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ABSTRACT: In current design practice, analysis of pile groups subjected to lateral loads is
mainly focused on the assessment of overall stiffness and on force distribution within the group.
In contrast, the estimate of ultimate lateral capacity is often considered in a quite rough manner
or even neglected. Such practice may be due by the fact that, traditionally, lateral loads onto pile
groups were a quite low percentage of vertical loads; moreover, technical difficulties in carrying
out full scale tests represented a serious obstacle in collecting experimental data to be used in the
definition of reliable lateral methods for the estimate of lateral capacity of groups. More recently,
however, reliable numerical tools may partially surrogate or integrate experimental data to assist
engineers in defining design methods. In the light of such approach, a numerical study of laterally
loaded groups of large diameter piles with fixed head conditions is presented. By means of com-
mercial code FLAC3D, several models are studied, including most of the aspects affecting actual
behavior, such as nonlinear soil response, pile-soil interface as well as plastic resistance of piles.
Based on several analyses results, a very simple design method is proposed, which can be seen as
an extension of classic Broms method. By means of this approach, which can be easily pro-
grammed in a spreadsheet, several aspects that affect laterally capacity of pile groups can be
easily highlighted and some practical recommendations can also be obtained.

1 INTRODUCTION

Pile groups are one of the most common solutions for the foundation of many civil engineer-
ing structures such as tall buildings, bridge piers and abutments, high tanks or silos and so on.
In current practice as well as in most popular design standards such as Eurocodes, an abun-
dant amount of recommendations is available to address their design. However, looking more
deeply into available material, some aspects that need further developments remain. One of
such topics is represented by the design of pile groups subjected to relevant lateral forces.
While several design approaches are available and widely used to assess pile groups behavior
under lateral loadings which are quite lower than ultimate group capacity, in contrast a
limited number of methods is available to reliably assess ultimate capacity. Such deficiency
has become even more apparent with the increasing importance of lateral loads onto pile
groups, in particular due to seismic design.

A review of existing literature on this topic reveals that available theoretical or experimental
studies on ultimate lateral capacity of pile groups are quite limited mainly due to the intrinsic
complexities of this problem which is governed by a tight interaction between geotechnical
and structural aspects. Such difficulties also rest in the practical complexities in setting up full
scale loads tests which are usually just conducted on single piles.

As for practical designs, group efficiency is often used. Such factor is normally defined as

Group reaction
n,, - (reaction of one pile acting as single)

n= (1)
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in which ny, is the number of piles in the group and the reaction is a pile (or group) force cor-
responding with a given top deflection.

Such parameter can be of course defined with respect to vertical or lateral response. In the
first case, 1 is currently defined with respect to a quite low deformation level, thus giving a meas-
ure of group efficiency with respect to group stiffness. In contrast, such approach is rarely
adopted in defining vertical capacity. As for lateral behavior, a different n factor is usually
defined, to scale the so-called p-y curves that still very frequently adopted in modelling the inter-
action of piles with surrounding soil: in this respect, again, n should be considered as a matter
of stiffness rather than of resistance. However, in such case the same (or very similar) n factor
used to scale p-y curves is frequently also used to calculate group ultimate lateral capacity,
based on the ultimate capacity of single piles. Such procedure, in our opinion, may be often
inappropriate since group behavior at failure may differ significantly from the behavior of single
piles. Moreover, by simply taking an efficiency factor into account without looking more in
details in group behavior, unsafe design of crucial structural details may result. In the light of
these simple observations stemming from current practice, a simple proposal is worked out in
following, which may contribute to improve current design of laterally loaded pile groups.

2 A SIMPLE MODEL FOR LATERAL GROUP CAPACITY ASSESSMENT

Ultimate lateral capacity Hy, of single piles or pile groups intimately depends on both sur-
rounding soil resistance and on structural bending capacity of pile cross sections. As for single
pile capacity, such behavior at failure has been excellently explained by Broms, whose pro-
posals (Broms (1964a, 1964b), still stand as a fundamental contribution widely used in the
practice. As it will be shown in the following, Broms theory also produces results in a very
close agreement with numerical models.

An attempt to extend Broms approach to a piling group with a regular geometrical pattern is
presented in the following. We limit our attention to closely spaced pile group in a homogeneous
granular soil, whose resistance is expressed by a friction angle ¢. Following Fleming et al.
(2009), or Patra & Pise (2001), we consider a block failure mechanism in which soil resistance is
fully activated on the front side (passive resistance) (Figure 1) and along lateral sides.

Driving active thrust at rear face is neglected, since it represents a small fraction of other
components. As for ng piles in the front row, passive soil resistance from pile top to depth x,
acting on a front width B, is given by

— . xz
Riront(x)=Kp - B - (q~x+y - ) )

in which Kp is passive thrust coefficient depending on ¢, q is uniform surcharge at soil surface
(included as recommended by Cecconi et al. (2006)) and is soil unit weight, which must be set
equal to buoyancy weight for water table at pile top. B is given by
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n. = no. of piles in one row parallel to load direction (n.=4 in this figure)
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Figure 1. Pile group geometry and symbol definition
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B=min(3-D-ng,D+(ng —1) - sp) (3)

In Equation 3, it is assumed that for quite distant piles, B is simply the sum of passive resist-
ance pertaining single piles, which is set equal to 3-D according to Broms formulation. We
now limit our analysis to long piles fully restrained at pile top, which represents the most
common assumption occurring in the practice. Ultimate resistance for such piles is reached
when two plastic hinge form, one at pile top and one at an unknown depth x;. By observing
that at such depth, the shear forces in yielding piles is null, corresponding with a maximum
M, in bending moment distribution, we can compute x; by simply imposing moment equilib-
rium for piles above that depth:

2 5.3
2-nB-My—Kp~B~(q~X2—1+Y—3X1):0 4)

This equation is easily solved by an iterative procedure and then the contribution of front
piles to overall resistance is obtained by substituting x; in Equation 2. It should be noted that
setting q=0, ng=1 and setting Kp to Rankine value, classical Broms (1994a) formulation is
reproduced. We now consider all the piles behind the front ones, in other words ng-(ny-1)
piles in the wake of the leading ones. We will assume that all of them equally contribute to the
resistance provided by soil resistance at the sides. This contribution is assumed to be:

Riiges (x) = 2 Kpar - tan(9) - L (q b ) (5)

L is defined in Figure 1. Ko is a lateral earth pressure coefficient, for which Fleming et al.
(2009) recommend considering a value ranging between at rest coefficient Ky and 1. As a
matter of fact we found that Ky o1 plays an important role in the calculation of H, so much
more attention to it will be given in following section. Like front piles, we will assume that all
the piles in the wake, equally loaded by same fraction of Rg;qes, Will form a plastic hinge at pile
top and a second one at the same depth x,. As before, we compute x, by solving

X3 ¥-x3
Z'HB(nL_1)'MY_KLAT'tan(¢)'L'(q'7+ 3 )20 (6)
Finally, overall pile group capacity is
Huyii=Rront (Xl )+Rsides (x2) (7)

It is worth noting that, by including the same bending capacity M, for all the piles, different
values for x; and x, are obtained, being usually x, > x;. This means that lower plastic hinges
form at different depth, depending on pile position in the group. Assigning same moment cap-
acity is really a very crude assumption since bending capacity is affected by axial forces in
piles. However, this assumption greatly simplifies the formulation and we also believe that
including a safely assessed average value in the light of applied loads may provide a reasonable
estimate of ultimate capacity as well. Implementing equations 1 to 7 in a spreadsheet, a very
quick estimate of group capacity for various group patterns can be obtained. A most valuable
result is also group efficiency n with respect to ultimate conditions, by dividing Hy;, by the
number of piles and by the single pile capacity (Broms value). For example, taking ¢=33°,
Kp= 3.39, q=0, =18 kN/m’, D=1 m, My=1500 kN-m, s/D = 3, in both direction, we obtain
ultimate capacities and group efficiencies summarized in Table 1 for various pile patterns.

Beyond ultimate capacity values, a relevant result provided by this procedure is an increased
depth of lower plastic hinge in shadowed piles, as compared with front piles. This observation
suggests to carefully increase pile reinforcement fairly below the depth that would have been
requested by single pile solution. Rg4es, X and 1 are significantly affected by Ky o1. In this
respect, an attempt to better assess such parameter deserves additional attention.
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Table 1. some results using Equations 1 to 7

Riront X1 Riides X2 Hue n
Case ng ny KiaT

[kN] [m] [kN] [m] [kN]
0 1 1 n.a. 1229 3.66 n.a. - 1229 n.a.
1 2 2 0.7 2457 3.66 1384 6.50 3841 0.781
2 2 2 1.0 2457 3.66 1559 5.77 4016 0.817
3 2 4 0.7 2457 3.66 3907 6.91 6365 0.648
4 4 2 0.7 4915 3.66 2197 8.19 7122 0.724
5 2 4 1.0 2457 3.66 4401 6.16 6858 0.698
6 4 2 1.0 4915 3.66 2427 7.27 7389 0.752

3 A NUMERICAL STUDY

3.1 Approach description

To attempt a rational selection of governing parameters of the proposed procedure, in particu-
lar Ky o1 factor governing block side resistance, a set of benchmark results would be neces-
sary. However, in our best knowledge, it is quite hard to access enough experimental data
covering relevant conditions for practical applications. Therefore, we considered performing
some advanced numerical simulations of typical groups using the commercial code FLAC3D
(Ttasca (2018)). Such models include following main components:

* a uniform soil layer to which Mohr-Coulomb constitutive model is assigned;

+ piles (o single pile) which are modelled as elastic perfectly plastic pipes, in such a way to
model reinforced concrete shafts with a known bending capacity;

* aslip interface between pile and soil, whose resistance is assigned through a friction angle 3.

At the top of the piles, fixed head support condition is modelled by prescribing same lateral
movement # to all the grid points of a portion of piles projecting above soil surface (Figure 2).
For each pile pattern, including single pile conditions, a FLAC 3D analysis has been per-
formed, according with following sequence:

a. set up of initial at rest condition by assigning an initial K stress field

b. insertion of piles (and their interface)

¢. progressive increase of top displacement #, with 20 increments of 1 cm each, up to a final
displacement of 20 cm.

Such procedure is accomplished by means of the nonlinear explicit pseudo-dynamic integration
scheme offered by FLAC3D, by simply applying prescribed velocities for a suitable number of
steps. Between each displacement increment, additional cycles with null velocities are performed,
until overall top reaction (i.e. the resultant of all the lateral reactions where lateral displacement is
assigned) is stabilized. In this study, only 1000 mm dia., 20 m long concrete piles are considered,
in a granular dry soil. Pile spacing s/D =3 is kept constant in all the analyses, as such value corres-
ponds with the most frequent spacing adopted in the practice. Additional parameters are: soil
modulus E=100 MPa, v=0.30, dilatancy y=0°, y=18 kN/m?®, K,=0.5, E ;=25 GPa.

Several models have been analyzed, by varying pile pattern (including single pile models to
allow a comparison with Broms predictions), ¢, 5 and My. For all such models a top load-
displacement curve is computed. In Figure 3, typical FLAC3D model is shown: one half of
the group is modelled due to geometry and load symmetry. The model is extended, far from
loaded zone, about 20 m in front and behind external piles in load direction as well as far
from outer piles in lateral direction. A 10 m thick soil layer is considered under pile toe. Hori-
zontal displacements normal to each boundary plane are fixed. In Table 2, a summary of per-
formed analysis is included, corresponding with a total amount of 40 analyses.
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Figure 2. prescribed boundary condition Figure 3. Typical FLAC 3D model: in this case a
at pile top model with ng=5 and ny =3 is shown.

Table 2. summary of parameter variations

pattern [ W) M,

np np [kN-m]
single 1 1 30° 0.5 1050
2x2 2 2 36° 1 2100
3x3 3 3
3x5 3 5
5x3 5 3

3.2 Result summary

In Figure 4, some typical results are shown. In Figure 4(a) a contour map of displacement
highlights a block failure mechanism encompassing all the piles, combined with a more com-
plex deformation field between single pile rows parallel to load direction.

In Figure 4(b) we can appreciate different plastic zone development in piles, depending on
pile position. As anticipated in previous section, lower plastic zone (plastic hinge) is deeper for
piles in the wake of the front ones. In Figure 5, nonlinear overall behavior is shown at early
deformation stages, while ultimate load is almost reached at a top displacement of about 10%D.
Such behavior is the same for all the investigated cases. Moreover, it is noticed that group effi-
ciency increases with top displacement. Such results may be explained by the fact that at low
deformation, elastic interaction between piles prevails, thus reducing overall stiffness; when limit
state is almost reached, yielding in soil somehow reduces the coupling between adjacent piles
thus reducing group reduction with respect to the sum of single pile responses. Such finding,
however, is in contrast with other studies (e.g. Fayyazi et al. (2014), Rollins et al. (2005)) and
suggests further research to be clarified. However, an important conclusion from this study is
that group efficiency is strictly related to the level of mobilization at which is computed

An overview of the performed analyses is included in Table 3, left part.

In the right part of Table 3, for each analysis, group capacity is computed by means of the
proposed approach in section 2. To obtain a close agreement with FLAC3D results, two

F

(a) deformed mesh at ultimate load (b) plastic zone distribution (red zones) in piles

Figure 4. typical FLAC 3D results.
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Figure 5. group response computed by FLAC3D.

important aspects had to be included, namely 1) a Kp value depending also on &/¢,by adopting
the passive thrust coefficients suggested by Lancellotta (2006) and 2) a quite high Ky o1 value
set equal to Kp as well, a value much higher than those recommended by previously cited
authors, but, as theoretically expected, closely related just to soil resistance. By comparing the
deformed shapes and plastic zones in piles in FLAC3D with computed plastic hinge depth with
simplified approach, a quite satisfactory agreement is also observed. Efficiency coefficients com-
puted by current study both by FLAC3D and by simplified approach, are in general higher
than those frequently adopted in the practice (for example, Callisto & Rampello (2013), Fayyazi

Table 3. FLAC3D Analysis summary and comparison with proposed formulation

FLAC3D Proposed formulation with Ky o1=Kp
$=30° $=30°
0.5 1 0.5 1
Sl —
pattern My — 1050 2100 1050 2100 1050 2100 1050 2100
single  Hy " 1004 1634 1093 1808 1047 1662 1104 1753
2x2  Hyy 3641 5808 4042 6327 4014 6372 4233 6719
nG 0.91 0.89 0.92 0.87 0.96 0.96 0.96 0.96
3Xx3  Hy 7476 11908 8184 13092 7954 12626 8387 13313
nG 0.83 0.81 0.83  0.80 0.84 0.84 0.84 0.84
3X5  Hy 11592 18206 12668 19917 12531 19892 13213 20974
nG 0.77 0.74 0.77  0.73 0.80 0.80 0.80 0.80
5X3  Hy 12342 19840 13518 21758 12000 19050 12645 20086
nG 0.82 0.81 0.82  0.80 0.76 0.76 0.76 0.76
$=36° $=36°
dlp — 0.5 1 0.5 1
pattern My — 1050 2100 1050 2100 1050 2100 1050 2100
single  Hyy, 1153 1937 1202 2101 1190 1889 1281 2033
2x2  Hyy 4227 6739 4673 7490 4735 7516 5097 8091
NG 0.92 0.87 097 0.89 0.99 0.99 0.99 0.99
3Xx3  Hy, 8641 13854 9619 15273 9472 15036 10198 16188
nG 0.83 0.79 0.89 0.81 0.88 0.88 0.88 0.88
3Xx5  Hy 13413 21178 14910 23299 15087 23949 16242 25782
nG 0.78 0.73 0.83 0.74 0.85 0.85 0.85 0.85
5%X3  Hy, 14298 22908 15936 25372 14247 22616 15338 24347

nG 0.83 0.79 0.88 0.80 0.80 0.80 0.80 0.80

) Hyy in [kN]
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et al. (2014), Viggiani et al. (2012)). As already discussed, such relevant discrepancy rests in the
fact that previous values have been estimated corresponding with low deformations and/or dif-
ferent top restraint conditions. This observation, however, suggests that using traditional group
factors tuned for group stiffness, also for group capacity is a conservative assumption.

4 A PROPOSAL FOR PRACTICAL DESIGN

In Figure 6, left, predicted capacities obtained by proposed equations are compared with
FLAC3D analysis results. Aiming at providing a safe formulation in which all result points
fall below the dotted line, proposed equation results have been multiplied by reduction factor
0.90: doing so all the results point are brought into safe region (Figure 6, right). In general,
the agreement is better for almost square patterns (ng=ny ). For unsymmetrical case 5X3, sim-
plified approach seems to be very conservative: this may be explained in the light of a more
complex actual failure mechanism dissipating more plastic work than what is assumed by
simple block scheme. In such case, a more complex scheme, as proposed by Ashour et al.
(2004) may provide better agreement.

By inspecting FLAC3D results, a simple equation for efficiency factor can also be obtained,
which has the ability to account for both overall number of piles in a group and their config-
uration with respect to applied loads. We define a group efficiency with respect to ultimate
capacity, which can be computed by the following equation:

0025y, )=015 (8)

NGu= 0.9~ (np)
Ultimate capacity of single pile can be computed by either Broms formulation or equivalent
equations in section 2, including improved Kp coefficients accounting for appropriate 6/¢p param-
eter. Group capacity is computed by using efficiency as per Equation 8 which already includes a
reduction factor 0.90. Finally, the depth of reinforcement cage to be provided to ensure the valid-
ity of the assumed formulation can be assessed by the following iterative procedure:

a. calculate ng ,, using Eqn. 8;

b. iteratively calculate group capacity using equations 1 to 7, by progressively reducing Ky ot
(starting with Ky ot=Kp) until same ng,, is obtained.

c. record lowest hinge depth corresponding with the last reduced Ky ot factor;

d. provide adequate pile reinforcement down to such depth plus at least 3 pile diameters, to
all piles in the group.

Of course, an appropriate design of piles subjected to lateral forces is not only affected by cal-
culation approach, but also by a good selection of construction detailing. What is required to
ensure overall lateral capacity must be compared with ordinary pile analysis via p-y curves
and the most stringent values must be adopted in design.

w

w
5

. 0
=
o

S}
S

s

Proposed formulation

=5

Proposed formulation x 0.90

o S &
SAFEREGION | x5 x 3 030° P SAFE REGION
& X5x3036° 'y
0 5 10 15 20 25 30 0 5 10 15 20 25 30
FLAC3D FLAC3D

Figure 6. Predicted vs computed pile group capacity [MN]. Left: uncorrected values. Right: reduced
values using 0.90 factor in proposed formulation.
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5 CONCLUSIONS

Forty FLAC3D numerical analyses of laterally loaded single piles and pile groups in uniform
dry sands have been performed. Obtained results have been used as benchmarks to define a
simple procedure to calculate ultimate capacity of pile groups with fixed head condition.

Numerical analyses of single piles revealed that established design equations such as Broms
(1964a, b) formulation very well agree with numerical results. Moreover, it has been realized
that interface friction 8 between pile and soil provides a significant contribution to pile capacity.
This can be incorporated in the Broms equations by simply using appropriate Kp values.

As for pile groups, a block failure mechanism has been investigated, showing that such assump-
tion well fits numerical results, provided side resistance of such block is related to Kp as well.

A simple procedure and a closed form equation for group efficiency limited to regular pile
patterns and to s/D=3 is proposed. It should be emphasized that the proposed procedure is
limited to the assessment to ultimate group capacity: in other words, it does not aim at offer-
ing a general procedure for elastoplastic analysis of groups including a reliable estimate of
group deformation or force distribution among different piles. For general pile group analysis,
reference can be made to abundant available literature (e.g. Russo 2016, Ashour et al. (2004),
Stacul & Squeglia (2018)) or to available engineering software.

A merit of the proposed procedure, beyond its simplicity, is a clear emphasis to appropriate
structural detailing required to ensure the real validity of the proposed design.

Further work is required to investigate the role of additional parameters such as surface sur-
charge and different pile spacings. An extended comparison with experimental data would also
be very valuable, albeit, for the time being, relevant difficulties may be envisaged in the light of
practical and economic implications in running realistic lateral loads tests for pile groups.
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