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ABSTRACT

The advent of extrusion-based 3D concrete printing technology marks a paradigm shift
in construction methodologies, opening avenues for automated construction, on-
demand customisation, and the ambitious goal of extraterrestrial constructions. At the
heart of this technology is the printing stage, during which soft, fresh concrete is
deposited layer-by-layer to form a temporarily weak structure that gradually hardens as
concrete cures over several days. Existing modelling approaches for fresh concrete
structures have yet to produce reliable predictive models, as significant discrepancies
persist between experimental results and predictions. These inconsistencies stem from
a lack of understanding of the mechanical behaviour of fresh 3D-printed concrete

(3DPC).

To address these knowledge gaps, this thesis aims to develop a comprehensive
understanding of the mechanical behaviour of early-age 3DPC and its implications for
fresh concrete structures during construction. The research programme integrates three
key components: experimental studies, theoretical developments, and numerical

simulations to achieve this objective.

Through a series of pioneering experimental studies, the mechanical behaviour of fresh
3DPC was systematically characterised. The material behaviour under biaxial
compression, arguably the most pertinent stress condition for printed material during
construction, was investigated. This comprehensive experimental study spanned
concrete ages ranging from a few minutes to six hours and included biaxial stress ratios
of 0 (uniaxial compression), 0.33, 0.5, 0.7, and 1 (equibiaxial compression). It
addressed a significant gap in existing literature, which had primarily focused on
uniaxial compression and shear testing. Moreover, innovative uniaxial compression
tests were designed to investigate the material’s elasticity, viscous behaviour (e.g., creep,
stress relaxation), and healing properties. In particular, the cyclic compression tests
revealed that the actual elastic modulus of fresh 3DPC is 5 to 20 times higher than
previously reported values. Multi-step creep-recovery experiments established the
predominantly nonlinear and non-recoverable nature of creep deformation, whilst

material healing tests provided groundbreaking evidence that equivalent plastic strain

Vil



can decrease due to ongoing hydration - a phenomenon that fundamentally challenges

conventional plasticity theory.

Analysis of the biaxial compression test data demonstrated that the widely used von
Mises and Mohr-Coulomb criteria inadequately represent the strength behaviour of
fresh 3DPC. In response, two complementary strength models were developed: a
simplified model for rapid assessment of biaxial-to-uniaxial strength ratios at different
ages, and a comprehensive multi-axial strength model. To capture the complete stress-
strain response, an elastoplastic model was developed, capable of accurately simulating
the uniaxial and biaxial compressive behaviour of fresh 3DPC across different ages.
The framework was further enhanced through viscoplasticity theory to incorporate
material creep effects, enabling the accurate simulation of nonlinear creep behaviour

that conventional linear viscoelastic approaches failed to capture.

Finally, a series of finite element (FE) simulations connected the enhanced material-
level knowledge to the structural-level response of printed structures during
construction. FE models incorporating the proposed elastoplastic model outperformed
existing numerical models, revealing two distinct instability failure mechanisms: elastic
buckling and plastic buckling - both previously misidentified due to the adoption of
inappropriate material models. Moreover, the research highlighted the critical role of
complex interactions between material ageing, creep, and printing speed on the
mechanics of printed structures. This work not only provides deeper insights into the
structural responses during concrete printing but also establishes a reliable framework
for toolpath and printing parameter optimisation, advancing both the theoretical

understanding and practical applications of 3D concrete printing technology.
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CHAPTER 1
INTRODUCTION

1.1 BACKGROUND

The advent of extrusion-based 3D concrete printing (Khoshnevis, 2004) represents a
significant advancement in both construction methodology and design capabilities.
Compared to traditional concrete casting, which is highly labour intensive and time-
consuming, this new approach has the potential to substantially reduce labour costs
while increasing productivity (Mohan et al., 2021a; Wangler et al., 2019). Furthermore,
3D concrete printing eliminates the need for conventional formworks, offering
unprecedented geometric flexibility in construction. This geometric freedom enables
the fabrication of topologically optimised structures (Li et al., 2024), allowing
designers to maximise structural efficiency while minimising material usage. The
practical viability and potential for wider adoption of this technology have been
demonstrated through several successful small-scale construction projects, as

illustrated in Figure 1.1.

Despite its considerable advantages, this novel construction approach presents
distinctive challenges in structural engineering. During the construction stage, a 3D
concrete-printed structure is fabricated by sequential deposition of layers of fresh
concrete filaments along predetermined toolpaths without formwork support. In the
absence of formwork, the fresh 3D-printed concrete (3DPC) must support its own
weight. However, the initial strength and stiffness of 3DPC are quite low, making the
structure highly prone to collapse during printing, as evidenced by prior research (Wolfs
et al., 2019; Jayathilakage et al., 2020; Suiker et al., 2020) and depicted in Figure 1.3.
Consequently, a 3D concrete-printed structure requires structural analyses for both the
construction stage when the concrete is in its fresh state and the post-construction stage
after the concrete is cured. This design philosophy is markedly different from that of
conventional construction practice, where structural assessment typically focuses solely

on the hardened state.



Whereas significant research progress has been made in areas including 3DPC mixture
designs (Arunothayan et al., 2020; Zhang et al., 2021), pumping and extrusion of 3DPC
(Jayathilakage et al., 2021; Mohan et al., 2021b) and structural analysis of hardened
elements (Van Den Heever ef al., 2021; Yan et al., 2024; Li et al., 2024), research into
the structural analysis of fresh concrete during construction, despite numerous efforts,
remains comparatively limited and has yet to yield reliable predictive models (Chang
et al., 2023a; Wolfs, 2024). As a result, most 3D concrete printing projects still rely on
trial-and-error approaches (Wolfs, 2024), leading to material waste and impeding the

widespread adoption of this technology in construction.

1.2 STRUCTURAL ANALYSIS OF 3D-PRINTED STRUCTURES
DURING CONSTRUCTION

The structural analysis of fresh 3D-printed concrete structures presents significant
technical challenges (Kamhawi and Aghaei Meibodi, 2024; Wolfs, 2024), stemming
from multiple interrelated factors. Firstly, both the structural geometry and loading
conditions evolve continuously throughout the construction process. Secondly, the
mechanical properties of 3DPC are highly age-dependent due to the ongoing hydration.
These characteristics fundamentally distinguish the analysis from that of hardened
concrete structures, where both geometry and material properties remain constant. The
complexity is further compounded by the influence of printing parameters, such as
printing speed and toolpath design. Consequently, comprehensive structural analysis of

fresh concrete structures demands careful consideration of these interdependent factors.

Existing approaches for analysing the mechanical behaviour of fresh 3D-printed
concrete structures can be broadly categorised into analytical models and numerical
simulations (Y. Chen et al., 2024). Analytical models (Suiker, 2018, 2022) idealise
structures as fundamental elements such as columns, plates, or shells, making them
particularly suitable for parametric studies and structures with simple geometries.
Conversely, numerical simulations (Wolfs ef al., 2018; Chang ef al., 2021; Wijaya et
al., 2024) offer greater versatility in handling complex geometries and can effectively
account for the intricate interplay between evolving geometry, time-dependent material

properties, and process parameters.



Through analytical and numerical approaches, researchers have successfully identified
and verified two primary failure mechanisms: structural instability and material failure
(Wolfs et al., 2019; Suiker et al., 2020). For certain structural configurations, these
models have demonstrated good accuracy in predicting failure modes and the associated

conditions (Wolfs et al., 2019; Suiker et al., 2020; An et al., 2024).

However, significant limitations in their predictive capabilities have been reported in
several studies (Wolfs et al., 2019; Ooms et al., 2021; Liu et al., 2022; B. Chen et al.,
2024). For instance, the error in predicting the number of layers at failure can exceed
40% in some cases. Furthermore, existing models have shown limited success in
accurately simulating structural deformations during the printing process (Wolfs et al.,

2018; Liu et al., 2022).

The accuracy of both analytical and numerical approaches critically depends on the
fidelity of the constitutive models of fresh 3DPC. The limitations of existing structural
analysis approaches suggest fundamental gaps in existing understanding of the

mechanical response of 3DPC during printing.

1.3 MECHANICAL BEHAVIOUR OF EARLY-AGE 3D-
PRINTED CONCRETE

During 3D concrete printing, fresh 3DPC transitions from a fluid-state during mixing,
pumping, and extrusion to a static-state after deposition when the material is at rest
(Wolfs et al., 2018; Kamhawi and Aghaei Meibodi, 2024). Therefore, the mechanical
behaviour of static-state 3DPC is pertinent to the response of fresh concrete structures

during construction.

Research on the mechanical behaviour of fresh 3DPC can be categorised into rheology-
based and solid mechanics-based studies (Mechtcherine et al., 2022). Rheology-based
studies examine the flow behaviour of fluid-state concrete, while solid mechanics-
based studies investigate the stress-strain behaviour of static-state concrete. Historically,
extensive rheological-based studies have investigated the behaviour of fluid-state

concrete (Kaplan et al., 2005; Roussel, 2011; Mohan et al., 2021b), driven by the



requirements of concrete mixing and pumping in conventional concrete casting. In
contrast, the static-state behaviour of fresh concrete, analysed within the solid
mechanics framework (Wolfs ef al., 2018; Pott et al., 2022; Chang et al., 2023b), has

gained prominence with the emergence of 3D concrete printing.

The mechanical response of static-state 3DPC has been investigated under various
loading conditions, including compression, shear and tension. These pioneering studies
have revealed that the material behaviour is characterised by three key dependencies:
age (Wolfs et al., 2018; Pott et al., 2023), stress state (Mettler et al., 2015; Wolfs et al.,
2019; Jacquet et al., 2021), and strain rate (Casagrande et al., 2020; Kolawole et al.,
2021; Xia et al., 2024).

Building upon these findings, many constitutive models have been developed. The
majority of these models adopt a strain rate-independent elastoplastic framework
(Wolfs et al., 2018; Jayathilakage et al., 2020; Ooms et al., 2021; Liu et al., 2022;
Nguyen-Van et al., 2022; Wijaya et al., 2022; An et al., 2024), while a few incorporate
strain-rate-dependent theory (Esposito et al., 2021; Reinold et al., 2022; Chang et al.,
2023b; Xia et al., 2024). These models have demonstrated some success in capturing

specific aspects of 3DPC material behaviour.

Despite the contributions of these pioneering works, several fundamental limitations
exist in the current understanding of fresh 3DPC behaviour. These limitations are
attributable to the underdevelopment of both experimental programmes and

constitutive models.

Firstly, it is questionable whether the stress states examined in existing material tests
are representative of those encountered during 3D concrete printing. During
construction, as shown in Figure 1.4, fresh 3DPC experiences vertical compressive
stress from gravity. While the material can freely expand in the filament width direction,
causing visible bulging, its expansion along the printing direction is restrained by
adjacent material, resulting in significant confining stress. This indicates that fresh
3DPC is primarily under biaxial compression during construction (Kruger et al., 2020).

However, biaxial compression tests for fresh concrete within the typical printing



timeframe (minutes to hours after deposition) are notably absent from the literature.
Consequently, existing constitutive models, though developed from uniaxial and
triaxial compression, shear, and tension data, remain unverified under the most relevant

loading condition - biaxial compression.

Secondly, experimental investigations into the strain-rate-dependent behaviour of
3DPC have yielded contradictory results, as will be detailed in Chapter 2. Furthermore,
existing strain-rate-dependent constitutive models for fresh 3DPC remains
incomprehensive, particularly in their ability to capture complex viscous phenomena,

such as nonlinear creep, and plasticity behaviour within a consistent framework.

Thirdly, the current understanding of the elasticity behaviour of fresh concrete is
incomplete. As will be demonstrated in Chapter 2, significant discrepancies exist
between experimental measurements and model predictions of elastic deformation.
This limitation primarily stems from insufficient systematic investigation into the

relative contributions of elastic and plastic deformations in fresh concrete.

Finally, during construction, fresh 3DPC simultaneously experiences two competing
effects: a damaging effect due to gravitational loading and a material healing effect due
to material ageing. The interaction between these two effects remains unexplored,

despite their potentially critical role in the structural response during construction.

1.4 AIMS, SCOPE AND LAYOUT OF THIS THESIS

Based on the identified research gaps, this Ph.D. research programme aims to develop
a comprehensive understanding of the mechanical behaviour of 3DPC and establish a
reliable numerical simulation framework for analysing structural responses during the
construction phase. This research programme encompasses experimental investigations,

constitutive modelling, and numerical simulations to address the following objectives:

(1) To characterise the mechanical behaviour of fresh 3DPC under biaxial

compression, representing the primary stress condition during construction;



(2) To understand the elastic behaviour of fresh 3DPC and determine the relative
contributions of elastic and plastic deformations;

(3) To investigate the strain-rate-dependent phenomena, including creep, stress
relaxation, and rate-dependent stress-strain relationships;

(4) To examine the influence of material healing on the mechanical properties of
fresh 3DPC;

(5) To develop constitutive models that incorporate the aforementioned material
characteristics;

(6) To implement numerical models that integrate these material characteristics

for analysing fresh concrete structures during construction.

This thesis comprises eight chapters, structured as follows:

Chapter 1 introduces the research background and establishes the motivations

underpinning this Ph.D. research project.

Chapter 2 presents a comprehensive literature review examining the current
understanding of fresh concrete’s mechanical behaviour. The chapter begins by
establishing fundamental concepts in material constitutive modelling, thereby
providing the theoretical foundation for subsequent discussions. Previous experimental
works into the mechanical behaviour of fresh concrete are critically analysed.
Furthermore, the chapter systematically evaluates existing material constitutive models,
encompassing both strain-rate-dependent and independent frameworks, whilst
identifying their theoretical constraints and practical limitations. Through this analysis,
specific research needs pertaining to the mechanical characterisation and modelling of

fresh 3DPC are identified.

Chapters 3 to 5 are concerned with the mechanical behaviour of 3DPC under biaxial
compression. All analyses are performed within the framework of strain-rate-

independent elastoplasticity.

Chapter 3 details the development of an extensive experimental study designed to

characterise the mechanical response of 3DPC under uniaxial and biaxial compression.



An innovative biaxial compression testing apparatus is proposed and verified through
finite element simulations. The concrete ages span from tens of minutes to six hours,
corresponding to typical printing durations in 3D concrete construction. This pioneering
study examines the BC behaviour under both proportional and non-proportional loading
conditions to elucidate the stress path-dependency of mechanical responses. The

experimental results and their analyses are presented in subsequent Chapters 4 and 5.

Chapter 4 examines the biaxial compressive strength characteristics of fresh 3DPC,
building upon the experimental study outlined in Chapter 3. The investigation begins
with a detailed analysis of failure modes and stress-strain relationships. Comprehensive
strength analyses are conducted to establish BC strength envelopes during the hydration
process. Existing strength models from the literature are evaluated against the
experimental data, leading to the development and validation of refined strength models

for predicting BC strength.

Chapter 5 extends the investigation from strength analysis to a detailed examination of
stress-strain responses under biaxial compression. The chapter presents and analyses
experimental data describing the relationships between stress and various strain
components (axial, lateral, and volumetric). Detailed analyses focus on three key
aspects: the evolution of material stiffness, plastic dilation behaviour, and hardening-
softening characteristics. Based on these findings, a multiaxial elastoplastic model
incorporating a non-associated flow rule is proposed and validated against the

experimental stress-strain data from the BC tests.

Chapter 6 presents a series of innovative uniaxial compression experiments designed to
characterise the strain-rate-dependent behaviour, elasticity, and material healing
phenomena of fresh 3D-printed concrete (3DPC). The experimental study encompasses
several distinct investigations: variable displacement rate tests to examine strain-rate-
dependent stress-strain relationships; stress relaxation tests at multiple strain levels to
quantify time-dependent stress decay; and multi-step creep-recovery tests to elucidate
both nonlinear creep behaviour and the relative contributions of recoverable and non-
recoverable creep deformations. The elasticity behaviour of fresh 3DPC is studied by

the loading-unloading-reloading tests. The material healing phenomena are examined



through comparative analyses of virgin and reloaded specimens. These comprehensive
investigations yield fundamental insights into the complex mechanical responses of

fresh 3DPC.

Chapter 7 integrates the advanced understanding of fresh 3DPC material behaviour into
structural-level analyses through FE simulations of benchmark structures. The
numerical investigation comprises two distinct simulation groups, each implementing
a different constitutive model. The first group employs the elastoplastic model
developed in Chapter 5 to validate its efficacy in structural-level analyses. The
simulation results demonstrate that the proposed material model yields superior
performance compared to previous FE models based on rate-independent frameworks.
The second group investigates the influence of material creep on structural response
through an advanced elastoviscoplastic model, which extends the elastoplastic
framework established in Chapter 5. This enhanced model represents a significant
advancement over existing strain-rate-dependent constitutive models by incorporating
both viscous and plastic behaviours within a unified theoretical framework. The
incorporation of creep phenomena enables accurate simulation of both deformation
patterns and failure mechanisms in benchmark structures. Furthermore, the combined
results from both simulation groups provide critical insights into fresh concrete
structural behaviour that were not previously identified in the literature. These findings
enhance the understanding of structural response during the critical early-age period of

3D concrete printing.

Chapter 8 concludes the thesis by presenting a comprehensive synthesis of key findings

from the preceding chapters and establishing directions for future research.
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Figure 1.1 Examples of construction projects utilising the extrusion-based 3D
concrete printing technology: (a) 3D-printed bicycle bridge at the Eindhoven
University of Technology [extracted from Salet et al. (2018)]; (b) 3D-printed IT
server hotel by COBOD [extracted from Symonenko (2024)]; (c) 3D-printed Chinese
courtyard by WinSun Limited [extracted from WinSun (2015)].

Figure 1.2 A topologically optimised reinforced 3D-printed concrete bridge, where

the concrete was designed to be in pure compression [extracted from Li ef al. (2024)].

Figure 1.3 Failure of 3D-printed structures during construction: (a) A free-standing

wall [extracted from Wolfs et al. (2019)]; (b) A cylindrical wall [extracted from
Jayathilakage et al. (2020)]; (c) A rectangular wall [extracted from Suiker et al.
(2020)].
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Figure 1.4 Schematic of the biaxial compression of 3DPC during construction

[modified from Wolfs et al. (2019)].
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CHAPTER 2
LITERATURE REVIEW

2.1 INTRODUCTION

This chapter reviews the state-of-the-art of the experimental and theoretical research on
the mechanical behaviour of fresh concrete, with a primary focus on its compressive
behaviour. Before proceeding with the detailed review, it is crucial to establish that no
fundamental distinction exists between 3DPC and conventional concrete in terms of
their mechanical behaviour at early ages. Previous studies (Wangler et al., 2019;
Mechtcherine et al., 2020) demonstrate that the compressive strength of 3DPC
immediately after extrusion varies significantly: from less than 200 Pa in the flowable
filament approach, where the filament undergoes substantial deformation after
extrusion, to hundreds or thousands of Pa in the infinite brick approach, where the
filament remains nearly rigid. Within these broad criteria, many conventional concretes,
such as those examined by Voigt et al. (2006) and Alexandridis and Gardner (1981),
could be classified as 3DPC. Furthermore, whilst most 3DPC mixtures are classified as
mortar without gravel (Rehman and Kim, 2021), some incorporate coarse aggregates
(Kolawole et al., 2020; Rahul and Santhanam, 2020), and others consist of paste
without sand or gravel (Chen et al., 2020; Jacquet et al., 2021b). Therefore, throughout
this chapter, the term ‘fresh concrete’ encompasses both conventional concrete and
3DPC, with ‘fresh 3DPC’ being used only when discussing studies specifically focused

on 3D concrete printing applications.

The chapter begins by introducing fundamental concepts in continuum mechanics,
alongside strain rate-independent and strain-rate-dependent constitutive models, which
form the theoretical foundation for subsequent analyses. Following this, an overview
of a database containing 45 key experimental studies on the mechanical behaviour of
fresh concrete is presented, examining the various stress conditions investigated in each
study. Drawing from this database, comprehensive analyses of fresh concrete’s

mechanical behaviour are conducted and discussed throughout the remainder of this
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chapter. The material behaviour is examined from both strain rate-independent

(Sections 2.4 and 2.5) and strain-rate-dependent (Section 2.6) perspectives.

Section 2.4 presents detailed strength analyses, followed by a critical review of existing
strength models. Whilst these analyses and models primarily focus on stress behaviour,
they do not address deformation characteristics. Section 2.5 bridges this gap by
investigating the stress-strain behaviour of fresh co