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Sooraj A. O. Nair1, Avinaya Tripati1, Narayanan Neithalath2,* 

 

Abstract 

The development of concrete mixtures for digital manufacturing (3D printing), and evaluation of their 

rheological and mechanical properties, have received significant interest in recent years. However, for 

extrusion-based layered manufacturing, it is also important to select the appropriate printing parameters 

that have the potential to beneficially impact the performance of 3D printed elements. Among the many 

such parameters, this paper places emphasis on layer height, which has a direct bearing on rheology 

requirements, print quality, overall printing time, and interlayer bonding. Specifically, this paper examines 

the effects of layer height (as a function of the nozzle diameter) on the flexural strength and fracture 

properties of 3D printed beams. Flexural and fracture properties indicate that smaller layer heights are 

beneficial for unreinforced and fiber-reinforced 3D printed mortars, even though this results in greater 

number of interfaces and longer printing times. A small amount of steel fiber reinforcement is shown to be 

useful in eliminating the negative effects of weak interfaces on the measured bulk properties. Strain energy 

release rates, digital image correlation, and optical images/micrographs are used to explain crack 

propagation in layered 3D printed mortars under unnotched four-point, and notched three-point bending 

tests.       

Keywords: 3D printing; Layer height; Fiber reinforcement; Fracture; Digital image correlation 

  

                                                           

1 Graduate student, School of Sustainable Engineering and Built Environment, Arizona State University, Tempe AZ 

85287 
2 Professor, School of Sustainable Engineering and Built Environment, Arizona State University, Tempe AZ 85287 
*Corresponding author; e-mail: Narayanan.Neithalath@asu.edu  

 

mailto:Narayanan.Neithalath@asu.edu


2 

 

1 Introduction 

Digital manufacturing or 3D printing is emerging as an effective technology to create multifunctional 

concrete elements [1–3] including those for habitation facilities, complex architectural needs, and in limited 

cases, structural members for infrastructural applications. Layer-by-layer extrusion of cementitious 

matrices is the most common mode of digital manufacturing of concrete elements and structures [1], even 

though other approaches including powder-bed fusion [4,5], injection 3D printing [6], and slip forming [7] 

are also being evaluated. From a materials standpoint, in addition to conventional cement-based mixtures, 

ultra-high performance concretes and other binder types such as alkali-activated ones are being explored 

for digital manufacturing [8–13]. Several studies in the recent past have comprehensively dealt with fresh 

characteristics of cementitious binders to ensure appropriate time-dependent rheological behavior including 

extrudability, shape-stability, and buildability [8,14–18], which are crucial towards successful 3D printing 

of concrete structures. Such studies, along with many ongoing research, are important since the fresh 

material properties influence the later-age properties of 3D printed concrete, perhaps more than those of 

conventional mold-cast concretes.  

The mechanical properties, most notably the compressive and flexural strengths, are the basic parameters 

that are measured in order to design, specify, and aid in quality control of concrete for almost all 

applications. For 3D printed cement-based materials, while these are still considered to be the critical 

performance parameters, tensile, shear, and interlayer bond strengths are also important [19]. Because of 

the anisotropic nature of layered systems, mechanical properties are generally measured parallel and 

perpendicular to direction of printing [20]. The compressive strength is reported to be generally higher 

when tested perpendicular to the printing direction [9,21], although contrary results are also found [22]. 

The flexural strength is higher when tested perpendicular to the layering direction as compared to testing 

parallel to the layers, and generally lower than those of companion mold-cast specimens. This is typically 

attributed to weaker interfaces or the so-called cold-joints between printed layers, which also likely 

influences the durability of the 3D printed concrete elements through accelerated transport of water and 

other deteriorating agents. Weak interfaces and lower interlayer bond strengths result from a lack of 

adhesion due to inadequate rheological properties of the extruding material, the time gap between laying of 

the layers, interfacial voids, and drying; several of these aspects have been elucidated elsewhere [23–26]. 

In addition to the abovementioned factors, the printing parameters – layer height and width, the print 

velocity which defines the material flow rate and vertical printing rate for a given nozzle type (shape and 

dimensions), and the distance between the printing nozzle and the extruded layer (nozzle standoff distance), 

are also of significance [27–29]. For example, higher print time between layers and nozzle standoff distance 

are reported to result in reduced interlayer tensile strengths [27,28,30]. Several attempts at interface 
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strengthening also have been reported to overcome these deficiencies [31,32]. While some of these print 

parameters have been studied for their influence on mechanical properties in general, there is little reported 

work on the effects of these parameters on load-induced cracking, crack propagation, and failure of 3D 

printed concrete elements.  

Among the several process parameters listed above that influence the properties, this study chooses to 

explore the influence of layer dimensions on the flexural and fracture response of plain and fiber-reinforced 

3D printed beams. 3D printable mixtures, which has been shown to be satisfactory in terms of extrudability 

and buildability [33], are used. Other process parameters like printing speed, nozzle shape and diameter etc. 

are kept constant. The mixtures are moist-cured until the time of testing to ensure that drying does not cause 

undesirable interface defects that interfere with a proper analysis of the effects of layer dimensions on the 

properties. Tests are carried out perpendicular to the printing direction, on a series of beams extracted from 

3D printed slabs. While the influence of metallic fiber reinforcement on the mechanical properties of 3D 

printed mixtures have been reported elsewhere [10,34–36], and fiber alignment shown to predominantly 

favor strengthening in the print direction [36], the combined influence of layer dimensions and fiber 

reinforcement needs to be better understood. The use of fibers longer than the nozzle size ensures a high 

degree of alignment of fibers [36]; however this paper specifically evaluates the effect of steel fibers that 

are smaller than the nozzle diameter, and smaller than or almost of the same size as the layer thickness, that 

helps avoid randomness in fiber distribution in the layers, on the load-induced crack propagation in layered 

materials. The results from this study are expected to shed more light on the influence of layer dimensions 

on flexural, fracture, and crack propagation response, to facilitate the choice of materials and process 

parameters for desirable properties. 

2 Experimental Program 

2.1 Materials and mixtures 

The materials used in this study include a Type I Ordinary Portland Cement (OPC) conforming to ASTM 

C 150, fine limestone (L) powder conforming to ASTM C 568, and medium sand (M) conforming to ASTM 

C 778. The chemical and physical properties of the constituents are given in Table 1. The proportions of 

the printable mortars (plain and fiber-reinforced) containing 50% sand (by mass of the binder) are shown 

in Table 2. The water and admixture dosages were adjusted to ensure extrudability and buildability, as 

described in [8,15,33] (see Figure 1 also). Brass-coated straight steel fibers, 13 mm long and 0.20 mm in 

diameter (specific gravity of 6.8 g/cc), were used as fiber reinforcement. A polycarboxylate ether-based 

superplasticizer (0.20%-0.35% by mass of the binder) was used in all the mortar mixtures.  
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Table 1: Composition and properties of the mortar constituents 

Components of the binders 
Chemical composition (% by mass) d50 

(m) 
S.G 

SiO2 Al2O3 Fe2O3 CaO MgO SO3 LOI* 

OPC 19.60 4.09 3.39 63.21 3.37 3.17 2.54 11 3.15 

Limestone (L) CaCO3 > 99% 1.5 2.70 

Medium sand (M) SiO2 > 99% 600 2.40 

*Loss on ignition 

Table 2: Mortar mixture proportions  

 Mass fraction of ingredients 
Steel 

Fiber (F)§ 

Water-to-powder 

ratio (w/p), by 

mass 

Superplasticizer+ 

(% by mass of 

binder) 
Mixture 

ID 
OPC 

Limestone  

(L) 

Sand 

(M) 

L30-sM 0.35 0.15 0.50 -- 0.35 0.25 

L30-sMF 0.35 0.15 0.50   0.27 0.35 0.35 
+Superplasticizer (indicated by ‘s’) added at 0.25% by weight of powder 
§Percentage by volume of the mixture 

2.2 3D printing of mortars 

The selected cement-based mortars shown in Table 2 were printed using a gantry printer with screw extruder 

system as shown in Figure 1(a).  Figure 1(b) shows the extrudability and buildability of the chosen OPC-

limestone mortar mixture. Mortar slabs 400 x 400 x 80 mm were printed at a print speed of 50 mm/s, and 

the stepper for the auger calibrated for a flow rate of 17 mL/s. A circular nozzle 20 mm in diameter (ND) 

was used to print filaments of a specified layer height (LH) and a fixed layer width (LW) of 22.5 mm (1.15 

x ND). The print layer height was chosen as 0.25, 0.50, and 0.75 times that of the nozzle diameter, while 

keeping the print width and print speed constant, and a zero nozzle standoff distance. Layer heights smaller 

than ND are used so that the layer is pressed vertically when laid, to induce some transverse flow for 

filament overlap and thus eliminate defects. Companion specimens printed using layer heights larger than 

the nozzle diameter resulted in larger voids because of the absence of a vertical pressing force and improper 

filament overlap in the plane of printing. Figure 2 shows the schematic of different print parameters 

evaluated in this study. The mortar mixtures were 3D printed and moist-cured in a chamber at 232oC and 

> 98% RH for 28 days, after which the tests were carried out on beam specimens cut from the printed slabs  

(Figure 3).   
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Figure 1: The 3D printing setup showing: (a) overall printer and controller setup, and (b) printing of a 

hollow column to evaluate extrudability and buildability. The eventual height of this column was 

1.6 m. 

 

 
Figure 2: (a) Schematic showing the print cases with three different specimen types where the layer 

height (LH) of the system is varied as a ratio of the nozzle diameter (ND), and (b) the testing modes for 

flexure and compression. Only flexural tests are discussed in this paper.  

2.3 Imaging of bulk and interface regions of the printed beams 

Representative sections sliced from the printed slabs using a diamond-tipped saw were subjected to optical 

and scanning electron microscopy (SEM) to identify the differences in the bulk and interfacial regions of 

the printed material. Cross-sectional samples were extracted and first observed under an optical microscope 

(AMscope; 10-100X) to identify the material structure in the middle of the layers and at layer interfaces. 

SEM (SNE Plus 5400; 500-1000x) under secondary electron mode was used to evaluate the microstructural 

differences between the bulk and the interfaces in the plain and fiber-reinforced 3D printed mortars.  

(a) (b)
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2.4 Flexural and fracture testing 

The 3D printed slabs were cut into beams of 75 x 75 x 400 mm size for flexural testing after 28 days of 

moist curing. The printing process, printed specimens, and the cut specimens ready for either four-point 

testing or three-point notched beam testing are shown in Figure 3.  

 

Figure 3: The 3D printed slab: (a) while printing, (b) after printing, and (c) after cutting into desired 

dimensions for testing. 

The unnotched beams were tested under four-point bending as per ASTM C78/C78M-18 [37] to determine 

the flexural response. A servo-controlled universal testing machine (MTS 810) with a capacity of 100 kN 

was used. The four-point loading test was conducted using an effective span of 330 mm in monotonic 

displacement control, at a rate of 0.20 mm/min until failure. The notched beams were tested under three-

point bending [38] to determine the fracture toughness and critical crack tip opening displacement in 

accordance with the two-parameter fracture model (TPFM) [39,40]. The test was conducted in cyclic 

loading-and-unloading mode under crack mouth opening displacement (CMOD) control at a rate of 0.0004 

mm/min. The beams had a 15 mm deep (1/5th of the depth of the beam) and 2 mm wide notch at the center, 

with an extensometer (gage length of 12.5 mm and maximum travel of 0.4 mm) mounted across the mouth 

of the notch. The first unloading was done at approximately 95% of the peak load (Pmax) which corresponds 

to a crack opening displacement of about 0.032 mm. Thereafter, the unloading and reloading cycles were 

repeated at every 0.032 mm step until a total CMOD of 0.20 mm was reached or the specimen failed, 

whichever happened first. The unloading compliance was used to estimate the fracture parameters based 

on TPFM [40,41]. The loading compliance (Ci) was used to calculate the Young’s modulus (E) and the 

critical crack length (ac). The critical strain energy release rate (GR) was also calculated based on the 

resistance curve (R-curve) approach [42–44]. The strain energy rate required for crack propagation is an 

increasing and convex function for quasi-brittle materials such as concrete, and is the sum of both the elastic 

and inelastic strain energies. The former, corresponding to energy release rate due to incremental crack 
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growth, was determined from the unloading compliance, while the latter, corresponding to non-linear 

effects caused due to crack opening, was obtained from the inelastic CMOD [41].  

2.5 Digital image correlation for visualizing strain fields and crack propagation 

Digital image correlation (DIC), which is a non-contact means to acquire the surface strain fields in the 

specimen during the testing, was also carried out along with flexural and fracture testing. The DIC data was 

used to identify and track crack initiation and propagation, and to extract the true displacement of the 

specimen. The DIC setup (Figure 4a) includes two cameras focused on a speckled area of interest on the 

beam, which is illuminated by high-intensity flood lights. The aperture and focus were adjusted such that 

the speckle pattern could be tracked across images taken by the cameras during the testing. The data 

acquisition (DAQ) unit controls the cameras and the frequency of image capture (typically 1 Hz). The time-

stamped load-displacement data and the DIC data were synchronized to extract the corrected load-

deflection curves. Figure 4b and Figure 4c show the typical DIC strain fields after post-processing of the 

images for beams subjected to four-point bending (unnotched) and three-point bending (notched), 

respectively. The process of using surface displacement fields obtained from DIC to obtain the components 

of Lagrangian strain fields have been described in detail elsewhere [45,46].  

 
 

Figure 4: Flexure test showing: (a) DIC setup and its components, (b) visualization of localized strains 

in unnotched four-point loading, and (c) notched three-point loading. 

3 Results and Discussions 

3.1 Analysis of bulk and interface regions in layered mortars 

3.1.1 Inferences from optical images 

Optical microscopy was used to determine the effects of layer height on the hardened printed material 

structure. Figure 5(a-c) show typical cross-sections of the plain (unreinforced) mortar specimen (L30-sM) 
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printed using different layer heights. The images shown are transverse to the filament, i.e., transverse to the 

direction of printing. It is evident that the void content in the printed plain mortar increases with layer height 

for the mixture and printing parameters chosen. For the specimen with the lowest layer height (5 mm; LH5), 

relatively fewer, smaller voids are visible in the optical image. It is likely that the pressure applied by the 

print head to achieve the smaller layer height could have resulted in reduced voids in this case. In the LH10 

and LH15 specimens (10 mm and 15 mm layer height), the larger voids are found to be somewhat ordered, 

and located where the filaments overlap in the horizontal and vertical directions. The flow rate was slightly 

adjusted to reduce the possibility of occurrence of voids between the overlapping filaments. However, with 

increasing layer height, it is noticed that the discontinuities at the filament edges, observable through 

optimal microscopy, increase, an observation made in [47] as well. A layer height of 15 mm, which is 0.75 

times the nozzle diameter, results in faster printing and increased output, but contains imperfections as 

shown in these figures. Selecting an optimal layer height can aid in optimizing the vertical print rate since 

a layer height of 5 mm would take almost three times the print time when compared to a layer height of 15 

mm. In cases where the print path is longer, this could also result in the drying of the printed layer before 

the next layer could be laid on top, increasing the likely incidence of interfacial defects.  

   

(a) Non-Fiber – LH5 (b) Non-Fiber – LH10 (c) Non-Fiber – LH15 

   

(d) Fiber – LH5 (e) Fiber – LH10 (f) Fiber – LH15 

Figure 5: Optical images of beam cross-section showing the typical void distribution for different cases 

of layer heights in plain and steel fiber-reinforced mortars. 
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To improve the mechanical properties of the printed structure, 13 mm long steel fibers were used to modify 

the mortars, and the mixture consistency was adjusted through the superplasticizer content. The fiber length 

is 0.65 times the nozzle diameter, and almost equal to or larger than the layer heights, depending on the 

layer height used. Note that a fiber length much smaller than the nozzle diameter and layer height could 

result in a random orientation of the fibers in the layer. Similar trends in void content with layer height as 

noticed for the unreinforced mortar are also valid for the fiber-reinforced mortars shown in Figure 5(d-f). 

As shown in Table 2, a higher amount of superplasticizer was used for the fiber-reinforced mortar, and the 

consequent improved consistency resulted in a reduction in the amount of voids between overlapping 

filaments, showing that mixture modification could be beneficial in reducing the macroscale 

inhomogeneities at the interfaces. However, the LH5 fiber-reinforced mixture showed a relatively higher 

void content when compared to the companion unreinforced mortar. This can be attributed to the fiber 

length being > 2 times the layer height in this case, resulting in the fibers scratching the surface of the 

printed layers during the layered printing process. This effect is rather negligible for the LH10 and LH15 

cases, since the fibers are found to be reasonably contained within the layers, as illustrated later.  

3.1.2 Layer interfaces in plain and fiber-reinforced mortars 

The layer interfaces were examined in detail using SEM. The LH5 specimens are used here since optical 

images showed that visible voids exist at the interfaces for the LH10 and LH15 cases, and SEM 

investigation is not necessary. Micropores are observed in the vicinity of layer interface (marked by the 

dotted line) as shown in Figure 6, but overall, the interface is rather dense. Unlike the LH10 and LH15 

cases where pores near the layer interfaces are easily visible in optical images, the plain LH5 mixture shows 

much smaller pores (Figure 6a) in the layer interface. Figure 6b shows the layer interface in the LH5 fiber-

reinforced mortar. Since fibers are likely to be generally oriented along the layering direction in 3D printed 

systems, especially when the layer height is equal to or slightly larger than the fiber length as is the case 

here, the fibers can be expected to resist crack opening and provide post-peak stiffness to the specimens. 

However, for layer heights that are lower than the fiber length, a weak fiber-to-matrix interface is observed 

in some cases as shown in Figure 6b, even though some fibers are bonded strongly to the matrix. Here, for 

the LH5 specimen, two fibers (marked by the red arrows) and the weaker interface around them are shown, 

likely due to the fiber length-layer height incompatibility, as mentioned earlier. This influences the flexural 

performance as will be discussed in a forthcoming section. Figure 6c shows a close up at a layer interface 

marked with the dotted line, around which voids are also present. Additionally, microcracks are visible in 

the interfacial region as shown in Figure 6d. Figure 6e shows the fiber-matrix interface where a fiber 

embedded in the matrix in the direction normal to those in Figure 6c and d is shown, demonstrating the 

fiber-matrix interface effects, especially near the layer interface.  



10 

 

 

  
Figure 6: SEM images stitched in the vicinity of a typical layer interface in: (a) unreinforced 

specimen, and (b) fiber-reinforced specimens, with a LH of 5 mm, (c) pores near the interface in a 

fiber specimen with LH of 5 mm, (d) a close up of the interfacial region showing micro-cracks 

between the layers, and (e) weak bond between the fiber and an interface along with voids in the 

vicinity. 

3.2 Effect of layer height on flexural strength  

3D printed beams with different layer heights, extracted from slabs, were subjected to four-point bending 

tests. For the unreinforced mortar specimens, a sudden and brittle failure occurred, as expected. The flexural 

strength of the 3D printed mixtures shown in Figure 7 are lower than those reported for similar mold-cast 

mortars [41]. Similar results are reported elsewhere [26,48]. Note that the compressive strength does not 

show significant layering effects as noted from our companion work and other reported publications 

[22,28]. The peak flexural strength was found to be higher for a smaller layer height, for the unreinforced 

mortars as shown in Figure 7. This can be attributed to the increase in porosity both at the layer interfaces 

as well as where the adjacent filaments overlap, for higher LH cases as shown earlier. Moreover, the vertical 

force exerted during extrusion in the case of lower layer heights results in enhanced consolidation of the 

layer. It has been shown that decreasing layer height below 10 mm allows the pressing force exerted by the 

nozzle to be dominant than the overburden pressure [49]. This was established in this study by printing a 

typical filament on a sensitive weighing balance, which showed that the pressing force was ~50% lower 

when the layer height was increased from 5 mm to 15 mm, while maintaining other print parameters the 

same. This vertical extrusion force could be beneficial since it is more likely to strengthen the bulk layer 

and the interfaces, as opposed to printing with a non-zero nozzle standoff distance. However, this could 

also be detrimental to the buildability of the structure if the binder is soft (low yield stress to flow onset) or 

the structural stiffness is low (causing buckling under eccentric loading). These aspects are important in 3D 
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printing, and further reinforces the idea that fresh properties of 3D printable mortars are even more 

significant to the hardened response, than in the case of conventional mold-cast concretes.  

The fiber-reinforced mortars demonstrate higher flexural strengths when the layer height is higher. The 

average flexural strength increases by 30-60% when fibers are incorporated; the larger the LH, the more 

the difference between the strengths of plain and fiber-reinforced mortars, within the range of parameters 

studied here. The effects of incorporated voids at the interface at higher layer heights (Figure 5) are 

somewhat compensated by the presence of fibers, where fewer number of interfaces are observed to result 

in somewhat higher strengths. The variability in flexural strengths also tends to be lower for higher LH, 

which can be attributed to the reduced number of layer interfaces in such cases. Overall, the flexural strength 

results indicate that a small volume of fibers is beneficial in enhancing the properties of 3D printed mixtures 

and helps overcome some of the layering-induced adverse effects with respect to strength.  

 
Figure 7: Flexural strength as a function of layer height for the unreinforced and fiber-reinforced 3D 

printed mortars. The error bars indicate one standard deviation of strengths based on 3-5 specimens 

tested.  

As shown in Figure 7, an increase in layer height results in a slight increase in the flexural strengths for 

fiber-reinforced mortars, even though demonstrable increase in porosity was shown earlier, with increasing 

layer height. However, the possibility of longer fibers creating defects in the printed structure are also higher 

when LH is lower than the fiber length. This is illustrated in Figure 8 (drawn to scale). In specimens printed 

with lower layer heights (e.g., LH5), the fibers being longer than the layer height, are not always constrained 

within the layer, and they scratch the surface and creates defects, which were clearly observed during the 

printing process. The fibers that project out from the layer (as shown in Figure 8) for smaller LH cases are 

further disturbed when the following layer is printed, resulting in layer defects, which negates some of the 

beneficial effects of fiber addition. Since no vibration or consolidation, as in the case of conventional 

concrete, happens here, these fresh-state defects are not completely eliminated with time, and thus, 

influences the hardened state properties. As the layer height increases, fibers have more flexibility in 
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aligning within the layer, while being laid through the nozzle. This effect of better fiber alignment and 

placement eliminates some of the interfacial defects (even though reduced nozzle pressing force results in 

lower layer compaction), resulting in a slightly better flexural response for the specimens with higher layer 

heights. Thus, as noticed in Figure 7, the difference between the flexural strengths of unreinforced and 

fiber-reinforced 3D printed mortars increases when the LH increases. The poor matrix-fiber interface 

(sometimes, a result of lack of consolidation) also could contribute to the reduced flexural strengths [50]. 

Though fibers larger than the nozzle size is better to ensure fiber alignment [36], it is shown here that the 

layer height also needs to be in the range of fiber length to ensure proper alignment, especially for stiffer 

fibers like steel fibers. The use of fibers much smaller than the layer height potentially eliminates the layer 

defect issues reported here, but the fibers are likely to be randomly aligned in such a case. The use of 

randomly aligned elongated metallic particulates [45] as matrix reinforcement in 3D printed mortars (not 

shown in this study) was found to result in only slight improvements in flexural strengths, even though the 

toughness was observed to increase, as expected.  

 
Figure 8: Illustration of fiber orientation with layer height, showing increasing degree of freedom for 

fiber orientation with increasing layer height. The drawing is scaled proportional to the actual 

dimensions, and includes a fiber placed to the left of each LH case for comparison. 

3.3 Crack propagation under four-point bending using DIC 

DIC analysis of typical unreinforced and fiber-reinforced specimens under four-point bending is shown in 

Figure 13. The strain fields were evaluated from the displacement fields determined from DIC. Note the 

difference in the magnitude of Lagrangian strains in both the specimen types, with the fiber-reinforced 

specimens demonstrating much higher strain capacities in the peak and post-peak regions.  

 

 

 

 

 

 



13 

 

 

The strain fields are shown at the peak load only for the unreinforced specimens since there is little 

localization before the peak, and there is no discernible post-peak region. At the peak load, strain 

localization, in general, tends to be more prominent at higher layer heights. The enhanced energy dissipation 

because of the larger number of layer interfaces in the LH5 case likely results in lower strains. For the fiber-

reinforced specimens, at the peak load, the crack starts to initiate with strains at the crack tip around 6 times 

higher than those in the unreinforced specimens at the corresponding peak load. In the post-peak response, 

the condition of the specimen at a vertical displacement of 2 mm is shown, where the crack has propagated 

much further. The localized strains near the crack tip is about 4 times of the value at the peak. Figure 10 

shows the propagation of the main crack and its directionality near the interfacial regions in typical 

unreinforced and fiber-reinforced mixtures (LH15 case is shown here). The images correspond to the point 

close to the peak stress for the unreinforced specimen, and post-peak at a midspan deflection of about 1.5 

mm for the fiber-reinforced specimen. The horizontal dotted lines show the layer interfaces and the arrows 

indicate how the layer interface results in a deviation in the crack direction along its path. A similar 
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Figure 9: Strain fields corresponding to the peak and post-peak locations in the load-deflection 

response under four-point bending. 
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mechanism also exists in the LH5 and LH10 cases, but is more obvious for the LH15 case because of the 

higher layer height.  

 

Figure 10: The crack path showing crack deviation at layer interfaces in: (a) an unreinforced, and (b) 

fiber-reinforced specimen. The interface is denoted by the horizontal dotted lines and the change in 

direction near the interface indicated by the arrows. 

3.4 Effect of layer height on fracture response 

3.4.1 Fracture parameters 

Typical results of three-point cyclic bending tests on notched beams are shown in Figure 11a and b for the 

unreinforced and fiber-reinforced specimens, printed using different layer heights. The fiber-reinforced 

specimens demonstrate higher peak loads, and higher stiffnesses in the pre-peak elastic and post-peak 

regions, attributed to the presence of stiffer fibers and associated crack bridging. The layering of fibers 

along the horizontal direction, shown in Figure 8, perpendicular to the direction of cracking, lends these 

systems enhanced crack resistance and multiple-cycle load capacity as shown in Figure 11b. In general, the 

unreinforced specimens demonstrate a reduction in load capacity as the layer height increases (similar to 

Figure 7), while the difference is found to be insignificant for the fiber-reinforced specimens. A closer look 

at the unloading compliance also shows that an increase in layer height makes the unreinforced specimens 

more compliant in the post-peak region. In contrast, the fiber-reinforced specimens tend to show a strain 

hardening behavior near the peak when crack initiates, and the capacity reduction from peak to the chosen 

CMOD maximum (about 0.20 mm) was only around 20% due to the influence of fibers. The unreinforced 

specimens show a significant decrease in the post-peak load when compared to the fiber-reinforced 

specimens, as expected.  
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Figure 11: Cyclic CMOD-controlled three-point bending test results for: (a) unreinforced, (b) fiber-

reinforced specimens, as a function of layer height, and (c) strain energy release rate as a function of 

crack extension. 

Figure 11c shows the R-curves for the unreinforced and fiber-reinforced mortars printed using two layer 

heights. The R-curves show an initial rising region where the resistance increases with crack length, 

denoting the formation of a process zone, and a strain energy plateau denoting steady-state crack 

propagation. The transition between these two regions, and the value of the strain energy plateau (GR-max), 

is seen to be dependent on the layer height and the presence of fibers. Past studies have explored the relative 

contributions of elastic and inelastic components of GR, with an emphasis on the contributions of matrix 

modifications and/or fiber reinforcement to energy release rates [41,51].    

The fracture parameters calculated using TPFM are plotted in Figure 12a and b. An elastically equivalent 

fracture toughness, KIC, is an important parameter in the fracture characterization of cementitious systems. 

The calculated Mode-I fracture toughness, KIC, and the critical crack tip opening displacement, CTODc, are 

similar to or slightly lower than those reported for mold-cast conventional unreinforced limestone-

containing mortars of similar composition [41]. For instance, the mold-cast specimens show a KIc around 

25 MPa-mm0.5 while the 3D printed specimens show KIC values between 20 and 24 MPa-mm0.5. This slight 
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reduction in KIC could be attributed to the lack of compaction and the presence of defects during the printing 

process. In general, KIC shows marginal decrease with increasing layer height for both the unreinforced and 

fiber-reinforced mixtures. This is probably attributed to the fact that higher number of layer interfaces could 

result in more energy dissipation during crack propagation, in addition to the crack path tortuosity. The 

average CTODc values are practically invariant with layer height; the layering effect, within the range of 

the parameters studied here, does not alter the limit beyond which unstable crack propagation begins. Fiber-

reinforced specimens show KIC and CTODc values that are higher by almost 30% when compared to the 

unreinforced specimens, which can be attributed to crack arresting and fiber bridging in the crack wake 

[52]. The relatively minor effect of the selected layer height range on fracture toughness and CTODc 

demonstrates that a higher layer height that enables faster printing process can be chosen without 

compromising the fracture properties. This was also shown with the flexural strength for the fiber-

reinforced mixtures, while for the unreinforced mixtures, increasing layer height did cause a small but 

noticeable reduction in strength.   

  

 
Figure 12: The variation of: (a) fracture toughness, KIC, (b) critical crack tip opening displacement, 

CTODc, and (c) strain energy release rate plateau (GR-max), with layer height for unreinforced and 

reinforced 3D printed specimens, showing the contributions of the elastic (Ge) and inelastic (Gie) 

components. The error bars indicate one standard deviation of the properties based on 3-5 specimens 

tested. 

The strain energy release rate plateau, GR-max, is shown in Figure 12c, along with the relative contributions 

of the elastic and inelastic components. This was extracted from data corresponding to several loading-
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unloading cycles of the closed-loop CMOD-controlled testing, under the assumption that stable crack 

propagation leads to an increase in compliance. The GR-max for unreinforced printed specimens are rather 

similar to that of  mold-cast specimens (a value of ~ 0.03-0.04 N/mm [41]). GR-max is higher for specimens 

printed using smaller layer heights; there are more interfaces that likely act as crack barriers. The fiber-

reinforced mortars show a GR-max that is 3 times higher than those of the unreinforced specimens, owing to 

the presence of fibers that bridge the matrix while resisting fracture. For both cases, it is also noticeable 

that a larger number of interfaces (smaller LH) results in an increase in the inelastic component of the strain 

energy, with the elastic component remaining roughly similar for all the layer heights studied. A much 

larger difference between elastic and inelastic components is noticed for the fiber-reinforced mortars. The 

synergistic effect of fibers, which are known to enhance the inelastic strain energy release [51], and the 

influence of layers is noted here. Even considering the interlayer defects introduced by fibers that are longer 

than the layer height, the overall fracture response is better when the layer height is smaller.  

The tendency for crack propagation in layered systems involve two different fracture energies: for crack 

penetration across the interface (Gp), and for crack deflection along the interface (Gd). It is known that crack 

penetrates across the interface if the ratio Gf-interface/Gf-layer is greater than the ratio Gd/Gp. Considering that 

the interface will be slightly more compliant than the bulk (due to defects), and that crack extension 

towards a more compliant region results in greater release of energy [53], one can deduce that Gp > Gd, thus 

favoring crack penetration into the interface and to the next layer, as observed in Figure 10, albeit with a 

minor change in the angle of propagation. If the interfaces were very weak, then the fracture of first layer 

would be followed by crack propagation along the interface, after which the crack could still deviate into 

the bulk when Gd  Gp, as is the case for step-like fracture reported in laminated ceramics and composites 

[53] (see Figure 13, for a notched three-point bending specimen). Additionally, the elastic property gradient 

at the crack front dictates the crack propagation direction, as has been shown for layered ceramics [53]. 

Even though the interfacial region is generally a little more complaint than the bulk in 3D printed mortars, 

the elastic property mismatch between the layer and interface can be taken to be rather small, especially for 

lower LH cases where the pressing force exerted by the nozzle consolidates the layer and the interface. 

Thus, in most of the cases evaluated here, it is energetically more favorable for the crack to grow across the 

interface. The interfaces in the specimens studied, in general, were not thick enough or weak enough to 

promote an alternate failure mechanism.  

                                                           

 It needs to be mentioned that interface mechanical characterization (e.g., using nanoindentation) has not been carried 

out in this work to quantify the reduction in elastic properties as compared to the bulk; however it is seen from this 

work and several other studies, that the layer interface is more porous [24,27–30,47], from which some elastic property 

reduction can be easily inferred.  
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Figure 13 shows optical images of crack propagation patterns typically observed for the different layer 

height cases in unreinforced mortars under notched three-point bending. For low LH cases, e.g., LH5 and 

LH10, Figure 13a and b show that the cracks cross the layer interface (denoted by the dotted lines) and 

exhibit some branching because of energy dissipation in the interface. The branching could also be an 

artifact of the loading-unloading cycles adopted in the notched three-point bending testing. For the high LH 

case, as shown in Figure 5, the interface is rather weak, and some crack deflection along the interface is 

observed for some of the  cracks, the reasons for which were explained earlier [53]. Such crack deflection 

is not observed for the fiber-reinforced specimen with larger LH, owing to the fiber bridging that arrests 

the crack movement, dissipates energy, and avoids meandering of the crack along the interface. Crack 

deflection is also not noticed in the four-point test (Figure 10) because of the faster loading rate, which 

results in rapid crack opening, and therefore the propagation energy (Gp) exceeding the deflection energy 

(Gd) at all times.     

   

(a) (b) (c) 

Figure 13: DIC Optical images showing cases of crack branching in the case of (a) LH5, and (b) LH10, 

(c) crack deflection along an interface in LH15. The black circles are speckles for DIC.  

 

3.4.2 Crack extension and strain profiles using DIC 

The microcracked, inelastic region around the traction-free crack tip in concrete is generally termed as the 

fracture process zone (FPZ). The fracture energy is related to the size of the FPZ [45,46]. The localization 

of strain above the notch as the CMOD increases during fracture, is shown in Figure 14 and 15 for the 

mortars printed using different layer heights. The spread of FPZ in the direction of crack extension increases 

as the CMOD is increased. The magnitude of the localized strains also increases in part due to the increasing 

CMOD. It is noticed that the localized zone at the tip of the crack makes its appearance before the peak 

load is reached. The FPZ becomes prominent when the peak load is reached and then it grows in a stable 

manner in the post-peak zone as the CMOD increases. The localized zone spreads rapidly in the post-peak 

zone. 
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Figure 14: DIC images showing strain localization (principal strains xx x 10-4) for unreinforced notched 

beams under three-point bending.  

Figure 14 shows the strain profiles at the tip of the notch for the unreinforced mortars, at different locations 

in the cyclic load-CMOD curve, which helps to visualize the surface strain profiles as a function of the 

layer height and the load. It is generally observed that the FPZ at the peak is sharper and well-formed for 

the LH5 case, in line with the higher fracture energy shown in Figure 12. With increasing layer height, the 

process zone length at the peak load reduces. This effect is predominant at the first unload point as well, 

where the crack front has progressed further in the LH5 specimen than the LH10 and LH15 cases, which 

feature more compliant interfaces (i.e., because of increased porosity). Additionally, the critical crack 

length (ac) calculated is in the range of 23-27 mm for the unreinforced mortars, which corresponds to a 
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crack extension of 8-12 mm (accounting for the initial notch length, a0 = 15 mm). This indicates that there 

are at least one or two layer interfaces within the critical crack length itself for LH5 and LH10 cases, while 

no interfaces exist for the LH15 case. This helps in larger energy dissipation due to the slightly more 

compliant interfaces and increases the fracture energy release rate. The strain profiles at the tip of the notch 

for the fiber-reinforced specimens are shown in Figure 15. At, and beyond the peak load, the layer height 

seems to be less influential as can be noticed from these images, showing the dominant influence of fibers 

over layer height, in strain localization and crack propagation.  
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Figure 15: DIC images showing strain localization (principal strains xx x 10-4) for fiber-reinforced 

notched beams under three-point bending. 

Figure 16 shows the load-crack extension and CTOD-crack extension relationships for the LH5 and LH15 

specimens for unreinforced and fiber-reinforced cases. The crack extension was determined based on the 

effective crack length corresponding to each point in the load-CMOD relationship as explained in [41,54].  
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The difference in behavior between the unreinforced and fiber-reinforced specimens can be clearly 

identified from this figure, while the layer effects (between LH5 and LH15 cases) are almost negligible. 

Figure 16a shows that, for a given crack extension, the LH5 specimen carries slightly more load than LH15 

specimen in the initial pre-peak region, consistent with the flexural strength data. The fiber-reinforced 

specimens show higher loads at much higher crack extensions. The fibers bridge the crack, and the crack 

opening results in energy dissipation which is reflected in the form of increased inelastic strain energy with 

increasing crack extension as shown in Figure 12c. The change in CTOD with crack extension is shown in 

Figure 16b, with the location of CTODc values in the curves shown by the dotted lines. The crack 

propagation is stable until the dotted line (pre-critical to the left; CTOD < CTODc) while unstable 

propagation occurs beyond this line (post-critical to the right; CTOD > CTODc). The lower layer height 

specimens (i.e. LH5) show higher crack extensions at the corresponding CTODc values for the unreinforced 

and fiber-reinforced cases, in line with the strain energy release rates shown earlier. This can also be 

ascertained from the DIC images corresponding to the post-peak regions shown in Figure 14 and Figure 

15.   

 
Figure 16: Relationship between: (a) load, and (b) CTOD, with crack extension for unreinforced and 

fiber-reinforced specimens (LH5 and LH15). The crack extension is stable to the left of the marked 

lines and unstable to the right, in (b). NF indicates non-fiber (unreinforced) and F indicates fiber-

reinforced specimens. 

3.5 Implications of layer height and fiber reinforcement on flexural and fracture properties 

In an attempt to collectively examine the influence of layer height on different properties examined thus far 

in this paper, Figure 17 plots the normalized flexural strength and fracture properties as a function of the 

ratio of  layer height to nozzle diameter. The normalization of the properties of the layered systems, i.e.,  

flexural strength (σflex), fracture toughness (KIc), critical crack tip opening displacement (CTODc), and the 

strain energy release rate (GR-max), is carried out with respect to those of unreinforced mold-cast specimens. 

Even for the fiber-reinforced specimens, the unreinforced mortar properties are used for normalization 

because the desired properties of the same fiber-reinforced mortar are not available at the time of preparing 
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this manuscript; however the benefit is that this helps evaluate the combined influence of layer height and 

fiber incorporation on the properties. Figure 17a shows that, for the unreinforced mortars, the flexural 

strength and fracture toughness are lower when the mixture is 3D printed, a possible influence of a 

combination of weak interfaces and the lack of external compaction. However, CTODc and GR-max are less 

dependent on the method of fabrication. All the parameters show a slight decline with layer height, GR-max, 

more so. Overall, compared to a conventionally cast specimen, the 3D printed specimen shows slightly 

inferior flexural and fracture properties, though changes in mixture composition and printing process could 

overcome some of these effects.   

Figure 17b shows the normalized properties for the fiber-reinforced specimens. The flexural strengths and 

fracture toughness of the fiber-reinforced 3D printed specimens are generally equal to or slightly greater 

than those of unreinforced, mold-cast specimens – the small volume of fibers used here negates the weak 

interface effects. However, the normalized values of CTODc and GR-max are much higher, showing that the 

use of a small amount of fiber reinforcement eliminates the negative effects of weak interfaces as far as 

fracture properties are concerned, and even enhances the fracture performance. Except for GR-max, the other 

properties are less influenced by the differences in layer height, within the ranges studied in this work. From 

a mechanical property standpoint, it would be beneficial to use a smaller layer height for unreinforced 

mortars since the nozzle pressure leads to compact layers and interfaces, provided that this pressure does 

not result in fresh-state buildability and stability issues. However, this could result in longer printing times, 

which in turn could interfere with interlayer bonding, and construction productivity. If a small amount of 

fiber reinforcement is used, larger layer heights can be printed without attendant loss in properties, ensuring 

faster printing process.  

  
Figure 17: Normalized flexure and fracture properties as a function of layer height: (a) unreinforced, 

and (b) fiber-reinforced mortars. The normalization is carried out with respect to the properties of the 

unreinforced mold-cast mortar for both the cases.  
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4 Summary and Conclusions 

This paper has elucidated the influence of printed layer height on the flexural and fracture properties of 

plain and steel fiber-reinforced 3D printed concrete beams. For the chosen mixtures satisfying extrudability 

and buildability criteria,  layer heights corresponding to 0.25, 0.50, and 0.75 times the nozzle diameter (20 

mm) were chosen, with all other printing parameters such as the print speed and layer width remaining the 

same. The beam specimens were subjected to four-point flexural tests and three-point notched fracture tests, 

accompanied by digital image correlation (DIC). The flexural strength, fracture toughness (KIC), critical 

crack tip opening displacement (CTODc), and strain energy release rate (GR-max) were extracted from the 

tests.   

Microscopy revealed increasing porosity at the layer interfaces when the layer heights were larger. Better 

layer overlap and the larger pressing force exerted by the nozzle when printing thinner layers resulted in 

consolidation of the layers and the interface, resulting in reduced defects for lower layer heights. For the 

fiber-reinforced specimens, layer heights lower than the fiber length resulted in interfacial defects because 

of fiber dragging and scratching, while printing. The flexural strengths were higher for the unreinforced 

mortars printed with a lower layer height because of the effects of consolidation. KIC, CTODc, and GR-max 

also slightly decreased or remained roughly the same with increasing layer heights in the range of 

parameters tested, attributable to the opposing effects of increased energy dissipation due to more number 

of denser interfaces (for smaller layer height cases) and less number of more porous interfaces (for larger 

layer height cases). For mortars containing about 0.25% by volume of steel fibers, the properties were 

significantly higher than those of their unreinforced counterparts, demonstrating the beneficial effects of a 

small volume of fibers in overcoming layering-induced property deterioration. Crack propagation patterns 

in unreinforced mortars under four-point bending showed some crack deviation at the layer interfaces, while 

in the case of notched beams under three-point bending and slower loading rates, even some crack 

deflection into the interfaces.  

The flexural and fracture property results reported here indicate that, within the parameters studied, a lower 

layer height is beneficial, provided that aspects relating to fresh-state buildability, exerted nozzle pressure, 

and the need for longer printing times, can be efficiently managed. The more compact microstructure, both 

in the bulk and at the interfaces, ensure better mechanical properties. Larger layer heights, even when 

adjacent layer overlap is specified in the print path, result in large voids which are not likely to be sealed 

through continuing hydration, posing potential durability issues. However, mechanical property 

deterioration because of larger layer heights can be overcome through the use of small amounts of fiber 

reinforcement. 
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