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Abstract

The aim of this work is to present a strut-and-tie model for design of reinforced concrete pile caps. The model considers
both failure by crushing of the compressed struts and by yielding of the tie reinforcement. Unlike some traditional mod-
els, crushing of the compressed concrete is not checked at the section in direct contact with the column base (col-
umn/pile cap interface). In this work, crushing of concrete is verified in a section at a certain depth inside the pile cap.
Thus, this verification is replaced by determining the height of the nodal zone at the top of the pile cap required not to
cause crushing of the struts. An iterative algorithm is used for this purpose. Comparison with a large number of experi-
mental results available in the literature demonstrates the effectiveness of the proposed model for the design of concrete

pile caps. Numerical examples of practical use of the model are also presented.

1. Introduction

Codes for reinforced concrete structures consider two
different methods for design of pile caps. In the first
method, the pile cap is analyzed as a beam or a slab
supported on piles. The main reinforcement is calcu-
lated as in a bending problem, for the bending moment
in a reference section located in the column. Shear
strength is checked using the same criterion as in beams.
Punching shear is verified as in slabs (ACI 318-14
Building Code 2014; Japanese Code JSCE 2010; Span-
ish Code EHE 2011). Usually, this sectional method is
employed for flexible pile caps, where the distance be-
tween the axis of any pile to the column face is more
than twice the height of the pile cap.

In order to avoid the necessity of one-way shear rein-
forcement, shear in a reference section is limited by the
same formula used for thin slabs. The shear resistance
depends on the compressive strength of concrete and
reinforcement ratio (ACI 318-14; JSCE 2010). Some
design codes (EHE 2011; Eurocode EC2 2014) also
consider the slab thickness in the evaluation of the shear
resistance. Usually, the reference section used to calcu-
late the factored shear force is taken at a distance d
from the column face, where d is the effective depth of
the pile cap.

Failure by punching shear is checked in a control pe-
rimeter located at a distance d/2 from the column face
(ACI 318-14; FIB Model Code 2010), or at a distance
2d (EHE 2011; EC2 2014). There is a lack of uniform-
ity with respect to the location of the control perimeter
as well as the value of punching shear resistance. Addi-
tional checks on the perimeter of the column cross sec-
tion and around the piles may also be needed.
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In the second method, pile caps are designed using a
model of spatial truss, also called strut-and-tie model
(Adebar and Zhou 1996; Brown et al. 2006; Chantelot
and Mathern 2010). The verifications aim to limit the
compressive stresses in the concrete struts so as to pre-
vent a brittle failure. If the struts are idealized as pris-
matic or uniformly tapered compression members (ACI
318-14), it is usually sufficient to limit the compressive
stresses in the nodes of the truss, located near the piles
and near the column. Then, the tie reinforcement is cal-
culated. This method is employed for rigid pile caps,
where the distance between the axis of any pile to the
column face is less than twice the height of the pile cap
(ACI 318-14; EHE 2011).

Figure 1 shows the strut-and-tie model usually em-
ployed for two-pile caps. The column is subjected to a
centered load and has a rectangular cross section.

In the classical model shown in Fig. 1, the two struts
go from the column base, on the top of the pile cap, to-
wards the axes of piles at the reinforcement level. The
design load N, is distributed equally to the two struts,
being applied at a distance 0.25a from the column axis,
where a is the dimension of the column cross section in
the direction of the piles.
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Fig. 1 Classical strut-and-tie model for two-pile caps.
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The inclination of the compressive struts is calculated
with  the relationship tan6, =d/r , where
r=0.5/,—-0.25a and [ is the distance between the
piles axes. The compressive force on each strut is
F =0.5N,/sinf, and the force on the tie is
R, =0.5N, cot@d . The tie reinforcement area is calcu-
lated as 4, =R,/ f,, , where f, is the design yield
strength of the steel.

Compressive stresses in the struts are evaluated on
nodes 1 and 2, below the column and over the piles,
respectively. These stresses are given by

N,
o, =—29 1
. A sin® @, M
N, @)

o, =—
c2 -2
24,sin” 6,

where 4, is the area of the column cross section and
A, is the area of the pile cross section.

Finally, these stresses are compared with a concrete
effective strength f, . to ensure safety against crush-
ing of the struts (Oliveira et al. 2014; Munhoz 2014).
This effective strength depends on the number of piles
(Blévot and Frémy 1967). It is usually adopted
Jeaoy =121, for two pile caps, f,, , =1.5f,, for three
pile caps, and f,, , =1.8f,, for four pile caps (Munhoz
2014), where f,, is the design value of the uniaxial
compressive strength of concrete.

This traditional model, despite being based on tests
by Blévot and Frémy (1967), has two inconsistencies.
The first is due to the calculation of the stress o, using
equation (2), which considers the actual area 4, of the
pile cross section. This stress would be correct if the
distance d' between the reinforcement axis and the
bottom face of the pile cap was null. However, as
d' >0 there is a dispersion of the contact stresses up to
the level of reinforcement, with a consequent reduction
of o,,, as shown in Fig. 4. Thus, a way to reduce the
strut stress consists of distributing the tie reinforcement
in several layers, which increases d'. Of course, this
reduces the effective depth d , demanding greater steel
area for the tie.

The other inconsistency refers to the stress o, at the
column base. This stress is correct if the column rein-
forcement is not extended into the pile cap, which is not
the procedure used in practice. However, even in this
unusual case, there will be an increase in bearing
strength.

Since the column reinforcement bars penetrates until
the bottom of the pile cap, or dowel bars are used, the
design load is progressively transferred by adherence
and, mainly, through the amplification of the com-
pressed area inside the pile cap (Fusco 1995). Indeed, at
the column/pile cap interface, only the load
N, =N,—N, is transferred immediately to the con-
crete of the pile cap, where N, is resisted by the col-
umn reinforcement. Failure due to bearing stress only

occurs if the concrete of the pile cap has a much lower
resistance that the concrete of the column.

Equation (1) imposes a strong restriction in the value
of the maximum load of the column. For example, for
two pile caps, one must have N, <1.24_f.,sin* @, . For
6 =45 results N, <0.64, f,, , regardless of the col-
umn reinforcement ratio. This causes a major limitation
in the column design.

This study aims to present an alternative model for
design of rigid pile caps, eliminating the inconsistencies
above mentioned. The central idea of the model follows
the previous work of Fusco (1995). However, this paper
presents an innovative way of calculating the depth of
the nodal zone at the base of the column. The safety of
the proposed model is demonstrated through the analy-
sis of a large number of pile caps tested by other authors.
Due to the importance of this structural element it is
recommended that the design be conservative, which is
the case of the proposed model. The study is limited to
cases of static loading. The struts are idealized as pris-
matic or uniformly tapered compression members. Bot-
tle-shaped struts are not considered.

2. Proposed model for design of pile caps

In the proposed model of this study, it is considered that
the struts converge to a horizontal plane situated at a
distance x from the top of the pile cap. In this plane,
the vertical stress o, has been reduced enough not to
cause crushing of the struts. The compressive stress o,
in the strut near the top of the pile cap is given by
c,=0, / sin” @ , where @ is the strut inclination. The
inclination angle of the strut must satisfy the relation-
ship tan@ >1/2, in other words & >26.6°. ACI Build-
ing Code 2014 (ACI 318-14) requires € >25°. The
height of the pile cap is chosen to ensure this minimum
inclination for the concrete struts.

In order to avoid crushing of the struts near the top of
the pile cap, it is necessary to limit o, < f, , where
Jf..1 1s the design compressive strength of concrete in
this zone. Therefore, the intended horizontal plane is
one where o,, <sin’@f,,,, as shown in Fig. 2.
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Fig. 4 Proposed strut-and-tie model for two-pile caps.
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As indicated in Fig. 2, the region 1 with depth equal
to x, located under the column, is nothing more than an
extension of the column within the pile cap. In this re-
gion the column has an enlarged base. Due to the con-
finement provided by the large concrete cover, concrete
is subjected to a triaxial compression state (for pile caps
on several piles), or a biaxial compression state (for
two-pile caps). Thus, there is a significant increase in
the uniaxial compressive strength f,, with no risk of
crushing in this zone even if the concrete of the pile cap
has a strength somewhat lower than the concrete of the
column.

Usually, region 1 is referred to as CCC nodal zone
because in a two-dimensional problem it receives three
compressive forces. Several design codes provide limits
to the compressive stress in this nodal zone. For an un-
confined node, the Eurocode EC2 (2014) adopts
Lo =1.00-f,/250)f,, where f, is the characteris-
tic strength in MPa and f,, is the uniaxial design com-
pressive strength of concrete. According to this equation,
it is found that f, >0.85f, if f, <37.5 MPa. The
limit 0.85f,, for the compressive stress is also adopted
by ACI (2014), JSCE (2010) and Canadian Code CSA
(2014). For triaxially compressed nodes the value of
f..1 can be increased. So, in this work it is adopted
f.s =0.85f,, for two-pile caps and f, = f, for pile
caps on more than two piles, which is conservative as
shown by comparison with experimental results.

Figure 3 shows magnified areas under the column at
a depth x from the top of the pile cap. The column has
rectangular cross section with sides a and b . For two-
pile caps, it is considered that the amplification only
occurs in the direction of the piles. As a simplification
for pile caps on three or more piles, it is assumed an
expansion of the area in both directions as shown in Fig.
3.

Figure 4 shows the proposed strut-and-tie model.

The inclination of the struts is given by
tand = (d —0.5x)/r , where r=0.5/, —0.25a . In the
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Fig. 2 Verification of the concrete struts under the col-
umn.

traditional model shown in Fig. 1, the strut inclination is
tan@, =d/r , with the strut going to the top of the pile
cap. Therefore, there is the relationship

tanQ:tanQD(l—ijj 3)

Thus, for a given value of x it is possible to calculate
the inclination of the compressive struts and the magni-
fied area A, under the column as shown in Fig. 3. The
vertical stress in the magnified area is given by
o, =N,/A, and is a function of x . Imposing the con-
dition o,, =sin*@f,,, x can be obtained through an
iterative process.

Defining the relative normal force

Nd
"y, @

and imposing the condition o, =sin’ 8f,,,, the follow-
ing expressions are obtained for x, according to the
number of piles.

Two-pile caps ( f,,, =0.85f,):
The magnified area is given by

A, =b(a+2xcotd) %)

as shown in Fig. 3.
Considering the equations (4) and (5), the vertical
stress 0,, = N, /A, in the magnified area is given by
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Fig. 3 Magnified area under the column.
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Imposing the condition o, =sin’6f,, , where
fo =0.851 ., it results

x v—0.85sin’ 8

Iyl )
a 1.7 sinf@cosd

Pile caps with more than two piles ( f,,, = f.,):
The magnified area is given by
A, =(a+2xcotd)(b+2xcotd) (8)

as shown in Fig. 3.
Considering the equations (4) and (8), the vertical
stress o,, = N, /A, in the magnified area is given by

vabf,,
= < 9
Fw (a+2xcotd)(b+2xcotd) ©

Imposing the condition o, =sin*6 f,,, , where
foa1 = fog > it results

X —(1+/1)sin¢9+\/(1+/1)2 sin’ 0+42 (v —sin’ 0)

(10)

a 4cosd

where A =b/a is the ratio between the sides of the col-
umn cross section.

These equations can only be solved iteratively. For
this purpose, the following procedure is adopted:

Step 1: Assume x =0 and calculate the angle 8 =6,
through the relationship tan8, =d/r .

Step 2: Compute x by means of equations (7) or (10),
as appropriate. If x <0, the solution is x =0, indicat-
ing that the struts can converge to the top of the pile cap,
as in the classical model. If x >0, go to the next step.

Step 3: With the value of x obtained in the previous
step, compute a new angle 6 by means of the equation
(3). With this value @, calculate the new value of x
through the equations (7) or (10). Proceed iteratively
until convergence of x . The adopted convergence crite-
rion 1is: X, =X |/x; < 0.01, where X, and x, are the
values obtained in two successive iterations.

To ensure a minimum ductility and prevent brittle
failure, the depth x of the horizontal plane obtained
from equations (7) and (10) should be limited. Thus, the
relationship x/d is restricted to the values x/d <0.45
(for f, <35 MPa) and x/d <0.35 (for f, >35 MPa),
according to CEB-FIP Model Code (1993) recommen-
dations. Similarly, the angle of inclination of the struts
is limited to @ > 26.6° . If these restrictions are not met,
the effective depth d of the pile cap and/or the dimen-
sions of the column cross section must be increased.
The same should be done if the iterative process does
not converge.

To avoid the iterative process, it may be adopted a
minimum value for the angle 6, computing x by
means of equations (7) or (10). Fusco (1995), for exam-
ple, adopts 8 =26.6° as the minimum strut inclination.
This procedure simplifies the structural design but it can

be uneconomical, particularly, for two-pile caps. Other
authors (Jimenez Montoya et. al 2000; Calavera 2000)
consider a fixed value for x, such as x=0.30d , and
the strut inclination @ is obtained from the equation (3).
This value of x can be excessive if the column is not
heavily loaded, and the solution is uneconomical. Any-
way, the proposed iterative process involves simple cal-
culations as well as converges very quickly, being the
recommended solution.

If the column transmits a bending moment to the pile
cap, the relative normal force v must be calculated for
an equivalent load N, > N,. As a simplification, one
can consider that N, is equal to the number of piles
multiplied by the design reaction of the most loaded pile
(Santos et al. 2015).

Once x is known, the lever arm Z =d —0.5x is de-
finied as shown in Fig. 4. The tie steel area is calculated
as A =R,/f, , where R,=05N,cotd and
cotd =(0.5/,-0.25a)/Z . Therefore,

e 0.5N,(0.51,-0.25q)

s (11
Zf
This equation may be written as
[ = Y, (12)
Zf

where M, is the design bending moment in a refer-

ence section located at a distance 0.25a behind the col-
umn face caused by the pile reaction.

The pile reactions are obtained considering the pile
cap as a rigid body and each pile is modeled as a spring
element. If the piles are loaded unequally due to the
eccentricity of the force N,, it must be considered the
one that causes the largest value of M, in the reference
section. The model may be used to calculate the rein-
forcement of pile caps supported on several piles. In
order to do this, just calculate the reaction of each pile
and determine the maximum bending moment in the
reference section. This bending moment is calculated
considering the reactions of all piles located at the same
side of the analyzed section.

Figure 5 indicates the sections for calculation of the
reinforcement in two orthogonal directions, for a pile
cap with many piles.

The reinforcement in direction 1 is calculated for the
bending moment in the section S1, caused by the reac-
tions of all piles located on the right of this section. If

S1!

Fig. 5 Reference sections for calculation of the rein-
forcement.
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the piles on the left cause a higher bending moment, one
should consider the section S1 located in this side. The
reinforcement in direction 2 is calculated for the bend-
ing moment in the section S2, in a similar way. The re-
inforcement in each direction should be concentrated in
the alignment of the piles. Additional reinforcement
placed between the piles may be required.
The strut stress at node 2 on the pile is given by

Fd
S - 13
T2 T i’ 0 (13)

amp

where F,, is the design pile reaction, 4

o = kAp is
the amplified area on the pile and & is a factor that
takes into account the spreading of the contact stresses
to the centroid of the reinforcement.

For two-pile caps subjected to a centered load as
shown in Fig. 4, F,, =0.5N, . If the piles are unequally
loaded, one should determine the node where o, is
maximum.

It is assumed that the contact stresses on the piles
spread at 45 degree angles in all directions, according to
the recommendations of EC2 (2014). Thus, the coeffi-
cient k is given by

k:[1+2i“j (14)

P

where ¢, is the diameter of the pile cross section.

For two-pile caps, the spreading occurs only in the di-
rection of the piles and & = 1+2d’/¢p . If it is necessary
to consider the bidirectional amplification given in
equation (14) to avoid crushing of the strut, transverse
reinforcement is required to restraint vertical splitting
on the pile. This can be modeled using a transverse
strut-and-tie model. The area of this transverse rein-
forcement is given by 4, =025F, /f, . This rein-
forcement is not necessary for pile caps with more
than two piles.

50 4
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Fig. 6 Strength of CCT nodal zone according to different
design codes.

For piles of square section, ¢, is the side of the cross
section. In all cases, it is recommended to limit k£ < 4.

The nodal zone over the pile is referred to as CCT
nodal zone because it receives two struts and one tie. In
order to avoid crushing of the struts it is necessary to
limit o, < f,,,. Here there is no consensus about the
limit to the compressive stress f.,,, as shown below:
ACI 318-14 (2014): f.,, =0.681.,

JSCE Code (2010): f,,, =0.68f,,
Canadian Code CSA (2014): f.,, =0.70f,
Spanish Code EHE (2011): f,,, =0.70f,,

Eurocode EC2 (2014): f.,, = 0.85(1— ;;"()jﬁ_d

13
FIB Model Code (2010): f.,, = 0.50(2] S

ck

CEB-FIP Model Code (1993): f,, = 0.60(1— ZJ;_"OJ £,

Figure 6 shows the variation of f,,, with the charac-
teristic strength f, according to these standards, con-
sidering f,, = f,, /1.5 . Expressions of EHE, JSCE and
Canadian Code were not plotted because they are simi-
lar to the ACI equation. As can be observed, expressions
of CEB and FIB provide very similar values to f,,.
Equations of ACI and EC2 provide the highest values.
Therefore, conservatively, it is recommended to adopt
the expressions of FIB or CEB.
Thus, in this work it is adopted

foa :0.60(1—;—;"0] S (15)

according to CEB-FIP Model Code (1993) recommen-
dations.

3. Comparison with experimental results

In order to demonstrate the validity of the proposed
model, 138 pile caps tested by other authors have been
analized. These experimental results include 37 two-pile
caps, 21 three-pile caps and 80 four-pile caps. All pile
caps were subjected to a centered load. The columns
have square or rectangular cross section. The pile sec-
tions can be square, rectangular or circular. Concrete
compressive strength f, based on tests of cylinders
varies from 13.2 MPa to 49.3 MPa.

Table 1 shows summary information about the pile
caps. Full details may be obtained in references listed in
the table. For four-pile caps, the complete data may be
obtained in Souza et al. (2009).

When carrying the structural design, the design load
N, is given by N, =y,N,, where N, is the character-
istic load and y, >1 is a partial safety factor. Design
compressive strength of concrete is f,, = 1., /y. , where
f.. 1is the characteristic strength and y >1 is other
partial safety factor. Finally, design yield strength of
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Table 1 Pile caps used for checking the model.

Number

Author of pile Number Pil'e f. MPa| f. MPa
(Year) caps of piles | section |ninimummaximum
h(/lz‘glllf)z 1 2 | Square | 328 | 339
l\zlla ;1;31)11 20 2 rectangulary 19.5 323
?llgg;’; 6 2 | Square | 236 | 470
ﬁlgg;’; 12 3 | Square | 177 | 374
Iéiég(;*(f)l 9 3 | Circular | 245 | 403
?llgg;’; 31 4 | Square | 132 | 493
813;1; 13 4 | Circular | 225 | 437
?lugz;‘é‘)l 19 4 Square | 189 | 309
?I‘;;‘é‘)i 17 4 Square | 25.6 | 309

reinforcement is f,, = f,, /7, , where f, is the charac-
teristic yield strength and y, >1 is a third partial safety
factor.

When comparing experimental results with those ob-
tained through a theoretical model, the partial safety
factors should be considered equal to 1.0. Thus, design
strength and characteristic strength of materials are con-
sidered equal to their experimental values. So, when
using the theoretical model, it should be adopted
Ju =15 Juu =15 f.a = [, - The purpose of this analy-
sis is to compare the experimental failure load P,
with the theoretical failure load F,,, without taking
into account the partial safety factors. The ratio
R=P,,/P., isameasure of validity of the model. If
R <1, it means that the model is safe because it pro-
vides a smaller failure load than that observed experi-
mentally. That is, the theoretical model underestimates
the structural resistance, as desirable. Conversely, R > 1
indicates that the model overestimates the structural
load capacity. In this case, the model error may be cov-
ered by the partial safety factors if R is not much
greater than 1.

The model provides two failure modes: crushing of
the compressive struts on the piles and yielding of the
reinforcement. Furthermore, to avoid concrete crushing
at the column base, it is considered the lever arm
Z =d-0.5x, with x being the depth of the horizontal
plane where the vertical stress o, is equal to
sin® @ f,,.

To determine the theoretical failure load P, ,, , is em-
ployed an incremental process for the load N,. For
each value of N, it is determined the depth x of the
horizontal plane with the iterative algorithm presented
previously. Then it is verified the compressive stress in
the strut on the pile with use of the equations (13) to
(15). Finally, the tensile force in the tie, R, is com-
pared with its strength A4 f, . If the rupture does not

occur for any of these two failure modes, the load is
increased to find P,

u,teo *

The amplified area on the pile is given by 4, =k4,,
where 4, is the area of the pile cross-section and k is
given by equation (14). However, it is necessary to en-
sure that the amplified area do not fall out of the pile
cap.

The inclination of the compressive struts is given by
tand=Z/r , where Z=d—0.5x . For pile caps on
more than two piles, » is the horizontal projection of
the strut coming out of a point with coordinates
(0.25a; 0.25b) within the column and goes to the far-
thest pile.

Two-pile caps

Figure 7 shows the relationship between experimen-
tal failure loads F, =~ and theoretical failure loads F, ,
for 37 two-pile caps. As it can be observed, the theoreti-
cal failure load predicted by the model is smaller than
the experimental failure load for most of the tests. It
should be noted that in the theoretical model the partial
safety factors for materials were not included, i.e., it
was considered f,, = f, and f,, = f, . Therefore, it can
be ensured that the model will provide a conservative
design.

Figure 8 shows the histogram of the ratio
R=P,, /P, between the theoretical failure load,
P, ., » and the experimental failure load, 7, .

The mean value of R is R, =0.91 and the standard
deviation is o, =0.08 . The 95th percentile is given by
R, ., =R, +1.6450, =1.04 , which indicates a very
low probability of the model to be nonconservative,
even without inclusion of the partial safety factors y,,
7. and y . Thus, during the structural design these par-
tial safety factors will cover handily small errors against
safety that may occur.

Three-pile caps

Figure 9 shows the relationship between experimen-
tal failure loads F, =~ and theoretical failure loads F,
for 21 three-pile caps. As it can be observed, the theo-
retical failure load predicted by the model is smaller
than the experimental failure load for all pile caps tested.

Figure 10 shows the histogram of the ratio
R=P,,/P,., fortheanalyzed three-pile caps.

As seen in Fig. 10, R <1 has resulted for all 21 pile
caps. The 95th  percentile is given by
R, ., =R, +1.6450, =0.85.

Four-pile caps

Figure 11 shows the relationship between experimen-

tal failure loads P, __ and theoretical failure loads P

u,exp u,teo

for 80 four-pile caps. As it can be observed, the theo-

retical failure load predicted by the model is smaller
than the experimental failure load for most of the tests.

Figure 12 shows the histogram of the ratio

R=P,,/P., for the analysed four-pile caps. The

95th percentile is given by R, =R +1.6450, =1.13.

Lsup
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Table 2 Failure modes for all pile caps.

Number of pile —
caps with: R=F /R"e"p
Number Concrete steel R R
of piles crushing yield m ksup
two 26 11 0.91 1.04
three 9 12 0.65 0.85
four 17 63 0.78 1.13

Table 2 indicates the failure modes detected with the
proposed model and the mean values R, and the char-
acteristic ~ values R, =~ of the relationship
R = Pu,teo /Pu,exp .

4. Numerical examples

When employing the model for the design of pile caps,
it is necessary to consider the partial safety factors. The
EC2 (2014), for example, adopts y, =1.50 for concrete
and y, =1.15 for steel for persistent and transient de-
sign situations. Moreover, the load factor y, depends
on the combination of actions considered. For persistent
and transient design situations, EN 1990 (2009) adopts
the values 1.35 for permanent actions and 1.50 for vari-
able actions.

Example 1:
The proposed model is used to calculate the two-pile
cap shown in Fig. 13.

Additional data:

N, =1600kN; f, =30MPa; f
Design strengths:
£, =30/1.5 =20 MPa (= 2 kN/cm®)

S = 500/1.15 = 435 MPa (= 43.5 kN/cm?)

N, 1600
abf,, 30x30x2
r=0.5/ -0.25a = 0.5x90 - 0.25x30 = 37.5 cm
tan@, = d_48

r 375

Table 3 shows the results of the iterative process to

find x, using the equation (7).
Thus: x=15.36 cm;

0 =47.07°>26.6°
Leverarm: Z =d —0.5x =48—-0.5x15.36 =40.32 cm
0.5x1600x37.5

40.32x43.5
Strut verification on the pile:

. =500 MPa

Relative normal force: v = 0.89

6, =52
x/d =032 < 0.45;

Tie steel area: 4, = =17.10 cm’

I

[ ! o
Joda] -

; — 73T/

15| 30 60 30 [15] ’|< 90 cm
141 _

Fig. 13 Example of two-pile cap.

L 150

|

Table 3 Results of the iterative process — Example 1.

Iteration X 2 X —Xx. X
(cm) (degrees) L= >
X, d
0 0 52.00 --- 0
1 13.17 47.84 1.00 0.27
2 15.00 47.20 0.12 0.31
3 15.31 47.09 0.02 0.32
4 15.36 47.07 <0.01 0.32

f
fur = 0.60(1—2—;0 £, =10.56 MPa

F, =0.5N, =800kN (pile reaction)
4,=107 cm’ (pile cross section area)

2d’ 2x7

k=1+——= 1+% =1.47 (considering unidirectional
P
spreading)
4,,, =kA,=1039 cm? (magnified area on the pile)
_fe 800 =144 kN/em®

O 20 )
4,,,sin" 6 1039sin” 47.07

(o, =14.4MPa)

Since o, > f.,,, it is necessary to consider the bidirec-

tional spreading.

Y 2
k= 1+£ = (1+2ﬁJ =2.15<4 (considering
@ 30

bidirectional spreading)
4,,, =kA, =1520 cm’ (magnified area on the pile)
F 800

de

O SV -2
A sin“@ 1520sin”47.07

amp
(o, =9.8 MPa)

Since o, < f.,,, the strut safety is ensured.
Transverse reinforcement on the piles:
_0.25F,,  0.25x800

A, = =4.60 cm’.
foa 43.5

53

=0.98 kN/cm?

Design with the classical method:

Effective concrete strength:

S =121, =240 kN/em®

Verification on the node 1 (below the column):

N, 1600
Ou = 2, -2
A.sin" @,  30x30xsin” 52

Since o, > f., . » it is necessary to increase the col-

umn section according to the classical method.

=2.86 kN/cm?

Example 2:
The same pile cap of the previous example is consid-

ered, but subjected to a design load N, = 2000 kN. The

relative normal force is v =1.11. Table 4 shows the
results of the iterative process in order to find x, using
the equation (7).

In this example, the process converges to
x=25.00 cm. However, the relation x/d =0.52 is
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Table 4 Results of the iterative process — Example 2.

Iteration X o X, —x_ X
J J- hadl
(cm) (degrees) —x,- d
0 0 52.00 --- 0
1 21.18 44.93 1.00 0.44
2 24.21 43.75 0.13 0.50
3 24.85 43.49 0.03 0.52
4 25.00 43.43 <0.01 0.52

greater than 0.45 being expected a brittle failure. The
problem may be solved by increasing the height of the
pile cap or the column section and repeating the calcula-
tions.

Example 3:

The proposed model is used to calculate the four-pile
cap shown in Fig. 14. The three-dimensional strut-and-
tie model is shown in Fig. 15.

Additional data:

d =58cm ; d'=7cm (total height of the pile cap =
65 cm)

N, =1600kN; M , =M , =160 kNm

Material properties as in Example 1.

Since the piles have the same axial stiffness, the load
on each pile is obtained from the relationship

N, M M .
F, :—d+1—”’x,.+ .y, where n =4 is the number
n
x ¥

of piles, I, =) x7, 1, =Y y>, x, and y, are the co-
j=1 j=1

ordinates of the pile axis relative to the system of axes

x —y passing through the axis of the column.

By substituting the data, results: F, =400 kN,
F,, =5T8kN, F,, =222 kN, F,, =400kN. The length
of the horizontal projection of the struts is » =53.15 cm
(obtained from the Fig. 14).

tang = 4a_38

r 53.15
Equivalent load N, =nF,, =2312 kN

0, =475

yA S1
15) |
35/ ]2\
30
- - 10 T M
9 40 Mxg
60 b 20[ i* s M
= *5 »
a=40 X design bending
o moments
30
LN : I
157 1
I

|

I

I |
15]_30 60 30 15

Fig. 14 Example of four-pile cap.

Table 5 Results of the iterative process — Example 3.

Iterat x 0 XX x

ration —_— =

eratio (cm) | (degrees) X, d
0 0 47.50 --- 0
1 9.42 45.08 1.00 0.16
2 9.59 45.03 0.02 0.17
3 9.59 45.03 0.00 0.17

N, 2312

Relative normal force: v = =—=1.
abf,, 20x40x2
Table 5 shows the results of the iterative process to
find x, using the equation (10).
Thus: x=9.59 cm;
60 =45.03°>26.6°
Lever arm: Z=d —0.5x =58-0.5x9.59 = 53.20 cm
Tie steel area in the alignment of the piles 1 and 2 (tie
T, in Fig. 15):
LA SRR P
©53.20x43.5
Use the same reinforcement for tie Ts,.
Tie steel area in the alignment of the piles 2 and 4 (tie
T,4 in Fig. 15):

= 7840 499 e

¥ 53.20x43.5
Use the same reinforcement for tie T3.
Strut verification on the pile 2 (strut C, in Fig. 15):
F,, =578kN (pile reaction)
A4, =707 cm’ (pile cross section area)

’ 2 2
k= l+ﬁ =(1+£j =2.15<4
1) 30

P

x/d=0.17<045 ;

4,,, =kA, =1520 cm’ (magnified area on the pile)
F, 578
O = SV )
A,,,sin" @ 1520sin" 45.03

Since o, =7.6 MPa is less than f,, =10.56 MPa,
the strut safety is easily ensured.

=0.76 kN/cm®

Magnified area
under the column

Pile 3
Fig. 15 Three-dimensional strut-and-tie model.




José Milton de Aratijo / Journal of Advanced Concrete Technology Vol. 14, 397-407, 2016 406

Design with the classical method:
Effective concrete strength:
Sty =181, =3.60kN/em’
Verification on the node 1 (below the column):
N, 1600
O, = ) = )
A sin" 8, 20x40xsin” 47.5

Since o, > f,, . » 1t is necessary to increase the col-

umn section according to the classical method.

=3.68 kN/cm’

5. Conclusions

A strut-and-tie model for designing concrete pile caps is
proposed in this work. The methodology used to evalu-
ate crushing of the concrete struts is the main difference
between this model and the classical model proposed by
Blévot and Frémy. In their classical model, this check is
done for nodes situated directly over the piles and for a
node located in the column/pile cap interface. Therefore,
they do not consider the amplification of areas over the
piles and below the column. This causes a major limita-
tion in the column design.

In the proposed model, crushing of the struts on the
piles is verified over a magnified area which considers
the propagation of the contact stresses to the reinforce-
ment level. In this verification, a reduced concrete
strength is adopted to take into account cracking in the
region of tie anchorage. Check of the struts below the
column is made on a horizontal plane located into the
pile cap. Thus, it is considered that the vertical stress
below the column spreads to a depth where it has been
reduced enough not to cause crushing of the struts. This
verification requires an iterative process. Failure by
yielding of the reinforcement is considered in the usual
way.

The proposed model was used to analyze 138 pile
caps tested by other authors, being 37 two-pile caps, 21
three-pile caps and 80 four-pile caps. The calibration of
the model was made using the ratio R=1F, / P, ., be-
tween the theoretical failure load F,,,, and the experi-
mental failure load P, . In the theoretical analysis
were not considered partial safety factors. The results
showed mean values of R between 0.65 and 0.91,
which indicate that the model provides failure loads
smaller than those obtained in tests. Thus, when the par-
tial safety factors are considered, a safe design will be
obtained.

The proposed model requires an iterative process in
order to determine the lever arm and the strut inclination.
However, the convergence of the method is very fast
and good results are obtained with few iterations, as
shown in the numerical examples.

References

ACI, (2014). “Building code requirements for structural
concrete (ACI 318-14) and Commentary (ACI 318R-
14).” Farmington Hills: American Concrete Institute.

Adebar, P. and Zhou, Z., (1996). “Design of deep pile
caps by strut-and-tie models.” ACI Structural Journal,

93(4), 1-12.

Blévot, J. and Frémy, R., (1967). “Semelles sur pieux.”
Institut Technique du Batiment et des Travaux Publics,
20(230), 223-295.

Brown, M. D., Sankovich, C. L., Bayrak, O., Jirsa, J. O.,
Breen, J. E. and Wood, S. L., (2006). “Design for
shear in reinforced concrete using strut-and-tie
models.” Report No. FHWA/TX-06/0-4371-2. Center
for Transportation Research, The University of Texas
at Austin.

Calavera, J., (2000). “Calculation of foundation
structures.” 4th ed. Madrid: INTEMAC. (in Spanish)
CEB-FIP, (1993). “CEB-FIP Model Code 1990.”
London: Thomas Telford. Comité Euro-International

du Béton.

Chantelot, G. and Mathern, A., (2010). “Strut-and-tie
modelling of reinforced concrete pile caps.” Thesis
(MSc). Chalmers University of Technology, Sweden.

Clarke, J. L., (1973). “Behavior and design of pile caps
with four piles.” London: Cement and Concrete
Association. Technical Report No. 42, 489.

CSA, (2014). “A23.3-14: Design of concrete
structures.” Ontario: Canadian Standards Association.

EC2, (2014). “Eurocode 2: Design of concrete
structures — Part 1-1: General rules and rules for
buildings.” Brussels: European Committee For
Standardization. EN 1992-1-1:2004+A1:2014.

EHE, (2011). “Instruction for structural concrete.”
Madrid: Comision Permanente Del Hormigén. EHE-
08. (in Spanish)

EN 1990, (2009). “Eurocode — Basis of structural
design.” Brussels: European Committee For
Standardization.

FIB, (2010). “fib model code 2010.” Lausanne:
International Federation For Structural Concrete.

Fusco, P. B., (1995). “Technique of arming concrete
structures.” Sao Paulo: Pini. (in Portuguese)

Jimenez Montoya, P., Garcia Mesegner, A. and Moran
Cabre, F., (2000). “Reinforced concrete.” 14th ed.
Barcelona: Gustavo Gili, 2000. (in Spanish)

JSCE, (2010). “Standard specifications for concrete
structures — 2007, Design.” Tokyo: Japan Society of
Civil Engineers. JSCE Guidelines for Concrete No.15.

Mautoni, M., (1972). “Pile caps on two supports.” Sao
Paulo: Grémio Politécnico. (in Portuguese)

Miguel, M. G, (2000). “Experimental and numerical
analysis of three-pile caps.” Thesis (PhD). Escola de
Engenharia de Sdo Carlos, USP, Sdo Carlos, Brazil.
(in Portuguese)

Munhoz, F. S., (2014). “Experimental and numerical
analysis of rigid two-pile caps with columns of square
and rectangular sections and different reinforcement
rates.” Thesis (PhD). Escola de Engenharia de Sdo
Carlos, USP, Sao Carlos, Brazil. (in Portuguese)

Oliveira, D. S., Barros, R. and Giongo, J. S., (2014).
“Six pile caps reinforced concrete: numerical
simulation and design by the strut and tie method.”
IBRACON Structures and Materials Journal, 7(1), 1-23.



José Milton de Araujo / Journal of Advanced Concrete Technology Vol. 14, 397-407, 2016 407

Santos, D. M., Marquesi, M. L. G. and Stucchi, F. R.,
(2015). “Design of pile caps on 2 and 4 piles.” In:
ABNT NBR 6118:2014 Comments and Application
Examples. Sao Paulo: IBRACON, 455-478. (in
Portuguese)

Souza, R., Kuchma, D., Park, J. and Bittencourt, T.,
(2009). “Adaptable strut-and-tie model for design and
verification of four-pile caps.” ACI Structural Journal,
106(2), 142-150.

Suzuki, K., Otsuki, K. and Tsubata, T., (1998).
“Influence of bar arrangement on ultimate strength of
four-pile caps.” Transactions of the Japan Concrete
Institute, 20, 195-202.

Suzuki, K., Otsuki, K. and Tsubata, T., (1999).
“Experimental study on four-pile caps with taper.”
Transactions of the Japan Concrete Institute, 21, 327-
334,

Notation

4,,, = amplified area on the pile

A. = area of the column cross section
A =tie reinforcement area

A, = area of the pile cross section

F. = strut compressive force

F, = design pile reaction

M, = design bending moment
N,

, = design load
N,. = design load resisted by the column concrete
N, = design equivalent load
N, = design load resisted by the column reinforce-
ment
N, = characteristic axial load
P, .., = experimental failure load
P ., =theoretical failure load

u,teo

R =ratio between the theoretical failure load and the

experimental failure load

R, = mean value of the ratio R

R, = tensile force on the reinforcement

Z =leverarm

a = dimension of the column cross section

b = dimension of the column cross section

d = effective depth of the pile cap

d'" = distance between the reinforcement axis and the
bottom face of the pile cap

Jf. = uniaxial compressive strength of concrete

f., = uniaxial design compressive strength of concrete

f... = concrete compressive strength for CCC nodal
zone

f..» = concrete compressive strength for CCT nodal
zone

f., = characteristic compressive strength of concrete
J.a = design yield strength of reinforcement
S = characteristic yield strength of reinforcement

k = amplification factor of area

[, =distance between the axes of piles

r = length of the horizontal projection of the strut

x = depth from the top of the pile cap

y. = partial safety factor for concrete strength

7, = partial safety factor for actions

¥, = partial safety factor for steel strength

6@ = strut inclination in the proposed model

6, = strut inclination in the classical models

A = ratio between the sides of the column cross sec-
tion

v =relative normal force

o, = concrete compressive stress

o, =standard deviation of the ratio R
o, = vertical compressive stress
¢, = diameter of the pile cross section





