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Te settlement of a group pile foundation is the result of elastic-plastic settlement of the pile and rheological settlement of the soil.
Unfortunately, most research only considers elasto-plasticity settlement of piles or rheological settlement of soils. Classical
theories like the Poynting-Tompson model only provide some prediction for the elasto-plasticity behavior of pile groups, which
cannot satisfactorily refect the total settlement characteristics of pile group foundation. In the current paper, we presented
amethod to study settlement behaviors of pile group foundation in linear viscoelastic soil based on the pile-pile interaction factors,
the calculated equation of settlement of single piles and pile groups under vertical loads that are derived, the infuence law of pile
end resistance, pile spacing, slenderness ratio, elastic modulus ratio, and Poisson ratio on pile end load ratio, and the interaction
factors that have been presented. Finally, some typical predictive examples have been presented for a 2× 2, 3× 3 group pile
showing settlement from a feld test. It is found that the pile-pile interaction factors increase with the increase of the pile-soil elastic
modulus ratio and length-to-diameter ratio but decrease with the increase of the ratio of distance to diameter, and the ratio of
distance to diameter has little efect on the interaction factor when pile spacing is more than 10 d (d is the diameter of the pile).Te
error between the feld test results and computed data is 14.9%, the settlement calculated by the present method shows good
agreement with the reported results, and the correlativity coefcients R2 are greater than 0.9223, which signifes that the present
method is suitable for the theoretical calculation and prediction of the composite foundation settlement of linear viscoelastic soil
when piles are used to strengthen the foundation. Te method would provide a unique view to quantitative prediction of the
settlement characteristic of group pile foundation.

1. Introduction

Settlement characteristic is a common parameter in group
pile foundation design, which plays a crucial role in engi-
neering applications [1]. Several analytical [2], numerical [3],
and experimental studies [4] have been made on the group
piles that can predict immediate settlements with good
accuracy. Mishra and Patra [5] investigated the creep set-
tlement of group piles for line group piles, square group
piles, and rectangular group piles undergoing creep settle-
ments over a period of time and the fuctuations of in-
teraction factors on parameters such as pile length to
diameter ratio, pile spacing, Poisson’s ratio, and modulus
ratio. Te results of the analysis showed that the load
rearrangement due to creep settlements causes about a 5% to

35% increase in base resistance over time. Interaction factors
for group piles (2×1, 3×1, 2× 2, and 3× 2) undergoing
creep settlement are about 15% to 55% higher than the
interaction factors, considering only the immediate settle-
ments for group pile spacing less than or equal to 5 d. Li et al.
[6] proposed a semianalytical solution to analyze the long-
term settlement of a single pile embedded in fractional
derivative viscoelastic soils under time-dependent loading.
Tree well-documented cases were used to verify the cor-
rectness and reliability of the semianalytical solution, and the
results indicate that the dimensionless settlement for frac-
tional derivative viscoelastic models is larger in the early
stage and smaller in the later stage than those for conven-
tional viscoelastic models. Kumar et al. [7] investigated the
application of relevance vector machines (RVM),
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generalized regression neural network (GRNN), genetic
programming (GP) and adaptive-network-based fuzzy in-
ference (ANFIS) in reliability analysis of settlement of group
pile in the normally consolidated clay. Te research con-
cludes that the performance of ANFIS is found to be perfect,
followed by RVM and GP, giving comparably good
performance.

Te settlement behavior of a group pile foundation is
primarily caused by the material properties of the piles
[8–11], the load form of the foundation [12], and soil
characteristics [13]. In general situations, it is known that
the rheological properties of soils and the elastic-plastic
settlement of piles should be considered in practice. Over
the last decades, due to the complexity of rheological
settlement of soil and the assumption that it only accounts
for a small part of the total settlement of group piles, the
analysis of group pile settlement in linear viscoelastic soil
has been limited, and the research on group pile settlement
considering the elastic-plastic settlement of piles is even
less. It is however essential to investigate the settlement of
linear viscoelastic soil for structures such as high-rise
buildings and high-speed railway, bridges, and other im-
portant structures because excessive settlements may create
severe safety issues.

Based on the interaction factors, the fnite element model
of the interaction factors of group piles was established by
Zhe et al. [14], and the method of calculating the plastic
settlement of group piles by data regression is advanced.
Several experimental results reveal that the total settlement
of a group pile foundation under constant stress is the result
of elasto-plasticity settlement of the pile and rheological
settlement of the soil. However, the infuence of two kinds of
settlements on group pile foundations has not yet been
elaborated. In this paper, we try to establish a settlement
calculation method for group pile foundations by consid-
ering the interaction factors between piles. Te new method
would provide a new insight into settlement analysis and
optimization of the bearing capacity of group pile foun-
dations under constant stress.

2. Calculation for Rheological Settlement of
Soil Around a Pile

Te existing rules for settlement characteristic calculation,
such as the Booker and Poulos laws [15], cannot guide the
calculation and prediction of settlement characteristics well
in soil around piles after decades of research. It is well known
that the key process during pile foundation design is de-
termining settlement characteristics. Among them, the
generally accepted settlement characteristic theory was
proposed by Mattes and Poulos [16].

Te settlements of soil around pile can be derived from
the settlement characteristic theory as proposed by the
Mattes and Poulos [16] and can be generalized as follows:
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where [Is] is the displacement infuence matrix; E∞ is the
“long-term” elasto-plasticity modulus; {ro} and {ri} are the
coefcient matrices; P is the load; c0 are ci is the logarithmic
settlement rates; Ep is the elastic modulus; λi is the eigenvalue
parameter; d is the pile diameter; k is the pile-soil elastic
modulus ratio; and n is the number of piles.

3. Calculation of Interaction Factors

Figure 1 shows a 2× 2 group pile with pile spacing S. Te
interaction factors among piles are equal to the summation
of the interaction efects between the elements of the same
pile and the interaction efects between the elements of the
adjacent piles [17]. Te efect factors of pile-pile interaction
factors mainly include pile length, pile diameter, elastic
modulus and Poisson’s ratio of pile, elastic modulus and
Poisson’s ratio of soil around pile, pile number and pile
spacing. In order to simplify dimensional analysis, only two
piles are considered. For other group pile confgurations, the
dimensional analysis of two piles can be used as an analogy.

According to the three-parameter viscoelastic model and
Guo’s theory [18], the pile-pile interaction factors can be
written as a function of the following main physical
quantities:

αij � f P, l1, d1, Ep1, ]p1, l2, d2, Ep2, ]p2, Es, ]s, S􏼐 􏼑, (2)

where αij is the interaction factor of piles; P is the constant
load; l1 and l2 are the lengths of two piles; d1 and d2 are the
diameters of two piles; Ep1 and Ep2 are the elastic moduli of
two piles; Es is the elastic modulus of soil around the pile; ]s
is Poisson’s ratio of soil around the pile; and S is the pile
spacing.

Randolph and Wroth [19] pointed out that the Poisson’s
ratio of the pile has little infuence on the capacity and
displacement of the pile and thus on the interaction factors
of the pile-pile. Terefore, in order to simplify the analysis,
the infuence of Poisson’s ratio of pile is not considered. At
the same time, considering that the pile diameter and elastic
modulus are basically the same in actual pile foundation
engineering, the same pile diameter and length are adopted.
Terefore, equation (2) can be simplifed as follows:

αij � f P, l, d, Ep, Es, ]s, S􏼐 􏼑. (3)

According to “U theorem” [20] (when a physical phe-
nomenon can be described by the functional relationship of
n physical quantities, and n physical quantities including m
basic dimensions, then a dimensionless group with n�m
can be obtained by dimensional analysis, and the charac-
teristics of this phenomenon can be expressed in the form of
n-m dimensionless groups), under the action of unit force,
six dimensionless groups can be deduced (using d to
eliminate the dimensions of l and S, and using Es to eliminate
the dimensions of Ep)
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where Esαij/d indicates the behavior of the pile-pile in-
teraction factors; l/d is the slenderness ratio of pile; Ep/Es is
the modulus ratio between the pile and the foundation soil;
S/d is the distance-diameter ratio between two piles; and ]s is
Poisson’s ratio of foundation soil.

Equation (4) illustrates that the interaction factors are
related to the pile-soil elastic modulus ratio, slenderness
ratio, distance-diameter ratio, and Poisson’s ratio of the
foundation soil. Te efects of pile-soil elastic modulus
ratio, slenderness ratio, and pile spacing-to-diameter ratio
have been statistically analyzed in numerous research
studies [21].

3.1. Efect of Pile-Soil Elastic Modulus Ratio on Interaction
Factors. It can be observed in Figure 2 that when the pile
spacing-to-diameter ratio S/d is constant, the pile-pile in-
teraction factors increase with the increase of the pile-soil
elastic modulus ratio k. When k is greater than 500, with the
increase of pile-soil elastic modulus ratio, the pile-pile in-
teraction factor has a slight increase.

3.2. Efect of Slenderness Ratio on Interaction Factors.
Considering the efect of slenderness ratio on interaction
factors, in 3 × 3 group piles with S/d � 3 and S/d � 6, l/d is
10, 15, 25, 35 and 50 respectively. It can be observed in
Figure 3 that when the pile spacing-to-diameter ratio S/
d is constant, the pile-pile interaction factors have steady
increases with the increase of the length-to-diameter
ratio l/d.

3.3. Efect of Pile Spacing-to-Diameter Ratio on Interaction
Factors. Considering the efect of S/d on interaction factors,
in 3× 3 group piles with S/d� 3 and S/d� 6, l/d is 2, 3, 4, 5, 6,
10, and 20, respectively. It can be observed in Figure 4 that
when the ratio of elastic modulus of pile to soil is constant,
the interaction factors of pile and pile decrease with the
increase of the ratio of distance to diameter S/d. Te ratio of
distance to diameter has little efect on the interaction factor

when pile spacing is greater than 10 d, consistent with the
reported literature (Guo [22] and Liang et al. [23]).

3.4. Data Regression. Te above discussion results show that
the length-to-diameter ratio l/d has little infuence on the
pile-pile interaction factor. Terefore, the function relation
of pile-pile interaction factor αij can be expressed as follows:

αij � f
S

d
, k􏼒 􏼓. (5)

According to date regression analysis, the parameters b1,
b2, and b3 in the equation can be calculated, respectively,
assuming that k is a constant value, as shown in Table 1, and
the simplifed equation of the pile-pile interaction factor is as
follows:

αij �
k

b1 + b2(S/d)
3

+ b3 ln (S/d)
. (6)
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Figure 2: Infuence of the k on pile-pile interaction factor (S/d� 3,
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4. Calculation of Total Settlement of Group
Pile Foundation

We neglected the infuence of plastic deformation on the
bearing capacity of group piles in the process of analyzing
pile-pile interaction factors in the previous section. It should
be pointed out that the total settlement of group pile
foundation includes both elastic settlement and plastic
settlement. Terefore, the deformation calculation of
a group pile foundation can be divided into three parts and is
expressed as follows:

Spg � nRsSe + nSp + ρ􏼈 􏼉, (7)

where Spg is the total settlement of group pile foundations; Se
is the elastic deformation part of single pile displacement; Rs
is the settlement ratio of group piles; Sp is the plastic de-
formation part of single pile displacement; {ρ} is the rhe-
ological settlement of soil around pile; and n is the number
of piles.

4.1. Calculation of Elastic Deformation Se of Single Pile. In
actual engineering, the load-displacement curve of a single
pile includes two deformations: elastic deformation and
irrecoverable plastic deformation [24] (Figure 5).

According to the pile confguration, the elastic de-
formation of a single pile can be determined by a load-
displacement test. If there is no test data, the elastic de-
formation of a single pile can be determined through the
settlement calculation method of a single pile proposed by
Randolph and Wroth [19]. Te specifc calculation method
can be expressed as follows:
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where P is the top load of the pile; w is the top displacement
of the pile; Es1 is the elastic modulus of the soil at the pile
bottom; d is the diameter of the pile; l is the length of the pile;
] is Poisson’s ratio of soil; η� Es0/Es1; and
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(9)

Te physical meaning of the parameters is shown in
Figure 6.

Ten, the elastic deformation of a single pile can be
obtained

Se �
Pmax

Ke

. (10)

4.2. Calculation of Settlement Ratio Rs of Group Piles. Te
settlement ratio of group piles is greatly infuenced by the
number of piles n, and increases with the increase of n.
Poulos and Davis [25] analyzed the relationship between Rs
and n of group piles in homogeneous soil, and found that
when the number of piles is large, the relationship between
Rs and the square root of the number of piles n is linear.
From the point of view of application, for group piles with
a large number of piles (n> 25), the Rs can be approximately
calculated according to the following equation:
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Figure 4: Infuence of S/d on the pile-pile interaction factor
(l/d� 10, l/d� 25).

Table 1: Parameters value.

k b1 b2 b3
100 2.928 0.018 2.081
500 1.603 0.010 1.462
1000 1.550 0.010 1.247
3000 1.315 0.009 1.222
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where 16 and 25 are the numbers of piles.

Based on equations (1)–(11), the total settlement of
group piles could be derived as follows:
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Figure 5: Elastic and plastic deformation of a single pile.
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5. Parametric Studies

5.1. Verify the Rationality of the Proposed Method

5.1.1. Example I. According to the research of O’Neill et al.
[26] reported, 11 piles were driven into linear viscoelastic
soil. Te diameter of the pile is 137mm, and the buried
length of the pile is 13.1m. Among them, 4 piles are arranged
in a 3× 3 square and connected with a concrete cap, and the
cap is not in contact with the soil below. Te pile spacing is
S� 3d, and the other two piles are 3.7m on both sides of the
center group pile.

Specifc parameters: the elastic modulus of soil
Es � 1.95×105 kPa, Poisson’s ratio of soil ]� 0.4, and the
elastic modulus of concrete pile Ep � 2.1× 108 kPa. Average
load of single pile in group pile is P � 653 kN. Te load-
displacement curve of single pile test is shown in Figure 7.
Parameter S/d� 3, Ep � Es � 1077. Due to the lack of
unloading curve in pile test, the method proposed in this
paper is used to defne the elastic stifness of pile:
Ke � 608 kN/mm, thus Se � P/Ke � 1.07mm, and P � 653 kN.
According to the above principle, the settlement of group
pile can be calculated as S� 7.26mm. Te measured set-
tlement of group pile is 6.63mm, and the results demon-
strate that the error between the feld test results and
computed data is 14.9%, which signifes that the present
method is suitable for the theoretical calculation and predict
the composite foundation settlement of linear viscoelastic
soil when piles are used to strengthen the foundation.

5.1.2. Example II. In order to further study the settlement
characteristics of group piles in linear viscoelastic soil, based
on the parameters of the soil layer and piles in a large-scale
feld group pile test [27] and according to the total settlement
calculation method of our paper, the load-settlement curves
and group pile settlement-interaction factor curves under
diferent types of group piles, diferent pile lengths, and
diferent pile spacing (Figure 8) are analyzed. Te param-
eters of pile length, pile spacing, pile cap size, and slen-
derness ratio are shown in Tables 2, and Table 3 summarizes
the soil properties of each soil layer crossed by the test piles.

Based on the concept of elasticity theory, considering the
rheological settlement of soils, we can get the implied in-
teraction factors of group piles as follows:

αij � Λ(λL,Ω)
ln rm/spij􏼐 􏼑

ln 2rm/B( 􏼁
≥ 0, (13)
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(14)

Based on the interaction factor obtained by equation
(13), the load-settlement relationship can be obtained as
shown in Figure 9, and the relationship curve between the
interaction factor and the settlement of diferent pile types is
shown in Figure 10.

Figure 9 presents the solutions from the present method
and Guoliang Dai’s, where the present solutions consider the
rheological settlement of soils. Te total settlement calcu-
lated by the present method shows good agreement with the
reported results, and the correlation coefcients R2 are
greater than 0.9223.

Te relationship between settlement and interaction
factor of diferent pile types is shown in Figure 10 αij
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indicates the ratio of the settlement of pile i under load to the
settlement of adjacent pile j. For group pile types with
diferent pile lengths (Figure 10(a)), the interaction factor
increases and then decreases with the increase in group pile
settlement, and the longer the pile length, the smaller the
infuence on the interaction factor, and the interaction
coefcient for the two-group piles L1 is practically zero. Tis
may be because of the spatial variability of the soil or other
variability in the pile installation or pile cap. For the group
pile types as shown in Figure 10(b), it is not difcult to see
that pile spacing has a larger efect on interaction than pile
length. For the 3× 3 group pile types, it can be seen from
Figure 10(c) that the settlement of the corner pile is the
largest and that of the middle pile is the smallest, and the
interaction factors are distributed proportionally to pile
center-to-center spacing. Similar conclusions can also be
drawn from Figure 10(d). Comparing Figures 10(a) and
10(b) with Figures 10(c) and 10(d), it can be seen that when
the pile spacing is the same, the interaction factor of the piles
in the four group piles is greater than that of the nine
group piles.

5.2. Parametric Studies. Te calculation method in this
paper involves many design parameters, such as pile spacing,
slenderness ratio, pile-soil elastic modulus ratio, Poisson’s
ratio, etc. It is of great signifcance for optimal design to
explore the infuence law of each design parameter on the
working performance of a group pile foundation. Terefore,
the example of group pile foundation in Booker and Poulos
[15] is selected for parameter analysis, and the infuence laws
of pile end resistance, pile spacing, slenderness ratio, elastic
modulus ratio and Poisson ratio on pile end load ratio, and
interaction factors are studied by the calculation method
proposed in this paper.

5.2.1. Pile Spacing. Figure 11 shows the relationship of pile
spacing and interaction factor when the ratio of pile
spacing to interaction factor is S/d � 1, 2, 3, . . ., 19, the

slenderness ratio l/d � 10, 50, 100, and the calculation
elastic modulus ratio of pile-soil Ep/Es � 1000, Poisson’s
ratio of soil is 0.5. It can be seen from Figure 11 that the
interaction factor decreases with the increase of pile
spacing, and the interaction factor decreases with the
increase of pile length, but the infuence of pile length on
the interaction factor can be neglected with the increase of
pile spacing.

5.2.2. Slenderness Ratio. Figure 12 shows the relationship
between interaction factor and slenderness ratio at diferent
slenderness ratios l/d� 10, 20, . . ., 100, pile spacing, and
diameter ratio S/d� 2, 3, 4, and 5. It can be seen from
Figure 12 that the interaction factor decreases with the
increase of slenderness ratio. When slenderness ratio is
a constant value, the interaction factor decreases with the
increase in pile spacing, which is the same as the conclusion
in 5.2.1.

5.2.3. Pile-Soil Elastic Modulus Ratio. Figure 13 shows the
relationship between interaction factor and pile-soil
elastic modulus ratio at diferent pile spacing and di-
ameter ratios. It can be seen from Figure 13 that the
interaction factor decreases with the increase in pile
spacing. When the pile spacing is constant, the interaction
factor increases with the increase in the pile-soil elastic
modulus ratio, which is consistent with the conclusion of
Poulos and Davis [25].

5.2.4. Poisson’s Ratio. Figure 14 shows the infuence of
diferent Poisson’s ratios on the interaction factor. When S/
d� 15, Poisson’s ratio changes from 0 to 0.5, and the in-
teraction factor decreases by 25%. Te interaction factor
decreases with the increase in pile spacing. At the same time,
the larger the group pile spacing, the more obvious it is that
the Poisson’s ratio afects the interaction factor, and the
same conclusion can be found in [28].

Table 2: Summary of feld tests.

No. of piles Pile length (m) Pile spacing
Pile cap sizes

(length×width× height; all in
metres)

Slenderness ratio (L/B)

D-1 20 — 0.4× 0.4× 0.4 50
D-2 24 — 0.4× 0.4× 0.4 60
5–2 20 2.5B 1.8× 0.8× 0.8 50
5–1 24 3.0B 2.0× 0.8× 0.8 60
D-1 20 — 0.4× 0.4× 0.4 50
4 20 2.5B 1.8× 0.8× 0.8 50
2 24 3.0B 2.0× 2.0× 0.8 60
3 20 2.5B 2.8× 2.8×1.2 50
1 24 3.0B 3.2× 3.2×1.2 60
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Figure 9: Individual pile load versus group settlement relationship based on the interaction factor. (a) Pile length L� 20m. (b) Pile length
L� 24m.
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Figure 10: Interaction factor versus settlement for each group pile. (a) Two-group pile with L1 � 24m and L2 � 20m, (b) four-group pile with
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6. Conclusions

In the current paper, we present a method to study the
settlement behaviors of group pile foundation in linear
viscoelastic soil. In this method, the variation of linear
viscoelastic soil settlement with pile spacing, length-
diameter ratio, elastic modulus ratio, and Poisson’s ratio
was investigated, and the results were validated through
comparison with the feld test results. Based on the results,
we obtained the following key conclusions:

(1) Te pile-pile interaction factors increase with the
increase of the pile-soil elastic modulus ratio and
length-to-diameter ratio but decrease with the in-
crease of the ratio of distance to diameter, and the
ratio of distance to diameter has little efect on the
interaction factor when pile spacing is more than
10 d (d is the diameter of the pile).

(2) Te settlement variation of a group pile foundation
in linear viscoelastic soil calculated by the present
method is consistent with feld test results.
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Furthermore, according to the present method, the
settlement of a group pile can be calculated at
7.26mm, while the measured settlement of a group
pile is 6.63mm, and the results demonstrate that the
error between the feld test results and computed
data is 14.9%, which signifes that the present
method is suitable for the theoretical calculation and
can predict the composite foundation settlement of
linear viscoelastic soil when piles are used to
strengthen the foundation.

(3) Te interaction factor of a group pile can represent
the settlement characteristics of a group pile foun-
dation, and with the increase of pile number, the
settlement of a group pile is linearly positively
correlated with the interaction factor.

(4) Te interaction factors-based method can estimate
the total settlement of a group pile foundation under
constant stress.

It is worth noting that this study only pays attention to
the total settlement of group pile foundations under static
load, excluding the settlement caused by dynamic load.
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