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BEARING CAPACITY OF A 
SINGLE PILE IN SATURATED 
AND DRAINED CLAY

NOSILNOST POSAMIČNEGA 
PILOTA V ZASIČENI GLINI PRI 
DRENIRANIH POGOJIH

Izvleček

V predstavljeni študiji je bilo preučevano interakcijsko 
vedenje posamičnih, dolgih, bočno obteženih pilotov v 
zasičenih in dreniranih glinah. Piloti so bili izdelani iz 
votlih jeklenih cevi premera 114 mm, debeline 2,5 mm, 
razmerje med dolžino in premerom je bilo enako 35. Piloti 
so bili vgrajeni v nehomogenih zasičenih glinah in bočno 
obteženi, da bi preverili njihovo mehansko obnašanje v 
zasičeni in drenirani zemljini. Interakcijo zemljina-pilot 
v obliki relacije sila-pomik (p-y krivulje) smo izračunali 
iz reakcije zemljine in neposredno izmerjenim bočnim 
premikom. Rezultati kažejo, da je bočna nosilnost pilota 
v drenirani glini do 27% večja od njene začetne vrednosti. 
Poleg tega se mejna odpornost tal pri obeh vrstah gline 
linearno povečuje z globino. Obstaja velika razlika med 
drenirano glino in nezasičeno mehko glino. Odpornost tal 
v drenirani glini je skoraj dvakrat večja od njene vrednosti 
v nezasičeni glini. Študija vsebuje tudi primerjavo in 
analizo razlike med izmerjenimi krivuljami p-y in 
vrednostmi dobljenimi s povratnimi analizami.
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Abstract

In this study the pile-soil interaction behavior of single, 
long, laterally loaded, embedded piles was investigated 
in both saturated and drained clay. The piles were hollow 
steel pipes with a diameter of 114 mm, a thickness of 2.5 
mm, and a length-to-diameter ratio of 35. The piles were 
installed in inhomogeneous, saturated clay and laterally 
loaded to test their mechanical behaviors in saturated and 
drained soil. The soil-pile interaction force-displacement 
relationships (p-y curves) were calculated from the soil 
reaction and combined with the directly measured lateral 
displacement. The results indicate that the lateral load-
-bearing capacity of the pile in drained clay is up to 27% 
greater than the initial value. Furthermore, the ultimate 
soil resistance in both types of clay increases linearly with 
depth. There is a large difference between drained clay 
and unsaturated loose clay. The soil resistance in drained 
clay is nearly two times larger than that in unsaturated 
clay. This study also compares and analyzes the difference 
between the measured p-y curves and the back-calculated 
values.
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1 INTRODUCTION

The stability of piles that are used to support oceano-
graphic engineering, oil and gas wellheads, buildings, 
bridges, transmission lines, and highway structures is 
commonly governed by lateral loads [1]. In areas with 
high rainfall and numerous beaches and rivers, the soil 
around a pile will undergo a process of natural drainage 
from the saturated to the unsaturated state; this can lead 
to changes in the lateral bearing capacity of the pile. 

The issue of soil modeling is also important in the 
perspective of ensuring sustainable production from the 
productive formations [2-3].

Many studies have investigated the pile-soil interface and 
lateral bearing capacity in saturated and unsaturated soil. 
However, a comparative study of soil resistance in satu-
rated and drained clay has not been conducted. Studies 
have also analyzed the large horizontal deformation of 
piles in detail, in order to clarify the internal relations 
between the deformation and the internal forces and the 
lateral soil resistance [4-5]. These characteristics have 
important scientific and engineering significance for the 
development of a clay strata construction.

The response analysis of the lateral pile deflection and 
the lateral soil resistance is important for designing 
laterally loaded piles. Numerous studies have applied 
elastic and elastoplastic analytical methods to transverse 
piles [6-8]. Popular elastic analysis methods include the 
foundation-beam method, the finite-element method, 
and the boundary-element method. However, it is diffi-
cult to use these methods to accurately predict the actual 
behavior of a pile foundation when laterally loaded piles 
are deformed significantly [9-10].

The elastoplastic analysis model is more reasonable 
when the pile foundation has a large horizontal defor-
mation. The engineering community considers the p-y 
curve method the most effective analytical method for 
a pile foundation with a large horizontal displacement 
[11]. The p-y curve is a comprehensive index that reflects 
the resistance of the surrounding soil to the pile body. It 
is influenced by many factors, such as the pile diameter, 
the pile foundation stiffness, the cross-sectional shape, 
the size effect, and the pile head restraint condition 
[12]. Matlock established the p-y curve of saturated soft 
clay and Reese established that of saturated sandy soil 
through experimental methods [5, 13]. The p-y curve 
method has subsequently been adopted and promoted 
by the American Petroleum Institute [14]. However, 
some experimental studies have noted a certain devia-
tion when using the soil shear strength and pile bending 
moment to derive the soil resistance [5, 7, 15].

In recent years, studies have actively investigated pile-
soil contact in unsaturated soils. Many studies have 
focused on finding differences between unsaturated 
and saturated soils and on establishing and modifying 
the mathematical functions of soil resistance [16-19]. 
However, the physical properties of saturated and unsat-
urated clays generally differ significantly. Experimental 
measurements normally use the direct shear test and the 
particle size of loose dry clay in saturated clay [20-21]. 
In addition, studies have measured the pile bending 
moment to estimate the soil resistance instead of using 
direct measurements. To the best of our knowledge, no 
study has investigated the soil-pile contact effect in the 
saturated clay drainage process.

In this study, advanced sensors were used to measure 
directly the pile bending moment, the pile body 
displacement, and the soil resistance. Subsequently, 
a reasonable p-y curve was derived for responses to 
changes in the soil properties. 

2 METHOD

2.1 Experimental Materials

This experiment used clay soil samples obtained at 
China Bohai Beach. The saturated soil samples were 
prepared in the soil pool by using sorted soil that was 
collected on site. The laboratory measurement results of 
the saturated soil samples are based on the Unified Soil 
Classification System [22]. Figure 1 shows the particle 
size distribution and the composition of the slightly 
sandy silty clay soil samples (uniform coefficient, Cu 
8.4). The maximum and minimum unit weights of the 
well-graded sand in an oven-dried condition were 2.05 
and 1.61 kN/m3, respectively.

The pile used in the test was a hollow circular steel tube 
with a measured elastic modulus of 206 GPa, an outside 
diameter of 114 mm, and a thickness of 2.5 mm. The 
yield bending moment of the pile body ([M]) obtained 
by the deflection measurement method was 7260 kN∙m. 
Boominathan and Ayothiraman [23] divided the embed-
ment length of the pile according to its mechanical 
behavior. Studies have already suggested that a pile with 
a length-to-diameter ratio (L/D) < 20 appears as a short 
stiff pile, a pile with L/D = 20 appears as an intermediate 
pile, and a pile with L/D > 25 appears as a long flexible 
pile. The experiment used a pile with a depth of 3990 
mm and a L/D of 35. Table 1 shows the basic parameters 
of the pile and the relative stiffness of the soil. The load 
application point of the pile was 100 mm above the mud 
surface.
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Figure 1. Properties of the slightly sandy silty clay soil used in the experiment.

Outside diam-
eter (mm)

Wall thickness 
(mm)

Stiffness (EI) 
(×109N/mm2)

Embedment 
length (mm)

Pile length 
(mm)

Length-to-diam-
eter ratio Description

114 2.5 309 3990 4090 35 Long flexible

Table 1. Parameters of the pile and the relative stiffness of the soil.

2.2 Pile-Soil Interaction Experimental Facility

The pile-soil interaction (PSI) facility comprised a test-
ing soil pool, a lateral loading control system, and vari-
ous sensor and data-acquisition components. The testing 
soil pool had dimensions of 6.0 × 3.0 × 5.0 m3 and three 
drains installed in its bottom. The soil thickness was 4.8 
m, and the length and width were more than 10 times 
the outside diameter of the pile. The measurement 
results were not affected by the boundary effect [24]. A 

Figure 2. Pile-soil interaction experimental facility.

lateral loading control system applied lateral loads to the 
pile head, and it controlled and recorded the output load 
value. The loads applied to the pile head were varied 
from 980 to 9800 N in increments of 980 N. For each 
load increment, the load was kept constant until the 
lateral displacement of the pile stabilized.

The PSI facility includes thin resistance strain gauges, 
a customized inclinometer sensor, and soil-pressure 
sensors. The resistance strain gauges, each having 
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a length of 6 mm and a resistance of 120 Ω, were 
installed below the mud surface on the tension side 
of the pile at 228-mm intervals (0, 228, 456, 684, 912, 
1140, 1368, 1596, 1824, 2052, 2280, 2508, 2736, 2964, 
3192, 3420, 3648, and 3876 mm). All the attachments 
of the resistance strain gauges to the pile body were 
waxed to make them waterproof. Custom resistive 
soil-pressure sensors with an outside diameter of 20 
mm and a thickness of 7 mm were attached to the pile 
surface along the pile length (114, 228, 342, 456, 570, 
684, and 798 mm). The p-y curve and the ultimate soil 
resistance were studied through direct measurements of 
the soil resistance.

Figure 3. Pile instrumentation and the location of various 
sensors.

3 EXPERIMENTAL PROCESSES

3.1 Saturated clay preparation process

In the saturated-clay preparation process, uniform sand 
with a 0.5-mm particle size was first used to line the 
bottom of the soil pool to a depth of 500 mm. Next, 
drying clay was placed in the soil pool, and the soil was 

paved and compacted with each additional 20-mm-thick 
layer of clay. Saturated clay was prepared by saturating 
each layer of clay individually, with water slowly flowing 
in from the water inlet hole at the bottom of the soil 
pool. The water level was controlled to 200 mm above 
the soil surface in the soil pool, and a slow inflow rate 
was maintained. Each soil layer was kept standing for 
4–5 h to ensure the uniform soil saturation. Following 
the completion of the clay saturation, the excess water 
on the clay surface was absorbed and the saturated clay 
was kept still for 5 days.

To characterize the soil, consolidated drained (CD) 
triaxial tests were performed. Then, 114-mm-diameter 
triaxial soil samples were tested at confining pressures of 
25, 50, and 100 kPa from a depth of 75 mm. The strain 
rate was 0.01 mm/min. Figure 5 shows the measured 
deviator stress-axial strain and peak friction angle 
during the CD triaxial tests.

3.2 Soil drainage preparation process

Three drains at the bottom of the soil pool were opened 
following the completion of the first part of the test. The 
soil samples in the soil pool were weighed to calculate 
the water content at different depths every 2 h.

The permeability of the soil samples was high, as the 
water content over 7 days fell to 9.2%. We theorize 
that the clay moisture content is the optimal moisture 
content (Fig. 4). Figure 5 shows that the soil friction 
angle increased to 30.96° after the drainage of the soil 
samples (12.3%) and that the cohesion increased to 
15.18 kPa (126.6%).

Figure 4. Drainage process at different soil moisture content 
depths.
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Figure 5. Properties of the soil used in the experiment: 
(a) results of CD triaxial tests performed on prepared soil 

samples and (b) p-q diagram of tested soil.

Figure 6. Lateral load-displacement curves at the pile head.

4 RESULTS

4.1 Load-displacement response at the pile head

Figure 6 shows the relationship between the measured 
lateral load and the pile-head displacement under satu-
rated and unsaturated clay conditions. The figure shows 
that the lateral displacement of the pile head decreased 
with the increased L/D. Furthermore, as the load 
increased to 8330 N in the saturated clay, the displace-
ment rate of the pile head increased; when the load 
increased to 9310 N after soil drainage, the pile-head 
displacement increased faster.

4.2 Strain along the pile length

The bending moments of the model pile can be calcu-
lated using Eq. (1) and the measurement results of the 
resistance strain gauges distributed along the pile length.

M
E I

yi
i=

⋅ ⋅ε         (1)

Figure 7. Bending-moment variation along 
the pile depth at different loading stages: 

(a) in saturated clay and (b) in drained clay.
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where E is the elastic modulus of the model pile, Pa; ε 
is the strain value; Ii is the sectional moment of inertia, 
m4; and y is the resistance strain gauge distance from the 
neutral axis of the pile, m.

Figure 7 shows the lateral loading of the pile versus the 
bending moment in saturated and drained clays. The maxi-
mum peak moment of the pile was 7158 N∙m (less than 
[M]) as the lateral load increased to 9.8 kN in the saturated 
soil. The depth of the maximum moment increased from 
1140 to 1368 mm, and the zero point of the bending 
moment appeared 3 m below the surface of the mud.

In the drained soil samples, the maximum bending 
moment was 25% greater than that in the saturated soil. 
For the increased lateral load of 8.82 kN, the pile body 
appeared to undergo plastic deformation, and the depth 
of the maximum moment point was 1140 mm and did 
not increase further. As the lateral load was increased 
from 8.82 to 9.8 kN, the lateral displacement of the pile 
increased greatly. The same pile reached the plastic point 
earlier with a smaller load in the drained clay.

Figure 8. Measured soil reaction along the pile length at differ-
ent loading stages: (a) in saturated clay and (b) in drained clay.

4.3 Pile-soil interaction along the pile length

In this study, the soil resistance of the piles was directly 
measured using soil-pressure sensors. The soil resistance 
can be calculated according to Eq. (2).

p K= ⋅µε         (2)

The p-y curve is a comprehensive index of the soil resis-
tance around a pile. It is affected by the pile diameter, the 
stiffness, the cross-sectional shape, the size effect, and the 
pile end constraints. Soil resistance is normally calculated 
using an empirical formula; however, this result usually 
contains a large error. In fact, many studies have reported 
instances in which the p-y analysis results did not match 
the measured soil reaction profiles [13, 25].

Fig. 8 summarizes the measurements obtained using 
soil-pressure sensors installed along the pile length. Both 
figures show that the soil resistance increased as the 
applied lateral load increased.

Figure 9 shows the pile displacement during loading as 
measured using an inclinometer sensor and pile-head 

Figure 9. Lateral movement along the pile length at different 
loading stages: (a) saturated clay and (b) drained clay.
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displacement sensor. In saturated soil, the loading point 
is located 100 mm above the mud line; the displacement 
at the top of the pile reaches 74.4 mm under a 9.8-kN 
lateral load, that at the mud surface is 66.0 mm, and a 
10-mm bulge is seen on the mud surface with cracking. 
In drained clay, the lateral pile displacement is always 
lower than that in the saturated soil. The maximum 
displacement at the mud surface is 60.5 mm.

4.4 Soil-pile interaction force-displacement rela-
tionships (p-y curves)

The soil-pile interaction force per unit length (p) shown 
in Fig. 8 and the pile lateral displacement (y) shown in 
Fig. 9 were combined to produce directly measured p-y 
curves. Figure 10 shows directly measured p-y curves 
covering the pile length. The results show that the p-y 
curves increase with depth. There is no significant differ-
ence in the strength of shallow soils at depths of less than 
228 mm. The soil resistance of the pile in drained clay is 

Figure 10. Relationship between the soil resistance and the 
displacement along the pile length at different depths: (a) pile 

in saturated clay; and (b) pile in drained clay.

significantly reduced by a displacement of more than 15 
mm with a 40% drop. This may be because of the shal-
low soil cracking caused by excessive pile displacement. 
However, in saturated clay, the soil resistance of the pile 
was not reduced. When the displacement reached 12 
mm, the soil resistance became constant. In deeper soil 
layers, the soil resistance around the pile increased with 
the displacement, and the rate of increase was faster in 
drained clay, reflecting the increase in soil resistance 
after the clay drainage. 

5 DISCUSSION

Broms, Reese, Fleming, and Kim have established a 
model for the ultimate soil resistance around piles. In 
this study, the soil resistance was directly measured 
through a horizontal displacement experiment, and the 
soil resistance in drained clay was found to be increased 
compared with the initial value. The curve of the over-
lapping parts of the soil resistance at different loading 
stages is approximately a straight line. Figure 5 shows 
the measured soil friction angle (saturated soil friction 
angle φ1=27.56°, drained clay friction angle φ2=30.96°). 
According to Rankine’s earth-pressure-calculation model, 
the ultimate resistance of the saturated and drained clay 
was expressed by Eqs. (3) and (4), respectively.

p k zu p= ⋅ ⋅4 76. γ         (3)

′ = ⋅ ⋅p k zu p5 97. γ         (4)

Here, kp is the passive earth-pressure coefficient (studies 
recommend a value of 3–9; [9, 14]); γ is the average 
effective weight of soil; and z is the embedded depth. The 
results reported in this study are ~24% lower than that 

Figure 11. Comparison of the directly measured soil resistance 
at several depths and the p-y curves from other methods.
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measured by Zhu [26] in saturated clays. The measured 
soil resistance in drained clay is up to 189% greater than 
that in unsaturated clay, as measured by Prasad and 
Chari [8]. The soil resistance in drained clay increased 
by 27% compared to that in saturated clay. At a depth of 
114 mm the measured soil resistance deviated from the 
fitting curve; this is considered to be attributable to the 
bulging and cracks in the surface layer.

The directly measured p-y curves were compared with 
the p-y curves back-calculated from the measured strain 
profiles along the pile depth, which were obtained from 
the beam on elastic foundation theory. The measured 
bending moment of the pile was fitted by a sixth-order 
polynomial [26]. The soil resistance was calculated as 
p x d M dx( ) /= 2 2. The soil resistance and pile lateral 

displacement at different loading stages were calculated as 
shown in Fig. 12. When compared with the back-calcu-
lated p-y curves at several depths along the pile length, 
the directly measured ultimate soil resistance per unit 

Figure 12. Comparison of the directly measured and the back-
calculated p-y curves at several depths: (a) in saturated clay; 

and (b) in drained clay.

length showed smaller values than those back-calculated 
using the strain measurements. The difference was greater 
at depths closer to the maximum bending moment of 
the pile. The measured soil resistance at a depth of 798 
mm was 37% smaller than the back-calculated one at a 
lateral load of 9.8 kN (Fig.12(a)). The difference in the soil 
resistance between the measured and back-calculated in 
drained clay was greater, up to 82%. 

6 CONCLUSIONS

At present, the pile displacement, the bending moment, 
and the soil resistance around a pile are considered to be 
interrelated. Furthermore, several methods have been 
established for calculating the soil resistance around piles 
based on the displacement and bending moment. However, 
the measured results presented in this paper show that the 
results calculated by previous methods are not accurate, 
owing to the nonlinear characteristics of the soil.

The maximum bending moment depth of a pile first 
increases with the load and then remains constant, with 
the bottom of the pile fixed. When the pile body under-
goes plastic deformation, the bending moment increases 
sharply; however, the soil resistance does not increase 
significantly, the pile still has a horizontal bearing capac-
ity, and the level of deformation at this time increases 
significantly.

For bottom-fixed piles, the value of the maximum 
bending moment of the pile body in drained clay is 
greater for the same load, and the maximum bending 
moment depth is smaller. The lateral load-bearing 
capacity of the pile is greater than the initial value in 
saturated clay.

According to the test results, a model for the ultimate soil 
resistance of saturated and drained clays was established. 
The ultimate soil resistance of these two types of clay 
differed by 27%, and both increased linearly with depth. 
At a depth of 114 mm the measured soil resistance test 
deviated from the fitting curve. This is considered to be 
attributable to the bulging and cracks in the surface layer.

Although the bending moment of the pile is related to the 
soil resistance, there is a large error in building the poly-
nomial anti-calculation soil resistance using the bending 
moment of the pile body. The back-calculated results of 
the soil resistance near the maximum bending moment 
depth deviate significantly from the measured values. This 
soil-resistance calculation method does not consider the 
fact that the distribution of the stiffness and the bending 
moment of the pile along the pile body is inconsistent 
with the distribution of the soil resistance along the depth.
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