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▪ Simulation of additive manufacturing using FEA

▪ Material model for concrete 3D printing

▪ Examples: From the Lab to the Field
▪ Simulation of material tests

▪ 3D-printed wall and column

▪ Prvok House
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Concrete 3D printing
Advantages of numerical simulation:

▪ upscaling laboratory experiments

▪ speed and shapes optimisations

▪ predicting construction interruptions in real time

▪ environmental conditions: humidity, temperature, wind

Simulation approach:

▪ gradual activation of finite elements along 

the printing track

▪ time-dependent (maturing) non-linear material model

▪ time-dependent loads (self-weight, shrinkage)

▪ updated Lagrangian formulation (i.e., nodal coordinates 

are updated every step)
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Creating model based on G-code
Import & 

visualization

Finite element model 
with inclined shapes

Standard G-code input 
generation
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Concrete cracking in tension: 

▪ fracture energy approach with smeared crack model

▪ Rankine criterion and Hordijk’s softening law

Concrete crushing in compression: 

▪ based on plasticity

▪ Willam & Menetrey 3 par. surface

Crush 

band 

model

Reinforcement: 

▪ yielding and rupture based on 

multilinear stress-strain relationship 

Crack 

band 

model

Nonlinear material model

J. Cervenka, V. Cervenka, R. Eligehausen, Fracture-plastic material model for concrete, application to analysis 
of powder actuated anchors, in: Proc. FraMCoS., 1998: pp. 1107–1116.
J. Cervenka, V.K. Papanikolaou, Three dimensional combined fracture–plastic material model for concrete,
Int. J. Plast. 24 (2008) 2192–2220. 
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Kinetic material model for 3D printing

 
1 1

exp aT
T

ref

E
k

t t t R T T

       
= = −         

Arrhenius law:

Increase of degree of 
hydration in time

Gain of compressive 
strength in time

Development of material 
model parameters in time

Parameter Value

Compression strength [MPa] INPUT: fc

Poisson ratio [-] 0.2

Young’s modulus [MPa] 

Tensile strength [MPa]

Specific fracture energy [N/m] 

Critical compr. displacement [m] 0.0005

Onset of non-linear behaviour in 

compression [MPa] 

Plastic strain at compressive 

strength 

28(6000 15.5 )fc fc−
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Parameters of the Fracture Model:

 

   

   

   

   

 

              

 
  
  

  
  
  

  
  
  
  
  
  
  
  
  
   

                      

                           

                                

Relating hydration and strength:Function for hydration:
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Kinetic material model for 3D printing: early age thixotropy

non-Newtonian fluid:
▪ material performance origins 

from the thixotropic state

▪ up to a few minutes: re-creation of 

inter-particle bonds after placing 

▪ up to a  few hours: structuration 

phase due to early hydration products

▪ can be also simulated by non-zero 

origin of compressive strength

Hardened paste:

▪ material performance depends 

on the filling of the 

microstructure with hydrates

▪ increase in compressive 

strength is proportional to 

increase of DoH

Microstructure 

after 4 hours:

Microstructure after 10 years:
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EXAMPLES:
FROM THE LAB TO THE FIELD

▪ Simulation of material tests

▪ 3D-printed wall and column

▪ Printing of building structures

▪ Prvok House
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full 3D

axisymmetric 
simulation

From the Lab to the Field: Wolfs’ cylinder 

▪ printing of cylindrical specimen from fresh concrete

▪ typical material and printing method test set-up

▪ height at collapse: experiment - 29 cm
   analysis - 33 cm

Wolfs, R. J. M., F. P. Bos, and T. A. M. Salet. "Early age mechanical behaviour of 3D printed concrete: Numerical 

modelling and experimental testing." Cement and Concrete Research, 106 (2018): 103-116.
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ATENA Analysis of the Load Capacity 

of a 3D-printed Wall Segment
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▪ ideal bond between layers (i.e., homogenous material 

properties)

▪ ideal geometry

▪ additional compliance simulated at the bottom support to 

match the stiffness in the experiment

load plate for load 

application (displacement 

control)

fixed

support

Material properties

Compressive strength 49.6 MPa

Tensile strength 3.5 MPa

Young’s modulus 36.85 GPa

MODEL 1: “IDEALIZED MODEL”
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MODEL 2: MODELLING 3DCP

Parameter: symbol 

[unit]

Horizontal 

interface 

(interlayer)

Vertical interface 

(in the inner 

stiffener)
Tensile strength: ft,int 
[MPa] 0.50 0.25

Cohesion: c [MPa] 0.50 0.25

Friction coefficient: μ [-] 0.5 0.5

▪ interface elements inserted 

between printed layers to 

simulate weaker bond

▪ both interlayer (i.e., between 

horizontal layers) and vertical 

(in the stiffeners) interfaces
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MODEL 2: MODELLING 3DCP

Out-of-plane deflection in the 

longitudinal wall during printing:

printing maturing loading

0 min 35 min 28 days
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MODEL 2: MODELLING 3DCP
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MODEL 2: MODELLING 3DCP
printing maturin

g

loading

0 min 35 min 28 days

▪ results were reproduced  when 

considering geometrical 

imperfection (circa 5 mm) and 

interfaces between printed layers

▪ failure occurs through crack 

formation in the longer portion of 

the longitudinal wall and its 

subsequent brittle buckling

▪ failure mode in the analysis is 

similar as in the experiment
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From the Lab to the Field: Prvok (Protozoan) House, Czech Republic
▪ first 3D printed house in the Czech Republic

▪ printed on a pontoon on the Vltava River in the city center 

of Prague

▪ wavy outer wall for better stability and architectural look

▪ inner wall with Ω-shaped columns

▪ layer thickness 45 mm, layer height 12 mm

source: Scoolpt s.r.o., www.scoolpt.com, 

Czech Republic
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From the Lab to the Field: Prvok (Protozoan), Czech Republic

longer printing 

path

shorter 

printing path

self-

supported 

opening
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From the Lab to the Field: Prvok (Protozoan), Czech Republic

Printing speed 20 mm/s Printing speed  200 mm/s
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Summary

▪ module for analysis of digitally fabricated concrete 

structures through 3D extrusion

▪ extension of the ATENA FEM package

▪ application from laboratory to structural scale

▪ available for research and civil engineering practice

▪ issues remain in modelling strength of printed structures
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Thank you for your attention
This study was supported by the Czech Technology Agency and Ministry 

of Industry and Commerce under the program TREND and project no. 

FW06010422 “Simulation and design of structures from digital 

concrete”. The financial support is greatly acknowledged.

Jan Cervenka

Jan.cervenka@cervenka.cz

“Test your structure 
  before you print it.”

Exhibition hall #604
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