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Title 1 

Reinforcements in 3D printing concrete structures: A review 2 

3 

ABSTRACT: 3D printing of concrete structures has had a strong development in 4 
recent years, enhanced by the advantages it presents over traditional construction. 5 
However, it currently still has some limitations. One of those limitations is to 6 
incorporate the reinforcements into the automated 3D printing process. The 7 
objective of this work is to present a review of the methods that have been used so 8 
far to reinforce the structures. The different methods used will be presented 9 
focusing on the reinforcement by the use of fibers. The properties of the fibers, 10 
lengths, percentages of the same used in the mixtures will be analyzed. The results 11 
of the different tests will be shown making a comparison between the values 12 
obtained from the tests carried out with the printed and molded materials. Finally, 13 
the increases in the results of the tests that these fibers provide with respect to the 14 
samples without them will be analyzed. 15 

KEY WORDS: 3D concrete printing, additive manufacturing, reinforcement of 3D 16 
printing structures, fibers, mechanical properties. 17 

18 

1. Introduction19 
Construction and engineering constantly seek to improve their productivity by20 

implementing new technologies. Currently, efforts and research are focusing on the 21 
additive manufacturing (AM) process. AM in the construction field is called 3D concrete 22 
printing (3DCP) and encompasses two different printing technologies. The first is called 23 
particle-bed 3D printing (Figure 1), a technique that consists of the deposition of a layer 24 
of dry material, followed by the spraying of a binding liquid in the specific areas, by 25 
means of a nozzle or a printing head composed of numerous nozzles [1], [2]. This 26 
technique has been the least used, due to its slower execution time, its impossibility of 27 
manufacturing in situ, since it can be affected by time and the particular joining system it 28 
has, due to which only a very small number of materials can be used [1]. On the other 29 
hand, the second technique called Extruded Material Systems (EMS) (Figure 2, Figure 3) 30 
has been the most widely used, especially in large scale products and will be detailed 31 
below. It consists of the automatic deposition, layer by layer, of a filament of cementitious 32 
or geopolymeric materials, by means of a nozzle that moves, following the patterns 33 
established by files elaborated with AutoCAD, and that are introduced into the control 34 
system [3], [4]. Within EMS the following printing processes can be distinguished: 35 
Contour crafting (CC) and Concrete printing (CP) [5]. The CC consists of extrusion and 36 
smoothing by means of a trowel of the outer layers of the elements and later filling them 37 
manually [3], [6]– [8]. On the other hand, CP is a process more used on a large scale and 38 
similar to the previous one, with the difference that the outer walls are not smoothed with 39 
the trowel [4], [9]. 40 
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These extrusion techniques have presented some substantial advantages over 41 
traditional construction, which is why their development has been so remarkable in recent 42 
years. One of the most important factors in construction is cost, which can be reduced 43 
with this new construction system. This is due to the suppression of the formwork, thanks 44 
to the ability to maintain the shape of these new cementitious materials, which are laid 45 
layer by layer. Also, the amount of material can be reduced, since the printer can deposit 46 
the material in the areas that are needed, without the need of traditional construction that 47 
is to fill in the entire mold. In addition, due to the automation of the process, both the 48 
labor force, which also improves their working conditions in terms of safety, and the 49 
amount of material that is discarded, are considerably reduced, increasing the efficiency 50 
and productivity of the process. This offsets the higher cost that these more complex 51 
building materials and equipment can have. On the other hand, another factor that also 52 
presents a reduction compared to traditional construction methods is time, much shorter 53 
in these automated systems. Finally, this technique helps the design of much more 54 
complex and elaborate geometric shapes, difficult to obtain with the existing construction 55 
systems until now [10]–[13]. 56 

This technique is still in continuous development so it also presents some 57 
limitations on which work must be done. The first is the lack of a regulation for the use 58 
of 3D printing in construction, since it is difficult for it to comply with the technical codes 59 
existing so far, adapted to traditional construction. Therefore, in the future, new standards 60 
that include this AM process must be adapted or introduced. In the case of the tests that 61 
are carried out in the laboratory, such as flexural strength, compressive strength, interlayer 62 
bond strength, physical properties, etc., with the printed samples, something similar to 63 
the above happens, since there is no regulation for their performance either. In addition, 64 
the properties in fresh state of the cementitious and geopolymeric materials that have been 65 
developed are not yet perfectly characterized or standardized depending on the different 66 
existing printing equipment [10]. 67 

 68 

 69 
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Figure 1: Pedestrian bridge built through particle-bed 3D printing (Alcobendas, Spain) -courtesy of 70 
Acciona- 71 

 72 

 73 

Figure 2: House built through EMS 3D printing built (Valencia, Spain) -courtesy of Bemore3D- 74 

 75 

 76 

Figure 3: Artificial reefs built through EMS 3D printing (Santander, Spain)  77 
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Secondly, at present, this technique has mainly focused on the development of 78 
vertical walls, mainly intended for the construction of houses. The elaboration of 79 
structures with more complex shapes, which may include internal cavities, cantilevers, 80 
etc., still requires further development, which allows to implement fillings as a 81 
provisional formwork. These could be made with different materials, such as sand, 82 
thixotropic sludge, degradable materials, seeking automation in the placement and 83 
subsequent stripping of them. 84 

Thirdly, the finishes that are achieved using this technique are much rougher, 85 
coarser, and in many cases, they may require a subsequent treatment of the surfaces in 86 
the external faces. 87 

Another limitation that can be found when making structures printed by extrusion 88 
is the adhesion of the numerous layers that are deposited until the elements are formed. 89 
The union that occurs between old and new concrete in a fresh state has been quite 90 
investigated, but these new unions of filaments in a fresh state still require further studies. 91 
These will help to find out what are the parameters that most affect the structures so that 92 
they present lower resistance in these directions and how to increase them [14]–[16]. 93 

In addition, one of the fields where 3D printing must still advance notably is in 94 
the elaboration of more sustainable mixtures for the environment, using recycled 95 
materials either in binders, aggregates, etc., trying to find a balance between cost of these 96 
materials, resistance and environmental impact. 97 

On the other hand, another of the great limitations, which is quite linked to the 98 
previous one, is the structural resistance that concrete presents without the incorporation 99 
of some other element, such as reinforcement or fibers. This limitation leads to the 100 
objective of the review, which is to present the state of the art of the structural 101 
reinforcements that have been developed so far for 3D printing. The different 102 
experimental forms that have been presented so far will be exposed to try to incorporate 103 
the reinforcements automatically, since despite the high automation of the printing 104 
process, the assembly process is under development. On the other hand, the fibers that 105 
have been tested so far will be analyzed, with their corresponding physical characteristics, 106 
the optimal values of the parameters necessary for 3D printing, and the mechanical results 107 
they provide to the structures. 108 

Finally, as in conventional concrete, porosity is a fundamental factor in the 109 
durability of printed mortars. In the case of 3D printing materials, the focus should be on 110 
this aspect due to the effect of the filament voids. In this novel form of construction, since 111 
no vibrators are used, there is a greater chance of pores forming between the filaments 112 
that are deposited layer by layer. In addition, pores can also form within the filaments 113 
themselves in the extrusion process. The formation of these pores is directly related to 114 
pump pressure, printing speed and fresh material properties, which include extrudability, 115 
buildability and open time. Therefore, a good balance between all these parameters should 116 
be sought to reduce the formation of these pores as much as possible, thus significantly 117 
increasing the durability of the manufactured elements. In addition, with the incorporation 118 
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of fibers, special attention must be paid to the quantities of fibers and the relationships 119 
between their lengths and the diameters of the nozzles, since these can also favor the 120 
appearance of voids. 121 

The structure of this review is described in the Figure 1. 122 

 123 

 124 

 125 

Figure 4: Structure of the review - 126 

 127 

2. Reinforcement of 3D printing structures 128 
In traditional construction, reinforcements are used in concrete structures to 129 

improve their mechanical performance. For the elaboration of these structures, formwork 130 
is used. Inside them the prefabricated reinforcements are placed, well fixed to each other. 131 
This allows that once the concrete has been poured and compacted, the adhesion between 132 
the bars and the concrete is optimal. This system is not suitable for 3D printing structures, 133 
because since they are not made with formwork, the bars would cause problems to the 134 
nozzle during printing and much of the automation of the process would be lost. 135 

Currently, different technologies and methods have been developed and tested to 136 
incorporate the reinforcements, but none of them are yet considered effective. For this 137 
reason, this field keeps on in continuous development and research. 138 
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2.1 Post-installed reinforcement 139 
The incorporation of the reinforcements once the 3D printing has been carried out 140 

has been the solution taken by some authors and construction companies that are 141 
beginning to use this construction system. The company Apiscor for the construction of 142 
its houses, with mainly vertical walls, uses a system that simulates the traditional 143 
construction. They print an outer shell that will serve as formwork and helps the bars to 144 
be inserted inside so they pour conventional concrete [17]. With this system, the need for 145 
demolding of traditional formwork is eliminated, but much of the automation of the 146 
printing process and the possibility of producing more complex forms than vertical walls 147 
are lost. In addition, it would be necessary to analyze how the bonding between printed 148 
and conventional concrete arises. 149 

Other post-installed method that has been designed and tested by some authors is 150 
post-tensioning of the printed elements. Lim et al. designed and printed a wall-like bench 151 
using such system [18]. Salet et al. developed the first 3D printed bicycle bridge at the 152 
Eindhoven University of Technology [19], [20]. This method used by both authors 153 
consists of designing and printing the structures with a series of holes in which the bars 154 
will be subsequently inserted and prestressed. The bench was designed with 23 voids, in 155 
which once printed, the reinforcing bars were placed to be post-tensioned and grout. On 156 
the other hand, the bridge is a more complex and larger structure. It was divided into 157 
different parts, which were rotated 90 degrees and joined after printing and then pressed 158 
together by post-tensioned prestressing tendons. 159 

Finally, Asprone et al. has proposed a method that has been tested with the 160 
elaboration of a beam. This consists of printing several segments with specific holes, 161 
which will help subsequent assembly by anchoring the steel elements. Then, the steel 162 
rebar reinforcement is installed externally, to fix all segments together and lock them into 163 
a continuous structural element. To ensure there are two proper anchoring dowels for 164 
insertion into the holes, each steel rebar can be bent at both ends. These are then fixed 165 
with a mortar or structural adhesive [21]. This system helps the beams to be partially 166 
hollow, reducing the amount of material and the weight of the structure, but like the two 167 
previous methods, it continues to present low automation. 168 

2.2 Pre-installed reinforcement 169 
This method used by the Chinese company HuaShang Tengda Ltd. to manufacture 170 

their homes, consists of the pre-installation in the first place of both vertical and horizontal 171 
steel bars manually. Subsequently, the concrete is extruded layer by layer using two 172 
nozzles, on both sides of the reinforcement [22]. This system has two limitations. It can 173 
only be used for the construction of vertical walls due to the arrangement of its nozzles 174 
and the reinforcement must be placed manually and held in place while the successive 175 
layers are deposited. 176 

2.3 In-process cable reinforcement  177 
This method, which has been developed and tested by different authors, consists 178 

of placing a continuous reinforcement at the same time it is being printed. For this, the 179 
reinforcement to be introduced must be flexible and the printhead be modifiable. A spool 180 
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is placed that rotates and continuously feeds the reinforcement, which is introduced 181 
through an opening in the back of the nozzle. This helps the printing of a filament with 182 
the reinforcement already integrated. Bos et al. tested 3 different steel cables, which had 183 
great flexibility and different diameters. The two cables with larger diameters should 184 
improve the bond strength, so that their failure strengths can be reached before cable slip 185 
occurs. The one of smaller diameter had a good performance in this area, but it seemed 186 
not to be strong enough, since the fault was introduced by the cable break [23]. On the 187 
other hand, Lim et al. made a hybrid reinforcement in which he combined a steel cable 188 
reinforcement with different diameters and the incorporation of PVA fibers. This 189 
reinforcement can improve the flexural performance up to 290% and with the 190 
incorporation of the fibers the problem of sliding of the cable, shown by the previous 191 
author, is alleviated. Also, the increased diameter of the wire presents better fracture 192 
toughness [24]. Li et al. tested 5 types of cables: steel, nylon, carbon, aramid and 193 
polyethylene. Only the steel cable was adequate, because the rest of the cables are softer 194 
and have less stiffness and are knotted in the extruder. Additionally, different cable 195 
arrangement patterns were tested, providing good tensile behavior in the configurations 196 
that were aligned with the load directions [25]. Finally, Mechtcherine et al. showed 197 
different ways of introducing the cables in the printing process, developing his study with 198 
carbon reinforcements [26]. 199 

2.4 In-process mesh reinforcement 200 
Marchment et al. developed a new method to embed mesh reinforcement at the 201 

same time when concrete layers are printed. The steel mesh is placed inside each layer, 202 
but at a higher height, which becomes the length of the lap of the next layer. To use this 203 
method, modifications had to be made in the system, mainly in the nozzle, where a 204 
vertical slit had to be made in the middle. The design is carefully made so that the flow 205 
of material is directed towards the center, helping to flow around and through the mesh, 206 
forming a good bond between the mesh and the material [27]. Further development and 207 
research of this system could provide 3D printing with greater automation, in terms of the 208 
reinforcement. 209 

Finally, to improve the structural performance of the elements, it has been tested 210 
with the incorporation of different fibers types, in the mixtures developed so far for 3D 211 
printing. This will be discussed in detail in the next section. 212 

 213 

3. Cost of 3DCP 214 
In relation to costs, some authors have provided some estimations regarding the 215 

use of reinforced 3DCP. However, cost information is still scarce and not always authors 216 
provide sufficient information to allow comparisons among bibliography.  217 

Inozemtcev & Duong [28] compare the cost of building a wall using a HSLWFC 218 
(high-strength light weight fiber-reinforced concrete) with a 3D printer vs using standard 219 
methods, concluding that there could be up to between 30-50% savings, mainly due to 220 
reduction of material and machinery hours. Concrete cost was 154.0 USD /m3; however, 221 
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the authors did not mention whether the cost was actually estimated or accurately 222 
calculated.  223 

Kreiger et al., [29] compare 8 different technologies to build a military hut of 224 
47.6m2 area. The technologies compared were CMU (concrete masonry unit)+wood roof, 225 
ACC (additively constructed concrete) forms + wood roof, RACC (reinforced additively 226 
constructed concrete) straight +wood roof, RACC Chevron+wood roof, cast-in-place + 227 
concrete roof, ACC forms, RACC straight, RACC Chevron. It has to be remarked that 228 
concrete roof was not executed through 3D printing. No fibers were added to the concrete 229 
and rebars were placed manually, not by robots. Concrete cost was estimated taken from 230 
databases as 144 USD/m3, but not actually calculated. The same type of concrete was 231 
assumed for all cases.  232 

García de Soto et al. [30] compares the construction costs of a wall using 233 
conventional methods vs 3DCP, either with a straight layout or with a curve layout. Both 234 
walls, either straight or curve, have the same volume: 4.39 m3. For a straight wall, the 235 
cost of using conventional methods was of 7,211 USD while using C3DP was of 22,101 236 
USD. In the case of a curve layout wall, the cost of 3DCP was of 23,268 USD vs 53,955 237 
USD with conventional methods, showing the advantages of 3DCP for building non-238 
standard shapes. The cost of conventional concrete was 193 USD/m3 (955 USD for 4.93 239 
m3) while for 3DCP was calculated as 546 USD/m3 (2693 USD for 4.93 m3). It was not 240 
stated clearly if the concrete cost was accurately calculated or just estimated. Fiber was 241 
just used to apply a finishing lay of concrete.  242 

Nerella et al. [31] uses a one-floor building with external and internal walls to 243 
compare costs using conventional methods vs 3DCP. The concrete that they used was a 244 
high-performance concrete of 80 MPa compressive strength at 28 days and had no fibers 245 
added to it. The estimated cost was 130€/m3. They compared it with a conventional 246 
concrete of 25-30 MPa compression strength at 28 days stating that 3DCP was 70% 247 
higher.  248 

Otto et al., [32] compared the construction costs of a wall made through 249 
conventional methods and through 3DCP. He assumed a cost of conventional concrete 250 
(C30-37) of 85€/m3 and assumed that 3DCP should be 30% higher; however, no actual 251 
calculations were done. In none of the cases fibers were used. 252 

Han et al., 2021 [33] made an environmental and cost comparison among 253 
conventional concrete and 3DCP for two types of buildings: a silo and a small house. The 254 
cost of 14 m3 silo was between 5,810 RMB to 6,831 RMB when using conventional 255 
concrete, while the cost of the same silo with 3DCP ranged from 12,195 RMB to 12,913 256 
RMB. Therefore, the unit prices of conventional concrete ranged 58-68 €/m3 and for 257 
3DCP were 130-138 €/m3. Fibers were not used in any case.  258 

Abdalla et al., 2021 [34] carried out an environmental and economical analysis of 259 
a house using conventional methods vs 3DCP. However, concrete cost expressed per m3 260 
was not provided so it is difficult to extract any comparison among costs between 261 
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conventional concrete and 3DCP. Measurements take-off were not mentioned in order to 262 
work out price per cubic meter of concrete. 263 

Weng et al., 2020 [35] carried out an environmental and productivity assessment 264 
of a concrete bathroom unit. He provided overall costs and assumed for all cases a price 265 
of concrete of 115 SGD/m3 (82 €/m3), either for conventional concrete or 3DCP.  266 

Yoris-Nobile et al [36] compared 16 different mortars apt for 3D printing. Some 267 
of them were used as a binder geopolymer and some of them used Portland Cement Type 268 
IIIB. They provided cost per T of material, ranging from 180.18 €/T to 184.18 €/T for the 269 
case of geopolymers and 44.80 €/T to 106.84 €/T for the case of cement mortars. None 270 
of them had fibers in the mix. By assuming a density of around 2100 kg/m3, costs could 271 
be expressed as 378-387 €/m3 for geopolymeric mortars and 94-224 €/m3 for cement 272 
mortars.  273 

4. Improvement of the mechanical performance of 3D printing structures with 274 
the use of fibers 275 
Fibers are a material that can be natural or synthetic, developed by man, which 276 

has been used in numerous processes, such as the manufacture of textile garments or the 277 
reinforcement of different materials such as cement. Synthetic fibers, in turn, can be 278 
classified as inorganic, where there are fibers such as basalt, carbon, glass and steel and 279 
polymeric fibers, where polypropylene (PP), polyethylene (PE), polyvinyl alcohol 280 
(PVA), aramids or polyester stand out. On the other hand, among the natural fibers, there 281 
are animal, vegetable and mineral fibers. All these fibers can present high modulus and 282 
tensile strength, such as basalt, carbon, glass, aramid or steel or low modulus and tensile 283 
strength, such as PE, PP, PVA [28]–[30]. 284 

Fibers have been used for the reinforcement of cementitious materials over the 285 
years with good results. For this reason, with the appearance of 3D printing and the 286 
development of new cementitious and geopolymeric materials, some of these fibers have 287 
begun to be incorporated into mixtures. In order to successfully print these mixtures, the 288 
properties of the material in the fresh state are essential [31]. Therefore, it can be said that 289 
the printability of the mix encompasses two fundamental aspects: extrudability and 290 
buildability [32]. Extrudability is the ability of fresh materials to pass through the hopper 291 
and pumping system to the nozzle, which extrudes and deposits a filament, which must 292 
be kept continuous. In turn, buildability can be defined as the ability of printed filaments 293 
to maintain their shape, supporting their own weight and the successive layers deposited 294 
on later [32], [33] . These two aspects must be kept in balance, since the more fluid 295 
materials will present a better extrusion, but on the contrary, they will lose buildability 296 
and vice versa [34]. These two factors, accordingly, depend on workability, a property 297 
that the mixture exhibits at the end of preparation and that is described by rheological 298 
parameters [32]. Finally, this property remains stable and within acceptable tolerances to 299 
be able to print a certain period, which is called open time. 300 
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 301 

Figure 5: 3D printing with fibers 302 

Hereafter, the mixtures with fibers that have been tested so far by different authors 303 
will be analyzed. Table 1 presents a summary of the different characteristics they possess. 304 
On the other hand, Table 2 shows the results obtained in the mechanical properties tests 305 
(flexural strength, compressive strength and interlayer bond strength). The results 306 
between the traditional construction method and 3D printing and the improvements that 307 
the fibers provide in the resistance values with respect to the control samples will be 308 
compared.  309 

Flexural strength measurements are carried out with prismatic specimens. In the 310 
three points bending test the loading rate is set, until failure. Obtaining the maximum 311 
force F, which helps to calculate the flexural strength, by the (1 312 

 
𝑭𝑭𝑭𝑭 =

𝟑𝟑 ∗ 𝑭𝑭 ∗ 𝒍𝒍
𝟐𝟐 ∗ 𝒃𝒃 ∗ 𝒉𝒉

 (1) 

 313 

The standard used in Spain to carry out flexural strength tests is UNE-EN 196 314 
[35], in which specimens of dimensions 40 * 40 * 160 mm are tested, but there are other 315 
international or coming from other countries standards, that have been used by different 316 
authors as shown in Table 2.  317 

Mold-cast specimens present the same flexural strength values regardless of the 318 
direction, but in 3D printing specimens they present important differences depending on 319 
the printing direction. This is also more significant in fiber-reinforced mixtures due to the 320 
orientation of the fibers when printing. The directions most analyzed by the different 321 
authors, shown in Figure 7, have been parallel and perpendicular. Print path is another 322 
factor that also notably affects flexural strength results. The most used until now in 3D 323 
printing are parallel and crosshatch, as can be seen in 4. 324 
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 325 

Figure 6: Flexural strength test directions. Left parallel and right perpendicular 326 

Figure 7: Print path. Left parallel and right crosshatch 327 

The compressive strength can be calculated, measuring the maximum force F by 328 
the (2: 329 

In the compressive strength tests of the 3D printing specimens, the same printing 330 
directions and paths are found than in flexural strength test. In these tests, just like flexural 331 
strength tests, the standard UNE-EN 196 [35] is used in Spain, but the authors have used 332 
different standards, as shown in Table 2.  333 

 
𝑭𝑭𝑭𝑭 =

𝑭𝑭
𝒃𝒃 ∗ 𝒉𝒉

     

 

(2) 
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There are no standardized tests yet to measure the interlayer bond strength. Some 334 
authors have used the following method. Specimens are extracted from the printed 335 
filaments and load in uniaxial tension. Small notches are cut on both edges of the layer 336 
interface to ensure the failure of the specimen at the interface. Two metallic brackets are 337 
glued to the top and bottom of each printed specimen using epoxy resin. The inter-layer 338 
bond strength test is conducted under displacement control [36]–[38]. Moreover, an 339 
illustration of the test is included in 5. 340 

Another way to analyze the interlayer bond strength could be to make a 341 
comparison between the strengths obtained making the molded specimens and the printed 342 
specimens. 343 

Table 1 344 
Specifications of different types of fibers used in 3D printing 345 

Table 2 346 
Results of the mechanical properties tests of different types of fibers used in 3D printing 347 

 348 

4.1 PP fibers 349 
Polypropylene fibers have been used in conventional concrete to improve their 350 

properties, especially to reduce shrinkage cracking. In 3D printing concrete they have 351 
also begun to be used in geopolymeric mixtures. They have a low density of 0.9 g / cm³, 352 
an elastic modulus of 13.2 GPa and a tensile strength of 880MPa [36], [37], [39]. 353 

In conventional concrete the percentages of fibers that have been incorporated are 354 
below 1%, because a high quantity of these notably reduces the workability of the 355 
mixtures [28], [40]. 3D printing concrete must also maintain low percentages of PP fibers, 356 
so that the mix can maintain its workability and no blockages occur in the extrusion nozzle 357 
[39]. 358 

Al-Qutaifi et al. investigated the effect of introducing fibers with a length of 5 mm 359 
and a diameter of 0.022 mm. The ratio in which the fibers were introduced was 0.5% [39]. 360 
Nematollahi et al. carried out an investigation introducing different fractions of fibers 361 
0.25%; 0.5%; 0.75%; 1% with a length of 6mm and a diameter of 0.011mm. The optimal 362 

Figure 8: Interlayer bond strength test 
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ratio of fibers for 3D printing was 0.25% while with 1% workability was lost, having to 363 
adjust the mixture [36]. With the same previous characteristics and the optimal value of 364 
0.25% Nematollahi et al. carried out a comparison between PP fibers and two different 365 
ones [37].  366 

Regarding the flexural strength, Al-Qutaifi et al. obtained a value of 5MPa, 367 
producing only an increase of 3% with respect to the mixture without fibers. This 368 
indicates that these fibers do not increase notably flexural strength, but they increase 369 
ductility and reduce crack initiation. Nematollahi et al. in his first investigation compared 370 
both the parallel and lateral directions and the increase was not very significant in any of 371 
the four percentages of fibers, reaching the maximum values of 7.8MPa, with 0.25% in 372 
the perpendicular direction and 8.1 MPa with 0.5% on the side. Finally, Nematollahi et 373 
al. managed in other investigation to reach 9MPa, with an increase of 17%, but being the 374 
lowest value of the 3 types of fibers analyzed. 375 

The compressive strength has only been analyzed by Nematollahi et al. obtaining 376 
highly variable values depending on the direction in which the test is carried out. This is 377 
due to the anisotropy of the materials and the orientation of the fibers in the printing 378 
direction. The notable increase occurred in the perpendicular direction, reaching a value 379 
of 35.8MPa in the mixture with 0.25% of fibers, which represents an increase of 60% 380 
with respect to the sample without fibers. In the other 2 directions, lateral and parallel, 381 
there is no substantial improvement, even reducing the compressive strength values in the 382 
lateral. 383 

The interlayer bond strength is the parameter that is reduced with the incorporation 384 
of the fibers in the mixture. Nematollahi et al. obtained a maximum decrease in the 385 
mixture with 0.5% of fibers of 35% with respect to the sample mixture, one with only 1.7 386 
MPa. In the comparison of fibers by Nematollahi et al. all also had a decrease, being 20% 387 
in the case of PP fibers. This reduction may be due to the greater stiffness that the fibers 388 
give to the mix in a fresh state, reducing the ability of the layers to deform as soon as they 389 
are placed. 390 

4.2 PE fibers 391 
Polyethylene fibers PE have also been used as reinforcement in both conventional 392 

mortars and 3D printing. These fibers, like PP fibers, have their main characteristic in the 393 
ability to reduce both the amount and the site of the shrinkage cracking [41]. 394 

These have a density similar to PP fibers, 0.97 g / cm³, a high elastic modulus 395 
116GPa and a tensile strength of 3000MPa [42]. Zhu et al. used fibers with a length of 396 
12mm and a diameter of 0.024 mm and analyzed and made a comparison between mold-397 
cast and printing samples with 3 fiber ratios: 1%, 1.5% and 2%. The flexural strength 398 
increased in both types, as the fiber ratio increased, passing in the case of the printed ones 399 
from 13.2 to 19.4 MPa. In addition, the results obtained in the 3D printing samples were 400 
higher than those of the molded ones, due to the orientation of the fibers with the printing. 401 
On the other hand, the compressive strength did not show variations with the increase of 402 
the fibers, in either of the two cases. What is appreciated is a greater resistance in the 403 
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mold-cast samples, which may be due to the formation of some pores between the layers 404 
in the printing process [42]. 405 

4.3 PVA fibers 406 
PVA has been one of the most tested fibers, both in conventional mortars and in 407 

3D printing, presenting tests with cement and geopolymeric mixtures. Due to the greater 408 
number of existing studies, the parameters that have been studied are greater than in the 409 
previous cases. 410 

PVA fibers have a density of 1.30 g / cm³, with an elastic modulus between 16.9 411 
and 37 GPa, a tensile strength between 1275 and 1600 MPa [37], [38], [43], [44]. Jo et al. 412 
was mainly focused on the optimal parameters for the printing process of the mixture 413 
incorporating the fibers. He used 3 fiber ratios: 0.1%, 0.2% and 0.3%, of which 0.1% was 414 
obtained as optimal. The higher ratios presented printing problems, because they clogged 415 
the nozzle and the screw, in short periods of time between 9 to 12 min. Meanwhile, the 416 
0.1% ratio got a good impression, without clogging. In addition, these fibers managed to 417 
solve the problem of shrinkage cracks that had occurred in the simple sample, printing a 418 
firmer filament, which when hardened did not cause sinking or cracks. Furthermore, the 419 
obtained samples were analyzed under compressive strength and good results were 420 
obtained between 60.4 and 62 MPa [43]. 421 

Soltan et al. used fibers of 12mm in length and a content thereof of 2%. It should 422 
be noticed that in the case of this test it was a simulation of 3D printing by injection, and 423 
without an extruder screw, which could have allowed a higher fiber ratio. He made a 424 
comparison between mold-cast and 3D printing specimens and in the case of the 425 
compressive strength, the values did not show very significant differences. In addition, 426 
he analyzed the interlayer bond strength obtaining a value of 0.9 MPa and showing in all 427 
the tests a break in the lines of union of the filaments despite presenting more cracks [38]. 428 

On the other hand, J. Yu et al. analyzed the anisotropy exhibited by 3D printing 429 
samples which contained fibers. Therefore, 3 directions were used to carry out the tests: 430 
parallel, perpendicular and cross. The compressive strength tests presented the lowest 431 
values in the parallel direction with 16.45 MPa, being the failures in this case due to 432 
separation of the layers. Showing once again the problem of adhesion between layers, 433 
which is one of the biggest problems that are still present in 3D printing. The results in 434 
the other two directions were very similar to each other and with the cast sample. In the 435 
tensile strength tests, the results were contrary to those of compressive strength, the 436 
parallel being the best one, since it has highly aligned fibers parallel to the load direction 437 
[44]. 438 

Finally, Nematollahi et al. used 6mm length fibers with a 0.25% ratio to make a 439 
comparison with other fibers such as those of PP mentioned above. The results in flexural 440 
strength increased by 20% with respect to the sample without fibers, reaching a value of 441 
9.5MPa, the increase being also higher than that of PP fibers. The interlayer bond strength 442 
results, as in the case of PP fibers, suffered a considerable reduction compared to the 443 
mixture without fibers, with a value of 2.58MPa [37]. 444 
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4.4 Basalt fibers 445 
Basalt fibers are obtained from natural basalt rock, an abundant material on the 446 

earth's surface. This means that its cost is not very high. Furthermore, this material is 447 
known as the "twenty-first century nonpolluting green material", because it comes from 448 
a natural material and no chemical additives are added in the manufacturing process. It 449 
can also be recycled, by incineration to obtain basalt powder [45]. 450 

These fibers have a high density, around 2.55 g / cm³, with a high elastic modulus, 451 
even higher than that of glass fibers, between 87 and 93GPa and a tensile strength of 2180 452 
and 4200 MPa [46], [47]. 453 

Basalt fibers have been widely used in conventional concrete due to their good 454 
strength properties, along with their abundance and sustainability. In recent years, they 455 
have also been tested in cement and geopolymer mixtures. Hambach et al. in his 456 
comparison of several fibers included those of basalt. The ratio used was 1%, because the 457 
test with 1.5% caused blocking of the extrusion nozzle. The diameter they present is 458 
0.013mm and the length is 6mm, exceeding the diameter of the nozzle to promote the 459 
alignment of the fibers in the extrusion process. This author analyzed two print patterns, 460 
parallel and crosshatch. The flexural strength tests showed the increase that occurred with 461 
the incorporation of the fibers and the use of the parallel pattern, reaching 13.8MPa, while 462 
with the crosshatch pattern there was no improvement in the results. In the compressive 463 
strength test in addition to the two patterns, 2 directions of application of the loads were 464 
analyzed, perpendicular and longitudinal. The results in the perpendicular direction of 465 
both patterns were much higher, being the crosshatch pattern the one that presented an 466 
increase with respect to the sample without fibers, reaching a resistance of 85MPa [46]. 467 

Ma et al. [13] analyzed different contents of fibers: 0.1%, 0.3%, 0.5% and 0.7%, 468 
selecting 0.5% as optimal because when testing the higher ratio, blockages occurred in 469 
the nozzle. Their diameter was 0.012mm and the length was much higher than in the 470 
previous case, 18mm, but following the same instructions, tried to achieve a greater 471 
alignment of the fibers with a length greater than the diameter of the nozzle. The tests this 472 
time analyzed the application of the loads (load) in the 3 directions: X, Y, Z. These 473 
showed the great anisotropy that these samples present, with results in the compressive 474 
strength test of 39.6MPa, 37MPa and 28.8MPa. Direction X was the only one that did not 475 
present a reduction in properties with respect to mold casts. The flexural strength test also 476 
reflects this anisotropy, with an increase of 56% and 20.6% with respect to the mold cast 477 
in the Y and Z axes. In this case, the X axis was the one that presented bad results. This 478 
is explained by the alignment of the fibers in the printing direction, which will be 479 
perpendicular to the Y and Z loads [47]. 480 

4.5 Glass fibers 481 
Glass fibers are considered mineral due to the materials included in their 482 

manufacturing process, among which are limestone or kaolin clay [48]. These fibers also 483 
have a high elastic modulus, although it is lower than that of basalt fibers, being around 484 
72GPa. The tensile strength has a value of 3500MPa and a density that ranges between 485 
1.7 and 2.2 g / cm³ [46], [49]. 486 
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These fibers have been tested in 3D printing by two authors, one with cement 487 
mixtures and the other geopolymeric. Panda el al. included these fibers in the geopolymer 488 
blends, tested 4 different fiber ratios: 0.25%, 0.5%, 0.75% and 1% with 3 lengths: 3, 6 489 
and 8 mm. A previous study had the fiber content limited to 1% to avoid blockages. In 490 
the flexural strength, an increase in resistance was observed with the increase in the 491 
percentage of fibers. In this case, different test directions were also analyzed and the best 492 
results, as in previous studies with other fibers, were perpendicular to the impression. 493 
Furthermore, increasing the length of the fibers also produced a slight improvement in 494 
strength, but much less substantial than the percentage of the fibers. In the compressive 495 
strength tests, the addition of higher percentages of fibers did not have a great impact on 496 
resistance, presenting similar values in all cases [49]. 497 

Hambach et al. in his comparison, in which the basalt fibers were also found, used 498 
a ratio of 1% and a fiber length of 6mm. For the tests he used two patterns parallel and 499 
crosshatch. The flexural strength tests showed an improvement in the resistance compared 500 
to the mold cast using the parallel pattern, although these fibers were the ones that 501 
presented lower values than those tested, with 12.4MPa. In the compression tests together 502 
with the patterns, 2 directions of application of the loads were analyzed, perpendicular 503 
and longitudinal. The results in the perpendicular direction of both patterns were the 504 
highest, being the crosshatch pattern the one that reached the highest resistance with 505 
84.5MPa [46]. 506 

4.6 Carbon fibers 507 
This type of fiber has a very high elastic modulus, reaching values between 230 508 

and 240GPa, with a tensile strength that ranges between 2800 and 5000MPa and a density 509 
between 1.6 and 2 g / cm³ [46], [50], [51]. 510 

So far, three have been the authors who have tested this type of fiber. Hambach et 511 
al. carried out a first study on the incorporation of fibers into cement pastes by injection. 512 
This focused on the alignment of the fibers, making a comparison between samples 513 
without fibers and those that incorporate a content of 1% and 3%, randomly oriented and 514 
aligned, through the nozzle. The length of the fibers for these tests was 3mm and the 515 
diameter of the injection nozzle 2mm to get the fibers to come out aligned. It was verified 516 
that this condition was fulfilled by optical micrographs that showed how the molded 517 
samples did not have any fiber orientation, while those with 1% had 62% of the fibers 518 
oriented at 0 ± 20 °, reaching up to 71 % for the sample with 3%. The flexural strength 519 
tests showed a great increase with the aligned fibers and with the increase in their content, 520 
reaching 46.5MPa with 1% and 119.6MPa with 3%. On the contrary, the compressive 521 
strength was a decrease when incorporating the fibers into the mixture, and another 522 
reduction when increasing the amount of fibers. This may be due to the increase in 523 
porosity with respect to the base matrix [51]. 524 

Later, Hambach et al. made a comparison with three types of fibers, among which 525 
were carbon fibers. The fibers had the same characteristics as in the previous study, but 526 
their content was 1%. In this case, fiber contents as high as in the previous case were not 527 
used, because an increase in them produced blocking of the extrusion nozzle. The flexural 528 
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strength tests showed a notable increase in resistance, reaching 29.1MPa with the parallel 529 
printing pattern, a value much higher than that of the rest of the fibers tested. In the case 530 
of the compressive strength tests, very similar values were obtained to the other fibers 531 
analyzed, reaching the best results with the crosshatch pattern in the perpendicular 532 
direction, with a value of 82.3 MPa [46]. 533 

Finally, Korniejenko et al. made a comparison between carbon fibers and green 534 
tow flax fibers in geopolymers, simulating 3D printing by injection. They have a length 535 
of 6mm, and the selected ratio was 1%. In the flexural strength test, there was no 536 
outstanding increase with the incorporation of carbon fibers, while green flax fibers 537 
showed very good results, reaching an increase of 36% with respect to mold cast [50]. 538 

4.7 Steel fibers 539 
Steel is the most used material for the reinforcement of structures in the 540 

construction field. It is used for the elaboration of reinforcement and for the development 541 
of fibers. This type of fiber can have a smooth or rough surface, the latter being used to 542 
improve adherence to concrete. In 3D printing they can present some complication in the 543 
extrusion process due to their greater rigidity. These fibers have very high values, being 544 
density 7.85 g / cm³ and the elastic modulus 200GPa [39], [52], [53]. The diameters are 545 
much greater than those presented by the rest of the fibers mentioned above, ranging 546 
between 0.15 and 0.615mm.  547 

In the field of 3D printing, this type of fiber has also turned out to be one of the 548 
most tested so far, especially in cement mixtures. Al-Qutaifi et al. has carried out a study 549 
in which it incorporates 1% of fibers of a great length, 40mm. The addition of these 550 
reduced the workability of the mixture by 4%. Flexural strength increased by 20% 551 
compared to samples printed without fibers. But despite this improvement, the adhesion 552 
between the layers was not good, because the fibers are distributed in a way that some 553 
can stand out, creating an irregular surface which can block the complete adhesion 554 
between subsequent layers. Also, it was found that the shorter the printing time between 555 
successive layers, the better the adhesion, but even so, this does not recommend the use 556 
of steel fibers in mixtures with geopolymers [39] 557 

Arunothayan et al. analyzed the adhesion of reinforced concrete fibers 558 
incorporating 2% with a length of 13mm. He also stated that workability was slightly 559 
reduced with addition of fibers. The flexural and compressive strength tests were 560 
performed in 3 directions: perpendicular, parallel and lateral. The compressive strength 561 
of the 3D print samples was lower, in any of the 3 directions, than that of the molded 562 
samples. This is due to the higher porosity of the printed samples. The best compressive 563 
strength is obtained in the longitudinal direction because the pressure applied to the 564 
material during extrusion contributes to better compaction in this direction. In this 565 
direction a value of 144.2MPa is reached, but which is still lower than in the mold-cast 566 
samples. In contrast, the bending performance of the 3D printed was clearly superior. In 567 
addition, results of the bonding strength between layers were obtained that were much 568 
higher than those obtained by the rest of the authors who carried out this test, reaching a 569 
value of 5.1MPa. These results will be analyzed by the author in future research [52].  570 
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Pham et al. analyzed 2 fiber lengths, 3 and 6 mm with 4 different ratios: 0.25%, 571 
0.5%, 0.75% and 1%. In this case, 3mm length fibers do not produce an improvement in 572 
flexural strength, as occurs with 0.25% and 0.5% of 6mm fibers. On the contrary, the 573 
6mm fibers with the highest percentages showed a notable increase in the Z direction up 574 
to 15.4%. This highlights the importance of finding the optimal amount of fibers to 575 
incorporate. The compressive strength presents values that oscillate between 70 and 576 
111MPa depending on the fiber content and the test direction. Fibers of 3mm length only 577 
have a positive influence in the Y direction, producing an increase between 10 and 24% 578 
compared to samples without fibers. In turn, 6mm fibers improve resistance in all 579 
directions between 6 and 23%. The set of 2D radiographic images helped to show the 580 
great orientation of the fibers with extrusion, as Hambach et al. had previously mentioned. 581 
90% of the 3mm fibers are oriented between 0±30 °, reaching 95% with the 6mm fibers 582 
[53]. 583 

When steel fibers are used as reinforcement in mixtures, the length of these fibers is of great 584 
importance. Due to the hardness and rigidity of this type of fibers, the lengths of these fibers 585 
cannot be very long, since an excessive length can cause the number of pores that are formed 586 
to increase notably, due to the problems of the nozzle to extract these fibers, even blocking it. 587 
Or on the other hand in the worm screw can also cause problems, even blocking it.  588 

 589 

5. Conclusions 590 
3D printing is having great development and research in recent years in the 591 

construction field, due to the great benefits it can bring. This paper has focused on the 592 
reinforcements applied and developed so far. Existing methods have been described, 593 
focusing primarily on the inclusion of different fiber types in the printing process. For 594 
this reason, the physical characteristics of the fibers and the results of the different tests 595 
have been summarized. The most relevant conclusions are described next:  596 

• Despite the different reinforcements that have been developed and tested so far, 597 
none has reached a high level of automation yet, with good resistance results. 598 
Further development of continuous methods, with cable or mesh, or the 599 
combination of these methods with other existing or future development could 600 
give a good boost to reinforcement automation. 601 

• There is a lack of standardisation in carrying out tests in 3DCP. Therefore, 602 
references reviewed have used different curing conditions, methods to include the 603 
fibers in the mortar, sample size, definition of the control sample, etc. what hinders 604 
sometimes the comparison of results. Some authors have compared molded 605 
samples vs. printed samples, others mortars with different types of fibers, others 606 
directions of printing, and finally others compare samples with fibers vs. other 607 
without fibers. In this context, authors have adopted the increment in strength to 608 
respect a reference sample (mortar without fibers) to compare the performance of 609 
different formulations. 610 

• The results of flexural strength with the incorporation of the fibers make the 611 
anisotropy of these materials even more accentuated. Important increases in 612 
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resistance are found in the direction parallel to the printing, which as shown in 613 
Table 2 oscillates between 3 and 30%. There are 2 cases in which higher resistance 614 
increases have been achieved. However, these are simulations of 3D printing 615 
process by using a small syringe and then placing the fibers manually in the mold 616 
which is not a very realistic method. Generally speaking, the compressive strength 617 
is not so much affected by the incorporation of the fibers 618 

• Regarding the types of fibers, if we observe the increases in flexural strength with 619 
respect to the reference samples without fibers in the cement mixtures, the basalt 620 
fibers have been the ones that have obtained the greatest increase, reaching 30%, 621 
while in geopolymer blends, PVA fibers have achieved an increase of 23%. On 622 
the other hand, in the comparisons between the molded and printed specimens an 623 
increase is also observed despite the higher porosity that the printed samples 624 
present. This observation could lead to think that 3D printing process enhances 625 
fiber orientation and therefore increases the strength; however, further 626 
investigations should be carried out. 627 

• Another aspect that is fundamental in the higher flexural strengths that have been 628 
obtained in the printed samples with respect to the molded ones, is the great 629 
alignment in the printing direction that the fibers present. This has been verified 630 
by some authors, obtaining values of 70% of the fibers oriented between 0±20 ° 631 
[51], reaching values higher than 90% between 0±30 ° [53]. This seems more 632 
noticeable when the length of the fibers is greater than the diameter of the nozzle. 633 

• In addition, the content of fibers that is incorporated in many cases cannot be very 634 
high, due to the blockages that the fibers generate in the endless screw or in the 635 
nozzle. This can be seen in Table 2, in fibers such as basalt where an optimal ratio 636 
of 0.5% was obtained, in polypropylene with 0.25% or in PVA with 0.1%, despite 637 
the fact that in all cases the authors had tested higher values. 638 

• The high modulus fibers have been the ones that have presented the greatest 639 
resistance. For this reason, other types of fibers that have already been studied in 640 
other fields should be investigated further, such as aramids, zylon, vectran, etc.  641 

• In addition, seeing the good results of green flax fibers, other natural fibers could 642 
be tested in the future looking for materials that are more sustainable with the 643 
environment. 644 

• The adhesion between the layers that are deposited in the impression needs to be 645 
further studied in the future, with new test methods such as the comparison of 646 
resistance shown by the molded specimens and the printed specimens. 647 

• There is a lack of studies that analyse both cost and environmental impacts 648 
(through an LCA) of fiber reinforced 3DCP to be able to take a decision of what 649 
mortar and fibers formulation is the most efficient in terms of cost/resistance and 650 
environmental impacts/resistance. 651 
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