-10

-5

0

5

10

15

x 
(c

m
)

-20 10

Soil Displacement
  0.2dp  4 mm

      ...      0.96 ...0.91 

s = 2dp

     ...      0.99 ...0.95 

s = 6dpT2d T6d

 
Figure 13. PIV analyses of tests T2d and T6d: Contour lines of 
soil displacement. 

 
Figure 13 shows the results of the PIV-analyses 

for rows with a pile spacing of s = 2dp (T2d) and s = 
6dp (T6d), respectively, and a relative displacement 
of   0.2dp  4 mm. The PIV-analyses illustrate 
how the soil movements are constrained by the piles. 
For s = 6dp an arching effect is visible. A compari-



son of the areas influenced by the piles shows an in-
crease of approximately 220 % (T2d) to 260 % 
(T6d) compared to a single pile. However, this ob-
servation appears to be in conflict with the lateral 
pressure acting on the group piles being smaller than 
the lateral pressure acting on a single pile (Figure 
12).  

4 CONCLUSIONS 

The model test on single piles confirmed the signifi-
cant influence of the pile roughness and of the dis-
placement rate of the soil on the lateral pressure act-
ing on the piles while an influence of the pile shape 
could not be observed. For a final assessment of the 
influence of the displacement rate, the excess pore 
pressures acting at the pile front and the suction 
stresses acting at the pile back, respectively, as 
measured in the current tests needs to be further in-
vestigated. 

For the maximum applied normalized relative 
displacement /dp  1, the model tests on single piles 
yield maximum normalized lateral pressures in a 
range between p/su  3.5 and p/su  8, which lie 
within the bandwidth of values documented in the 
literature (Table 2) for Pu/(dpsu) or Pu/(apsu), respec-
tively. However, since the lateral pressure is increas-
ing with increasing normalized relative displacement 
/dp or /ap, respectively, these values should not be 
considered as ultimate values. Another factor con-
tributing to the relatively small observed p/su-values 
compared to theoretical solutions based on deep pla-
nar flow mechanisms (e. g. Randolph & Houlsby 
1984) might be that shallow wedge shaped failure 
mechanisms, as observed for example by Knappett 
et al. (2010), developed in the presented tests.  

For pile rows comprising two piles up to a spac-
ing of s = 8dp, smaller lateral pressures were meas-
ured than for a comparable single pile. This result 
needs further investigation including numerical 
analysis to study group behaviour. The PIV-analyses 
carried out, indicates arching effects between piles 
which can result in increased lateral pressures. 

In the next phase of the research project the re-
sults of the model tests will be applied for the verifi-
cation of a numerical model. With the numerical 
model parametric studies will be carried out, to im-
prove available design approaches. 
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