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Abstract This study systematically investigates the

hardened properties, durability and void distribution

of large-scale 3D printed cement-based materials

(3DPC). Experimental results indicate that 3DPC has

higher compressive and flexural strengths, lower

drying shrinkage, better resistance against sulfate

attack and carbonation than mold-cast cement-based

materials, but lower resistance to frost damage and

chloride ion penetration. Computed tomography scan-

ning reveals that voids in 3DPC are strongly oriented

along the printing direction. Furthermore, the voids

are much more inter-connected and even continuous

among the printed filaments. This unique void distri-

bution is the origin of anisotropy for 3DPC and can

explain the determined directional dependency of

mechanical strengths and durability performance.

Along the printing direction, the more connected

voids render more channels for gas and liquid to

penetrate into 3DPC.
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1 Introduction

Three-dimensional printing is a set of digital model

design, information engineering, intelligent manufac-

turing, material engineering and many other leading

technologies [1–3]. It is a rapid manufacturing tech-

nology to accumulate object through the layer-by-

layer stacking. At present, this technique [4–7] has

been widely applied in the fields of national defense,

aerospace, automobile, medical, industrial design and

jewelry.

In construction industry, 3D printing technique is

used to produce buildings by adding concrete fila-

ments layer by layer continuously through a specified

nozzle [8, 9]. It reflects an obvious distinction with the

conventional construction process [10]. In recent

years, 3D printing technique has been tried to produce

concrete component in the practical engineering. In

USA, Khoshnevis [11], pioneered research by using

commercial concrete as the print ink to produce a

large-scale concrete-base house. In Italy [12], a

6 9 9 m building was fabricated by Enrico Dini and

his partners through the 3DP technique (D-shape). In

Spain and the Netherlands [13], 12 9 1.75 m and

8 9 3.5 m bridges were built in succession. In China

[14], a 6 level building and a 2.63 9 3.6 m arch bridge

were also printed by an extrusion-based 3D printing

technique. With the development of the 3D printing

concrete technique, it shows a broad application

prospect in the construction field. Moreover, a large

number of studies on the 3DPC has been reported

[15–19], especially the hardened properties of large-

scale 3DPC components.

T. T. Le et al. [20, 21] firstly reported that the high

performance 3DPC has a strength of up to 102 MPa,

with a strength loss of 7.3–18.2% compared to mold-

cast concrete (MC), and the result of printed concrete

voids mainly come from the interlayers was also

concluded. Panda et al. [22, 23] found that 3DPC has

an obvious directional dependency behavior at differ-

ent directions, caused by the layer by layer deposition

and that the printing direction governs the mechanical

properties of 3DPC. Zhang et al. [24] found that the

extrudability of printable concrete has a significant

effect on the interlaminar bonding of 3DPC, which in

turn affects the development of mechanical properties,

based on the results of compressive and flexural

strength as well as modulus of elasticity and Poisson’s

ratio.

In summary, previous studies indicate that the

performance of 3DPC is strongly related to the joint

among the printed filaments, even though it exhibits

good mechanical strength. However, little is known

about the joint in printed concrete like porosity, void

size distribution, morphology, orientation, etc. At the

same time, durability performance of 3DPC has been

rarely reported [25]. In the future, if steel bars are used

in printed concrete, the durability parameters of such

concrete will be increasingly more crucial. Therefore,

it is very significant to investigate the durability of

3DPC.

In this study, a systematic investigation on com-

pressive and flexural strength, as well as resistance to

frost damage, chloride ion penetration, sulfate attack

and carbonation of the large–scale 3DPC components

is carried out. Mercury intrusion porosimetry (MIP)

and X-ray computed tomography (X-CT) are used to

measure the porosity and voids distribution. Mean-

while, the performance of mould-cast specimens are

measured as references. It is hoped that the study on

the effect of void distribution between layers on

the hardened properties and durability, which can

shed light on future research of the transport of liquid

and gas in 3DPC components.

2 Experimental programs

2.1 Materials and mix design

Raw materials used in this study include cement type

II 52.5 (P�II 52.5), metakaolin (MK), silica fume (SF),

cellulose ethers thicker agent (TA), polycarboxylate

based high range water reducer (HRWR), river sand

(maximum size of 1 mm), tap water and polypropy-

lene fiber (PPF: 6 mm length and 0.2 mm diameter).

The chemical composition and specific surface area

(SSA) of cement, nano-clay and silica fume are shown

in Table 1.

Three printable mixtures were designed based on

the previous studies [24, 26], as summarized in

Table 2. For each mix, the binder consists of 96
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wt.% cement, 2 wt.% MK and 2 wt.% SF. TA and

HRWR are 0.0125 wt.% and 0.024 wt.%, respectively

(percentage weight of binders). S/B andW/B represent

sand to binder ratio and water to binder ratio,

respectively. 0.4 vol.% PPF was used by the percent-

age of volume of the fresh mixtures. For M1 and M2,

dry components were premixed for 1 min, then water

with HRWR was added and mixed for another 2 min.

Finally, TA was added and mixed for another 1 min.

For mix M3, fibers were firstly added into sand for

premixing 1 min for spreading it out evenly, then

binder was added for mixing another 1 min. Next, the

water with HRWR was poured in, followed by the

addition of TA.

2.2 Specimens

In this study, a large concrete 3D printer operated

within a 3.8 9 2.7 9 2.8 m frame was used [26]. A

1.5 9 1.5 m2 platform which can be dragged along

the Y axis was designed to hold up the printed slabs.

The printing system can move along the X, Y and Z

axes within a 1.5 9 1.5 9 1.5 m3 space in accordance

with the command of the control system. The

8000 mm/min moving rate of the printing nozzle and

the 20 rev/min screw feed rate of the spiral twist were

used in all experiments. A 12–15 mm thick and

22–24 mm wide concrete filament can be continu-

ously printed through a U 20 mm nozzle.

500 9 500 9 110 mm3 slabs were produced by

this 3D printer. They were covered with a waterproof

film after the printing. For the printed slab, all printed

filaments are parallel to each other, as illustrated in

Fig. 1. After 1 day of curing, 100 9 100 9 400 mm3

beams and 100 mm cubes were precisely cut from the

slabs. Ø100 9 50 mm3 cylindrical specimens were

cored for chloride ion penetrationmeasurement. At the

same time, fresh mixtures from the same batch as the

printed slabs were also poured into steel molds to

fabricate the mold-cast samples.

100 mm cube specimens were used to measure

compressive strength and the resistance to carbonation

and sulfate attack. Flexural strength, freeze-thawing

resistance and drying shrinkage were measured using

100 9 100 9 400 mm3 beams. All specimens were

cured in an ambient temperature chamber

(20 ± 2�Cand 95% ± 5% relative humidity, RH)

until the testing age.

2.3 Test methods

In this study, all experiments complied with Chinese

standard GB/T 50,081–2002 (Standard for test

method of mechanical properties on ordinary con-

crete) [27] and GB/T 50,082–2009 (Standard for test

methods of long-term performance and durability of

ordinary concrete) [28].

The mechanical property is a critical parameter for

concrete material for the structural engineering for

being used. Compressive strength was tested at the age

of 28 days with a loading rate of 2 kN/s. The 28-day

flexural strength was evaluated by a four-point bend-

ing test. The loading rate is set as 10 N/s. The

compressive and flexural strengths of MC specimens

were also measured as references.

Table 1 Chemical

composition and physical

properties of raw materials

used

Material Chemical composition (by mass %) L.O.I SSA

(m2/kg)
CaO SiO2 Al2O3 Fe2O3 Na2O MgO SO3

Cement 64.85 21.65 5.56 4.32 0.24 0.84 2.58 3.07 380

Metakaolin 0.52 55.85 41.04 0.73 0.36 0.25 0.06 0.92 29,769

Silica fume 0.35 95.01 0.82 1.86 – 1.24 0.32 1.58 23,092

Table 2 Mix proportions

for three printable mixtures
Mix No Binder (wt.%) S/B W/B HRWR (wt.%) TA (wt.%) PPF (vol.%)

Cement MK SF

M1 96 2 2 1 0.32 0.024 0.0125 –

M2 96 2 2 1.2 0.35 0.024 0.0125 –

M3 96 2 2 1 0.35 0.024 0.0125 0.4
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Drying shrinkage is a critical time-dependent

parameter for concrete [29, 30]. It is mainly caused

by evaporation of internal water in hardened concrete

[31, 32]. Large shrinkage can cause concrete to crack.

Once concrete cracks, a huge contact surface area will

be exposed to air and cause more water evaporation or

durability issues [33, 34], which are in direct relation

to the property of concrete structures. Shrinkage-

induced cracking must be thus considered for large-

scale 3DPC component. Two 100 9 100 9 400 mm3

beams for each mix were used to measure the length

change along T3 direction. The drying shrinkage

of MC beams was also investigated as a reference.

They were monitored in a shrinkage testing chamber

(20 ± 2 �C and 50% RH) up to 210 days (refer to the

shrinkage test in the literature [32]). Test diagram is

shown in Fig. 2.

In this study, the rapid freeze-thawing experiment

was carried out on 100 9 100 9 400 mm3 beams,

which were immersed into water for 28 days after

cutting. Three specimens for each mix were selected

for this measurement. The initial value of the trans-

verse frequency f0 (an ultrasonic pulse apparatus,

UPV) and the initial weightW0 of each specimen were

both measured. The result of dynamic elastic modulus

(tested along T3 direction) and the specimen weight

loss were used to characterize the frost resistance. The

dynamic elastic modulus and weight loss are calcu-

lated according to Eq. (1) and (2), respectively:

Pn ¼
f2n
f20

� 100 ð1Þ

Pn: The relative dynamic elastic modulus of the

specimen after n freeze-thawing cycles (%); fn: The

transverse frequency of the specimen after n freeze-

thawing cycles; f0: The initial value of the transverse

frequency of the specimen before freeze-thawing.

DWn ¼
W0 �Wn

W0

� 100 ð2Þ

DWn: The weight loss of the specimen after n freeze-

thawing cycles (%); Wn: The weight of the specimen

after n freeze-thawing cycles;W0: The initial weight of

the specimen before freeze-thawing.

Chloride ion penetration test was conducted

through an accelerated method in laboratory. Three

Ø100 9 50 mm3 printed specimens for each mix were

measured along T1 direction, as seen in Fig. 3a. Three

MC specimens were also tested as references. During

the testing, the cathode was connected with a 10%

NaCl solution (mass concentration), and the anode

was connected with a 0.3 mol/L NaOH solution, as

seen in Fig. 3b. An adjustable direct-current power

Fig. 1 Cutting diagram of 100 9 100 9 100 mm3 cubes and 100 9 100 9 400 mm3 beams (T is test direction)
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supply (0–60 V) was used to offer an output power.

After power off, splitting the specimens in half and

spraying a 0.1 mol/L AgNO3 solution on the broken

face. The depth of color-changed region was measured

and the chloride migration coefficient was calculated

by Eq. (3)

DRCM ¼ 0:0239� ð273þ TÞL
ðU� 2Þt ðxd

� 0:0238

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð273þ TÞLxd
U� 2

r

Þ ð3Þ

DRCM: Non-steady-state migration coeffi-

cient, 9 1012 m2/s; U: Absolute value of the applied

voltage, V; T: Average value of the initial and final

temperatures in the anode solution, �C; L: The height
of the specimen, mm; xd: Average value of the

migration depths, mm; t: Test duration, h.

Sulfate attack to the concrete is a complex degra-

dation process. It breaks the concrete matrix by the

mechanism of the decalcification and crystallization

[35, 36]. In concrete, sulfate ions can penetrate

continuously into the pores and react with cement

hydration products. Meanwhile, Ca2? was combined

with SO4
2- in the concrete pores. This is an

Fig. 2 Test of drying shrinkage for (left) MC and (right) 3DPC specimens

Fig. 3 a Coring diagram of 3DPC specimen and b chloride ion migration test
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irreversible process. The expansion process is

unavoidable on account of the water absorption of

reaction products in the pores [35, 37]. Hence, it is

very important to characterize the erosion of sulfate

ions to 3DPC. MC and 3DPC specimens were placed

in an oven (80 ± 5 �C) for 48 h after curing 28 days.

They were then immersed in a 5% Na2SO4 solution.

Three 100 9 100 9 100 mm3 specimens were tested

for an average value in every 30 cycles (24 h is a cycle,

alteration in wet and dry). All compressive results of

3DPC specimens were tested at T1 direction after

immersion.

The resistance ability of concrete to carbonation

can reflect the service life of reinforced concrete [38],

to some extent. CO2 gas can spread through the porous

structure and bring in a chemical reaction with

calcium hydroxide in concrete. Then the alkalinity of

pore solution, which can protect steel from corrosion

in concrete, will reduce [39]. Considering the appli-

cation of steel reinforcement in 3DPC in future, as

well as its unique feature of layered structure, it is thus

very important to study carbonation resistance of

3DPC. Herein, the 100 9 100 9 100 mm3 cubes

were cut into 50 9 100 9 100 mm3 prisms. Then

they were cured at a temperature of 20 ± 2 �C and a

RH of 95% for 26 days, and dried at 60 �C for 48 h.

The 5 surfaces of the prisms were blocked by paraffin

and then they were placed in a carbonation chamber

(CO2 concentration: 20%, RH: 70%, and T:

20 ± 2 �C) for 14, 28, 56, and 90 days. For 3DPC

specimens, T2 direction was selected as the penetra-

tion direction of CO2. After carbonation, phenolph-

thalein was sprayed on the freshly split section and

carbonation depths were measured along the sides of

section every 10 mm to calculate the average value.

MC specimens were also tested as references.

The hardened properties and durability of concrete

mainly depend on its porous structure. For 3DPC,

some voids, like interlayer voids, were inevitable dur-

ing printing. Therefore, information about void struc-

ture is critical to investigate the hardened properties

and durability of 3DPC. In the present study, mix M1

was selected as the study object. Mercury intrusion

porosimetry (MIP) was used to investigate the pore

structure. Before MIP measurement, the concrete

specimens were first broken into smaller pieces at

the age of 90 days, and then the fragments less than

5 mm were cut from the center of cubes and dried in a

vacuum oven for 48 h (105 �C) to constant weight. In

addition, 3DPC specimens were taken from extrusion

concrete filaments rather than interlayers. Simultane-

ously, industrial X-ray computed tomography (X-CT)

was used to characterize the concrete void. As a non-

destructive detecting technique [38], X-ray CT can

visualize internal structures of larger specimen. It

can reproduce an 2D and 3D image of a tomographic

region of a scanned object by using computer process.

In this study, the model of X-ray CT scanner was Y.

CT Precision S (made by YXLON, Germany) and the

type of detector was Y. XRD1620. The intensity of the

X-ray beam after sample penetration was measured by

1024 detectors. The voltage and current of X-ray tube

were 195 kV and 0.34 mA separately. The rotation

angle of sample platform was 360�. 3DPC and MC

specimens (100 9 100 9 100 mm3 size) were both

tested.

3 Results and discussion

3.1 Compressive and flexural strength

Figure 4 shows the compressive and flexural strength

of 3DPC and MC specimens at 28 days. In Fig. 4a, it

can be seen that 3DPC specimens have a higher

compressive strength than that of MC specimens,

though the interlayer of printed concrete does influ-

ence the compressive strength at different direction.

This may be because the printed filaments were

extruded and pressed against each other, which lead to

a lower porosity for 3DPC than that of MC. This is

different from the result in literature [41, 42]. It should

be noticed that the printed components used for testing

mechanical strength in literature are usually very

small. They were vertically stacked by using just

single layer or two adjacent layers. To a certain

degree, the layers were not pressed tightly between

each other in comparison with large-scale component.

Therefore, there are more and larger connecting voids

between the layers, which may cause a less mechan-

ical strength than that of MC specimens. In addition,

after the strong extrusion for printable concrete, the

porosity of 3DPC filaments were possibly lower than

that of MC concrete.

It is observed from Fig. 4b that the all flexural

strengths for M1 and M2 at different directions are

higher than those of MC specimens. However, the

flexural strength for M3 shows a different change, the
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strength at T3 direction is lower than that of MC

specimens. This could be caused by poor extrudability

of M3, which may generate many voids among the

filaments and lead to a worse interlayer bond strength

in printed components, especially between the adja-

cent layers. Additionally, the results also show that the

compressive and flexural strength in the T1 direction is

higher than that in both T2 and T3 directions. It can be

seen from Fig. 1 that the loading directions of T1 and

T2 are perpendicular to the printed concrete filaments,

and T3 is parallel to it, which makes the interlayer

region also parallel to the loading direction. Therefore,

the strength in T3 direction is the lowest. For T1

strength higher than T2 strength, it is because the

concrete filaments are flat after being extruded, and the

flat surfaces are perpendicular to T1 directions, the flat

sides are perpendicular to T2 direction. This result is

consistent with previous studies [20, 43].

3.2 Drying shrinkage

The experimental results of drying shrinkage for three

groups are shown in Fig. 5. It is seen from Fig. 5a that

during the first 4 days, the drying shrinkage was

almost the same for both 3DPC and MC specimens.

However, the 3DPC specimens showed higher
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shrinkage increase than MC specimens from 4 to

120 days. It is possible that the moisture evaporation

rate was increased due to the interconnect voids,

which was in contact with air. In a sense, the contact

area between the tested specimens and the air was

increased, thereby increasing the moisture evaporation

rate. However, there is no such possibility for MC

specimens. It can be observed thatMC specimens have

a slightly higher shrinkage than 3DPC specimens,

when the time is exceeding 120 days. At the age of

210 days, the average value of drying shrinkage for

M1 was 879 9 10-6 mm/mm (MC) and

826 9 10-6 mm/mm (3DPC), respectively.

As shown in Fig. 5b, at the first 60 days, the

discrepancy between drying shrinkage of MC and

3DPC specimens of M2 mixture was small, which was

unlike to the shrinkage change of M1 mixture. It

may be because the interconnected void was closed

due to the cutting process, thereby the contact with air

was closed. While the shrinkage value of MC spec-

imens rapidly increases after 90 days. At age of

210 days, the average amount of shrinkage for MC

and 3DPC specimens was 994 9 10-6 mm/mm and

849 9 10-6 mm/mm, respectively.

Figure 5c shows a small discrepancy of drying

shrinkage between MC and 3DPC specimens of M3

mixture at the first 28 days. But from 35 to 150 days,

the drying shrinkage of 3DPC specimens is higher

than that of MC specimens, which is similar with M1

mixture. The reason might be the same asM1mixture.

After 150 days, the drying shrinkage of MC specimen

is higher than that of 3DPC specimens. At age of

210 days, their average values of drying shrinkage

was 889 9 10-6 mm/mm (MC) and

843 9 10-6 mm/mm (3DPC), respectively.

In general, MC specimens have a slightly higher

shrinkage than 3DPC specimens. This may be caused

by the preparation process. For MC specimens, they

were produced by the mold. After casting, these

specimens were covered by a thin film, which can stop

the water evaporation to some extent. However, the

3DPC components were produced without mold,

which may cause a lot of water evaporation between

concrete filaments during printing. In this way, the

shrinkage of 3DPC has been accelerated in advance

due to the evaporation of water. This part of the

shrinkage change is not included in this testing

method. Thus, more water would be lost relatively

for MC specimens during the test, so the final

shrinkage of MC specimens would be higher. In this

research, the drying shrinkage value of printed spec-

imens is similar to that reported by T. T. Le et al. [20].

3.3 Freeze-thawing resistance

Figure 6 illustrates the results of frost damage for MC

and 3DPC series. From Fig. 6a, it is observed that the

dynamic elastic modulus of concrete was reduced with

the increase of freeze-thawing cycles. The critical

value for dynamic elastic modulus of 60% has been

not reached for all specimens until the end of the test.

Therefore, for the MC and 3DPC series, the process of

crack formation in the concrete has not started yet.

Additionally, after 200 cycles, 3DPC specimens show

a lower dynamic elastic modulus than MC specimens.

However,MC specimens show higher weight loss than

3DPC specimens after freeze-thawing cycles. This is

mostly because the water in the interlayer voids is

continuously corroded from the interior of 3DPC

spcimen under freeze-thawing environment, resulting

in a lower dynamic elastic modulus than that of MC

specimen. In terms of the number of freeze-thawing

cycles for frost resistance assessment, M2 has a

slightly better frost resistance, followed by M3 and

M1. For 3DPC series, an up and down fluctuation line

of dynamic modulus was noted for M1 within 200

cycles, forM2within 300 cycles. A stable decline state

was obtained for M1 after 200 cycles, for M2 after 300

cycles and for M3 after 500 cycles.

Figure 6b shows the results of weight loss with

freeze-thawing cycles. In contrast to the change in

dynamic elastic modulus, the weight loss of 3DPC

specimen show smaller than those ofMC specimen. At

1000 cycles, dynamic elastic modulus and weight loss

of 95–96.2% and 3.8–7.2% for MC series as well as

82.8–92.2% and 0.3–1.9% for 3DPC series were

measured. The dynamic elastic modulus is more

sensitive to freeze-thawing cycles than weight loss

for 3DPC specimen, which is exactly contrary to MC

specimen. Figure 6c and 6d show the freeze-thawing

cycles caused a very severe degradation in MC

specimen, while the 3DPC spcimens were less

degraded.

In view of the change in dynamic elastic modulus,

3DPC has a very poor resistance in freeze-thawing

environment, in spite of its smaller weight loss. For

3DPC, a large amount of voids may exist between the

layers, which may be filled with water (freezing) or ice
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(thawing). Thus, as the freeze-thawing, frost damage

does not only occur on the surface, but may also start

from the inside of concrete. However, the internally

frozen debris are confined inside the specimen. On the

surface of printed concrete, due to strong extrusion, it

is densely packed, so the matrix is difficult to be

eroded, and the aggregate is hard to be peeled off.

3.4 Chloride ion resistance

The chloride migration results for MC and 3DPC

specimens are illustrated in Fig. 7. MC spcimens ex-

hibited lower DRCM than 3DPC specimens. Among

3DP series, M2 has a higher DRCM, followed by M3

and M1, MC series is the same. The inset in Fig. 8

shows that there are deeper migration zones between

the adjacent layers, which is similar to the result
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reported by Bran Anleu et al. [25]. In these regions,

chloride ions transport faster and deeper throuth the

interconnected or continuous voids among the fila-

ments. In adjacent layers, interconnected voids can be

easily produced, because they were less compressed

than the voids between the lower and upper layers. In

this regard, it is concluded that 3DPC exhibit a

reduced resistance to chloride ion migration at T1

direction than MC.

3.5 Sulfate attack resistance

Figure 8 shows the results of average compressive

strength for MC and 3DPC specimens which were

immersed in a 5% sodium sulfate solution during a

period of 5 months. It is seen that the 3DPC shows

better resistance to sulfate attack than MC. For MC-

M1 and M3, the strength reduction starts from 30

cycles, and for MC-M2, the strength reduction begins

when it is corroded. As for the 3DPC-M1 and M2, the

strength reduction starts from 90 cycles, and for

3DPC-M3, the strength reduction starts from 60

cycles. The increase in strength for MC concrete,

during early experiment, may be generally attributed

to ettringite expansion during sulfate attack

[36, 37, 44]. Subsequently, the decrease in strength

is due to the cavity damage caused by the water swell

of ettringite. This damage does not occur until 60

cycles or even 90 cycles for 3DPC. Unlike the fact that

the voids in the MC concrete are disconnected and

closed, the voids among the printed concrete filaments

may be connected and even continuous, the ettringite

will be generated along the voids connecting direction.

Therefore, the strength of 3DPC will be continuously

enhanced for a period of sulfate attack.

From the inset in Fig. 8, it can be observed that the

first-obvious crack of 3DPC due to sulfate attack starts

to appear on the adjacent layer after 120 cycles. This

indicates that the interlayer is a weak region in printed

concrete when subjected to sulfate attack, especially

adjacent layer. Unlike MC, the cracking of 3DPC

propagates along the interlayer. As the sulfate attack

progresses, the matrix failure mode is interlayer

cracking rather than aggregate peeling.

3.6 Carbonation depth

Figure 9 shows the carbonation depths of MC and

3DPC specimens. It can be seen that the carbonation

depth to 3DPC is less than that of MC specimen. So

3DPC has a good carbonation resistance, at least along

T2 direction. Additionally, the carbonation depth

increases with the increase of age. The carbonation

depth of 3DPC-M1, 3DPC-M2 and 3DPC-M3 for 56-d

is only 12.9 mm, 12 mm and 8.65 mm, which is less

than that of MC cover thickness. Due to the CO2 gas

was required to spread from T2 direction during

experiment, so the carbonation depth is as expected.

The reason can be known from the inset of Fig. 9.

Although the gas diffusion is through the interlayers

between the lower and upper layers. As analyzed
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earlier, this region could have been pressed tightly.

Therefore, it is difficult for CO2 to pass through.

3.7 Pore structure

The identification of pore size distribution is essential

to reveal the effect of pore structure on macro-

performance such as mechanical strength and dura-

bility of cement-based materials. From Fig. 10a, it is

observed that the intruded volume of MC obtained

from MIP test is higher than that of 3DPC. It is also

found that the total pore volume and total surface area

of MC are slight higher than those of 3DPC. Differ-

ential intrusion curves in Fig. 10b provide extended

information on pore size distribution. It can be

observed that the critical pore size of 3DPC and

MC is 48 nm and 57 nm, respectively. Current study

points out that specimens produced by 3D printing

process have lower porosity than mould-cast speci-

mens. The 3DPC specimens were taken from extru-

sion filaments rather than between layers. The

filaments were strongly extruded and could have a

more compact structure and lower porosity.

3.8 Void distribution

The mercury intrusion test only provides part of the

porous space image. Moreover, various voids between

the layers for 3DPC are not easily detected by MIP

test. Therefore, CT test was used to observe the

interlaminar voids in this study. Figure 11 shows the

2D and 3D CT images of MC and 3DPC specimens

about the voids distribution. It is noted that Top, Right

and Front view were used to present the voids

distribution of 2D CT image, while 3D CT images

were selected to display voids with volume from 0.1 to

100 mm3 for clarity. The CT results show that the

porosity of MC concrete is 25.3%, while that of 3DPC

is 5.1%. It is observed from Fig. 11a that uniform

voids distribution was exhibited in MC specimen, but

there are more and larger voids in comparison to 3DPC

specimens. Furthermore, a large number of air voids

can be found in the MC specimens. However, these

voids are independent and disconnected, which is the

main reason for isotropic property of MC. In Fig. 11b,

voids in 3DPC specimen were mainly concentrated

among the concrete filaments and they were smaller

and fewer than that of MC concrete. But most of voids

are connected, even continuous. This discrepancy in

voids state between MC and 3DPC specimens is

attributed to the different construction process.

Visibility of voids in the CT images may explain

the poor flexural strength in T3 direction, the matrix is

easier to break under tensile stress due to the presence

of interlayer voids in comparison with compressive

stress. In addition, the decrease in extrudability of the

material leads to a further decrease in interlayer

bonding strength [43, 44]. The significant reduction of

Pn of 3DPC spcimen may be closely related to the

voids among the filaments, which are connected

and even continuous. When the freeze-thawing cycle

is carried out, the matrix may be corroded from the

inside. However, those corrosion products are

enclosed in the matrix and cannot flow out, so that

the internal structural of the matrix is loose. It can

explain the phenomenon that the weight loss for 3DPC

specimens is small while the dynamic modulus loss is

large. In terms of higher migration of chloride ion and
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first-obvious crack between the adjacent layers due to

sulfate attack for 3DPC specimens, these results may

also be attributed to the unique void system. There-

fore, the connected or even continuous voids among

the concrete filaments have a significant influence on

the hardened properties and durability of 3DPC.

4 Conclusion

This paper has investigated the hardened properties

and durability of large-scale 3DPC components.

Compressive and flexural strength, resistance to frost

damage, chloride ion penetration, sulfate attack

and carbonation of 3DPC were systematically inves-

tigated. MIP and X-CT microscopy were employed to

detect the voids distribution and to explain the macro-

behavior of 3DPC. MC spcimens were also investi-

gated as references. Based on the test data, the main

conclusions are as follows:

1. CT results show that the voids inMC are larger but

evenly distributed and disconnected. In contrast,

the voids in 3DPC are mainly concentrated among

the concrete filaments, interconnected or even

continuous. This is the origin of anisotropy

generally observed for 3DPC specimens.

2. 3DPC has a higher compressive and flexural

strength than MC, but lower tensile strength. The

Fig. 11 CT images of a MC and b 3DPC specimens
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reason may be that the voids among the concrete

filaments are more susceptible to damage under

tensile stress compared to compressive stress.

3. 3DPC specimen has a lower long-term drying

shrinkage than MC specimens, probably due to

more water loss at early age.

4. 3DPC exhibits lower resistance to freeze-thawing

and chloride ion migration, but better resistance to

sulfate attack and carbonation (CO2 diffusion

direction is perpendicular to the printing direction)

in comparison to MC specimens. Those voids are

mostly interconnected or even continuous, which

may lead to a corrosion from the inside of the

matrix based on freeze-thawing test, a deeper

migration based on rapid chloride ion migration

test and a continuous enhancement at the initial

stage based on sulfate attack test.

In summary, this work provides a basic study of

hardened properties and durability of extrusion-

based 3DPC, especially for large-scale component.

The results indicate that the void connections and their

preferential orientation among the printed concrete

filaments obviously affect the hardened properties and

durability of 3DPC. Future work on the directional

property of fibers aligned by this extrusion pro-

cess should be conducted.
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