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Abstract. The behavior of a piled raft foundation (PRF) depends on complex 

raft-soil-pile interactions. In the present paper, the effects of pile number, pile 

spacing, pile length, and pile diameter on the settlement-dependent variation of 

raft-soil-pile interactions and load-sharing behavior of large PRFs in clay soil 

have been evaluated. Three-dimensional numerical analyses were performed on 

different foundation types such as piled raft, unpiled raft, pile group, and single 

pile. Results show that the piles to piles (P-P) interaction effect approaches unity 

at a particular settlement value, and the value is larger for a higher pile number, 

pile length, and pile diameter. With the same number of piles, at higher settlement 

levels, the raft to piles (R-P) interaction effect is slightly larger at wider pile spac-

ing. An insignificant effect in the settlement-dependent variation of the R-P in-

teraction effect is observed for variation in pile number, pile length, and pile di-

ameter. The piles to raft (P-R) interaction effect firstly decreases within initial 

settlement range and then increases as PRF settlement increase. The proportion 

of load carried by piles in PRF initially increases and then decreases with PRF 

settlement. The settlement at which the pile load proportion reaches a peak is 

larger for a higher pile number, pile length, and pile diameter. 

Keywords: Large piled rafts; Numerical modeling; Interaction effects; Load-

sharing; Pile group; Unpiled raft. 

1 Introduction 

In general the foundations types that are commonly in use are shallow (raft) and deep 

(pile) foundations. However, in recent decades a composite structure called piled raft 

foundation (PRF) consisting of both raft and piles has gained significant recognition. 

The PRF has proven to be a cost-effective foundation option compared to the traditional 

foundations to carry heavy superstructure loads due to the contribution of both raft and 

piles that are taken into account in the PRF design. Several practical examples of PRFs 

have been reported in the literature [1, 2]. The PRFs can be classified into two types, 

i.e., small and large piled rafts [3]. In the case of small piled rafts, the width of raft (Br) 

is smaller than the pile length (Lp) (Br/Lp < 1). However, in the case of large piled rafts, 

the width of raft is greater than the length of piles (Br/Lp > 1). As both the raft and piles 

in a PRF contribute to the load-sharing, a major design concept is the proportion of load 

carried by each structural element [4]. 

The overall load response of a PRF is governed by the complex interaction effects 

involved in the load-sharing mechanism, as shown in Fig. 1a. The interactions are 
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caused due to the overlapping of stress and displacement fields of individual structural 

elements (raft and piles). The different interaction effects of a PRF are: (1) piles to piles 

(P-P); (2) raft to piles (R-P); and piles to raft (P-R) [5]. The P-P interaction effect is the 

changes in the load response of pile group (PG) and single pile (SP). The R-P interac-

tion effect represents the changes in the load response of PG due to the raft in PRF. The 

P-R interaction effect signifies the changes in the raft load response due to the piles in 

PRF. Taking into account the PRF interactions (Fig. 1a), Park and Lee [6] expressed 

the load carrying capacity of a PRF as follows: 

                                      𝑄pr = 𝛼r𝑄ur + 𝛼p𝑄pg = 𝛼r𝑄ur + 𝛼p𝜂p𝑄sp                                      (1) 

where ηp, αp, and αr are the P-P, R-P, and P-R interaction effects; Qur, Qpg, and Qsp are 

the load carrying capacities of unpiled raft (UR), PG where the raft is not in contact 

with the ground, and SP, respectively. 

 Several investigations on evaluating the PRF interactions have been reported in the 

literature [6 – 11]. Furthermore, studies on the load-sharing behavior of piled rafts have 

also been reported [12 – 15]. For PRFs in sand, centrifuge tests were carried out Park 

and Lee [6] and they found that both P-R and R-P interaction effects initially decreased 

and then increased with the increase in settlement. Halder and Manna [8] conducted 

experimental investigations on PRF in sand and suggested equations for calculating 

various PRF interactions. Kumar and Choudhury [10] carried out 3D FE analysis for 

PRFs in sand and proposed expressions for determining the bearing capacity using PRF 

interactions. Reul [11] carried out three-dimensional (3D) finite element (FE) analysis 

of PRF in overconsolidated clay and reported that at a higher load level due to PRF 

interactions, pile skin friction increases. Bhaduri and Choudhury [12] presented a dis-

placement-based FE approach to evaluate the load-sharing behavior of PRF. Lee et al. 

[15] studied the load-settlement response of PRFs in clay experimentally and suggested 

a load-sharing model based on PRF settlement. However, most investigations on PRF 

interactions and load-sharing behavior were expressed as a function of foundation ge-

ometry and property conditions. A few literature have reported the effect of settlement 

on the interactions and load-sharing behavior of large PRF in stiff clay through numer-

ical modeling. Thus in the present paper, the settlement-dependent variation of PRF 

interactions and the load-sharing behavior are evaluated for large PRFs in stiff clay soil 

with varying pile number, pile spacing, pile length, and pile diameter. For this purpose, 

3D FE analyses have been performed using Plaxis 3D software [16]. 

2 3D Numerical Modeling 

2.1 Boundary Conditions, Meshing and Soil Modeling 

The drained soil behavior is considered and water table is assumed to be at ground 

surface. Based on the domain analysis study, the soil domain boundaries were consid-

ered large enough to avoid boundary effects (Fig. 1b). The domain of soil in the lateral 

directions is extended up to a distance equivalent to twice of the width of raft (Br) from 

the edges of raft, with displacements allowed in vertical direction and restrained in hor-

izontal direction. The bottom of the soil domain is extended up to thrice the length of 

pile (Lp) from the tip of pile, with displacements restricted in both directions (vertical 
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and horizontal). The ground surface displacements are free in all directions. To deter-

mine the optimum mesh size, mesh convergence study has been performed, and “Fine” 

mesh is selected. A finer mesh has been generated nearby the raft and piles by applying 

local mesh refinement. Fig. 1b illustrates the soil domain finite element mesh. 

 The Hardening soil model that is based on stress-dependent stiffness of soil is used 

to model the elasto-plastic soil behavior. This is an advanced soil model which includes 

both compression and shear hardening. Three input parameters are required to represent 

the elastoplastic soil deformation, i.e., ref. secant stiffness modulus (𝐸50
ref), ref. oedom-

eter stiffness modulus (𝐸oed
ref ), and ref. unloading-reloading stiffness modulus (𝐸ur

ref) 

(Table 2). The different stress-dependent stiffnesses (E) are estimated using Eq. 2. 

                                                𝐸 =  𝐸ref (
𝑐′ cot ∅′+𝜎′ 

𝑐′ cot ∅′+ 𝑝ref)
𝑚

                                            (2) 

where Eref is the reference stiffness value corresponding to the reference stress (pref) 

level of 100 kPa, σ΄ is the stress level, c΄and ϕ΄ are the shear strength parameters, and 

m is the stress dependency factor. 

 
Fig. 1. (a) Load-sharing mechanism and PRF interactions; (b) Typical FE mesh of the soil do-

main and PRF. 

2.2 Validation  

The validation of the present study is performed by comparing the load-settlement var-

iations of PRFs as indicated by Cho et al. [17]. The finite element software Abaqus was 

by Cho et al. [17] and for the soil modeling, Mohr-Coulomb model has been employed. 

A 10 x 10 m and 1 m thick raft with nine piles arranged in 3 x 3 square pattern of 0.5 

m diameter, with spacing equivalent to thrice the diameter of pile and length of piles of 

8 and 16 m is selected. The properties of the materials are given in Table 1. As shown 

in Fig. 3, the results obtained from the present study are in good agreement with the 

reported results. 

 

4Lp

Soil domain

Finer mesh

Fine meshing

Lp

Piled raft
Qr

Qp Qp Qp

Qr

Qa

P-R R-P 

P-P 

(a) (b)



Rajib Modak and Baleshwar Singh 

   TH-03-007                                                                                                            4 

 

Table 1. Material properties [17]. 

 Clay (stiff) Bearing layer Raft Piles 

Elasticity modulus, E΄(MPa) 45 500 30,000 12,500 

Cohesive strength, c΄(kPa) 20 0.1 - - 

Angle of friction, ϕ΄(°) 20 45 - - 

Poisson’s ratio, ν΄ 0.3 0.3 0.2 0.25 

Total unit weight, γt (kN/m3) 19 20 25 25 

 

 

Fig. 2. Load-settlement behavior of Plaxis 3D compared with Cho et al. [17]. 

3 Numerical analyses 

3.1 Piled raft interactions and load-sharing 

A squared raft of 38 x 38 m size [18] and 2 m thickness has been considered for the 

numerical analyses. The particular raft thickness corresponds to that of an intermediate 

flexible raft based on the raft-soil stiffness ratio [19]. Table 2 presents the soil [20], raft 

[18], and pile [18] properties used for the study. Three different PRF interaction effects, 

as mentioned in Section 1 are considered, i.e., piles to piles (P-P), raft to piles (R-P), 

and piles to raft (P-R) effect. The settlement-dependent variation of these interactions 

has been evaluated for the variation in the number of piles, spacing between piles, 

length of piles, and diameter of piles (Table 3). The number of piles (Np) vary from 25 

to 81 piles such that the area enclosed by the pile group (Bg), as shown in Fig. 3, is the 

same for all the PRFs. For 49 piles, the pile spacing (s) is varied from minimum to 

maximum possible pile spacing. The minimum pile spacing as per IS 2911 Part 1 [21] 

for group piles in clay soil is three times the pile diameter (Dp). For the same 49 piles, 

the pile length (Lp) is now varied between 20 to 30 times the diameter (Dp) of the pile. 

Again for 49 piles, the pile diameter is varied from 0.5 m to 1.5 m. In the study, while 

varying one parameter, the standard values (Table 3) of all the other parameters are 

considered. In addition to the PRF models, corresponding load-settlement responses of 

UR, PG, and SP are also analyzed to evaluate the different PRF interactions. The set-

tlement-dependent variation of the P-P interaction effect is obtained by evaluating the 

ratio of load capacity of PG (with ‘Np’ number of piles) to the load capacity of ‘Np’ SP 
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at the same settlement level. For R-P interaction effect, the ratio of the load capacity of 

piles in PRF to the PG load capacity with a similar number of piles as PRF is calculated. 

Furthermore, to determine the variation of P-R interaction effect with PRF settlement, 

the ratio of the load capacities of the raft in a PRF to that of the UR is evaluated.  

The study considers a settlement criteria of 0.35% Br [14]. The settlement-dependent 

variation of the PRF interactions is observed up to the maximum average settlement 

(wavg) of 0.35% Br. Thus, all the foundations are subjected to a load corresponding to 

which wavg is equivalent to 0.35% Br. A uniformly distributed load (UDL) over the raft 

area is applied in the case of UR, PG, and PRF, whereas for SP, point load at the pile 

head is applied to determine the load-settlement response. The wavg is evaluated using 

Eq. 3 [18], where wcenter and wcorner are the raft’s center and corner settlements, respec-

tively. To understand the variation in the load-sharing behavior of PRF with settlement, 

the percentages load shared by raft and piles are evaluated. The pile load share is eval-

uated as the sum of axial load at all pile heads, and the raft load share is then obtained 

by deducting the pile load share from the total applied load. 

                                                   𝑤avg =
1

3
(2𝑤center + 𝑤corner)                                            (3)  

Table 2. Material properties of soil, raft, and piles. 

Materials Properties Values  

Soil  

Unit weights ɣunsat/ ɣsat (kN/m3) 

Poisson’s ratio, νs 

Cohesion, c΄ (kN/m2) 

Angle of friction ϕ΄ (°) 

Coefficient of lateral earth pressure (Ko) 

Ref. secant stiffness modulus, E50
ref (kN/m2) 

Ref. oedometer stiffness modulus, Eoed
ref (kN/m2) 

Ref. unloading-reloading stiffness modulus, Eur
ref (kN/m2) 

Stress dependency power, m 

20/20 

0.2 

20 

20 

0.8 

3.50 x 104 

4.28 x 104 

1.05 x 105 

1 

Raft  

Unit weight (kN/m3)  

Elastic modulus, Er (MN/m2) 

Poisson’s ratio, νr 

25 

34,000 

0.2 

Piles  

Unit weight (kN/m3) 

Elastic modulus, Ep (MN/m2) 

Poisson’s ratio, νp 

25 

30,000 

0.2 

Table 3. Piled raft geometric configurations. 

Parameters Values  

Width of raft, Br (m) 38 

Thickness of raft, tr (m) 2 

Pile number, Np 25, 49*, 81 

Pile spacing, s (m) 3, 4, 5, 6*,  

Pile length, Lp (m) 20, 25, 30* 

Pile diameter, Dp (m) 0.5, 1*, 1.5 

                                              * Standard value if not varied. 
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Fig. 3. Various pile configurations used in the study. 

3.2 Results and Discussion 

Influence of pile number. The influence of pile number on the settlement-dependent 

variation of the PRF interactions and the load-sharing behavior is presented in Fig. 4. 

Fig. 4a shows that for all the pile configurations, i.e., 5 x 5, 7 x 7, and 9 x 9, the P-P 

interaction effect (ηp) is lower within the initial settlement range and it approaches a 

constant value of unity at a higher settlement value. This implies piles in PG having a 

lower load capacity than ‘Np’ SP within the initial settlement range and this is due to 

greater overlapping of stresses and displacement fields within the piles in PG. Also, 

within the initial settlement range, the ηp value is lower for a higher number of piles. 

However, as PRF settlement increase, once the capacity of piles in PG is mobilized 

fully, ηp approaches unity for all the pile configurations. The settlement value corre-

sponding to which the ηp ≈ 1 is larger for a higher pile number. de Sanctis and Mando-

lini [7] suggested adopting a ηp of unity based on FE analysis results for PRF in soft 

clay deposits. The R-P interaction effect (αp) influences the load response of PRF in 

two ways, i.e., positive and negative. The positive aspect corresponds to the fact that 

due to the raft’s presence, the confining stress of soil underneath the raft increases, 

which further increases the pile skin friction resistance. The negative aspect is related 

to the lesser relative pile-soil displacement due to the downward movement of the soil 

underneath the raft upon loading. Fig. 4b shows the settlement-dependent variation of 

αp for different pile numbers. For all the pile configurations, almost a similar trend of 

αp variation with PRF settlement is observed. The negative effect is encountered ini-

tially, but with the increase in settlement, the positive effect is more pronounced. At the 

maximum settlement of 0.35% Br (≈ 135 mm), the αp values for piles varying from 25-

81 lie within a close range of 1.0-1.04.  

The P-R interaction effect (αr) indicates the changes in the load-settlement response 

of the raft due to the presence of piles underneath in PRF. The variation of αr with 

respect to PRF settlement for varying pile numbers is shown in Fig. 4c. The figure 

illustrates that, for all the pile configurations, αr decreases initially and then gradually 

increases with the increase in the settlement. The initial decrease is because of the re-

duction of raft-soil contact pressure due to the downward soil movement. However, 

with the increase in settlement, once the pile capacity of piles in PRF is fully mobilized, 

the raft contribution in PRF increases, and thus αr increases. Park and Lee [6] have also 

reported similar results by means of centrifuge tests conducted for PRF in sands. More-

over, the αr values are lower for a higher number of piles due to lower raft-soil contact 

pressure. The αr value at the maximum settlement of 0.35% Br range from 0.48-0.92 for 
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piles varying from 81-25, respectively. The load-sharing behavior in terms of percent-

age of load carried by each structural element at different settlement levels for varying 

pile numbers is shown in Fig. 4d. It can be seen that with the increasing pile number, 

the pile load share increases, and that of the raft decreases. For any pile number, the 

pile load share increases to a certain settlement value and then decreases with the in-

creasing PRF settlement. The settlement values at which the dip in the pile load share 

is observed for all pile configurations are similar to the settlements at which ηp ap-

proaches unity and αr increases after showing a decreasing trend. The settlement values 

for which a decrease in pile load share is encountered for 25, 49, and 81 piles are 30, 

55, and 75 mm, respectively. This shows that at these settlements, the pile capacity of 

piles in PRF is fully mobilized, and further increment in load is carried by the raft.  

 

Fig. 4. Influence of pile number on PRF interactions and load-sharing behavior. 

 

Influence of pile spacing. Fig. 5 shows the influence of pile spacing on PRF interac-

tions and load-sharing behavior variation with settlement. The standard 7 x 7 pile con-

figuration with different s/Dp (pile spacing to pile diameter) ratios of 3, 4, 5, and 6 are 

considered. For the different s/Dp ratios considered, a lower ηp value is observed ini-

tially, and then it approaches unity at a higher settlement level, as shown in Fig. 5a. 

Also, within the initial settlement range, the ηp value is higher for a larger s/Dp ratio. 

The reason is at a larger s/Dp ratio the stress and displacement fields overlapping de-

creases, and the pile behavior in PRF is similar to that of SP. The figure also shows that 

the PRF settlement corresponding to which ηp ≈ 1 is lower for a larger pile spacing. The 

variation of αp with PRF settlement for varying pile spacing is presented in Fig. 5b. It 

can be observed that for all s/Dp ratios, the negative effect is significant initially, fol-

lowed by the positive effect at a higher settlement value. In addition, the αp variation is 
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almost similar initially at the lower settlement range, and at a higher settlement level 

the αp value is slightly greater for a larger s/Dp ratio. The αp value lies within the range 

of 0.9-1.04 at the settlement of 0.35% Br for s/Dp ratio varying from 3-6, respectively.  

The settlement-dependent variation of αr for varying s/Dp ratios is shown in Fig. 5c. 

The figure shows αr decreases continuously for smaller s/Dp ratios (3 and 4) up to the 

maximum settlement of 0.35% Br. However, for larger s/Dp ratios (5 and 6), the αr value 

initially decreases and then increases with the increase in PRF settlement. This is be-

cause at a smaller s/Dp ratio due to greater superimposition of stresses and displacement 

fields, the pile capacity is not fully mobilized within the considered settlement range. 

The αr value at 0.35% Br settlement lies within the close range of 0.68-0.75 for the 

different s/Dp ratios considered. Fig. 5d illustrates the load shared by the piles and raft 

in PRF at different s/Dp ratios. With the increase in the pile spacing, the pile load share 

increases, and that of the raft decreases. This is because, with the increase in pile spac-

ing, the pile behavior in PRF is comparable to SP as no neighbouring piles influence is 

experienced. However, it can be observed that the increase in the pile load share is not 

that significant for the increase in s/Dp ratio from 5 to 6. 

 

Fig. 5. Influence of pile spacing on PRF interactions and load-sharing behavior. 
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diameter ratios (Lp/Dp) has been considered, which are 20, 25, and 30. The other stand-

ard parameters have been selected from Table 3. Fig. 6a illustrates the variation of ηp 

with respect to settlement for different Lp/Dp ratios. The settlement value corresponding 

to which ηp approaches unity increases as the length of pile increase. This is because a 

higher settlement is required for the pile capacity to be fully mobilized for longer length 

piles. The settlement-dependent variation of αp for PRFs with varying Lp/Dp ratios is 

shown in Fig. 6b. From the figure, it can be seen that a variation in the length of pile 

has insignificant effect on αp variation with PRF settlement. The αp value varies from 

1.01-1.04 at the maximum settlement of 0.35% Br for the Lp/Dp ratio varying from 20-

30, respectively. The αr value, as shown in Fig. 6c, initially decreases and then increases 

with the increase in PRF settlement for all Lp/Dp ratios considered. The decrease in αr 

value is observed to be more significant for longer length piles. The minimum value of 

αr (0.53) is encountered for the Lp/Dp ratio of 30 at the settlement of 50 mm. At the 

settlement of 0.35% Br, the αr value range from 0.72-0.85 for Lp/Dp ratios varying from 

30-20, respectively. From the load shared by the individual structural elements, as 

shown in Fig. 6d, it can be seen that the pile load share increases with the increase in 

the pile length. This is due to the increase in the pile load capacity with the increasing 

length of piles in PRF. Furthermore, it can also be observed that the settlement value 

corresponding to which the raft load share rises and that of pile decreases, increases 

with the increase in the pile length.   

 

Fig. 6. Influence of pile length on PRF interactions and load-sharing behavior. 
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ment-dependent variation of PRF interactions and load-sharing. For all the other pa-

rameters, the standard values are considered (Table 3). Fig. 7a presents the ηp variation 

with PRF settlement for different pile diameters. The ηp value is lower for larger diam-

eter piles at the initial settlement range. The settlement value corresponding to which 

ηp ≈ 1 increases with the increase in pile diameter. The αp variation with settlement as 

shown in Fig. 7b shows no significant difference for the different pile diameters con-

sidered. However, within this range of settlement, up to 0.35% Br the αp value increases 

gradually with PRF settlement. The αp value at 0.35% Br settlement, range from 0.98-

1.04 for the pile diameter varying from 1.5-0.5 m, respectively. The αr variation with 

PRF settlement for varying pile diameters is shown in Fig. 7c. It can be observed that 

the αr values significantly decrease as the pile diameter increases. This is because with 

increasing diameter the pile capacity increases, resulting in the reduction of raft contri-

bution in PRF and thus αr decreases. The minimum value of αr (0.39) is observed in the 

case of PRF with piles of 1.5 m diameter and corresponding to the settlement of 65 mm. 

At the maximum settlement of 0.35% Br, the αr value ranges from 0.5-0.91 for pile 

diameter varying from 1.5-0.5 m, respectively. de Sanctis and Mandolini [7] have re-

ported the range of αr from 0.4 to 1.0 for PRF in soft clays. From the percentage load 

share, as shown in Fig. 7d, it can be seen that with the increase in the pile diameter the 

pile load share increases. Also, within the range of settlement considered, the piles carry 

the majority of the load except in the case of PRF with 0.5 m diameter piles. This can 

be attributed to full pile load capacity mobilization ofor smaller diameter piles at a 

lower settlement level.   

 

Fig. 7. Influence of pile diameter on PRF interactions and load-sharing behavior. 
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4 Conclusions  

In the study, 3D numerical analyses were performed on large PRFs in stiff clay soil 

with varying pile number, pile spacing, pile length, and pile diameter to determine the 

settlement-dependent variation of PRF interactions and load-sharing behavior. The 

load-settlement responses of UR, PG, and SP were analyzed to evaluate the different 

PRF interactions. The P-P interaction effect approached unity at a higher settlement 

level for all the PRFs considered in the study. The settlement corresponding to which 

the P-P interaction effect reaches unity increased with the increase in pile number, pile 

length, and pile diameter, and it decreased with the increase in the pile spacing. In the 

scope of the study, the negative R-P interaction effect was observed initially and with 

the increase in the PRF settlement, the positive R-P interaction effect was more preva-

lent. No significant difference in the R-P interaction effect variation with respect to 

PRF settlement was observed for varying pile number, pile length, and pile diameter. 

However, at a settlement of 0.35% Br, the R-P interaction effect is marginally higher 

for a larger pile spacing. The R-P interaction effect showed an increasing trend for all 

PRFs, and it ranged from 0.9-1.04 with an average of about 0.97 at the maximum av-

erage settlement of 0.35% Br.  

The P-R interaction effect initially decreased due to lower raft-soil contact stress and 

then increased as the pile capacity of the piles in PRF was fully mobilized. The settle-

ment value up to which a decreasing trend in the P-R interaction effect was observed 

increased for a higher pile number, pile length, and pile diameter. However, for PRFs 

with a smaller pile spacing, the P-R interaction effect decreases continuously within the 

settlement range considered in the study. Overall the P-R interaction effect varied in 

the range from 0.48 to 0.92, with an average value of 0.7. From the load-sharing be-

havior, it was observed that the pile load share increased and that of raft decreased as 

pile number, spacing, length, and diameter increases for the entire settlement range 

considered. The pile load share initially increased with the PRF settlement and then 

decreased once the pile load capacity was fully mobilized. The settlement value at 

which the pile load share reaches a peak is greater for a higher pile number, length, and 

diameter.     
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