SPOZITO ET AL (2025)

HOLOS

ISSN 1807 - 1600

NONLINEAR NUMERICAL ANALYSIS OF FOUR PILE-CAP USING CONCRETE
DAMAGED PLASTICITY

R.S. SPOZITO, F.M. ALMEIDA FILHO, R.G. DELALIBERA, A.L. CHRISTOFORO
Instituto Federal de Educagao, Ciéncia e Tecnologia de Sdo Paulo
ORCID: https://orcid.org/0000-0003-0509-5232

rspozito@ifsp.edu.br

Submitted June 5, 2023 - Accepted December, 2025

DOI: 10pts.15628/holos.2025.15871

ABSTRACT

The CDP (Concrete Damaged Plasticity) is a constitutive
relation used for numerical simulation of reinforced
concrete elements. The technical literature does not
present discussions about use of these methodologies in
piles-caps. This study analyzed the behavior of numerical
models of four pile-caps with the CDP. A
parameterization of the CDP variables was performed for
calibrating the models and analyzing the structural

behavior. Considering the processing methodologies, the
quasi-static model presented less computational effort,
however, it is recommended that its use be carried out
with a refined mesh in the order of 3% of the smallest
dimension of the volumetric element. Furthermore, the
values of the CDP parameters result different considering
the methodology of process, requiring calibration
through parameterizations for different type of
processing.
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ANALISE NAO LINEAR DE BLOCOS DE CONCRETO SOBRE 4 ESTACAS
UTILIZANDO A RELAGAO CONSTITUTIVA CONCRETE DAMAGED PLASTICITY

RESUMO

O CDP (Concrete Damaged Plasticity) é uma relagdo
constitutiva utilizada para simulagdo numérica de
elementos de concreto armado. A literatura técnica ndo
apresenta discussdes sobre o uso destas metodologias
em blocos de concreto sobre estacas. Este estudo
analisou o comportamento de modelos numéricos de
blocos de concreto sobre 4 estacas com o CDP. Foi
realizado uma parametrizagdo das variaveis do CDP para
calibragdo dos modelos e analise do comportamento

estrutural.  Considerando as metodologias de
processamento, o modelo quasi-static apresentou menor
esforco computacional, no entanto, recomenda-se que
seu uso seja efetuado com uma malha refinada na ordem
de 3% da menor dimensdo do elemento volumétrico.
Além disso, os valores dos parametros do CDP ndo foram
coincidentes entre os solucionadores, necessitando
realizar a calibragdo por meio de parametrizagdes para

diferentes modos de processamento.
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1 INTRODUCTION

Pile-Caps are foundation elements with purpose transferring the forces of the structure to
the foundations and are, in general, buried, which makes their visual inspection difficult.

ABNT NBR 6118 (2014), ACI 318:19 (2019), CEB-FIC 2010 (2012) recommend the use of
strut-and-tie method (STM) for the design of pile caps, however, there is no consensus between
the methodologies. In addition, ABNT NBR 6118 (2014) allows the use of non-linear numerical
models to evaluate the performance of the reinforced concrete structure, being an auxiliary tool
in structural projects. For this, the results of the numerical models must present reliability in the
simulation of the mechanical behavior.

The use of numerical models for simulating 4 pile-caps proved to be feasible (IYER & SAM,
1992; Nogueira & Souza, 2006), resulting a methodology used with aim understanding the
mechanical behavior of these elements (Bloodworth et al., 2012; Meléndez et al., 2016) and in
proposition of sizing models (Meléndez et al., 2019).

The CDP (Concrete Damage Plasticity) is a constitutive model based on the Drucker-Prager
criterion, which consists of a multiaxial model for simulating reinforced concrete elements, wich
demonstrated good results in nonlinear analysis of reinforced concrete structures (Milligan et al.
2020; Panahi & Genikomsou, 2022; Silva et al., 2021), however, as contextualized by Silva,
Christoforo and Carvalho (2021), despite its feasibility, the parameter values in the CDP model does
not has consensus in the literature.

Szczecina and Winnicki (2016) contextualizes the use of the CDP model allows obtaining
realistic results, even for D-Regions. Alfarah; Lopez-Almansa; Oller (2017) contextualizes that the
model presents good results for situations of uniaxial and biaxial stress of concrete, not
recommending its use for cases of significant triaxial stresses, however, the authors do not clearly
describe this limitation.

The analysis of reinforced concrete elements using the CDP constitutive relation occurred
in structural elements such as beams (Aktas & Sumer, 2014), shear walls (Husain et al., 2019;
Pelletier & Léger, 2017) and slabs (Milligan et al.; Nguyen et al., 2019; Panahi & Genikomsou, 2022).
The technical literature does not clearly present the use of CDP for analyzing the mechanical
behavior of four pile-caps, as well as the feasibility of using solvers for processing numerical models
of these elements.

Being a multiaxial constitutive model that associates the models of damage and plasticity
of concrete, the understanding use of CDP in volumetric elements with different solvers
contributes to structural design area, since use of these methodologies become an auxiliary tool
for analysis of structural behavior, in addition to contributing for future research be more careful.
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In this study, the measurement of numerical models was carried out using the constitutive
relation CDP and different solvers of experimental models present in the literature with differences
type of failure, disposition of reinforcement and geometry of the column, associating the
mechanical behavior of the experimental models with numerical models.

2 BIBLIOGRAFIC REVIEW

Sam and lyer (1995) analyzed the feasibility of numerical models for the simulation the
structural behavior of four pile-caps, with satisfactory results for prediction failure in order of 88%
of experimental models analyzed, indicating feasibility of numerical models.

Nogueira and Souza (2006) also evaluated use of numerical models with experimental
results from Sam and lyer (1995) in the DIANA program, however, the authors indicate use of
several constitutive models which allowed the prediction of failure forces in 90 % of experimental
results.

Souza et al (2007) used the plastic fracture model based on the formulation of scattered
cracks (CC3NonLinCementitious2) from the DIANA program library. The authors analyzed
mechanical behavior through curves of forces and displacements between the numerical and
experimental models of campaign by Suzuki, Otsuki and Tsubata (1998) (BP-20-30, BPC-20-30, BP-
30-25, BPC-30-25, BP-30-30, BPC-30-30). Authors estimated the failure force with numerical
models in the order of 90%, except for the BPC-20-30 model, with an estimate of 76%.

Still using the DIANA program, Bloodworth, Cao and Xu (2012) simulated mechanical
behavior of four pile caps with one column dimension equal to cap dimension. The reliability
analysis of numerical model was based on cracking pattern and ultimate force, in addition to
identifying the compressive stress flow that described strut shape.

Meléndez, Miguel and Pallarés (2016), through numerical models discretized in the
computational program FESCA 3D, identified the importance of considering the tensile strength of
concrete to predict the ultimate strength. The authors analyzed models from campaign by Suzuki
et al (1998) resulting, depending on the parameterization of constitutive models, predictions with
a variation of 0.8 to 1.22 the failure force of the experimental models.

In literature, there are also studies using numerical models to simulate mechanical behavior
of pile cap with two, three and six piles. For two-pile cap Ansys® was used in several studies
(Delalibera et al., 2014; Delalibera & Sousa, 2021; Gongalves et al., 2022), in case three-pile cap the
ATENA 3D program was used (Buttignol & Almeida, 2013) and, in case of six-pile cap was used
software DIANA (Oliveira et al., 2014).

Despite the numerical models results satisfactory predictions of rupture force, it identify
that the studies do not present the use of the CDP relation together with solvers, as well as the
discussion of results in relation to the methodology used for numerical simulation.

HOLOS, Ano 41, v.5, €15871, 2025

@ Este é um artigo publicado em acesso aberto sob uma licenca

Creative Commons.




SPOZITO ET AL (2025) H [l

ISSN 1807 - 1600

3 CDP CONSTITUTIVE MODEL

CDP model combines the principles of plasticity and damage, that is, the model is expressed
considering plastic behavior of the material (irreversible) and stiffness degradation due to
microcracks.

The plasticity parameters required by CDP are the dilation angle (), eccentricity (€),
relation of biaxial and uniaxial resistances (0},,/0,,), the fault surface in the deviation plane
normally to the hydrostatic axis (K,) and the viscosity parameter (u).

Considering necessity to define stiffness degradation of elements, the damaged values for
compression (d.) and tension (d;) must be indicate. The damage is calculated as a function of the
ratio of stress in the material for a given deformation (o, or ;) by compressive strength of concrete
(f;) and for tensile strength (f,;) (Systemes, 2013).

The values for the parameters of dilation angle (), biaxial and uniaxial stress ratio
(0p0/0.,), deviation plane ratio (K,) and viscosity coefficient (1) were defined according to the
survey carried out in the study by Silva, Christoforo and Carvalho (2021), indicated in Table 1,
adopting the most common values in the technical literature.

Table 1 Interval of values adopted in the CDP parameterization.

Parameters Y € op/0, K, u

Interval 132-552 0.1 1.16-1.75 0.667-0.700 1E-3, 1E-4e 1E-5

4 ABAQUS® PROGRAM SOLVERS

Abaqus® has solvers described as ABAQUS/Standard and ABAQUS/Explicit. Both solvers can
be used with CDP. ABAQUS/Explicit has characteristic of non-linear explicit dynamic formulation
for analysis of systems requested by dynamic and quasi-static loads, obtaining the material
deformation by difference between increments.

The Abaqus/Standard solver presents characteristic of static solver with viscoplastic
regularization, defined by viscosity parameter (u). Due to model convergence, it may present
processing errors for complex geometries, and presents a higher computational cost when
compared to ABAQUS/Explicit.
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Although ABAQUS/Explicit solver has advantage in terms of computational cost, the criteria
of low values of kinetic energy in system must be monitored for results are reliable (Systémes,
2013). The studies of Nguyen, Tan and Kanda (2019) and Earij et al. (2017) used the
ABAQUS/Explicit solver with the constitutive relation CDP.

For ABAQUS/Explicit mode, in this study, the simulations were performed using “double
precision” criterion with a displacement applied with a 0.25 mm/s.

5 METHODOLOGY

The characteristics of materials in reference models are presented in Table 2, according to
tests carried out by the authors. The specimens are referenced with the acronym M4EY, where “Y”
indicates the experimental model analyzed, equal “A” for the model by Chan and Poh (2000) and
“B” for specimen BPC-30-30 of Suzuki et al. (1998). The combination of CDP parameters is
identified by a two-digit numeral in front of the MA4EY abbreviation, with only the results of
processed models being indicated.

Table 2 Characteristics of experimental models

Concrete
Cap Column and Piles Steel
Fexp fc fct Ec Ec AS,T fy fu n Es
Model (kN) | (MPa) (MPa)  (MPa) u (MPa) p | (em? | MPa) (MPa) (MPa) (MPa)
Pile Cap A MA4EA | 1230 | 31,76 2,49 31.116,22 6,28 | 480,70 552,00
0,20 | 37.277,87 | 0,20 0,30 200GPa
BPC 30-30 MA4EB | 1034 | 30,09 2,36 30.606,90 5,70 | 405,00 592,00

The tensile strength and modulus of elasticity of concrete were obtained using the

recommendations of Eurocode 2 (CEN, 2004) with f., = O,E’;.fcz/3 and E, = 22.[f./10]%3. The
compressive strength value of the concrete (f.) was defined based on the results of the respective
authors. The material of the column and the piles have higher resistance values to present a greater
rigidity in relation to the behavior of the cap.

The dimensions of the analyzed models are indicated in Figure 1. The strut inclination
angles, obtained using the model by Blévot and Frémy (1967), have values equal to 42.592 for the
specimen of Chan and Poh (2000) (Pile Cap A) and 45.292 for the specimen of Suzuki et al (1998)
(BPC 30-30).

HOLOS, Ano 41, v.5, €15871, 2025

@ Este é um artigo publicado em acesso aberto sob uma licenca

Creative Commons.




SPOZITO ET AL (2025) H [l

ISSN 1807 - 1600

| 400 200 400 | | 250 300 | 250
[ | r~ ' T
a i i 3 ) 8
o - [ ' / —
o = ' \
< L J Lo = ‘
™ 4 nos. 150 sq. '
cube as support |l I 8

- 200 sq. stump

400

150

| o
'y ; o
: N
0 | o T
=]
& ~ 8g10mm © o | 3
/ i b= [ dotomm N
] : —t
3 o T 8% - ‘ ot
- B 1 I
_Y _ ~ Y

(a) (b)

Figure 1 Specimens of (a) Chan and Poh (2000) and (b) Suzuki et al (1998)

The loading of the numerical models was done with the application of uniformly distributed
displacements over the top of column. The elements adopted to simulate behavior of concrete
were C3D8R (8-node volumetric) and the T3D2 (two-node linear) for reinforcement. The
connection of the T3D2 elements with the C3D8R elements was carried out with embedded
Abaqus® command.

The connection between the lower face of the column and the upper face of the supports
with the block was Tie type. In the case of the M4EA model, the only model that has embedded
supports (piles), it was decided to use a contact interface with a coefficient of friction equal to 0.3
(Friction Penalty) and restriction to the normal displacement of the surfaces of the Hardening type.
For the ABAQUS/Explicit solver, the friction between the lateral face of the piles and the pile cap
was discarded because it is a limitation of the processing mode.

The uniaxial force and deformation curve of concrete, necessary for the CDP, was obtained
with the constitutive model of Carreira and Chu (1985). To define the stress and strain curve, based
on the considerations indicated by Systéemes (2013) who describe mesh sensitivity effects when
there is no reinforcement in significant regions of the model, a fracture energy model was used, in
accordance with what is presented in the literature. technique using this methodology (Milligan et
al., 2020; Nana et al., 2017; Panahi & Genikomsou, 2022).

The value of fracture energy (Gr) is related to the concrete compressive strength (f.)
(Equation 1), according to Model Code 1990 (1993). G, was obtained through an interpolation of
values as a function of the maximum aggregate size (d,,4,), as proposed by Nana et al (2017)
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(Equation 2). The proposal of Model Code 2010 (2012) resulted in a resistance behavior much
higher than expected, similarly obtained in study of Nana et al (2017). The value adopted for the
aggregate diameter (d,,,,) Wwas equal to 10 mm.

Gr = Gro. (fc/10)%7 (1)

Gro = (0.00005 dZ gy — 0.0005 dypgy + 0.026) (2)

For steel, the behavior represented by a bilinear diagram with a linear elastic stretch and a
plasticity threshold (Earls, 1999) was adopted, obtained according to the characteristics of the
materials presented in Table 1. The M4EA and M4EB models are illustrated in Figure 2. The mesh
size for both models was defined according to the study carried out for both solvers that are
discussed in a specific topic in this study.

(@ (b)

Figure 2 Modelos (a) M4EA e (b) com detalhes de malha e armadura

The methodology for calibrating the force and displacement curve was realized with the
processing of models with the parameterization of the value of 1 and, from the best convergence
curve, the processing of models with the parameterization of values of g3, /0, and K. was carried
out. Finally, the parameterization of the value of u for the ABAQUS/Standard mode was done, since
the ABAQUS/Explicit solver does not use the convergence criteria by viscosity.

To assessment the CDP model with the Abaqus® solvers, initially the results of the force and
displacement curve between the numerical and experimental models were analyzed and, based
on the results of better agreement with the experimental model, the analysis between numerical
model was realized considering the solvers.

The computer used has an Intel 17-11800H processor, 16Gb of RAM memory, SSD hard disk
with 1TB capacity and NVidia 3060TI video card with 4GB.
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6 RESULTS AND DISCUSSIONS

6.1 Specimen of Chan e Pho (2000) — M4EA

6.1.1 Mesh Study

Figure 3 illustrates the result of force and displacement curves as a function of mesh size.
The number of discretized finite elements for pile-cap with 20mm mesh was 48,976 and in the case
of the 15mm mesh, a total of 115,612 elements were obtained. Based on these results, the use of
20mm mesh was defined for process of calibration the force and displacement curve for both
solvers, minimizing the computational effort.
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Figure 3 Force and displacement curves for (a) Standard and (b) Explicit processing modes

For the ABAQUS/Standard solver, the model with mesh size equal 20mm presented a
similar behavior to the 15mm, with a difference of approximately 3% between the maximum force
values, justifying its choice. In the case of the ABAQUS/Explicit mode, curves with dimensions of
25mm, 20mm and 15mm showed similar behavior.

6.1.2 Force and Displacement Curve Calibration

Chan and Poh (2000), authors of the experimental campaign of the M4EA model, described
the behavior of the force and displacement curve to experimental model “Pile Cap A” with rupture
force equal to 1230 kN. Up to a force of approximately 800 kN, the behavior of curve is linear with
appearance of first cracks close to the described value. From 800 kN, the intensity of force

HOLOS, Ano 41, v.5, €15871, 2025 -

@ Este é um artigo publicado em acesso aberto sob uma licenca

Creative Commons.




SPOZITO ET AL (2025) H [l

ISSN 1807 - 1600

increases up to 1230 kN with a displacement of 6 mm and, later, there was a decrease in the
resistant force and, consequently, greater displacements. Figure 4 (“Pile Cap A”) highlights the
result of the experimental model.
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Z 800
I~
<
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Centre displacement (mm)

Figure 4 Highlighted curve of the PILE CAP "A" experimental model referring to the M4EA model

6.1.2.1 Solver ABAQUS/Standard

The resulted curves with parameterization of { are shown in Figure 5 for M4EA. It was
observed that the value equal to 362 indicated better correlation with curve of experimental
model.
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600 -
400
200 4

T T T X T
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Figure 5 Force and displacement curves of the M4EA model with the parameterization of Y

In reinforced concrete beams Earij et al (2017) identified that low  values result in loss of
ductility of element. Nana et al (2017) contextualizes the parameter is associated with failure
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mode, indicating low values produce a brittle failure behavior. That behaviors do not show
similarity to associate with results obtained in simulations of four pile caps analyzed.

Nguyen et al (2019) identified that U is not sensitive to bending behavior, which may
explain the behavior of the curve for the analyzed models, where they presented the same
behavior in the initial stretches of request.

Figure 6 illustrates the force and displacement curves for ¢ equal to 362 with the
parameterization of 03, /0, and K. The models were processed with the parameter p equal to 1E-
5 and 1E-4 in Figure 6.a and Figure 6.b, respectively. The € parameter has a value equal to 0.1 for
all models.
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Figure 6 Force and displacement graph of parameterization the o, /0. and K. for p equal to (a) 1E-3 and
(b) 1E-4

In Figure 6.a and Figure 6.b, changing the K. parameter did not significantly influence the
results of the force and displacement curves. In the case of the parameter oo, /0, there was an
interference in the behavior of the curve, mainly for the models in Figure 6.b, which have the value
of u equal to 1E-4. Increasing the value of 6./ g, alters the failure surface of the CDP model, which
may explain the strength gain for models processed with o./a;, equal to 1.75.

The influence of the discussed parameters was not significant in changing the maximum
force value of the models. Thus, the values of the parameters g./0g;, and K, for the simulation of
the elements of this study were adopted as suggested by Systémes (2013), equal to 1.16 and 0.667,
respectively.

The displacements of numerical models showed greater stiffness compared to
experimental model. The force and displacement curve obtained with { equal to 362 required a
scale adjustment to represent behavior of experimental model (Figure 7).
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Figure 7 Force and displacement curves for numerical and experimental M4EA model.

Figure 7 also presents the parameterization curves for the value of y, and it is possible to
observe that the numerical models processed with values equal to 1E-4 and 1E-5 have similar
behavior. The models presented a maximum displacement force equal to 1.41mm, of 1,221 kN
and, from the displacement of 1.80mm, the numerical models result in a decrease force, like
experimental model.

Table 4 presents the numerical models and their respective values of the CDP parameters,
the results of maximum forces and displacement obtained in the curve and the relationship
between the numerical and experimental models. The percentage column indicates the resistance
gain value in relation to the curves with u equal to 1E-5 of the grouped values.

Table 3 Maximum forces of ABAQUS/Standard numerical models (€ = 0.1)

M4EA
Fopp = 1230 kN
F

Modelo o./o, Kc n I(:lgll‘){)) 1) (mm) Fil::

M4EA 37 1E-5 1220.61 - 1,39 0.992

M4EA 38 0.667 1E-4 1221.84 0.10 1,43 0.993

M4EA 39 1E-3 1406.81 15.25 1.02 1.143

M4EA 40 116 1E-5 1241.27 - 1.34 1.009

M4EA 41 0.700 1E-4 1245.59 1.40 1.41 1.012

M4EA 42 1E-3 1405.07 13.56 1.02 1.142

M4EA 43 1E-5 1279.80 - 1.38 1.040

M4EA 44 1.75 0.667 1E-4 1281.00 0.09 1.29 1.041

M4EA 45 1E-3 1397.88 9.23 1.57 1.136
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M4EA
Foxp = 1230 kN

Feop T (%) (mm) Feor

Modelo o./o, Kc n (kN) Fexp

M4EA 47 0.700 1E-4 1286.27 - 1.37 1.045

M4EA 48 ' 1E-3 1399.35 - 1.57 1.137

The M4EA 37 model was selected for analyzes using the CDP and the ABAQUS/Standard
solver, since the model presented a value closer to the ultimate load of the experimental model.
Despite this approximation, the model also showed greater stiffness (Figure 7) to displacements.
This behavior is discussed in the technical literature for concrete blocks on 2 piles (Luchesi et al.,

2022).

6.1.2.2 Solver ABAQUS/Explicit

All curves with a 20mm mesh showed maximum values close to the rupture value of the
experimental model. The model with { equal to 552 showed the maximum value of the numerical
model with the greatest displacement, and the behavior was analyzed with the parameterization

of a./a,and K, (Figure 8.b).
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Figure 8 Parameterization with ABAQUS/Explicit of parameters (a) Y and (b) 6./0,and K,
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The results of the parameterization of ¢./0;, and K, (Figure 8.b) showed similar
characteristics to ABAQUS/Standard solver, and with the change from 1.16 to 1.75 of ¢./0;,, the
curves indicated resistance gains of approximately 8,5%, higher when compared to the
ABAQUS/Standard methodology, which resulted in gains of around 5%.

Considering the failure mode of the element characterized by the displacement gain
without an increase in ultimate force, it was decided to process models with a refined mesh (10
mm) with the objective of better simulating the structural behavior, requiring a new calibration of
U (Figure 9). The result indicated that the refined mesh represented the force and displacement
curve with greater similarity to the experimental model, but without benefits regarding
displacement.

Experimental (mm)

2 4 6 8 10
1800 : . T T
1600 -|
1400 |
1230 kN
1200 -
< 1000 - ‘U
[0] N
2 goo{ 7 S
<} If <
s £ ._
600 i B — - — Experimental
; R RO M4EA_33E_20mm - ad 36°
400 ! R TR M4EA_33E_10mm - ad 36°
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200 4% £ El.
: ~ (O i reiiiiiiriaiasrarar ety .
e ~ 0 :
-0 =] A

T T T T T T T T T T T T
00 02 04 06 08 10 12 14 16 18 20 22 24
Displacement (mm)

Figure 9 Force and displacement graph of the ABAQUS/Explicit model for 10mm mesh

The calibration of force and displacement curves was performed only with  values, which
indicated an influence on the behavior only after the initial stretch for the ABAQUS/Explicit mode,
because first calibration did not reach satisfactory results in behavior of the curve. For the 10 mm
models, the analysis of the parameterization of ¢../0;, and K, was not carried out due to the curve
presenting results with good convergence, resulting in  equal to 452 (M4EA_87E). Table 5
indicates the maximum values of the forces obtained for the models processed with the
ABAQUS/Explicit solver.
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Table 4 Maximum force of ABAQUS/Explicit numerical and experimental models

Foxp = 1230 kN

FCDP FCDP
Model P € o./0, Kc (kN) T (%) (mm) Fexp
20mm
MA4EA 27E L1 0.667  1202.79 - 0.84 0.977
M4EA 30E s ol 0.700  1213.29 0.87 0.79 0.986
MA4EA 33E 175 0.667  1235.55 - 1.06 1.004
MA4EA 36E 0.700  1237.81 0.18 1.06 1.006
10mm
M4EA 33E 55 0.1 1.16 0.667  1788.65 - 1.49 1.450
MA4EA 87E 45 0.1 1.16 0.667  1298.89 - 1.56 1.055

In Abaqus/Explicit mode the ultimate force value with the value of o./d;, equal to 1.75 was
2.72% higher, in the case of parameterization of K, the increase was 0.87% for the value of a../0;,
equal to 1.16. This behavior also allows proposing for modeling with the Abaqus/Explicit solver to
use values suggested in Systémes (2013), like the ABAQUS/Standard mode.

6.1.2.3 Computacional cost

Model processing times are indicated in Figure 10.

14

[ ]1E-3 (20mm)
[ |1E-4 (20mm)
[ |1E-5(20mm)
[ ]20mm
[ ]10mm

12

T
Abaqus/Standart

T
Abaqus/Explicit

Figure 10 Average processing time of numerical models
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For the ABAQUS/Standard solver, the value of u significantly influenced the computational
cost. From the results obtained in the numerical models processed, the value of u equal to 1E-3
presented more conservative results when compared to models processed with 1E-4 and 1E-5.
Furthermore, values of pu equal to 1E-5 are suggested to obtain similar results for processing
models with solvers discussed in this work for other structural elements (Genikomsou & Polak,
2015). In this study, there was a compatibility between the curves equal to 1E-5 and 1E-4, therefore
suggesting maximum values of the viscosity parameter equal to 1E-4.

Regarding the computational cost, it is possible to observe that the model processed with
ABAQUS/Explicit obtained an average time shorter than the models processed with
ABAQUS/Standard with p equal to 1E-4 and a more refined mesh, resulting in a methodology with
a lower computational cost and similar results for the analysis of concrete blocks on 4 piles.

6.1.3 Compressive stresses and concrete degradation

The stress flow analysis was associated with the scalar degradation of the concrete,
expressed by the SDEG variables, resulting from the combination of tensile (DAMAGET) and
compression (DAMAGEC) damage variables. The analysis was performed on a section obtained by
cutting at 452 in the pile cap, passing through two piles in models M4EA_37, M4EA_33E and
MA4EA_87E.

In the processing time with higher resistive strength of the M4EA_37 and M4EA_87E
models (Figure 11), the damage associated with the concrete resulted in the splitting of the
compressive stress flow. In the case of model M4EA_33E, this behavior was not verified. Concrete
degradation was more influenced by tensile damage (DAMAGET).

SDEG

(Avg: 75%)
1.00
0.90
0.80
0.70
0.60
0.50
0.00

S, Min. Principal
(Avg: 75%)

M4EA 43

MA4EA 33E
(20 mm)

M4EA 87E
(10 mm)

Figure 11 Degradacao da rigidez e tens6es de compressao
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Figure 12 illustrates values of DAMAGET variable at instant of maximum force value for
models MA4EA_37, MA4EA_33E and MA4EA_87E. The MA4EA_87E model obtained a more
concentrated tensile degradation of concrete in the lower part of the compressive stress flow when
compared to the M4EA_37 model.

DAMAGET
(Avg: 75%)
1.00
E 0.90
0.80
0.70
0.60
0.50
060 1
2228t L L.
M4EA 37 M4EA 33E M4EA 87E

Figure 12 Dano do concreto a tragdo para os modelos de processamento no instante de maior valor da
forga.

The results of studies allow identifying the occurrence of stress concentration on the upper
face of the piles for two-pile cap (Delalibera & Giongo, 2008), four-pile cap (Buttignol & Almeida,
2013) and six-pile cap (Oliveira et al., 2014). The results of the numerical models obtained for the
MA4EA showed similarity, however, the M4EB did not present this characteristic. This behavior can
be related to the rigidity of the supports, as identified in the study by Meléndez, Miguel and
Pallarés (2016).

Figure 13.a and Figure 13.b illustrate the stress flows in the model with displacement equal
to 1.45 mm (F = 1221 kN) and 1.80 mm (F = 1201 kN), respectively, for the M4EA_37 model. Figure
13.c and Figure 13.d highlight the stress envelopes with values above 10 MPa, detailing the stress
concentration at the supports. For the M4E_33E model, the results were similar, with the stress
concentration in the pile.

S, Min. Principal
{Avg: 75%)
0.00
-10.00
-15.00
-20.00
-25.00
-30.00
-35.00
-40.00

(b)

Figure 13 Fluxos de tensdes principais de compressao para o modelo M4EA_37

Figure 14 illustrates the stress flow behavior of the M4EA_87E model. The processing times
refer to displacement of 0.78 mm (F=1293 kN - Figure 14.a) and 1.57 mm (F=1298 kN - Figure 14.b),
after this displacement, the connecting rod also presented its uncharacterized shape, as M4EA_37.
The behavior occurred similarly for the stress concentration in the pile (Figure 14.c Figure 14.d).
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Another feature is that at a displacement of 0.78 mm there was no tension request above 10MPa
in the connecting rod, with this feature at the end of the plateau of the force and displacement
curve.

S, Min. Principal
{Avg: 759%)

-15.00
-20.00
-25.00
-30.00
-35.00
-40.00

(b)

Figure 14 Compressive principal stress flows for model M4EA_87E

(d)

The behavior of models M4EA_37 and M4EA_87E are similar for stress flow and values of
maximum resistant capacity, it is not possible to identify the behavior for the model M4EA_33E.
Thus, it is possible to identify that the calibration of the model only by the value of the ultimate
force of the experimental model can result in a different mechanical behavior, being also
dependent on the solvers used, and the mesh criteria defined.

6.1.4 Stress in reinforcements

Chan and Poh (2000) described the reinforcements reached yielding values at the moment
of maximum loading. The authors do not clearly indicate the values obtained as a function of the
arrangement of the strain gauges. Figure 15 illustrates the stresses obtained in the models and the
location of strain gauges in experimental program.

S, Max. Principal ¢ (
(Avg: 759%) 4
450.00
400.00 |
350.00 1

300.00 !
250.00 [
200.00 |

150.00
100.00
50.00
0.00

(@) (b) © (d)

Figure 15 Tensile stress (MPa) of the reinforcements of the model (a) M4EA_37, (b) M4EA_33E and (c)
MA4EA_87E and (d) extensometers of the experimental model

The model best represented the stress behavior of reinforcements was M4EA_87E, with
values in the order of 425 MPa, however, these values are obtained in the lateral reinforcements
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of cap. At the points with strain gauges installed, numerical models showed similar behavior, but
with even greater values in the M4EA_87E model.

6.1.1 Cracking pattern of models

Chan and Poh (2000) illustrated the cracking pattern of the model and, in analysis of models
MA4EA_43, MAEA_33E and M4EA_87E, they showed a similar pattern of cracking (Figure 16), that
is, with diagonal cracks between the piles.

PE, Max. Principal

+3.50e-02
-: +3.00e-02
+2.50e-02
+2.00e-02
+1.50e-02
+1.00e-02
[ +5.00e-03
+0.00e+00

(a) (b) ()
Figure 16 Cracking pattern on the underside of the model (a) M4EA_37, (b) M4EA_33E and (c) M4EA_87E

Cracking on the underside of the numerical model was best represented by model
MA4EA_87E. Despite the convergence of the cracking pattern, the models did not capture the
cracking on the lateral face of the blocks, and arch cracks were not represented in the numerical
models. This behavior may be related to the rigidity that the numerical models presented.

6.2 Model Suzuki, Otsuki and Tsubata (1998) — M4EB

The mesh study carried out for the M4EB showed a difference of approximately 6%
between the 15 mm and 20 mm models for the ABAQUS/Standard mode, adopting the value of
20 mm. For the Abaqus/Explicit mode, it was also verified the need to adopt a 10 mm mesh,
according to the M4EA model.

6.2.1 Force and Displacement Curve Calibration
Suzuki, Otsuki e Tsubata (1998), autores do programa experimental do modelo M4EB,
descrevem que a ruptura do modelo ocorreu em func¢do dos esforcos de cisalhamento com uma
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ruptura fragil, posterior a falha da flexdo, ou seja, apds a regido do grafico de ganho de
deslocamentos sem aumento da forga resistente.

The experimental curve of processing the M4EB numerical models is illustrated in Figure 17
together with the curve obtained by the experimental campaign and by the numerical modeling
by Souza et al (2007). The ABAQUS/Explicit mode calibration of the force and displacement curve
resulted in the mesh being divided by 10mm and a { equal to 502 (M4EB_99E).

The M4EB_33E, using the parameter values obtained for the M4EA, resulted in 25% lower of
the ultimate force when compared to the experimental model. The M4E_99E curve obtained good
convergence with the experimental result, with a characteristic of a significant drop in the carrying
capacity of the numerical model in the displacement close to that obtained by the experimental
model.
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Figure 17 M4EB force and displacement curves for (a) Abaqus/Standard and (b) ABAQUS/Explicit mode

Table 5 summarizes the values obtained in the processed models and other author.

Table 5 Strengths of the numerical and experimental models of the M4EB

Mesh size F

Model P € o./0, Kc n (mm) F (kN) (mm) Fexp
Experimental - - - - - - 1034.00* ~2.00 1.000
Souza et al (2007) - - - - - - 951.90 ~1.00 0.920
M4EB 37 36 0.1 1.16 0.667 1E-5 |20 1024.82 1.70 0.992
M4EB 33E 36 0.1 1.16 0.667 - 20 768,80 0.79 0.743
M4EB 99E 50 0.1 1.16 0.667 - 10 1071.61 1.60 1.036
HOLQOS, Ano 41, v.5, e15871, 2025
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Mesh size
Model P € o./0, Kc n (mm) F (kN) (mm) Fexp

* Average value of two specimens from the experimental campaign

It was identified that constitutive relation CDP, for both solvers used in Abaqus®, presented
satisfactory results for the M4EB, however, the use of equal parameters between the solvers does
not converge to similar results for models discretized in similar ways, that is, with mesh size and
values of the CDP parameters.

6.2.2 Compressive stresses and concrete degradation

Figure 18 illustrates the associated concrete damage values and stress flow in the 45°
section passing through two piles with displacements of 1.70 mm and 2.20 mm from M4EB_37.
Like M4EA model, the combination for determination of scalar degradation (SDEG) occurred with
predominance of tensile damage.

SDEG S, Min. Principal

(Avg: 75%) (Avg: 75%)
1.00
0.90
0.80
0.70
0.60
0.50
0.00

ABAQUS/Standard
1.70mm

2.20 mm

Figure 18 Concrete degradation (SDEG) and compressive stress flow of model M4EB_37

For the M4E_99E model, with the same section for analysis (Figure 19), the stress flow was
presented differently when compared to the M4EB_37 model. Stresses of greater value, between
10 and 15 MPa, have, considering their longitudinal axis, a more centralized direction in relation
to the upper face of the piles at the level of reinforcement. Regarding degradation associated with
concrete (SDEG), the model M4EB_99E showed values of greater predominance below 0.50.
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0.00

ABAQUS/Explicit

1.98 mm

Figure 19 Concrete degradation (SDEG) and compressive stress flow of model M4EB_99E

Both models (M4EB_37 and M4EB_99E) showed a stress drop (indicated by the stress
envelope) after the maximum force value in the region highlighted by an arrow (Figure 18 and
Figure 19), above the top face of the pile and below line of the reinforcement, behavior like that
obtained in the results of numerical models by Meléndez et al (2019).

6.2.1 Stress in reinforcements

Reinforcement stress values are illustrated in Figure 20 at processing time of greatest
resisting force of the numerical models.

S, Mises
{Avg: 759)
500.00
420.00
450.00
400.00
350.00
300.00
250.00
200.00
100.00
0.00

(a) (b)

Figure 20 Reinforcement tensile stress of numerical models (a) M4EB_37 and (b) M4EB_99E

The reinforcements of M4EB_37 result values close to yielding. For the M4EB_99E model,
the reinforcement loads were like those obtained by the M4EB_37 model, with a slightly higher
value. Suzuki et al (1998) did not measure the deformation of the reinforcement. Regarding the
behavior between numerical models with different solvers, the results were similar for
reinforcement requests.
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6.2.2 Cracking pattern of models

Suzuki et al. (1998) obtained a failure behavior by shear, characterized by cracks around
piles. This failure, associated with the cracking pattern of the experimental models, were similar in
numerical models, as illustrated in Figure 21, with greater evidence for model M4E_99E.

(a) (b) (c)

Figure 21 Cracking pattern of models (a) M4EB_37, (b) M4EB_99E, and (c) Experimental

The M4EB_99E model showed better cracking convergence. This result indicates a good
relationship between the ABAQUS/Explicit solver and the experimental model. Noteworthy that
simplification of the pile to a square section did not present significant differences in results,
however, a more refined analysis is suggested for this simplification in relation to the localized
failure modes.

7 Conclusions

Based on the obtained results, it can be concluded that:

1. The CDP model was viable for simulating the behavior of concrete blocks on 4 piles,
allowing the evaluation of the mechanical behavior of the elements analyzed for both
Abaqus® solvers.

2. Identical values assigned to the CDP parameters do not result in similar behavior between
numerical models for solvers.

3. Theresults obtained by the ABAQUS/Explicit solver using CDP obtained a good relationship
with the experimental models and, considering the minimization of the computational
effort, the use of this methodology proved to be a viable tool for simulating the behavior
of concrete blocks on 4 piles.

4. The support stiffness influenced the results of displacements and stress concentration on
the upper face of the supports (piles) of the M4EA model. For the M4EB model, the
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displacement was compatible, without the occurrence of stress concentration in the
supports (piles), requiring investigations on the discretization of the supports.

As the main result of this study, it was possible to identify that the use of the constitutive
relation CDP is feasible for the simulation of concrete block elements on 4 piles. In addition, it was
also possible to identify that both solvers discussed in the work were also viable for the analysis of
the mechanical behavior of these elements, however, the calibration of the parameters must be
performed for each solver.

Regarding the CDP variables, the results indicated that the values of K, and g}, /g, can be
defined with values equal to 1.16 and 0.667, respectively, as suggested by Systémes (2013).
Regarding the { parameter, values can range from 362 to 502, depending on the adopted solver.
Finally, it is suggested for the Abaqus/Explicit mode, the mesh size has order of 3% of the smallest
dimension of the volumetric element.
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