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Highlights

¢ Loading speed does not affect the ultimate point and total bearing capacities of the pile significantly.

o The base, shaft, and total bearing capacities of piles mobilized at different settlement values.

o The base and total capacities of piles decrease 65 to 75% when the dry soil becomes saturated.

e Experimental Nq coefficients were smaller than coefficients of Vesic and Meyerhof but closer to
Janbu's.

e Nq value depends on the internal friction angle of soil, effective stress, pile diameter, and saturation
degree.

e In dry and saturated sands, Nq value decreases since the pile length/pile diameter ratio increases.
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The percentage of point capacity in ultimate bearing capacity (left) and the variation of Nq values
depending on L/D (right)
(Qp: point capacity, Qu: ultimate capacity, L: pile length, D: pile diameter, Sr: saturation degree of soil,
E: experimental, T: theoretical, J: Janbu, V: Vesic, M: Meyerhof,)
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ABSTRACT: In the present paper, an experimental study was conducted to determine the factors affecting
the point bearing capacity of pile foundations constructed in dry and saturated sandy soils. Model piles
were installed as reinforced concrete bored piles cast-in-situ. Model pile foundations of various geometries
resting at different depths in homogeneous sand of different saturation degrees (%0-100) were loaded
statically to failure. The test results showed that the bearing capacity of piles did not significantly affect
by the loading rate. At most 10% difference was observed in pile bearing capacity when the loading rate
was between 0.7 and 2.5 mm/min. Subsequently, the load bearing capacities of the piles were determined
at a specified constant loading rate. The point and total capacities of the piles were measured separately
in the experiments, then test results were compared with theoretical values. Pile point capacities provided
from pile load tests are smaller than the theoretical values. The differences between experimental and
theoretical results have been attributed to the Nq values. The Nq values not only dependent on the internal
friction angle of the soil but also the saturation degree of the soil, the pile diameter, and the effective stress.
Nq values decrease since the pile length/pile diameter ratio increases.

Keywords: Bearing Capacity Factor, Pile Load Test, Point Resistance, Sand, Saturation Degree, Single Pile

1. INTRODUCTION

Pile foundations are the most preferred practices in solving the foundation problems, such as bearing
capacity, settlement, stability problems, liquefaction, and groundwater flow. In field applications, pile
foundations are manufactured for soldier piles (lateral loaded piles) [1], [2] or soil reinforcement piles
(vertical loaded piles) [3], [4], [5]. In soil reinforcement works, more than one pile is manufactured
according to the project requirements, and the piles are ensured to carry the load as a group. If a raft plate
is manufactured on the pile group, the system becomes a piled raft. In the pile foundation systems (single
pile, pile group, and pile raft), the load-bearing capacity and load-settlement behavior of each pile are
different [6]. The piled raft system is mostly used in soil reinforcement works and the load transfer
mechanism between the pile-soil-raft is very complex [6], [7], [8]. If the load-settlement behavior of single
piles can be determined accurately, it will enable more reliable designs of pile groups and piled rafts.

Pile foundations are classified as point bearing or friction piles according to the mechanisms of load
transfer. The total bearing capacity of the pile is mostly met by the shaft capacity in friction piles and by
the point capacity in the point bearing piles [9], [10]. However, the point capacity of piles installed in sandy
soil constitutes a significant portion of the pile bearing capacity [11], [12], [13], [14]. Point and shaft
capacities are not independent of one another because improving the load-bearing layer at the pile base is
not only increases point capacity but at the same time improves the shaft capacity [15].

The soil properties (soil type, shear strength parameters), pile material type (steel, concrete, wood),
the construction method (driven or bored piles), the loading direction (axial or lateral), and groundwater
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conditions (effective stress and pore water pressure) have decisive effects on the load-settlement
characteristics of pile. There are still some uncertainties on the pile behavior since many factors affect the
pile-soil interactions. In the last decade, empirical or semi-empirical methods enhanced to determine the
load transfer mechanism of bored piles [16], [17], [18], [19], [20]. In addition, some analytical models have
been developed to estimate pile capacity considering the pile diameter, soil properties, and stress in soil
body [21], [22], [23], [24], [25], [26]. In non-displacement piles, Han et al. [27] reported that increments of
relative density of sand and lateral stress at pile base increase the ultimate base resistance but pile diameter
has no effect on base resistance.

The bearing capacity factor (Ng) is the most important parameter affecting the pile point resistance.
Ngq values usually get constant values according to the internal friction angle of the soil (¢). Many
researchers have developed equations or graphs for the Nq coefficient depending on the ¢ [28], [29], [30],
[31], [32], [33]. Cheng [34] proposed to increase the Nq values developed by Berezantzev [28] by 4 to 10%.

The pile point resistance also increases by the effective stress in soil body. However, pile load tests in
the field cases indicate that a linear increase was not observed on point resistance, depending on the
effective stress in soil. Consequently, the expression of “limit point pressure” to limit the point resistance
has been developed [31], [35]. The limitation of the point resistance is caused by the arching and clamping
effects occurring in the soil. The pile point resistance increases with depth at a gradually decreasing rate
and it is stated that there is no limit value [28], [29], [36], [37]. Meyerhof [38] and Bolton [39] reported that
the main reason for the decrease in “the amount of increase in the point resistance” is the reduction in the
internal friction angle of the soil because of increasing confining pressure with depth.

The groundwater level may change depending on the seasonal conditions. This situation affects the
bearing capacity of pile foundations and may lead to an increase in settlement. Studies, where
groundwater level has been taken into account, are generally on structures manufactured on the seashore
or offshore and are mostly performed on driven steel piles [40], [41], [42], [43], [44]. Very few studies
investigated the load-settlement behavior of bored (nondisplacement) piles in saturated soils. Nguyen et
al. [45] reported that as a result of the lowering of groundwater, the bending moments on piles and the
amount of settlement are increasing and then structural damage occurs. Sheikhtaheri [46] stated that the
point and shaft capacities of the piles in saturated sandy soil decrease by 2-2.5 and 5 times, respectively,
as compared with the piles installed in non-saturated soil. Olgun et al. [47] reported that the pile shaft
capacity decreases by 55.7% to 68.2% depending to pile length/diameter ratio when groundwater level
rises. Mukhlisin et al. [48] stated that increasing soil moisture content cause a decrease in friction resistance.
Pile shaft capacity decreases when groundwater level increases since effective stress in soil mass decreases
[49], [50]. Chong and Ong [51] observed relatively large settlements in contiguous bored pile due to the
sudden decrease of groundwater during tunnel construction. In addition, axial force on the pile increases
due to the negative skin friction if settlement of soil is more than pile settlement during groundwater
lowering [52]. This phenomenon decreases the pile bearing capacity [53].

In this study, model piles have diameters of 50-60-70 mm and lengths of 300-400-600 mm were
installed in sandy soil. Thus, piles similar to one in the field are modeled in the laboratory. Firstly, a model
pile loaded in nine different loading rates (between 0.7 and 2.5 mm/min) and the differences in bearing
capacity were investigated. Subsequently, the load-settlement behaviors of the model piles constructed in
dry and saturated sandy soils having the same void ratio were investigated with constant penetration load
tests. In the tests, the point and total bearing capacities of the piles were measured separately. The effect
of the soil saturation degree, pile length, and pile diameter on the point and total bearing capacities of
piles were investigated. This study is an extended version of the previous study [54], in which only the
load-bearing capacity of the pile base was investigated. The novel approaches of this study are model piles
have more realistic surface roughness since they are manufactured as cast-in-place reinforced concrete,
load-settlement values of the pile base are measured directly, pile loading tests carried out in a large-scale
test setup, and groundwater effect is included.
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2. PILE BEARING CAPACITY
The ultimate load capacity of the pile can be determined with the following equation:
Qu = Qf + Qp (1)

where; Qu=ultimate pile capacity in compression, Q=ultimate load capacity of pile shaft, Qp=ultimate
load capacity of the pile point.

2.1 Point Capacity

Generally, the point capacity of piles installed in sandy soil could be found by the following
relationship [31]:

Q, = 0'NjA, (2)

where; o’=effective vertical stress at the level of pile end, Nq=bearing capacity factor, Ap=area of pile
point.

The Nq value suggested by Vesic [33] and Janbu [30] is given in Eq. 3 and Eq. 4, respectively. Meyerhof
[55] developed a graphical chart for Ng values depending on ¢ (Figure 13), but there is no analytical
formula.

Ng = 3-sine {exp [(g - ¢) tan ¢] tan? (450 + %) Irrl'fiiii';‘”} 3)
N, = (tan¢ + \/m)z exp(2y tan ¢) )

where; In=reduced rigidity index (I, = I./(1 + I,4)), L=rigidity index (for sand 75-150), A=average
volumetric strain in the plastic zone below the pile point, { angle is given in Figure 1 and changes between
60° (loose sand) and 105° (dense sand).
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Figure 1. The shear surfaces at the pile point at failure a) Vesic, b) Janbu, and Meyerhof [56]
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Equation (2) indicates that the pile point capacity increases linearly depending on the effective stress
since Nq and Ap have constant values according to soil and pile properties, respectively. However, Vesic
[33] stated that due to the coupling effect on the soil after a depth of 20D, the pile point capacity remains
constant. In addition, critical pile depth (Le) is recommended as 10D, 15D, and 20D for loose, medium
dense, and dense sands, respectively [57]. Poulos and Davis [35] defined the L« depending on the internal
friction angle as follows:

Lo/D =5+ 024(p —28)  28<p<36.5 )
Lo/D =7 +235(¢ —36.5)  36.5<¢p<42 (6)
¢ = ¢; —3 for bored piles 7)

where; La=critical depth, D=pile diameter, ¢p1=angle of internal friction prior to the installation of the
pile

2.2 Shaft Capacity

Burland [58] has proposed the following relationship for piles installed in sandy soil for shaft capacity:

Qr =B - 05 Ag )
B=K- tanéd )

where; g, =average effective vertical stress, K=the lateral earth pressure coefficient, d=effective friction
angle between soil and pile material, As=pile surface area

The shaft capacity increases linearly but the shaft capacity remains constant, as with the pile point
capacity, after a critical depth (15D) [10].

3. EXPERIMENTAL SETUP

The experimental setup has a model tank box or container, a loading frame, a hydraulic piston,
hydraulic control unit, and data acquisition unit, load cells, and dial gauges (Figure 2). Diameter and
height of the model tank are 65 cm and 110 cm, respectively. The hydraulic loading unit, which has 100
kN-capacity, is fixed to the upper part of the loading frame. The loading speed of the piston can be
adjusted from a hydraulic control unit. The load and settlement values measured during the test are
recorded by a software with the help of a data collection unit.
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3.1 Geotechnical Properties of Soil

Sandy soil was used in the model pile loading tests. The sandy soil contains 44% coarse sand, 47%
medium sand, and 9% fine sand (Figure 3). Sandy soil is classified as SP (poorly graded sand) according
to USCS [59]. The geotechnical properties of the sand were given in Table 1. In the pile loading
experiments, dry and saturated sandy soil masses having same void ratio were placed into the tank. The
relative density of the soil was 39.4% by ASTM D4254-1 [60]. Internal friction angles of the soils were
determined to be 37.2° and 34.5° in dry and saturated states, respectively, resulting from shear box tests
[61].
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Figure 3. Grain size distribution of soil
Table 1. Geotechnical properties of sand

Coefficient of uniformity Cu 4.87
Coefficient of curvature Ce 1.09
Unit weight of soil particles vs (KN/m3) 26.20
Dry unit weight va (kN/m3) 16.37
Saturated unit weight Ysat (KN/m?3) 20.05
Maximum void ratio €max 0.730
Minimum void ratio €min 0.400

3.2 Construction of Model Piles

Model piles were manufactured as cast in-situ, reinforced concrete, and bored piles in the laboratory.
During the pile installation process, casing pipes were used because the piles were manufactured in
cohesionless soil. Firstly, the model container or box was filled with some amount of sand and then casing
pipes were placed vertically on the sand surface. After that, the remaining part of the tank between the
casing pipes was filled with sandy soil. Before the concreting process, a 12 mm diameter threaded rod was
placed at the center of the casing pipe vertically. The threaded rod has been used for the reinforcement
function and mounting the s-type load cell to the pile bottom. In the pile loading experiments, pile base
capacity is measured directly by the virtue of load cell. During the concreting process, the piles were
created by pulling up the casing pipe simultaneously (Figure 4a). Piles were being left two days in the soil
to gain resistance against breakage (Figure 4b). After two days, the model piles were removed from the
soil environment and they were cured in the curing pool for seven days to gain enough strength. The pile
surface roughness and pile-soil interaction are provided to be similar to the field conditions by
manufacturing model piles using this technique (Figure 4c). Constructed piles had diameters (D) of 50-60-
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70 mm and lengths (L) of 300-400-600 mm and they were been named by diameter-length (D70L600,
D50L300...).

L

8 o, £ N L
Figure 4. a, b) Construction of the piles in sandy soil, c) a model pile

3.3 Test Program and Methods

One of the aims of this study is to determine the changes in the pile bearing capacity due to changes
in groundwater level. For this reason, in the model pile loading experiments, the soil condition must be in
the same void ratio in dry and saturated conditions. The void ratio of dry and saturated soil mass is 0.6
(Dr=39.4%). In order to obtain same void ratio for both soil state, the mass of the soil at a certain height
was determined using the grain density and dry/saturated unit weight properties of the soil. Then, the
materials were weighed and placed in the tank. In the experiments performed in the dry state, the sand
inside a funnel was always dropped from the same height (pluviation technique), flowing by its weight,
into the test tank. In the experiments performed in saturated sand, the soil was placed into the test tank
by tamping, laying, and compressing layer by layer. Compacting energy applied to soil (hammer weight,
number of blows, and height of drop) was arranged to obtain the same void ratio with the sand of dry
state. Before loading the model piles, static groundwater level raised up to soil surface and all voids
between soil grains filled with water. To prevent water infiltration, a seamless plastic bag was used in
experiments on saturated sandy soils (Figure 2c). In both soil conditions, the distance between pile end
and bottom of the test tank is 40-70 cm (5.7D-10D) and 28-30 cm (3.8D-5.5D) from the tank surface to the
pile surface (Figure 5a). Minimum distance between pile and container boundary is required 2.5D along
the horizontal direction and 4D along the vertical direction for axial loading, where D is the pile diameter
[62], [63]. In addition, D70L600 pile is modelled in Plaxis 3D software, and the stress at the container
boundary is close to 0 kPa when the pile is loaded at ultimate capacity (2.36 kN or 653 kPa) (Figure 5b).
The adequate distance between pile and tank surface exists in the model tests. Therefore, the stresses
transferred from the pile to the soil do not reach the tank boundary.

The load-settlement behavior of the model piles was determined by loading the piles with a load larger
than the failure load. That is, model piles were loaded until 40 mm settlement amount at which they were
already reached to failure load. The ultimate pile capacity (Qu) was measured with the total load applied
from hydraulic piston. The load transferred to the pile end was measured by the load cell mounted to pile
bottom, which gave the pile point capacity (Qp). The pile shaft capacity (Qf) was the difference between
total and point capacities of the model pile. During the pile loading experiment, Qp, Qu and settlement
(AH) values were recorded through the data acquisition system. After drawing the Qp-AH and Qu.-AH
curves, the limit values of Qp and Qu were determined by the tangent method [64]. In this method, the
intersection points of the tangent lines drawn at the beginning and end parts of the load-settlement curve
gives the limit load. The pile is mobilized at the settlement value corresponding to the limit load (Figure
6). In order to increase the reliability of the test results, each pile installed in identical soil conditions was
subjected to the loading test at least twice. In case of a difference of less than 10% between repeated
experiments, the average of them was taken; otherwise, an additional loading test were performed.



The Effect of Saturation Degree on Point Bearing Capacity Factor for Bored Piles in Sands

(a)
3.BD ™ 55D
| b T
=
(3]
[}
g wy
— L
-+
D
s
=
—
2
i
™
(T)
z a3 cm

313

[kN/m?]
0,00
-100,00

-200,00

-300,00

-400,00

-500,00

-600,00

-700,00

-800,00
900,00

-1000,00

(=]
(3=

Figure 5. a) Experimental and b) numerical modelling of test pile in sand mass
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Figure 6. Application of tangent method

4. EXPERIMENTAL RESULTS

4.1 Effect of Loading Rate

Piles buried in dry and saturated soils were subjected to static loading. For this purpose, EN 1536:1999
[65] recommends the loading rate of piles as 1 mm/min, while ASTM D 1143-81 [66] suggests it as 1.25
mm/min. To examine the effect of loading rate on pile bearing capacity, the D70L600 pile was loaded at
loading rates of 0.4-0.8-1.5-2.3-2.9-3.6-4.4-5.3-5.8 mm/min. According to the load-settlement curves (Qp-
AH, Qu-AH), the rates of change in Qp and Qu values for different settlement amounts remained within the
6-10% level (Figure 7). This result shows that loading speed does not have a major effect on pile bearing
capacity. Therefore, loading speed is 1.25 mm/min in pile loading tests.
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Figure 7. The load-settlement curves for D70L600 pile loaded in different loading speeds a) Qp-AH
curves, b) Qu-AH curves

4.2 Pile Load Test Results

After the pile loading tests, the ultimate point and total bearing capacities of piles were determined
by using the load-settlement curves given in Figure 8. The intersection points of tangent lines, which were
drawn to the starting and ending portions of the load-settlement curves, was assumed to represent the
ultimate bearing capacity of the pile [32] (Table 2). Ultimate bearing capacities of model piles were also
calculated with analytical formulas (Equations 1-9). Theoretical ultimate base capacities of piles, using Nq
coefficients developed by Janbu, Vesic, and Meyerhof, were calculated separately for each pile (Table 3
and Table 4).

In calculations made by existing theories, point capacities of piles are decreasing by 55.6%, 52.3%, and
60.8% according to methods of Janbu, Vesic, and Meyerhof, respectively, when soil changes from a dry
state to a saturated state. The total bearing capacity reduce by 51.4 to 60.3% (Table 3 and Table 4). These
reductions of the theoretical bearing capacities were not affected by the piles' geometry. K, tan 9, and Nq
values used in formulas have fixed values depending on the internal friction angle of the soil (¢) having
the same property. Therefore, pile point capacity increases linearly with depth depending on increment
in effective stress. The internal friction angle of soil is modified by a few degrees since the saturation
degree of the soil changes. However, change in ¢ does not affect the K - tan § value significantly. Due to
the logarithmic increase in the value of Ng, changing a few degrees of ¢ affects the Nq value appreciably.
However, the decrease in point capacity has been mostly caused by change in effective stress since the dry
soil becomes saturated state. Pile loading test results show that the base capacities of piles decrease by 66.9
to 73.9% and 63.9 to 71.5% in total capacities when the dry soil becomes saturated (Table 2). In addition,
decreasing amount of pile bearing capacity in the experiments is larger than the theory. Pile loading test
results also reveal that variations on pile length and pile diameter affect reductions in pile bearing capacity
proportionally.
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Figure 8. Load-settlement curves obtained from pile loading tests in dry (S~=0) and saturated (5:=1) sands

d) Qu-AH curves (S5=1)

Table 2. Experimental results of ultimate bearing capacity values of the model piles in dry (S-=0) and
saturated (S=1) sandy soils

Si=0 S=1

Piles L/D Q  AH Q. AH Q AH Q. AH
(kN)  (mm) (kN)  (mm) (kN)  (mm) (kN)  (mm)

D70 L600 8.6 135  26.0 236 280 035 68 067 10.1
D70 L400 5.7 1.05 158 154 163 028 120 049 149
D70 L300 43 090 121 120 139 024 135 037 16.0
D60L600  10.0 099 129 176  14.4 029  10.0 055 13.8
D60 L400 6.7 075 159 117 16.0 022 119 038 122
D60 L300 5.0 059 138 085 143 018 142 029 16.0
D50L600  12.0 068 13.1 128 141 022 118 042 125
D50 L400 8.0 049 121 081 159 016 119 028 15.6
D50 L300 6.0 039 159 059  16.2 013 121 021 158
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Table 3. Theoretical ultimate bearing capacity values of the model piles in dry soil (5=0)

. Qp (kN) Qu (kN)
Piles Qs (kN) : :
Janbu Vesic Meyerhof Janbu Vesic Meyerhof
D70 L600 0.20 1.68 3.92 4.05 1.88 4.12 4.25
D70 L400 0.09 1.12 2.61 2.70 1.21 2.70 2.79
D70 L300 0.05 0.84 1.96 2.02 0.89 2.01 2.07
D60 L600 0.17 1.24 2.88 2.97 141 3.05 3.14
D60 1400 0.07 0.82 1.92 1.98 0.89 1.99 2.05
D60 L300 0.04 0.62 1.44 1.49 0.66 1.48 1.53
D50 L600 0.14 0.86 2.00 2.06 1.00 2.14 2.20
D50 L400 0.06 0.57 1.33 1.38 0.63 1.39 1.44
D50 L300 0.04 0.43 1.00 1.03 047 1.04 1.07

aNq values for $=37.2° recommended by Janbu, Vesic, and Meyerhof are 44.5, 103.7, and 107, respectively.
In the Janbu method,  is accepted as 90° at the pile base and in the Vesic method, I is accepted as 100.

Table 4. Theoretical ultimate bearing capacity values of the model piles in saturated soil (S~=1)

. Qr* (kN) Qu (kN)
Piles Qs (kN) B .
Janbu Vesic Meyerhof Janbu Vesic Meyerhof
D70 L600 0.12 0.75 1.87 1.58 0.87 1.99 1.70
D70 L400 0.05 0.50 1.25 1.06 0.55 1.30 1.11
D70 L300 0.03 0.37 0.93 0.79 0.40 0.96 0.82
D60 L600 0.10 0.55 1.37 1.16 0.65 1.47 1.26
D60 L400 0.05 0.37 0.92 0.78 0.42 0.97 0.83
D60 L300 0.03 0.27 0.69 0.58 0.30 0.72 0.61
D50 L600 0.09 0.38 0.95 0.81 0.47 1.04 0.89
D50 L400 0.04 0.25 0.64 0.54 0.29 0.68 0.58
D50 L300 0.02 0.19 0.48 0.40 0.21 0.50 0.42

aNq values for $=34.5° recommended by Janbu, Vesic, and Meyerhof are 31.6, 79, and 67, respectively. In
the Janbu method, 1 is accepted as 90° at the pile base and in the Vesic method, Irris accepted as 100.

Experimental results obtained in dry soil show that base capacity values of piles, according to the
methods of Janbu, Vesic, and Meyerhof, were lower, by 0 to 20.8%, 54.1 to 66.0%, and 55.5 to 67.0%,
respectively. The experimental ultimate load-bearing capacity of the piles was more than the method of
Janbu at 25.4-34.9%, and less than the methods of Vesic and Meyerhof at 40-45% (Table 2 and Table 3).
Experimental results obtained in saturated soil show that base capacity of piles was found lower by 32.8
t0 52.9%, 73.1 to 81.2%, and 68.3 to 77.8% according to Janbu, Vesic, and Meyerhof, respectively. In terms
of total capacity, according to Janbu, Vesic, and Meyerhof they were found lower, by 0.4 to 22.6%, 57.2 to
63.0%, and 50.0 to 60.6%, respectively (Table 3 and Table 4).

In general, base and total bearing capacity of piles installed in dry and saturated sands in the
experiments were smaller than theoretical values. Dissimilarity in theoretical and experimental results
discussed below.

4.2.1 Load-settlement behavior

The ultimate base and total capacities of single piles loaded in dry sands observed at the settlement
levels of 12.1-26.0 mm and 13.9-28.0 mm, respectively. In saturated sand, the base and total capacities of
piles mobilized at 6.8-14.2 mm and 10.1-16.0 mm settlement values (Table 2). The settlement values
correspond to ultimate bearing capacity of pile, at the time of failure, are similar to Munaga et al. [67]. In
the dry state, Qp and Qu were mobilized at normalized settlement values (AH/D) of 17.3-31.8% (average of
25%). In the saturated state, Qp and Qu were mobilized at normalized settlement values of 9.7-23.8%
(average of 20%) and 14.4-31.6% (average of 24%), respectively (Figure 9). Shakeel and Ng [68] observed
2% normalized pile settlement (45-50 mm) at the working load of 0.75Qu for large scale field tests (D=0.6m,
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L=20m). Wang et al. [69] observed that piles, whose diameters of 1.5-1.8m and lengths of 52-83m, were
mobilized at settlement values of 55.5-87.4 mm corresponding to 2.5-6.0% of pile diameter. The normalized
settlement values obtained in the laboratory were greater than the pile loading test results in the field. This
difference may be due to the geometry of the piles (L/D ratio) at laboratory and field scales. The L/D ratio
of piles in the laboratory is at most 12, but this ratio can be 30-55 in the field. Depending on the pile length,
vertical and horizontal stresses in the ground affect the settlement of the pile. On the other hand, the
results obtained from this study were similar to other laboratory-scale studies since the piles have a
diameter of 2.84 cm and a length of 25.3 cm reached their ultimate bearing capacity at 20-25% normalized
settlement value [70].

In general, piles in the saturated sand reached their limit base and total capacities at lower settlement
levels than piles in the dry sand. Moreover, Qu is mobilized at greater settlement value than Qp in the dry
and saturated state. That is, each of the base and total capacities of piles reached their ultimate capacities
at different settlement levels in dry and saturated sandy soils (Figure 9). Consequently, the pile shaft
capacity mobilized at smaller settlement values than the base and total capacities. The use of different
safety factors for shaft and base capacities to calculate the allowable bearing capacity may provide the
opportunity to make a more economical design [71], [72]. TBEC [73] recommends using safety factors of
1.5 and 2.0 for ultimate shaft and base capacities of piles, respectively.

35

OQp (Sr=0) OQu (Sr=0) mQp (Sr=1) ®WQu (Sr=1) _
30
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20
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Normalized pile settlement, AH/D (%)

O 1 1 1 1 1 1 1 1
D70L600 D70L400 D70L300 D60L600 D60L400 D60L300 D50L600 D50L400 D50L300

Pile name

Figure 9. Normalized pile settlement values

A pile compresses the sandy soil under the pile bottom during the loading stage since settlement
increases. Thus, the relative density and bearing capacity of soil under pile bottom increase. For this
reason, point load-settlement curves of piles obtained from experiments exhibit quasi-linear behavior
(Figure 8). Nevertheless, there is a point on the load-settlement curve at which the initial slope of the curve
changes. In particular, piles installed in loose and medium dense sands exhibit similar behavior, and hence
it is difficult to decide the ultimate base capacity of the pile in these soils [6], [54]. Compared with the piles
in dry soils, the base capacities of piles in saturated sands reach their ultimate value at lower settlement
values because the shear strength of saturated sand is less than dry sand having same relative density. In
addition, the soil under the pile bottom moves more freely in vertical and lateral directions in saturated
sands, when compared with dry sands.

4.2.2 Point resistance

There are differences between the experimental and theoretical results in pile base and total capacities.
In the theoretical calculations, pile base capacities are 86 to 97.6% of the total bearing capacity in dry soil
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and 81.5 to 97% in saturated soil. These results show that the pile point capacity constitutes a considerable
part of the total load [9], [10], [32]. In the experimental results, the ratio of pile base capacity in the total
bearing capacity represents 53 to 75% in dry soil, and 52 to 64% in saturated soil (Figure 10). Experimental
results are closer to the load transfer mechanism of friction piles than theoretical results. The coefficients
used to calculate the bearing capacity of the pile lead to the difference between experimental and
theoretical results. Moreover, pile base capacity decreases if the L/D ratio increases (Figure 10). The same
result was observed by Li et al. [74] in model pile loading experiments in sandy soils.

100 ﬁ
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Figure 10. The percentage of point capacity in ultimate bearing capacity (E: experimental, T: theoretical,
J: Janbu, V: Vesic, M: Meyerhof)

In theoretical methods, only the internal friction angle of the soil and the effective stress are considered
while calculating the pile point resistance. However, the test results revealed that the diameter of the pile
also affects the pile point resistance. In dry sands, the point resistance of same length piles decreases when
L/D increases. That is, the point resistance increases when the pile diameter increases for piles having the
same length (Figure 11). The contact area between soil particles and the pile bottom increases since the
pile diameter increases. Therefore, point resistance increases. In saturated sands, for piles having the same
length, the point resistance decreases as the pile diameter increases (when L/D decreases) (Figure 11). This
is caused by the pore water pressure at the depth of pile base because a wider area is influenced by pore
pressure.

The most important parameter affecting pile point resistance is the Nq value. In theory, Nq values vary
depending on the ¢ of the soil. However, according to the test results, as the length of the same diameter
piles in dry and saturated soil increases, the Nq values decrease (Figure 12). Since the L/D ratio increases,
the shaft resistance of the pile increases and the load transferred to the pile end decreases (Figure 10). For
the same length piles, increments of Nq values are the same with increments of point resistance if pile
diameter increases. It is concluded that the Nq value is affected by pile geometry (L, D), saturation degree
of soil (Sr), and effective stress (0”). In addition, API [75] and CGS [76] recommend taking Nq values in the
range of 12-40 and 30-60, respectively, for piles installed in medium dense sand. Experimental Nq values
valid for dry sands are in good agreement with CGS [76]. Nq values recommended by API [75] are more
representative of experimental Nq values obtained from the saturated state.
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Other than Janbu and Vesic, graphical charts presenting the variation in Nq values depending on ¢
have been developed by some researchers [28], [29], [31], [32]. In these curves, Nq values vary in a wide
range even if the ¢ value is constant (Figure 13). For instance, the Nq values change between 10 and 60 for
$=30° while they vary between 30 and 180 for ¢=40°. Field loading test results of piles installed in sandy
soils having ¢ of 32-40° reveal that Nq values changes between 30 and 150 [77]. In this study, experimental
Nq values are smaller than the Meyerhof and Vesic coefficients, and they are within the boundaries of
Janbu (Figure 13).

5. CONCLUSION

In the present study, the load-settlement behavior of model piles was investigated with laboratory
pile loading tests performed in dry (5=0) and saturated (5=1) sandy soils. The main findings of the study
are given below.

¢ Loading speed during pile load test does not affect the ultimate point and total bearing capacities
of the pile installed in sandy soils significantly.

¢ In saturated and dry sandy soils, ultimate values of the base, shaft, and total bearing capacities
mobilized at different settlement values. Therefore, using different safety factors for base and shaft
capacities is recommended to determine the allowable bearing capacity of piles.

e Total and base bearing capacities approximately decrease by 50 to 60% in theory when dry soil
becomes saturated. In the pile loading test results, however, it is concluded that the reduction in
base and total capacities of piles was 65 to 75% when the dry soil becomes saturated. The bearing
capacity of the piled foundations will decrease more than expected since the groundwater level
increase. In theory, the reason of the decrease in the bearing capacity is only decreasing amount
of effective stress, but experimental results indicate that diameter of pile has also an influence in
this reduction.

e Experimental Nq values are smaller than the Meyerhof and Vesic coefficients, and they are within
the boundaries of Janbu. Thus, the authors recommend using Janbu's bearing capacity coefficients
for medium-dense sandy soils.

e Ny values change depending on the effective stress, pile diameter, and saturation degree of soil.
Defining the Ng value depending only on the internal friction angle of soil (¢) could be misleading.

¢ Indry and saturated sands, Nq value decreases since the pile length/pile diameter ratio increases.

The authors made some criticisms about the Nq parameter in the light of the pile loading test results
obtained in the laboratory. The fact that the Ng values vary over a wide range and this makes it difficult
to know the actual value, especially in the calculation of the pile base capacity. If the actual value of Ngq
can be determined more precisely using the pile and soil properties, the pile bearing capacity can be
determined more accurately in the preliminary design. The results obtained in the study are valid for
nondisplacement piles (L/D<12), which are installed in medium dense sand in dry and saturated
conditions. For this reason, new relationships based on pile and soil parameters can be developed for the
Nq parameter by continuing experimental studies on the piles with different geometries (for practical
concern, L/D>20) constructed in soils having different grain distributions, relative density, and saturation
degree.
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