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Abstract 3D concrete printing is an emerging
construction technique for building structures layer-
by-layer based on digital computer models without the
need of formwork. The monitoring of interlayer
bonding is crucial to ensure durability and structural
integrity. This investigation aims at proposing a new
methodology to assess the concurrent effects of
material structural build-up (thixotropy), time gap
between successive filaments, and incorporation of
styrene-butadiene rubber (SBR) polymers on bond
strengths of deposited layers. Four mortar series
prepared with 450750 kg/m> binder and effective
water-to-binder ratio of 0.35-0.55 are tested; the
resulting thixotropy rate ranged from 0.16 to 1.1 Pa/s.
Results showed that mixtures exhibiting moderate
thixotropy levels (i.e., about 0.48-0.64 Pa/s) yielded
the best performance regarding interfacial bonding.
The incorporation of SBR proved efficient to enhance
the bond strength as well as attenuate its rate of drop
over the time gap between successive layers. This was
related to the polymer films that coalesce in the
cementitious system, thus binding the cement hydrates
together and causing increased tensile strength
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properties. The bond strengths recorded on specimens
exposed to hot temperature of 45 °C were consistently
lower than those determined in standard curing
conditions. The methodology proposed was success-
fully validated using 3D laboratory printing machine.
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1 Introduction

The 3D concrete printing technology gained wide
interest in the building industry. Its principle consists
of transforming 3D computer models into real struc-
tures through the deposition of cement-based layers
upon each other, without the need of formwork [1, 2].
Successful attempts are reported in literature demon-
strating the feasibility of this technique to build
architectural elements as well as large-scale building
components [2—4].

Properly proportioned cementitious materials for
3D printing must satisfy stringent interrelated criteria
regrading extrudability, buildability, open time, and
interlayer bond strength [5-8]. For example, the
material should be cohesive, yet smooth enough to
be continuously extruded through the delivery nozzle
without disruption, blockage, or segregation of printed
filaments. Buildability refers to the ability of deposited
material to retain its extruded shape, including its
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resistance to sustain the load of subsequent layers with
minimum deformation [6, 9]. The use of supplemen-
tary cementitious materials, nano-fillers, polypropy-
lene fibers, and specialty chemicals such as viscosity-
modifiers and set-regulators proved efficient to
enhance buildability [6, 10, 11]. On the other hand,
the open time during which the material remains
plastic for suitable printing should be thoroughly
monitored to achieve successful 3D output; this
depends on a combination of parameters such as
consistency of the mix, ambient temperature, extru-
sion rate, printing speed, nozzle opening, and print
path [5-7]. Generally, the open time ends once
disruption occurs in the extrusion process and/or when
the cement hydration reactions are weakened at the
interfaces to cause unacceptable drop in bonding
strength between the successive filaments [12-14].
In rheological terms, buildability and open time can
be closely related to the structural build-up of the
material. In rheological terms, buildability and open
time can be closely related to the structural build-up of
the material. The structural build-up is often associ-
ated to the summation of both reversible inter-particle
forces due to flocculation (i.e., thixotropy) and
irreversible hydration reactions [11, 15, 16]. Over
time, the reversible part decreases, while the irre-
versible part increases due to nucleation and inter-
particle linking of cement grains by C—S-H forma-
tions [13]. In literature, the structural build-up is often
modeled using linear relationship between the evolu-
tion of static yield stress (1) over resting time [16, 17].
Earlier studies showed that thixotropy can be used to
describe the behavior of fresh concrete such as
stability, resistance to bleeding, and formwork pres-
sure [15—17]. By analogy, it is reasonable to presume
that buildability during 3D concrete printing is directly
affected by the structural build-up properties. Perrot
et al. [18] established a theoretical framework for
successful 3D printing by considering that the vertical
stress acting on the first deposited layer is always
smaller than the critical 7, related to plastic deforma-
tion. Both stresses are time-dependent; the vertical one
depends on the building rate of successive filaments,
while the critical 7y depends on thixotropy. Neverthe-
less, excessive increases in 1, are reported to detri-
mentally affect multilayer casting [17, 19, 20]. In fact,
if the material restructures itself too fast, any stoppage
or interruption during placement may prevent proper
adhesion between successive layers, causing weak

interfaces in the hardened structure. Assaad [17]
reported that cementitious mortars possessing moder-
ate thixotropy (i.e., between 0.2 and 0.75 Pa/s) are best
suited for multilayer casting, while those exhibiting
high thixotropy (i.e., higher than 0.75 Pa/s) showed
significant drop in bond strength that reached about
60% of monolithic casting. In 3D printing, this
physically implies that the rate of structural build-up
should be slow enough to widen the open time and
ensure proper bonding between successive layers, yet
sufficiently fast to provide adequate stiffness/strength
to sustain loads of subsequent deposited layers.

Le et al. [5] found experimentally that the open time
of 3D printing mortars ends when the shear strength
determined using a vane apparatus increases by
300 Pa from the initial reading obtained right after
mixing. Such increase in shear strength was found to
coincide with reduced extrudability that deteriorates
the quality of printed filaments. The authors reported
that the addition of set-retarders and continuous
mortar agitation helped increasing the open time [5].
Ma et al. [6] reported that the structural build-up of 3D
mortars containing copper tailings can be assessed
using a penetration resistance test. Favorable build-
ability can be achieved as long as printing takes place
within a time gap varying from 30 to 70 min from
initial mixing, and the mixture penetration resistance
does not exceed 40 kPa. Kazemian et al. [7] proposed
two testing methods, namely “layer settlement” and
“cylinder stability”, to evaluate the performance of
3D mortars in terms of print quality, shape stability,
and printability window (i.e., open time). Experimen-
tal data showed that the inclusion of 3% calcium
chloride to enhance shape stability could reduce open
time from 90 to 45 min [7].

On the hardened state, it is well established that 3D
concrete printed structures are vulnerable at the
interfaces between deposited filaments [13, 14, 21].
The drop in interfacial bonding is often attributed to
reduced mechanical inter-locking as well as insuffi-
cient chemical activity necessary to join the adjacent
layers together. Poorly developed interfacial bonds
increase the tendency towards differential movements
during service conditions, leading to disintegration of
the interfaces. Also, the formation of cracks along the
interface creates preferential paths, allowing water and
aggressive agents to infiltrate and hinder durability
[19, 20]. Bos et al. [22] proposed pressing the
deposited layer (instead of depositing the layer from
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certain height) to improve the mechanical inter-lock
and bond properties. However, such practice was
found to alter the dimensional integrity of printed
filaments as it randomly changes the shape of layers.
Panda et al. [14] evaluated the effect of time gap
(0-20 min)  between layers, nozzle speed
(70-110 mm/s), and nozzle standoff distance
(0—4 mm) on bond strength of 3D geopolymer mor-
tars. Testing was made by pull-off method using
2-layer specimens extracted by sawing pieces of
printed filaments. The authors reported that the bond
strength decreases with time gap during printing; the
drop in bond could be as high as 70% when the time
gap increased to 20 min. The interfacial bonding was
enhanced when the nozzle speed and standoff distance
are set to their minimal values [14].

It is important to note that the interfacial bonding of
multi-layer cementitious materials can be particularly
weakened when structures are exposed to harsh
environmental conditions such as high and low
temperature, solar radiation, and rainfall [23, 24].
Bochen [25] reported that the interfacial degradation
of external plastering mortars due to weathering
effects could be attributed to combined physical and
chemical changes occurring in the material. The XRD
analysis revealed partial amorphizations of cement
paste-to-sand interfaces, causing the ordered crys-
talline structure to convert into amorphous one with
larger closed porosity [25]. Compared to bond
recorded at ambient temperature of 25 °C, Chew
[26] noticed that the mortar bonding strength could
drop by 10% and 47% when the exposure temperature
becomes 10 and 40 °C, respectively.

Limited studies assessed the effect of styrene-
butadiene rubber (SBR) latexes on flow and bond
properties of cementitious mortars intended for 3D
printing. These very small polymeric particles are
produced by emulsion polymerization and stabilized
in water with the aid of surfactants [27]. Earlier studies
showed that SBR-modified materials are characterized
by improved workability, which reveals combined
dispersing and ball-bearing effects [28, 29]. On the
hardened state, it is well established that the tensile
and bond strengths significantly improve at higher
polymer addition rates [27-30]. This was related to the
polymer films that increase elasticity through their
high tensile strengths, thus bridging the micro-cracks
and leading to stronger interfacial bonding between
cement paste and aggregate particles. Additionally,

the polymers are believed to create internal barriers to
free water movement, thus enhancing internal curing
and reducing crack propagation inside the hardened
matrix [31]. Reports for satisfactory long-term per-
formance and durability of SBR-modified concrete
exposed to harsh service conditions and environments
are common in the literature [27, 32].

This investigation treats three complementary
aspects necessary to improve understanding and
feasibility of 3D concrete printing; these include
experimental testing, material performance, and val-
idation. In the experimental part, a new methodology
was developed to determine the coupled effect of
structural build-up and time gap on interfacial bond
strength. Four mortar series prepared with different
binder and free water contents are tested. Given the
extrudable nature of 3D printing mortars, the structural
build-up was assessed using the direct shear test
commonly used in soil mechanics. The paper also
seeks to quantify the benefits of SBR additions on
performance of mortars. Special emphasis was placed
to establish correlations between thixotropy, time gap,
SBR additions, and bonding strengths. Some of the
specimens were exposed to 45 °C to evaluate the
effect of hot temperatures on the deterioration of
interfacial bonding. The last part of this paper aims at
validating the experimental test results using labora-
tory 3D printing machine.

2 Experimental program
2.1 Materials

The binder used consisted of 92% portland cement and
8% silica fume conforming to ASTM C150 Type I and
C1204, respectively. The cement Blaine surface area,
median particle size, and specific gravity were
390 m?/kg, 27.3 pm, and 3.15, respectively. The silica
fume had a Brunner—-Emmett-Teller (B.E.T.) fineness
level of 20,500 m?/kg. Continuously graded siliceous
fine aggregate (i.e., natural sand) complying with
ASTM C33 specification was employed. Its nominal
particle size, fineness modulus, and bulk specific
gravity were 4.75 mm, 2.4, and 2.63, respectively.
Naphthalene sulphonate-based high-range water-
reducer (HRWR) with specific gravity, sulfate content,
and solid content of 1.19, 6.3%, and 38%, respec-
tively, was used. This admixture complies with ASTM
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C494 Type F. Commercially available SBR for
enhancing flexibility and water-impermeability of
cementitious materials was used. The carboxylated
styrene butadiene dispersion contains 60% of bound
styrene without solvents and stabilized using anionic
emulsifying system. The SBR contained a defoamer to
prevent air entrainment in freshly mixed mortars. Its
specific gravity, solid content, pH, maximum particle
size, Brookfield viscosity, and minimum film forming
temperature are 1.05, 56%, 8.5, 0.22 pm, 250 cP, and
— 5 °C, respectively.

2.2 Mixture proportioning

As shown in Table 1, four mortar series possessing
weak-to-high structural build-up levels are considered
in this study [15, 33]. The leanest series was made
using 450 kg/m? binder and 0.55 water-to-binder ratio
(w/b). The binder content gradually increased to 550,
650, and 750 kg/m3 ; while w/b varied from 0.45 to
0.35.

Each series contained three mortars including a
control mixture and two other polymer-modified using
7.5% and 15% SBR rates. Special care was placed to
maintain constant w/b by accounting the amount of
water existing in the latex; for example, when the SBR
containing 56% solids was added at 15% rate (i.e.,
67.5 kg/m3) in the 450-0.55 mortar, the water content
was reduced from 247.5 to 217.8 kg/m® to maintain
fixed w/b of 0.55. The HRWR was adjusted in all
mixtures (depending on binder content and SBR rates)
to ensure similar consistency; a value of
150 & 10 mm after 10 drops on the flow table, as
per ASTM C230, was found suitable to ensure proper
extrudability using the 3D printing machine.

All mortars were prepared in laboratory in 5-1
batches. The mixing sequence consisted of homoge-
nizing the sand with half of mixing water, then
gradually introducing the binder, remaining water,
HRWR, and SBR over 2 min. After 30 s rest period,
the mixing was resumed for 2 additional minutes. The
ambient temperature and relative humidity (RH)
during mixing were 23 £3°C and 55 %+ 5%,
respectively.

PIEM

2.3 Testing procedures
2.3.1 Fresh and hardened properties

Following the end of mixing, the consistency, unit
weight, air content, and hardened properties (i.e.,
compressive and flexural strengths) are tested. The
ASTM C230 mini-slump cone having top diameter,
bottom diameter, and height of 70, 100, and 50 mm,
respectively, was used. The consistency was reported
as the average mortar diameter following 10 drops on
the flow table. The air content determined using a
0.75-1 air-meter was found to vary within
3.9% =+ 0.6%; while the unit weight varied from
1905 to 2140 kg/m*, depending on binder content and
w/b (Table 1).

Tested mortars are cast in 40 x 40 x 160 mm
prisms to determine the compressive strength (f’c) and
flexural strength (fr), as per EN 196/1 Test Method
(i.e., after flexural testing, the cubes are tested in
compression). It is to be noted that all specimens made
using SBR-free mortars were cured in moist room at
23 £ 2 °C and 95 £ 5% RH for 28 days. The spec-
imens containing SBR were moist cured for 2 days,
then stored in air condition at 23 + 3 °Cand 55 & 5%
RH for the remaining curing time, as per ACI 548
recommendations [34]. Such curing regime was found
to prevent destabilization of the polymer films
adsorbed onto the cement hydrates [27-29], thus
ensuring optimum performance of polymer-modified
cementitious systems. The average of three measure-
ments is considered for fr, while the average of six
measurements is taken for f’c (Table 1).

2.3.2 Direct shear to assess structural build-up

2.3.2.1 Background The structural build-up (or,
thixotropy) of cementitious materials is often
quantified by considering the evolution of 7y over
time. This can be expressed as:
To(Trest) = 19(Ty) + Atnix Trest, where Trest is the
resting time and Ay, is the magnitude of thixotropy
determined as the slope of regression line [17, 19]. In
the case of normal-to-flowable consistency mixtures,
7o measurements are commonly performed using four-
bladed vanes that are immersed in the plastic material
and rotated at sufficiently low shear rate to determine
the maximum torque needed to initiate flow. However,
in the case of low-consistency mixtures such as those
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used for extrusion in 3D concrete printing, the vane
method becomes challenging because of the material
high cohesive nature that renders difficult the sample
preparation and vane insertion [35-38]. Such
measurements are typically conducted using the
direct shear test that consists of shearing two
portions of a specimen along each other by the
action of steadily increasing horizontal force [37, 39].
Shear strength properties including cohesion (C) and
angle of internal friction (¢) follow the Mohr—
Coulomb law, given as: T = C + ¢’ tan ¢; where ©
and ¢’ refer to shear resistance and normal effective
stress resulting from the solid grains, respectively.
Several researchers found large similarities between 7,
and C values [35, 39, 40]; the latter is often used to
validate constitutive models for predicting the
structural  build-up and yield behavior of
cementitious materials.

2.3.2.2 Protocol used to assess structural build-
up An ELE Direct Shear apparatus complying with
ASTM D3080 [41] was used for measuring Ay Of
tested mortars. The metal shear box is divided in two
halves horizontally; the lower section can move
forward at different constant velocities, while the
upper section remains stationary. Right after mixing,
the mortar was filled in two layers flush with the upper
shear box and allowed to rest for the specified time
interval (the shear box was covered by wet burlap
during the rest period). Four tests realized at different
Trest intervals of 0, 10, 20, and 30 min were
performed for each mortar; a new mixture was
batched each time. The testing protocol involved
subjecting the mortar to very low displacement rate of
0.5 mm/min and recording the changes in horizontal
force as a function of displacement [37]. The shearing
process was realized without normal load applied on
top of specimen, and shear stresses are calculated by
dividing the horizontal load by the specimen cross-
sectional area.

2.3.3 Assessment of interlayer bond strength

2.3.3.1 Preparation of substrate Unreinforced
concrete substrates having 300 x 300 mm? area and
50 mm thickness are prepared to serve as supports for
the application of successive mortar layers. A high
strength 0.35-w/b concrete (f’c = 65 £ 3 MPa) was
used to eliminate any possibility of failure in the

substrate. Prior to setting, the top concrete surface was
scratched to provide adequate mechanical grip (or,
key) for the base mortar layer. The substrate surface
was brought to surface-saturated-dry (SSD) condition
before mortar application.

2.3.3.2 Application of mortar layers Following the
end of mixing, a 10 &+ 1 mm thick base layer was
applied using a masonry trowel over the substrate
(Fig. 1). This layer was rubbed very gently using an
ordinary sponge to flatten its surface and close-up any
air holes or cavities created during laying. Right after,
a cylindrical-shaped fresh mortar was formed using a
PVC circular rig, pushed by sliding over the base
layer, and then loaded with a weight capable of
exerting a force of 35 £ 0.2 N for 1 min. The
diameter and height of the circular rig are 100 and
10 mm, respectively (Fig. 1). The loading force and
time were determined after preliminary testing to
achieve optimum bonding without excessively
squeezing the top and base layers.

It is important to note that the base and first
cylindrical-shaped mortar layers were applied right
after each other [i.e., zero time gap (Tg,, = 0 min)
between layers], which constitutes the benchmark to
evaluate the effect of time gap on interfacial bonding.
Then, after 5 min from application of the first
cylindrical-shaped mortar (i.e., Ty,p = 5 min), a new
specimen was taken from the same batch and applied
on the base layer, as earlier described. The mortar in
the mixer was covered with wet burlap during the rest
period to prevent water evaporation, and remixed for
30 s prior to sampling. The same procedure was
repeated at Ty, of 10 and 15 min (Fig. 1). Mixing and
application of mortars were conducted at room
temperature of 23 & 2 °C and 55 + 5% RH.

2.3.3.3 Curing of slabs 24 h after placement, the
slabs confected using SBR-free mortars were
conserved in a moist room at 23 £ 2 °C and
95 £+ 5% RH for 28 days. The slabs prepared using
SBR-modified mortars were moist cured for 2 days,
then stored in air conditions at 23 £ 3 °C and
55 £ 5% RH for the remaining curing time [34].

It is to be noted that duplicate slabs were confected
for mixtures containing 550 and 750 kg/m® binder to
assess the effect of hot environmental temperatures on
the deterioration of bond strength. Hence, at the age of
28 days, the duplicate slabs were placed in air-
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circulating oven where temperature was adjusted at
45 £ 2 °C for 12 h, and then decreased back to
normal (i.e., 23 £ 2 °C) for another 12 h. This cycle
is believed to simulate temperature variations that
might occur in the summer season [23, 24]. The
heating and cooling durations to specified tempera-
tures were about 30 min each. The cycles were
repeated 7 times (i.e., 7 days), and slabs allowed to
return to room temperature prior to testing.

2.3.3.4 Pull-off strength testing The bond strength
between the base and circular-shaped mortar layers
was evaluated by pull-off following BS EN 1542 Test
Method [42]. Before testing, the layers were core-
drilled at 50-mm diameter extended to a depth of
around 25 mm (Fig. 2). The pull-head plates were
glued using high-strength epoxy on the test areas, and
tensile load applied perpendicular to the slab at
uniform rate hovering 0.1 MPa/s. The fracture
patterns occurring at the interface between mortar
layers, upper layer (i.e., circular-shaped mortar), or
base mortar were noted; these are referred to as I, U, or
B, respectively.

1- Masonry trowel for base mortar application
2- Sponge to flatten surface and close cavities
3- PVC circular rig (Diameter = 100 mm)

4- Plexi-glass to separate mortar from steel load
5- Load of 35 N applied for 1-min

Fig. 1 Tools and methodology for mortar application

3 Discussion of results

3.1 Determination of Axy;, for various tested
mortars

Figure 3 plots the shear stress vs. horizontal displace-
ment profiles determined after different Trest intervals
for the 450-0.55 mortar. Initially, all profiles showed
initially linear elastic region until reaching the max-
imum peak value (taken as C), just like what happens
when determining 7, using the vane method
[15, 17, 37]. The coefficient of variation (COV) for
the C values determined after triplicate tests varied
from 5.5% to 9.4%; this was calculated as the ratio
between standard deviation of C responses divided by
their mean value, multiplied by 100. The presence of
maximum peak value is an index of thixotropy that can
be explained by the concept of inter-particle friction
and structural build-up of bonds in the flocculated
system [15, 39].

Figure 4 plots the determination of Ay;x for SBR-
free mortars by considering the slope of tendency
curves plotted between the various C values and
corresponding Trest intervals. Such plots are similar to
those obtained using the vane method when assessing
thixotropy of normal-to-flowable consistency cemen-
titious materials [16, 17, 19]. Hence, Atnix Was
0.162 Pa/s for the leanest mortar made with 0.55 w/
b, reflecting weak structural build-up rate. Yet, this
increased to 0.482, 0.598, and 1.068 Pa/s for the
550-0.45, 650-0.45, and 750-0.35 mixtures, respec-
tively, reflecting moderate to high restructuring rates.
For similar consistency, the increase in Ary;x can be
attributed to increased inter-particle friction and links
resulting from increased binder content and/or
reduced free mixing water [10, 11, 15]. The correla-
tion coefficients (RZ) of all tendency curves were
larger than 0.95, reflecting the appropriateness of the
direct shear test to assess the evolution of C values
over time using a linear regression model.

For given mortar composition, the Ay values
increased with SBR additions (Table 1). For example,
this varied from 0.162 Pa/s for the control 450-0.55
mortar to 0.17 and 0.193 Pa/s with the addition of
7.5% and 15% SBR, respectively. This can be directly
related to the water-soluble latexes that coalesce in the
cementitious system, thus hindering flow due to
increased stickiness of the interstitial liquid phase

[27, 28, 43].
FI;
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1- Cores drilled in slab
2- Pull-head steel plates
3- Pull-off machine

Fig. 2 Pull-off bond testing of applied mortars
3.2 Repeatability of pull-off strength responses

Table 2 summarizes the pull-off strength values
determined at various Ty, and curing conditions.
Triplicate slabs are used to evaluate the repeatability
of pull-off strength responses at different Tg,, for
selected mortars (a new mortar batch was used each
time).

In general, the low and moderate thixotropy
mortars made with 450, 550, and 650 kg/m3 binder
showed acceptable repeatability responses; the COV
varied from 4 to 17.1% (Table 2). With few excep-
tions, the COV tended to increase with Tg,p,, which can
be attributed to different water evaporation rates from
the surface of base layer. The mortar batching,
application, and core-drilling could also affect
repeatability of responses [30]. The COV increased
when the slabs were exposed to hot temperature over
7 days (Table 2), due to altered cement hydration
compounds and bond between the two layers.

In the case of 750-0.35 mixture possessing the
highest Ay, of 1.068 Pa/s, the COV reached 20.2% at
Tyap of 10 min when curing was made in standard
conditions, and 31.2% at T, of 15 min when the slabs
were exposed to hot temperature. In addition to the
previous reasons, it is believed that the pull-off
strengths become sensitive to fast restructuring
including dryness of base layer that alters adhesion
properties [17].

-

3.3 Effect of SBR on f’c, fr, and pull-off strength
at Tgyp = 0 min

In agreement with existing literature [27-29], the
addition of SBR led to slight reduction in f’c
(Table 1); for example, this decreased from
45.2 MPa for the control 550-0.45 mixture to 40.1
and 37.9 MPa with the addition of 7.5% and 15%
SBR, respectively. This is often attributed to a
combination of phenomena including higher porosity
due to surfactants used to stabilize the latex and
eventual polymer-cement chemical reactions that
create weaker and less stiff structure in compression
than pure hydrated cement [27].

Regardless of mortar composition, the addition of
SBR led to higher fr (Table 1) as well as pull-off
strength determined at 7Tg,, of O min (Table 2). For
example, fr increased from 4.35 MPa for the control
550-0.45 mixture to 4.6 and 5.22 MPa with the
addition of 7.5% and 15% SBR, respectively. The
corresponding pull-off strength increased from 3.15 to
3.6 and 4.14 MPa, respectively. In literature, the
increase in flexural strength is related to the latex
polymer films that provide increased elasticity and
stronger interfacial bonding between the cement paste
and sand particles [27, 29, 30]. In the case of pull-off
strength, the polymer-modified overlays are expected
to fill the porosity and improve inter-locking, causing
the formation of monolithic bonding in which the
polymer and cement hydrate phases inter-penetrate
with each other [32, 44]. Good relationship with R? of
0.95 can be established between the flexural and pull-
off bond strengths; this can be expressed as: Pull-off at
Tgap of 0 min (MPa) = 0.792 fr (MPa) — 0.226.

3.4 Effect of thixotropy on bond strengths (for
standard cured slabs)

Regardless of mixture composition, the pull-off
strengths gradually decreased with T, (Table 2).
For example, this varied from 1.96 MPa at T,, of
0 min for the 450-0.55 mixture to 1.85, 1.42, and
1.17 MPa when T, increased to 5, 10, and 15 min,
respectively. This is naturally attributed to some
physico-chemical phenomena related to restructuring
of the first deposited layer over time along with C-S—
H formations along the interface that weaken the inter-
connectivity with subsequent layers [15, 16, 18].
Nevertheless, as shown in Fig. 5, the drop in bond (i.e.,
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A(Bond)) over elapsed time seems to be directly
affected by the rate of mixture restructuring (i.e.,
Arpix); the A(Bond) is calculated as:

A(Bond) for given mortar, %
_ |Bond at Ty, of 0 min — Bond at Ty,

B Bond at Ty, of 0 min

x 100

Hence, mixtures prepared with 550 and 650 kg/m’
binder having moderate thixotropy levels yielded the
lowest A(Bond) values (Fig. 5); for example, at Ty, of
15 min, A(Bond) was 19.9% for the 650-0.45 mortar

Resting time (Trest), sec

having moderate Aty of 0.598 Pa/s. Yet, in contrast,
A(Bond) significantly increased to 52% for the highest
thixotropy 750-0.35 mixture having 1.068 Pa/s, while
reached 40.3% for 450-0.55 mortar having the weakest
Arpix of 0.162 Pa/s. Such results are in agreement with
published literature [16, 17, 19], emphasizing the
importance of tailoring the magnitude of thixotropy to
control the drop in interfacial bonding strengths. In
fact, high-thixotropy mortars are characterized by fast
structural build-up that promote inter-particle links
and dryness along the top surface after T, leading to
reduced adhesion with the second applied layer. Such
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Table 2 Pull-off strength, MPa, at different T, and curing conditions

Tyap (standard curing)

Tyqp (standard curing, then exposure to hot temperature)

0 min 5 min 10 min 15 min 0 min 5 min 10 min 15 min
450-0.55 1.96 (10.2) 1.85 1.42 (9.9) 1.17 (16.6) — - - -
450-0.55-7.5%SBR 2.3 2.18 1.88 1.6 - - - -
450-0.55-15%SBR 2.8 2.6 2.57 2.2 - - - -
550-0.45 3.15 2.9 247 2.14 2.33 2.1 1.55 1.44
550-0.45-7.5%SBR 3.6 (4) 3.73 3.12 (4.4) 3.08 (7.1)  3.12 (10.6) 3.1 2.26 (17.1) 2.4 (12)
550-0.45-15%SBR  4.14 3.7 3.75 34 3.7 3.76 3.64 3.1
650-0.45 3.82 35 3.22 3.06 - - - -
650-0.45-7.5%SBR  4.27 (5.7)  4.56 4.2 (6) 4.12 (8.8) - - - -
650-0.45-15%SBR 5.2 4.87 4.9 4.75 - - - -
750-0.35 4.23 4.2) 3.61 2.88 (20.2) 2.03 (16.5) 2.92 (7.8) 2.5 2.37 (26.4) 1.28 (31.2)
750-0.35-7.5%SBR  5.12 4.9 4.45 33 4.82 43 3.8 3.45
750-0.35-15%SBR  5.47 5.22 4.6 4.44 4.7 5.04 4.55 3.83

COV values, %, are given between parentheses

— Refers to not measured

observation is in line with Sanjayan et al. [45] who
reported that the dryness of the surface between layers
is one of the major parameters that causes drop in the
inter-layer bond strength. To the opposite end, mortar
series made with 450 kg/m’® binder necessitated
remarkably high HRWR demand (i.e., about 3% of
binder, as shown in Table 1) to secure the targeted
consistency. This could increase their proneness to
bleeding (especially due to relatively high w/b of 0.55)
and accumulation of free mixing water at the interface,
thus reducing strength development and interfacial
bonding. Similar conclusions are reported in literature
when pouring successive layers of fresh concrete
[19, 20, 45]. It should be noted here that the weak and
high thixotropy mortars failed mainly at their inter-
faces (i.e., I failure), especially after longer T, of 10
and 15 min. In contrast, the fracture patterns of
moderate thixotropy mixtures were combinations of
U/T or B/, reflecting improved connectivity between
layers over resting time.

3.5 Effect of SBR on bond strength and open time
(for standard cured slabs)

As shown in Fig. 5, for any given mortar series, the
drop in bond strength can be mitigated by the
incorporation of SBR. Hence, for instance, A(Bond)
decreased from 40.3% at Ty, of 15 min for the

450-0.55 mortar to 30.4% and 21.4% with the addition
of 7.5% and 15% SBR, respectively. Such reduction
was from 19.9% to 8.7% for the 650-0.45 and
650-0.45-15%SBR  mixtures, respectively. This
reveals that such additions induce two simultaneous
beneficial effects to 3D printing mortars including an
improvement in intrinsic bond strength right after
application (i.e., T4y, = 0 min) as well as attenuation
of its rate of drop over resting time (i.e., improve the
open time). As earlier explained, the improvement in
bond at Ty, of 0 min can be naturally related to such
polymers that coalesce into continuous films or
membranes in the cementitious system, binding the
cement hydrates together, and causing an increase in
tensile and bond properties [27, 43, 44]. At longer
resting times, the latex films are known by their
capacity to minimize the “skinning” phenomenon by
reducing water evaporation and dryness of the top
surface layer [26, 27]. The tackiness nature of SBR-
modified mortars was ascertained during testing, as the
top surface retained a sticky feel (i.e., not fully dry)
after application. This consequently can enhance the
hydration reactions at the interfaces, thus promoting
mechanical anchorage and formation of monolithic
network in which the polymer and cement hydrate
phases inter-penetrate with each other. It is to be noted
that the fracture patterns for most SBR-modified
mortars were combinations of U/I or B/I.
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In order to quantify the beneficial effects of SBR
additions, different slabs were confected at longer Tg,p,
of 25, 35, 45, and 55 min using the moderate Ay
mortars prepared with 550 and 650 kg/m* binder. The
objective was to determine the Ty, for which A(Bond)
exceeds a certain threshold limitation; a value of 25%
(i.e., one-quarter of the bond determined at Tg,, of
0 min) was adopted in this study. As can be seen in
Fig. 6, A(Bond) gradually increased with Tg,p,
depending on mixture composition and concentration
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of SBR. Hence, in the case of 550-0.45-7.5%SBR
mortar, the threshold A(Bond) limitation of 25% was
exceeded when T,,, hovered around 25 min. In
contrast, T,,, remarkably increased to hover about
45 min for mixtures made with 650 kg/m® and
incorporating 7.5% or 15% SBR. This reflects the
relevance of SBR additions to improve the open time
while maintaining adequate interfacial bonding.
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3.6 Relationships between Arpix, Teap, SBR

gap
additions, and A(Bond)

The A(Bond) variations at various 7T,,, for mortars
containing 7.5% SBR are plotted in Fig. 7; the
corresponding Ay values are given on the x-axis.
Clearly, moderate thixotropy mortars prepared using
550 or 650 kg/m® binder exhibited the lowest drop in
bond strengths, reflecting adequate performance for
3D printing applications. In contrast, the A(Bond)
tended to increase for mixtures possessing either low
or high restructuring levels (i.e., made using 450 or
750 kg/m® binder), reflecting weak connectivity
between mortar inter-layers.

The longer T,,p,, the higher is the drop in bond,
albeit such trends seem to be affected by the SBR
addition rate. Hence, for example, A(Bond) was 52%
for the highest thixotropy 750-0.35 mixture after Tg,,
of 15 min, but then decreased to 35.5% and 18.8%
with the addition of 7.5% and 15% SBR, respectively
(Fig. 5). It is to be noted that similar charts to Fig. 7
can be generated for unmodified mortars or those
containing 15% SBR, which could be useful to predict
the concurrent effects of mixture composition (i.e.,
Arpix), presence of SBR, and T,, on interfacial
bonding strengths of 3D printing mortars.

40 -

3.7 Effect of hot environmental temperature
on interfacial bonding

The bond strengths determined on slabs exposed to hot
temperature of 45 °C for a period of 7 days followed
similar trends as those obtained from slabs cured in
standard conditions of 23 °C (Table 2). For instance,
the bond decreased from 2.33 MPa for the 550-0.45
mortar at Tgap 0f 0 min to 2.1 and 1.44 MPa at Ty, of 5
and 15 min, respectively (i.e., A(Bond) of 10% and
38%). Also, the 750-0.35 mortar possessing high
thixotropy exhibited the highest drop in bond; this
varied from 2.92 MPa at Ty, of 0 min to 2.5 and
1.28 MPa (i.e., A(Bond) of 14% and 56%) at Tg,p, 0f 5
and 15 min, respectively.

Nevertheless, the absolute bond strengths deter-
mined on slabs exposed to hot temperature were
consistently lower than the corresponding ones
obtained using slabs cured in standard conditions;
Fig. 8 plots the ratio of such strengths (referred to as
R) at given T, In general, the lowest R values
resulted from unmodified mortars; these were equal to
0.67 and 0.63 at T, of 15 min for the 550-0.45 and
750-0.35 mixtures, respectively. This outcome is in
line with other findings reported in literature for
cementitious materials exposed to hot weather cli-
mates [24-26]. The thermal gradients and pore
pressure induce tensile stresses that deteriorate the
interfacial zones and alter bonding between the
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Fig. 7 Concurrent effects of Appix and Ty, on A(Bond) for mortars containing 7.5% SBR additions
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Fig. 9 Overview for the 3D printing machine and nozzle used
for extrusion

cement paste and aggregate particles. In 3D concrete
printing, this indicates that hot environmental temper-
atures (i.e., about 45 °C) are detrimental to bonding
strengths between deposited filaments.

550-0.45-15%SBR

750-0.35

750-0.35-7.5% SBR
750-0.35-15% SBR

With some exceptions, the incorporation of SBR
led to gradually improved R values (Fig. 8); this
reached 0.78 and 091 for the 550-0.45 mortar
incorporating 7.5% and 15% SBR, respectively, at
Tyap of 15 min. Such values were 1.05 and 0.86 for
750-0.35 mortar incorporating 7.5% and 15% SBR,
respectively. The improvement in R can be naturally
due to the SBR films that increase the material tensile
properties including the resistance to micro-cracks at
the interfaces due to hot temperature [27, 29].

3.8 Validation

A fully automated Computer Numerical Control
(CNC) 3D printer was used for validating the
methodology described earlier in the testing program.
The machine is controlled using Linux and Slic3r
software that convert 3D models into instructions that
are fed into the printer (Fig. 9). The extrusion
mechanism is due to pressure exerted by a Putzmeister
pump that is connected to the nozzle. Four mixtures
including 550-0.45, 550-0.45-15%SBR, 750-0.35, and
750-0.35-15%SBR are considered. Right after mixing,
the printer laid three series of 600-mm long filaments
over a smooth horizontal surface (Fig. 10); the
printing speed was 6000 mm/min. The average width

=
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3D printing

of filaments

Fig. 10 Printing of mortars and testing pull-off strengths

Table 3 Pull-off strength, MPa, determined by validation using the laboratory 3D printing machine

Ty,p (standard curing)

Ty.p (standard curing, then exposure to hot temperature)

5 min 10 min 15 min 5 min 10 min 15 min
550-0.45 2.7 2.92 2.34 1.65 1.74 0.95
550-0.45-15%SBR 3.58 3.16 3.02 2.88 2.33 2.64
750-0.35 3.27 2.96 2.42 2.86 2.02 0.8
750-0.35-15%SBR 4.87 4.1 4.04 3.95 2.88 3.02

and thickness of the filament sections were 40 and
20 mm, respectively. After 5 min from first applica-
tion (i.e., resembling to Ty,, = 5 min), a second layer
was deposited over the previously laid filament at a
nozzle standoff distance of 20 mm; the mixer was
continuously rotating during Tg,,. The same process
was repeated after 10 and 15 min over the second and
third laid filaments. Mixing and sampling of mortars
were conducted at room temperature of 23 £ 2 °C
and 55 £+ 5% RH.

The filaments prepared using SBR-free or SBR-
modified mortars were allowed to cure in similar
conditions as the formed slabs. At the age of 28 days,
the filaments were cut in different pieces of 50-mm
length using a concrete saw (note that the pieces were
cut on both sides to control the bonded region between
tested filaments, as shown in Fig. 10). The pull-off

-

bond strength was evaluated by applying tensile
vertical load; the average of three values is considered
at each Ty, and curing condition (note that duplicate
specimens were exposed to 45 °C for a period of
7 days prior to testing).

Generally speaking, the effects of Tg,p, Arnix, SBR,
and hot temperature on bond strengths recorded during
validation were pretty similar to those determined by
the methodology proposed using confected slabs
(Table 3). For example, the bond decreased from
2.7 MPa at Ty, of 5 min for the 550-0.45 mortar cured
in standard condition to 2.34 MPa at T, of 15 min.
The incorporation of SBR resulted in increased bond;
i.e., those later values reached respectively 3.58 and
3.02 MPa with the addition of 15% SBR. Also, the
effect of exposing the prepared specimens to hot
temperature led to reduced bond (Table 3).
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The relationships between bond strengths deter-
mined during validation vs. formed slabs under
different exposure conditions are plotted in Fig. 11.
Good relationship with R? of 0.92 exists between the
responses of specimens cured in standard conditions;
on average, the values determined using the confected
slabs are 7% higher than those recorded by validation.
This physically indicates that the methodology pro-
posed is appropriate to estimate the level of bonding
between two consecutive deposited filaments. In the
case of specimens exposed to hot temperatures, the R*
of relationship was 0.81 and average bond value
determined using the formed slabs was 21% higher
than the one obtained by validation.

4 Conclusions

Based on the foregoing discussion, the following
conclusions can be warranted:

1. The direct shear test is suitable to assess the
cohesion (C) of extrudable 3D printing mortars.
The evolution of C as a function of resting time
was found appropriate to reflect the structural
build-up (i.e., Atnhix) of tested mortars. Mixtures
prepared with higher binder content, reduced w/b,
and/or containing SBR additions led to increased
Arpix Values.

2. Regardless of mortar composition, the pull-off

strengths gradually decreased with T'g,p,. This was

Bond strength by experimental program, MPa

attributed to physico-chemical phenomena related
to restructuring of the first deposited layer over
time along with C-S—H formations along the
interface that weaken the inter-connectivity with
subsequent layers.

For given Ty,p, the drop in bond is directly affected
by the material structural build-up including the
moisture state of the top surface between depos-
ited layers. Mixtures having moderate Arpix
yielded the lowest A(Bond) that varied between
3.5 and 19%. In contrast, high-thixotropy mortars
made with 750 kg/m> binder led to the highest
A(Bond) of 52%.

The incorporation of SBR was efficient to improve
the pull-off strength right after application as well
as attenuate its rate of drop over Tg,,. This was
related to the polymers mode of action that forms
continuous films in the cementitious system and
binds the cement hydrates together. Over time, the
latex films minimize the “skinning” phenomenon
and dryness of the top surface layer.

The Ty, for which A(Bond) exceeds a threshold
limitation of 25% remarkably increased to about
40 and 50 min for moderate thixotropy mortar
made with 650 kg/m® binder together with 7.5%
or 15% SBR, respectively.

The bond strengths determined on slabs exposed
to hot temperature of 45 °C for a period of 7 days
were consistently lower those obtained from slabs
cured in standard conditions. This was related to
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the thermal gradients and pore pressure that
induce tensile stresses and deteriorate the interfa-
cial zones between the cement paste and sand
particles. The incorporation of SBR was efficient
to attenuate the loss in bond properties due to hot
temperatures.

The methodology proposed by confecting multi-
layer slabs to assess the effects of Tg,p, Ahix, SBR,
and hot temperature on interfacial bond strengths
was successfully validated using a laboratory 3D
concrete printing machine. On average, the values
determined under standard curing conditions are
7% higher than those recorded by validation.
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