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A B S T R A C T   

In this study, a highly flowable, rapid set crack repair grout powder (CRG) was used to facilitate mix design of 3D 
printing mortar. Various mortar mixtures with different amounts of CRG were evaluated for setting time, 
flowability, and printability. For the first time, pore/micro-structures of printed filaments and their bonds were 
examined in detail. The results have provided a better understanding of the anisotropic mechanical behavior of 
printed mortar. Plausible explanations have been made for the observations that printed samples displayed lower 
compressive but higher flexural strength than cast samples. It is demonstrated that CRG can be simply used as a 
raw material component to expedite the 3D printing concrete mix design process since finding the balance among 
various admixtures (e.g., water-reducing agent, thixotropic agent, accelerator, etc.) is not required.   

1. Introduction 

3D printing technology has been increasingly adopted by various 
industries (e.g., medical, aerospace, automotive industries, etc.) at an 
unprecedent manner [1–3]. The primary reason is that such a digitized 
layer-by-layer, additive manufacturing process empowers customization 
for individual needs and provides extraordinary flexibility for complex 
designs. In the construction industry, many initiatives and pilot projects 
have been conducted on use of 3D printing concrete for constructions of 
houses, bridges, architectural and structural components [4–9]. In 
addition to flexibility of design, 3D printing concrete also offers other 
advantages over traditional construction processes, which includes 
accelerated construction, labor reduction, and elimination of formworks 
[10,11]. 

To ensure proper printing, concrete mixtures must possess several 
unique properties: (1) feedability - to be placed into a printer without 
difficulty, (2) extrudability - to be extruded from the nozzle of the 
printer continuously, smoothly, and uniformly, (3) printability - to be 
deposited easily, consistently, and reliably to the designed position, and 
(4) buildability - to hold the shape of filaments after being extruded out 
and to sustain the weight of the layers deposited above without 

significant shape distortion. Suitable flowability is necessary to ensure 
good feedability, extrudability, and printability, while proper thixo-
tropic and rapid stiffening behavior is essential qualities to ensure 
buildability. Although both are crucial for 3D printing, high flowability 
and rapid stiffening are inherently in conflict, thus making 3D printing 
concrete mix design very challenging. Finally, hardened 3D printed 
concrete must develop proper microstructure and have appropriate 
mechanical properties as well as long-term durability. 

To increase concrete flowability for 3D printing operations, fly ash 
and superplasticizer are often used in 3D printing concrete mixtures 
[12–16]. To improve thixotropic or stiffening behavior for rapid set and 
strength gain, various fast set cements (e.g., calcium sulfoaluminate 
cement (CSA) [17–19] and calcium aluminate cement (CAC) [20]), fine 
powders (e.g., silica fume [5,21,22] and nano-sized materials [23,24]), 
and thixotropic admixtures (e.g., viscosity modifying agents and thick-
ening agents such as clay and gum materials [5,15,21,25,26]) have been 
used in 3D printing of concrete mixtures. Recently, several researchers 
investigated the effects of aggregate in 3D printing concrete. They found 
out that an increase in aggregate-to-binder ratios (a/b) led to a signifi-
cant increase of plastic viscosity and a nominal increase in yield stress 
[27], and as use of aggregate reduced paste volume, it improved the 

* Corresponding author. 
E-mail addresses: kwangwoo@iastate.edu (K. Wi), kejinw@iastate.edu (K. Wang), ptaylor@iastate.edu (P.C. Taylor), laflamme@iastate.edu (S. Laflamme), sri@ 

iastate.edu (S. Sritharan), qin@iastate.edu (H. Qin).  

Contents lists available at ScienceDirect 

Cement and Concrete Composites 

journal homepage: www.elsevier.com/locate/cemconcomp 

https://doi.org/10.1016/j.cemconcomp.2021.104243 
Received 23 October 2020; Received in revised form 13 July 2021; Accepted 27 August 2021   

https://www.rhymezone.com/r/d=extraordinary
mailto:kwangwoo@iastate.edu
mailto:kejinw@iastate.edu
mailto:ptaylor@iastate.edu
mailto:laflamme@iastate.edu
mailto:sri@iastate.edu
mailto:sri@iastate.edu
mailto:qin@iastate.edu
www.sciencedirect.com/science/journal/09589465
https://www.elsevier.com/locate/cemconcomp
https://doi.org/10.1016/j.cemconcomp.2021.104243
https://doi.org/10.1016/j.cemconcomp.2021.104243
https://doi.org/10.1016/j.cemconcomp.2021.104243
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cemconcomp.2021.104243&domain=pdf


Cement and Concrete Composites 124 (2021) 104243

2

resistance of the concrete to volumetric change such as shrinkage [27]. 
However, only very few numbers of studies using coarse aggregate has 
been reported due to the limited size of the nozzle and complex prop-
erties of 3D printable mixtures with coarse aggregates [28]. In addition 
to material selections, proper mix proportions are also essential for the 
segregation resistance of the concrete. 

Existing literature, as mentioned above, have clearly suggested that 
the properties required for 3D printing concrete are much more so-
phisticated than those for conventional concrete. The optimal condition 
between the conflicting properties, such as high flowability and thix-
otropy, are often very sensitive to the utilized materials and proportions. 
To reach the desirable properties, such as high flowability and fast 
hardening behavior, significant time and effort are required, as it would 
be necessary to complete a series of trial and error tests. To address this 
problem and reduce complexity of 3D printing concrete mix design, the 
present study introduces the use of a highly flowable, rapid set crack 
repair grout (CRG) in 3D printing concrete mix design. 

Grout is a composite cementitious material, typically consisting of 
fine aggregates and various additives (such as water reducers, acceler-
ators, and ultrafine particles). It has been widely used for applications 
such as concrete crack repair, joint sealing, and cavity filling [29–31]. As 
required by their applications, grouts are often designed and manufac-
tured with high flowability and rapid setting properties. Many highly 
flowable, rapid set grouts are commercially available from various 
construction material suppliers. Among them, some CRGs are designed 
to be able to penetrate very fine cracks, and therefore superplasticizers 
and rapid set cements and/or accelerators are premixed in commercial 
products. Since CRG possesses multifunctional properties (such as high 
flow ability, hydration stability, rapid setting and strength development) 
that are required for 3D printing concrete, appropriate use of CRG as 
cement replacement can lead to the desired mix performance promptly. 
Efforts on material selection and mix proportioning can be minimized as 
there is no need to optimize the type and amount of various admixtures 
and additives (e.g., setting controlling, water reducing, and thixotropic 
agents) as well as to consider their compatibilities required for feeding 
ability, extrudability and buildability individually. That is, the usage of 
CRG can reduce the mix design variables, simplify the mix design pro-
cedure, and shorten the trial and error process of 3D printing concrete 
mix design. 

In addition to the use of CRG in 3D printing mortar mix design, the 
present study also reveals the anisotropic mechanical properties of the 
3D printed mortar, in comparison with conventionally cast mortar. The 
microstructure, especially the interlayer microstructure, of 3D printing 
mortar was also examined. Although the differences in microstructure 
and anisotropic properties between the 3D printed mortar and conven-
tionally cast concrete have previously identified [32], quantitative 
studies on these differences are not widely reported. 

Ma et al. [33] studied the anisotropic mechanical behavior of 
extrusion-based, fiber-reinforced 3D printing mortar subjected to three 
point bending and direct double shear tests. They illustrated that the 
mechanical behavior of 3D printing of cementitious materials is largely 
dependent on loading directions. The 3D printed samples had higher 
strength than cast samples when loaded in one direction but lower 
strength when loaded in another direction. The researchers owed the 
differences in the strengths to the aligned fibers and the quality of the 
contact and bonding between adjacent filaments of the printed samples. 
However, they did not provide any evidence for these inferences. 
Recently, Zhu et al. [34] reported a study on 3D printing of engineered 
cementitious composites (ECCs), made with portland cement, sulphoa-
luminate cement (SAC), fly ash (FA), silica sand, superplasticizer, 
thixotropic admixture, and polyethylene fiber. They found that the 
3DP-ECCs exhibited better tensile behavior than the conventionally cast 
ECC counterparts. Based on the images from scanning electron micro-
scope (SEM), Zhu et al. explained that the extrusion of the 3D printing 
process had made the fibers in ECC preferably parallel to the printing 
direction, thus increasing the strength and ductility of 3DP-ECC sample. 

Moreover, they examined the pore systems (for pores with a diameter 
≥10 μm) from the SEM images and found that the 3DP-ECC samples had 
a narrow pore-size distribution, while the cast ECC had a much broad 
pore size distribution, although their average pore sizes were similar. 
However, neither Ma et al. [33] nor Zhu et al. [34] examined the 
interlayer microstructure of 3D printed concrete, which governs the 
interlayer bond strength. 

On the other hand, Panda et al. [35] studied extrusion based 3D 
printing geopolymer mortar mixes without fiber reinforcement, and 
they also found that the cubic samples extracted from 3D printed com-
ponents in a direction perpendicular to the printing direction had 
slightly higher compressive strength than corresponding cast samples. 
Although anisotropic behavior was acknowledged, they did not measure 
the strength of 3D printed samples loaded from multiple directions. Very 
few researchers have studied microstructure, especially interlayer 
microstructure, of 3D printed cement-based materials, and the mecha-
nisms of anisotropic behavior have not been fully explained. 

In the present study, different amounts of CRG were used to replace 
portland cement in a 3D printing mortar. A flow table test was used to 
evaluate flowability of the mortars. Based on the results of the flow table 
test, several printable mortar mixes were selected to print a cylindrical 
object from a digital 3D model. The extrudability and buildability of the 
mortar mixes was evaluated based on the quality of printed objects using 
a visual inspection. The mechanical properties (compressive and flex-
ural strength) of the printed samples were assessed and the results were 
compared with the corresponding cast samples. In addition, micro-
structure of selected samples was examined using SEM, and their pore 
structure was analyzed using mercury intrusion porosimetry (MIP). 

2. Experimental work 

2.1. Materials and mix proportions 

In the present study, Type I/II cement was used as the primary binder 
for the 3D printing mortar. Densified silica fume and viscosity modifying 
agent (VMA) were employed to improve extrudability and buildability. 
In addition, by increasing the viscosity of concrete pore solution, VMA 
can also help reduce the drying shrinkage of 3D printing mortar [36]. A 
highly flowable, rapid set CRG was used as cement replacement to help 
regulate the flowability and set time of the mortar. This CRG is a com-
mercial powder product, and it consists of portland cement, CSA, fine 
aggregate/fillers, and admixtures (such as superplasticizer and accel-
erator). Table 1 lists the chemical composition of the cement, silica 
fume, and CRG using X-ray Fluorescence (XRF, Rigaku ZSX Primus IV). 
In case of CRG, the whole CRG was used for XRF. Table 2 reports the 
fluidity and setting time of the CRG used [37]. More detailed informa-
tion on the CRG can be found in Ref. [31]. 

The mix proportions of the mortars studied are listed in Table 3, 
where silica fume content was 2.5% (by weight) of all the powder ma-
terials, and CRG was used to replace the portland cement at the content 
of 0, 10, 20, and 30% (by weight) of the powder materials. A constant 
water-to-powder material ratio (w/p = 0.32) and constant dosage of 
VMA (1.5% by weight of the powder materials) were used for all four 
mixes studied. 

Table 1 
Chemical composition of materials used.  

Materials Cement Silica fume CRG 

SiO2 16.76 97.10 19.44 
Al2O3 4.25 0.20 7.30 
CaO 68.03 0.81 65.11 
Fe2O3 4.16 – – 
MgO 1.47 0.13 0.82 
Na2O – 0.17 – 
K2O 1.16 0.80 1.26 
SO3 3.17 0.25 5.20  
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2.2. Mixing procedure 

All powder materials (i.e., cement, silica fume, and CRG) were first 
mixed in a Hobart mixer for 5 min in order to break particle agglom-
erations. Then, half of the designed water was added into the mixer. 
After the mixture was mixed for 1 min, the remaining half of the water 
were added, together with VMA, and the mixture was mixed for another 
1 min. Subsequently, the mixture was rested for 1 min, followed by 3 
more minutes of mixing was proceeded. The speed of mixing was set at 
136 RPM, and the total mixing time, including the 1-min rest, was 11 
min. 

After mixing, a set of the mixtures were used for 3D printing; and 
another for casting in mold. 

2.3. Printing procedure 

A commercial 3D clay printer (3D potter 7) was used to print cy-
lindrical objects with each of the four mortar mixtures in Table 3. Fig. 1 
shows an annotated picture of the 3D printer used and the 3D modeling 
image of a cylindrical object, which was 60 mm in diameter and 120 mm 
in height. The entire printing process comprised of several steps: (1) 
feeding a mortar mixture into the extruder, (2) configuring the printer, 
(3) pre-printing, and (4) printing the designed 3D object.  

(1) Feeding a mortar mixture - After a mortar was mixed, it was 
placed into the tube of the extruder manually since the printer 
used did not have a pumping system to deliver the mixture. The 
mixture was placed into the extruder in two layers, and each layer 
was rodded 25 times with a 9.5 mm diameter by 305 mm length 
rod. This step took approximately 5 min.  

(2) Configuring the printer – As illustrated in Fig. 1(a), the extruder 
was first filled with the printing mortar and then installed on the 
printer. A circular shaped nozzle with a diameter of 6.5 mm was 
used. The extrusion speed was set at 61.5 mm/s, and printing 
speed was set at 12 mm/s. The infill rate of the printed samples 
was set at 100% to create solid objects. The layer width and 
thickness were set at 6.5 mm and 3 mm, respectively. The stand- 
off distance, which is the distance from the nozzle tip to the 
platform, was 3 mm. These printing parameters were selected 
based on some previous experiences [38]. This step took 
approximately 25 min.  

(3) Pre-printing – Before printing a designed object, three outskirt 
layers were printed and discarded to secure a consistent extrusion 
(Fig. 1(b)), which was necessary to press out some air in the 
nozzle and ensure the printing material to be extruded out 
smoothly from the nozzle. This step took approximately 10 min.  

(4) Printing the designed object – After the pre-printing, the process 
of printing the designed object started, and it took approximately 
20 min to complete. 

2.4. Curing procedure 

After the completion of printing, printed samples were covered with 
a plastic sheet to prevent plastic shrinkage caused by water evaporation. 
(It shall be noted that the mixtures used in the present study had very 
small sand content resulting from 10 to 30% CRG, and therefore 
shrinkage is a concern. A further study is undertaken to improve the 
shrinkage resistance of the 3D printing mortar.) To prevent a distortion, 
the samples remained in place for a period of 4 h to gain enough strength 
and stiffness. They were then moved into a moisture curing room (23 ±
2 ◦C and 95 ± 3% RH), where they were cured until the designed testing 
age. For cast samples, they were demolded at 5 h after casting and then 
cured in the same curing room (23 ± 2 ◦C and 95 ± 3% RH) until testing 
age. 

Table 2 
Fluidity and setting time of the grout used [37].   

Fluidity (s) Setting time (min) 

0 min 30 min Initial Final 

CRG 15 18 120 150  

Table 3 
Mix proportions.  

Samples Water 
(g) 

Powder Materials VMA 
(g) 

Cement 
(g) 

Silica Fume 
(g) 

CRG 
(g) 

CRG00 
(control) 

640 1950 50 – 30 

CRG10 1750 50 200 
CRG20 1550 50 400 
CRG30 1350 50 600  

Fig. 1. 3D printer and modeling image.  
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2.5. Test methods 

2.5.1. Flow table test 
In the present study, flow table tests were used to estimate the 

flowability of mortars according to ASTM C1437 [39]. In the test, a 
standard cone that was placed at the center of the flow table was first 
filled with a tested mortar mixture. After the cone was removed, the flow 
diameters of the mortar mixture were measured before and after the 
flow table was dropped for 25 times, referring to as initial and final flow 
spread, respectively. As mentioned previously, the preparation for 3D 
printing took approximately 40 min after the mortar was mixed, and it 
took another 20 min to complete the actual printing process. To quantify 
the flowability of the 3D printing mortar mixture at the feeding and 
actual printing time, the flow table tests were conducted at 0, 40 and 60 
min after each mortar mixture was mixed. 

2.5.2. Setting time 
Setting behaviors (initial and final setting time) of mortar mixtures 

were assessed according to the ASTM C191 [40]. In the test, a standard 
cone was filled with mixtures and penetration depth of needle was 
recorded every 15 min The initial setting time was defined as the elapsed 
time from the moment powders contacted water to the moment that 
penetration was equal to 25 mm. The final setting time was determined 
to be the elapsed time from initial contact with water to the first pene-
tration measurement showing not complete circular impression on the 
surface of a sample. 

2.5.3. Extrudability, buildability, and printing quality 
Extrudability describes the quality of a 3D printing material to be 

extruded from the nozzle. Good extrudability refers to the ability of 
concrete to remain homogeneous during the extrusion process, and the 
formed material retains its shape and withstands gravity [41]. That is, 
filaments can be printed continuously, smoothly, and uniformly. 
Buildability signifies the ability of a 3D printing material to maintain its 
shape and to sustain the weight of layers deposited above. When an 
extruded filament (or layer) did not show consistent cross section or 
shape during printing, the mortar mixture was considered to have poor 
extrudability. When the printed object slumped, tilted, twisted, or 
collapse, the mortar mixture was considered to have poor buildability. 
Both extrudability and printability significantly affect the appearance 
and/or quality of final printed products. 

Although 3D printing quality attracts great attention, there is very 
limited information on how to evaluate it. A visual inspection is the most 
frequently used method for evaluating 3D printing quality. However, 
there is no consensus on how to quantify the visual inspection results. In 
this study, the quality of 3D printed cylindrical mortar objects (60 mm in 
diameter and 120 mm in height, with a 100% filling rate) was evaluated 
using visual inspection on the surface smoothness and shape distortion 
of the printed objects. A systematic evaluation method proposed by 
some authors of the paper for printing quality can be found in Ref. [38]. 

2.5.4. Mechanical properties 
Due to the rapid setting and stiffening behavior of the printing ma-

terial, the layer-by-layer printing process, and the time gap between 
layers, the mechanical properties of 3D printed concrete are expected to 

Fig. 2. Sample preparations and testing directions for mechanical properties.  
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depend on the loading directions with respect to the printing directions. 
Therefore, in this study, two different configurations of prisms were 
printed (Fig. 2(a)) so that small cubic and slab samples could be cut from 
these printed prisms. The cut cubic samples (30 mm × 30 mm x 30 mm) 
and slab samples (20 mm × 80 mm x 8 mm) could be loaded in two 
different directions, perpendicular (D1) and parallel (D2) to the printing 
direction (Fig. 2(b) and (c)). 

Fig. 3 shows a cube and a slab cut from prisms. It is noticed that no 
gaps between layers could be observed visually, indicating that the 3D 
printing mortar mixture had a fast filling property (to be discussed 
later). In the present study, the cast and 3D printed samples were tested 
for compressive strength according to ASTM C109 [42] and for flexural 
strength according to ASTM C293 [43]. For each mechanical property 
measurement at 7 and 28 days, five cut samples were tested, and their 
average values were used as the final strength result. 

2.5.5. Microstructure analysis 
Mercury intrusion porosimetry (MIP, Micrometrics Autopore IV 

9500) was used to assess the pore structure of the cast and printed 
samples. The detectable pore size range of the MIP machine was from 
0.003 to 370 μm. SEM (Hitachi-S4800) was employed to examine the 
hydration products of the cast and printed samples. 

Fig. 4 illustrates the location of the samples collected for both MIP 
and SEM tests. All samples were tested at the age of 28-days. For each 
test, several small plates with a thickness of 3 mm—the same as the 
printing layer thickness—were cut from cast and printed samples using a 
diamond saw. They were then soaked in an isopropyl alcohol to stop 
further hydration and oven-dried at 60 ◦C for 24 h to eliminate free 
water and isopropyl alcohol in samples. The MIP samples were collected 
from the inside of the cast sample (MIP 1), a printed sample with an 
interlayer (MIP 2), and a printed sample without any interlayer (MIP 3). 
SEM examinations were conducted in the areas showing the internal 
structure of the cast samples (SEM 1), the surface of interlayers between 
two printed filaments (SEM 2), and the internal structure of a printed 
filament (SEM 3). 

3. Results and discussions 

3.1. Setting time 

Fig. 5 illustrates the initial and final setting times of mortar samples 
with different CRG replacements for cement. For mortar with no CRG, its 
initial and final setting times were 229 and 284 min, respectively. Such 
long setting times may be attributed to the w/b (0.32) and VMA used in 
the mortar mixture [44]. Use of CRG replacement for cement further 
increased both initial and final setting time of the mortar. The linear 
increase in setting time with CRG dosage could be attributed to the 
superplasticizer in the CRG. Superplasticizer could cover the surfaces of 
cement particles and prevent them from contacting with each other, thus 
delaying setting time [45,46]. 

It is worth pointing out that the CRG used was of fast setting prop-
erties in comparison with other conventional grouts having similar 
flowability. When the CRG was used as a sole component, its initial and 

final setting time measured were 120 and 150 min, respectively 
(Table 2), shorter than those of CRG00. In Fig. 5, the samples with CRG 
showed a long setting time than the sample made with CRG00 possibly 
because the accelerating effects of CRG on cement setting time was offset 
by the prolonging effect of the 1.5% of VMA used. In addition, the 
superplasticizer in the CRG also delayed the cement setting [44]. 

It can also be noticed that the measured setting times in Fig. 5 are 
longer than those of 3D printable composites reported in literature. This 
may be because the requirements for setting and structure build-up 
behavior are dependent upon the printing system used. When pump-
ing is used in a printing system, a mortar mixture will be pumped right 
after mixing and then quickly extruded out of a nozzle, and the time 
from mixing to printing is quite short. Thus, very fast set time and 
structure build-up rate are needed for the printed mortar to hold its 
shape right after being extruded out. Since the printer used in the pre-
sent study had no pumping system, it required a longer setting time to 
operate the printing process. 

As mortar set slowly, it provided sufficient open time for the mortar 
mixture to have good flowability for 3D printing. Even though rapid 
stiffening could lead to a better buildability, if the mixture did not have 
enough flowability for feeding and extrusion, it could not be used as a 3D 
printable mortar. This is discussed in more details in the next section. 

3.2. Flow table tests 

As mentioned previously, the printing or extrusion process started 
40 min after mixing, and it last for 20 min. Therefore, after the 
completion of mixing, a mortar mixture was divided into three parts, one 
was tested for flowability immediately (i.e., 0 min of rest), and the other 
two were tested at 40 and 60 min after mixing (40 and 60 min of rest), 
respectively. The flow test results are presented in Fig. 6. 

It should be noted that the initial flow spread is largely related to 
static flowability, while the final flow spread, after 25 drops of flow 
table, represents primarily dynamic flowability of the tested material. 
Several observations can be made from the figure:  

(1) Mortar mixture with no CRG (CRG00) had the lowest initial flow 
spread at 0 and 40 min As previously discussed, low static flow-
ability at 0 min would negatively affect feedability of 3D printing 
mortar. As a result, this mixture was difficult to place and began 
to consolidate in the extruder. However, the final flow spread of 
CRG00 reached approximately 200 mm at both 0 and 40 min This 
final flow value at 40 min made CRG00 barely extruded from 
nozzle. Since the mixture was unable to be placed well in the 
extruder, bubbles and discontinuity occurred in printed fila-
ments. Thus, CRG00 was nearly unprintable as it was unable to 
form the shape of the designed object (Fig. 7(a)).  

(2) The use of 10% CRG replacement for cement (CRG10) made little 
change in the initial flow spread valuate of the mortar at 0 and 40 
min but noticeably reduced the final flow spread of the mortar, 
especially the final flow spread at 40 min (from 197 mm for 
CRG00 to 174 mm for CRG10). Thus, CRG10 was unable to be 
extruded out from nozzle, or completely unprintable. 

Fig. 3. Cut cubic and prism samples for compressive and flexural strength, respectively.  
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(3) Mixture CRG20 (having 20% CRG replacement for cement) 
showed intermediate initial and final flow spread values. It dis-
played 126 mm initial flow spread at 0 min, which allowed the 
mixture to be placed into the extruder smoothly. At 40 min, the 
mixture has a final flow spread of 182 mm. Although, this final 
flow spread was lower than that of CRG00 (197 mm), CRG20 was 
extruded out continuously and uniformly (Fig. 7(c)). It was also 
noted that CRG20 had the largest difference (39 mm) in final flow 
spread between 0 and 40 min among all mixtures studied, indi-
cating that this mixture had a fastest stiffening behavior.  

(4) Mixture CRG30 (having 30% CRG replacement for cement) had 
the highest initial and final flow spread at both 0 and 40 min, 
suggesting that this mixture was easy to be placed into extruder. 

However, the high final flowability at 40 min had led CRG30 to a 
low resistance to shape distortion during and after printing. As 
discussed subsequently, the object printed with CRG30 showed 
significant slump right after printing (Fig. 7(d)).  

(5) The changes in the initial and final flow spreads of all samples 
during the actual printing time (40–60 min after mixing) were 
only 3% or less. Such limited changes in flowability during the 
actual printing period kept the printing process consistent. 

Since the CRG used contained a dry form superplasticizer, it was 
expected that flowability of mortars would increase with CRG replace-
ment for cement. However, CRG10 exhibited similar initial flow spread 
values to CRG00, which contained no superplasticizer, at both 0 and 40 
min, and the final flow spread values of CRG10 reduced when compared 
with that of CRG00, especially tested at 40 min This might be because 
CSA cement in the CRG hydrated rapidly, resulting in rapid ettringite 
formation and leading to reduced mortar flowability. Research has 
indicated that CSA cement could also react with calcium hydroxide (CH) 
formed from portland cement hydration, further escalating ettringite 
formation and flowability reduction [47]. The amount of super-
plasticizer in CRG10 was not enough to overcome the flowability 
reduction resulting from the ettringite formation. 

As the CRG replacement for portland cement increased to 20% (by 
weight), not only less CH available from the reduced portland cement 
content but also the hydration kinetics of the cementitious system might 
have changed. Research has indicated that when CSA replacement of 
portland cement increased, the hydration of tricalcium silicate (C3S) in 
portland cement could be significantly delayed [48]. The reduced rate of 
portland cement hydration in the mortar system could have also helped 
flowability of the mortar mixture, in addition to the superplasticizer in 
the CRG. Thus, mixture CRG20 had good flowability at 0 min rest and 
performed well in the 3D printing process. Because the CRG also set 

Fig. 4. Cutting area of cast and printed sample for MIP and SEM.  

Fig. 5. Initial and final setting times of mortar mixtures.  

Fig. 6. Results from flow table tests of mortar mixtures at 0, 40, and 60 min after mixing.  
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rapidly, its replacement for cement provided the mortar mixture with 
timely stiffening behavior, thus improving buildability of 3D printing 
mortar mixtures. This thixotropic behavior was also evaluated by using 
slump values measured at 0 and 40 min rest according to the theory 
proposed by Roussel and Coussot [49] and Roussel [50] based on the 
following equations: 

τ =(1 − S′

)
/ ̅̅̅

3
√

(1)  

where, τ is the dimensionless yield stress and S′ is the measured slump 
divided by the height of mold (50 mm). 

Athix = [τ40 − τ0]/t (2)  

where, Athix is the flocculation rate of the mixture during 40 min after 
mixing (min− 1), τ40 and τ0 is the dimensionless yield stress of the 
mixture at 40 min and 0 min rest. 

Table 4 shows the calculated results, and it reveals that the floccu-
lation rate (Athix) of the mixtures studied increased exponentially with 
the level of the CRG replacement for cement. 

It shall be pointed out that the slump values listed in Table 4 are 
average values because when the slump cone was lifted during a test, 
some top surfaces of slumped mixtures were uneven. Therefore, the 
average slumps were assessed based on the top surface profiles of the 
tested mixtures. Contrastingly, slump spread dimeter was easier to 
measure, and the variation of the slump spread measurements was much 
lower. Although Table 4 shows that the calculated flocculation rate 
(Athix) of CRG20 is much lower than that of CRG30, Fig. 6(b) indicates 
that the difference in the final flow spread of GRG20 tested at 0 min and 
40 min rest is the highest (39 mm) among all mixtures tested, slightly 
higher than mixture CRG30 (37 mm). As discussed below, mixture 
CRG20, having initial and final flow spreads of 126 mm and 221 mm, 
respectively, at 0 min rest, and 109 mm and 182 mm, respectively, at 40 
min rest, demonstrated the best feedability, extrudability, printability, 
and buildability among all the mixtures studied. 

3.3. Extrudability, buildability, and printing quality 

Fig. 7 shows the freshly printed objects made with different mortar 
mixtures. Mixtures CRG00 (control) and CRG10 had very low flow-
ability right after mixing (at 0 min of rest) shown in Fig. 6. They were 
difficult to be placed into the extruder manually. Mixture CRG00 was 
barely placed into the extruder, but it entrapped a lot of air during 
feeding and led to uncontrolled pop-outs during printing (Fig. 7(a)). 
Mixture CRG10 was unable to be extruded out neither be printed. Fig. 7 
(b) illustrates that the object printed using CRG20 had the cylindrical 
shape very close to the designed 3D model (Fig. 1(b)), evidencing good 
extrudability, printability, and buildability. As CRG amount increased to 
30% of cement replacement, the object printed using mixture CRG30 
slumped and distorted: its bottom diameter was enlarged, the layer 
thicknesses were not uniform, and the layers were not stacked at the 
exact location set by the 3D modeling tool, which illustrates poor 
extrudability and buildability. 

Showing the best printing quality in the present study, CRG20 was 
chosen for the further mechanical tests and microstructure analysis as 
described in the following sections. 

It is worth mentioning that in the recent publication, Lao et al. [51] 
summarized that many experiment parameters could significantly in-
fluence the formation for the extruded object, including the printing 
parameters (nozzle outlet shape, material flow rate, nozzle travel speed, 
nozzle stand-off distance, and printing path), printing material proper-
ties (rheological and setting/stiffening behavior), and the targeted ob-
ject shape. Therefore, they proposed the machine learning method to 
control the geometry of extruded objects. When printing parameters 
(material flow rate, nozzle travel speed and stand-off distance) are 
optimized, proper rheological control of printing material is often the 
primary method for printing quality control. Having desired flow 
behavior, the object printed with CRG20 showed the best printing 
quality among all the mixtures studied. In addition, use of fine materials 
and polymer additives in printing mixtures can further help improve the 
printed surfaces. Post-processing can be used to improve the printing 
quality, and one of the options is to use a trowel attached to the printer 
head, and the trowel finishes the surface of printed layer and make the 
surface smooth [52]. 

3.4. Compressive strength 

Fig. 8 shows compressive strength of the cast and 3D printed mortar 
samples at 7 and 28 days. It can be observed from Fig. 8(a) that 
compressive strength of cast samples was the highest among all the three 
sets of the samples tested, which was approximately 67 MPa at both 7 
and 28 days. The reason that there was little/no strength increase of the 
samples with curing age could be attributed to the CSA cement in the 
CRG20 mixture. Research has demonstrated that hardened CSA cement 

Fig. 7. Images of printed objects with different mix proportions right after printing process.  

Table 4 
Slump, dimensionless yield stress, and flocculation rate (Athix) of mixtures.  

Mix ID Slump (mm) Yield stress (τ)  Flocculation rate (Athix) 
(min− 1)  

0 
min 

40 
min 

0 min 
(τ0)  

40 min 
(τ40)  

CRG00 13.7 12.0 0.42 0.44 0.0005 
CRG10 13.3 8.0 0.42 0.48 0.0015 
CRG20 22.0 12.7 0.32 0.43 0.0027 
CRG30 42.0 20.7 0.09 0.34 0.0062  
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often displays strength loss at the later age due to conversion of ettrin-
gite to less volumetric monosulfate, thus increasing porosity of the CSA 
paste [48,53]. In the cast samples, only very few vertical, straight cracks 
were observed at failure, indicating a brittle behavior. 

Compared with the cast samples, the printed samples were assem-
blages of individual filaments. Explored in details later, mortar of fila-
ments was densified during extrusion and became stronger and more 
homogeneous (having less defects) than the bulk mortar in the cast 
samples. Although hardly seen in Fig. 3, the bonds between the printing 
filaments in the samples were relatively weaker due to the time gap 
between printed layers. When a sample was loaded in the direction 
perpendicular to printed filaments (D1), the compressive load was 
transferred from a layer of filaments to the layer below through their 
bonds. The bonds would not fail under compression but in tension. As 
illustrated in Fig. 8(c), when a filament printed or displaced to a position 
above two filaments, it would push the two filaments below apart, thus 
causing splitting bond failure under compression (case A). Due to the 
friction between sample top/bottom surfaces and compression tester, 

the sample was commonly subjected to the largest deformation at the 
middle height. The outer filaments had a larger displacement than inner 
filaments, and the difference in the displacements of adjacent filaments 
would induce splitting tensile stress at their bond and cause the bond 
failure. Thus, some diagonal cracks were viewed in the samples (Fig. 8 
(b) (ii)). 

Fig. 8(a) shows that the compressive strength of CRG20 loaded in D1 
direction was about 25% lower than that of the cast samples. When a 
printed sample was loaded in the direction parallel to printed filaments 
(D2), each individual filament was under compression. Due to its high 
length-to-diameter ratio, the filament could buckle or bend under a 
small load. The outer filaments would bend more than inner filaments, 
thus causing separation (or de-bond) from its adjacent filaments. As a 
combined result of splitting of interlayers and tension due to buckling of 
filaments, more vertical, larger cracks were witnessed from the failed 
samples (Fig. 8(b) (iii)). Consequently, the strength of mix CRG20 
loaded in D2 direction was lower, about 34% lower than that of cast 
samples (Fig. 8(a)). However, these strength values, 42 MPa at 7 days 

Fig. 8. Compressive strength, failure mode and mechanisms of cast and 3D printed samples.  
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and 45 MPa at 28 days, had reached those of conventional normal 
strength concrete. 

Compared with that of cast samples, compressive strength of the 
printed samples noticeably increased from 7 days to 28 days. This sug-
gests that the bond strength between filaments might have been 
improved with increasing curing ages. It is possible that at the early age 
(7 days), the interlayers of the printed samples were more porous than 
bulk cast mortar, which allowed more moisture to access (under the wet 
curing condition used) for CSA and portland cement to continue hy-
drating. The interlayer spaces were also favorable for crystalline hy-
dration products to grow, thus improving the bond microstructure and 
strength with time. As shown in Table 5, the printed samples containing 
interlayers actually showed slightly lower porosity than the cast samples 
at age of 28 days. 

3.5. Flexural strength 

Fig. 9 presents flexural strength test results of cast and 3D printed 
samples at 7 and 28 days. Different from compressive strength, flexural 
strength of printed samples was higher than that of cast samples 
regardless of the loading direction and existences of interlayers (Fig. 9 
(a)). Because the samples were long strips of thin slabs (L ≫ h), they 
failed due to the tensile stress at the bottom surfaces at the middle of the 
span under three-point bending. The shear stresses in the samples were 
very small or neglectable. Fig. 9(b) shows that there was little difference 
in failure modes among these samples at a macroscale. 

Between the two sets of 3D printed samples, the samples loaded in D1 
(perpendicular to the printed filaments) had higher flexural strength. 
During the test, as seen in Fig. 9(c) (ii), the maximum tensile stress 
provided by the flexural load was applied along the bottom filaments. As 
the mortar of the filaments resulting from the extrusion-based printing 
process was denser and stronger than the mortar in cast samples, the 3D 
printed samples loaded in D1 displayed significant higher flexural 
strength than the cast samples, about 29% higher at 7 days and 40% 
higher at 28 days (Fig. 9(a)). As the normal tensile stress was dominant, 
the bonds between filaments were kept intact, and therefore no longi-
tudinal crack was observed in the sample. 

For the samples loaded in D2 (parallel to the printed filaments), as 
illustrated in Fig. 9(c) (iii), the maximum tensile stress provided by the 
flexural load was applied on the bond of the two bottom filaments at the 
middle of the span. As the bond was generally weaker than filaments, the 
samples loaded in D2 had lower flexural strength than the samples 
loaded in D1. 

Unexpectedly, the flexural strength of 3D printed samples loaded in 
D2 was only slightly lower than the corresponding samples loaded in D1 
but 22% and 30% higher than that of cast samples at 7 and 28 days, 
respectively. A possible inference is that although weaker than fila-
ments, the bond might not be weaker than bulk mortar in cast samples 
under tension. The bulk mortar in cast samples might inherently 
comprise many random defects. Those defects could be closed under 
compression but induce stress concentration and cause fracture under a 
small tensile stress, thus failing the samples at a low flexural strength. 
On the other hand, although probably porous than filaments, as dis-
cussed later, the microstructure of the bonds between printed filaments 
might be more uniform than that of bulk mortar in cast samples, thus 

showing higher flexural strength. 
It is worth mentioning that as 3D printing concrete is still in its in-

fancy, the failure mechanisms of this material under loading have not 
been well studied yet. Besides anisotropic behavior, other researchers 
also reported that the compressive strength of printed samples was 
lower but the flexural strength of printed samples was higher than those 
of cast samples [54]. However, there is no consistent explanation for 
such observations. Some researchers attributed the results to the print-
ing materials, mix proportion, printing direction, and printing parame-
ters [20,55]. The proposed failure modes and mechanisms in the present 
study (Figs. 8(c) and 9(c)) was based on scientific assumptions, and 
further studies are necessary to verify/modify them. 

3.6. Pore structure analysis 

Pore structures of cast and 3D printed samples made with the CRG20 
mix were analyzed using MIP tests at 28 days, and the results are pre-
sented in Fig. 10. As shown in Fig. 4, the MIP samples were collected 
from the inside of the cast sample (MIP 1), the printed sample with an 
interlayer (MIP 2), and the printed sample without interlayer (MIP 3). 

It can be seen from Fig. 10 that cast sample had a larger total pore 
volume (approximately 0.144 mL/g) than the 3D printed samples with 
and without interlayers (approximately 0.131 mL/g) (Fig. 10(b)). When 
the cumulative pore volume curve of the cast sample is compared with 
the 3D printed samples (with or without interlayers), it can be inferred 
that during the printing process, some large pores (spaces and defects) 
that were seen in cast samples were either removed or compressed into 
smaller pores, and therefore, the amount of large pores reduced and the 
amount of small pores (around 60–350 nm) increased in the 3D printed 
samples. 

Although the cumulative pore volume curves (Fig. 10(b)) of the two 
3D printed samples (with and without interlayers) appeared very 
similar, their derivative curves (Fig. 10(a)) disclose that the sample with 
interlayers had more concentrated pores with a size around 100 nm and 
slightly less large pores (>100 μm) than the sample without interlayers. 
On the other hand, the cast sample had a broader pore size distribution 
and a higher volume of large pores (>100 μm). 

Table 5 summarizes the characteristics of the pore structures of the 
samples studied. In the table, the total porosity, mesopores, macropores, 
and voids/microcracks portions were defined based on the International 
Union of Pure and Applied Chemistry (IUPAC) system [56]. Critical pore 
diameter is defined as the pore diameter above which a connected path 
will be created from one side of the sample to the other [57]. Threshold 
pore diameter is defined as the minimum diameter of pores that form a 
continuous pore network in the sample [58]. Both of them were calcu-
lated based on Ref. [59]. 

Table 5 presents that the total porosity of cast sample was actually 
slightly higher than that of the two 3D printed samples with and without 
interlayers. All the three samples had similar volume percentages of 
mesopores. However, the volume percentages of macropores were 
clearly different. The cast sample had the largest volume percentage of 
macropores, followed by the 3D printed sample with interlayers, and 
then the 3D printed sample without interlayers. It can be noted that the 
difference in porosity between printed samples with and without in-
terlayers was only 0.24%. This may be mainly attributed to the fact that 

Table 5 
Pore size distribution, critical and threshold pore diameter of 28-day samples.  

Samples Total porosity 
(%) 

Mesopores (2.5–50 
nm, %) 

Macropores (50–10,000 
nm, %) 

Voids/micro-cracks 
(>10,000 nm, %) 

Critical pore 
diameter (nm) 

Threshold pore 
diameter (nm) 

Cast (MIP 1) 24.86 7.73 14.33 2.80 69.6 150.8 
Printed with interlayer 

(MIP 2) 
23.43 7.90 13.17 2.36 82.5 129.3 

Printed without 
interlayer (MIP 3) 

23.19 7.80 12.87 2.52 82.5 113.2  
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due to the extrusion process, which densified the surface of a printed 
filament, the small interlayer samples that we retrieved for MIP tests 
might have still contained large portions of printed filaments. Thus, the 
difference in MIP test results between the samples with and without 
interlayers was small. The difference might be magnified if very thin 
samples, containing mainly the interlayers, could be obtained for the 
MIP tests. However, this is difficult to achieve. Therefore, further study 
is needed to use other methods (for example, use of nanoindentation) for 
the interlayer property characterization. 

In addition, the cast sample also had the highest volume percentage 
of voids and microcracks. The amount of the macropores, voids and 
microcracks is primarily responsible for the mechanical behavior, 
especially the flexural behavior, of the tested samples. This may explain 
the lowest flexural strength of the cast samples (Fig. 9(a)). When the 
pore parameters of the 3D printed samples with and without interlayers 
were compared, one could infer that the increased amount of the mac-
ropores measured was from the interlayer zones, and it further 
confirmed that the interlayers were the weakest zones in the 3D printed 
samples. It is also possible that the region near the lateral surface layer of 
a printed filament might have a denser structure than the core of the 
printed filament. As a result, even the interlayer was porous, the total 
porosity of the sample with an interlayer was still the same as that of the 
sample without interlayer. Because of the weak interlayer bonds under 

compression, some individual filaments in the printed samples might 
have been forced out of their places, thus leading to a lower compressive 
strength than the cast samples. 

Table 5 also shows that the critical pore diameter (Dc) of the cast 
sample, printed sample with interlayer, and printed sample without 
interlayer were 69.9 nm, 82.5 nm, 82.5 nm, respectively, and the 
threshold pore diameter (Dth) of these samples were 150.8 nm, 129.3 
nm, and 113.2 nm, respectively. The critical and threshold pore di-
ameters have been used as indicators as they are closely related to the 
permeability and shrinkage of cement-based materials [60,61]. The 
present results signaled that the trend of the critical pore diameters (Dc) 
is consistent with the trend of the compressive strength of the tested 
samples, while the trend of the threshold pore diameters (Dth) is 
consistent with the trend of the flexural strength of the tested samples. 
Further study shall be conducted to confirm this observation. 

3.7. Microstructure analysis 

The microstructures of cast and 3D printed samples made with the 
CRG20 mix were examined using SEM at the age of 28 days, and the 
representative results are shown in Fig. 11. As illustrated in Fig. 4, SEM 
examinations were performed on the internal structure of the cast 
sample (SEM 1), the internal structure of a printed filament (SEM 2), and 

Fig. 9. Flexural strength, failure mode and mechanisms of cast and 3D printed samples.  
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the interlayer structure (SEM 3). It can be observed from the x1000 
images in Fig. 11 that among the three samples studied, the internal 
structure of the printed filament (SEM 2) appeared to be the densest, 
followed by the internal structure of the cast sample (SEM 1), while the 
interlayer structure (SEM 3) showed more spaces/cracks. The same 
observation can also be made from the high magnification images of the 
samples in Fig. 11. At a higher magnification (x3000), crystals can be 
faintly seen in the SEM1 sample, clearly seen in the SEM 3 sample, and 
hardly seen in the SEM 2 sample. 

As the magnification reached×10,000 and ×20,000, the morphology 
of cement hydration products can be seen. From the x10,000 images of 
the internal structure of the cast sample (SEM 1), CH crystals are barely 
seen, and the major hydration products are the clusters covered with 
cross-linked, fibrous crystals. The disappearance of CH might be asso-
ciated with both the pozzolanic reaction of silica fume and reaction of 
CSA cement with CH [62]. The clusters might be the calcium silicate 
hydrate (CSH) gel from portland cement hydration and the aluminum 
hydroxide (AH3) gel from the CSA cement hydration, and the thin 
fibrous crystals were ettringite, another major hydration product of CSA 
cement. In the images of the internal structure of 3D printed filament 
(SEM 2), some needle- and plate-like crystalline phases could be iden-
tified at the magnification of x20,000. The formation of such small and 
not well-defined crystals might be associated with the low porosity of 
the mortar, which was densified during the printing process. In the 
images of the interlayer structure of 3D printed sample (SEM 3), various 
well-shaped phases, including amorphous clusters, large CH plates, and 
ettringite needles, were clearly observed. This might be because the 
relatively high porosity of the interlayer between the printed filaments 

had allowed these crystals to grow. As the moisture from curing might 
easily get into the interlayers, it could also have helped the crystal 
growth. 

It shall be noted that although having large crystals, significant gels 
still existed in the interlayers, which provided the satisfactory bond 
strength between printed filaments and helped the printed samples 
sustain the loads during the mechanical tests as discussed previously. As 
crystals preferably grew in interlayers of the 3D printed samples, the 
interlayers were filled with sufficient gels and crystals, and they were 
hardly be detected visually as shown in Fig. 3. These large crystals and 
their interlocks might have made the printed mortar samples capable for 
carrying more flexural load, thus gaining higher flexural strength than 
the cast samples (Fig. 9). However, the less gel and more smooth crystals 
within the interlayers might have made the interlayer weaker under a 
splitting tensile stress, thus reducing the compressive strength of the 
printed samples loaded in the direction parallel to the printing direction. 
Further study is necessary to enhance the interlayer bond strength and 
reduce anisotropic behavior of 3D printing concrete to extend applica-
tions of 3D printed construction materials. 

4. Conclusions 

In this study, a highly flowable, rapid set crack-repair grout (CRG) 
was used to facilitate mix design of a 3D printing mortar. Four mortar 
mixes, with 0, 10, 20, and 30% CRG replacement for portland cement, 
were evaluated for setting time, flowability, and printing quality. The 
optimal mix (CRG20) was studied further to understand its anisotropic 
mechanical behavior, pore structure, and microstructure. The following 
conclusions are drawn:  

(1) Using a crack-repair grout (CRG) as a raw material component 
can facilitate the 3D printing mortar/concrete mix design effec-
tively since finding a balance among water-reducing agent, 
thixotropy agent, and accelerator is not required. In the present 
study, the mixture (CRG20), made with 20 wt % CRG, 77.5% 
portland cement, 2.5% silica fume, and a small amount of vis-
cosity modifying agent (VMA), showed excellent performance 
during the printing of a 60 mm × 120 mm cylindrical object.  

(2) Using a 3D printer without a pumping system, a printing mixture 
shall be designed with adequate flowability not only at the time 
completing mixing (0 min) for easy feeding but also during the 
entire printing period (40–60 min after mixing, in the present 
study) for good printing quality. The present study suggested that 
the optimal initial and final flow spread ranges, resulting from 
CRG20, were 106–109 mm and 176–182 mm, respectively, dur-
ing the 20 min printing period (40–60 min after mixing).  

(3) The 3D printed samples showed clearly an anisotropic behavior. 
Both compressive and flexural strengths were lower when 3D 
printed samples were loaded in the directions parallel to the 
printing direction. Although having lower compressive strength, 
3D printed samples had clearly higher flexural strength than the 
cast samples, regardless of the loading direction.  

(4) 3D printed filaments showed lower total porosity, particularly 
less macropores, than cast samples, suggesting that the extrusion 
process during the 3D printing might have reduced large pores 
and densified the 3D printed mortar. SEM images showed that 
when compared with that of the cast sample, the interlayer be-
tween printed filaments displayed more better-shaped phases, 
such as amorphous clusters, large CH plates, and ettringite nee-
dles, while 3D printed individual filament exhibited fewer and 
smaller crystals and much denser microstructure. 
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Fig. 10. Pore structure of the cast and printed samples at 28 days.  
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