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A B S T R A C T   

The incompatibility of 3D concrete printing (3DCP) with conventional reinforcement methods is well known. 
Recently, solutions have suggested the insertion of helical reinforcement rods through a screwing motion into the 
freshly printed material. The current study focuses on the bond properties of such reinforcement and its relation 
to placement time relative to the 3D printed concrete age, of which until now hardly any data exists. Confined 
pull-out tests and micro-computed tomography (μCT) scans were performed to characterize the time-dependent 
bond properties for automatically placed screw-type reinforcement in 3D printed concrete in the range of 0–200 
min after material deposition. An experimental program was carried out using a gantry type 3D concrete printer 
and a robotic hand with the Automated Screwing Device to automate the reinforcement placement process. In 
total 200 specimens were produced and tested in pull-out. μCT scans were done on the specimens to quantify air 
content in the vicinity of the reinforcement, for every other time stamp. Two different screw geometries were 
used. A high mechanical interlock was achieved resulting in a high bond strength in confined pull-out tests. It 
was concluded from the confined pull-out tests that the pull-out performance is not influenced significantly by 
the time of application after mortar deposition in a time frame of up to 200 min. This firmly positions auto-
matically applied helical reinforcement as a viable method to reinforce 3DCP structures.   

1. Introduction 

The need for increased productivity, sustainability, safety and 
quality is driving the construction sector towards digital solutions, also 
known as a digital transformation towards Construction 4.0 [1]. To 
achieve this, the research and development of Digital Fabrication pro-
cesses has exponentially grown over the past decade, illustrated through 
new large-scale projects being realized by private companies and uni-
versities on a global level [2]. One of these technologies is 3D concrete 
printing (3DCP), where concrete layers are deposited on top of each 
other with no need for formwork [3,4]. While the outlook for 3DCP is 
promising, there is also a multitude of obstacles that need to be over-
come – one of which is the integration of reinforcement [5,6]. Devel-
oping viable reinforcement methods for printed structures is essential to 
move this technology to the next level [7]. 

It is common knowledge that concrete has a high compressive 
strength and a low tensile strength, which means for most load-bearing 
structures, concrete has to be reinforced against tensile and shear forces 

to achieve ductility. Perhaps the most instinctive solution, to apply 
conventional rebar, is not compatible with 3DCP structures, due to the 
differences in the manufacturing process; e.g. deposition of concrete 
taking place before rather than after the placement of reinforcement. 

Some results have been published regarding the bond between 
printed concrete and conventional reinforcement bars. Linearly pushing 
a conventional bar inside concrete post printing seems to result in 
varying bond strength, with significantly reduced bond properties at the 
insertion side of the structure [8]. This was further confirmed by another 
research, where the creation of air voids and subsequent low bond and 
mechanical performance was reported, when placing reinforcement in-
side shotcrete 3D printed layers by a direct linear insertion method [9]. 
Placement by screwing has been presented as a potential solution to the 
aforementioned problems, as the helical geometry together with the 
introduction by combined translation-rotation overcomes the problem 
of reduced compaction around the reinforcement. In [9] it was reported 
that inserting a reinforcement bar by applying a screwing motion 
resulted in a significantly higher bond strength than with linearly 
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inserted bars. A previous practically simultaneous study by the current 
authors on the placement of helical reinforcement by a screwing motion, 
confirmed this [10]. However, little is yet known about the actual bond 
characteristics of such reinforcement. It may be expected that it depends 
on a range of parameters such as print mortar viscosity, yield stress, 
transverse confinement, placement time post deposition, placement 
speed and reinforcement geometry and material. In this paper, we have 
studied the bond characteristics as a function of insertion time and screw 
geometry, by comparing the results of confined pull-out tests, supple-
mented by analysis of micro-computed tomography (μCT) scans. 

2. Theory 

2.1. State-of-the-art 

There is a multitude of different reinforcement concepts that have 
been introduced to reinforce 3D concrete printed structures [50] in 
different direction of the printed layer as described in [51] and shown on 
Fig. 1. Some of the solutions have been applied in large scale structural 
application, while others are still in a conceptual phase. Regardless, a 
one-size-fits-all solution has not yet been developed. 

In the early adoption of 3DCP, the printed structure was used as lost 
formwork, where traditional reinforcement was placed inside and then 
filled with cast concrete [11]. Traditional reinforcement has also been 
placed horizontally between printed layers and vertically through the 
layers, to reinforce structures similarly to traditional construction 
[8,12,13]. Alternatively, applying reinforcement post printing by pre-
stressing externally [14] or through the structure with tendons [15] has 
shown potential. 

Perhaps one of the most promising reinforcement concepts in the u- 
direction is the cable reinforcement, where a high strength steel cable 
runs off a spool into the concrete layer, without limiting the form 
freedom [16]. Similarly, a flow based pultrusion method has been used 
to insert multiple lines of basalt fibres into a printed layer [17]. Addi-
tionally, mineral-impregnated carbon fibre (MCF) composites have also 
been used [18]. A step further from this is a mesh reinforcement concept, 
using galvanized steel wire mesh, that also runs off a spool, but now also 
reinforcing the w-direction as well [19]. Some of latest developments 
include reinforcement elements such as nails [20], staples [21] and 
screws [10]. A number of studies has also been done investigating the 
application of various fibres to improve material ductility [22–28]. Due 
to the process of 3DCP, most concepts suffer from high void content or 
not being validated on a large scale [38]. While multiple strategies are in 
development, a universal solution has not yet been found. 

2.2. Background 

While multiple large scale projects have been realized, their struc-
tural integrity has been achieved in traditional ways, referring to solu-
tions used in unreinforced masonry structures or creating compression 
structures [5,45]. None of the integrated reinforcement concepts 
developed have been used as primary reinforcement on a large scale as 
of yet. This is an indication that regarding reinforcement strategies for 
3DCP, there is a clear gap between developments and what is actually 
being applied on large scale structures. 

The previous doesn’t necessarily come as a surprise as there are 
multiple obstacles that need to be considered, before a reinforcement 
concept can be approved for a large scale application. Ideally, a suitable 
reinforcement strategy for 3DCP would fulfil all the structural func-
tionalities and continuity as a reinforcement element, be applicable in 
multiple directions of the printed structure as shown on Fig. 1 (or fulfil 
structural functionalities in one direction, while not limiting the use of a 
different reinforcement concept in another direction), not limit the 
geometric freedom of the 3DCP technology and work simultaneously 
with the printing process. Thus, the considerations can be divided into 
two, where on one hand the reinforcement concept is evaluated based on 
its practical application merits mentioned previously and on the other 
hand on available testing methodologies to appropriately evaluate 
structural integrity in printed structures. 

Traditional reinforcement concepts are initially evaluated on small 
scale, in most cases presenting the interaction between reinforcement 
and the matrix in the form of bond strength. Relevant standards list 
numerous properties that affect bond strength between concrete and 
steel, e.g. in ACI 408R-03 [30], concrete cover, concrete properties, 
confinement reinforcement, casting direction, bar diameter, aggregate 
strength, aggregate quantity, transverse pressure and others are listed. 
To evaluate and compare bond properties between different test setups 
have been proposed [30]: pull-out specimen, beam-end specimen, beam 
anchorage specimen and splice specimen. While the proposed specimens 
are applicable for traditional reinforcement concepts, a code to char-
acterize the bond strength between 3D printed concrete and reinforce-
ment however, does not exist. 

Because of the simplicity and ease of application, most researchers 
have modified the direct pull-out test [8,9,12,47] to describe the bond 
properties of discrete reinforcement elements in 3D printed concrete. To 
produce these test elements, where the embedded reinforcement is in-
side printed concrete, a multi step process is required, where the rein-
forcement is placed inside printed concrete and subsequently placed 
inside a formwork and cast to size, resulting in a confined pull-out 
specimen. 

Fig. 1. Illustration of u-, v- and w-directions in extrusion-based 3D printed concrete together with the Automated Screwing Device.  
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The authors previously tested the helical reinforcement in pull-out, 
where the reinforcement element was placed directly inside printed 
layers, without any additional confinement from cast concrete [10], 
which resulted in splitting failure in concrete, without any slip. To 
evaluate the helical reinforcement method better and to further inves-
tigate the gap between confined and unconfined pull-out tests, direct 
pull-out tests according to RILEM RC6 [29] were performed in the 
current study. 

3. Helical reinforcement method 

In this paper further investigation is done into the helical rein-
forcement method, by investigating the bond characteristics as a func-
tion of insertion time. Based on previously published results [10], an 
experimental program was comprised using a gantry type 3D concrete 
printer and an ABB robotic arm for reinforcement placement. The bond 
properties were investigated by comparing pull-out tests with different 
printable mortars, reinforcement geometries and placement times, 
supplemented by analysis of μCT-scans. 

In traditional reinforced concrete with ribbed bars, up to 90 % [31] 
of the maximum pull-out resistance is generated by dilatancy, which is a 
result of the mechanical interlock between the ribbed surface merged in 
concrete. The tight packing of the matrix around the reinforcement is 
generally achieved by vibrating the concrete shortly after it is cast on top 
of the reinforcement, or using self compacting concrete. For printed 
structures, this problem can be overcome by applying a screwing motion 
to a helical reinforcement. 

The concept entails a linear reinforcement element with a continuous 
helical surface being introduced into the fresh concrete some time after 
deposition, by a synchronized translational and rotational motion along 
the longitudinal axis of the reinforcement. Screwing into fresh printed 
mortar has a distinct difference to conventional screwing, in the way the 
material responds to the screwing motion. To apply helical reinforce-
ment, the translational and rotational movement need to be aligned, i.e. 

during one 360◦ rotation, a translation equal to the helix lead should be 
performed. Normally (e.g. when screwing in timber), only the rotation 
needs to be applied by external force. The translational pull-in move-
ment is ‘automatically’ generated by the resistance of the matrix mate-
rial. The fresh printed mortar, however, is initially too weak to generate 
such resistance. Applying only a rotation would just lead to the helical 
reinforcement turning around but not entering into the mortar. Thus, the 
translational-rotational movement needs to be externally controlled. 
The rotation has to be combined with a translational push inward. In the 
experiments presented in this study an industrial robot arm robot is 
used, together with a custom developed end-effector (detailed below), to 
control the placement of the reinforcement as described previously. 

The helical reinforcement method makes use of the pliant state of the 
fresh mortar after deposition. After deposition, the mortar will start to 
build up strength and stiffness, initially due to structuration [32] and 
later through hardening. This means that there will be a time window in 
which the method can be applied, since the deposited material will 
become too hard at some point to drive the helical reinforcement in 
without damaging either the reinforcement or the concrete. The time 
window will be highly material dependent, since printable mortars have 
considerably varying structuration rates and setting times. This will set 
boundary conditions on the design, such as layer length, object height 
and printing speed. 

To evaluate the feasibility of inserting reinforcement by a screwing 
motion, an automated placement system was developed that would 
guarantee a controlled placement method and work simultaneously with 
the printing process. 

The Automated Screwing Device (ASD; patent pending [49]), shown 
in Fig. 2a, is a robotic end-effector that is capable of introducing bar like 
elements with a helical geometry or helical surface (e.g. screws) into 
pliable materials, such as printable mortars before their initial setting 
time, by generating a controlled screwing motion. 

The ASD is attached to a commercially available robotic arm, which 
positions the ASD to a desired global placement location (e.g. in the 

Fig. 2. Automated Screwing Device.  
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vicinity of the printed structure). With this global placement of the ASD, 
the insertion point and direction are defined for the helical reinforce-
ment element. Subsequently, the ASD performs the local placement of 
the reinforcement element, i.e. introduction into the substrate (e.g. 
printable mortars). The application potential of the ASD has been dis-
cussed in [39]. 

Parts of the ASD are shown on Fig. 2b. The ASD is connected to the 
robotic arm by the mounting bracket (1). The main parts of the ASD are a 
sliding unit (4) which can be moved along a guide rail (2) by operation 
of motor unit 1 (3). Attached to the sliding unit are the motor unit 2 (5) 
and the top gripper (7). The motor unit 2 (5) is equipped with a 
connection bit (6), which is controlled by a pneumatic actuator (10). 
Also attached to the guide rail (2), is the bottom gripper (8). At the back 
of the device is an electrical box (9) and a cable protection system (11). 

4. Experimental program 

The experimental program included four distinct production sets 
with two different reinforcement geometries (original and grinded) and 

two distinct mortars (Weber 3D 145-2 and Italcementi i.tech 3D N). The 
sets were therefore named set WO (Weber 145-2 combined with original 
reinforcement), set IO (Italcementi i.tech 3D N combined with original 
reinforcement), set WG (Weber 145-2 combined with grinded rein-
forcement) and set IG (Italcementi i.tech 3D N combined with grinded 
reinforcement). 

4.1. Mortars 

Two different commercially available printing mortars were used: 
Weber 3D 145-2 and Italcementi i.tech 3D N [33,34]. A summary of 
available data has been provided in Table 1. 

Further experimental work was performed to characterize the mortar 
properties. Three-point flexural bending tests were done conform NEN- 
EN 196-1, using a CONTROLS multipurpose compression-flexure 
cement testing frame. The test was performed on beams with di-
mensions of 40 × 40 × 160 mm and with a load rate of 50 N/s. Three 
beams were produced from each set of pull-out specimens, i.e. 12 in total 
(see Section 4.3). After flexural testing of the specimens, the 40 × 40 mm 
cross section of the 24 remaining halves were subjected to a compression 
test according to NEN-EN 196-1, at a load rate of 1000 N/s. All speci-
mens were tested at an age of 28 days. The results of both tests are 
included in Table 1, and presented in Fig. 3a and 3b. 

Remarkably, the Weber mortar was significantly stronger in 
compression than indicated in the product data sheet, while the Italce-
menti mortar, on the other hand, was quite a bit weaker (compare sets 
WO and WG to sets IO and IG). 

In contrast, the flexural strength of the Italcementi mortar was higher 
than that of the Weber mortar. Considering the compressive strength 
was lower, this should not be attributed to a supposed higher binder 
content (note the actual composition is not disclosed by the suppliers), 
but rather to the fibre content (although not explicitly intended for 
structural purposes and of which fibre content and type are not indicated 
in the official data sheets). It is furthermore noted that the flexural 
strength of the Weber mortar deviated noticeably between sets WO and 
WG. 

Both mortars have also been subjected to an ultrasonic wave trans-
mission test (UWTT), in accordance to NEN-EN 12504-04, previously 
applied to printable mortars [44]. The results are shown in Fig. 4a for 
the 0–200 min time frame, and in Fig. 4b for the 0–80 h time frame. 

4.2. Reinforcement 

As reinforcement, cold-rolled wire, full thread zinc coated carbon 
steel screws were used, article number 1201010803005, manufactured 
by SPAX International GmbH. Two different reinforcement geometries 
were used in this research, the original screw and a grinded down 
version. The geometries are illustrated in Fig. 5. In addition, the tip of 

Table 1 
Mortar data as provided by their respective manufacturer datasheets [33,34], as 
obtained from additional characterization experiments, and as taken from other 
research.   

Weber 3D 145–2 Italcementi i.tech 3D N 

Product datasheet data   
Largest Aggregate size 1 mm 2 mm 
Density 2200 kg/m3 2150 kg/m3 

Compressive Strength (28 
days) 

45 MPa 60 Mpa 

Water amount by mass 16.5 % 16–18 % 
Workability 120 min open time 

(unspecified); 
setting time, initial ≤
220 min (according to 
EN 196-3 [53])* 

28 min workable life 
(according to EN 
1015–9 [54]); 
setting time, initial ≤
150 min; final ≤ 200 
min (according to EN 
196–3 [53]) 

Experimental results 
characterization   

Compressive strength 
(average at 28 days 
according to NEN-EN 196-1  
[52], with relative standard 
deviation between brackets) 

Set WO: 55.4 MPa 
(1.79 %) 
Set WG: 58.9 MPa 
(2.97 %) 

Set IO: 40.7 MPa (3.78 
%) 
Set IG: 47.9 MPa (2.64 
%) 

Flexural bending strength 
(average at 28 days days 
according to NEN-EN 196-1  
[52], with relative standard 
deviation between brackets) 

Set WO: 4.23 MPa 
(14.6 %) 
Set WG: 6.55 MPa 
(5.39 %) 

Set IO: 7.58 MPa (3.76 
%) 
Set IG: 7.64 MPa (5.21 
%) 

* not given in the product data sheet [33], but taken from previously published 
research [44]  

Fig. 3. a and b. Flexural bending strength (a, left) and compressive strength (b, right), for the printed mortar of each set.  
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the reinforcement was grinded to a cone, smaller than the rest of the 
reinforcement, in order for it not to affect the bond properties during 
placement. 

It should be noted that these screws are designed to be used in load- 
bearing timber structures either for connecting members or as tensile 
and compressive reinforcement perpendicular to the grain direction. 
Because of this, the reinforcement geometry and material are not opti-
mized for 3DCP, but was rather chosen due to its length to diameter ratio 
and product availability. 

According to the European Technical Assessment [35], the screws 
have a characteristic tensile strength of Ft,k = 17 kN. Additional tensile 
tests, performed for the current study according to ASTM A370 on 5 
specimens (original geometry, non-grinded), globally supported this 
value. The tests, performed on an Instron 250 kN test rig equipped with a 

non-contact video extensometer at a loading rate of 0.5 mm/min, yiel-
ded approximately bi-linear force–displacement diagrams (as expected 
from cold-rolled steel), with an average yield load of 18.7 kN (range: 
18.4–19.1 kN) and an average ultimate load of 22.3 kN (range: 
22.0–22.7 kN). Assuming a net diameter of 5 mm, this corresponds to a 
yield strength of 950 N/mm2 and ultimate strength of 1136 N/mm2. The 
average axial strain at yield load is 0.5 %, while increasing to 1.8 % at 
maximum load. 

4.3. Print process and sample preparation 

The direct pull-out test [29] is a test to evaluate bond properties 
between reinforcement and matrix. Because of the particularities of the 
production process of 3DCP and the fact that insertion of the 

Fig. 4. and b. Ultrasonic pulse velocity measurements for the printed concrete of each set, where the vertical dashed lines indicate the reinforcement insertion time 
stamps for the first 200 min (a, top) and for 80 h (b, bottom). 
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reinforcement would have to happen after concrete deposition, the 
production of the specimens had to be altered in comparison to the 
standard approach. 

The two reinforcement geometries (original and grinded) were 

applied to the two mortars at 9 different time intervals after printing 
(hereafter: time stamps). In addition, samples were prepared where 
concrete was cast around a preplaced helical reinforcement element. 
The samples were designated as time stamp: cast. For every other time 
stamp, one extra printed specimen was produced for μCT scanning. In 
total 5 samples were prepared per one configuration, resulting in 200 
pull-out and 20 μCT scan specimen. 

For printing, the 3DCP setup in Eindhoven University of Technology 
(TU/e) [31] was used, which consists of a 4 degree-of-freedom gantry 
robot and a M-Tec Connect mixer-pump. The printing speed was 5000 
mm/min and the layer offset 9.5 mm. The description of each printed 
sets and laboratory conditions during printing can we found in Table 2. 
Salad Slicer [36] plugin in Rhineceros Grasshopper was used to program 
the used printpaths in G-Code. 

First, the part where reinforcement would be embedded in was 
printed, which consisted of 9 straight printed sections, each section with 
a total dimension of 40 × 60 × 2000 mm. Each straight section repre-
sented a time stamp when reinforcement placement would take place 

Fig. 5. Geometries of the used reinforcement with nominal dimensions – original (left) and grinded (right).  

Table 2 
Description of produced sets and conditions in laboratory. Each set comprised 5 
samples for pull-out and 1 for μCT-scanning.  

Set 
name 

Mortar Reinforcement 
type 

Time stamps 
[min] 

Lab air temperature 
[◦C ] and relative 
humidity [%] 

WO Weber 145–2 Original Cast, 0, 15, 
30, 45, 60, 
90, 120, 160, 
200 

21.7/40.5 
IO Italcementi i. 

tech 3D N 
Original 21.2/46.5 

WG Weber 145–2 Grinded 20.4/49.5 
IG Italcementi i. 

tech 3D N 
Grinded 21.4/42.5  

Fig. 6. Steps of the production process for one set.  
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after initial layer deposition. The chosen time stamps were chosen in a 
range expected to be relevant for 3DCP, up to approximately the initial 
set time. They were: t = ~0 (as soon as possible post printing); 15; 30; 
45; 60; 90; 120; 160; 200 min after initial layer deposition. The chosen 
number in the abbreviation of the time stamps is an indication when the 
reinforcement was placed, with a deviation of ±4 min, due to the 
combination of the placement and printing process. The exact placement 
times are measured from the beginning of the 3rd layer deposition of 
each section, to the beginning of the reinforcement placement. The 
placement of an individual reinforcement element took 10 s. The exact 
placement times are presented in Annex A. As reference case, the cast 
version was produced at the same time, in a separate formwork, where 
the reinforcement element was pre-placed in the center of a 40 × 60 ×
200 mm mold before pouring concrete around it and subsequently 
vibrating on a vibration table. 

In order to fully embed the reinforcement and to accommodate for 
the displacement measurements during pull-out tests, the layers were 
printed on top of an XPS foamboard and the vertical reinforcement 
subsequently screwed through in the middle of the layer using the ASD, 
penetrating through the layers and into the pliable board, resulting in a 
bond length of 40 mm. The ASD was used to place the reinforcement 
inside printed layers with an RPM of 150, which, based on the lead of the 
reinforcement, resulted in a translational movement of 10 mm/s. The 
ASD is controlled by a custom developed script in RAPID code ran in the 
ABB controller. Robot Components plugin [37] in Rhinoceros Grass-
hopper was used to generate the RAPID code that controlled the ABB 
controller. 

After the reinforcement had been placed, the sections were cut into 
40 × 60 × 200 mm specimen and covered with plastic foil for 24 h. 
Subsequently, a plastic sleeve was placed around the top part of the 
reinforcement element for debonding purposes. The specimen were 
placed in 200 × 200 × 160 mm moulds and filled with cast concrete (of 
the same composition as the printed material) and covered in plastic for 
another 24 h, before demoulding and placing under water for 26 days. 
The steps of the production process are illustrated in Fig. 6, with the final 
pull-out specimen illustrated on Fig. 7. 

4.4. Microcomputed tomography (μCT) scanning 

To better understand the time dependent bond properties in relation 
to the reinforcement insertion, without damaging the bonding zone, μCT 
scanning was used to quantify the air void content in the immediate 
vicinity of the helical reinforcement, in comparison to the air void 
content further away from. 

In μCT images, different materials can be segmented based on the 
greyscale intensity of each pixel, which corresponds to the local mass 
density. The pixel values in a 8-bit grayscale range from 0 to 255, where 
0 corresponds to the black colour and 255 corresponds to white colour, 
with all other shades of gray being in between. To segment the different 
materials from one another, a thresholding method is used where par-
ticles between a minimum and maximum grayscale values are selected 
and the rest is disregarded. Because of the steel reinforcement reflecting 
a significant amount of artifacts on the scans, a manual thresholding 
method is used, i.e. a fixed minimum and maximum is selected for all 
images and the results are compared. 

In the current study, a Phoenix Nanotom μCT-scanner was used at 
Delft University of Technology. A voltage of 150 kV, a current of 210 μA 
and an open time of 500 ms was applied. The scanning resolution was 
2284 × 2284 pixels, with a voxel size of 0.0275 × 0.0275 × 0.0275 
[mm]. During scanning, a picture was made every quarter of a degree 
with respect to the vertical axis (i.e. the longitudinal direction of the 
helical reinforcement). In total 1440 images were taken. The images 
were reconstructed into a 3D volume using VGSTUDIO software [40]. 

These images were then exported to ImageJ [41] and post-processed 
to quantify the air content in all scanned sets. A 5x5x5 median filter was 
used over the entire 3D volume to reduce noise artifacts originating from 
the steel reinforcement. To make the images binary, auto local threshold 
was applied, using the Phansalkar thresholding method [42]. The 
required parameters k = 0.25 and r = 0.5 for computing the threshold 
were selected by trial and error, comparing the location and size of air 

Fig. 7. A pull-out specimen.  

Fig. 8. A specimen for μCT, with region of interest around the reinforcement 
ROIreinf and inside the printed specimen ROIconcrete, and section A-A. 
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voids to the original images. Two different volumes inside the specimen 
were selected as region of interest – region of interest around the rein-
forcement (ROIreinf ) and region of interest inside the concrete 
(ROIconcrete), shown in Fig. 8 and Fig. 9. The two volumes are compared 
to each other based on their air content per volume. The volume height 
was selected to be 24 mm (twice the size of the diameter of volume 
ROIreinf ) and located in the middle of specimen. 

Scans were done on one specimen from the following time stamps of 
each set: ~t0, t60, t120, t200 and cast specimen. The void content for 

two different regions of interest (ROI) were calculated. VCROIreinf , Eq. (9), 
represents the air void content per volume in the vicinity of the rein-
forcement, while VCROIconcrete , Eq. (10), represents the air void content per 
volume for the rest of the specimen, excluding the volume of ROIreinf . 

VCROIreinf [%] =
νvoids,ROIreinf

νROIreinf − νreinf
(9) 

Where: 
νvoids,ROIreinf –volume of air voids inside.ROIreinf 

νROIreinf – volume of.ROIreinf 

νreinf – volume of the reinforcement. 

VCROIconcrete [%] =
νvoids,ROIconcrete

νROIconcrete

(10) 

Where: 
νvoids,ROIconcrete –volume of air voids in.ROIconcrete 

νROIconcrete – volume of.ROIconcrete 

4.5. Pull-out tests 

Direct pull-out tests were done according to RILEM RC6, using an 
Instron 250 kN testing rig. Displacement control was selected to capture 
the ultimate load and post-peak behaviour with a displacement rate of 
1.5 mm/min. A layer of softboard was placed between the support plate 
and the specimen, to distribute loads better and account for any uneven 
surface. The pull-out load is applied at the top of the reinforcement, 
where it is clamped to the testing rig by a hinged joint, to remove po-
tential bending moments resulting from the inaccuracies of the rein-
forcement placement. A specimen placed in the testing rig can be seen in 
Fig. 10. 

The relative displacement was measured from the loaded end by two 
Linear Variable Differential Transducers (LVDT). The LVDTs were fixed 
60 mm apart, on either side of the reinforcement. The core of the LVDT 
was placed on top the confined specimen, through the supporting plate 
and softboard.The average of the two LVDT was recorded, in the case of 
the reinforcement being not completely straight. At the free end, slip was 
measured in the same manner, by a single LVDT. 

The bond strength τb,max was calculated, assuming a uniform stress 
distribution along the embedded length, according to Eq. (11): 

τb,max =
Fmax

π • ∅ • lb
(11) 

With: Fmax = maximum load, ∅ = outer diameter of the reinforce-
ment, lb = bond length. 

Fig. 9. Image of a μCT scanned cross-section (left) and a section A-A (right).  

Fig. 10. Direct pull-out test setup.  
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5. Results and discussion 

5.1. μCT-Scans 

The air void content VCROIconcrete and VCROIreinf for all printed sets are 
presented in Fig. 11 and Table 3. The Weber 3D 145–2 had an average 
air void content of 1.13 % in set WO and 1.15 % in set WG, over the time 
stamps t = 0 to t = 200 min. The air void content in the Italcementi i.tech 
3D N was approximately-three times as high, measuring 3.45 % in set IO 
and 3.34 % in set IG on average. 

As expected, the variations between the averages of the sets of the 
same material are small (compare sets WO with WG and IO with IG), but 
the relative standard deviation inside ROIconcrete for all printed sets is 
between 9.99 and 24.35 %, even though all time stamp sections inside a 

set are produced as a continuous print and would therefore be expected 
to have a relatively small deviation. This variability may be caused by 
fluctuations in entrapped air, resulting from the mixing, pumping and 
printing process. 

The air void content in the Weber mortar does not seem to be affected 
significantly by the print process (compare cast to printed specimens in 
sets WO and WG). In the Italcementi mortar, on the other hand, the air 
void content seems to be reduced slightly due to printing, which may be 
caused by pressure in the system prior to deposition (compare cast to 
printed specimens in sets IO and IG). 

A first glance at the data may give the impression that the air void 
content reduces slightly at higher time stamps. However, this effect is 
not very consistently observed and too few data is available to draw 
conclusions with regard to this aspect. 

Fig. 11. Void content for all mixes.  

Table 3 
Air void content in the printed concrete at the region of interest for each timestamp.  

Set nr. Time stamp VCROIconcrete RSD VCROIreinf RSD VCROIdiff RSD 

Set WO t0  1.23 15.89 %  3.93 6.55 %  2.70 9.78 % 
t60  1.04  4.06  3.02 
t120  0.88  3.42  2.54 
t200  1.35  3.66  2.31 
µ t0-200  1.13   3.77   2.64  
Cast  0.74   4.21   3.46  

Set IO t0  4.05 10.13 %  6.27 10.60 %  2.22 23.36 % 
t60  3.26  6.14  2.88 
t120  3.24  6.08  2.84 
t200  3.23  4.75  1.52 
µ t0-200  3.45   5.81   2.37  
Cast  5.15   6.82   1.67  

Set WG t0  0.97 9.99 %  3.94 6.02 %  2.97 12.57 % 
t60  1.17  3.9  2.73 
t120  1.17  3.76  2.59 
t200  1.29  3.37  2.08 
µ t0-200  1.15   3.74   2.59  
Cast  1.38   3.9   2.52  

Set IG t0  2.7 24.35 %  4.71 16.66 %  2.01 18.55 % 
t60  4.45  5.87  1.42 
t120  2.44  4.18  1.74 
t200  3.78  3.82  0.04 
µ t0-200  3.34   4.65   1.30  
Cast  5.49   7.99   2.50   
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Similarly, the screw geometry (original versus grinded) does not 
show a clear effect. In the Weber mortar, the VCROIconcrete remains prac-
tically unchanged (3.8 % vs 3.7 %), while in the Italcementi mortar a 
potentially significant reduction from 5.8 % to 4.7 % was found. Again 
here though, caution should be applied as to the general validity of this 
difference, considering the number of studied specimens. 

VCROIdiff is the difference between VCROIconcrete and VCROIreinf , and 
therefore represents the change in air void content caused by the 
insertion of the reinforcement by the ASD. For all sets, an increase in air 
void content was found in VCROIdiff . The increase in set WO and WG was 
2.64 and 2.59 %-point respectively, while for set IO and IG it was 2.37 
and 1.3 %-point (although this latter result is heavily influenced by the t 
= 200 specimen, which may be an outlier – ignoring this specimen 
would result in an average VCROIdiff of 1.7 %-point). 

It should be observed that a VCROIdiff of several %-point was not only 
found for the printed specimens, but for the cast specimens too (varying 
between 1.7 and 3.5 %-point for set IO and set WO, respectively). As the 
screws have been pre-placed in these specimens (before casting), this 
means the difference may result from the screwing process, but does not 
necessarily have to. 

Focusing now on the area where the reinforcement is inserted 
(Fig. 12), the scans show the mortar is significantly more damaged than 
the rest of the section. This can be explained by the inaccuracies of the 
reinforcement geometry, as the ASD calculates the placement parame-
ters based on the nominal lead of the reinforcement. If the lead of a 
reinforcement element deviates during placement however, the rein-
forcement will start to push the material either up or down. The smaller 
the lead of the reinforcement, the more deviation. Fortunately, the inaccuracies in the geometry are minor and due to the increased 

Fig. 12. μCT-Scan specimens with highlighted disturbed zone in the upper part of the specimen.  

Fig. 13. Micro cracks seen in μCT-Scans for set WO, time stamp 200.  
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concrete confinement at deeper locations and the material not being 
fully hardened, this disturbance is not seen in the rest of the specimen. 
However, at the insertion location of the structure, this will have the 
biggest effect as there is no confining material around it and concrete is 
able to freely be pushed upwards. 

In the specimen of set WO and set WG, t200 minutes, micro cracks 
were found (see Fig. 13). Similar cracks were not found in any other 
specimen. Cracking indicates that as a result of inserting a reinforcement 
element, and the equivalent displacement, the fracture strain of the 
concrete is exceeded, which is known to decrease over time, even in the 
fresh state [43,46]. The fact that this was observed in the Weber mortar, 
which has a higher open time and initial set time (see Table 1) and 
higher strain at maximum compressive strength (unpublished research) 
than the Italcementi mortar, may be explained by the lack of fibres. 
Although the micro cracks did not seem to affect the pull-out resistance 
in the confined pull-out test (see Section 5.2), their presence may indi-
cate the maximum time stamp has been reached even though it is 
technically still possible to introduce the reinforcement with the ASD. 
Micro cracks should be avoided as they may initiate global cracking, 
particularly in unconfined geometries. Furthermore, they may reduce 
the structural durability due to penetration of moisture and chemicals, 
which instigate degradation of the reinforcement or mortar. 

5.2. Pull-out tests 

200 confined direct pull-out tests were performed to describe the 
bond between printed mortar and placed reinforcement. Individual 
failure modes, placement times and bond stress are presented in Ap-
pendix A. 

In Table 4 average peak loads for every time stamp in each set are 
presented, together with the dominant failure mode and the relative 
standard deviation. 

5.2.1. Set WO and WG 
In sets WO and WG, the expected slip out failure did not happen. All 

printed specimens in these sets failed by yielding of the reinforcement, 
without any visual observation of slip behaviour. This occurred at loads 
in between the yield and ultimate loads of the screws as determined 
during the tensile tests (see Section 4.2), i.e. the average failure load 
across all time stamps for set WO was 21.3 kN and 20.3 kN for set WG, 
while the yield strength of the screws was found to be Fy,ave = 18.7 kN, 
while the ultimate load Ft,ave = 22.3 kN. The corresponding bond stresses 
were τb = 21.2 MPa and τb = 20.2 MPa, respectively. Note that these 
values are very high compared to the characteristic bond stress of con-
ventional reinforcement in e.g. a C50/60 concrete according to Euro-
code 2 [48], which, assuming ‘good’ bond conditions, would yield only 
fbk = 6.5 MPa (note that the 5 %-characteristic strength is lower than the 
experimental average, but the difference between conventional rein-
forcement and the helical reinforcement is nevertheless striking). 

The experiments show that the confined bond strength over 40 mm 
embedment length in the Weber mortar is at least as high as the yield 
strength of the reinforcement. Due to the yielding failure mode, the ef-
fects of screw geometry and placement time could not be investigated 
further for this mortar. It could only be concluded that they did not 
reduce the bond strength below the yield strength of the reinforcement. 
The high bond strength should be attributed to the high mechanical 
interlock generated by the screw geometry, in combination with the 
mortar compressive strength. 

On the other hand, the cast specimens in sets WO and WG gave a 
mixed results with regard to failure behaviour: in set WO, 4 out of 5 
specimens failed by pull-out and in set WG, 2 out of 5 failed in pull-out 
(the rest by yielding). The average maximum loads were 19.9 kN and 
20.6 kN, respectively, and thus in the same range as the maximum load 
in the printed specimens. The strength of the individual specimens could 

Table 4 
Average peak load Fmax,ave in pull-out for every time stamp in each set, dominant failure mode (PO - Pull-out of reinforcement; YR - Yielding of reinforcement) and 
relative standard deviation RSD.  

Set nr. Time stamp Fmax,ave [kN] Dominant Failure RSD [%] Set nr. Time stamp Fmax,ave [kN] Dominant Failure RSD [%] 

Set WO t0  20.83 YR  2.49 % Set IO t0  18.45 PO  2.37 % 
T15  21.63 YR  1.28 % T15  18.59 PO  1.84 % 
T30  21.32 YR  1.93 % T30  19.56 PO  0.89 % 
T45  21.25 YR  0.68 % T45  19.60 YR  1.11 % 
t60  21.19 YR  1.63 % t60  19.63 PO  1.11 % 
T90  21.51 YR  2.31 % T90  19.47 PO  1.83 % 
t120  21.22 YR  2.97 % t120  19.23 PO  2.09 % 
T160  21.35 YR  1.99 % T160  20.42 YR  2.06 % 
t200  21.06 YR  1.48 % t200  20.59 PO  1.37 % 
t0-200  21.26   1.86 % t0-200  19.50   1.63 % 
Cast  19.87 YR  2.63 % Cast  15.73 PO  17.10 % 

Set WG t0  19.86 YR  1.69 % Set IG t0  21.23 YR  0.83 % 
T15  20.66 YR  4.51 % T15  20.62 PO  0.93 % 
T30  20.98 YR  0.26 % T30  19.27 PO  3.79 % 
T45  19.76 YR  1.94 % T45  18.47 PO  2.96 % 
t60  20.79 YR  4.95 % t60  18.40 PO  3.97 % 
T90  19.79 YR  3.65 % T90  18.06 PO  1.29 % 
t120  20.55 YR  2.11 % t120  19.58 PO  4.38 % 
T160  20.36 YR  0.60 % T160  20.49 YR  1.75 % 
t200  19.97 YR  3.14 % t200  20.78 YR  1.35 % 
t0-200  20.30   2.54 % t0-200  19.65   2.36 % 
Cast  20.62 YR  3.57 % Cast  16.55 PO  13.94 %  

Fig. 14. Force-displacement graph for set IO.  
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not be correlated to the failure mode, i.e. the specimens failing in pull- 
out were not necessarily the weakest. Altogether, this seems to indicate 
that the limits for the two modes of failure are very close in this test set- 
up and specimen geometry, although preplacing a reinforcement with 
this specific geometry and casting print mortar around it with subse-
quently applied vibration, results in slightly worse bond properties when 
compared to placement by the ASD. The cause of this difference is not 
entirely clear, it could not be linked to a difference in air void content or 
visible cavities in the μCT-scans. It may be related to the microstructure 
of the flow front in the mortar that engulfs the screws in the cast spec-
imens, whereas this is not the case in the printed specimens. 

5.2.2. Set IO and IG 
The load–displacement curves for sets IO and IG are represented in 

Figs. 14 and 15, respectively. Contrary to sets WO and WG, sets IO and 
IG failed predominantly by pull-out, with the exception of the t =
0 specimens of set IG, and mixed results for t = 30 and t = 45 in set IO 
(pull-out in 2 and 3 out of 5 specimens respectively). Although not 
entirely identical, the change in reinforcement geometry does not seem 
to effect the behaviour significantly. A linear response is found until 
approximately 90 % or more of the ultimate load. The stifness then 
gradually reduces, presumably due to microcracking. After the peak 
load, the remaining resistance decreases rapidly, as the fine-grained 
mortar generates little friction. Nevertheless, friction induced residual 
forces can be measured beyond 10 mm of pull-out displacement. 

Fig. 16 shows an original and a grinded screw after pull-out, illus-
trating the typical fracture pattern obtained. Along most of its length, a 
cylindrical shear plane has formed along the tip of the screw helix. Near 
the top, the fracture converts to a cone shape due to the sleeve diameter 
being slightly wider than the screw itself. 

For set IO the average failure load across all time stamps in printed 
specimens was 19.5 kN, with a corresponding bond stress of 19.4 MPa. 
In set IG, the average failure load across all time stamps in printed 
concrete was 19.7 kN, which corresponds to 19.6 MPa bond stress. 

The cast specimens not only failed at considerably lower loads, 
average 15.7 kN and 16.6 kN for sets IO and IG, but also with a higher 
degree of scatter with relative standard deviations of 15.6 % and 19.1 %, 
while for the printed specimens this remains (well) below 5 % in all 
cases. It is remarkable that the difference between cast and printed 
specimens is much stronger with the Italcementi mortar than with the 
Weber mortar. The cause of this difference is unclear, and may perhaps 
be attributed to the flow properties of each mortar. However, it is 
relevant to observe that in both cases, the application of the reinforce-
ment with the ASD into fresh mortar, results in a resistance that is higher 
than or at least equal to the resistance when the reinforcement is pre-
placed before casting. 

The development of strength over increasing time stamps is illus-
trated in Figs. 17 and 18. In set IO a small gradual increase in bond 
strength can be seen for reinforcement placed at later time stamps, from 
18.5 kN at t = 0 to 20.6 kN at t = 200. Such a trend was not found when 
looking at grinded reinforcement in set IG, where a moderate reduction 
in bond strength from 21.2 kN to 18.1 kN can be recognized until time 
stamp 90, after which the bond strength increases again to 20.8 kN at 
time stamp 200. No apparent reason for these trends and their difference 
was found either from the pull-out tests directly, or from consideration 
of the μCT scan results. Considering these contradicting trends and the 
consistent reinforcement yielding failure in sets WO and WG, an un-
ambiguous relation between placement time and bond strength could 
not be derived. That being said, the change in pull-out resistance be-
tween the time stamps is small, 10,2% and 14,6% for sets IO and IG, 
respectively. Thus, it can provisionally be assumed that in a time frame 
up to 200 min after placement, the time stamp does not significantly 
influence the confined pull-out strength. 

The results show that higher bond stresses for sets WO and WG than 
for sets IO and IG. Based on the flexural tensile strength of the respective 
mortars (4.22 MPa and 6.54 MPa for Weber mortar in sets WO and WG, 

Fig. 15. Force-displacement graph for set IG.  

Fig. 16. Samples of pulled out reinforcement elements from IO (left) and 
IG (right). 
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respectively, and 7.58 MPa and 7.64 MPA for Italcementi mortar in sets 
IO and IG), one might have expected an opposite trend. However, the 
failure in these specimens is governed mainly by the confinement, which 
in turn is correlated to the compressive strength of the respective ma-
terials, which was found to be higher for the Weber mortar (55.4 MPa 
and 58.9 MPa for sets WO and WG, respectively, while measuring 40.7 
MPa and 47.9 MPa for the Italcementi sets IO and IG). 

5.2.3. Application potential 
Overall, the results clearly underline the potential of the concept of 

automatically placed helical reinforcement. The bond strength was 
shown to be very high. The automated, post-printing placement process 
itself was shown to be beneficial, leading to resistances as high as or 
higher than that of specimens with prepositioned reinforcement and cast 
mortar. This reinforcement method does not show significant effects of 
placement time until 200 min after deposition, for the 2 studied 
commercially available print mortars, either in terms of strength or ease 
of application. This would require reinforcement being applied less than 
once per 3 h. For a print speed of e.g. 10 cm/s and a layer height of 1 cm, 
this would correspond to a printed wall of 2 m high and more than 5.4 m 
long. 

It should be recognized that the attained bond strengths are depen-
dent on the level of confinement provided by the structure. In 3DCP 
applications, the use of relatively narrow layers may result in reduced 
confinement, and therefore earlier failure. This should be addressed in 
future research. Nevertheless, the presented results provide a strong 
basis for further development of the concept. 

6. Conclusion 

For the applied mortars in this study, the following conclusions can 

be drawn from the current work: 

• A very high mechanical interlock can be achieved between rein-
forcement and mortar by automatically placing helical reinforce-
ment into fresh printed mortars with the ASD, at least up to 200 min 
after deposition.  

• Although higher values of air void content were found in the direct 
vicinity of the helical reinforcement, these could not be related to the 
placement method, nor to the resistance of the specimens, and 
therefore does not seem to have a noticeable influence.  

• Besides the helical reinforcement geometry, the bond strength in the 
confined pull-out tests of this study was governed by the mortar 
compressive strength, but not by the flexural tensile strength.  

• The change of the helical surface geometry by grinding to a lower 
height did not significantly influence the pull-out behaviour or 
resistance.  

• The pull-out performance is not influenced significantly by the time 
of application after mortar deposition in a time frame of up to 200 
min.  

• The pull-out resistance achieved with post-applied reinforcement in 
printed mortar is at least as high (or considerably higher), than that 
obtained with pre-placed reinforcement in cast mortar. 

Altogether, this firmly positions automatically applied helical rein-
forcement as a viable method to reinforce 3DCP structures. 
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Appendix A. Placement times for all specimen, failure mode description, failure load and respective bond stress for all sets.    

Set WO Set IO Set WG Set IG 

Placement 
time 

Specimen 
Number 

Exact 
Placement 
time [min: 
ss] 

Failure 
mode 

Force 
at 
failure 
[kN] 

Bond 
stress at 
failure 
[MPa] 

Exact 
Placement 
time [min: 
ss] 

Failure 
mode 

Force 
at 
failure 
[kN] 

Bond 
stress at 
failure 
[MPa] 

Exact 
Placement 
time [min: 
ss] 

Failure 
mode 

Force 
at 
failure 
[kN] 

Bond 
stress at 
failure 
[MPa] 

Exact 
Placement 
time [min: 
ss] 

Failure 
mode 

Force 
at 
failure 
[kN] 

Bond 
stress at 
failure 
[MPa] 

~t0 1 +1:32 YR 21.28 21.17 +1:20 PO 18.47 18.37 +1:52 YR  20.50  20.40 +1:52 YR  20.95  20.84 
2 +2:03 YR 20.69 20.58 +3:01 PO 18.40 18.31 +2:20 YR  19.50  19.40 +2:22 YR  21.10  20.99 
3 +2:37 YR 21.55 21.44 +3:29 PO 17.85 17.76 +2:51 YR  19.77  19.66 +3:02 YR  21.33  21.21 
4 +3:08 YR 20.52 20.41 +4:00 PO 19.21 19.10 +3:23 YR  19.77  19.66 +3:30 YR  21.31  21.20 
5 +3:39 YR 20.12 20.01 +4:30 PO 18.33 18.24 +3:57 YR  19.77  19.66 +4:22 YR  21.44  21.33 
6 +4:10 μCT scanned +5:00 μCT scanned +4:28 μCT scanned +4:48 μCT scanned 

t15 1 +15:48 YR 21.74 21.63 +13:03 PO 18.20 18.11 +14:05 YR  18.93  18.83 +10:45 PO  20.86  20.75 
2 +16:19 YR 21.86 21.74 +13:37 PO 19.19 19.09 +14:41 YR  21.12  21.00 +11:32 YR  20.78  20.67 
3 +16:53 YR 21.33 21.22 +14:07 PO 18.60 18.51 +15:10 YR  21.70  21.59 +12:04 PO  20.38  20.27 
4 +17:24 YR 21.28 21.17 +14:38 PO 18.32 18.23 +15:38 YR  20.66  20.56 +12:33 PO  20.42  20.31 
5 +17:58 YR 21.96 21.84 +15:09 PO 18.62 18.52 +16:46 YR  20.91  20.80 +13:06 PO  20.67  20.56 

t30 1 +31:21 YR 20.64 20.53 +31:28 PO 19.48 19.38 +31:45 YR  20.97  20.86 +28:51 PO  19.59  19.49 
2 +31:54 YR 21.37 21.26 +32:41 PO 19.59 19.49 +32:23 YR  21.07  20.96 +30:48 PO  19.92  19.81 
3 +32:27 YR 21.78 21.66 +33:13 YR 19.75 19.65 +32:54 YR  20.90  20.78 +31:38 PO  19.77  19.67 
4 +33:00 YR 21.12 21.01 +33:47 PO 19.27 19.17 +33:26 YR  20.97  20.86 +32:53 PO  19.17  19.07 
5 +34:27 YR 21.68 21.57 +34:20 YR 19.71 19.60 +33:56 YR  20.97  20.86 +33:29 PO  17.90  17.81 

t45 1 +45:50 YR 21.37 21.26 +44:33 YR 19.52 19.42 +45:35 YR  19.82  19.72 +43:00 PO  19.35  19.25 
2 +46:27 YR 21.27 21.16 +45:07 PO 19.37 19.27 +46:07 YR  19.82  19.72 +43:41 PO  18.57  18.47 
3 +46:58 YR 21.20 21.09 +45:38 YR 19.44 19.34 +46:37 YR  19.07  18.97 +44:10 PO  18.11  18.02 
4 +47:28 YR 21.42 21.31 +46:08 PO 19.72 19.61 +47:07 YR  20.26  20.16 +44:41 PO  18.59  18.49 
5 +48:00 YR 21.01 20.90 +46:39 YR 19.97 19.86 +47:38 YR  19.82  19.72 +45:21 PO  17.72  17.62 

t60 1 +59:50 YR 21.47 21.36 +61:0 PO 19.31 19.21 +60:48 YR  18.94  18.84 +57:40 PO  17.10  17.01 
2 +60:25 YR 20.57 20.46 +61:45 PO 19.55 19.44 +61:31 YR  21.47  21.35 +58:15 PO  18.53  18.44 
3 +61:00 YR 21.49 21.38 +62:16 PO 19.66 19.56 +62:04 YR  20.69  20.58 +58:49 PO  18.21  18.12 
4 +61:32 YR 21.06 20.95 +62:45 PO 19.63 19.53 +63:09 YR  20.89  20.78 +59:48 PO  19.08  18.98 
5 +62:04 YR 21.35 21.24 +64:09 PO 19.99 19.88 +63:37 YR  21.97  20.86 +60:20 PO  19.08  18.98 
6 +62:35 μCT scanned +64:39 μCT scanned +64:19 μCT scanned +60:55 μCT scanned 

t90 1 +91:43 YR 21.57 21.46 +87:40 PO 18.81 18.71 +90:55 YR  19.45  19.35 +87:36 PO  18.13  18.03 
2 +92:20 YR 22.32 22.20 +88:12 PO 19.83 19.72 +91:32 YR  21.23  21.12 +88:25 PO  18.38  18.28 
3 +92:51 YR 20.78 20.67 +88:44 PO 19.49 19.38 +92:04 YR  19.36  19.26 +88:56 PO  17.76  17.66 
4 +93:23 YR 21.31 21.20 +89:16 PO 19.73 19.63 +92:37 YR  19.45  19.35 +89:32 PO  18.19  18.10 
5 +93:54 YR 21.58 21.47 +89:47 PO 19.50 19.40 +93:08 YR  19.45  19.35 +90:03 PO  17.82  17.73 

t120 1 +121:17 YR 22.28 22.16 +119:39 PO 18.89 18.79 +121:42 YR  20.68  20.57 +116:46 PO  18.23  18.14 
2 +121:49 YR 21.46 21.34 +120:15 PO 18.87 18.77 +122:18 YR  19.72  19.62 +117:24 PO  20.04  19.93 
3 +122:18 YR 21.16 21.05 +120:51 YR 19.72 19.61 +122:51 YR  20.68  20.57 +117:59 PO  18.93  18.83 
4 +122:49 YR 20.65 20.55 +122:23 PO 19.72 19.61 +123:24 YR  20.68  20.57 +118:32 PO  20.47  20.37 
5 +123:19 YR 20.53 20.42 +122:57 PO 18.94 18.84 +123:58 YR  21.00  20.89 +119:06 PO  20.23  20.12 
6 +123:51 μCT scanned +123:31 μCT scanned +124:32 μCT scanned +119:37 μCT scanned 

t160 1 +161:45 YR 22.14 22.02 +157:11 YR 20.77 20.66 +160:06 YR  20.33  20.23 +157:54 PO  19.89  19.79 
2 +162:17 YR 21.11 21.00 +157:55 YR 19.71 19.61 +160:38 YR  20.59  20.49 +158:24 YR  20.68  20.57 
3 +162:49 YR 21.03 20.92 +158:27 PO 20.51 20.40 +161:13 YR  20.22  20.11 +158:56 PO  20.26  20.16 
4 +163:21 YR 21.03 20.92 +158:57 YR 20.88 20.76 +161:45 YR  20.33  20.23 +159:26 YR  20.83  20.72 
5 +164:03 YR 21.46 21.35 +159:27 YR 20.23 20.12 +162:16 YR  20.33  20.23 +159:58 YR  20.77  20.66 

t200 1 +201:09 YR 21.36 21.24 +198:04 PO 20.32 20.22 +200:32 YR  19.47  19.37 +196:55 YR  20.92  20.81 
2 +201:49 YR 21.16 21.04 +198:41 PO 20.77 20.66 +201:03 YR  20.92  20.81 +197:26 YR  20.87  20.76 
3 +202:19 YR 20.79 20.68 +199:17 YR 20.76 20.65 +201:36 YR  20.53  20.42 +197:56 YR  20.27  20.16 
4 +202:45 YR 21.39 21.28 +199:49 PO 20.92 20.81 +202:05 YR  19.47  19.37 +198:28 PO  21.10  20.99 
5 +203:18 YR 20.61 20.50 +200:19 YR 20.20 20.10 +202:42 YR  19.47  19.37 +198:59 YR  20.73  20.62 
6 +203:50 μCT scanned +200:47 μCT scanned +203:16 μCT scanned +199:29 μCT scanned 

Cast 1 Preplaced PO 20.54 20.43 Preplaced PO 14.27 14.20 Preplaced YR  21.40  21.29 Preplaced PO  14.24  14.17 
2 Preplaced PO 20.23 20.12 Preplaced PO 18.51 18.41 Preplaced PO  20.39  20.28 Preplaced PO  14.24  14.17 
3 Preplaced YR 19.06 18.96 Preplaced PO 13.99 13.92 Preplaced PO  20.89  20.78 Preplaced PO  20.25  20.14 
4 Preplaced PO 19.52 19.42 Preplaced PO 19.34 19.23 Preplaced YR  21.13  21.02 Preplaced PO  17.97  17.88 
5 Preplaced PO 19.98 19.87 Preplaced PO 12.53 12.46 Preplaced YR  19.31  19.21 Preplaced PO  16.07  15.98 
6 Preplaced μCT scanned Preplaced μCT scanned Preplaced μCT scanned Preplaced μCT scanned 

PO - Pull-out of reinforcement; YR - Yielding of reinforcement 
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