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Abstract. Piled-raft foundation is a concept, which has received increasing
recognition in recent years. Due to the complexity of piled-raft system, an accu-
rate design relies on numerical modeling. This study is directed to developing a
numerical model to analyze and identify the influence of parameters governing
its performance. The developed model was based on the finite element tech-
nique and accounts for the interactions of pile-to-pile, pile-to-raft, raft-to-soil
and pile-to-soil. The results produced by the present model were validated with
the available data in the literature. The analysis in the present study of decom-
posed components of raft and piles of piled-raft foundation embedded in sands
includes the interaction effects. For this purpose, finite element analysis was
performed using PLAXIS 3D for various foundation and soil conditions. A
square raft was used to model the piled-raft. The developed model has been
used to conduct a sensitivity analysis of the governing parameters that include
pile length, pile spacing and raft thickness. Furthermore, the effects of varia-
tions of soil modulus of elasticity, friction angle, dilatancy angle and unit
weight have also been examined. From decomposed load-settlement curves ob-
tained from the analysis, the load-carrying capacity of piles is mobilized earlier
than that of the raft, showing higher load-carrying proportion. As settlement
further increases, raft tends to carry greater load than the piles. Due to the inter-
actions between raft and piles, the load-carrying capacities of the decomposed
components are smaller than those of the un-piled raft and pile group of the
same configuration. As pile spacing increases, the load proportion of piles be-
comes higher.

Keywords: Piled-raft; Decomposed components; Interaction factors; Finite El-
ement Model; PLAXIS 3D.

1 Introduction

Pile raft foundation is a combination of shallow foundation (raft or roof) and deep
foundation (pile group). In this type of foundation, the role of the raft is to provide the
required bearing capacity, and the pile is mainly used as a settlement reducing agent,
but it can also increase the bearing capacity. Over the past three decades, the use of
piled raft foundations to support different types of structures has greatly increased.
Compared with other alternatives, this trend of using piled raft foundations can be
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attributed to the potential economic advantages of such foundations. In addition, the
piled raft foundation can meet the most important design requirements at a lower cost,
which makes the piled raft foundation more preferred than other types of foundations.
Moyes et al. (2005) reported that piled-raft foundations satisfy the require serviceabil-
ity performance while providing cost savings estimated to about 30% compared with
conventional piled foundations systems. The pile with both skin friction and base
resistance, offers a high resistance to settlement. Hence a group of piles underneath
the raft can significantly reduce the settlements in piled raft foundation. In general,
the raft alone can provide the required bearing capacity but it cannot control the set-
tlement. Therefore, the piles are crucial to reduce the settlement of the raft. Due to
combining raft and piles in one system, piled-raft foundations are regarded as very
complex systems. The complexity of this type of foundations is caused by the pres-
ence of many interaction factors involved in the system such as pile-to-pile, pile-to-
raft, raft-to raft and pile-to-soil interactions. Earlier, due to the lack of analytical solu-
tions for determining the load distribution between the pile and the pile cap (connect-
ing the pile as a group), the pile cap was not considered to bear any load. The pile is
considered to be able to withstand all loads, thus providing additional safety design.
But in fact, the raft/pile cap also bears some loads. This leads to an uneconomical
design, resulting in the need for additional piles. This type of foundation considers
both piles and rafts as load-bearing members. This method greatly reduces the need
for piles and makes the design very economical.

2 Numerical Modeling

In this section, the main characteristics of the finite element model (FEM) used here
are summarized. All numerical analyses were performed using the commercial code
PLAXIS 3D (2012 version).

2.1  Geometric Configuration

The piled raft modeled in the finite element (FE) analysis consists of a square raft
with a width (Br) of 15 m and piles of different structures. The diameter (Bp) and
length (Lp) of all piles are 0.6 m and 20 m, respectively. For the configuration of the
piles, three different pile spacing’s (Sp) were considered: 3Bp, 5Bp, and 7Bp. For un-
pilled rafts, the size of single piles and piles is the same as the size used for piled-
rafts. Assuming that the pile, un-piled raft and pile raft are all linear elastic materials,
their elastic modulus and Poisson's ratio are equal to 30 GPa and 0.15, respectively.
Please note that the stiffness conditions of rafts and piles are very close to the stiffness
conditions compared to soil. The grid model is shown in Figure 2. The areas selected
for the geometry are all 120 x 120 meters in the horizontal direction, and consider the
soil depth of 80 m (vertical) underground.
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Fig.1. Types and configurations of foundations considered in FE analyses: piled raft, group pile
and un-piled raft.

15m

120m i,
Fig.2. Finite element model for a piled-raft

3 Model Validation

The current numerical model was tested using a 2 m thick raft problem (size 15 m 15
m) with 16 piles with a diameter of 0.6 m and a pile length of 20 m (Lee et al. 2015).
The purpose of this validation is to ensure accurate finite element modeling for this
study. The material properties of soil, raft and piles are shown in Table 1. The results
of this study are consistent with the results presented (Fig. 3).

Table 1. Material properties used in the validation

Material Properties Unit Value
Soil Young’s modulus, Es kPa 37108
Poisson’s ratio, vs - 0.25
Unit weight, y kN/m 15.5
Friction angle, ¢ ° 35
Raft Young’s modulus, E: GPa 30
Poisson’s ratio, vp - 0.15
Pile Young’s modulus, Ep GPa 30
Poisson’s ratio, vp - 0.15
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Fig.3. Comparison of load settlement curves of piled raft

4 Parametric Study

The settlement and load-sharing behavior of the piled-raft foundation have been stud-
ied by varying the raft thickness (t), raft embedment depth (m) and pile spacing (Sp).
The different piled-raft configurations used in the study are listed in Table 2. The
properties of the soil for different relative densities, study are summarized in Table 3.

Table 2. Foundation parameters considered in the study

Type Size (m) Pile configuration Pile spacing(Sp)

Un-piled Raft (UR)

Group pile (GP)

Piled raft (PR)

Br=15,t=0.5,1,2
Bp=0.6
Lp=20,15,10
Br=15,1=0.5,1,2
Bp=0.6
Lp=20,15,10
Br=15,1=0.5,1,2

2X2 (4 piles)
3X3 (9 piles)
4X4 (16 piles)
2X2 (4 piles)
3X3 (9 piles)
4X4 (16 piles)

3Bp,5Bp,7Bp
3Bp,5Bp,7Bp
3Bp,5Bp,7Bp
3Bp,5Bp,7Bp
3Bp,5Bp,7Bp
3Bp,5Bp,7Bp
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Table 3. Soil properties for different relative densities

Dr (%) e v (KN/m®) E (kPa) @°
30 0.69 155 32,508 32
50 0.63 16.1 37,108 35
70 0.57 16.7 42,261 38

5 Results and Discussion

In this chapter, various interactions and pile behavior will be discussed. The vertical
load pile raft with various pile configurations and spacing’s is analyzed, and the re-
sults are discussed here. The load is converted into a uniformly distributed strip load,
and the load is gradually applied to determine the level of settlement.

5.1  Load settlements curve

The pile-raft load-settlement curves of all pile configurations are studied. In the load-
deformation curve, the raft and pile are decomposed to closely analyze their behavior,
and how much each member increases as the load increases. According to finite ele-
ment analysis, the load settlement curves of un-piled raft (UR), group pile (GP) and
piling raft (PR). Figure 4 shows that the bearing capacity of piled rafts is higher than
that of un-piled rafts and group piles, which is reasonable and can be expected to a
certain extent. In addition, under a certain settlement level, the carrying capacity of
GP is higher than that of UR. Above this upper limit, the carrying capacity of UR will
be higher than that of GP. This results is also reasonable, considering that the load
carrying capacity of the piles is mobilized earlier than that of the raft due to smaller
settlement level. The load—settlement curve of piled rafts represents a combination of
the load responses of both raft and piles and thus can be decomposed into raft (Rpr)
and pile (Ppr) components, as plotted in Fig.5. The load-settlement curve of piled raft
represents the load response combination of piled raft and pile body, so it can be de-
composed into raft (Rpr) and pile (Ppr) components, as shown in Figure 5. As shown
in Figure 5, the bearing capacity of the pile is earlier than that of the raft, showing a
higher bearing rate. With the further increase of the settlement, the load carried by the
raft continues to increase, and the ratio of the bearing capacity is higher than that of
the pile. For other cases with different DR and Sp values, similar results and trends
were observed. Due to the interaction between rafts and piles, the bearing capacity of
piles and piles in piled rafts is different from un-piled rafts and group piles. Figure 6
compares the decomposed load-settlement curve of the raft (Rpr) and pile components
(Ppr) with the load-settlement curve of the un-rafted raft (UR) and group pile (GP).
For different DR and Sp. Figure 7 shows that under all soil and foundation conditions,
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Rpr's carrying capacity is less than UR. As the pile spacing increases, the load-bearing
capacity of Rpr decreases, which indicates that the pile bears a higher proportion of
the load.
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Fig.4.Comparison of load settlement curves of piled-raft, un-piled raft and group piles
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Fig.5.Comparison of load-settlement curves of decomposed foundation components of raft and
pile
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Fig.7. Decomposed load-settlement curves of Ppr compared with GP

5.2  Load Sharing ratio

The load-sharing ratio is determined by the load-settlement curve of the raft and pile
decomposed by the finite element analysis method, and the load-sharing rate ap and
its variation with settlement under different soil and foundation conditions are ob-
tained. For different DR and Sp conditions, these results are shown in Figures 8 and 9,
respectively, and plotted as a function of normalized sedimentation s/Br. Since the
bearing capacity of small-diameter piles is earlier than that of large rafts, the ap value
is initially high, and then decreases nonlinearly with the increase in settlement. In
particular, a significant decrease in ap was observed in the initial settlement range
until s/ Br=0.001. After this initial settlement range, the value of ap decreases con-
tinuously, while the observed decrease in ap is small and converges to certain values.

Theme 3 19



Tusshar Sharma and Baleshwar Singh

As shown in Figure 8, under different DR conditions, no significant changes in op
were observed, because changing the DR will affect the load response of the raft and
pile, thereby compensating for the change in the load-bearing capacity of the raft and
pile. However, the influence of the pile spacing (Sp) shown in Figure 9 is somewhat
obvious.

As Pile spacing increases, the values of op increase, meaning that the pile load capaci-
ty tends to decrease as pile spacing decreases, due to higher pile group interactions
between neighboring piles.
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Fig.8. Variation of ap with changes in relative density
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Fig.9. Variation of apr with changes in pile spacing

5.3  Effect of Pile Length

The effect of pile length on the load settlement relationship of piled raft foundations
supported by 2x2, 3x3 and 4x4 pile groups is shown in Fig. 10. It can be seen that
before the yield point of the system, the stiffness of the pile-raft system increases as
the pile length increases, and becomes larger as the number of piles supporting the
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raft increases. After the yield point, the stiffness of the pile-raft foundation is not af-
fected by the change in pile length because it is equal to the stiffness of the individual
raft. On the other hand, as the pile length increases before and after the yield point,
the bearing capacity of the piled raft foundation increases significantly.
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Fig.10. Effect of pile length on the load-settlement relationship of piled-raft supported by 2X2,
3X3 and 4X4 pile group

5.4  Effect of Pile Spacing

Pile spacing has no effect on the load-settlement relationship of a pile raft supported
by a small number of piles. Figure 12. The results show that the pile spacing within
the range of S = 3Bp, 5Bp and S = 7Bp has no effect on the load-settlement relation-
ship of the piled raft supported by the 2x2 pile group. On the other hand, as can be
seen from Figure 11, the spacing between the piles affects the load settlement curve of
the piled raft foundation supported by the 3x3 and 4x4 pile groups, as the number of
piles supporting the raft increases. When the number of piles supporting the raft in-
creases and the pile spacing increases, better distribution of the piles under the raft
will provide important enhancements to the performance of the pile-raft foundation.
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Fig.11. Effect of pile spacing on the load-settlement relationship of piled-raft supported by
2X2, 3X3 and 4X4 pile group
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5.5 Effect of Raft Thickness

Within the range of raft thicknesses (0.5m, 1m and 2 m) considered in this study it
was found that the raft thickness has no effect on the load settlement relationship of
piled-raft foundations either at small settlement or at large settlement levels as shown
in Fig.12.
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Fig.12. Effect of raft thickness on the load-settlement relationship of piled-raft supported by
2X2, 3X3 and 4X4 pile group

6 Settlement Contours for Different Pile Configuration

In Figure 13, 14 and 15, we can see how the soil settled under three different condi-
tions. We can see that the soil underneath and the soil around the pile settled more
than the rest of the soil in the area. Also, the part settled almost evenly, which indi-
cates that the pile dominates the soil settlement in the pile raft box because the pile is
harder than the pile raft and the soil.

i
sl ,!_J, ] 240.00
220.00
200.00
180.00
160.00
140.00
120.00
100.00

80.00

60.00

40.00

X 20.00
0.00

=)

Total displacements |ul|

Maximum value = 0.2315m

Fig.13. Settlement contours for 2X2 pile configuration

Theme 03 22



il

Total displacements |u|
Maximum value = 0.2008 m

Fig.14. Settlement contours for 3X3 pile configuration

(L

Total displacements |u]

Maximum value = 0.1793m

e

Fig.15. Settlement contours for 4X4 pile configuration

7 Conclusions

Proceedings of Indian Geotechnical Conference 2020
December 17-19, 2020, Andhra University, Visakhapatnam

=102 m]
220.00

200.00
180.00
160.00
140.00
120.00
100.00
80.00
60.00
40.00
20.00

0.00

=103 m]
180.00

160.00
140.00
120.00
100.00
80.00
60.00
40.00
20.00

0.00

In this study, a finite element analysis was conducted to study the load sharing behav-
ior of piled rafts buried in sand. The numerical model is used for parameter research
to study the influence of some important parameters on the performance of piled raft
foundations in small-scale and large-scale settlements. The effect of pile-raft interac-
tion on load sharing behavior is the focus of research. Various foundation and soil
conditions were considered in the analysis, including pile configuration, pile spacing
and relative density. From the results reported in this article, the following conclu-

sions are drawn:

1. From the decomposed load-settlement curve, the bearing capacity of the pile is
earlier than the bearing capacity of the raft, which shows a higher bearing rate.
As the settlement increases further, the raft tends to carry a greater load than a
pile compared to a pile. Due to the interaction between rafts and piles, in piles of
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rafts, the bearing capacity of each pile is smaller than that of un-piled rafts and
group piles. As the pile spacing increases, the pile load ratio becomes higher.

2. The value of the load sharing ratio ap is initially high, and decreases nonlinearly
as the settlement increases. A significant decrease in ap was observed in the ini-
tial settlement range until s/Br was equal to 0.001. The effect of pile spacing is
very obvious, while the effect of DR is not obvious. As the pile spacing increas-
es, the value of ap increases, which indicates that when the pile spacing decreas-
es, the bearing capacity of the pile tends to decrease.

The results of this study showed that the influence of certain parameters on the load
settlement relationship of the small settlement area is different from that of the large
settlement area. The most important observations regarding the influence of the stud-
ied parameters on the load-settlement relationship of the piled raft foundation can be
summarized as follows:

1. The raft thickness has no effect on the load-settlement relationship of the small-
scale or large-scale settlement of the piled raft foundation.

2. The effect of pile spacing on the load-settlement relationship of the pile-raft foun-
dation in small-scale settlements is negligible, and it has a significant effect on large
settlements.

3. . Pile length has an important influence on the load-settlement relationship of pile-
raft foundation in large and small pile foundations.
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