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LETTER FROM THE GUEST EDITORS

Additive construction (that is, three-dimensional [3-D] 
construction printing) has gained significant momentum in 
a short time frame, with the the first major publication on 
materials in 2012 and the first buildings being completed in 
2014/2015. While there are several potential options, the field 
of additive construction (AC) has been dominated by mortar/ 
concrete materials. This method of construction places mate-
rial without formwork present, resulting in a unique relation-
ship between material and structural performance during 
construction that is not considered in traditional concrete 
construction. The popularity is a result of the potential of 
the technology to improve productivity and cost of construc-
tion, as well as improving structural performance through 
geometrical freedom, the ability to mobilize, and the ability 
to produce structures in dangerous or remote places. As a 
result, the number of high-visibility and high-risk projects 
being executed and proposed has become more common, 
while the industry is left without a general knowledge of 
the construction practices and structural performance or a 
structural code/guidance to assist designers, contractors, 
and inspectors. Therefore, it is imperative that the concrete 
industry be educated in the current state and limitations of 
the technology. 

The intent of this joint special issue is to provide aware-
ness to professionals in the concrete industry to the technical 

construction aspects (materials and structural) of the tech-
nology. This joint special issue of the ACI Structural Journal 
and ACI Materials Journal contains nine manuscripts 
focused on construction aspects of additive construction 
using cement-based materials. It should be highlighted that 
the number of manuscripts received/accepted for this joint 
special issue is indicative of the difference in the amount 
of research or publicly shared information on structural 
and construction aspects of AC compared to the amount 
of research on materials, as showcased in the November 
2021 special issue of the ACI Materials Journal. The papers 
in these joint special issues cover a wide range of topics 
including structural topics on testing reinforced beams and 
modeling the construction process, and materials topics on 
the characterizing extrusion, enhancing, and testing mechan-
ical properties; shoreline resiliency; fracture behavior; and 
quality control methods. It is the hope of the editors that 
this brief introduction will help to provide the readers with 
insight to the current state of research on structural/materials  
performance and the construction process, the structural/
materials considerations that come into play when consid-
ering this technology, and how research in this area can 
benefit the concrete construction industry as a whole.

Liberato Ferrara
Eric L. Kreiger
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Successful implementation of extrusion-based three-dimensional 
(3-D) printing requires the development of print materials with 
adapted rheology. In this study, filtration characteristics coupled 
with rheological properties of mortar mixtures are investigated to 
characterize the extrudability of print materials and establish a 
“printability window” (that is, the acceptable range of material 
properties for successful extrusion and shape stability). The extrud-
ability was measured as the maximum force needed for the ram 
extrusion of the material. The fluid filtration rate was assessed in 
terms of desorptivity of the fresh mixture under pressure. The yield 
stress, plastic viscosity, and desorptivity were varied by changing 
the water-cement ratio (w/c), high-range water-reducing admix-
ture (HRWRA) dosage, and welan gum (WG) content. Regression 
analysis indicated that during extrusion-based printing, the yield 
stress and desorptivity values can exhibit a more significant effect 
on extrudability than plastic viscosity.

Keywords: extrudability; fluid filtration; printability window; rheology; 
three-dimensional (3-D) printing.

INTRODUCTION
Over the past decade, there has been a growing interest 

in three-dimensional (3-D) printing (3DP) of cement-based 
materials in concrete construction. The main advantage of 
3DP over conventional construction is the elimination of 
formwork and the ability to print topologically optimized 
structures. This has the potential to lower construction costs, 
reduce material use, and enhance sustainability.1-3 Two 
different 3DP techniques are mainly applied for cement-
based materials: particle-bed binding and material extru-
sion.4,5 Particle-bed binding involves selectively depositing 
binder liquid onto a bulk material bed laid in layers. The 
constituents of the binder liquid phase and the bulk mate-
rial vary with the type of cement system selected (that is, 
paste, mortar, or concrete). The bulk material hardens upon 
contact with the ink, and at the end of the printing, the hard-
ened element needs to be taken out of the loose bulk material 
bed.6-8 This additional step can limit the use of binder-jetting 
techniques for in-place and large-scale 3DP applications. 
The extrusion-based 3DP involves the extrusion of print 
material through a nozzle into filaments that are deposited 
layer-by-layer at a controlled speed.9-11 Compared to particle- 
bed binding, there is little need for post-processing work 
and use of formwork in case of material extrusion. Due to 
these advantages, extrusion-based 3DP has been success-
fully implemented in 3DP of large-scale structures.12,13 The 
current work focuses on the extrusion-based 3DP using a 
ram extruder setup.

During extrusion-based 3DP, the print material is usually 
pumped into an extruder, and this requires the print material 
to have high flowability (that is, low yield stress). The absence 
of formwork necessitates that the extruded material resists 
plastic deformation to retain its initial shape (that is, shape 
stability). This requires the yield stress of the extruded mate-
rial to be higher than the shear stress exerted by gravity, which 
is a function of the density of the material and the height of the 
printed layer.14 The opposing requirements of high flowability 
before extrusion and shape stability after extrusion pose a 
challenge during the development of the material.15 Further-
more, the material can undergo process-induced variation 
during printing, and these flow-induced changes in material 
properties can hamper the shape stability of extruded mate-
rial.16 For a given 3DP setup, the print material is selected 
based on the rheological properties (that is, yield stress [τy] 
and plastic viscosity [μp]),11,17-19 with limited emphasis on the 
process-induced behavior of the material.

In this study, in addition to rheological properties, the 
flow behavior of the print material during the ram extru-
sion process and the key material properties affecting the 
flow behavior are evaluated. These material properties of 
mortar mixtures are varied by changing the water-cement 
ratio (w/c), high-range water-reducing admixture (HRWRA) 
dosage, and welan gum (WG) content. The influence of 
these mixture proportioning parameters and material prop-
erties on the extrudability was examined. The study aims to 
define a printability window for the successful extrusion of 
the mortar based on its rheology and fluid filtration char-
acteristics. The printability window refers to the acceptable 
range of material properties within which the material can be 
extruded into shape-stable layers.

RESEARCH SIGNIFICANCE
Three-dimensional printing (3DP) offers numerous bene-

fits in terms of structural, environmental, and safety aspects 
of construction. The development of printable materials is 
necessary for exploiting these benefits. The current study 
evaluates the importance of both rheology and desorptivity 
on printability, which is currently missing in the literature. 
The printability window proposed in this paper can be used 

Title No. 121-M11

Characterization of Extrudability Using Rheology  
and Desorptivity
by Kavya Vallurupalli, Nicolas Ali Libre, and Kamal H. Khayat

ACI Materials Journal, V. 121, No. 2, March 2024.
MS No. M-2022-076.R3, doi: 10.14359/51740301, received November 18, 2023, 

and reviewed under Institute publication policies. Copyright ©  2024, American 
Concrete Institute. All rights reserved, including the making of copies unless 
permission is obtained from the copyright proprietors. Pertinent discussion including 
author’s closure, if any, will be published ten months from this journal’s date if the 
discussion is received within four months of the paper’s print publication.
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as a practical guideline for material properties during the 
selection and optimization of mixtures for 3DP.

RAM EXTRUSION PROCESS— 
MATERIAL FLOW BEHAVIOR

Figure 1(a) illustrates the extrusion process of 3DP using 
a ram extruder. The ram extrusion involves the filling of the 
print material in a barrel and the application of force (FE) on 
the ram to push the material into a nozzle located at the end 
of the barrel. During ram extrusion, the application of FE 
results in different material flow behaviors (that is, plastic, 
viscoplastic, and frictional-plastic) that depend on the mate-
rial rheology and fluid filtration. For plastic and viscoplastic 
flow behaviors, the material stays homogenous. However, 
the extent of shearing in the material varies. In the case of 
plastic flow behavior, only the print material close to the 
barrel wall undergoes shearing, and the remaining material 
moves along the extruder unsheared, as shown in green in 
Fig. 1(b). For viscoplastic flow in Fig. 1(c), most of the print 
material is sheared during the extrusion. Frictional-plastic 
flow behavior occurs when the application of FE results in 
the migration of the fluid toward the nozzle. This causes the 
formation of dry and consolidated material near the ram, as 
shown in Fig. 1(d), and can lead to blockage during extru-
sion. The flow behavior within the extruder has a signifi-
cant effect on extrudability. The extrudability in this study is 
assessed as maximum FE (that is, high extrudability implied 
a lower value of FE).20-22 The influence of τy, μp, and fluid 
filtration characteristics on flow behavior and extrudability 
are summarized in Table 1.

Perrot et al.23 noted that during the extrusion of a homog-
enous material, the flow behavior is affected by τy, μp, extru-
sion speed (VR), and barrel diameter (DB). The influence of 
these parameters can be assessed using the Bingham number 
(BN), as shown in Eq. (1).16

	​ ​B​ N​​  =    ​ 
​τ​ y​​​D​ B​​

 _ 8​µ​ p​​​V​ R​​ ​  ​	 (1)

The high and low values of τy/μp for plastic and visco-
plastic flow behaviors in Table 1 correspond to BN values of 
>100 and ≤100, respectively. The fluid filtration needs to be 

significantly low to reduce water migration and avoid the 
formation of dry and consolidated material during the extru-
sion. The degree of fluid filtration is a function of the filtra-
tion characteristics of the print material, extruder dimen-
sions, and VR.23 The fluid filtration characteristics of the print 
material can be assessed in terms of desorptivity (De).24,25 
The De is the measurement of the rate of forced bleeding 
of the material under a given pressure gradient. Unlike BN, 
no acceptable ranges of De are available in the literature 
to ensure material homogeneity during extrusion. In this 
study, the influence of the τy, μp, and De on the maximum FE 
(extrudability) was examined, and suitable ranges of τy, μp, 
and De parameters are established for successful 3DP.

MATERIALS AND EXPERIMENTAL PROCEDURES
Materials and mixture proportions

In this study, a Type I/II portland cement conforming to 
ASTM C150 was used. The specific gravity and Blaine fine-
ness of the cement were 3.14 and 390 m2/kg (1900 ft2/lb), 
respectively. The nominal maximum size of aggregate and 
relative content of the sand were 2 mm and 40%, by volume 
of mortar, respectively. The specific gravity and absorption 
values of the sand were 2.58 and 2.24%, respectively. A 
polysaccharide-based WG powder with a specific gravity 
of 0.8 was used to modify rheology and reduce the risk of 
fluid filtration. A polycarboxylate-based HRWRA with 23% 
solid mass content and 1.05 specific gravity was also used to 
enhance flow. The mini-slump cone with a height of 60 mm 
(2.36 in.), upper diameter of 70 mm (2.75 in.), and lower 
diameter of 100 mm (3.94 in.) without any jolting was used 

Fig. 1—Ram extrusion process: (a) ram extruder setup; (b) plastic flow behavior; (c) viscoplastic flow behavior; and  
(d) frictional-plastic flow behavior (adapted from Vallurupalli et al.16).

Table 1—Influence of print material properties on 
flow behavior and extrudability16

Flow behavior

Print material property

Extrudability†τy/µp
* Fluid filtration

Plastic High Low High

Viscoplastic Low Low Medium

Frictional-plastic — High Poor

*High and low values correspond to BN of >100 and ≤100, respectively.
†High extrudability implies lower FE needed for extrusion of print material.
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to measure flow. The dosage rate of the HRWRA was varied 
to maintain an initial mini-slump flow of 170 ± 10 mm (6.7 ± 
0.4 in.) for the mixtures made with WG. For other mixtures, 
the HRWRA dosage was varied to secure mini-slump flow 
values in the range of 120 ± 10 mm (4.7 ± 0.4 in.) to 340 ± 
10 mm (13.4 ± 0.4 in.).

Eight mortar mixtures with w/c varying between 0.25 and 
0.35; HRWRA dosages of 0, 0.09, 0.11, 0.22, and 0.43%, by 
mass of binder; and WG contents of 0, 0.1, 0.2, and 0.3%, 
by mass of binder, were prepared. The mixture proportions 
and initial flow values determined right before the extru-
sion of the print materials are shown in Table 2. The time 
corresponds to approximately 20 minutes after the contact 
of cement and water. The mixing procedure of the mortars 
involved: 1) dry mixing of the sand and cement at 1 rps for 
2 minutes; 2) gradual addition of water along with HRWRA 
to the dry materials and mixing at 2 rps for 3 minutes; and 
3) resting the material for 1 minute, followed by final mixing 
at 2 rps for 3 minutes. In the case of mixtures with WG, 
WG was premixed with water and HRWRA for 3 minutes 
using a blender and was added to the dry materials in Step 2 
of the mixing process. After the end of mixing, the mate-
rial was left to rest (protected from water evaporation) until 
20 minutes from cement and water contact. After 20 minutes, 
the slump flow, rheology, and extrusion tests were carried 
out, as all three tests are time-sensitive and require time 
for setting up—that is, filling the slump cone, rheometer 
cylinder, and extruder. The time interval of 20 minutes was 
selected to ensure all tests were set up correctly and carried 
out concurrently.

Rheology
The τy and µp values of mortar mixtures were measured 

using a coaxial cylinder rheometer with inner and outer radii 
of 50 and 60 mm (2 and 2.4 in.), respectively. The rheom-
eter cylinder was filled with the mortar sample in two layers, 
and each layer was rodded 25 times with a tamping rod. The 
rheology testing protocol involved pre-shearing of mortar at 
0.5 rps for 25 seconds, followed by a stepwise drop in the 
shear rate from 0.5 to 0.025 rps in 10 steps, with each shear 
rate applied for 5 seconds. The average value of torque at 
each shear rate was recorded, and the τy and µp values were 
estimated using the Reiner-Riwlin equations for the Bingham 
model.26 The rheological measurements were determined 

initially at 20 minutes, and thereafter at 30-minute intervals 
up to 220 minutes. Between each test, the sample was hand-
mixed for 30 seconds and covered.

Fluid filtration
The De of the mortar mixtures was assessed using a filtra-

tion cell test setup, shown in Fig. 2(a). The test consisted 
of a metallic cylinder fitted with a metal screen and filter 
paper of pore size 2 µm placed at the bottom against the 
draining surface. The cylinder was filled with approximately 
750 g (1.6 lb) (approximately 580 mL [35 in.3]) of mortar 
sample in two layers, with each layer rodded 25 times with 
a tamping rod. The cylinder assembly was placed in the test 
frame, and an overhead pressure was applied on the mortar 
using CO2 gas. The overhead pressure was applied for 
5 minutes, and the forced bleed water was collected using 
a 10 mL (0.6 in.3) graduated cylinder. The mortar samples 
were tested at different ages, starting from 20 minutes to 
up to 220 minutes (±10 minutes). At each age, the filtration 
test was conducted at five different overhead pressures of 
120, 180, 240, 300, and 360 kPa (±10 kPa) (17, 26, 35, 44, 
and 52 psi [±1.4 psi]) using a separate sample of mortar for 
each pressure value. Three pressure cells were available to 
conduct the pressure filtration tests simultaneously. The De 
at each overhead pressure was estimated by plotting the rela-
tive amount of filtrated water to the square root of time, as 
shown in Fig. 2(b). The relative amount of filtrated water 
corresponds to the volume of collected forced bleed water 
divided by the total water content in the mortar sample. A 
high value of De implies a high fluid filtration rate that can 
lead to frictional-plastic flow behavior during the extrusion 
of the mortar.

Ram extrusion
The extrudability of a mortar sample is defined as 

the ability of the material to be extruded without any 
blockage.17,27 The extrudability of mortar mixtures was 
evaluated using a custom-designed displacement-controlled 
ram extrusion setup (Fig. 3(a)) with DB of 39 mm (1.5 in.) 
and DN of 9 mm (0.4 in.), as shown in Fig. 3(b).28 The 
extruder was powered by a stepper motor calibrated to apply 
a maximum load of 135 N (30 lbf) to avoid failure of the 
extruder. The mortar mixtures were extruded with a constant 
VR of 2.5 mm/s (0.1 in./s). Before each test, the inner surface 

Table 2—Mixture proportions and initial mini-slump flow

Mixture* Cement, kg/m3 Water, kg/m3 Sand, kg/m3 HRWRA, kg/m3 WG, kg/m3 Initial mini-slump flow, mm (in.)

0.35W 899 315 1032 — — 120 (4.7)

0.25W0.09SP 1049 266 1031 0.9 — 120 (4.7)

0.25W0.11SP 1049 266 1031 1.1 — 170 (6.7)

0.25W0.22SP 1048 266 1030 2.3 — 280 (11.0)

0.25W0.43SP 1045 266 1028 4.5 — 340 (13.4)

0.25W0.7SP0.1WG 1041 264 1024 7.2 1.0 170 (6.7)

0.25W1.3SP0.2WG 1034 263 1016 13.5 2.1 170 (6.7)

0.25W1.8SP0.3WG 1027 261 1010 18.8 3.1 170 (6.7)

*0.25W1.8SP0.3WG indicates 0.25 w/c and HRWRA dosage and WG content of 1.8% and 0.3%, by mass of cement, respectively.

Note: 1 kg/m3 = 1.68 lb/yd3.
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of the barrel and ram were lubricated using silicone oil to 
minimize the wall friction. Additionally, the extrusion test 
was carried out on an empty ram to determine the FE needed 
for pushing an empty ram extruder. A mortar sample of 
140 mL (8.5 in.3) (approximately 180 g [0.4 lb]) was added 
to the barrel, which corresponded to the barrel length (LB) 
of 120 mm (4.7 in.) (Fig. 3(b)). A drastic increase in FE was 
reported by Perrot et al.29,30 when the ram approached the 

dead-zone length (LDZ). To minimize the effect of the dead 
zone on FE, only a portion of mortar within the extruder was 
extruded. The extruded portion of the material corresponded 
to the extruder length (LE) of 80 mm (4.9 in.). The extrud-
ability was assessed at different ages of mortar starting from 
20 minutes after water and cement contact. The extrudability 
of the mortar is evaluated by determining the maximum FE 
needed to extrude the material, as shown in Fig. 3(c).28 A 

Fig. 2—Filtration test: (a) schematic of filtration cell test setup; and (b) typical variations in relative volume of forced bleed 
water as function of time (up to 5 minutes) for two overhead pressures of 120 and 360 kPa (17 and 52 psi).

Fig. 3—Extrusion test: (a) schematic of ram extruder setup; (b) close-up of barrel and nozzle; and (c) typical load-versus- 
displacement data from ram extrusion test. (Note: 1 mm = 0.04 in.)
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high maximum FE implies low extrudability. Additionally, 
the open time was determined as the age of the print material 
beyond which the material could not be extruded without 
risk of blockage. The blockage of the print material implied 
that the FE needed to extrude the material exceeds the load 
limit (135 N [30  lbf]) of the extruder setup. In this study, 
the DB and VR were fixed at 39 mm (1.5 in.) and 2.5 mm/s 
(0.1  in./s), so BN was primarily a function of τy and µp, as 
shown in Eq. (2).16

	​ ​B​ N​​  =    ​ 
​τ​ dy​​​D​ B​​

 _ 8​µ​ p​​​V​ R​​ ​  =  ​ 
​τ​ dy​​ ​(39 mm)​

  _____________  8​µ​ p​​ ​(2.5 mm/s)​ ​  = ​ 
​τ​ dy​​ ​(1.5 in.)​

 ____________  8​µ​ p​​ ​(0.1 in./s)​ ​  ​	 (2)

EXPERIMENTAL RESULTS AND DISCUSSION
Influence of w/c and WG content on HRWRA 
demand

The influence of w/c and WG content on rheology and fluid 
filtration characteristics of the mortar mixtures was exam-
ined by comparing the results of the mortars proportioned 
with identical initial flow values. As indicated in Table 2, the 
mixture prepared with a 0.35 w/c required no HRWRA to 
achieve the target initial flow of 120 mm (4.7 in.). However, 
with the reduction in the w/c to 0.25, 0.09% of HRWRA 
was required to secure the targeted mini-slump flow. The 
HRWRA demand increased to 0.7%, 1.3%, and 1.8% for the 
mixtures made with 0.1%, 0.2%, and 0.3% of WG, respec-
tively, for mortars made with a 0.25 w/c. A similar increase 
in HRWRA demand was observed in previous studies31-34 
with an increase in WG content for grout and ultra-high- 
performance mortar mixtures.

Influence of mixture proportioning parameters  
on material properties

Effect of w/c—The influence of w/c on rheology and De 
was evaluated by comparing the results for 0.35W (mixture 
with a 0.35 w/c) and 0.25W0.09SP (mixture with a 0.25 w/c 
and 0.09% HRWRA [“SP” refers to superplasticizer]). The 
τy and µp values are shown in Fig. 4. In terms of τy, no signif-
icant difference was observed for either mixture at 20, 50, 
and 90 minutes. Conversely, a 400 to 650% increase in µp 
occurred with the decrease in w/c, despite the fixed mini-
slump flow values. The high µp values for the 0.25W0.09SP 
mixture at different times were due to the lower amount of 
water content.35 However, the lack of such influence on τy 
was due to the opposing effect of a low w/c and HRWRA 

addition.36 The lowering of the w/c from 0.35 to 0.25 
resulted in a fourfold increase in the rate of increase in µp 
with time. Such a significant increment can be attributed to 
the increased rate of flocculation due to the lower interpar-
ticle distance between the cement particles of the lower-w/c 
mixture.37,38

The BN values were calculated using Eq. (2) and ranged 
from 142 to 264 for the 0.35W mixture and 30 to 33 for the 
0.25W0.09SP mixture. Such a decrease in BN from values 
>100 to <100 with the decrease in the w/c from 0.35 to 
0.25 suggests a change in the material flow behavior from 
plastic to viscoplastic. As per Table 1, such a change in flow 
behavior results in a decrease in extrudability.

Figure 5 shows variations in De with applied overhead 
pressure for the 0.35W and 0.25W0.09SP mixtures after 20 
and 90 minutes of water addition. These results indicate an 
increase in De with the increase in overhead pressure from 
120 to 360 kPa (17 to 52 psi). Approximately 80% lower 
De values were observed for the 0.25W0.09SP mixture 
compared to the 0.35W mixture. The low De can be attributed 
to the lower amount of free water available for filtration and 
higher µp. The high De results for the 0.35W mixture suggest 
the possibility of fluid filtration and poor extrudability.

Based on the aforementioned results, the decrease in BN 
to below 100 with the reduction of the w/c from 0.35 to 
0.25 suggests a lower level of extrudability. On the other 
hand, the decrease in De with the decrease in w/c suggests an 
improvement in extrudability. These contradicting effects of 
rheology and De on extrudability indicate that the assessment 
of rheological properties alone is not sufficient to charac-
terize the extrudability of the print material during extrusion- 
based 3DP.

Effect of HRWRA dosage—The influence of HRWRA 
dosage on material properties was evaluated by comparing 
the results of the 0.25W0.09SP, 0.25W0.11SP, 0.25W0.22SP, 
and 0.25W0.43SP mixtures prepared with a 0.25 w/c, 
different HRWRA dosages, and initial mini-slump flow 
values. The increase in HRWRA dosage can enhance the 
deflocculation of cement particles and increase the amount 
of free water.39 The increase in HRWRA dosage from 0.09 
to 0.43% led to an over 200% increase in mini-slump flow 
(Table 2) and an over 90% drop in τy and µp, as shown in 
Fig.  6. The increase in HRWRA dosage also reduced the 
rate of increase of τy and µp with time. These changes are 
due to the decrease in the rate of flocculation because of the 

Fig. 4—Influence of w/c on: (left) τy; and (right) µp. (Note: 1 Pa = 0.02 lb/ft2.)
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increased interparticle distance between cement particles in 
the presence of HRWRA.40,41

The BN values for the 0.25W0.09SP, 0.25W0.11SP, 
0.25W0.22SP, and 0.25W0.43SP mixtures were in the 
ranges of 30 to 33, 14 to 34, 5 to 8, and 4 to 6, respectively. 
The relatively low values of BN (<100) suggest viscoplastic 
flow behavior during ram extrusion. Additionally, the 25 to 
90% reduction in BN with the increase in HRWRA dosage 
from 0.09 to 0.43% suggests an increase in viscosity contri-
bution to the extrusion force. The low BN value reflects that a 
higher volume of the material within the extruder is sheared 
during the extrusion process.42,43

Figure 7 shows variation in De with overhead pressure for 
mixtures with different HRWRA dosages. The influence of 
HRWRA dosage on De varied depending on the pressure. 
At low pressures (that is, 120, 180, and 240 kPa [17, 26, 
and 35 psi]), the increase in HRWRA dosage from 0.09 to 
0.11% increased the De by 70%. However, further increases 
in HRWRA dosage to 0.22 and 0.43% had the opposite 
effect. The increase in HRWRA dosage leads to increased 

dispersion of the cement and increased free water in the 
mixture.25 As a result, with the application of overhead 
pressure, more water is available to filter through, which 
can increase De. At the same time, the increased disper-
sion of cement particles reduces the permeability of the 
mortar against the drainage surface, which can contribute 
to reduced De.31 These contradicting effects of HRWRA 
resulted in nonlinear variation in De with increased HRWRA 
and pressure.31 At 0.22 and 0.43% HRWRA dosages, the 
low permeability of the mortar mixtures resulted in lower 
De values.25,31 However, at high pressure (that is, 300 and 
360 kPa [44 and 52 psi]), no decrease in De was observed 
with an increase in HRWRA dosage. This suggests that the 
De at high pressure values is less sensitive to the permea-
bility characteristics of the material.44

For mixtures made with different HRWRA dosages, low 
BN values indicate viscoplastic behavior. Additionally, the 
decrease in τy and µp with the increase in HRWRA dosage 
suggests that a lower FE is needed to extrude the mixture 
with high HRWRA (that is, increased extrudability).23,45 

Fig. 5—Influence of w/c on De at: (left) 20 minutes; and (right) 90 minutes. (Note: 1 kPa = 0.14 psi.)

Fig. 6—Influence of HRWRA dosage on: (left) τy; and (right) µp. (Note: 1 Pa = 0.02 lb/ft2.)

Fig. 7—Influence of HRWRA dosage on De at: (left) 20 minutes; and (right) 90 minutes. (Note: 1 kPa = 0.14 psi.)
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However, the influence of HRWRA dosage on De varied 
depending on the amount of HRWRA and the overhead pres-
sure. Such De results suggest that the influence of HRWRA 
on extrudability is not straightforward, and that increasing 
the HRWRA dosage does not guarantee improvement in the 
extrudability.

Effect of WG content—The rheology and De results of 
mortars prepared with different WG contents are shown 
in Fig. 8 and 9, respectively. The increase in WG content 
necessitated greater HRWRA demand to maintain an initial 
mini-slump flow of 170 ± 10 mm (6.7 ± 0.4 in.). As a result, 
the rheology and De results presented were due to the 
combined action of WG and HRWRA. In Fig. 8, the rate of 
increase in τy with time dropped by 90% with the increase in 
WG content from 0 to 0.1% and the consequent increase in 
HRWRA dosage from 0.11 to 0.7%, respectively. However, 
a significant increase (30 to 190%) in µp was observed with 
the addition of WG, despite the higher HRWRA demand. 
The addition of 0.1 and 0.2% WG increased the rate of 
increase in µp, while no such increase occurred at 0.3% WG 
due to the high HRWRA demand.31 The values of BN for 
the 0.25W0.11SP, 0.25W0.7SP0.1WG, 0.25W1.3SP0.2WG, 
and 0.25W1.8SP0.3WG mixtures were in the ranges of 14 to 
34, 7 to 10, 6 to 8, and 5 to 6, respectively. The significantly 
lower BN values for mixtures made with WG (that is, lower 
than 100) reflect a viscoplastic flow behavior. Moreover, the 
drastic increase in µp with the addition of WG suggests a 
higher FE may be needed to shear the mortar during extru-
sion (that is, decreased extrudability).

The De results in Fig. 9 indicate that a small addition of 
WG is sufficient to remarkably reduce the De from approx-
imately 3 × 10–3 s–0.5 to up to 0.04 × 10–3 s–0.5. These results 

are in agreement with the low fluid filtration and high water 
retention reported by Wang et al.34 and Khayat and Saric-
Coric46 for cement paste mixtures with WG. Such a drop can 
be partly attributed to the reduction in free water available 
for filtration31 and an increase in the pore-solution viscosity, 
which could reduce the rate of fluid filtration.46,47 Desbri-
eres48 and Brumaud et al.49 observed that the long-chain 
polymers (such as WG) can aggregate and partially fill the 
pores in the mortar matrix during fluid filtration, conse-
quently reducing De. In the present study, the low De of 
WG mixtures can also be partly attributed to the decreased 
permeability of the mortar with increased HRWRA demand. 
The low De of WG mixtures indicates low migration of 
the fluid and homogenous shearing of the material during 
extrusion (that is, viscoplastic due to low BN as opposed to  
frictional-plastic flow behavior).

Table 3 summarizes observed results stemming from the 
influence of w/c, HRWRA dosage, and WG content on mate-
rial properties and extrudability. The increase in w/c at fixed 
flow had a limited effect on τy but reduced μp and increased 
De. The drop in the µp led to a change in BN values from <100 
to >100, suggesting improved extrudability. On the other 
hand, the increase in De with w/c indicates a high rate of 
forced bleeding and a drop in extrudability. The increase in 
the HRWRA reduced both τy and µp and had a varied effect 
on De. The use of WG at a fixed mini-slump flow increased 
µp, had a limited effect on τy (suggesting a drop in extrud-
ability), and drastically reduced De (increase in extrud-
ability). Such opposing effects of rheology and fluid filtra-
tion on extrudability highlight the importance of measuring 
both properties to assess the suitability of materials for 3DP.

Fig. 8—Influence of WG content on: (left) τy; and (right) µp. (Note: 1 Pa = 0.02 lb/ft2.)

Fig. 9—Influence of WG content on De at: (left) 20 minutes; and (right) 90 minutes. (Note: 1 kPa = 0.14 psi.)
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Relationship between material properties  
and extrudability

During the ram extrusion, the print materials with a low τy 
were able to flow out of the nozzle due to gravity without the 
need to apply any FE. However, the shape stability was not 
adequate. A τy of >100 Pa (2 lb/ft2) was required to extrude 
shape-retaining filaments. As mentioned, the load capacity 
of the ram extruder was 135 N (30 lbf), which corresponds 
to a pressure value of 113 kPa (16 psi) for DB of 39 mm 
(1.5  in.), as indicated in Fig. 3(b). This means that for the 
print material, the maximum rate of fluid filtration during 
the ram extrusion is equivalent to De values measured at an 
overhead pressure of 120 ± 10 kPa (17 ± 1.4 psi) during the 
fluid filtration test. Table 4 summarizes the material proper-
ties, along with BN and maximum FE results at different ages 
where τy > 100 Pa (2 lb/ft2).

For the mixture prepared with a 0.35 w/c (0.35W), the 
material could not be extruded at 20, 50, or 90 minutes. This 
was because the FE needed exceeded the load capacity (135 
N [30 lbf]) of the extruder. On the other hand, the mixture 
with a 0.25 w/c and 0.09% HRWRA (0.25W0.09SP) was 

extrudable, with a maximum FE of 45 and 95 N (10 and 21 lbf) 
at 20 and 50 minutes, respectively. These results indicate an 
improvement in the extrudability with the decrease in w/c 
from 0.35 to 0.25 and the addition of HRWRA dosage. Such 
improvement, despite the drop in BN from over 100 to below 
100, can be attributed to the lower De and consequent change 
in flow behavior from frictional-plastic to viscoplastic.

For mixtures made with a 0.25 w/c, the increase in 
HRWRA dosage from 0.09 to 0.11% reduced τy. As a result, 
the 0.25W0.11SP mixture was too flowable and not suitable 
for extrusion at 20 minutes. However, at 50 and 90 minutes, 
the τy increased beyond 100 Pa (2 lb/ft2), and the material 
became extrudable. The rheological properties were iden-
tical for the 0.25W0.09SP mixture at 50 minutes and the 
0.25W0.11SP mixture at 90 minutes (τy = 330 to 340 Pa [6.9 
to 7.1 lb/ft2] and µp = 20 Pa∙s [0.42 lb/ft2∙s]). However, the De 
was 67% higher for the 0.25W0.11SP mixture, resulting in 
an 11% increase in maximum FE. For mixtures prepared with 
higher HRWRA (0.25W0.22SP and 0.25W0.43SP mixtures), 
τy was lower than 100 Pa (2 lb/ft2) until 220 minutes of age, 
and the extrudability could not be assessed.

Table 3—Influence of mixture parameters on material properties and extrudability

Increase in 
parameter

Rheology Fluid filtration

τy µp Effect on extrudability De Effect on extrudability

w/c Fixed* Decrease Improve Increase Deteriorate

HRWRA dosage Decrease Decrease Improve Increase/Decrease Deteriorate/Improve

WG content Fixed* Increase Deteriorate Decrease Improve

*For mixtures with different w/c and WG contents, τy and mini-slump flow values were fixed.

Table 4—Material properties and maximum extrusion force

Mixtures Time, minutes τy, Pa µp, Pa∙s De at 120 kPa (10–3 s–0.5) BN Maximum FE, N (lbf)

0.35W

20 229 2 10.33 223 >135 (30)

50 343 4 9.87 167 >135 (30)

90 431 6 7.58 140 >135 (30)

0.25W0.09SP

20 193 13 1.81 29 45 (10)

50 326 20 1.78 32 95 (21)

90 501 29 1.77 34 >135 (30)

0.25W0.11SP
50 105 13 3.01 16 41 (9)

90 351 20 2.97 34 105 (24)

0.25W0.7SP0.1WG

130 100 28 0.21 7 28 (7)

180 118 32 0.20 7 34 (8)

220 174 48 0.18 7 46 (10)

0.25W1.3SP0.2WG

90 145 36 0.12 8 30 (7)

130 185 37 0.10 10 39 (9)

180 340 39 0.09 17 45 (10)

220 470 44 0.05 21 63 (14)

0.25W1.8SP0.3WG

90 117 37 0.06 6 31 (7)

130 150 44 0.05 7 35 (8)

180 196 47 0.04 8 41 (9)

220 346 58 0.04 12 70 (16)

Note: 1 Pa = 0.02 lb/ft2.
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The mixtures prepared with WG were too flowable at 
20 and 50 minutes, but they became extrudable at later 
ages. Compared to the mixtures without any WG, mixtures 
containing WG were extrudable for a longer time, indicating 
an increased open time with the combined use of WG and 
HRWRA. The higher µp, and consequently lower BN values 
for mixtures with WG, suggest that the print material under-
goes a viscoplastic flow during extrusion. Additionally, for 
a given τy, the maximum FE needed to extrude the material 
was lower for mixtures made with WG due to the reduc-
tion in De. As shown in Fig. 10, the enhanced extrudability 
was especially significant for mixtures with high τy values. 
Furthermore, the addition of WG enabled the extrusion of 
print mortars having high τy > 400 Pa (8.4 lb/ft2). The ability 
to extrude print materials with such high τy values can lead to 
the printing of shape-retaining layers of larger heights. It also 
facilitates faster printing by reducing the time gap required 
between successive layers to ensure the shape stability of 
printed elements.14

The material properties and extrudability results of the 
investigated mixtures were used for the development of a 
“printability window,” as shown in Fig. 11. The printability 
window, indicated as a blue box, encompasses the range of 
material properties where the print material is extrudable into 
shape-stable layers. The lower limits for τy and µp correspond 
to the minimum values needed to extrude shape-stable layers 
and limit fluid filtration during extrusion, respectively, while 
the upper limits for τy and µp correspond to the maximum 
shear the extruder can exert on the material, beyond which 
the load capacity of the extruder is exceeded. The upper limit 

for De limits the fluid filtration and frictional-plastic flow 
behavior during extrusion. The printability window for the 
mortar mixtures tested was: τy: 100 to 470 Pa (2 to 10 lb/ft2);  
µp: 10 to 60 Pa∙s (0.2 to 1.2 lb/ft2∙s); and De at 120 kPa over-
head pressure <3 × 10–3 s–0.5. These material ranges are valid 
for the ram extrusion parameters of DB = 39 mm, DN = 9 mm, 
LE = 80 mm, and VR = 2.5 mm/s that are used in this study. 
The printability window can vary depending on VR, dimen-
sions, and load capacity of the extruder.

Statistical modeling of material properties  
and extrudability

Multiple linear regression was used for modeling the 
maximum FE as a function of τy, µp, and De. Considering 
the limited number of data points available in this study 
(Table  4), the proposed regression equation is used for 
explanatory modeling (that is, for assessing the significance 
of τy, µp, and De on extrudability) instead of the estimation 
of the maximum FE.

The multiple regression model for the maximum FE was 
initially fit using τy, µp, and De. The adjusted R2 values and 
estimates, along with the p-values of partial tests for τy, µp, 
and De, are shown in Table 5. The p-values indicate the signif-
icance of the test parameters (τy, µp, and De) on the output 
(maximum FE). The p-values lower than 0.05 indicate that the 
parameter has a significant effect on the output. The p-values 
are lower than 0.05 for τy and De, hence indicating that these 
properties have a significant effect on the maximum FE. 
Conversely, the high p-value for µp indicates that the viscosity 
does not have a significant effect on the maximum FE, given 

Fig. 10—Relationship between material properties and extrudability of mortar with τy of: (left) 120 Pa; and (right) 320 Pa. 
Dashed bar indicates De of mixtures without WG. (Note: 1 Pa = 0.02 lb/ft2; 1 N = 0.22 lbf.)

Fig. 11—Printability window of mortar encompassing yield stress (100 to 470 Pa), plastic viscosity (10 to 60 Pa∙s), and desorp-
tivity (<3 × 10–3 s–0.5).
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certain values of τy and De. Therefore, a second regression 
model was established using τy and De, and these results are 
also reported in Table 5. The p-values lower than 0.05 indicate 
that τy and De have a significant effect on extrudability. Addi-
tionally, the positive values of the estimates for both proper-
ties indicate that an increase in τy and De can lead to a higher 
FE or a lower level of extrudability.

CONCLUSIONS
In this study, the rheology and fluid filtration charac-

teristics of mortar mixtures were varied by changing the 
water-cement ratio (w/c), high-range water-reducing admix-
ture (HRWRA) dosage, and welan gum (WG) content. The 
influence of these properties on extrudability was evaluated. 
The fluid filtration was measured in terms of desorptivity 
(De), while the extrudability was assessed as the maximum 
application of force (FE) needed during extrusion. A print-
ability window was proposed for the extrusion of mortar 
based on the rheology and fluid filtration characteristics. 
Additionally, regression analysis was carried out to eval-
uate the significance of the effect of material properties on 
extrudability. Based on the findings of this investigation, the 
following conclusions can be made:

1. For a ram extruder with DN of 9 mm (0.4 in.) and extru-
sion speed (VR) of 2.5 mm/s (0.1 in./s), the suitable ranges of 
material properties for successful three-dimensional (3-D) 
printing (3DP) 3DP consist of yield stress (τy) of 100 to 
470 Pa (2 to 10 lb/ft2), plastic viscosity (µp) of 10 to 60 Pa∙s 
(0.2 to 1.2 lb/ft2∙s), and De < 3 × 10–3 s–0.5 at an overhead 
pressure of 120 kPa (17 psi).

2. For the investigated rheology and filtration character-
istics, the influence of µp on extrudability is insignificant 
compared to τy and De. The extrudability can be improved by 
reducing τy and De. However, a lower limit of 100 Pa (2 lb/ft2)  
for τy is needed to ensure shape stability.

3. The decrease in w/c from 0.35 to 0.25 required an 
increase in HRWRA dosage from 0 to 0.09%, by mass of 
cement, to maintain an initial mini-slump flow of 120 mm 
(4.7 in.). The decrease in w/c led to a 400 to 650% increase 
in µp and reduced the De by 80%. It also improved the 
extrudability due to a change in flow behavior during extru-
sion from frictional-plastic (at 0.35 w/c and no HRWRA) to 
viscoplastic (at 0.25 w/c and 0.09% HRWRA).

4. The increase in HRWRA dosage from 0.09 to 0.43% 
increased initial mini-slump flow by 200% and reduced τy 

and µp by over 90%. The influence of HRWRA on De varied 
depending on the overhead pressure in the forced bleeding cell 
and the HRWRA dosage. The increase in HRWRA from 0.09 
to 0.11% resulted in improved extrudability due to the reduc-
tion in the material rheological properties. Mixtures with higher 
HRWRA dosages (that is, 0.22 and 0.43%) were not suitable for 
extrusion owing to the low τy and poor shape stability.

5. At a fixed initial mini-slump flow of 170 mm (6.7 in.), 
the addition of WG at 0.1, 0.2, and 0.3%, by mass of cement, 
significantly increased µp, by up to 180%, and reduced the 
rate of increase in τy with time. The use of WG also drasti-
cally reduced the De by up to two orders of magnitude. The 
use of WG improved the extrudability due to low fluid filtra-
tion and open time given the high HRWRA demand. The use 
of WG also enabled the extrusion of print material with high 
τy (>400 Pa [8.4 lb/ft2]) at lower FE.

6. Overall, the use of WG enabled the development of print 
materials that are most suitable for extrusion-based 3DP 
(that is, higher τy needed for shape stability, lower De needed 
for homogeneous extrusion, and increased open time).
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Conventional approaches to concrete three-dimensional (3-D) 
printing relies on printing concrete in a straight (linear) print path, 
with layers overlaid on top of each other. This results in interlayer 
and interfilament joints being potential weak spots that compro-
mise the mechanical performance. This paper evaluates simple 
alterations to the print geometry to mitigate some of these effects. A 
printable mixture with 30% of limestone powder replacing cement 
(by mass), with a 28-day compressive strength of approximately 
70 MPa in the strongest direction is used. S- and 3-shaped print 
paths are evaluated as alternatives to the linear print path. Stag-
gering of the layers ensures that the interfilament joints do not lie 
on the same plane along the depth. Flexural strength enhancement 
is observed when print geometries are changed and/or layers are 
staggered. The study shows that print geometry modifications miti-
gate mechanical property reductions attributed to interfilament 
defects in 3-D concrete printing.

Keywords: anisotropy; compressive strength; flexural strength; layer 
geometry; three-dimensional (3-D) concrete printing.

INTRODUCTION
Three-dimensional (3-D) concrete printing is attracting 

a lot of interest in the construction industry due to its 
numerous advantages such as freedom to create complex 
architectures, optimized material use, ability to print on- 
demand structures, and reduced labor requirements.1-5 This 
has resulted in concurrent advances in novel materials that 
satisfy stringent rheology and strength development require-
ments, and printing systems capable of executing complex 
geometries in an efficient manner. However, several chal-
lenges from a materials standpoint still exist. The combined 
attainment of pumpability, extrudability, and buildability, 
which sometimes necessitates contradictory material prop-
erties, is still a challenge. However, through careful material 
design, admixtures for rheology control, and print path plan-
ning, efforts are ongoing to address these impediments.6-10 
While attention has rightly been focused on rheology and 
consequent printability of concrete, mechanical properties of 
3-D-printed concrete has been treated, for the most part, like 
those of conventional concrete, except for allowances for 
the layered construction method that induces anisotropy in 
properties. It has been reported that the mechanical proper-
ties of 3-D-printed concrete structures can likely be inferior 
to those fabricated using traditional casting techniques.10-12

Because the 3-D-printing process involves laying indi-
vidual filaments side-by-side and stacking layers of filaments 
one over the other, there are several likely zones of weakness 

in the overall structure, which results in reduced mechanical 
performance.13-17 The compressive strengths of 3-D-printed 
specimens are generally reported for the three orthogonal 
directions.11,18,19 The direction of maximum strength is 
dependent on the method of casting and the process aspects 
involved in 3-D printing, including the nozzle standoff 
distance, which makes generalizing the results rather diffi-
cult. While higher strengths can be achieved through changes 
in material design,20,21 the effects of planes of weakness that 
are introduced through layering cannot be overcome using 
improved materials alone. It is in this context that there is a 
need to investigate the arrangement of interfilamentous and 
interlayer joints that results in different levels of anisotropy 
in a 3-D-printed structural element. Changing the direction 
of printing of individual filaments within a layer, or layers 
within a component, will change the direction-dependent 
mechanical properties, thereby providing an option to opti-
mize the desired performance.

For instance, filaments of rectangular cross section (with 
or without bullnosed edges) are printed in straight lines 
(unless it is an architectural structure with a nonlinear 
geometry) and subsequent layers are overlaid symmetri-
cally on top of the lower layers. This results in the inter- 
filamentous joints in each layer aligning along the entire 
depth of the structure. When tested in flexure, if there is 
only one filament width that is tested, this effect will not 
be captured, but when samples with multiple filaments are 
tested, this effect will dominate. Instead of printing the 
filaments in a straight path, curving of the print paths in a 
prismatic specimen will result in non-alignment of regions 
of weakness along the direction of loading, thereby likely 
enhancing the strength. This aspect is evaluated in this work. 
Furthermore, based on the nozzle type used (circular or 
rectangular), the extent of discontinuity at locations where 
the filaments meet in the horizontal and vertical directions 
can result in reduced mechanical performance. A potential 
workaround is to stagger the filaments in each layer so that 
the interfilamentous joints do not occur in different layers 
exactly above one another. This aspect is also explored in 
this paper. In addition to linear or straight filament printing, 
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this paper explores S-shaped and 3-shaped printing paths to 
evaluate their influence on the flexural performance when 
the layers are perpendicular to the direction of loading, and 
cube compressive strengths in the three orthogonal direc-
tions. The synergistic effects of fiber reinforcement—either 
steel or basalt—along with the aforementioned geometric 
modifications are also studied in this paper.

RESEARCH SIGNIFICANCE
The rationale behind this study is to demonstrate that the 

mechanical performance of 3-D-printed concrete elements 
can be enhanced by simple variations in the print geom-
etry. In this work, S-shaped and 3-shaped (top-view) fila-
ment prints are compared to linear filament prints, and 
the effect of staggering of filament layers is compared to 
the conventional method where the filaments are overlaid 
one on top of the other in an ordered fashion. It is shown 
that the introduced modifications help enhance the flexural 
strength of 3-D-printed concrete, while not influencing the 
compressive strength in any significant manner. The paper 
provides experimental results that can motivate the field 
printing of different shapes (including curved shapes using 
S- or 3-shaped geometries) or different layering types (for 
example, staggered) of 3-D-printed concretes without the 
concern for property loss.

EXPERIMENTAL PROGRAM
Materials and mixtures

The mortar mixtures in this study were proportioned 
using Type I/II ordinary portland cement (OPC) conforming 
to ASTM C150, fine limestone (L) powder conforming to 
ASTM C568, and commercial sand (M), having a median 
particle size of 0.20 mm, conforming to ASTM C778. The 

chemical and physical properties of the mortar components 
are provided in Table 1 and their particle size distributions 
(PSDs) in Fig. 1. Chopped steel fibers (SFs) and chopped 
basalt fibers (BFs), the properties of which are shown in 
Table 2, were used as fiber reinforcement. A polycarboxylate 
ether-based high-range water-reducing admixture (HRWRA) 
(at a dosage of 0.20 to 0.35% by mass of the binder) was used 
in all the mixtures. The mortar mixture proportions shown in 
Table 3 were derived from authors’ earlier work that consid-
ered particle packing and rheological characteristics that are 
necessary for printability (that is, extrudability and build-
ability).22 The selected mortar mixture (L30, containing 30% 
of fine limestone powder by mass as cement replacement) 
has also been used by the authors to evaluate the influence 
of different layer heights on the compressive, flexural, and 
fracture response of 3-D-printed specimens.23 All mixtures 
contained 50% sand by mass of the total solids in the mortar, 
as shown in Table 3.

3-D printing of mortars
A gantry-based 3-D printer equipped with a screw extru-

sion system (shown in Fig. 2) was used to print the selected 
mortars shown in Table 3. To obtain consistent filament 
cross-section dimensions (that is, invariant layer widths for 
non-orthogonal prints), a circular nozzle of diameter (ND) 
20 mm was used instead of a rectangular nozzle. Mortar 
slabs of size 400 x 400 x 60 mm were printed at an in-plane 
print speed of 50 mm/s. To obtain uniform filaments of layer 
height (LH) 10 mm (0.5 × ND) and layer width (LW) of 
20 mm (equal to ND), the stepper for the screw extruder was 
calibrated for a flow rate of approximately 10 mL/s. An LH 
of 10 mm was selected based on authors’ previous work,23 
which showed that lower LH is beneficial for plain mixtures 
because a non-zero standoff distance, resulting in some 
consolidation, will mitigate the likely adverse effects of layer 
interfaces. For fiber-reinforced mixtures designed using stiff 
fibers such as chopped steel fibers, an LH that is close to 
the fiber length is preferable, as otherwise, defects due to 
scratching of fibers and fibers not being totally confined in 
layers become significant.23 For these reasons, an LH of 
10 mm was selected for all the studies in this paper. The LH 

Table 1—Chemical composition and physical properties of mortar components

Components of binders

Chemical composition, % by mass

d50, μm
Specific 
gravitySiO2 Al2O3 Fe2O3 CaO MgO SO3 LOI

OPC 19.60 4.09 3.39 63.21 3.37 3.17 2.54 10.4 3.15

Limestone (L) CaCO3 > 99% 1.5 2.70

Medium sand (M) SiO2 > 99% 200 2.40

Note: LOI is loss on ignition.

Fig. 1—PSD of mortar components.

Table 2—Properties of fibers used in study

Type of fibers
Diameter, 

mm
Length, 

mm
Specific 
gravity

Tensile 
strength, 

GPa

Young’s 
modulus, 

GPa

Chopped SF 0.20 13 6.80 3.0 210

Chopped BF 0.04 to 
0.06 15 2.36 0.28 18
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was not varied to ensure efficient comparisons, because it 
has been shown that the flexural strength varies with LH.23

The print filament layouts (note that these are the plan 
geometries; the cross section always remains rectangular) 
chosen for this study were straight line (or linear), S-shaped, 
and 3-shaped. Detailed descriptions of the dimensions for 
different filament types are provided in Fig. 3. S-shaped and 
3-shaped filaments consist of arcs of chord length 100 mm 
formed on a circle of radius 120 mm laid side-by-side. For 
the S-shaped prints, the arc alternates between convex and 
concave (that is, changes direction alternatively), while for 
the 3-shaped prints, the arcs are in the same direction (that is, 
always convex), as shown in Fig. 3. These three chosen fila-
ment layouts (linear, S-shaped, and 3-shaped) were printed 
in two different ways—first, conventional printing, where 
filaments of the new layer were laid exactly above the corre-
sponding filament on the lower layer; and second, staggered 
printing, where filaments of the new layer were staggered 
by half the layer width. Three-dimensional representations 
of the conventional (C) and staggered (S) printing types for 
linear, S-shaped, and 3-shaped prints are shown in Fig. 4. 
The letters ‘C’ or ‘S’ following the print geometry type—
linear (L), S-shaped (S), or 3-shaped (3)—indicate the 
configuration. Note that the 3-shaped filament printing was 
only done for the conventional arrangement and not for the 
staggered one, as the 3-shaped print demonstrated a reduced 
mechanical performance than the S-shaped print in prelim-
inary studies. Moreover, the S-shaped prints were found to 
be more effective in enabling a smoother printing because 

of the easy transition between the convex and concave arcs, 
as opposed to transition from one convex to another convex 
arc. Slabs were 3-D printed (refer to Fig. 5) and moist-cured 
in a curing chamber, at 23 ± 2°C and >98% reltive humidity 
(RH), for 28 days. After the curing duration, they were cut 
into cubes and beams (as shown in Fig. 6) for compression 
and flexural tests.

Flexure testing
After 28 days of moist curing, the 3-D-printed slabs were 

cut into beams (60 x 60 x 300 mm in size) such that the 
filament print direction is oriented parallel to the longer side 
of the beam. One of the longer 300 mm faces perpendicular 
to the filament direction was speckled with black paint to 
enable the use of digital image correlation (DIC) to track 
surface displacements and crack initiation and propagation. 
Flexural response of the beams was obtained in accordance 
with ASTM C78/C78M-1824 under four-point bending. 
A servo-controlled universal testing machine (MTS 810) 
with a capacity of 100 kN was used. The test was carried 
out under midpoint deflection control using linear variable 
differential transformers (LVDTs) at a rate of 0.02 mm/min 
until either failure occurred or the load capacity dropped to 
500 N or the total deflection at center of the beam reached 
0.8 mm, whichever happened first. These endpoints were 
determined based on several trial experiments, especially 
on SF-reinforced specimens, to enable accurate determina-
tion of specimen ductility. Figure 7(a) shows the general test 
setup and the corresponding components.

Table 3—Mortar mixture proportions used in study

Mixture ID

Mass fraction of ingredients
Chopped steel 

fiber (SF)*
Chopped basalt 

fiber (BF)*
Water-binder ratio 

(w/b) by mass

HRWRA-binder ratio 
(HRWRA%) by mass of 

binderOPC Limestone (L) Sand (M)

L30 0.35 0.15 0.5 — — 0.35 0.25

L30- SF 0.35 0.15 0.5 0.27 — 0.35 0.35

L30- BF 0.35 0.15 0.5 — 0.27 0.35 0.35
*Percentage by volume of mixture.

Fig. 2—Printer setup showing: (a) gantry printer with controller and mixer; (b) close-up of print head; and (c) S-shaped 
conventional (S-C) print in progress.
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Compression testing
Cubes of 60 x 60 x 60 mm (shown in Fig. 8(a)) were 

prepared by cutting the slab. These cubes were then 
subjected to uniaxial compression using a servo-controlled 
universal testing machine with a maximum capacity of 
489 kN. Compression tests were carried out in all three 
orthogonal directions for the different print layouts and 
configurations. Direction-1 represents the case where load 
is applied along the x-axis (perpendicular to the faces 
lying in y-z plane, where printing happens along the x- 
direction), Direction-2 along the z-axis (perpendicular to the 

faces lying in x-y plane), and Direction-3 along the y-axis 
(perpendicular to the faces lying in x-z plane), as shown in 
Fig. 8(b) to (d). Loading was done at a stroke displacement 
rate of 0.15 mm/min corresponding to an initial strain rate of 
0.25%/min. The test setup is shown in Fig. 7(b).

DIC for visualizing strain fields and crack 
propagation

DIC is used as a non-contact means to acquire the surface 
displacements and strain fields in the specimens during the 
flexural testing. Strain profiles extracted from the DIC data 

Fig. 3—Filament geometries used in this study: (a) linear (L); (b) S-shaped (S); and (c) 3-shaped (3). LH used was 10 mm, LW 
was 20 mm, chord length (CL) was 100 mm, and radius of arc (R) was 120 mm.

Fig. 4—Three-dimensional representation of printed slabs using different geometries of filaments and their configuration: (a) 
linear conventional (L-C); (b) S-shaped conventional (S-C); (c) 3-shaped conventional (3-C); (d) linear staggered (L-S); and 
(e) S-shaped staggered (S-S). Note that in nomenclature use, first letter/number indicates filament geometry (linear, S-shaped, 
or 3-shaped), and second letter indicates configuration in which it is printed (conventional or staggered).
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Fig. 5—Printed slab: (a) linear conventional (L-C); (b) S-shaped staggered (S-S); and (c) 3-shaped conventional (3-C).

Fig. 6—Top view of: (a) R-C; (b) S-C; and (c) 3-C slabs with dotted lines showing region of cut to obtain beams and cubes 
shown in (d), (e), and (f), respectively.

Fig. 7—(a) Flexure test setup; and (b) uniaxial compression test setup, showing different components.
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are used to identify and track crack initiation and propa-
gation. The DIC setup shown in Fig. 9(a) consists of two 
cameras focused on a speckled area of interest on the beam, 
which is illuminated by high-intensity flood lights; the data 
acquisition (DAQ) unit controls the cameras. The frequency 
of image capture is fixed at 1 Hz. Figure 9(b) shows a typical 
Lagrangian strain field in the beam subjected to four-point 
bending. The process of obtaining Lagrangian strain fields 
from the displacement field captured by DIC is described in 
detail elsewhere.25,26

RESULTS AND DISCUSSIONS
Effect of filament print layout and configuration on 
flexural strength of unreinforced specimens

As discussed earlier, three different print layouts were 
used in this work. The effect of print layout (L, S, and 3) on 
the flexural strengths of the conventionally laid (not stag-
gered) unreinforced 3-D-printed beams (denoted as L-C, 
S-C, and 3-C) are reported first. The flexural specimens 
(60 x 60 x 300 mm) were tested such that the filaments were 
oriented along the length direction. The span length used 
for testing was 240 mm. The average flexural strengths for 
beams printed using L-, S-, and 3-shaped geometries are 
shown in Fig. 10(a). It is clearly noticed that by changing 
the individual filament print layout (plan geometry), flexural 
strengths of the printed beams can be enhanced. Among the 
three layouts, the S-shaped layout (S-C) gives the highest 
average flexural strength, which is about 15% higher than 
that of the regular linear geometry (L-C), which is the 
most common print (plan) geometry. The use of a 3-shaped 
printing layout also increases the flexural strength by 
approximately 10% or more compared to the L-C case. The 

enhancements in flexural strength can be explained based 
on the nature of interfilament joints present in 3-D-printed 
elements. Interfilament joints are the joints present between 
two adjacent filaments in the plan view (as opposed to inter-
layer joints, which are present between the adjacent layers 
in the cross-sectional view). The 3-D-printing process and 
the nozzle standoff distance used typically results in some 
amount of layer consolidation, resulting in densification 
of the interlayer joints, while the interfilament joints do 
not benefit from such consolidation and are generally 
weaker.15-17 In a beam conventionally printed using straight 
filaments (L-C), the weaker interfilament joints run parallel 
to the length direction, while in the S-C and 3-C print layouts, 
the interfilament joints are curved (refer to Fig. 6(d) to (f)), 
creating more contact area between the filaments for the 
same length of the beam (300 mm). Moreover, the curved 
paths also ensure that the stress required to separate the adja-
cent filaments is higher since the interfilament contact path 
is more tortuous. It is possible to note from the S-C and 3-C 
geometries (shown in Fig. 3, 4(a) to (c), and 6) that the 3-C 
geometry induces more interfilament stress concentrations 
than the S-C geometry because of the sharp changes in path 
needed to keep the arcs convex always, thereby resulting 
in slightly lower strengths. However, the flexural strengths 
are still higher than those of the conventional case. The 
results shown herein indicate that it is possible to alter the 
print plan layout, while maintaining the other parameters 
the same, to obtain higher flexural strengths. In the forth-
coming sections of the paper, the comparisons are restricted 
to the straight linear (L) and S-shaped print layouts. Even 
though the 3-shaped prints showed better strengths than 
the linear prints, it was observed that the S-shaped prints 

Fig. 8—(a) Representative single layer and complete cube showing three filaments and six layers; print direction is parallel to 
x-axis; and compression testing along (b) Direction-1, (c) Direction-2, and (d) Direction-3.
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enable smoother printing, and consequently fewer defects, 
the reasons for which were explained earlier.

It was observed in authors’ previous work23 that, despite 
adjusting the flow rate and print speed to reduce the 
chances of formation of interfilament voids, this was not 
always feasible (more prominent at larger layer heights). 

Using a circular nozzle (instead of a rectangular one) also 
increased this effect because in that case, the filaments 
tend to have curved side edges, which also results in the 
formation of a gap at the interfilament joints. To mitigate 
this concern to a certain extent, a staggered printing config-
uration is adopted in this work where the filaments in the 

Fig. 9—(a) DIC setup; and (b) representative Lagrangian strain field (just before end of test in S-S-SF beam) subjected to four-
point bending.

Fig. 10—Flexural strengths of beams printed using different layouts: (a) L-C, S-C, and 3-C; and (b) L-C, L-S, S-C, and S-S 
geometries. All beams were subjected to four-point bending test. Error bars correspond to standard deviation from three or 
more replicate specimens.
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upper layer are staggered by half a layer width in the plane 
of printing. Figure  10(b) shows the flexural strengths of 
the staggered L and S prints along with those of their non- 
staggered (conventional) counterparts. Staggering the layers 
in an S-shaped print geometry (S-S) results in an increase 
in flexural strength of approximately 25% as compared to 
the conventional linear mode of printing that is commonly 
adopted (L-C), and more than 10% as compared to the linear 
layout in the staggered configuration (L-S). Changing the 
print configuration from conventional to staggered results 
in interfilament defects not lining up perfectly—in other 
words, some tortuosity in the crack path that likely follows 
the interfilament contacts is introduced, which helps enhance 
the load-carrying capacity. When compared to its non- 
staggered counterpart (S-C), the strength enhancement is 
seen to be approximately 10%. The flexural strength results 
reported here shows that it is indeed beneficial to consider 
alternate printing layouts (in plan geometry) and layer 
configurations to mitigate the mechanical property reduction 
associated with some of the common defects encountered in 
3-D concrete printing.

Effect of fiber reinforcement on flexural strength
Because the staggered print configuration performed 

better than the conventional print configuration (as shown 
in Fig.  10), the influence of fiber reinforcement is eval-
uated here only for the staggered print configuration. It is 
shown in many recent publications that fibers (metallic or 
polymeric) added to a 3-D-printed matrix helps in crack 
control and/or enhances the strength and toughness, based 
on the fiber type.27,28 Figure 11 shows the flexural strengths 
of mixtures reinforced with either steel or basalt fibers, and 
the comparison with unreinforced mixtures printed with 
different filament layouts. Note that both basalt and steel 
fibers have similar lengths, but the basalt fibers have signifi-
cantly smaller diameters. The volume fractions of the fibers 
used are the same for both fiber types (0.27% by volume of 
the mortar; refer to Table 3), adopted from authors’ previous 
work.23 The flexural strength results indicate clear enhance-
ment in flexural strengths due to fiber incorporation, which 
is expected. An increase in flexural strength by approx-
imately 10 to 30% is noted when either of the two types 
of fibers are incorporated into the specimens printed in the 
L and S-shaped layouts, with a more noticeable enhance-
ment for the staggered linear (L-S) print type. The reason for 
reduced efficiency of fibers in the S-shaped mixtures, espe-
cially for stiff fibers, is that the print direction changes in a 
wavy pattern and the fibers cannot consistently be oriented 
in the length direction of the overall filament. Using image 
analysis of printed sections, it is possible to estimate the effi-
ciency of fibers in the print direction based on their angle of 
dispersion; such a detailed quantification is not attempted 
here because the objective is to simply compare the efficien-
cies of different print geometries. Moreover, for the linear 
geometry, as explained earlier, the interfilament defects are 
more, which the enhanced capacity through the use of fibers 
overcomes to a certain extent. Thus, fibers—which orient 
along the direction of print—are seen to benefit the linear 
print geometry better.29-32

For both the linear and S-shaped filament layouts, the 
BF-reinforced mixture is observed to slightly outperform 
the SF-reinforced mixture from a flexural strength stand-
point. As shown in the authors’ previous work,23 stiffer SFs, 
when introduced in a layer that has a lower LH than the fiber 
length, result in scratching of the surface of the layer during 
the printing process. This causes surface defects that lead to 
the total effect of fibers not being realized with respect to flex-
ural strength. This shows that less-stiff fibers such as BFs (E 
lower by an order of magnitude as compared to SFs; refer to 
Table 2) could be used to obtain enhanced flexural strengths in 
3-D-printed concrete elements. More importantly, a lower LH 
(than the fiber length) can be used because it has been shown 
that a lower layer height is beneficial in enhanced mechan-
ical performance,23 even though the speed of construction 
could somewhat be compromised. It also needs to be recog-
nized that, for a given volume fraction of fibers, there are 
approximately 13 times the number of BFs in the mixture as 
compared to SFs, based on their diameter difference. A higher 
number of fibers in a unit volume enables the matrix to effi-
ciently transfer stresses. Higher fiber density in the matrix 
also enhances the crack path tortuosity, which extends the 
load-carrying capacity in this case. While a layered printing 
process will always encounter issues related to interlayer 
and interfilament strength, the aforementioned discussions 
demonstrate that geometric modifications, along with material 
modifications (such as the use of fiber reinforcement) can be 
suitably used to mitigate some of these effects from a view-
point of flexural strength.

Post-peak response, in flexure, as function of 
print geometry and configuration, and fiber 
reinforcement

Representative load-midpoint deflection responses of 
the beams from the four-point bending tests are shown in 

Fig. 11—Flexural strength of unreinforced and fiber- 
reinforced beams printed using different layout with stag-
gered configuration (L-S, L-S-SF, L-S-BF, S-S, S-S-SF, and 
S-S-BF). All beams were subjected to four-point bending 
test. Error bars correspond to standard deviation from three 
or more replicate specimens.
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Fig. 12. The tests were carried out until the beams failed 
completely, or the load in the post-peak regime dropped to 
500 N, or a total test run-time of 40 minutes (equivalent to 
a midpoint deflection of 0.8 mm) from the start of the test, 
whichever occurred earlier. The load-deflection responses, 
rather than the stress-strain curves, are shown here because 
the beams were cut from slabs and slight dimensional inac-
curacies could be present. The load-deflection responses of 
the unreinforced beams are shown in Fig. 12(a). All the spec-
imens show a rather brittle behavior, as expected. However, 
an important observation from this figure is that, when 
alternate print layouts and configurations are attempted, 
the midpoint deflection (indicative of the strain) at the peak 
load increases. From approximately 0.1 mm at the peak load 
for a conventionally printed specimen (L-C), the midpoint 
deflection increases to approximately 0.15 mm for S-shaped 
conventional (S-C), and to approximately 0.12 mm for the 
3-shaped layout (3-C). Staggering the layers also results in 
enhanced deflections at the peak load. Increase in midpoint 
deflection is also correlated with increased load capacity (or 
failure stress), as mentioned in an earlier section. The effect 
of fiber reinforcement on the load-deflection response of 
the beams printed in the staggered configuration is shown 
in Fig. 12(b). For the same volume of fibers, the stiff SFs 
are shown to provide a considerable degree of post-peak 
toughness. Between the linear and S-shaped layouts for the 
SF-reinforced mixtures, the S-shaped layout shows a higher 
midpoint deflection at the peak load as explained earlier, but 
the post-peak response at higher deflections is found to be 
invariant of the layout. The BFs do not provide the same 
degree of toughness enhancement, even though the peak 
strength is enhanced for reasons described earlier.

Layout- and configuration-induced changes in 
strain profile

DIC is used to obtain the strain profiles of the beams 
tested under flexure. DIC analysis of representative surface 
strain profiles in the middle-third portion of the beam span, 

under four-point bending, at or very close to the peak load, 
are shown in Fig. 13 for all the layout and fiber type combi-
nations. The Lagrangian strain fields were extracted from the 
displacement fields determined from DIC. The Lagrangian 
strain ranges in each of the cases are also shown along with 
the representative images as their magnitude changes based 
on the chosen combination.

Figures 13(a) to (c) depict the strain fields for the conven-
tional orientation of the L-, S-, and 3-shaped configurations. 
The maximum strain at failure is higher for the S-C beam, 
while the L-C beam has the least strain at failure. Note that 
both the S-C and 3-C configurations also have higher peak 
stresses as well, as shown in Fig. 10. Because the material 
and printing parameters, including the layer height, are 
the same for all these cases, it can be concluded that the 
enhancement in strain at the peak load is a result of changed 
print layout, the effects of which was reported earlier in the 
section on flexural strengths. It is important to mention here 
that the discussions are based on the strains observed at the 
peak load alone; this typically occurs at the point of crack 
formation or localization. Redistribution of strains occurs in 
the specimen when a crack forms and thus, the strains at peak 
stress shown here are not indicators of the average strain that 
will be measured across the depth or a gauge length when 
LVDTs or strain gauges are used. It is also not necessary that 
the average strains follow the trends indicated by the value at 
peak stress. This important distinction should be considered 
when comparing strains determined using DIC.

When the layers are staggered (Fig. 13(a) and (d), which  
compare L-C and L-S beams), it is noticed that there is a 
more than 50% enhancement in the maximum strain at the 
peak stress because of the staggering of alternate layers along 
the height of the beam. The enhancement in peak strains as 
a result of print layout changes (S- and 3-shapes) and stag-
gering indicates that the failure at lower strains (a more 
brittle behavior) in conventional prints (straight lines, layers 
laid one on top of the other) is a result of combined effects 
of interfilament and interlayer defects. While changing the 

Fig. 12—Load-deflection response of: (a) unreinforced beams, printed with different layouts and configuration; and (b) unre-
inforced and fiber-reinforced beams printed using different layouts with staggered configuration.
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print layout enables curving of the filaments and thus mini-
mizes stress concentrations, staggering of layers introduces 
tortuosity in the defect path (all the interfilament joints are 
not on top of each other); both resulting in the specimens 
being able to tolerate higher maximum strains (and stresses) 
before failure. Figures 13(d) and (g) enable comparison 
between the L- and S-shaped beams where the layers are 
in a staggered configuration for both the beams. Here, the 
S-S beam shows a slightly higher maximum strain at peak 
stress than the L-S beam, but the effect is not as significant as 
that between a conventional and staggered case. This result 
shows that staggering of layers has a more significant effect 
than changing the print layout with respect to peak strains. 
A similar but less-conspicuous effect is noticed for the peak 
stresses as well.

The influence of fibers on the strains at peak stress are also 
shown in Fig. 13(e) to (f) and (h) to (i) for the L-S and S-S 
beams. As discussed earlier, only the staggered configura-
tion is shown here. Even until the peak load, the steel fiber 
reinforced specimens show significantly higher maximum 
strains, commensurate with the enhancement in peak stress. 
Between the L-S-SF and S-S-SF specimens—that is, in the 
L- and S-shaped staggered configurations (Fig. 13(e) and 
(h))—there is a reduction in the maximum strain for the stag-
gered S-shaped configuration as the fibers are not oriented 
along the isostrain lines in the tensile region because of the 
curved layer layout. The SF-reinforced specimens demon-
strate higher maximum strains as compared to the BF- 
reinforced specimens at the peak stress as shown in Fig. 13(e) 

to (f) and (h) to (i). The BFs are more brittle than the SFs, 
have a lower stiffness, and their strain capacity is also lower 
(1% failure strain compared to 11% for steel fibers). As 
mentioned earlier, between the L- and S-shapes when layers 
are staggered, there is no significant difference between the 
peak strains for specimens reinforced with a particular fiber 
type, indicating that staggering creates a more dominant 
effect in the pre-peak (both stress and strain) mechanical 
response than the chosen layouts alone.

Because the unreinforced beams do not carry significant 
strains after the peak load (even though changes in layout 
and configuration seem to define better performance than 
conventionally layered systems), the post-peak strain distri-
butions in fiber-reinforced beams are only reported here. 
Figures 14(a) and (b) depict the strain distributions in the 
L-S-SF and L-S-BF beams, while Fig. 14(c) and (d) show 
the strain distributions in the S-shaped configurations, that 
is, S-S-SF and S-S-BF. Because the SF-reinforced beams 
showed a very gradual load reduction in the post-peak 
region because of the ductility provided by the presence of 
SFs, the strain profiles are recorded for a midpoint deflection 
of 0.8 mm, when the test was ended. This corresponded to 
residual loads slightly higher than 50% of the peak load. The 
maximum strain values recorded at end of the test for both 
the SF-reinforced specimens—that is, L-S-SF and S-S-SF 
(Fig. 14(a) and (c), respectively)—are much higher than 
the strains at peak load for the unreinforced beams. While 
a cursory look at the load-deflection response (Fig.  12) 
shows that the midpoint deflections at the end of the test are 

Fig. 13—Lagrangian strain profile at peak load for different layouts and configurations: (a) L-C; (b) S-C; (c) 3-C; (d) L-S; 
(e) L-S-SF; (f) L-S-BF; (g) S-S; (h) S-S-SF; and (i) S-S-BF. Note that lowest strain value is set to –6.00 × 10–2 for all figures.
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approximately four times that at the peak load, the recorded 
strains are approximately 20 times that of the maximum 
strain at the peak for the corresponding specimens (shown in 
Fig. 13(e) and (h)). This is because the post-peak maximum 
strains reported are close to the extreme tension fibers of the 
beams, rather than at the crack tips. As the crack initiates and 
surface separation occurs, the strain on the extreme fibers 
tends to increase rapidly, but is arrested to some extent by 
the SFs. The propagation of a single crack is shown in these 
figures, which is the dominant crack for SF-reinforced spec-
imens (note multiple locations of larger strains are seen in 
the strain distribution image at peak load). The volume of 
fibers is small enough that multiple cracking (as is noted for 
ultra-high-performance concrete [UHPC] beams21,33) is not 
mobilized in these specimens. BF-reinforced beams did not 
have such a noticeable post-peak response as the SF-rein-
forced specimens because of the lower stiffness and ductility 
of BFs.10,34 Also, due to the higher aspect ratio of BFs (250 
to 375) and their relatively brittle nature, the bridging effect 
of fibers is reduced, and fiber breakage rather than fiber 
pullout could have occurred (as noticed through microscopy 
observations of fracture surfaces), resulting in a less-duc-
tile response. Thus, the maximum strains recorded are also 
lower, even though they help achieve similar or slightly 
higher strengths than SF-reinforced specimens because of 
reasons described earlier.

Compressive strength
As explained in a previous section, 60 mm cubes were 

used for compression strength testing. Because 3-D-printed 

samples are anisotropic, the compressive strength was eval-
uated in all the three directions, as shown in Fig. 8. At least 
three samples were tested on each direction and the compres-
sive strength results are shown in Fig. 15. The results for 
the straight filament layout prints (L series) are shown in 
Fig. 15(a), whereas the results for the S-shaped layouts are 
shown in Fig. 15(b); in both the figures, two orientations 
(conventional and staggered) and two fiber types (steel and 
basalt) are also considered. As explained earlier, fiber rein-
forcement is used only in the staggered configuration. As 
has been previously reported,10,11,18,35 the inherent anisot-
ropy in compression of 3-D-printed components is brought 
out. It can be noticed that Direction-2 is the weakest among 
the three directions, while Directions-1 and -3 demonstrate 
relatively similar strengths for all the cases considered in 
this study. The weak zones formed by the interfilament and 
interlayer joints influence the flexural and tensile response 
significantly, while they seem to have a lesser effect on the 
compressive strength. The maximum compressive strength 
at 28 days is almost 75 MPa for many of the cases, indicating 
that 3-D-printed mixtures with up to 30% cement replace-
ment with limestone can attain high compressive strengths 
for many structural applications.

From Fig. 15(a) and (b), it can be noticed that the differ-
ences in compressive strength between mixtures printed 
with different layouts, configurations, or fiber reinforce-
ment types are not very significant, unlike the case for 
flexure reported earlier in this paper. However, anisotropy 
in compression is evident based on the obtained lower 
strength when tested in Direction-2. There are conflicting 

Fig. 14—Lagrangian strain profile at 50% of peak load in post-peak region for: (a) L-S-SF; (b) L-S-BF; (c) S-S-SF; and (d) 
S-S-BF. (Note: For L-S-SF and S-S-SF, residual load did not drop to 50% of peak until end of test [refer to Fig. 12], and last 
frame before end of test [midpoint deflection of 0.8 mm] is shown. Lowest strain value is set to 0 for all figures.)
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results reported in this regard. For example, it is shown18 that  
Direction-3 is the strongest and Direction-1 the weakest; 
however, this is likely because only a single filament was 
incorporated in each layer of the cube in those tests, while 
the current work uses a cut portion from a printed slab, 
which comprises multiple filaments. On the other hand, 
similar work done by other authors19 also uses cubes with 
each layer consisting of a single filament and reports that 
Direction-2 is usually the strongest while Direction-3 is the 
weakest. Similarly, another work36 reports that Direction-1 
is stronger than Direction-2. Nevertheless, as interfilamen-
tous joints corresponding to layers in X-Y plane (refer to 
Fig. 8(a)) are locations of potential weakness, evaluating 
anisotropy with test specimens having multiple filaments in 
the same layer is important. While a typical 60 mm cube for 
all the different print types used in this study has the same 
interlayer (horizontal) joint area (of approximately 18,000 
mm2), a straight (linear) conventionally printed cube has 
approximately 7200 mm2 of interfilamentous vertical joint 
area compared to approximately 9000 mm2 for a linear 
staggered print cube. Thus, the linear staggered configu-
ration shows somewhat lower strength in compression in 
Direction-1 than its conventionally printed counterparts. In 
Directions-2 and -3, this effect is not dominant, resulting in 
comparable strengths for the conventional and staggered 
configurations. For the S-shaped prints shown in Fig. 15(b), 
staggering slightly reduces the strength in Direction-3 for 
the unreinforced mixture, though it is unclear if it is just 
an experimental artifact. While SF-reinforced mixtures 
display comparable compressive strengths to their unrein-
forced counterparts with similar layer geometry and orien-
tation, the BF-reinforced mixtures show reduced compres-
sive strengths. This contrasts with the behavior in flexure 
noted earlier. It was mentioned that the scratching of the 
layer surface by stiff and long steel fibers leads to interlayer 
defects, which are detrimental in flexure, but such defects 
are not critical in compression. Chopped BFs are gener-
ally reported to result in some enhancement in compres-
sive strength of concrete at volume fractions comparable to 

those used in this work. However, it is possible that, with 
larger number of fibers per unit volume, BFs likely could 
influence the sampling volume under compression (the 
entire specimen volume is under compression) more than 
steel fibers. Here, due to: (i) fiber-matrix interface defects; 
and (ii) the increased number of BFs reducing the packing 
density of the matrix,37 the compressive strength is reduced. 
Under flexure, the sampling volume under tension is much 
smaller, and hence it is feasible that there is a higher statis-
tical possibility of encountering a larger defect in a fine fiber 
reinforced matrix under compression. This aspect requires 
further investigation, using a range of fiber volume fractions, 
which is beyond the scope of this work, the focus of which 
is the evaluation of property differences with layout, config-
uration, and fiber type.

SUMMARY AND CONCLUSIONS
This study examined the influence of print geometry and 

configuration on the flexural and compressive response of 
three-dimensional (3-D)-printed concrete elements. In the 
conventional printing approach, straight filaments are over-
laid in different layers (resulting in interlayer joints) and 
several such filaments are laid side-by-side to obtain desired 
member thicknesses (resulting in interfilament joints). In 
this study, S- and 3-shaped print patterns and staggering of 
the layers were studied to reduce the impact of interfilament 
joints on mechanical properties. Flexural and compressive 
strength tests were carried out on the specimens, along with 
digital image correlation (DIC) on the flexural specimens. 
Steel (SFs) or basalt fibers (BFs) were also used in some of 
the mixtures.
•	 Among the different print geometries, the S-shaped (in 

plan) print geometry provided flexural strengths that 
were 10% higher than the conventional (straight line 
[L]) print path. Staggering the layers by half a layer 
width as compared to the top and bottom layers further 
enhanced the flexural strengths, resulting in approxi-
mately 25% enhancement in strength as compared to the 
conventional print type. An increase in flexural strength 

Fig. 15—Uniaxial compressive strength in three orthogonal directions for: (a) L-C versus L-S versus L-S-SF versus L-S-BF; 
and (b) S-C versus S-S versus S-S-SF versus S-S-BF.
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by approximately 10 to 30% was observed when steel 
or basalt fibers were incorporated into the specimens 
printed in the L and S-shaped staggered layouts. The 
enhancement was more noticeable for the staggered 
linear (L-S) print type.

•	 SFs provided enhanced flexural ductility at the same 
replacement volume as compared to BFs, though BFs 
provided slightly higher strengths. The use of less-stiff 
fibers is preferable when using longer fibers or when 
the layer height needs to be limited because stiffer SFs 
might contribute to slight strength reduction by layer 
scratching. A hybrid combination of SFs and BFs that 
could enhance both the microscale and macroscale 
response is a possible approach that needs investiga-
tion. Between the linear and S-shaped layouts for the 
SF-reinforced mixtures, the S-shaped layout showed a 
higher midpoint deflection at the peak load, indicating 
the efficiency of changing geometry in strain capacities 
as well.

•	 The peak strains determined using DIC were lower for 
the conventional prints (straight lines, layered one on 
top of the other), while they were higher when the print 
layout changed (S- and 3-shapes) or when the layers 
were staggered. This demonstrates that a more brittle 
behavior in conventional prints is a result of combined 
effects of interfilament and interlayer defects. Changes 
in the print layout minimized stress concentrations, 
while staggering of layers introduced tortuosity in the 
defect path, resulting in the specimens being able to 
tolerate higher maximum strains (and stresses) before 
failure.

•	 Direction-2 was found to be the weakest in compres-
sion among the three directions, while Directions-1 and 
-3 showed similar strengths. The need to use multiple 
filaments in a single layer to evaluate the anisotropic 
behavior, because interfilament joints within a layer 
are potential regions of weakness and hence a cause of 
anisotropy, was also brought out.

This study has shown that modifications in print geometry 
(shapes and orientation) as well as material characteristics 
(using fiber reinforcement) can be used to mitigate some 
of the undesirable strength-related effects of interfilament 
joints in layered 3-D printing of concrete.
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Reinforcing strategies for three-dimensional printing (3DP) of 
cementitious materials (mostly mortars) have been extensively 
studied in recent years. Among various reinforcement strategies 
available for 3DP of cementitious materials, the use of fibers is 
frequently mentioned as a promising approach to enhance their 
mechanical performance. This work aims to evaluate the influence 
of four types of fibers (polyvinyl alcohol [PVA], nylon, rayon, and 
basalt) on the flowability and flexural strength of mortars used in 
3DP. The flexural behavior of 3DP beams was compared with that 
of cast specimens, and the digital image correlation (DIC) tech-
nique was used to evaluate the development of the cracks. The fiber 
orientation in the reference (cast) and 3DP samples was examined 
using optical microscopy. The results revealed that, among four 
types of fibers used, the PVA fibers were most effective in increasing 
the flexural strength of both the cast and 3DP specimens. In addi-
tion, the results show that all fibers preferentially aligned parallel to 
the printing direction. 3DP specimens with filaments aligned in the 
direction perpendicular to the direction of the applied load showed 
superior flexural strength when compared to the cast specimens.

Keywords: fiber-reinforced cementitious composite; fiber orientation; 
mechanical performance; three-dimensional printing (3DP) of mortar.

INTRODUCTION
Additive manufacturing technology for cementitious 

materials has been developing rapidly in recent years.1-5 
Unlike conventional cast methods, which require form-
work to control the geometry of the elements, three- 
dimensional printing (3DP) technology uses semiautomated 
processes to control the shape and geometry of the printed 
elements. Specifically, this technology gives the user the 
ability to control the spatial orientation of the filaments 
during the 3DP process, resulting in elements with so-called 
“internally architected microstructures.” This approach 
allows for creation of elements which are lighter, yet tougher, 
than the cast elements.6,7 The use of 3DP should ultimately 
lower the overall construction costs as this process requires 
fewer workers, minimizes the amount of wasted material, 
and often eliminates the need for formwork.8-11

Because concrete is inherently a brittle material, most 
structural members contain reinforcing bars to improve 
the load-carrying capacity and ductility of the structure. 
These reinforcing bars are typically preinstalled and subse-
quently encased in concrete during the construction process. 
However, due to the layer-by-layer manner of concrete 
deposition during the 3DP process, proper placement of 
the reinforcing bars in elements created using this tech-
nology is challenging.12,13 In cases where the design calls 
for reinforcing bars to be oriented in the direction parallel 

to the printing direction, they can be manually (or automat-
ically) placed between the subsequently printed layers.14,15 
However, concerns have been raised regarding the accu-
racy of such placements and the ability to obtain sufficient 
bond between reinforcing bars and the printed layers (fila-
ments).12,16 In cases where the design calls for reinforce-
ment arranged perpendicularly to the printing direction, the 
challenge of inserting of reinforcing bars during the printing 
process is even greater.13 Additionally, for elements with 
complex geometry, the reinforcing bars need to be pre-bent 
to match the shape of concrete filament. This, in connection 
with the often-complicated 3DP toolpath, leads to difficul-
ties with reinforcing bar placement.13

In recent years, researchers have been developing alter-
native reinforcement systems for use in 3DP mortars.17-21 
One of these systems is based on the use of short, dispersed 
fibers as an alternative to inserting the reinforcing bars. In 
many cases, fiber-reinforced mortars have been proven to 
have outstanding strength, ductility, and durability.22-30 As 
an example, Zhu et al.27 developed ductile, 3DP cement 
composites based on polyethylene (PE) fibers. Ma et al.29 
studied the effect of basalt fibers on the fresh and mechanical 
properties of 3DP mortars. They reported that basalt acted as 
a pozzolanic material, resulting in the creation of additional 
calcium-silicate-hydrate (C-S-H) in the cement matrix as 
compared to basalt-free control mixtures, thereby improving 
the mechanical properties. Zhang et al.30 found that the addi-
tion of polyvinyl alcohol (PVA) fibers can improve certain 
durability characteristics of the mortar, such as permeability 
and freezing-and-thawing resistance.

The current study used four different types of fibers: PVA, 
nylon, rayon, and basalt. The PVA and nylon fibers are 
synthetic fibers and have been reported to improve the mechan-
ical performance and durability of mortars.30-33 Rayon is a 
semi-synthetic, low-cost fiber34 made from regenerated cellu-
lose obtained from wood pulp or cotton. Basalt fibers, also 
considered to be low-cost material, are produced by melting 
basalt rocks and extruding the melt through spinning dies.35

The first part of this paper examines the effects of all four 
types of fibers on the flowability of mortars intended for 
3DP applications. The second part of the paper compares the 
stress-strain responses and flexural strengths of 3DP and cast 
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beams prepared from the fiber-reinforced mortars and tested 
using the four-point bending (4PB) method. These experi-
ments were performed to quantify the potential changes in the 
flexural responses of the fiber-reinforced mortars resulting 
from the 3DP process. Digital image correlation (DIC) was 
used to analyze the crack development in the specimens. 
Optical microscopy was used to examine and to compare the 
orientation of the fibers in the cast and 3DP samples.

RESEARCH SIGNIFICANCE
This paper describes the study on the influence of four 

different types of fibers on the flowability and flexural 
behavior of cementitious mortars intended for 3DP appli-
cations. Specifically, to evaluate the effects of fibers on the 
rheological characteristics of freshly mixed mortars over 
time, flowability measurements were performed at 20-minute 
intervals for a period of 120 minutes (2 hours) after the 
completion of the mixing process. In addition to flexural 
strength, crack patterns and fiber orientation in both cast and 
3DP specimens were also evaluated. The results demonstrate 
that the extrusion process promotes alignment of fibers in 
the direction of printing, which can lead to the enhancement 
of the flexural performance of 3DP mortars compared to cast 
mortars when the specimens are loaded perpendicular to the 
direction of printing. Thus, the test results revealed the bene-
fits of using fiber-reinforced mortars in 3DP applications.

MATERIALS AND METHODS
Experimental program

In this study, experiments were conducted to evaluate the 
effect of short, chopped fibers on the flowability of fresh 
mortars and on flexural strength (ft) of both cast and 3DP 
mortar beams. In addition, the distribution of fibers in 3DP 
beams was also examined and compared with the distribu-
tion of fibers in the cast beams.

Flowability is an important factor that affects the extrusion 
process of 3DP mortars. Flow table tests were conducted on 
mixtures containing four different types of fibers to evaluate their 
effect on the flowability and extrudability of the mortars. The 
effect of using different types of fibers on the flexural strength 
(ft) was evaluated using both cast and 3DP beams. The dimen-
sions of the cast beams were 40 x 40 x 160 mm (1.57 x 1.57 x 
6.30 in.), whereas the dimensions of the 3DP beams were 40 x 
40 x 140 mm (1.57 x 1.57 x 5.51 in.). The reason that 3DP spec-
imens were shorter than the cast specimens was that the former 
were produced by extrusion of a mortar from a plastic syringe 

with a total capacity of 150 cm3 (9.15 in.3). That limited capacity 
of the syringe forced production of a shorter beam to facilitate 
printing one specimen using no more than two batches of mate-
rial. All beams were subjected to a 4PB load with the same load 
span and the long dimension of the beam being perpendicular to 
the direction of the load. Because previous research has found 
that the 3DP process is likely to cause unidirectional (that is, 
parallel to the printing direction) alignment of the fibers,29,36 all 
beams used in this study were printed with filaments parallel to 
the longitudinal axes of the beams to maximize the influence of 
the fibers on their flexural strength (when loaded in the direction 
perpendicular to the longitudinal axis).

Materials and mixtures
Four different types of fibers, each with a length of 6 mm, 

were used in this study (refer to Fig. 1). These included PVA, 
nylon, rayon, and basalt fibers.

While the length of all types of fibers was 6 mm (0.24 in.), 
their diameter varied depending on the type of the fiber. The 
aspect ratios (that is, the ratios of length to diameter) for 
nylon, PVA, basalt, and rayon fibers were, respectively, 250, 
273, 300, and 333. The densities of the nylon, PVA, basalt, 
and rayon fibers were, respectively, 1.14, 1.3, 2.63, and 
1.5 g/cm3 (0.041, 0.047, 0.095, and 0.054 lb/in.3).

In addition, the critical volume fraction of the fibers was 
determined by evaluating the extrudability of the mortar 
through a 6 mm (0.24 in.) diameter nozzle during the prelim-
inary part of this study. Extrusion difficulties occurred during 
the printing process when the fiber content exceeded 0.4%. 
Thus, the volume fraction of the fibers used in this study was 
set at 0.4% (with respect to the total volume of the plain [that 
is, no fibers] mixture).

All mortars used in this study had the same basic compo-
sition (refer to Table 1) except for the type of fibers used in 
the individual mixtures. This composition was based on a 
previous study that focused on the assessment of printability, 
buildability, and open time of mortar mixtures intended for 
3DP.37 The weight percentages of water, silica fume, fine 
aggregate, high-range water-reducing admixture (HRWRA), 
and viscosity-modifying admixture (VMA) were calculated 
with respect to the mass of the total cementitious mate-
rial. On the other hand, the amount of fibers added to each 
mixture was calculated as constant (0.4) percentage of the 
volume of the plain mixture.

Type I ordinary portland cement meeting the requirements 
of ASTM C150/C150M38 was used as the hydraulic binder. 

Fig. 1—Four types of fibers used in study.
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The fine aggregate used was a natural siliceous sand with a 
maximum particle size of 0.6 mm (0.02 in.). The HRWRA 
and the VMA were used to adjust the flowability and consis-
tency of the mixtures. Polycarboxylate-based HRWRA that 
met the requirements of ASTM C494/C494M39 for Type F 
admixture and VMA that met the requirements of the ASTM 
C494/C494M39 for Type S (specific performance) admixture 
were used in this study. Additionally, silica fume was used in 
all mixtures to improve the buildability and to enhance the 
bond strength between fibers and mortar.40-42

Preparation of fresh mortars and beam specimens
All mortars were batched using mixture proportions given 

in Table 1. When preparing the mortars, the liquid compo-
nents (water, HRWRA, and VMA) were measured first and 
mixed manually in a plastic container to obtain a uniform 
blend of dispersed materials. In the second step, all solid 
materials (cement, sand, and silica fume) were measured and 
mixed in a mixer at medium speed for 2 minutes. Later, the 
premixed liquid materials were added to the solids and the 
entire assemblage of materials was mixed at medium speed 
for another 2 minutes. Then, the fibers were gradually added 
to the mortar by hand while the mixer was running at medium 
speed. The process of fiber addition took approximately 
10 minutes. After the addition of fibers was completed, the 
mortars were mixed at high speed for another 5 minutes to 
ensure adequate dispersion of the fibers.

All 3DP beams were manufactured using an extrusion- 
based 3-D printer shown in Fig. 2. This printer was origi-
nally created for printing materials with high viscosity and 
high-solids content, such as plastics, clays, and cement-
based materials. The printer used an electrical motor- 
operated printing head, which is mounted on a frame that 
controls the movement in X-Y directions. The motion in the 

Z-direction is controlled by the movement of the printing bed. 
The printer is controlled by software (Repetrel 5.1) that inte-
grates the control of the head movement, flow rate, and so on.

During the printing process, the mortars were extruded 
from a plastic syringe with a capacity of 150 cm3 (9.15 in.3) 
attached to a stepper motor operating at a constant rate for 
continuous flow. The syringe used in this study had a nozzle 
opening of 6.0 mm (0.24 in.). The height of individual fila-
ments was set to 4.0 mm (0.16 in.) and their length was 
140 mm (5.51 in.). The layer height was selected based on 
a preliminary experiment to ensure printing quality and time 
efficiency. Each of the 3DP beams required 11 layers of fila-
ments to achieve a height of 40 mm (1.57 in.). This is because 
one extra layer had to be added for each beam to account 
for the deformation of the layers during the printing process 
and dimensional variations due to printing system calibra-
tions. A printing speed of 1000 mm/min (39.37 in./min)  
and a flow rate of approximately 20 cm3/min (1.22 in.3/min) 
were used during the fabrication of the beams.

The 3DP process started with a creation of the computer- 
aided design (CAD) model of a beam element. The CAD 
model was then imported to a slicer software to select the 
height and orientation of the filaments, the printing speed, 
and the flow rate. The slicer software generated the G-code 
commands that controlled the X-Y-Z movement and all 
other printing parameters. Once the G-code was uploaded to 
the printer, the syringe was charged with the mortar mixture 
and the printing process was initiated.

The cast beams were prepared by hand-placing the fresh 
mortars in a set of three-piece wooden molds, each with 
dimensions of 40 x 40 x 160 mm (1.57 x 1.57 x 6.30 in.). 
Both the printed and the cast beams were moist-cured for 
14 days in an environmental chamber operating at a constant 
temperature of approximately 73°F (22.3°C) and relative 
humidity between 95 and 99%.

TESTING PROCEDURES
Flow table test

Flowability is an important property of fresh mortars that 
affects their extrusion during the 3DP process. Flow table 
testing has been extensively used in the past to evaluate the 

Table 1—Proportions of mortar mixtures

Water-cement 
ratio (W/C)*

Sand-cement 
ratio (S/C)*

Silica 
fume, %*

HRWRA, 
%*

VMA, 
%*

Fibers, 
%vol†

0.43  0.25 20 0.15 0.05 0.4
*With respect to weight of total cementitious material.
†Percentage of volume of plain (no fibers) mixture.

Fig. 2—3DP process: (a) 3-D printer setup showing extrusion syringe mounted in printing head; and (b) examples of 
3DP elements.
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flowability of mixtures intended for 3DP.37,43,44 In this study, 
the flow table test was performed in accordance with ASTM 
C1437.45 As described in the sample preparation section, it 
took approximately 20 minutes to mix all the components 
of the mortar mixtures and to properly disperse the added 
fibers. Hence, the first measurement of flow was taken at 
approximately 20 minutes after the initial mixing of the 
cementitious materials and water. The resulting mortar was 
placed in the flow mold positioned in the center of the flow 
table. The mold was then lifted, and the table was dropped 
25 times during the time span of 15 seconds. The diameter 
of the resulting mortar patch was then measured along the 
four lines scribed in the tabletop and the results of these 
measurements were used to calculate the average value of 
the flow. To ensure proper consistency throughout the entire 
3DP process, the flow of the mortars was measured for up to 
2 hours, at 20-minute intervals.

Four-point bending (4PB) test
The flexural behavior of the cast and 3DP mortar beams 

was evaluated using a 4PB test. To ensure the reliability of 
the results, three beams were tested for each type of mortars. 
After removal from the moist cabinet (at the end of the 14-day 
curing period), the surfaces of the beams were wiped off with 
a wet rag and stored in air. Once they achieved a surface-dry 
condition, the beams were prepped for DIC analysis and 
mounted in the testing machine. The top and bottom surfaces 
of the 3DP beams were quite flat and provided adequate 
contact with the loading and support fixers. As such, these 
specimens were tested in “as-printed” position. In contrast, the 
hand finishing of the cast specimens left the top surfaces rela-
tively rough. As a result, for specimens tested in the “as-cast” 
position, the top surfaces had to be sanded off before testing. 
In some cases, the cast specimens were tested in the position 
rotated 90 degrees with respect to the direction of casting. The 
loading points at the top of the beam were 60 mm (2.36 in.) 
apart and the support points at the bottom of the beam were 
120 mm (4.72 in.) apart.

The samples were tested using a universal testing 
machine with a capacity of 10 kN. ASTM C34846 recom-
mends applying the load at the rate of 2500 to 2800 N/min  
(562.02 to 629.47 lbf/min). In this study, the load was 
applied at a constant rate of 0.2 mm/min (0.008 in./min). 
Examination of the load-time curves revealed that this 
loading rate was roughly equivalent to approximately 
1300 N/min (292.25 lbf/min). This relatively slow loading 
rate (compared to ASTM C34846) was used to ensure the 
ability to capture the processes of crack initiation and propa-
gation by the DIC technique. The load-displacement curves 
were recorded to compare the effects of fibers on flexural 
and crack development characteristics of the tested beams 
specimens. The peak load was used to calculate the flexural 
stress (ft), according to the following expression

	 f PL
bdt =
3

4
2 	 (1)

where P is the peak load; L is the support (bottom) span 
length; b is the width of the specimen, and d is the depth of 
the specimen.

DIC analysis
In this study, the DIC method was used to analyze the 

processes of crack initiation and propagation in the speci-
mens. DIC is a noncontact measurement technique that can 
track (by comparing images of the surface at various states 
of testing) the displacement of discrete points on the surface 
of a sample during a mechanical test. These images are then 
compared to the reference image collected before any defor-
mation has taken place to obtain the values of the strains and 
to detect the crack initiation and propagation events on the 
surfaces of the samples.

The DIC system consisted of two high-resolution cameras 
that photographed the surface of the specimens undergoing 
the tests at defined time intervals (that is, one picture every 
second). To use this method, the surface of the specimen 
needs to be covered with high-contrast speckle patterns. 
These speckle patterns were obtained by first panting the 
surface white, followed by spraying it with black paint. The 
captured images were analyzed by software (VIC-3D).

Optical microscopy analysis of fiber orientation
Fiber orientation in the cast and 3DP samples with PVA fiber 

was examined using a microscope. Specimens with PVA fibers 
were chosen for this evaluation because these types of fibers 
become fluorescent when exposed to the ultraviolet (UV) light. 
As a result, they can be more easily identified and photographed 
when observed in the optical microscope. The optical micros-
copy examination was performed on approximately 60 mm long 
segments of the beams cut off from a set of beams prepared in 
the same manner as the beams used for flexural testing. These 
segments were cut longitudinally, and the resulting cut surfaces 
were polished to a smooth finish. Several images were acquired 
at different distances between the microscope’s objective and 
the objects, creating a stacked group of images. The resulting 
group of images was then processed (using an extended focus 
imaging [EFI] software) to select the sharply focused portion 
of each image and use it to produce a high-quality composite 
image of the entire surface.47

Because hydrated cementitious systems are highly alkaline 
(pH ~ 13), phenolphthalein solution (a common alkalinity 
indicator) was applied to the cut surfaces of the specimens, 
making them distinctively pink, and thus helping with iden-
tification of the fibers. Also, because, as mentioned earlier, 
the PVA fibers will become fluorescent when observed under 
the UV light, the examination of the surfaces in the optical 
microscope was performed under the UV light source.

EXPERIMENTAL RESULTS AND DISCUSSION
Flow test results

Figure 3 presents the results of the flow table tests for 
different fiber-reinforced mortars. It can be seen that, as time 
passes, the flow of mortar containing rayon fibers decreases 
faster than that of mortars with other fibers. Rayon is a cellu-
lose fiber, with strong water absorption capacity.48,49 The 
absorption of water by the fibers results in a reduction of 
available water to interact with cement particles and that 
leads to rapid reduction of flow. However, for the other types 
of fiber-reinforced mortars, the flow loss during the 2-hour 
measurement period is insignificant. In fact, these fiber- 
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reinforced mortars exhibit greater flow values than the plain 
mortar. This implies that all fibers used in this research, with 
the exception of rayon fibers, can be used to maintain the 
flowability of the mortar and to extend the open time during 
the 3DP process.

In general, the influence of fibers on the flowability will 
depend on both the characteristics of the fibers and the 
volume fraction used. Specifically, fiber-reinforced cemen-
titious composites with relatively high volume fractions of 
fibers are likely to experience a decrease in flowability due 
to clumping of individual fibers, trapping of the water in the 
clumps, or due to interactions of the fibers with aggregate 
particles.50 However, for a small volume fraction of fibers, 
especially short fibers, the probability of clumping is much 
reduced. In fact, it has been reported that in such situations, 
the fibers may actually promote the structural breakdown of 
the flocculated structure of the cementitious material, thus 
decreasing the viscosity of the mixture.50 In the case of this 
study, due to the relatively low fiber-volume fraction, low 
sand-cement ratio, and small aggregate size, the breakdown 
(dispersion) of flocculated cement grains may have played a 
dominant role, thus increasing the flowability of the mixture. 
This phenomenon is beneficial for 3DP printing applications 
because it allows for the extrusion of the material over the 
longer period of time. Additionally, the ability to maintain 
the consistent levels of flowability can help control the shape 
and ensure the dimensional stability of the 3DP elements.

Flexural test results
All 3DP and cast beams prepared from plain and fiber- 

reinforced mortars were subjected to the 4PB test to evaluate 
their flexural behavior. Representative stress-displacement  
(f ′-δ) curves obtained from these tests are shown in Fig. 4(a) 
and (b) for 3DP and cast samples, respectively. For both cast 
and 3DP reference specimens (that is, samples without fibers), 
the results show an expected brittle failure behavior (that is, 
the stress drops rapidly to zero immediately after reaching 
the flexural strength limit). The addition of fibers enhances 
the flexural strength (ft) of both the cast and 3DP specimens. 
The stress-displacement curves show that most of the mortar 
samples with nylon, basalt, and rayon fibers exhibit a rapid 
stress drop after reaching the peak stress. However, all of these 
specimens were still resisting some level of stress as indicated 
by the gradual decay of the slope of the post-peak portions of 
the curves. In general, the pre-peak stress portions of the stress- 
displacement curves for mortars with nylon, basalt, and rayon 
fibers were continuous and smooth. However, the pre-peak 
stress portion of the curves for specimens with PVA fibers 
shows several instances of stress drops, typically of less 
than 0.40 MPa (58.02 psi). This suggests that several cracks  
developed during the pre-peak stress portion, but the PVA 
fibers could strongly bridge the cracks to resist higher stress 
after the cracks formed. The results indicate that specimens 
with the PVA fibers developed highest values of the peak 
stresses and (in the case of 3DP specimens) the largest overall 
deformation compared to specimens containing other fibers. 
Figure 4(c) compares the ft values of cast and 3DP samples 
with and without fibers. The average values of the ft for the 
cast specimens with nylon, basalt, rayon, and PVA fibers 

were, respectively, 10%, 31%, 58%, and 84% higher than 
those observed for the reference case (that is, cast specimens 
without fibers). On the other hand, the average ft values for 
3DP samples with nylon, basalt, rayon, and PVA fibers were, 
respectively, 28%, 28%, 92%, and 164% greater than the 
values observed for the reference case (that is, 3DP speci-
mens without fibers). These results show that cast and 3DP 
samples with PVA fibers had the highest level of ft improve-
ment, whereas samples with nylon fiber had the lowest. The 
average values of the ft for 3DP specimens with nylon, basalt, 
rayon, and PVA fibers were, respectively, 46%, 18%, 45%, 
and 74% higher than those obtained for cast specimens with 
the same types of fibers. The results indicate that flexural 
behavior of 3DP specimens was superior when compared to 
cast specimens. Additionally, the observed order of improve-
ment of flexural strength of specimens associated with the use 
of different types of fibers did not correspond to the change in 
the order of aspect ratios of the fibers. This might be because 
other parameters, such as fiber strength and strength of the 
bond between the fiber and matrix, might have had a greater 
impact on the mechanical performance of the mortars than the 
aspect ratio for fibers of the same length.

Figure 5 summarizes the crack patterns observed in the 
3DP and cast specimens with nylon, basalt, and rayon fibers. 
The behavior of one representative sample is presented 
herein and the crack patterns are represented by the contour 
of principal strains obtained from the DIC analysis. The 
color scale represents intensity of the principal strains in the 
vicinity of the cracks or other areas of stress concentration. 
The pictures shown herein were taken right after the sample 
reached peak stress. According to the DIC results, the cracks 
first appeared when the specimens reached the peak stress 
and continued to propagate upon further loading. All of the 
specimens shown in Fig. 5 failed as the result of formation 
and propagation of a single (critical) crack.

As shown in Fig. 6, the specimens containing the PVA fibers 
developed distinctively different crack patterns. Specifically, 
marked in Fig. 6(a) is a series of points (labeled P1, P2, P3, 
and P4 for 3DP specimen and labeled C1, C2, and C3 for the 
cast specimen) that correspond to particular stages of crack 

Fig. 3—Flow table test results for mortar with different types 
of fibers.
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development (shown in Fig. 6(b) and (c) respectively, for, 
3DP and cast specimens). Comparing the stress-deformation 
curves with the DIC results, it can be seen that in each case, 
the initiation of the crack corresponded to the drop in the 
value of the corresponding stress. Figures 6(a), (b), and (c) 
also show that initial formation of the cracks did not result 
in immediate failure of the beam. Rather, the cracks were 

observed to gradually advance (or propagate) in response to 
increase in the load applied to the sample. It took approxi-
mately 6 to 7 minutes to complete the test. This observation 
may indicate the existence of a crack-bridging mechanism 
produced by the stronger bond between the PVA fibers and 
cement matrix, compared to the bond provided by other fiber 
types.29,51 Specifically, after the crack is initiated, the fibers 

Fig. 4—Flexural test results: (a) representative stress-displacement curves for 3DP specimens; (b) representative stress- 
displacement curves for cast specimens; and (c) comparison of average values of flexural strength (ft) for cast and 3DP 
specimens.

Fig. 5—DIC analysis of crack development in 3DP and cast specimens with nylon, basalt, and rayon fibers, represented by 
contour of principal strains obtained from DIC analysis (color scale represents intensity of principal strains in vicinity of crack 
or other areas of stress concentration; full-color PDF can be accessed at www.concrete.org).
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can bridge the fractured surface to restrict further develop-
ment of the crack.29,52,53

This crack-bridging mechanism might explain the  
development of multiple cracks in the PVA specimens. After 
the first crack was initiated, the PVA fibers maintained a 
strong bond with the matrix, allowing the specimens to resist 
higher stress up to the point of initiation of another crack. 
The spread of the damage and formation of multiple cracks 
in the PVA fiber-reinforced mortars led to the increase in the 
values of ft and in the values of maximum displacement. It 
should also be noted that the 3DP PVA samples developed 
more cracks than cast PVA samples. Comparison of the 
stress-displacement curves for the cast and 3DP PVA beams 
reveals that the latter achieved greater strength and larger 
maximum displacement than the cast beam. Furthermore, 

as shown in Fig. 6(a), the 3DP specimens with PVA fibers 
were able to develop superior flexural behavior compared 
to flexural behavior of cast specimens with the same kind of 
fibers. Because the average values of the flexural strength for 
3DP and cast specimens without fiber are comparable, the 
improvement in the flexural strength observed in 3DP speci-
mens with PVA fibers is most likely the result of preferential 
alignment of fibers resulting from the 3DP process.29,36

For specimens prepared with other types of fibers, while the 
crack-bridging processes also likely took place, the effects of 
these processes on the values of peak stresses and the levels of 
deformations were not as pronounced as in the case of spec-
imens with the PVA fibers. This is likely the result of weaker 
bonds between these types of fibers and the matrix.

Fig. 6—(a) Representative stress-displacement curves of cast and 3DP specimens with PVA fibers; DIC analysis of crack 
development in: (b) 3DP specimen with PVA fibers showing formation of three cracks; and (c) cast specimen with PVA fibers 
showing formation of two cracks.
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Optical microscopy test results
As mentioned earlier, the optical microscopy method was 

used to examine the dispersion and orientation of the fibers 
in both the cast and the 3DP samples with PVA fibers. For 
the 6 mm (0.24 in.) long PVA fibers and a 6 mm (0.24 in.) 
diameter circular nozzle used in this study, it was observed 
that the fibers are likely to align in the printing direction as 
the result of the movement of the nozzle during printing 
process (Fig. 7(a)). Figure 7(b) presents the schematic of a 
beam during a 4PB test showing the X-Y-Z axis. As shown 
in Fig. 7(c) and (d), shorter (roughly 60 mm long) segments 
of the beams, prepared the same way as the beams used for 
flexural testing, were cut longitudinally (along the vertical 
[X-Z] plane) and the resulting cut surfaces, parallel to the 
X-Z plane, were examined under the optical microscope. 
Figures 7(e) and (f) show optical microscopy images illus-
trating the orientation of the PVA fibers in, respectively, 3DP 
and cast specimens.

The optical microscopy images show that PVA fibers 
in 3DP samples are preferentially aligned in the direction 
parallel to the length of the filament orientation (Fig. 7(e)), 
whereas the PVA fibers in the cast samples are randomly 
oriented (Fig.  7(f)). Because the printing direction was 
parallel to the X-axis, this resulted in a higher number of PVA 
fibers becoming aligned perpendicular to the fracture surface. 
That preferential orientation, combined with (presumably) 
enhanced bond between the PVA fibers and the matrix, 
enhanced the crack-bridging effect, thus resulting in higher 

values of strength and maximum displacement observed in 
the 3DP specimens. Because all 3DP specimens manufactured 
from mixtures containing other types of fibers also exhibited 
improved flexural behavior compared to cast specimens, it is 
reasonable to assume that other fibers also experienced some 
degree of preferential alignment. It should be noted that the 
6 mm (0.24 in.) long PVA fibers and a 6 mm (0.24 in.) diam-
eter circular nozzle used in this study are not necessarily repre-
senting materials and equipment used in practice. In addition, 
one has to remember that there are some other factors that 
might influence the alignment of the fibers, including fiber 
stiffness, nozzle size, printing speed, and so on.36

Overall, the optical microscopy results suggest that the 
extrusion process associated with 3DP of fiber-reinforced 
mortars used in this study led to the preferential alignment of 
the fibers and, consequently, produced composite materials 
that were stronger and tougher than the materials of the same 
composition, but hand-cast.

SUMMARY AND CONCLUSIONS
The focus of this paper was on evaluation of the effects 

of four types of fibers (polyvinyl alcohol [PVA], basalt, 
nylon, and rayon) on the flowability and flexural behavior 
of the three-dimensional-printed (3DP) mortars. To reduce 
the number of variables that could obscure the analysis of 
the effects of the type of fibers, all fibers used in the study 
were of the same length (6 mm [0.24 in.]) and constituted 
the same volume percentage (0.4%) of the mortar. The 

Fig. 7—(a) Schematic illustrating alignment of fibers resulting from 3DP process; (b) schematic of beam under 4PB test 
showing X-Y-Z axis; (c) view of top and cut planes of 3DP beam; (d) view of top and cut planes of cast beam; (e) optical micro-
scope image of surface of 3DP specimen with PVA fibers; and (f) optical microscope image of surface of cast specimen with 
PVA fibers.
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flexural behavior of 3DP beams was compared with that of 
cast beams and the processes of cracks formation and prop-
agation were monitored using the digital image correlation 
(DIC) method. The fiber orientation in cast and 3DP samples 
was examined by optical microscopy. The results indicate 
that fiber-reinforced mortars represent a viable material type 
for 3DP manufacturing of cementitious components. The 
main conclusions and observations derived from the results 
of the study can be summarized as follows:

1. For the mixtures used in this study, the addition of all but 
one (rayon) fibers improved the flowability the mortars when 
compared to the plain (no fibers) mortar. These improve-
ments are beneficial for 3DP applications because they 
extend the open time of the mixture and contribute to main-
taining the dimensional consistency of the 3DP elements.

2. All fibers used in the study were observed to bridge the 
cracks, and thus improved the flexure strength of the spec-
imens to some degree. However, the PVA fibers were most 
effective with respect to the enhancement of the aforemen-
tioned properties.

3. The optical microscopy images showed that PVA fibers 
in the 3DP beams were preferentially aligned in the direc-
tion parallel to movement of the nozzle (in this case, along 
the longitudinal axis of the beam). Because the beams were 
loaded in the direction perpendicular to the longitudinal 
axis, that preferential alignment strongly contributed to the 
enhancement of their flexural behavior.
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The U.S. National Ocean Service estimates 95,741 miles 
(154,080  km) of shoreline in the United States, where 163 miles 
per year are hardened by bulkheads and riprap. These shoreline 
protection techniques are costly and require frequent maintenance. 
Different agencies are examining “nature-based” solutions that 
combine vegetation with traditional concrete. Digital construction, 
advanced manufacturing, and innovative cementitious composites 
have also been proposed as potential means to lower material use, 
cost, and environmental impact.

This paper presents a novel advanced manufacturing tech-
nique using a reactive-diffusion morphological process, called 
“dry-forming,” to three-dimensionally (3-D) printed concrete 
structures of various shapes, sizes, and complexities with standard 
concrete mixtures.

This technology has reduced 60% of material use, enhanced local 
habitats, and increased the resiliency of the shoreline to sea level 
rise. The widespread use of this technology would increase the 
resiliency of coastal communities, protect aquatic life, and protect 
waterfront public and private real estate investments.

Keywords: advanced manufacturing; reactive-diffusion morphology; resil-
iency; shoreline protection; sustainable.

INTRODUCTION
The National Ocean Service (NOS) estimates the total 

length of the United States shoreline is 95,741 miles 
(154,080 km), including the continental United States as 
well as Hawaii and Alaska (Stoa 2019). Besides the coastal 
shorelines, other shorelines could include those associated 
with lakes, rivers, and creeks. During the twentieth century, 
climate changes resulted in a sea level rise of approximately 
7 in. (18 cm). The continuous increase in temperature in the 
twenty-first century may result in additional sea level rise 
and a higher frequency and intensity of resulting storms 
(Church and White 2011). As a result, coastal communities 
are at increased risk of life-threatening events, land loss due 
to the shoreline’s continuous erosion, significant economic 
losses due to property damage, and negative impact on 
tourism (Martyr-Koller et al. 2021).

Erosion mitigation techniques implemented in the United 
States include hard shorelines—such as the construction of 
bulkheads, rock breakwaters, and revetments—and living 
shorelines, which include native wetland plants and oyster 
reefs. Currently, 163 miles (263 km) are hardened every 
year by bulkheads, sea walls, concrete armor units, and 
riprap (Liew et al. 2020). These legacy shoreline protection 
techniques, shown in Fig. 1, are environmentally damaging, 
costly, require frequent maintenance, and have a negative 
impact on tourism. Thus, hardened shorelines are now being 
prohibited in multiple states and different countries across 
the globe (Tavares et al. 2020). Similarly, living shorelines 

are costly and require continuous maintenance intervention 
despite their efficiency in enhancing coastal sustainability, 
restoring ecosystems, and increasing shoreline sustainability 
(Smith et al. 2018).

This paper presents a novel advanced manufacturing tech-
nique’s material use, cementitious material composition, and 
total carbon dioxide (CO2) emissions. The material proper-
ties, material composition, and options for increased surface 
area, roughness, and improved performance are evaluated. 
This novel advanced manufacturing process uses a reactive- 
diffusion morphological process, called “dry-forming,” 
(Campbell et al. 2018) to three-dimensionally (3-D) printed 
concrete structures of various shapes, sizes, and complexi-
ties with standard concrete mixtures. The injection of water 
(and chemicals) into a dry bed of cement and sand mixture 
is conducted using hollow needles spaced 2.0 in. (5.0 cm) 
apart in both directions. The needle depth is controlled by 
software to reflect the shape of the printed object, as shown 
in Fig. 2.

LITERATURE REVIEW
The global increase in coastal development and sea level 

rise resulted in increased coastal erosion in different coun-
tries, including the United States (IPCC 2019). Losses asso-
ciated with coastal erosion include land losses, destruction 
of beachfront properties and real estate losses, and negative 
impact on tourism and marine/aquatic life. Under current 
circumstances, coastal erosion problems will develop into 
an unmanageable threat to the quality of life in coastal 
communities (Morton 2003). The coastal erosion problems 
are magnified due to population increase and wrong prac-
tices by beachfront community inhabitants (Barragán and 
de Andrés 2015). To sustainably mitigate erosion impact, 
shoreline protection techniques and practices are being stan-
dardized to ensure sufficient protection of lakes, streams, 
rivers, and along the coast without negatively impacting the 
surrounding environment (Miller et al. 2016). Basic princi-
ples followed to preserve the shoreline environment include 
nature imitation, maintaining a gentle shoreline slope to 
dissipate wave energy, and providing protection through 
live or dead protection techniques (Shows 2019). The afore-
mentioned shoreline protection techniques, advantages, 
disadvantages, and limitations are provided in the following 
sections.
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Nature imitation
Nature imitation is a natural shoreline protection technique 

where the shoreline can protect itself against erosion through 
the increased integrity of shoreline soils. Native vegetation 
around the shoreline can improve this integrity by reducing 
hydrodynamic forces and binding soil particles using plant 
roots. The vegetation’s deep roots help protect shorelines 
against heavy rainfall, high-speed winds, and possible land-
slides, as shown in Fig. 3.

Shoreline slope
The shoreline slope is related to the shoreline grain particle 

size. Stable shoreline slopes depend on the particle size of 
the soils. Shorelines with larger-diameter particle sizes (that 
is, cobble) can adopt steeper slopes as compared to smaller 
fine-grain particles (that is, sand and silts). Shoreline slopes 
are also correlated to the hydrodynamic environment. The 
beach slope can become steeper during storm events and 
increase erosion rates (Bujan et al. 2019). These associated 
steeper-sloped shorelines tend to have increased run-up and 
overwash of waves that can cause flooding (Stockdon et al. 
2006; Senechal et al. 2011). Traditionally, straw blankets, 
straw matting, and silt fences were used to maintain slopes 
in low-energy environments (Benik et al. 2000). Recently, 
erosion control blankets and superior compost erosion 
control blankets have been used to create a suitable environ-
ment for vegetation growth, which is beneficial in erosion 
control, as shown in Fig. 4.

Living shoreline protection
Living shoreline protection includes multiple techniques: 

1) vegetation only—by providing a buffer region for upland 
areas, plants like mangroves, wetland grasses, shrubs, and 
trees are currently used for shoreline protection through 
vegetation; 2) edging, where a structure is added to protect 
the vegetated slope; and 3) sills, where a hard structure (that 
is, rock or concrete) is placed parallel to the shoreline to 

Fig. 2—Dry-bed technology for 3-D printing.

Fig. 3—Planted mangroves and oyster beds for coastal 
stabilization (photo by Linda Walters).

Fig. 1—Types of hard shorelines: (a) riprap; (b) breakwater; and (c) bulkhead.
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protect coastal marshes from waves and currents. This tech-
nique, increasingly used on the East Coast of the United 
States, acts as a natural buffer to wave energy and inhibits 
erosion of coastal lands (Gittman et al. 2014; Barbier et al. 
2008; Shepard et al. 2011).

Hard shoreline protection
“Hard” shoreline protection includes a variety of timber 

and/or concrete structures placed in shallow depths or by 
the shoreline to reflect wave energy, thus minimizing beach 
erosion. Despite their efficient wave-energy reflection, 
bulkheads may result in increased erosion along the toe of 
the structure (Bozek and Burdick 2005; National Research 
Council 2007). In addition, the use of bulkheads in shore-
line hardening can cause an adverse impact on the ecolog-
ical system and marine habitats and a significant decrease in 
the biodiversity of the region in which they are used (Doug-
lass and Pickel 1999; Patrick et al. 2014; Seitz et al. 2006). 
Finally, treated timber-hardened shorelines may contain 
chemicals that can leach into the coastal environment and 
significantly harm marine life (Weis et al. 1998). A compar-
ison of living and hard shorelines is shown in Fig. 5.

Due to the wide variation among shoreline protection tech-
niques, associated hardships, and relevant advantages and 

disadvantages, the shoreline stabilization process is lengthy 
and requires multiple steps before the shoreline protection 
project starts. Table 1 presents the steps recommended for 
the shoreline protection process.

RESEARCH SIGNIFICANCE
This research presents a novel advanced manufacturing 

technique to develop marine structures and artificial reefs 
through an advanced “dry-forming” (Campbell et al. 2018) 
technique to 3-D print structures and reefs of various shapes, 
sizes, and complexities with standard concrete mixtures. 
Structures produced could be used to protect shorelines from 
major hurricanes. Developed structures are environmentally 

Fig. 4—Beach erosion control by using erosion control 
blankets.

Fig. 5—Comparison of living and hardened shoreline protection techniques (NOAA Habitat Blueprint 2022; full-color PDF 
can be accessed at www.concrete.org).

Table 1—Recommended shoreline design and 
construction process

Step 
Activity 

description Activity attributes/notes

1 Site analysis

Erosion rates (Thaler et al. 2022)
Site elevation

Wave energy (Ozkan et al. 2022)
Hurricane activities (Camelo et al. 2020; 

Passeri et al. 2015)
Wind

Soil nature

2 Legal compliance 
and permit issuance

Federal regulations
State regulations

Local laws
Permits

3 Project site 
preparation

Clearing debris
Slope restoration

Removing older/failing seawalls, 
bulkheads, and so on

Addressing runoff issues

4
Main project 

activities/
construction

—

5
Monitoring 
and project 

maintenance

Debris removal
Site and structural investigation

Maintaining plantation
Beach nourishment
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friendly, reduce the carbon footprint, and are economical 
compared to current techniques. The widespread use of this 
technique in the construction market will positively impact 
social communities along shorelines globally.

EXPERIMENTAL INVESTIGATION AND  
REEF FABRICATION

The experimental phase and reef fabrication resulted from 
a two-phase experimental investigation. First, a material 
testing phase was conducted to evaluate the possible use 
of the new proposed “dry-forming” (Campbell et al. 2018) 
3-D printing of reefs. Second, the equipment and process 

optimization phase was conducted to seamlessly produce 
reefs through a user-friendly and safe process.

Material testing phase
Commercially available Type M mortar was used to 

conduct the experimental investigation to 3-D print reefs 
using the dry-forming process. The Type M mortar comprises 
four parts cement, one part lime, and 12 to 15 parts sand (by 
mass). The approximate compressive strength of Type  M 
mortar mixtures ranges from 2500 to 3000 psi (17 to 
21 MPa). In this research, Type M mortar was injected with 
water using a one-needle device. Several mortar specimens 
were tested according to ASTM C191 (2021) using moisture 
content ratios ranging from 0.19 to 0.24, as shown in Fig. 6.

The setting test results showed that the initial setting was 
not achieved after 1.0, 1.5, and 2.0 hours after concrete 
mixing. The lack of setting was validated by placing 2 x 2 in. 
(5 x 5 cm) cube specimens that collapsed upon stripping the 
mold, as shown in Fig. 7.

Based on the 2 x 2 in. (5 x 5 cm) cube results, larger spec-
imens (3 x 6 in. [7 x 15 cm] cylinders) were used in placing 
additional specimens for setting time testing, as shown in 
Fig. 8.

Six cylinder specimens were placed with different accel-
erator content, as follows: a) three cylinders with 2% accel-
erator content (0.2 water-cement ratio [w/c]) at 90°F (32°C); 
and b) three cylinders with 4% accelerator content (0.2 w/c) 
at 90°F (32°C).

Cylinders were stripped after 1.5, 2.0, 2.5, and 3.0 hours 
of placing. The outcomes of cylinder stripping are shown in 
Table 2.

Fig. 6—Type M mortar initial setting test.

Fig. 7—Collapse of cube molds (setting time > 2 hours).

Table 2—Cylinder stripping results

Cylinder No. Cylinder design Test result Notes

1 3 x 6 in., 2% accelerator, 90°F Failed at mold strip after 1.5 hours of placing 2% chemicals are not 
adequate using Type M 

mortar only
2 3 x 6 in., 2% accelerator, 90°F Failed at mold strip after 2.0 hours of placing

3 3 x 6 in., 2% accelerator, 90°F Failed at mold strip after 2.5 hours of placing

4 3 x 6 in., 4% accelerator, 90°F Failed at mold strip after 2.0 hours of placing 4% chemicals are not 
adequate at time less than 

3 hours5 3 x 6 in., 4% accelerator, 90°F Partially failed at mold strip after 2.5 hours of placing

6 3 x 6 in., 4% accelerator, 90°F Succeeded at mold strip after 3.0 hours of placing Strength of 100 psi 
attained

Note: 1 in. = 2.54 cm; °F = (°C × 1.8) + 32; 1 psi = 0.00689 MPa.
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The outcome of cylinder setting time suggests that a 4% 
accelerator is recommended as a minimum dosage for chem-
icals at a w/c of 0.2 and 90°F (32°C). At this dosage, Type M 
mortar can sustain a total stress of 100 psi (0.689  MPa) 
after form removal when tested in compression, as shown 
in Fig. 9.

Full-scale case study
Random full-scale coral reefs are designed to be fabricated 

using Type M mortar and the dry-forming technique. A coral 

reef computer-aided design (CAD) simulation example is 
shown in Fig. 10.

A dry bed with Type M mortar is conveyed to the printer 
location and placed below the printing needles. The print-
er’s needles are controlled using the CAD-generated design 
and inserted into the dry bed to the required predetermined 
depth. Mixing water and chemicals are injected into the 
Type M dry mortar using the inserted needles. The needles 
are immediately retracted to avoid mortar hardening around 
the needles, as shown in Fig. 11. The produced 3-D-printed 
reefs are moved to shoreline locations and placed in position 
for erosion mitigation, as shown in Fig. 12.

RESULTS AND DISCUSSION
The outcome of this research project successfully produced 

3-D-printed reefs using a novel reactive-diffusion morpho-
logical technique that injects an aqueous mixture (water and 
chemicals) through needles into a bin of dry mixture using 
a digitally controlled precise pumping system. The needles 
are robotically lifted so that each layer of the structure can be 
printed as the needle moves upward. Reacted materials are 
hardened to form a predesigned reef-shaped block, which is 
palletized and shipped to the designated location.

The developed technique is advantageous to current 
shoreline protection techniques due to the ability to 3-D 
print diverse shapes that are adapted for the local ecosystem 
and hydrodynamic environment. The ability to create 
internal voids that reduce weights and create interlocking at 
the same time allows for the reduction of materials while Fig. 8—Cylinder molds for mortar setting time evaluation.

Fig. 9—Mold stripping and compressive strength testing.

Fig. 10—(a) Pillar coral reefs; (b) CAD; and (c) CAD simulation of reefs.
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creating hydrodynamical stable structures. This enables 
more cost-effective solutions for shoreline erosion mitiga-
tion that are also environmentally friendly.

RECOMMENDATIONS FOR FUTURE RESEARCH
The authors recommend the investigation of alkali- 

activated material (that is, geopolymers) use in the 3-D 
printing of concrete reefs using the developed dry-forming 
technique. The use of geopolymers will reduce cement 
consumption and result in an extensive reduction of the 
carbon footprint. In addition, some types of geopolymers are 
cost-effective, potentially reducing the final cost of shoreline 
protection projects.
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The early-age material parameters of three-dimensional 
(3-D)-printable concrete defined under the umbrella of printability, 
namely, pumpability, extrudability, buildability, and the “print-
ability window/open time,” are subjective measures. The need to 
correlate and successively substitute these subjective measures 
with objective and accepted material properties, such as tensile 
strength, shear strength, and compressive strength, is paramount. 
This study validates new testing methodologies to quantify the 
tensile and shear strengths of printable fiber-reinforced concretes 
still in their fresh state. A tailored mixture with high sulfoalumi-
nate cement and nonstructural basalt fibers has been assumed as 
a reference. The relation between the previously mentioned param-
eters and rheological parameters, such as yield strength obtained 
through International Center for Aggregates Research (ICAR) 
rheometer tests, is also explored. Furthermore, in an attempt to 
pave the way and contribute toward a better understanding of the 
mechanical properties of 3-D-printed concrete, to be further trans-
ferred into design procedures, a comparative study analyzing the 
work of fracture per unit crack width in three-point bending has 
been performed on printed and companion nominally identical 
monolithically cast specimens, investigating the effects of printing 
directions, position in the printed circuit, and specimen slenderness 
(length to depth) ratio.

Keywords: flexural strength and work of fracture; influence of layers; shear 
behavior; testing methods; three dimensional (3-D)-printable cementitious 
composites; very-early-age tensile constitutive behavior.

INTRODUCTION
Value-added labor productivity of the concrete construc-

tion industry has been lagging behind the rest of the manu-
facturing sectors for a long while. Upgrading the skill level 
of workers is crucial to increase the productivity of the 
industry worldwide, considering that the concrete industry 
is the most labor-intensive in the world.1 Additive manufac-
turing of concrete provides a great solution to this problem 
while simultaneously addressing the challenges of lowering 
material use and cost of construction.2-4 This makes the 
use of additive manufacturing in the concrete construction 
industry highly sought after. Among the available additive 
manufacturing concrete techniques, also widely referred to 
as three-dimensional (3-D) concrete printing, those based 
on concrete extrusion techniques have been the most inten-
sively investigated to be further deployed for large-scale 
applications.2,5-8

Extrusion-based 3-D concrete printing allows the produc-
tion of material-efficient structures with topologically opti-
mized forms, without the need for formwork.9 It employs 

a pump to transport a low-yield-strength material, which is 
placed by an extruder, depositing several layers to complete 
the structure. It also paves the way for technologies such 
as smart dynamic casting, which is a derivative of the 
layered extrusion process, as well as slipforming and self- 
consolidating concrete (SCC) technologies.10 All these tech-
nologies are therefore dependent on the chemical hydra-
tion phenomenon of the controlled, structural buildup of 
concrete.11-15

Chronologically, extrusion-based 3-D concrete printing 
can be divided into three steps.16 The first of these is to trans-
port the low-yield-strength concrete through a mechanical 
pump. The ability to pump printable concrete is inherited 
from the self-consolidating technology of concrete construc-
tion and is known as “pumpability,”17-19 and therefore has 
a set of rheological requirements.20 This pumped concrete, 
for the purpose of deposition in layers, needs to be extruded 
through a nozzle and must retain the shape given to it by 
the nozzle. This ability of shape retention upon extrusion of 
concrete is called “extrudability.”21,22 This is correlated, on 
the one hand, to the evolution of rheological properties of 
the material, which allows the material to retain the extruded 
shape once laid. On the other hand, it is correlated to a rapid  
development of tensile and shear strength, which allow the 
filament to be continuously extruded without experiencing 
any breakage. Once deposited, the structural buildup allows 
the antecedent layers enough shear and normal strength to 
carry the weight of the latter deposited layers in the extru-
sion process. The study of the development of the strength 
of the layer is therefore of the utmost importance in under-
standing the printability of the mixture. This ability of 
printed concrete to withstand the weight of printing subse-
quent layers is loosely defined as “buildability.”23-26 The 
mechanics of pumping, extrusion, and layer-wise deposi-
tion of concrete therefore control the ability of any concrete 
mixture to be used for the extrusion-based 3-D concrete 
printing process, which can be defined under the umbrella 
term “printability.” However, as can be seen from the defini-
tions of those collated from various sources by Mohan et al.,27 
the parameters of pumpability, extrudability, buildability, 
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and open time are very nebulous and qualitative. There is a 
need to translate these qualitative definitions into quantita-
tive material characteristics to ease the industrial application 
of printable concrete technology. In summary, the pumpa-
bility of concrete depends on the rheological yield strength 
of the mixture, the extrudability of concrete depends on the 
early-age normal (both tensile and compressive) strengths of 
the mixture, and the buildability of concrete depends on the 
early-age shear and compressive strengths of the mixture.

These characteristics that govern the use of a mixture 
must also be compatible with the available robotics to ensure 
quality of printing. For example, the characteristics of the 
pumping equipment, including the pressure of pumping and 
the dimensions of the pump walls, must be compatible with 
the mixture being pumped to ensure there is no segrega-
tion during the pumping of concrete. The dimensions and 
shape of the nozzle, through which the concrete is extruded, 
need to be compatible with the concrete mixture to ensure 
that smooth and continuous filaments of the mixture are 
extruded. The rate of layer deposition must be coherent 
with the mixture to ensure sufficient interlayer bond in the 
elements printed. The printability of any mixture is also 
limited to a window of operation, as the structuration of 
concrete is a time-dependent process. This window of print-
ability (also called open time) also limits the construction 
process, and its identification is of the utmost importance 
for the proper planning and handling of the overall printing 
process, from material concept and production to the selec-
tion of the equipment to its implementation into a “site- 
factory” practice.

From the aforementioned perspective, it is also of the 
utmost importance to understand the influence of these 
fabrication features on the mechanical performance of the 
material in the hardened state, which translates into struc-
tural performance. The literature shows that the maximum 
of these effects in the hardened state stems from the effect of 
interfaces between layers.28-35 Some are also a direct effect 
of the anisotropy induced by the filament with extrusion 
direction.29

Moreover, the layer deposition process may induce a 
higher compression into the bottom layers than the top, 
owing to self-weight, while the material stiffness has not 
developed highly enough to make them able to withstand 
the stress without any significant deformation. This causes 
them to flatten more than the top layers, further resulting 
in varying section shapes and widths through the depth of 
the printed section, which needs to be incorporated into the 
design but through an appropriate evaluation of the section 
modulus. Moreover, because concrete specimens cast verti-
cally tend to hydrate under varying pore pressure, combined 
with the fact that the rate of hydration of fast-setting cements 
is comparatively higher, a significant difference in the 
quantum and quality of hydration at the top and bottom of a 
vertically cast concrete element can arise. This is yet another 
challenge the 3-D-printing technology inherits from the slip-
forming technology, whose effects on the overall mechanical 
and structural performance of printed materials and elements 
has to be appropriately evaluated to be coherently reflected 
into appropriate design algorithms and approaches.14,36-38

According to Menna et al.,4 any new concrete technology 
faces four kinds of constraints before its widespread appli-
cability and deployment—namely, fabrication, material, 
construction, and design constraints. In the case of 3-D 
concrete printing, the fabrication constraints include equip-
ment and robotic technology required for layered extrusion. 
The material constraints include the development of print-
able concrete. The construction constraints include the chal-
lenge of compatible reinforcement, batching, and mixing 
procedures; printing of the material itself; time constraints 
of the open time and interlayer speed; and so on. The design 
constraints include the challenge of designing elements with 
anisotropic in-structure material properties, varying section 
moduli with depth, higher factors of safety associated with 
defects of construction, and the durability of printed elements. 
Unlike conventional reinforced concrete, printable concretes 
require attention to design in both the fresh and hardened 
states. The design requires testing methodologies that can 
give quantitative parameters and models developed based 
on these parameters. This paper aims to contribute to the 
material and construction constraints by validating a testing 
methodology, which enables the assessment of the fracture 
properties of a 3-D-printable mixture at its fresh/very early 
age, whose values could be translated into a quantitative 
assessment of the extrudability requirement. On the other 
hand, the tests done on the hardened-state printed elements 
aim to contribute to answering the design constraints 
through the assessment of the anisotropy and “position- 
dependence” of mechanical material properties. This will 
also be attempted through the definition of a suitable indi-
cator of the performance, identified in the work of fracture 
per unit crack width, which, at the same time, could over-
come some of the aforesaid limits and appropriately take 
into account the peculiarities of 3-D-printed concrete speci-
mens as opposed to conventionally cast ones.

RESEARCH SIGNIFICANCE
As explained earlier, the qualitatively defined require-

ments of extrudability, pumpability, and buildability of a 
3-D-printable/printed concrete mixture need to be associated 
to quantitatively identifiable material parameters. This study, 
extending to a 3-D-printable mixture the methodology also 
employed earlier by Mettler et al.14 with reference to fresh 
SCC, aims at validating the use of direct tension and shear 
tests at very early ages (less than 2 hours from the contact 
of binder and water) as potentially valid to quantify the 
extrudability requirement and identify the open time through 
the identification of a fluid-to-solid state transition. Given 
the highly sophisticated nature of the printing process and 
its printer-dependent variability, it is necessary to develop 
performance-based tests at very early ages, which could 
then be transferred into appropriate standardization proce-
dures. It should be noted that there are presently no stan-
dards for testing printable cementitious composites at very 
early ages. Moreover, to thoroughly validate the proposed 
mixture design and printing technology to address the needs 
of a design-oriented testing procedure for hardened-state 
properties, a comparative study of hardened-state mechan-
ical properties was performed. The study is defined by the 
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work of fracture per unit crack width in three-point loading 
of specimens of varying sizes, layer orientations, and with 
varying effects of early-age consolidation.

MATERIALS AND EXPERIMENTAL PROCEDURE
Mixture details and protocol

A printable mixture was designed with a high proportion 
of calcium sulfoaluminates (CSA) along with a high volume 
of cement aimed at fast setting time and rapid strength gain. 
The fibers used in the cementitious mortar were nonstruc-
tural basalt fibers, added to improve the cohesion of the 
mixture in the fresh state to ensure printability. The compo-
sition and characteristics of the mixture are summarized 
in Table 1. The dry components of the mixture were first 
mixed at 120 rpm for 60 seconds before the addition of 
water and high-range water-reducing admixture (HRWRA). 
Next, the wet mixture was mixed for a further 3 minutes to 
ensure a degree of homogeneity. Then, nonstructural basalt 
fibers were added and the mixing was further resumed for 
2 minutes to ensure their adequate dispersion.

Tensile and shear tests
Shear and tensile tests were performed on early-age 

samples of the employed mixture using specially designed 
molds, depicted in Fig. 1. The molds were made of trans-
parent poly(methyl methacrylate) and consisted of both a 
fixed and movable half that slide across/away from each 
other. Fresh mixture was placed into the molds at the start 
of the very end of the mixing process and allowed to settle 
until the time at which the test was carried out. The molds 
were mounted on a table (as shown in Fig. 1) using screws, 
and the movable halves were pushed/pulled using a smart 
motor connected to a load cell of 600 N (135 lbf) capacity. 
Linear variable differential transformers (LVDTs) were 
connected to the movable halves to record the displacement, 
as also shown in Fig. 1. The tensile tests were performed at 
a constant displacement rate of 0.05  mm/s (≅0.002 in./s), 
while the shear tests were performed at a displacement rate 
of 0.1 mm/s (≅0.004 in./s). At least three tests each for shear 
and tension were performed at 30, 60, and 90 minutes from 
the end of mixing.

Rheometer tests
Twenty liters of the fresh mixture was placed into an Inter-

national Center for Aggregates Research (ICAR) rheometer 
(a vane shear rheometer) immediately after mixing stopped. 
The minimum torque required to move the vane at 0.025 rps 
inside the rheometer filled with the mixture was calculated 
at different times as part of the grow tests. These recorded 
values of the torque are used to calculate the yield strength 
of the material using an analytical relation characteristic of 
the ICAR rheometer.

Three-point bending tests with printed and  
cast specimens

The fresh mixture was pumped into a robotic arm. The 
robotic arm had three directional degrees of freedom and 
a circular nozzle with a diameter of 25 mm (1 in.). Rect-
angular prismatic specimens were extruded at 50 mm/min 
up to a height of 450 mm (17.7 in.) and lengths of 200 cm 
(79 in.). Specimens of five different dimensions, shown in 
Table 2, were cut from these larger specimens, some with 
layer orientations along the length of the specimen and some 
with layer orientations along the depth of the specimen.

The fresh mixture was also cast into steel molds with 
dimensions of 750 x 750 x 60 mm (29.5 x 29.5 x 2.4 in.) 
up to an intended depth of 30 mm (1.2 in.). The hardened 
mixture was then cut into specimens of five different lengths 
and effective depths, as shown in Table 2.

At least three nominally identical specimens were cut for 
each dimension in the hardened state to ensure repeatability 
of the test. The specimens were also notched to a depth of 
10 mm (0.4 in.) to localize the cracking. The specimens were 
then fitted with clips on either side of the notch at a distance 
of 5 mm (0.2 in.). A clip gauge of 3 mm (0.12  in.) range 
was fitted, which was connected to an electromechanical 
universal testing machine, as shown in the setup in Fig. 2. 
These specimens were thus tested in three-point bending 
under displacement control (crack-width control) at a rate 
of 0.015  mm/s (0.0006  in./s), and the load required was 
measured against the crack opening displacement (COD) 
until failure for each specimen.

Table 1—Mixture details

Components Details Description Quantity

Fine aggregate

Silica sand Maximum size of 0.5 mm 540 kg/m3

Ground recycled glass Maximum size of 0.9 mm 440 kg/m3

Glass quartz fine compound Maximum size of 0.45 μm 190 kg/m3

Binder
White cement CEM I – 52.5R 920 kg/m3

Calcium sulfoaluminate cement CSA 80 kg/m3

Water Tap water — 295 L/m3

HRWRA PCE — 28 kg/m3

Viscosity modifiers Bentonite and cellulose ether — 7 kg/m3

Fibers Basalt
16 mm (0.63 in.) length, 13 μm diameter, 2800 MPa 
(406.1 ksi) tensile strength, and 84 GPa (12,183 ksi) 

elastic modulus

20 kg/m3

(0.7% V/V)

Note: 1 kg/m3 = 0.06 lb/ft3.
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DATA ANALYSIS PROCEDURE
Tensile and shear tests

As can be seen in Fig. 3, the failure patterns in tensile 
and shear tests are localized by means of stress concentra-
tion through a reduction in the cross-sectional area of the 
failure section. In the case of the tensile test, a kink was 
introduced in the center to induce higher stresses in the 
center of the specimen. In the shear test, a shear strut was 
induced at the interface of the two mold halves, localizing 
failure. However, a non-negligible frictional force acts on 
the specimen during the testing as the movable half of the 
mold slides away or across the fixed half. This frictional 
force was measured by calculating the force required to 
move the molds away/across the other half while carrying 
the equivalent and disconnected weight of the cementitious 
mixture placed in them during testing.

The load (P) in kN obtained through the load cell, after 
the subtraction of the frictional force, divided by this prede-
termined cross-sectional area of the failure section (either  
Atension or Ashear) in mm2, gives the tensile (σ) and shear 
stresses (τ) in kPa at the location of failure. The stress (kPa) 
versus displacement (mm) for all the tested specimens is 
plotted, and the area under the curves is calculated as the 
energy release index per unit displacement (J) in kPa∙mm/

Fig. 1—Tensile (left) and shear (right) molds and test setup. (Note: Dimensions in cm; 1 cm = 0.39 in.) 

Table 2—Experimental design of three-point 
bending tests on cast and printed specimens

Specimen 
No. L/D

Effective 
length, 

mm
Specimen 
location

Layer 
orientation Cast/Printed

1 2 160 Top Perpendicular Printed

2 3 200 Top Perpendicular Printed

3 3 300 Bottom Perpendicular Printed

4 4 320 Top Perpendicular Printed

5 4 320 Bottom Perpendicular Printed

6 4 180 — Parallel Printed

7 5 200 Top Perpendicular Printed

8 2 160 — — Cast

9 3 200 — — Cast

10 4 200 — — Cast

11 4 280 — — Cast

12 5 300 — — Cast

Note: 25.4 mm = 1 in.
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mm. This energy release index per unit displacement is 
considered a more representative quantitative indicator than 
the peak stress values, as the mode of failure of the speci-
mens in the tests varies with time. This means that the peak 
stress measured in these tests might not be the representative 
shear strength of the material, but would well represent the 
failure condition of a layer-wise additively manufactured 
element in the fresh state.

Three-point bending tests
The load (P) in kN, obtained through the load cell of the 

employed universal testing machine, is plotted against the 
crack width (COD) controlled by the clip gauge. The area 
under the load versus displacement curve is calculated as 
the work of fracture (kN∙mm). The work of fracture per 
unit width of crack opening (kN∙mm/mm) of each specimen 
is measured as an index of its mechanical performance. It 
is worth remarking that the calculations of the stresses in 
the specimens, and subsequently the strengths, require the 
considerations of Euler-Bernoulli beam-bending theories, 
which might not be easily applicable considering the layered 
structure of the printed specimens, and would otherwise 

be too significantly case-dependent. The nominal stresses 
calculated will also be affected by the consolidation of the 
bottom layers compared to the top layers in the calculation 
of the second moment of area. To study the effects in a more 
pronounced way, the area under the work of fracture per unit 
crack width calculated from the load versus crack-opening 
curve is considered more representative.

EXPERIMENTAL RESULTS AND DISCUSSION
Tensile and shear tests

The average tensile stress values versus the displace-
ment of the movable half of the mold for different times 
are plotted in Fig. 4. The same has been done for the shear 
stresses, as can be seen in Fig. 5. As is evident from the 
two graphs, the mixture is clearly still in its fluid state at 
30  minutes. The fluidity can also be observed from the 
negative recorded stress values, indicating buoyancy of the 
material against the mold halves. At 60 minutes, the material 
still has a plastic fluid behavior, as is evident from the shear 
stress versus displacement graph. At 90 minutes, the mate-
rial starts behaving as a hardened solid, with curves high-
lighting the development of the resistance of a compression 
strut, which can also be observed in the failure patterns, with 
significantly higher strengths and brittleness than at 30 and 
60 minutes.

The maximum shear and tensile stresses in the specimens 
before failure are identified as the shear and tensile strength 
of the specimens, respectively. The peak stresses might not 
necessarily imply strength, as strength also necessitates a 
mode of failure that is either pure shear or pure tension. The 
peak shear and tensile stress evolution with time is plotted, 
as shown in Fig. 6. As discussed previously and is evident 
from the figure, the peak shear stress of the mixture increases 
significantly between 60 and 90 minutes, indicating a phase 
transition. While there is an initial setting happening at 
60 minutes, the true strength gain is observed from the results 
of tests performed 90 minutes after the start of mixing. This 
is also corroborated by the energy released during fracture 
per unit displacement, as can be seen in Fig. 7.

Fig. 2—3-D-printed specimen being tested in three-point 
bending under crack-width control.

Fig. 3—Typical failure patterns in tensile and shear tests.
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ICAR rheometer tests
The results discussed previously for the very-early-age 

tension and shear tests were confirmed by the shear grow 
tests performed on the ICAR rheometer, whose results in 
Table 3 highlight that the yield strength increased almost 
by an order of magnitude between 45 and 90 minutes, the 
time when, in mechanical tests, a “solid-like” behavior of 
the material and specimens started being observed.

Three-point bending tests
The work of fracture per unit crack width for printed and 

cast elements of different sizes is shown in Fig. 8. As can 
be seen, the work of fracture per unit crack width follows 
the same pattern for printed and cast elements. It is higher 
for deeper specimens with low effective length to effective 
depth ratios (slenderness ratios). This is indicative of higher 
brittleness and a difference in the mode of failure compared 
to the ones with a higher slenderness. A closer observation 

Fig. 4—Average tensile stress (kPa) versus displacement (mm) curves at different times. (Note: 1 kPa = 0.145 psi; 1 mm = 
0.04 in.)

Fig. 5—Average shear stress (kPa) versus displacement (mm) curves at different times.
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indicates a higher scatter among the printed elements with 
low slenderness (l/d = 2) than the same specimens that are 
cast. The arch mechanism of load distribution in three-point 

bending of deep elements amplified by the orthotropic nature 
of layered printed elements could be a reason for this scatter 
in the results.

With reference to printed elements, it can be further 
observed that the elements with layer orientations parallel to 
the loading direction perform much poorer than those with 
layer orientations orthogonal to the loading direction.

A typical crack pattern in a monolithically cast specimen 
in three-point bending is depicted in Fig. 9. Figure 10 indi-
cates the crack patterns in printed elements that are slender 
and deep with layer orientations perpendicular to the loading 
direction, while Fig. 11 depicts the typical crack patterns 
in printed elements with layer orientations parallel to the 

Fig. 6—Peak tensile and shear stress variation with time (minutes).

Fig. 7—Energy release index per unit displacement variation with time (minutes) for shear and tensile tests.

Table 3—Grow test yield strength at different times

Grow test, minutes Yield strength, Pa Peak torque, N∙m

20 633.1 272

30 617 265

45 641.2 275

90 5249.3 2252

Note: 1 Pa = 0.000145 psi; 1 N∙m = 0.74 lbf∙ft.
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loading direction. It can be noticed from the crack patterns 
that while there may be some refractive effects, the crack 
does not travel along the layer interface. This effect can be 
clearly noted in the case of elements tested with layer orien-
tations parallel to the loading.

CONCLUSIONS
1. The testing procedure to identify the tensile and shear 

strengths at early ages provided information very relevant to 
mechanical properties, which could be correlated to extrud-
ability as well as to the identification of the open time.

2. The average peak tensile and shear stress manifested a 
sudden increase between 60 and 90 minutes; this, implying 
a transition between fluid and granular behavior of the 
mixture, was corroborated by the measured increase in yield 
stress and the shape of the stress versus displacement curves 
and stands as an element of reliability of the tests to the 
purpose previously stated.

3. The aforementioned findings are also confirmed by 
the values of the average energy release indexes per unit 
displacement in tensile and shear tests. This energy, calcu-
lated from the tensile/shear stress versus displacement 

curves, is also a reliable indicator of material performance 
at very early ages and fluid-to-solid transition states, where 
“peak” stresses can be difficult to identify and hardly be 
associated with the concept of strength, which commonly 
holds for solid materials.

4. In the hardened state, the nominal flexural strength of 
specimens is not considered a representative quantitative 
parameter owing to the varying cross sections and dimen-
sions. Instead, the work of fracture per unit crack width 
was defined and calculated. This energy parameter proved 
to be reliable in identifying the differences, if any, between 
printed and cast specimens, as well as, among printed spec-
imens, those due to the local position of the specimens in a 
larger printed sample (in both cases, for the present study, 
the aforesaid differences were quite low).

5. The similarity of the flexural performance of mono-
lithically cast and printed elements of different slenderness 
ratios indicates that the printing process executed with the 
given mixture yields a good bonding between layers. This 
can also be observed by the fact that there is no delamination 
of layers, as can be seen from the crack path. This successful 
execution of the printing was possible because of the study 
of the quantitative material properties of the mixture in 
the fresh state, thereby allowing the design of the printing 
parameters, such as the layer interval, open time, and the 
element depths.

6. The specimens tested with layer orientations parallel to 
the load had a very low average work of fracture per unit 
crack width at 0.32 MPa, as opposed to the 0.98 MPa of the 
specimens tested with layer orientations orthogonal to the 
load. This indicates a very high degree of orthogonal anisot-
ropy in printed elements. This orthotropy is crucial for the 
design of printed concrete structures, especially considering 
the complex spatial design of topologically optimized struc-
tures. In considerations of funicular and no-tension struc-

Fig. 8—Work of fracture per unit crack width (kN) at different sizes, comparison of monolithically cast and printed elements.

Fig. 9—Crack pattern in three-point bending in monolithi-
cally cast specimen.
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tures, the print path also needs to be optimized to account for 
the orthotropy.
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An experimental investigation was carried out using the volu-
metric proportioning approach to achieve printable portland 
cement concrete mixtures. The types of aggregates investigated 
were rounded pea gravel and coarse and fine sand. The test matrix 
of potential concrete mixtures was prepared based on water- 
cement ratios (w/c) of 0.46 to 0.48, sand-to-stone ratios (sa/st) of 
1.18 to 1.91, and paste-aggregate ratios (p/a) of 0.74 to 0.81. The 
workability and early-age strength of fresh concrete were char-
acterized by field-friendly flow-table and unconfined compressive 
strength (UCS) tests. Test results indicated that the w/c, sa/st, and 
p/a all significantly affect fresh concrete pumpability and early-age 
strength. The overall research results revealed that pumpability 
and buildability can be evaluated with these two tests. The results 
of these two tests together are used to define a printable region.

Keywords: additive construction (AC); flow table; fresh concrete; 
three-dimensional (3-D) printing; unconfined compression; volumetric 
proportioning.

INTRODUCTION
Additive construction1 (AC) (construction three-dimen-

sional [3-D] printing) using concrete has been shown to 
provide a number of benefits, ranging from savings in cost, 
time of construction, and transportation logistics.1-3 The 
common AC methods include print-in-place and preprint.2 
Much of the cost savings associated with additively 
constructed concrete (ACC) compared to cast concrete is the 
result of the elimination of formwork,2 which requires the 
material to maintain shape and the components to remain 
stable with the active placement of successive layers.4,5 
Furthermore, in the case of extrusion-based ACC, the mate-
rial must also exhibit pumpability.4,5

To ensure the successful completion of components, a 
fundamental understanding of material shape stability and 
print stability is required.6 These properties are highly depen-
dent on the material properties at placement and the time 
evolution of strength and elastic modulus.7 Shape stability 
in concrete is achieved when concrete retains its shape after 
extrusion and can withstand the upper loads without defor-
mation.8 A stable component requires the material to have 
sufficient yield stress and elastic modulus to maintain the 
geometry of the print without failure.6,7 The two primary 
failure mechanisms that dictate stability are plastic collapse 
and elastic buckling. Plastic collapse results from a loss of 
material shape stability due to insufficient material strength 
of a portion or portions of the ACC component during 
printing. Elastic buckling results from a loss of stability due 
to insufficient elastic stiffness of a portion or portions of the 
ACC component. A recent development in describing and 

predicting this behavior has been the modification of the 
uniaxial unconfined compression test for cohesive soils, 
ASTM D2166, to measure the early-age mechanical strength 
of printable concretes.9-13 Kreiger et al.14 also suggested a 
general elastic region plot to determine the “printability” of 
a mixture using layer stability tests obtained with a uniaxial 
unconfined compression test. Tripathi et al.15 suggested that 
a bilinear curve could be used to model the elastoplastic 
behavior of fresh cementitious material used for AC.

The pumpability of materials depends on the rheology 
of those materials,16 which depends on whether the printer 
system is considered to be a single-stage or two-stage mate-
rial system.17 A single-stage system simply pumps mate-
rial from a hopper to the nozzle at the end of the pumping 
system, while a two-stage system has a mixing chamber that 
introduces an admixture, typically an accelerator, just before 
the nozzle. The one-stage system requires the material to 
be highly thixotropic to allow material flow in the pumping 
system and shape stability after extrusion. The two-stage 
system provides the ability to place a more workable mate-
rial in the pump but relies on an admixture to provide the 
shape stability just before extrusion.

While much work has been done exploring the use 
of rheometers to determine rheological limits for ACC 
(3-D-printed concrete), the ability of these devices to 
provide material comparisons is limited as the results are 
highly dependent on shear history.18 Because of this, the 
commercial sector has turned to more traditional tests like 
the slump test or flow-table test. The slump test may be 
applicable to two-stage materials that exhibit flow prior to 
the pump,16 but this test does not provide a good measure 
of material strength at the time of placement. The flow-table 
test has been widely used to characterize the workability of 
the fresh printable materials.19 This test measures the micro-
structural breakdown in the mixtures as a flow spread that 
can be related to the dynamic yield stress and pumpability.20 
The flow table is more suited for describing the flow charac-
teristics of a material used in a single-stage system prior to 
pumping, as these materials are stiffer and have higher shape 
stability and thixotropy.21

There have been numerous approaches to evaluating 
the fresh material properties of printable cementitious 
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materials.22 Testing and development for fresh materials 
for printable cementitious materials have been primarily 
performed in laboratory spaces using equipment that is 
difficult to transport in the field. This may be applicable 
for performing quality control for components that are 
preprinted in a factory, but not for the quality control of 
near-site preprint or print-in-place applications. To develop 
a material that is printable, pumpable, and shape-stable, 
concrete professionals need to rely on combining standard 
practice, such as ACI 211.9R-18,23 with the latest research. 
Print quality can be impacted by printer weight and stiffness, 
the material delivery system (one- or two-stage), and the 
material mixture proportions. The fresh material properties 
rely on the aggregate properties, paste content, water-cement 
ratio (w/c), and the effects of admixtures on the rheological 
properties.24,25 These parameters then affect the buildability 
(shape stability and component stability) and pumpability of 
the cementitious materials.

This paper discusses the development of AC-specific 
quality assurance and quality control testing procedures 
for assessing printable concrete using a flow-table device 
and an unconfined compression device. The focus is on the 
material development of field-friendly equipment to charac-
terize the pumpability and shape stability of fresh concrete. 
Several initial mixtures were assessed for flow, fresh mate-
rial compressive strength, and elastic modulus. The mixture 
parameters explored were the w/c, paste-aggregate ratio 
(p/a), and sand-to-stone ratio (sa/st) of different potential 
mixtures to determine a range of parameters that indicate 
printability.

RESEARCH SIGNIFICANCE
Regarding cementitious AC, there have been numerous 

strategies developed to meet fresh property targets for 
achieving both pumpability and buildability (material shape 
stability and component stability). Currently, no standard 
test to measure and quantify these criteria exists, especially 
on the jobsite, where compact, portable, and accurate equip-
ment is required. The study consisted of an initial assess-
ment of the range of printability using portable test equip-
ment that are candidates for in-place testing of single-stage 
materials, an evaluation of the proposed procedure for the 
unconfined compression test, and the limits of printing and 
results obtained from testing, followed by validation of 
printability in a quasi-deployed setting. The authors believe 
the use of the flow-table and unconfined compression tests 
will be useful for in-place measurement and quality control 

of the workability and buildability of printable mixtures. The 
mixtures and unconfined compression methodology were 
developed through validation using a deployable AC system.

EXPERIMENTAL INVESTIGATION
Materials

A volumetric proportioning approach was used to achieve 
printable portland cement concrete materials by incorpo-
rating binary and ternary aggregate blends and two ASTM- 
compliant admixtures. Type I portland cement meeting 
ASTM C150 was used throughout the experiments. Graded 
river sand meeting ASTM C33/C33M and mason sand 
meeting ASTM C144 were used as fine aggregates. The 
specific gravity was 2.60 for the river sand and 2.62 for the 
mason sand. Rounded pea gravel meeting ASTM C33/C33M 
with a specific gravity of 2.58 and a nominal maximum size 
(NMS) of 3/8 in. (9.5 mm) was used as coarse aggregate. 
For laboratory testing, all aggregates were oven-dried before 
use. The thixotropic modifier met API Specification 13A,26 
Section 9, and the high-range water-reducer met ASTM 
C494/C494M.

Variables of mixture proportions in this study were the 
gravimetric w/c, volumetric p/a, and volumetric sa/st. Binary 
and ternary aggregate combinations comprising the previ-
ously mentioned aggregates were also used. Binary mixtures 
consisted of the 3/8 in. (9.5 mm) pea gravel with either the 
graded river sand or the mason sand. The ternary mixture 
consisted of pea gravel with a 50:50 combination of river 
sand to mason sand. All other properties and proportions of 
the concrete mixture design remained constant. For compar-
ison, a summary of the mixture proportions of traditional 
cementitious materials is included in Table 1.

More than 50 mixtures were performed in this study, 
but many were considered unsuitable for AC, as they were 
observably too dry or too wet. A total of 29 mixtures from 
this study are presented. Table 2 lists the grouping conven-
tion used for the different mixture types.

Material mixing for the initial evaluation was carried out 
at room temperature on a 5 qt (4.73 L) benchtop laboratory 
mixer. To prepare the specimens, stone and coarse sand were 
dry mixed, after which 50% of the water was added to the 
mixture. The mixing continued for an additional 30 seconds, 
and the ordinary portland cement (OPC) and thixotropic 
modifier were added with the remaining water. Last, the 
liquid admixture was added, and the mixing was continued 
until a homogeneous status was achieved. The mixtures 
evaluated are listed in Table 3.

Table 1—Volumetric mixture proportions of common cementitious materials

Material w/c p/a sa/st st/c sa/c NMS, in. (mm)

Stucco—base27 0.4 to 0.7 0.57 to 1.41 — — 0.25 to 0.44 4.75

Stucco—finish27 0.4 to 0.7 0.75 to 2.15 — — 0.33 to 0.67 4.75

Mortar28 0.4 to 0.7 0.63 to 1.41 — — 0.28 to 0.44 4.75

Fine grout29 0.4 to 0.7 0.75 to 1.41 — — 0.33 to 0.44 9.5

Coarse grout29 0.4 to 0.7 0.45 to 0.98 0.33 to 0.88 0.50 to 1.0 0.33 to 0.44 4.75

Concrete30 0.4 to 0.7 0.25 to 0.67 0.5 to 2 0.5 to 10 0.25 to 5 100

Note: st/c is stone-cement ratio; sa/c is sand-cement ratio.
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Material mixing for the evaluation of the unconfined 
compression test was carried out at room temperature in a 
5 gal. (18.9 L) bucket using a handheld single-paddle mixer. 
The order and procedure for mixing were the same as that 

performed for the initial evaluation. The mixtures evaluated 
are listed in Table 4. Testing was performed on 11 mixtures: 
five mixtures considered to have good printability (P), three 

Table 2—Nomenclature used for grouping mixtures

Group ID Mixtures Description

Binary base fine sand (Group 1) B1, B2, B3 Increasing p/a

Ternary base (Group 2) C2, C0, C1 Increasing p/a

Binary base coarse sand (Group 3) A0, A1, A2 Increasing p/a

Binary coarse sand paste reduction (Group 4) A0, A3, A4 Decreasing w/c and p/a

Binary coarse sand paste increase (Group 5) A2, A5, A6 Increasing w/c and p/a

Binary coarse sand adjustment (Group 6) A7, A8, A9 Increasing sa/st

Binary fine sand adjustment (Group 7) B0, B4, B1 Decreasing sa/st and sa/c

Table 3—List of mixtures

Mixture ID w/c p/a sa/st st/c sa/c Sand ratio (coarse:fine)

A0 0.457 0.749 1.23 1.48 1.81 —

A1 0.457 0.764 1.23 1.45 1.78 —

A2 0.457 0.778 1.23 1.42 1.75 —

A3 0.467 0.759 1.23 1.48 1.81 —

A4 0.477 0.765 1.23 1.48 1.81 —

A5 0.467 0.789 1.23 1.42 1.75 —

A6 0.477 0.798 1.23 1.42 1.75 —

A7 0.455 0.787 1.66 1.48 1.81 —

A8 0.456 0.790 1.74 1.48 1.81 —

A9 0.456 0.793 1.91 1.48 1.81 —

B0 0.455 0.806 1.60 1.17 1.88 —

B1 0.455 0.792 1.18 1.42 1.68 —

B2 0.456 0.798 1.18 1.41 1.67 —

B3 0.456 0.802 1.18 1.41 1.66 —

B4 0.456 0.809 1.37 1.28 1.76 —

C0 0.456 0.771 1.61 1.23 1.97 51:49

C1 0.456 0.779 1.61 1.21 1.95 51:49

C2 0.457 0.743 1.61 1.27 2.04 51:49

Table 4—Mixture proportions for shape-stability plots

Label w/c p/a sa/st st/c sa/c

D1 0.461 0.825 1.94 1.024 1.98

D2 0.462 0.826 1.94 1.024 1.98

D3 0.46 0.823 1.94 1.024 1.98

P1 0.47 0.834 1.94 1.024 1.98

P2 0.47 0.834 1.94 1.024 1.98

P3 0.47 0.834 1.94 1.024 1.98

P4 0.467 0.831 1.94 1.024 1.98

P5 0.476 0.840 1.94 1.024 1.98

W1 0.486 0.851 1.94 1.024 1.98

W2 0.495 0.860 1.94 1.024 1.98

W3 0.49 0.855 1.94 1.024 1.98
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dry printable mixtures (D), and three wet printable mixtures 
(W).

Material mixing for validation of printability was 
performed using a trailer-mounted automated volumetric 
mixer (refer to Fig. 1), set up to deliver mixtures that were 
developed as part of a quasi-deployed evaluation in a 70 x 
100 ft (21.3 x 30.5 m) tent space. After mixing, the materials 
were evaluated using the flow-table and unconfined compres-
sion tests, as discussed in the following section. Once veri-
fied, the material was deposited using a deployable printer 
system developed by the U.S. Army Engineer Research and 
Development Center Construction Engineering Research 
Laboratory (ERDC-CERL). The deployable printer system 
uses a progressive cavity pump, hoses, and nozzle posi-
tioned in three dimensions using a computer-driven gantry 
printer, as shown in Fig. 1. The gantry printer was developed 
under a Cooperative Research and Development Agreement 
(CRADA).14

EXPERIMENTAL METHODS
This study investigates and develops two portable test 

methods, the flow-table test and uniaxial unconfined 
compression test, to determine the pumpability and very- 
early-age (at 0 minutes) strength, respectively, of fresh 
concrete to be used for a single-stage concrete AC process. 
It should be noted that multiple other fieldable test methods, 
including the slump test (ASTM C143/C143M), portable 
rheometer,31 the Kelly ball penetration test (ASTM 
C360), and the Vebe consistometer (EN 12350-3), were 

considered. However, it was determined that the flow-table 
and unconfined compression tests could provide lightweight, 
low-volume portable solutions and the highest amount of 
directly measurable results to determine if the materials are 
pumpable, shape-stable, and will ensure component stability.

It is important to mention that two types of unconfined 
compression apparatuses were used to determine the mate-
rial strength. Testing was performed using a commercial 
portable manual unconfined compression testing device to 
determine the range of printability and evaluate the device 
for performing in-place quality control testing of the concrete 
mixtures listed in Table 3. Any adjustments to mixtures were 
documented, and using an electrically driven load frame, the 
unconfined compression test procedure was evaluated and 
refined. From there, the best mixtures were evaluated using 
the deployable printing system mentioned in the previous 
section.

Portable flow-table test
The ability to determine the pumpability of the fresh 

concrete was found by evaluating the flow behavior of 
the mixture by performing a flow-table test as per ASTM 
C1437. To make this device portable, the table was mounted 
to a 12 x 12 x 1 in. (300 x 300 x 25 mm) thick steel plate, as 
shown in Fig. 2. In addition, it can be seen that the device 
is compact and can be packaged in a hard case to transport 
to the jobsite. The concrete was placed in two layers of the 
cone mold and rodded 20 times after each layer. After the top 
surface of the mold is leveled, the mold is pulled to form the 

Fig. 1—(Left) Volumetric mixer; (center) deployable printer system; and (right) material delivery.

Fig. 2—Flow-table test experimental setup and storage in hard travel case.
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standard cone shape. The material should retain the shape 
of the mold with no noticeable flow. Immediately after the 
mold was lifted, 25 flow-table drops in 15 seconds were 
imparted to the fresh material. The circular shape spread out 
of the material was measured in three directions—at 0-, 45-, 
and 90-degree angles—and averaged to get the flow reading.

Unconfined compression test—portable  
manual tester

Uniaxial unconfined compressive strengths (UCSs) were 
measured on cylindrical samples with a 3 in. (76 mm) diam-
eter and 2 in. (51 mm) height. The specimen dimensions 
were chosen to mimic the width-to-height ratio dimensions 
of the beads of material deposited during the AC process. 
Fresh concrete was placed into a cylindrical plastic mold 
placed on the test equipment with minimal consolidation 
to mimic the unconsolidated printed material. Excess mate-
rial was moved, and the mold was removed prior to testing. 
Testing was conducted using a commercially available hand- 
lever-operated unconfined compression soil tester (Fig. 3). 
Similar to the flow tester, the device can be packaged in a 
hard case to transport to the jobsite. Unconfined compres-
sion tests were performed in ambient conditions. Each test 
was conducted for close to 1 minute to neglect the effects 
of thixotropic buildup, and the value recorded is presented 
as the minimum load required to form the first crack on the 
specimen during loading.

Unconfined compression test—automated  
load frame

For the measurement of very-early-age strength, develop-
ment testing was conducted using an electronically controlled 
load frame, as shown in Fig. 4. The tests were performed at 
a constant displacement rate of 1 in./min (25 mm/min) until 
35% vertical strain had been attained, which was experi-
mentally determined to be the best load rate. Vertical defor-
mations were monitored with a linear variable differential 
transformer (LVDT), and vertical loads were monitored with 
a load cell mounted above the top platen.

Similar to the portable device, the test was performed 
on cylindrical samples with a 3 in. (76 mm) diameter and 

2 in. (51 mm) height created using a plastic mold that was 
removed prior to testing. A thin layer of release agent was 
applied on the inside of the mold before filling. The compac-
tion procedure consisted of placing the material in two layers 
of the cylinder mold and compacting it using a rod with 25 
evenly distributed strokes after each layer. After compaction, 
the top surface of the mold was leveled. Then, the mold was 
pulled from the material at the time of its corresponding test. 
These tests were performed at a fresh concrete age of t = 0. 
Herein, t = 0 is the earliest time possible considering mixing, 
consolidation, demolding, and placing of the specimens in 
the test setup and starting the test, which takes approxi-
mately 7 minutes after the cement is added to the mixture.

The values obtained are in terms of the stress and strain 
diagram. Yielding of concrete is determined when a change 
in the slope in the stress-strain plot is noticed. In addition, 
the lateral deformation of the sample was measured using 
an electronic digital caliper. The lateral area is assumed to 
change linearly during compression. Therefore, with the 
initial and final area of the specimen at its 35% strain, the 
change in cross-sectional area can be determined.

EXPERIMENTAL RESULTS AND DISCUSSION
Results are separated based on an initial test evaluation, 

an initial validation, test development, and a quasi-deployed 
validation. Initial testing was performed using the flow-table 
and the manual unconfined compression testers in a labo-
ratory setting. Initial validation of the materials consisted 
of performing the test and running materials through the 
deployable printer system. The test development was done 
by performing the unconfined compression test using the 
automated load frame in a laboratory space to evaluate 
parameters and refine material limits. This was followed by 
using the in-place test equipment in a quasi-deployed setting 

Fig. 3—Manual unconfined compression test experimental 
setup and storage in hard travel case.

Fig. 4—Automatic unconfined compression test experi-
mental setup.
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to evaluate the potential for using these tests for material 
quality control in a deployed setting.

INITIAL TEST EVALUATION
Flow properties

The percent flow was calculated according to 
ASTM C1437. Figure 5 shows the effect of the water content 
(variations of w/c and p/a) for Groups 4 and 5, where the paste 
content increases from Group 4 to 5. The results exhibited an 
almost linear correlation between the w/c and flow spread, as 
previously observed.24 As the water content is increased, the 
flow of the fresh concrete increases. By adding more water 
to the mixtures, a higher flow was achieved. As established 
by previous studies, an increase in w/c causes a greater 
dispersion of cement particles; therefore, the mobility of the 
concrete increases with the mobility of the paste.25

Figure 6 shows a comparison of the flow to the p/a of 
Groups 1, 2, and 3 mixtures. Group 1 results show the flow 
increases when the p/a increases. With more cement paste, 
the paste coats the aggregates and fills the voids between 
them. Furthermore, the friction between aggregates is 
reduced and allows smoother movement. While these 
mixtures have different aggregate mixtures, the results are 
unclear regarding the fineness modulus and aggregate type. 
Therefore, more work is required to understand the results 
with variations in aggregates.

Unconfined compression test—portable  
manual tester

The compressive strength of fresh concrete was deter-
mined with the unconfined compression test, and results 
were compared to variations in w/c, p/a, and sa/st. Figure 7 
presents the UCS of Group 3 and 4 concrete mixtures. The 

Fig. 5—Flow-table spread: w/c.

Fig. 6—Flow-table spread: p/a.
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results indicated that the UCS increased as the w/c decreased 
for both groups. An increase in w/c causes a greater disper-
sion of cement particles and, therefore, a lower UCS.

If the compressive strength of the mixture is too low, the 
material will have high mobility, resulting in the material 
having higher flow, being prone to failure, and exhibiting low 
shape stability. On the contrary, higher compressive strength 
values result in stiffer material with less mobility, which 
could result in the material tearing as it exits the nozzle, gaps 
in the print due to air pockets in the pump system, clogs in 
the pumping system, or overheating of the pump.14 Figure 8 
presents examples of good and dry unconfined compression 
samples.

Figure 9 shows the effect of the p/a on the UCS of the 
fresh concrete. When the p/a increases, more cement paste 
exists to coat aggregates and fill the voids between them. 
More paste reduces the friction between aggregates and 
allows a smoother movement. As a result, concrete with a 
higher p/a will develop lower UCS.

Figure 10 shows the UCS and sa/st relationship within 
two sets of mixtures: Groups 6 and 7. It is observed that 
increments in the sa/st increased the UCS of the fresh 
concrete. This phenomenon can be explained by the fact that 
the overall aggregate surface area increases when the sa/st 
increases. When less paste is available, the degree of friction 

and interlocking of the solid particles is increased, resulting 
in higher UCS.

In Fig. 10, it is worth noting that Group 7 exhibits higher 
strength than Group 6. This is a result of fine sand having 
a larger number of smaller particle sizes than its counter-
part, increasing the surface area and leading to less paste and 
more friction between particles.

The relationship between the UCS and the flow spread 
of concrete mixtures is presented in Fig. 11. These results 
agreed with a previous study; the trend resulted in a linear 
inverse relationship on these plots.12 Increasing the flow of 
the concrete mixture lowers its very-early-age strength. This 
is because more paste in the mixture results in more flow but 
lower UCS.

TEST METHOD DEVELOPMENT AND VALIDATION
Preliminary test validation

To ensure that the acceptance of mixtures was not solely 
based on laboratory testing, the mixtures underwent testing 
using the portable test devices before evaluating if the 
mixtures could be placed using an AC process before further 
developing the portable UCS test.

Figure 12 shows the quality of 3-D-printed concrete layers 
when the material meets/fails printability ranges of UCS and 
flow. The left figure depicts a dry concrete bead with obvious 

Fig. 7—Unconfined compressive strength: w/c.

Fig. 8—Fresh concrete under compression: (left) dry concrete; and (right) good concrete.
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signs of tearing and splitting, the center figure depicts 
concrete layers that lie between the acceptable ranges, and 
the right figure represents a wet concrete bead that tends to 
show higher spread and deformation caused by the succes-
sive layers. Mixtures with low flow tend to exhibit rough 
texture on the surface of the beads. They possess high shape 
retention, large voids and cracks, and are difficult to pump. 
Conversely, mixtures with high flow spread appear to have a 
rippled surface and fewer voids and cracks. They are easier 
to pump; however, they also exhibit lower shape retention.20

Based on the results of running material in the deployable 
printer system, it has been determined that printable concrete 
mixtures should have a flow ranging from 157 to 177% and 
a UCS ranging between 3 and 7 lb (17.8 and 31.1 N) before 
cracking. These limits should ensure a mixture with a good 
compressive strength that can be pumped without having any 

placement problems. It should be noted that, at this time, the 
authors can only conclude these limits apply to the specific 
material studied until more mixture variations are studied.

Unconfined compression test—automated  
load frame

To determine the proper displacement rate, various strain 
rates were used on concrete samples at time 0 minutes and 
compared to the ASTM D2166 suggested maximum rate 
(2%/min). Figure 13 shows the evaluation of different strain 
rates on the unconfined compression test. It is observed that 
flocculation and structuration greatly influence the test. At a 
low rate, such as 0.02 in./min (0.5 mm/min), as suggested 
by ASTM D2166, the specimen exhibited a noticeable load 
gain. For accuracy, these tests should be performed fast 
enough to neglect the effects of structural buildup. As a 

Fig. 9—Unconfined compressive strength: p/a.

Fig. 10—Unconfined compressive strength: sa/st.
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result, higher rates, such as 1.0 in./min (25.4 mm/min), are 
preferable. This rate agrees with the rate employed in other 
studies9 and is preferable as it allows the operator to main-
tain a feasible crank rate while performing the test using the 
portable tester.

As mentioned earlier, Kreiger et al.14 described a method 
to evaluate the layer shape-stability tests, as shown in 
Fig.  14. This “stability” plot serves as a quality control 
test that can be performed prior to the commencement of 
construction and at different times during construction. The 
shaded region corresponds to the stable zone. In this zone 
(gray zone), the material is strong enough to support the load 
of successive layers, is elastic enough not to tear, and yet not 
so elastic to displace excessively under load. Furthermore, 
it should be noted that this can be extended to describe the 

elastic and plastic regions of printable materials based on 
work by others15 describing the elastoplastic behavior of 
printable materials as a bilinear model.

This region is constrained by the strain and stress limits of 
the mixture as well as the upper and lower elastic modulus 
limits. The upper and lower limits are obtained by deter-
mining the stiffness of the material and are associated with 
the elastic modulus when the material is too dry (EE,D) and 
too wet (EE,W). The strain limit is a strain value that relies on 
the linear range of the material and is associated with how 
much displacement the material will resist by the load (for 
example, layers or reinforcement) being placed on top of it. 
The stress limit is determined by the maximum force that the 
wet material can withstand without yielding, divided by the 
area of the specimen. This limit is obtained from the lower 
limit associated with the wet material. The intent of this plot 
is to determine if the yield point of the concrete at very early 
ages is inside or outside of the stability zone.

This methodology was explored through laboratory 
testing. The mixtures from Table 4 are representative of 
mixture variations that could be seen during the printing 
process. The mixtures consisting of the wet and dry mate-
rials are considered highly printable because they exhibit 
good flow, strength, and stiffness to hold successive layers 
with good surface quality after exiting the nozzle. The 
constituent amounts differ from those studied during the 
initial evaluation due to updates to the mixtures to meet the 
requirements of the deployable printer system. The yield 
point is determined by the sudden change in the slope in the 
stress-strain plot. If the material yields below the stress limit, 
the material will not be strong enough to support the load, 
and the component being constructed will be prone to plastic 
failure. If a material is below the lower limit associated with 
the material being too wet (EE,W), then the component being 
constructed is prone to failure due to insufficient elastic 
modulus or strength. If a material is above the upper elastic 
limit associated with the materials being too dry (EE,D), then 

Fig. 11—Unconfined compressive strength and flow spread relationship.

Fig. 12—Layer quality: (left) dry bead; (center) adequate; 
and (right) wet bead.
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the material will likely not be able to be pumped and, there-
fore, cannot be used for an AC application.

Figure 15 shows the elastoplastic stress-strain diagram of 
a printable concrete mixture at the age of 0 minutes after 
cross-sectional area correction. Using the three experiments 
for each limit, an average stress-strain relation can be deter-
mined, as indicated by the black (dry) and red (wet) solid 
lines (note: full-color PDF can be accessed at www.concrete.
org). The other five plots correspond to the highly printable 
concrete mixtures. Figure 15 shows how the stress-strain 
plot changes by increasing the water amount in the concrete, 
resulting in a decrease in stress and stiffness with increased 
water.

It is clearly observed that the mixtures exhibit an elas-
toplastic behavior; the load initially increases approxi-
mately linearly as the vertical displacement increases up 
to the elastic limit, where it starts to transition to nonlinear 
behavior. Surface defects appear on the sample at approxi-
mately 18.5% strain. Although it can be appreciated that the 
curve is nonlinear after the elastic limit, the section up to 
18.5% strain can be estimated as a linear curve. As a result, 
the plot can be defined as a bilinear elastoplastic material. 

Assuming the section is linear, it is possible to determine the 
upper and lower plastic stress limits. These limits, σP,D and 
σP,W, represent the stress at the upper limit for the dry mate-
rial and the lower limit for the wet material in the plastic 
state. Similarly, σE,D and σE,W can be defined for the upper 
and lower limits in the elastic portion of the plot. As for the 
plastic state, the modulus for the upper and lower limits can 
be defined as EP,D and EP,W, respectively.

From this plot, the stress at these points was 0.70 and 
0.28 psi (4.82 and 1.94 kPa) for σP,D and σP,W, respectively. 
Similarly, the loads at these points were 7.0 and 2.9 lb (31.0 
and 12.9 N).

The linearity of the plots of the averages of the dry, print-
able, and wet mixtures in the elastic portion was deter-
mined to be at 7.5% strain. By choosing 7.5% as the strain 
limit, the shape-stability plot can be determined, as shown 
in Fig.  16. The slope of the plots represents the stiffness 
(elastic modulus) of the material. With these stiffness values, 
the upper and lower limits can be obtained and form the 
shape-stability plot.

The average of the highly printable mixtures lies between 
the two dry and wet limits, according to the w/c; obviously, 
increasing the amount of water in the paste decreases the 
strength and stiffness of the material. In addition, the 
mixtures did not yield inside the stability zone. The stress 
limit was determined by the average of the yield points of the 
wet concrete mixtures. The stress limit determined by those 
mixtures was 0.07 psi (0.439 kPa), and the material can hold 
up to 1.74 lb (7.737 N). On the other hand, for dry mixtures 
at the strain limit, the stress was 0.41 psi (2.85  kPa), and 
the material can hold up to 3.4 lb (15.2 N). Last, the elastic 
moduli for the dry and wet printable mixtures were 5.74 and 
2.64 psi (39.57 and 18.21 kPa), respectively. The upper and 
lower elastic limit equations were determined by a linear fit 
and are shown in Fig. 16.

It is critical to note that the five mixtures meet the stability 
criteria. The average load and stress (brown plot) for these 
five printable mixtures at the strain limit were 2.4 lb (10.9 N) 

Fig. 13—Unconfined compression test strain rates of samples at time 0 minutes.

Fig. 14—General shape-stability plot.
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and 0.30 psi (2.0 kPa), respectively. Similarly, the average 
elastic modulus for these mixtures was 4.07 psi (28.07 kPa). 
This stiffness is similar to previous studies in which having 
a low stiffness is desirable for the printing process because 
it reduces the internal friction and material fracture during 
extrusion.9 Right after extrusion, the material has lost water 
due to this friction in the pump, resulting in a stiffer material 
extruding out of the nozzle.

Quasi-deployed validation
After the development of the UCS test procedure and 

stability plot, flow-table limits, and UCS limits, the tests 
were further verified during the production of several large 

wall samples (Fig. 17) in a quasi-deployed condition (condi-
tioned tent, using the deployable printer system and a volu-
metric mixer). With the use of the portable flow-table and 
unconfined compression testers, it was possible to maintain 
quality control at the start of the printer operation and at 
different times during the AC process. Fresh concrete, after 
mixing, can be tested and verified to meet the stability plot. 
Any concrete material that does not meet the stability criteria 
was discarded to achieve or preserve a quality print. This 
shows that this printable material can be used for printing 
and that this plot serves as a quality control test that can 
reduce risk and increase suitability for AC operations.

Fig. 15—Elastoplastic stress-strain plot at time = 0.

Fig. 16—Elastic shape-stability plot at time = 0.
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This rate developed for the UCS provided reliable 
measurements of the fresh properties of the printable 
concrete, allowing for quality material and the completion of 
acceptable structures, as shown in Fig. 17. Table 5 shows the 
data on the UCS of printable concrete used during different 
quasi-deployed operations. It can be seen that during the 
December-B and January events, the material throughout 
the day was more consistent compared to other prints, with 
a coefficient of variation of 8 and 7%, respectively. In terms 
of confidence, the UCS test can meet the load require-
ments, with less than ±0.54 lb (2.37 N) for most days and 
under ±0.9 lb (3.98 N) for all 9 days, with 95% confidence 
for the results during each day. For the December-A print 
at 95% confidence, the proportion of obtaining a UCS of 
5 lb (22.2 N) was between 4.8 and 5.6 lb (21.6 and 24.7 N). 
Overall, the average of these measurements throughout all 
prints lies between the range obtained from σP,D and σP,W of 

Fig. 15, where stable mixtures exhibited fracture on loads 
between 2.9 and 7.0 lb (12.9 and 31.0 N).

In the same way, Table 6 depicts the flow spread measure-
ments obtained for the same quasi-deployed prints. The vari-
ance is low for all events, showing the apparatus is reliable 
during measurements.

The portable flow-table and UCS tests aid in the rapid 
evaluation of the fresh material flow and strength to deter-
mine pumpability and stability and have been determined 
to be reliable in the in-place quality control and evaluation 
of materials used for AC in a quasi-deployed condition. It 
should be noted that water content has a significant impact 
on both strength and stiffness; therefore, variations in water 
to achieve the properties must be used with care as they could 
impact material performance and strength. Additionally, vari-
ations in environmental conditions can impact the concrete 
performance. Therefore, variations in material performance 
may occur depending on the location, season, weather, and 
time of the day the concrete is mixed and placed/depos-
ited. Material and operational considerations for AC have 
been previously discussed.1,2,14 Materials considerations for 
concrete are also discussed in ACI 305R-20 and ACI 306R-
16, which provide the minimum temperatures that guide hot 
weather and cold weather work, respectively.32,33

FURTHER RESEARCH
It is desirable to test specimens and create shape-stability 

plots for different mixtures at different ages to find out 
possible ways to maintain print stability during the printing 
process. The shape-stability plots at very early ages (0 to 
120 minutes) can establish the rate of depositing of material 
during the actual printing of a structure in the field. Further-
more, it will be crucial to test out the test equipment in a 
field deployment to see how it performs; how temperature 
and humidity affect the results; and to consider the effects 
of aggregate type, gradation, and angularity, as well as the 
inclusion of manufactured/crushed aggregates of different 
mineralogical compositions, to prescribe initial guidelines 
for determining printable materials based on the available 
materials.

CONCLUSIONS
The pumpability and shape stability of fresh concrete 

used as potential material for single-stage printable 
concretes were measured according to two tests: flow table 

Fig. 17—8 ft (2.4 m) tall walls constructed in quasi-deployed 
conditions.

Table 5—Unconfined compression test of multiple prints using 1.0 in./min rate

ID Date No. of samples Mean, lb STD CV, % Confidence interval (α = 0.05)

A August 6 5 0.96 21.3 3.7 to 5.3

B September 3 5 0.47 10.1 4.1 to 5.2

C November 3 4 0.47 12.9 3.1 to 4.2

D December-A 9 5 0.83 15.3 4.9 to 6.0

E December-B 6 5 0.40 7.7 4.8 to 5.6

F January 3 6 0.47 7.4 5.8 to 6.9

G March-A 5 6 1.02 18.2 4.7 to 6.5

H March-B 6 5 0.75 14.0 4.7 to 5.9

Note:  STD is standard deviation; CV is coefficient of variation; 1.0 in./min = 25 mm/min; 1 lb = 4.448 N.
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and unconfined compression. Printability windows were 
obtained by measuring a wide range of mixtures produced 
with various raw materials with different workability levels 
and setting criteria for accepting them as printable. The 
experiment demonstrated that these tests inform mixture 
design development and validation. The following conclu-
sions are drawn:

1. The unconfined compressive strength (UCS) of the 
fresh concrete samples will decrease if the water-cement 
ratio (w/c) and paste-aggregate ratio (p/a) increase. UCS 
will only increase if the sand-to-stone ratio (sa/st) increases.

2. Flowability of fresh concrete is also affected by the 
w/c and p/a. Increasing either of these two parameters will 
result in a rise in the flow spread. Therefore, the relationship 
between UCS and flowability is inverse.

3. Layer shape-stability plots can be used as a quality 
control test for AC operations.
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NOTATION
EE,D	 =	 elastic modulus of dry printable mixtures (upper limit)
EE,W	 =	 elastic modulus of wet printable mixtures (lower limit)
EP,D	 =	 plastic modulus of dry printable mixtures (upper limit)
EP,W	 =	 plastic modulus of wet printable mixtures (lower limit)
σE,D	 =	 stress at elastic upper limit (dry)
σE,W	 =	 stress at elastic lower limit (wet)
σP,D 	 =	 stress at plastic upper limit (dry)
σP,W	 =	 stress at plastic lower limit (wet)
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Ultra-high-performance concrete (UHPC) is considered a sophis-
ticated concrete construction solution for infrastructure and other 
structures because of its premium mechanical traits and superior 
durability. Fibers have a special effect on the properties of UHPC, 
especially as this type of concrete suffers from high autogenous 
shrinkage due to its high cementitious content, so the properties and 
volume fraction of fibers are more important in UHPC. This study 
will describe previous related works on the mechanical behavior of 
UHPC specimens reinforced with micro- and nanoscale fibers, and 
compare of the behavior of UHPC reinforced with microfibers to 
that reinforced with nanofibers. The compressive strength, flexural 
behavior, and durability aspects of UHPC reinforced with nano- 
and/or microscale variable types of fibers were studied to highlight 
the issues and make a new direction for other authors.

Keywords: compressive strength; durability; flexural strength; macro glass 
fiber (MGF); nano aluminum fiber; nano steel fiber; ultra-high-performance 
concrete (UHPC).

INTRODUCTION
Ultra-high-performance concrete (UHPC) has supe-

rior mechanical and durability properties in compar-
ison with conventional concrete. Also, it is considered an 
advanced cement-based composite material (Russell and 
Graybeal 2013).

Researchers are widely interested in UHPC due to its 
commercial use. In other words, implementation of UHPC 
has been felicitously proven in different nations, but its 
extensive application is still restricted because of enor-
mous hurdles, including scarceness of comprehension of 
the structural behavior, procedures on material characteri-
zation, and ordinarily agreeable design codes. The oppor-
tunity to develop low-weight and slender structures is one 
driving issue for greater use (Yoo and Banthia 2016). Also, 
maintenance costs and the environmental footprint are 
dramatically lowered.

Furthermore, researchers found that it is possible to 
produce eco-effective UHPC by the fractional alteration 
of silica fume (SF) and portland cement by fly ash (FA), 
ground-granulated blast-furnace slag (GGBS), metakaolin 
(MK), and rice husk ash (RHA) to compose UHPC with 
commensurate mechanical achievement and durability traits. 
Besides, the embodiment of these supplementary cemen-
titious materials (SCMs) was perceived to be effective in 
reducing the high autogenous shrinkage of UHPC (Ghafari 
et al. 2015).

A major component in UHPC is noncontinuous fiber 
reinforcement. The embodiment of fibers is required for 
structural integrity by imposing the ductility in compres-
sion. Fibers control brittle behavior and might also promote 

various extra characteristics—for example, they provide 
employable tensile strength and raise the energy absorption 
range. Many types of fibers are employed, diverse in size, 
pattern, and substance. Several factors prompt fluctuations 
in the distribution and orientation of the fibers, including 
the rheological features of the fresh UHPC, the placement 
means, and the geometrical situations molded by the form-
work. Alterations in fiber content, geometry, combination, 
distribution, and orientation are all central contributors to 
making the structural design of UHPC complex. Fibers are 
also one of the biggest contributors to the extraordinary unit 
cost and carbon footprint of UHPC. Consequently, shining 
light on the impacts of fiber reinforcement is an imperative 
step toward the advancement of regularly trusted design 
codes and the unrestricted use of UHPC (Larsen and Thor-
stensen 2020).

The incorporation of a sole sort of fiber as reinforce-
ment in a cementitious composite has been widely  
demonstrated. Although the use of fibers in cement-based 
mixtures does not have much effect on their compressive 
strength, their remaining strength after a fire occurs is 
clearly enhanced by employing fiber as reinforcement (Al 
Qadi and Al-Zaidyeen 2014). On the other hand, investiga-
tors found that fibers had abilities to prevent and disconnect 
the mechanisms of split initiation and growth by working as 
stress-conveying bridges so that the use of fibers improves 
the plasticity of the crack tip, which raises the split tough-
ness of the composite and prohibits the expansion of avail-
able and/or commenced cracks (Khan et al. 2014).

Numerous researchers explain the favored use of fiber 
hybridization in comparison to singular fibers, which have 
been assigned to the synergetic interactions of hybrid fibers. 
Khan et al. (2017) demonstrated that various artificial fibers 
have been integrated in hybrid or mono cases to promote 
several characteristics such as strain capacity, tensile 
strength, dimension stability, impact resistance, abrasion 
resistance, and modulus of elasticity.

In general, the ductility of a fiber-reinforced composite 
is lessened when the cementitious matrix’s strength 
increases. Therefore, enhancing the ductility of fiber-rein-
forced composites is often claimed to reduce the strength 
of the cementitious matrix (Ranade et al. 2011). However, 
this decline in strength can lead to agreed durability traits. 
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As a result, researchers have tried a different approach to 
boost ductility by increasing fiber volume; however, this can 
have a big effect on price and substance treatment. They also 
discovered that adding nanofibers to the cement matrix could 
increase the cement matrix’s tensile strength, improving 
the composite’s mechanical properties even further. An 
extra-powerful and extended-lasting highway mode can be 
accomplished by incorporating all of these corporealities 
and principles and employing the outcoming substance in 
essential infrastructure components (Muzenski et al. 2020a).

The use of nano-sized reinforcement was also investigated 
(Vera-Agullo et al. 2009; Zhao et al. 2020), primarily in the 
form of carbon nanofibers (CNFs) and nanotubes (CNTs) 
(Konsta-Gdoutos et al. 2010) and otherwise cellulose 
nanofibers, which have proven successful in contributing 
supplementary functionalities, such as increased resistance 
to corrosion (Konsta-Gdoutos et al. 2017), in addition to 
fulfilling their reinforcing effectiveness at the scale of the 
powerful crystalline composition of the material capacity 
to self-cure and self-sense (Materazzi et al. 2013; D’Ales-
sandro et al. 2016), as well as improving durability in the 
cracked condition (Cuenca et al. 2021a)—in other words, 
promoting and improving autogenous self-healing ability 
(Cuenca et al. 2021b).

The mechanical properties of UHPC are covered in a 
few review articles (Yoo and Banthia 2016; Shi et al. 2015, 
2019; Shaikh et al. 2020); also, there has been little research 
concern on the impact of micro- or nanofibers on the features 
of concrete or mortar. On the other hand, there were a few 
researchers concentrated on the effect of micro- or nanoscale 
fiber on the properties of UHPC.

RESEARCH SIGNIFICANCE
The target of this paper is to manifest the more modern 

research outcomes about the effect of incorporating various 
types of micro- and nanoscale fibers in UHPC on the 
mechanical properties of this type of concrete. Also, this 
paper compares the behavior of using micro- and nanoscale 
fibers in UHPC to make new direction for future authors.

RELATED WORKS
Studies were performed on the compressive strength, flex-

ural response, bond strength, and some durability properties 
of micro-/nanofiber UHPC. A summary of materials, rein-
forcement properties, fiber-volume fraction, and tests in the 
studies is explained in Table 1.

Compressive strength
Researchers (Muzenski et al. 2020a; Meng and Khayat 

2016; Hisseine et al. 2020; Mohammed et al. 2021; Song 
et al. 2020) studied the effect of micro- or nanofibers on the 
compressive strength of UHPC; they observed, as explained 
in Table 2, that the compressive strength of a specimen 
increased with a rise in the volume of fibers up to a certain 
limit. That behavior could be attributed to some types of 
nanofibers, such as alumina (Al2O3) nanofiber (ANF) and 
CNF, acting as seeding and promoting nucleation, thus 
creating a calcium-silicate-hydrate (C-S-H) with a thick 
structure. This is also due to the bridging effect of the 

nano- or microfibers on microcracks. Despite that, the high 
dose of nano- or microfibers led to fiber agglomeration and 
reduced slump flow, requiring more high-range water-re-
ducing admixture (HRWRA) to produce a more workable 
mixture—but that can cause the problem of entrapped air 
released by the interaction of HRWRA with some types of 
nanofibers, such as nano-cellulose fiber (CF).

Jung et al. (2020) estimated the impact of curing methods 
on the compressive strength of UHPC reinforced with CNT 
fiber; they found that the compressive strength of UHPFRC/
CNT-EC specimens—that is, those cured by electrical 
curing—was higher than the strength of specimens cured by 
steam curing (UHPFRC-SC).

Figure 9 illustrates the difference between the effect of 
nano- and microscale fibers of variable types on UHPC’s 
compressive strength from numerous authors. Nearly iden-
tical percentages of volume fraction of nanofibers, as well 
as that of microscale fiber, were chosen to be a more suit-
able comparison. It was clear that the nanoscale fibers at 
small dosages had a more positive effect on strength than 
microscale fibers at a higher volume fraction, even if the 
raw materials of nanoscale fibers have less strength than 
microscale fibers. Furthermore, the highest strength was 
for UHPC reinforced with CNTs with 0.244% by weight of 
cementitious materials at 28 days of electrical curing, which 
was equal to 188 MPa.

Flexural behavior and bond strength
Researchers (Muzenski et al. 2020a; Meng and Khayat 

2016; Hisseine et al. 2020; Mohammed et al. 2021; Chun 
and Yoo 2019; Yoo et al. 2014) studied the effect of micro- or 
nanofibers on the flexural behavior of UHPC; they observed, 
as shown in Table 3, that the flexural capacity of specimens 
increased with the rising volume of fibers up to a certain 
limit. Furthermore, some described that UHPC without or 
with a very small amount of nanomaterials shows softening 
behavior, but with a sufficient amount of nanofiber, the UHPC 
had hardening behavior under tensile load. This trend might 
be due to nanofibers enhancing the density of the matrix 
while also disrupting fissure replication at the C-S-H stage, 
allowing for the formation of larger cracks to be delayed. 
Others (Meng and Khayat 2016) found that using graphite 
nanoplatelets (GNPs) in UHPC could enhance the pullout 
strength and pullout energy of steel fiber in that concrete. 
That behavior could be attributed to the existence of nano-
platelets, which may serve as additional sources for hydrate 
nucleation. The slipping of steel fibers in UHPC patterns can 
allow particle scratch in the fiber tunnel, particle wedging, 
fiber scraping, and partial or complete delamination of the 
brass covering, which can improve coarseness and bonding 
between steel fibers and the UHPC pattern. This is in agree-
ment with Yoo et al. (2014), who also declined that the bond 
strength increases with the increase in micro steel fiber 
amount through an upgrade in the fiber bridging function.

Figure 19 illustrates the difference between the effect of 
nano- and microscale fibers of variable types on the flexural 
strength of UHPC from different authors. The volume frac-
tion of nano- and microscale fibers was chosen at nearly the 
same percentages to provide a more suitable comparison. The 
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Table 2—Compressive strength

Authors Parameter studied Results

Muzenski et al. 
(2020a)

Compressive 
strength

Figure 1 illustrates the compressive capacity effects. Samples with ANFs had compressive strength exceeding 
150 MPa after 270 days. It could also be shown that even a small quantity of nanofibers can result in a substantial 
increase in compressive strength at whole hardening age. The rise in compressive strength could be due to the 
nanofibers’ seeding influence (Muzenski et al. 2019). This impact would encourage the nucleation and construc-
tion of C-S-H with a denser structure. Consequently, nanofibers can elaborate as reinforcement for the C-S-H, 
mitigating microcracking and flexibility of the C-S-H layers (He and Shi 2008).

Meng and Khayat 
(2016)

Compressive 
strength

From Fig. 2, the compressive strength of the UHPC increases mildly (5 to 8 MPa) as the nanomaterial content 
increases. The rise in compressive strength can be assigned to the function of CNFs and GNPs in the bridging 
of micro-fissures and the filling of pores, as well as speeding the hydration processes of cementitious substances 
(Han et al. 2015). GNP-C had significantly better compressive strength of the UHPC than the CNFs and GNP-M.

Hisseine et al. 
(2020)

Compressive 
strength

From Fig. 3, compressive strength increased with an increase in nanoscale CFs up to 0.3%, which led to a 
negative influence on the strength. This negative effect can be attributed to the complexity of ensuring sufficient 
dispersion when CF loading is high. The study found that a percolated network of nanoscale filaments was estab-
lished by increasing the CF loading (Hisseine et al. 2018a). To reach the objective slump flow, this network raises 
the mixture requirement in HRWRA. A greater HRWRA content in CF systems can cause interactions between 
CFs and HRWRA, causing more air to be trapped and negatively affecting the compressive strength.

Mohammed et al. 
(2021)

Compressive 
strength

Figure 4 shows that increasing fiber content until 1.5% results in an efficient increase in strength; however, above 
this fiber content, strength enhancement remains constant, regardless of water-binder ratio (w/b) or age.
There was no impact on compressive strength when the amount of micro glass fiber (MGF) was raised by more 
than 1.5%.
The aforementioned operation may be due to elevated fiber pieces. In other words, a huge magnitude of fibers 
could lead to microvoid formation in the concrete throughout the mixing process, resulting in a decline in strength 
enhancement due to the presence of more fibers.

Song et al. (2020) Compressive 
strength

The compressive strength degradation rate (Ks) of UHPFRC samples subjected to three distinct marine environ-
ments for 3 months as depicted in Fig. 5.
To begin, the Ks of the UHPFRC cured in raised-temperature seawater was found to be larger than that of the 
samples cured in wetting-and-drying cycles in seawater. Even so, the Ks raised due to an increase in the amount 
of added fiber. The increase in Ks was particularly noticeable when there was an increase in fiber bulk from 1.5 
to 2 vol %. This finding, however, did not match the UHPFRC samples subjected to wetting-and-drying cycles in 
seawater. The Ks value was almost constant when the bulk of additional fibers was lighter than 2%.
On the contrary, when the bulk of attached fibers was greater than 2 vol %, the Ks proportion noticeably 
improved. The level of ion erosion in the UHPFRC samples could explain the aforementioned phenomena.
The compressive strength of the UHPFRC samples was reduced proportionally when the ion erosion degree was 
relatively high. First, as opposed to wetting-and-drying cycles and standard seawater, raised-temperature seawater 
had the greatest effect on ion promulgation, resulting in compressive strength retrogression for the UHPFRC 
samples. Besides this, the addition of steel fiber, which was conductive to the intrusion of ions, would disrupt and 
deteriorate the dense system of UHPFRC samples. As a result, a rise in the number of added fibers will lower the 
Ks of UHPFRC after treatment in raised-temperature seawater. Furthermore, based on the findings of the previous 
research (Song et al. 2018), it was observed that as the fiber volume increased, the linked steel fiber increased as 
well, resulting in electrochemical corrosion in the UHPFRC with comparatively altitudinal steel-fiber material. 
This may explain why, after treatment in wetting-and-drying cycles in seawater, the Ks of UHPFRC increased 
significantly when the bulk of attached fiber was comparably altitudinal (>2 vol %).

Muzenski et al. 
(2020b)

Compressive 
strength

The authors (Muzenski et al. 2020a) demonstrated that replacing large amounts of SF in UHPC with small 
amounts of ANFs will result in a more cost-effective and thus more effective UHPC material. The established 
material has a compressive strength of 160 MPa, according to the researchers. In other words, it is demonstrated 
that with very low amounts of SF, such as 1% by mass of cementitious materials, a fiber-reinforced composite 
with properties similar to traditional UHPC can be made. Based on previous work (Sanchez and Sobolev 2010), 
the ANFs are thought to serve as seeds, facilitating the nucleation of C-S-H and resulting in a denser micro-
structure with encased void space between the hydrating cement particles. Otherwise, more SF will have to be 
introduced into this vacuum.

Jung et al. (2020) Compressive 
strength

Regardless of the treatment process, the UHPFRC/CNT had a higher compressive strength than the reference sample 
(UHPFRC-SC), as shown in Fig. 6. The UHPFRC/CNT-EC exhibited the strongest strength of 196.6 MPa, which 
was 8.6% higher than the UHPFRC-SC. The intense conductive route administered by electronic flow was created in 
the UHPFRC/CNT because the CNTs were evenly scattered across the pattern, as exhibited in Fig. 7, and obscurely 
associated with steel fibers in the composite (Fig. 8(b)). As a result, the matrix’s initial resistance was significantly lower 
than the UHPFRC’s and stayed relatively fixed during curing. When comparing UHPFRC/CNT cured by electrical 
curing (EC) to UHPFRC/CNT treated by steam curing (SC), the EC-cured UHPFRC/CNT showed even more structural 
improvements.
During EC, the electrical scope generated in the composite possibly aroused ionic polarization as well as intensified the 
chemical reaction between ions, leading to a superior degree of hydration (DOH).
The microscale and mesoscale fabrication of the calcium-aluminate-silicate-hydrate (C-(A)-S-H) (for example, more cross-
linking places and greater fractal proportions) was further modified as a result of the electrically driven improvements in the 
chemical reaction of UHPFRC, resulting in augmented architectural capabilities of the UHPFRC/CNT composite.



78 ACI Materials Journal/March 2024

same behavior of compressive strength was noticed, but the 
ratio of enhancing flexural strength for nano- or microscale 
fibers was more valuable than that observed for compressive 
strength. Moreover, the highest strength was for UHPC rein-
forced with ANFs with a dose of 0.5% by weight of cemen-
titious materials and 2% high-density polyethylene (HDPE) 
by volume at 28 days of moist curing, equal to 32 MPa.

Some durability properties
From Table 4, some authors (Cuenca et al. 2021c; 

Song et al. 2020; Yoo et al. 2014; Hisseine et al. 2020)  
demonstrated the effect of nano- or microfibers on some 
durability properties; they discovered that nano- or micro-
fibers could reduce shrinkage and lead to quicker healing, 
both with respect to crack filling and mechanical character-
istics restoration. Thus, there will be future aspirations to 
produce ultra-high-durability concrete by nanotechnology.

The cracking occurrence could be controlled from their 
initiation by the nature of very-small-size of nanofibers, 
which can act as reinforcement promotors. Besides, the 
hydrophilic nature of ANFs has enhanced the hydration of 
cementitious materials, thus encouraging the crack-sealing 
and healing retrieval processes of the interface between 
fibers and matrix at both macroscopic and mesoscopic 

Fig. 1—Impacts of fiber reinforcement on cement-based 
composites’ compressive strength (Muzenski et al. 2020a).

Fig. 2—Compressive strengths at 28 days (Meng and Khayat 
2016).

Fig. 3—Upshots of compressive strength for multiple UHPCs 
(Hisseine et al. 2020).

Fig. 4—Variation of compressive strength with micro 
glass fibers of 0.12 and 0.14 w/b UHPC at variable ages 
(Mohammed et al. 2021).

Fig. 5—Rate of compressive strength declining in UHPFRC 
with increasing micro steel fiber amount (Song et al. 2020).
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Fig. 6—Compressive strength and elastic modulus of samples: (a) synopsis of upshots; and (b) stress-strain curves (Jung et al. 
2020).

Fig. 7—SEM photographs of experiments after 28 days: (a) to (d) UHPFRC/CNT-SC; and (e) to (h) UHPFRC/CNT-EC (Jung 
et al. 2020).
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Fig. 8—Diagram of conduction variance in UHPFRC patterns throughout treatment: (a) UHPFRC; and (b) UHPFRC/CNT 
(Jung et al. 2020).

Fig. 9—Effect of different types of nano- or microscale fibers on compressive strength of UHPC from various research.

Table 3—Flexural behavior and bond strength

Authors Parameter studied Results

Muzenski et al. 
(2020a) Flexural behavior

Figure 10 displays the flexural response of fiber-reinforced cement-based composites. Owing to the significant 
variations in strain, the scales vary.

The UHPC pattern forms a close ligature with the fiber, and the fibers are capable of bridging the crack once it 
forms. A lower-strength matrix can have a weaker link between the cement pattern and the fiber, making them less 
capable of moving loads through cracks and having the same strain-hardening behavior.

With samples containing ANFs, the improved flexural behavior is particularly noticeable. This effect could be due 
to the nanofibers raising the density of the pattern also stopping fissure formation at the C-S-H stage, allowing 
larger cracks to form for longer. The strain-hardening behavior of composites made with HDPE fibers and ANFs 
will be applicable to a variety of engineering applications.
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levels (Cuenca et al. 2021c). Furthermore, the incorpora-
tion of ANFs and cellulose nanocrystals (CNCs) together 
in UHPFRC could considerably enhance the self-healing 
capacity of UHPFRC submerged in geothermal water by both 
waterproofing retrieval (sealing of crack) and self-redress of 
cracks (crack rehabilitation) (Cuenca et al. 2022). Finally, 
Indhumathi et al. (2022) demonstrated that the combination 
of ANFs with crystalline admixtures in the concrete mixtures 
had the ability to heal cracks up to 1 mm wide.

To sum, the initiation and expansion of cracks at the nano-
level were controlled by ANF additions (Muzenski et al. 

2019). Besides, these nanofiber additions in the concrete 
worked as promoter agents to improve the cement paste 
matrix (Muzenski et al. 2019; Li et al. 2006). In other 
words, the existence of hydroxyl groups on the surface of 
ANFs could quicken the hydration process of cement, thus 
providing greater volumes of reaction outcomes. Moreover, 
they were working as filler agents, compacting the micro-
structure, thus reducing the porosity of the mixture (Gopal-
akrishnan and Jeyalakshmi 2018; Sanchez and Sobolev 
2010; Li et al. 2006).

Table 3 (cont.)—Flexural behavior and bond strength

Authors Parameter studied Results

Meng and Khayat 
(2016) Flexural behavior

Figure 11 shows flexural test results, which clearly show that a softening condition was identified in UHPC 
samples, which created external nanomaterials or a small concentration of nanomaterials. When the GNP content 
in UHPC samples containing GNP-M or GNP-C reached 0.20%, a “hardening” pattern was reported.
In Fig. 12, the dropout charge-gliding curves of three UHPC samples of diverse GNP-C accounts were contrasted. 
The implementation of nanoplatelets increases bond strength, which is linked to the alteration of the interface 
caused by the nanoplatelets, which can provide additional opportunities for hydrate nucleation. The chemical 
adhesive bond is broken when debonding occurs at the interface, so fiber pullout action is mainly determined by 
attrition and mechanical overlap impacts.

As shown in Fig. 13(b), abrasion of particles in the fiber path caused by the gliding of steel fiber in the UHPC 
sample, particle squeezing, fiber tearing, and partial or complete delamination of the brass coating (Wille and 
Naaman 2013), which can reinforce the roughness of the steel fibers and the bond between them and the UHPC 
matrix. The drawn capacity, which rises with the amount of nanomaterials, is represented by the region beneath 
the drawn intensity-gliding curve.

The various coarseness statuses of the exterior face of steel fibers and the fiber duct in the paradigm are blamed 
for the curve fluctuations.

Figures 14(a) to (d) display a microstructure view of the rupture interfaces of samples containing 0.3% nanoma-
terials. In the UHPC mixture (Fig. 14(a)), fiber lumps were discovered after the CNFs were applied exclusively to 
the mix water without any preparation for improved dissipation. CNFs are more evenly distributed in the matrix 
following treatment (Fig. 14(b)).

As manifested in Fig. 14(b) to (d), partly inserted CNFs and GNPs were found in the sample. The CNFs and GNPs 
will link the fissure interfaces as soon as microcracks appear in the matrix. The CNFs and GNPs were gradually 
extracted from the sample as the applied load increased, scattering energy at the nanomaterial-matrix interfaces.
Linkage effects for flaws at the nano- or microscale significantly increase the cracking loads of UHPC samples, 
which may compensate for the connection influences of steel fibers at the mesoscale.

Hisseine et al. 
(2020) Flexural strength

From Fig. 15, the behavior of flexural strength was similar to the behavior of the compressive strength. As for the 
impact of CF, it is more noticeable at 0.15% CF, where a 10% increase in flexural capacity (ffl) was noticed, than at 
0.30%, where no meaningful benefit was observed. The stronger ffl in samples containing 0.15% CF could be due 
to matrix nanomodification caused by CF incorporation, while the subaltern impact at 0.30% CF could be due to 
intervention between CF’s intensification effect and its downside on compressive strength caused by trapped air. 
CF has been shown to improve the tensile strength of concrete in other places (Hisseine et al. 2018b). Furthermore, 
nanoindentation assessments suggested that using CF improved the microstructure mode (Hisseine et al. 2019). 
According to the findings, adding CF to low-w/b mixtures (w/b = 0.30) improved the microstructure process and 
micromechanical features, resulting in stronger flexural efficiency and elastic modulus.

Mohammed et al. 
(2021)

Flexural behavior 
(flexural strength 

and fracture energy)

When MGF was applied to UHPC, it made it more ductile. The breakage intensity Gf raised as the amount of 
the MGF increased, irrespective of the w/b as illustrated in Fig. 16. The superior performance of MGFs could be 
traced to their interesting characteristics, such as super tensile capacity and aspect ratio, which rendered it diffi-
cult to break the patterns due to stopping fissures without a lot of energy. Also, the results demonstrated that the 
compressive and flexural strength increase with an MG content increase up to 1.5%. The outcomes of the mechan-
ical attributes, on the other hand, suggested that there was no more strength gain. This may be due to the large 
amount of fibers per unit of bulk concrete as the fiber content rises. Furthermore, it was clear that the impact of 
an increasing MG fiber amount on UHPC resistance is much more advantageous than the influence of decreasing 
water amount. For instance, attaching 3% of fibers to explicit UHPC improved net flexural strength by 60.1% for 
the 0.12 w/b category, while decreasing the w/b from 0.14 to 0.12 improved net flexural strength by just 10.7% with 
the comparable level of MGF injection. In other words, with the introduction of 3% MGF, the net flexural strength 
of UHPFRC raised to 17.7 and 16 MPa, respectively, after 28 days of water treatment for the 0.12 and 0.14 w/b. 
The use of thin, well-distributed glass fibers to improve the relation between cement sample aggregate pieces can 
be referred to as increasing the modulus of rupture.
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Performance of UHPC exposure to aggressive solution—
Xi et al. (2022) studied the self-healing features of UHPC 
with crystalline admixtures (CAs) attacked by aggres-
sive environments such as salt water and salt water and 

geothermal water. They demonstrated that a period of 7 days 
was considerably adequate for sealing the small crack in the 
samples inundated in salt water, as shown in Fig. 26(a). In 
other words, there was no well sealing for the larger cracks, 
as obvious in Fig. 26(b), because the crystal’s particle size 
was smaller. Besides, numerous needle-shaped fibrous crys-
tals were noticed in the cracks, as presented in Fig. 26(c). 
On the other hand, for the samples attacked by the chloride 
solution, it was troublesome to notice these fibrous crystals 
on their surface after 7 days.

At any status of environmental exposure, cracks with 
small widths have been shown to provide quicker and more 
considerable healing than cracks with larger widths. Further-
more, the achievement of fundamental crack closure could 
be difficult for cracks larger than 150 µm width (Xi et al. 
2023).

Qian et al. (2019) proposed that the average of CaCO3 
crystallization declined due to NaCl. Moreover, NaCl 
caused a decline in the thermodynamic and kinetic potential 
of CaCO3 crystallization.

The impacts of the incorporation of nano-sized particles of 
Al2O3 on the behavior of the UHPC subjected to aggressive 
environments such as sodium hydroxide, sodium hypochlo-
rite, and ammonium hydroxide attacks were investigated 
by Preeth and Mahendran (2019). They demonstrated that 
the incorporation of nano-Al2O3 particles prevented the 
entrance of aggressive solutions into the UHPC samples; 
also, this inclusion diminished the feature of leaching of the 

Fig. 10—Flexural features of PVA fibers in topmost portion 
and HDPE fibers in nethermost portion of cement-based 
composites (Muzenski et al. 2020a).

Authors Parameter studied Results

Chun and Yoo 
(2019)

Post-cracking 
strength and bond 
strength (pullout 

test)

From Fig. 17 and 18, in macro straight fiber situations, increasing the replacement ratio resulted in a reduc-
tion in post-crushing strength, thus increasing the average fastening power. Furthermore, although the g-value 
was decreased, the normalized drawn energy was enhanced. In the case of straight fibers, the fastening territory 
between the fiber and matrix was the most important assistant that influenced the tensile and adhesive strengths. 
The tilt angle of the fiber was artificially anchored to zero in the pullout experiments, and the amount of fibers was 
measured solely by the volume portion, which was originally thought to be 2%. It was well-prepared; nevertheless, 
it did not accurately represent the conduct of composites under tension stress. Because the genuine number of 
fibers present at the shattered surface was not equivalent to the volume fraction due to manifold means, including 
fiber length, aspect ratio, orientation, and scattering, the actual bonding area in the tensile explorations vary from 
that in the pullout tests. Based on the substitution proportion of macro upright fibers to microfibers, negative asso-
ciations between tensile and pullout operations were witnessed.

In the issue of the hooked fibers, on the other hand, extending the replacement ratio increased the post-crushing 
tensile strength and g-magnitude, but it decreased the average fastening power and normalized drawn energy. 
This suggested that the hooked fiber sample resulted in negative replacement ratio connections between tensile 
and fiber-drawn achievements. As examined in macro upright fibers, it was more awkward to have identical fiber 
scattering in the matrix because the hooked fibers were balled at first.

In addition, the hooked fibers in the UHP-HFRC samples handled for flexural tests were randomly oriented, 
whereas the fibers in the drawn tests were regulated in the course of the pullout force. The average fastening 
power of macro direct fibers developed 112% when 1.5% of them were replaced with microfibers in the pullout 
experiment with UHPC mixtures.

Yoo et al. (2014) Bond strength and 
flexural strength

Because of the improvement in compressive strength, the bond strength and gliding at peak drawn charge 
progressed with progressing bulk fiber up to 3%. Owing to an improvement in the fiber bridging effect, the flexural 
strength, as well as the analogous displacement and crack mouth opening displacement (CMOD), extended pseu-
do-linearly with raising fiber material.

The pattern with 4 vol % fibers had the highest flexural capacity, which was 14 to 114% stronger than the patterns 
with 1 to 3 vol % fibers. In addition, as the fiber content increased, the coarseness of the fissure surface, matrix 
spalling, and crack tortuosity progressed. A larger percentage of steel fibers increased ultimate load and elastic 
modulus under stress up to 3 vol %, but the sample with 4 vol % of fibers had the deepest charges due to poor 
fiber diffusion.

Table 3 (cont.)—Flexural behavior and bond strength
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cement matrix. Besides, the maximum confinement in the 
weight and strength losses was noticed in the samples with 
2% inclusion of Al2O3 nanoparticles. In other words, the 
reasons for this behavior could be due to:
•	 The pore-filling role of nano-Al2O3 particles.
•	 The provision of seeding spots for creation of C-S-H gel 

by these nanoparticles.
•	 The creation of aluminosilicate gel in the cement matrix.

There was good resistance of UHPFRC containing CNCs 
and ANF to the accelerated Cl transportation due to the roles 
of CNCs and ANF in providing dense and compacted micro-
structures with less porosity, which also made the resistance 
of UHPFRC to geothermal water considerably high (Cuenca 
et al. 2022).

The reaction of penetrated CO2 with Ca(OH)2 in the pres-
ence of water to produce water-insoluble CaCO3 products 
is called carbonation of concrete. That is, CaCO3 products 
could drop inside the pores of concrete, resulting in reduced 
porosity, sealed microcracks, and a denser concrete micro-
structure. Therefore, the mechanical properties of carbon-
ated concrete could be enhanced (Zheng et al. 2022). On 
the other hand, the carbonation of concrete is considered a 
popular cause of retrogradation of concrete. In other words, 
the carbonation of concrete could result in shrinkage and 
cracking of the concrete matrix, declining concrete ductility, 
corrosion of reinforcing steel bars or fibers, and dimin-
ishing service life of a concrete structure (Tam et al. 2021; 
ACI Committee 544 2008).

The carbonation resistance of UHPC is considered supe-
rior in comparison with normal-strength concrete because 
of the nature of UHPC, which is characterized by a dense, 
compacted microstructure with less porosity and fewer 
microcracks (Piérard et al. 2012). In other words, Li et al. 
(2022) found that the carbonation depth of UHPC samples 
was zero after 14 days of carbonation exposure.

Microstructure performance
A comparison of the microstructure of UHPC with and 

without ANFs cured in a climate room and in geothermal 
water is presented in Fig. 25. The involvement of ANFs 
obviously appeared in the images. Furthermore, their rein-
forcement role among the elementary crystal aggregate of 
the material microstructure was clear. Moreover, the effect 
of uninterrupted water availability in the geothermal inun-
dation treatment setting could be seen in the more elegant 
composition of crystals, with more extensive crystals over-
laid by smaller ones, indicating that hydration reactions 
were likely to continue (Cuenca et al. 2021c).

The mechanisms of conduct improvement owing to 
the ANF incorporation was interpreted into two patterns 
(Cuenca et al. 2021c):
•	 The first pattern: the free hydroxyl groups on the surface 

of ANFs could work as nucleation place for processes of 
cement particles hydration.

•	 The second pattern: nano-sized aluminum oxide could 
make them work as reinforcement for the C-S-H layered 
structure, thus supplying a nanostructural strengthening 
impact and diminishing the deformation of shrinkage.

Fig. 11—Flexural examination outcomes of paradigm inserting: (a) CNF; (b) GNP-C; and (c) GNP-M (Meng and Khayat 
2016).

Fig. 12—Outcomes of drawn alone fiber experiment (Meng 
and Khayat 2016).

Fig. 13—Optical microscopy of steel fibers: (a) prior to; and 
(b) after pullout evaluation (Meng and Khayat 2016).
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The use of ANFs accompanied by HDPE fibers in UHPC 
led to a denser matrix, particularly the region close to the 
interface between fibers and matrix, as offered in Fig. 27. In 
other words, the interpretation of this behavior could be due 
to the seeding influence of ANFs (Muzenski et al. 2020b).

From Fig. 28, it was clear that the microstructure of UHPC 
with no ANFs (NA0) had no perspicuous cracks. However, 
it had an interfacial transition zone (ITZ) with less compact-
ness and uniformity when compared with UHPC with 1% 
and 2% nano-Al2O3 (NA). In other words, the microstruc-
ture of UHPC was obviously enhanced and the ITZ had a 
superior regular and compact micromorphology with the 
injection of NA. Furthermore, no perspicuous interface rela-
tionship could be observed with the incorporation of NA in 
UHPC (Chu et al. 2022).

The interpretation of this behavior could be due to the 
nanofibers’ seeding influence, which would encourage the 

nucleation and construction of C-S-H with a denser struc-
ture, as mentioned by Muzenski et al. (2019). Consequently, 
nanofibers can elaborate as reinforcement for the C-S-H, 
mitigating microcracking and flexibility of the C-S-H layers 
(He and Shi 2008).

Supporting the nucleation position supposition, Fig. 29 
offered scanning electron microscope (SEM) images of 
ultra-high-strength diluted cement-based composites with 
ANF incorporation, where it appeared that the hydration 
outcomes were collecting around the nanofibers (Muzenski 
et al. 2019).

Fig. 14—Microstructures at UHPC shattered interfaces with various nanomaterials: (a) CNF at 4000×; (b) CNF at 40,000×; 
(c) GNP-C at 40,000×; and (d) GNP-M at 40,000× (Meng and Khayat 2016).

Fig. 15—Performance of flexural strength for numerous 
UHPCs (Hisseine et al. 2020).

Fig. 16—At 28 days, fracture energy versus specific MGF 
rates of UHPFRC (Mohammed et al. 2021).
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CONCLUSIONS
1. The addendum of a small value of Al2O3 nanofibers 

(ANFs) with a small amount of silica fume (SF) to future 
building projects has the potential to create prospective 
high-performance or ultra-high-performance concrete 
(UHPC). To put it another way, by replacing large amounts 
of SF in UHPC with small amounts of ANFs, a more 
cost-effective and thus more effective UHPC material can 
be produced.

2. A substantial rise in compressive and flexural strength 
in common periods of hardening obtained by the addition of 
just a slight amount of ANFs might be due to the nucleation 
and creation of the calcium-silicate-hydrate (C-S-H)’s rather 
dense structure. Furthermore, the nanofibers can act as rein-
forcement to the C-S-H, limiting the bulk of microcracking 
and flexibility of C-S-H strata, as well as arresting the 

Fig. 17—Association between both post-crushing stretching 
power and average fastening power: right fiber, hooked 
fiber, and twisted fiber are three kinds of fiber (Chun and 
Yoo 2019).

Fig. 18—Association between both g-magnitude and 
normalized drawn energy: (a) right fiber; (b) hooked fiber; 
and (c) twisted fiber (Chun and Yoo 2019).

Fig. 19—Effect of different types of nano- or microscale 
fibers on flexural strength of UHPC from various research.
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formation of cracks at the C-S-H stage, thereby furthering 
the formation of larger cracks.

3. The existence of graphite nanoplatelets (GNPs), which 
work as nucleation sites of hydrates, could strengthen the 
interface between fiber and matrix, resulting in enhanced 
fastening power. Thus, the drawn energy (the territory 
beneath the drawn load-slip curve) increased with the rise in 
content of nanomaterials.

4. The incorporation of nanoscale cellulose fibers (CFs) in 
UHPC provided higher flexural capacity due to enhancing 
the microstructure-phase micromechanical properties. 
However, despite using nanoscale CFs at a high level in 
UHPC, a reduction in compressive and flexural strength 
occurred due to the interaction between the high-range 
water-reducing admixture (HRWRA) and CFs, which caused 
the release of entrapped air in the mixture.

5. The presence of CF in UHPC played a good role in 
limiting the danger of cracking at a young age while the 
concrete did not yet have an adequate tensile strength by 
reducing autogenous shrinkage by recharging the emptying 

Fig. 20—XRD pattern of UHPFRC specimens after 180 days 
of treatment in various marine environments (Song et al. 
2020).

Fig. 21—Three-dimensional pore dispersion of UHPFRC specimens after 180 days of treatment in high-temperature seawater: 
(a) UHPFRC specimens with 1.0 vol % steel fiber; (b) UHPFRC specimens with 2.0 vol % steel fiber; and (c) UHPFRC spec-
imens with 3.0 vol % steel fiber (Song et al. 2020).
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matrix pore spaces through the release of water from the 
hydrophilic and hygroscopic CF.

6. The addition of micro glass fibers (MGFs) in UHPC 
resulted in more ductile UHPC due to their high aspect 

ratio and tensile strength, which strongly arrested cracks, so 
higher fracture energy was needed. Moreover, the positive 
effect of MGFs was more noticeable on UHPC strength than 
on reduction in the water content.

7. Dense ultra-high-performance fiber-reinforced concrete 
(UHPFRC) could suffer corrosion in serious marine envi-
ronments, particularly in a situation with elevated tempera-
tures (high-temperature seawater could highly affect ion 
spreading) and comparatively at a high steel fiber level, 
resulting in difficult compaction of UHPC, which led to 
the easy entrance of ions into the concrete. Furthermore, 
at a high steel fiber level, the fibers’ connection increased, 
leading to the appearance of electrochemical corrosion in the 
comparatively high-steel-fiber-level UHPFRC.

8. The incorporation of micro steel fiber in UHPC resulted 
in a reduction of the shrinkage strain up to a specific volume 
fraction of fibers. In other words, the increase of micro steel 
fiber above 3% by volume had no effect on shrinkage strain 
when compared with a lower level of fiber content.

Fig. 22—Effect of fiber content on shrinkage behavior (Yoo 
et al. 2014).

Fig. 23—Correlation of: (a) permeability restoration;  
(b) strength; and (c) stiffness indexes versus fissure closure 
index (Cuenca et al. 2021c).

Fig. 24—Correlation of: (a) permeability restoration;  
(b) strength; and (c) stiffness indexes against fissure width 
for various experimental operations (Cuenca et al. 2021c).
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9. Based on the results of researchers, it is suggested that by 
adding carbon nanotubes (CNTs) and using electrical curing 
(EC) in on-site field installation, UHPFRC can be accurately 
assembled. Thus, the mechanical and electrical behavior of 
construction materials could be further improved.

10. The concept of “conventional” UHPFRC could 
be upgraded to ultra-high-durability concrete through 
“nano-functionalization”. For example, the addition of 
ANFs to the mixture could result in a superior redistribution 
of stress in the cracked stage and the noticeably slimmer size 
of cracks that formed during the pre-peak level of steady 
propagation. Moreover, the fibers could induce accelerated 
hydration of the delayed binder materials through the hydro-
philic nature of these fibers, as well as induce superior and 
rapid healing for recovery of both mechanical properties and 
crack sealing, even under extremely aggressive exposure 

conditions, such as geothermal water, which is filled with 
sulfates and chlorides.

RECOMMENDATION FOR FUTURE RESEARCH
1. The high manufacturing cost of UHPC has confined 

its use to the general works sector, although it has superior 
mechanical properties as compared to conventional concrete. 
In other words, the concrete materials, mixture proportions, 
and the addition of fibers elevate the manufacturing cost 
of UHPC. Consequently, a future guide to manufacturing 
UHPC may involve finding sustainable, environmentally 
friendly, and cost-reducing methods. For example, the use of 

Fig. 25—SEM photos of cementitious composites cured in: (a) and (c) a climate room, or (b) and (d) in geothermal water;  
(a) and (b) with, and (c) and (d) without ANFs (Cuenca et al. 2021c).

Fig. 26—Monitoring of self-healing outcomes after 7 days of 
saltwater exposure: (a) shutting of small cracks; (b) shutting 
of large cracks; and (c) crystal morphology (Xi et al. 2022).

Fig. 27—SEM of broken UHPC matrix with ANFs and 
HDPE fiber injection (Muzenski et al. 2020b).
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recycled materials or fibers from recycled material or high-
range supplementary cementitious materials could be future 
research in the production of UHPC.

2. Research on the behavior of UHPC in aggressive envi-
ronmental media is still limited. Therefore, the application 
of UHPC (that is, its mechanical properties and durability) in 
extreme environmental media needs to be assessed.

3. Compressive studies on hybrid fibers in UHPC is 
needed.

4. Internal sulfate attack on concrete is a big problem, 
especially in Iraq and neighboring countries due to the high 
sulfate content in natural raw materials there. For example, 
the content of sulfate in the sand from natural quarries in 
Iraq highly exceeds the limit of sulfate content in specifica-
tions. Thus, the behavior of UHPC with high internal sulfate 
attack needs to be studied.
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The recent increased interest in structural health monitoring (SHM) 
related to material performance has necessitated the application 
of advanced data analysis techniques for interpreting the real-
time data in decision-making. Currently, an accurate and efficient 
approach for the timely analyses of large volumes of uncertain 
sensor data is not well-established. This paper proposes an auto-
mated clustering-based piecewise linear regression (ACPLR)-SHM 
methodology for handling, smoothing, and processing large data 
sets. It comprises two main stages, where the gaussian weighted 
moving average (GWMA) filter is used to smooth noisy data 
obtained from electrical resistance sensors, and piecewise linear 
regression (PLR) predicts material properties for assessing the 
performance of concrete in service. The obtained values of stabi-
lized resistance and derived values of diffusion coefficients using 
this methodology have clearly demonstrated the benefit of applying 
ACPLR to the sensor data, thereby classifying the performance of 
different types of concrete in service environments.

Keywords: artificial intelligence (AI); automated clustering-based piece-
wise linear regression (ACPLR); diffusion coefficient; electrical resistance; 
in-service performance; structural health monitoring (SHM).

INTRODUCTION
The extensive demand for a reliable estimation of the 

material performance during the service life of structures, 
along with the prediction of their current and future condi-
tions in the service environment, has expedited innovations 
in structural health monitoring (SHM) systems (McCarter 
et al. 2012; Frangopol and Kim 2014). They use the data 
obtained from the specifically designed sensors and sensing 
technologies installed in a structure to continuously monitor 
either the changes in materials or structural characteristics 
of members, thereby assessing the structure’s performance 
in service. They notify any defects in the structure so that 
necessary remedial and timely repairs can be carried out 
and perform real-time maintenance, with the ultimate objec-
tive of ensuring the structure’s safety and serviceability 
(Farrar and Worden 2012).

SHM is generally used for two purposes. First, SHM can 
be used to monitor the changes in structural behavior or 
conditions of the structure such as acceleration, displace-
ment, or rotation that would indicate the integrity and struc-
tural damage and assess the performance of the structure 
during its service life (Brownjohn et al. 2011; Dong and 
Catbas 2021). Second, SHM can be used to identify physical 
and/or chemical changes in material properties caused by 
the interaction between the material in structural members 
and the exposure environment, including corrosion of the 
embedded steel in reinforced concrete members, delami-
nation or cracking, and void formation, all of which affect 

the performance of the whole structure (Bungey et al. 2006; 
ACI Committee 444 2021). Thus, an accurate diagnosis of 
the structural behavior or material properties from the SHM 
data can be used for decision-making processes, including 
cost-effective repair and maintenance strategies.

With recent developments in both types of monitoring 
strategies, the installation of multiple sensors for long-term 
monitoring of structures normally generates a huge amount 
of complex, uncertain sensor data (Smarsly et al. 2016). 
Hence, data handling, smoothing, and analyzing large 
amounts of sensor data from structures to properly decide 
on structural repair and maintenance is currently a chal-
lenge (Nanukuttan et al. 2017a; Yavuz and Safak 2019). In 
addition, a wrong diagnosis due to inaccurate data analysis 
may trigger untimely maintenance or repair, resulting in an 
increased cost of maintenance (Chandrasekaran 2019) or 
premature failure. These concerns have led to the implemen-
tation of advanced computational techniques, such as arti-
ficial intelligence (AI) algorithms, for analyzing the SHM 
data, thereby resolving any issues related to data processing 
and decision-making.

The rising trend of the application of AI algorithms in 
SHM has the potential to revolutionize the concrete industry 
(Ahmed et al. 2019). AI uses machine learning (ML) algo-
rithms such as those based on statistics, probability, and 
neural networks to train models and provides a way to access 
massive amounts of information, process it, analyze it, and 
implement solutions to various problems (Pan and Zhang 
2021; Flah et al. 2021).

RESEARCH SIGNIFICANCE
A review of the literature highlighted that considerable 

research has been undertaken in the field of analyzing SHM 
data using ML algorithms to capture changes in natural vibra-
tion frequencies, mode shape, modal strain energy, dynamic 
flexibility, and strain measurements (Yu et al. 2011; Karbassi 
et al. 2014; Aydin and Kisi 2015; Diez et al. 2016). However, 
an accurate and efficient approach for the timely analysis 
of large volumes of noisy and uncertain data to capture 
material properties is not well established. Therefore, this 
paper explicitly focuses on SHM undertaken for assessing 
changes in material performance and thus proposes an auto-
mated AI-based SHM methodology to effectively extract 
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and interpret knowledge on changes in material properties 
obtained from SHM data for predicting the in-service perfor-
mance of concrete structures.

SENSING METHODOLOGIES FOR ASSESSING 
CONCRETE PERFORMANCE IN SERVICE

SHM is used to assess the material characteristics of 
structures and thereby determine their current condition and 
predict the in-service performance of the structure (Dong 
and Catbas 2021). Degradation mechanisms such as chlo-
ride ion ingress, carbonation, corrosion of steel reinforce-
ment, freezing-and-thawing damage, and alkali-aggregate 
reaction are some of the principal causes affecting the 
performance of materials in structures (Bungey et al. 2006; 
ACI  Committee  201 2016). Researchers and practitioners 
have developed and used many sensors and sensing technol-
ogies to identify and measure changes in materials that may 
have an adverse effect on the future performance of struc-
tures. A list of various sensors or sensing techniques used to 
assess changes in material properties is provided in Table 1. 
These sensors measure the physical changes in the concrete 
due to environmental and loading conditions, as well as 
monitor the ambient environmental conditions where the 
material is exposed. Among the sensors listed in Table 1, the 
electrical resistance sensor is one of the most reliable types 
of sensors for use in concrete structures.

Electrical resistance monitoring
It is known that electrical resistance is a property that can 

be used to analyze early-age variations in cement hydration, 
the effect of temperature and moisture content, ingress of 
chloride ions that could induce corrosion of the embedded 
reinforcing steel, carbonation, and performance of material 
with time (Basheer et al. 2002; Nokken and Hooton 2007; 
Nanukuttan et al. 2017b). As diffusion and permeability 
are the primary mechanisms of transporting chloride ions 
or carbon dioxide in the concrete, these parameters cannot 
be monitored regularly but can be measured intermittently 
(Garboczi and Bentz 1992; Nanukuttan et al. 2015). On the 
other hand, the rate of corrosion can be monitored. Still, 
as this data is obtained after the initiation of corrosion, it 
is ineffective for carrying out preventative maintenance. 
However, these parameters are related to electrical resis-
tance; thus, they can be determined from the steady-state 
resistance values for predicting the performance of concrete. 
However, electrical resistance is also affected by ambient 
environmental conditions and changes in the hydration of 
cement, and, as a result, interpretation becomes difficult due 
to these variations in most of the measurements.

Therefore, the focus of this paper is to demonstrate the 
methodology to smooth noisy and uncertain electrical 
resistance sensor data and analyze it using an automated  
clustering-based automated piecewise linear regression 
(ACPLR). The steady-state resistance values obtained 
are used to determine the diffusion coefficient values for 
assessing the performance of concrete for prognosis.

EXPERIMENTAL PROCEDURE
Materials, concrete mixtures, and site conditions

The study used three high-performance concrete mixtures 
manufactured with portland cement (PC), pulverized fuel 
ash (PFA), and microsilica (MS), as reported in Table 2. 
The experiment used CEM-I cement, 10 and 20 mm size 
crushed basalt as the coarse aggregate (CA), and medium- 
graded natural sand as the fine aggregate (FA). A poly-
carboxylic acid-based polymer was used as a high-range 
water-reducing admixture (HRWRA) that was added to the 
mixtures to ensure the consistency of the mixture was satis-
factory while the water-binder ratio (w/b) remained at 0.3 
(Yang et al. 2014).

Two concrete blocks of dimensions 410 x 100 x 
250  mm were cast for each mixture and were cured in a 
constant-temperature water tank (20 ± 2°C) for 3 days. 
These blocks were kept at a constant room temperature 
(20 ± 1°C) for 90 days before relocating them to an open 
area 1 m from a three-story building (Latitude 54° 39’ N,  
Longitude  6°  12’ W). The two 410 x 250 mm sides were 
exposed, and the remaining sides were sealed with two coats 
of epoxy-based paint to ensure a uniaxial moisture move-
ment. The exposed side of the specimen was placed verti-
cally to let rain flow freely on the surface (Yang et al. 2014). 
Further details on materials, preparation of specimens and 
testing were detailed by Yang et al. (2014).

Sensors and monitoring
The concrete blocks were embedded with a multielectrode 

array within the cover zone of specimens for acquiring elec-
trical resistance and temperature. A resistance meter was 
used to measure the electrical resistance between the elec-
trode pairs (stainless steel pins, Fig. 1(a)) at three depths: 
15, 25, and 45 mm from the surface of the blocks. Three 
thermistors were also embedded at 15, 25, and 45 mm 
depths to measure changes in temperature in the concrete 
cover zone. The monitoring started after 3 days of curing, 
and the data were recorded using a portable data logging 
system (Fig. 1(b)) for 6 months. The data were captured at 
a 10-minute frequency for a period of 172 days, and over 
24,000 sets of data were reported in the study.

As-measured resistance measurements inside 
concrete specimens

The average as-measured resistance data for the two 
concrete blocks at 15 mm depth from the concrete surface 
for the three concrete mixtures are shown in Fig. 2. It can be 
seen that, overall, the resistance increased over the period 
for the three concrete mixtures. In comparison, the rate of 
increase in resistance in MS was the fastest, rising from 10 
to 190 kΩ, followed by PC and PFA, rising from 5 to 30 kΩ 
in 6 months. It can be observed that concrete blocks were 
sensitive to the natural environment. After exposing them to 
the natural condition (day 90), there were substantial diurnal 
variations in the data set, especially for the MS blocks. 
No major difference can be seen between PFA and PC. 
However, it can be observed that the resistance of PFA rose 
steadily, while PC can be seen as stable after 100 days. The 
6-month data shown in Fig. 2 depicts that the presence of a 
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large amount of uncertain data meant there are challenges 
that require handling, smoothing, and processing SHM data 
to identify the standard steady-state resistance values of the 
three mixtures for decision-making. Thus, the authors aim to 
use all the available data sets and present an AI-based SHM 
methodology to handle, smoothen, and analyze the electrical 
resistance data.

METHODOLOGY USED FOR AI-BASED SHM 
DATA ANALYSIS

In this section, an AI-based SHM methodology is 
presented to smooth noisy data obtained from the elec-
trical resistance sensors and analyze it to predict the perfor-
mance of the concretes. The workflow of the AI-based SHM 
methodology is illustrated in Fig. 3, followed by a detailed 
analysis in later sections.

Table 1—Types of sensors used for assessing material performance

Sensors Measurands Purpose Limitations

Corrosion sensors, electrical  
resistance probes, half-cell potential

Corrosion
(Perveen et al. 2014)

Used to monitor corrosion rate in struc-
ture due to changes in concrete chemical 

environment.

These are not recommended to monitor corrosion 
with epoxy-coated reinforcing bars, as this 

creates barrier between metals and alters results.

Electrical resistance sensors,  
chloride ion sensors

Chloride content
(Montemor et al. 

2006)

Used to detect presence of chemicals 
such as chloride ions in reinforced 
concrete (RC) structures to prevent 

premature corrosion.

They are only used for local measurement; 
hence, prior knowledge of likely locations where 

chloride values could increase is needed for 
positioning sensors.

Humidity sensor, weather station, 
fiber Bragg grating (FBG) sensors

Humidity
(Tanner 1990;  

Zhang et al. 2010)

Used to measure relative humidity (RH) 
in concrete and determine moisture 
content in and around the concrete.

They are sensitive to thermal and environ-
mental conditions and may result in wrong 

measurements.

Load cell, weigh-in-motion sensors
Load

(Hernandez 2006;  
Ballo et al. 2014)

Used to measure deformations caused 
due to external force applied to structure.

They are bulky and require expensive electronic 
devices along with them.

pH sensors, fiber-optic sensor (FOS) pH
(Basheer et al. 2004)

Used to measure pH values of the 
concrete, which determines level of 

acidic or basic nature.

FOS are currently not suitable for long-term 
monitoring of pH and require careful handling.

Piezometers Pressure
(Kalkani 1992)

Used to measure changes in water table 
or pore water pressure.

They are sensitive to temperature and moisture 
conditions.

Temperature sensors, thermistors, 
FOS, thermocouples

Temperature
(Rai 2007)

Used to monitor temperature changes in 
concrete structure due to hydration and 

pore structure changes.

Self-heating in sensor may cause errors in 
measurement. No linear relationship between the 

two variables.

Weather station, rain gauges Precipitation
(Fabo et al. 2020) Used to measure precipitation. They are only used to measure ambient environ-

mental conditions.

Table 2—Mixture proportions and compressive strength of concretes

Types of 
concrete

Proportions of binder 
material, % by mass

Material quantities, kg/m3

w/b HRWRA

Compressive strength, N/mm2

PC PFA MS Water FA CA 28 days 56 days

PC 100% PC 485 0 0 145 689 1150 0.3 1.3 81.8 87.3

PFA 80:20
PC:PFA 388 97 0 145 689 1150 0.3 1.4 81.3 90.7

MS 73:7:20
PC:MS:PFA 352 97 36 145 689 1150 0.3 1.5 84.2 94.6

Fig. 1—(a) Sensor block used for embedding in specimen; and (b) monitoring system.
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Data preprocessing
The measurements from the thermistors were converted to 

temperature (°C) using the Steinhart-Hart equation (Stein-
hart and Hart 1968)

	 T = 1/[A + B ln R + C (ln R)3] − 273.1	 (1)

where T is the temperature in °C; R is the measured resis-
tance in ohms (Ω); ln is the natural logarithm; and A, B, and 
C are coefficients, 1.28 × 10–3 K–1, 2.36 × 10–4 K–1, and 9.31 × 
10–8 K–1, respectively, based on the type of thermistor used.

The data set thus obtained was re-examined, and it was 
observed that there were missing values, duplication of data, 
and invalid data, presumably due to sensor connection issues 
while moving the specimens from one place to another 
after 90 days. These points were identified and eliminated 
from the data to reduce their influence on the analysis and 
to improve the signal-to-noise ratio. Further, the tempera-
ture variations were very high for the data captured every 
10 minutes, and hence, daily average diurnal variations were 
considered for further data analysis.

Fig. 3—Methodology used to clean, analyze, and process SHM data.

Fig. 2—Average as-measured resistance data at 15 mm depth for three mixtures.
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Correction of resistance data for temperature 
variations

The measured electrical resistance is affected by the 
changes in temperature and moisture content of the concrete 
(McCarter et al. 2005; Nanukuttan et al. 2017a; Demircil-
ioğlu et al. 2019). The effect of variations in temperature 
on the measured electrical resistance could be removed by 
expressing the resistance at a reference temperature—say, 
25°C. For this, an Arrhenius relationship (Eq. (2)) was used 
(McCarter et al. 2012)

	 ρx = ρyeEa/Rg[1/Tk,x − 1/Tk,y]	 (2)

where ρy is the resistance (kΩ) recorded at the temperature at 
Tk,x (K) is used to obtain equivalent resistance ρx at reference 
temperature (Tk,y); Rg is the universal gas constant (8.3141 × 
10–3 kJ/mole/K); and Ea is the activation energy (kJ/mol). As 
both ρx and ρy have the same geometrical factors, resistivity 
was replaced by resistance for the analysis (Nanukuttan 
et al. 2017a).

The activation energy was determined by following the 
procedure suggested by McCarter et al. (2012), as described 
herein. The values of Ea/Rg for all concrete mixtures can be 
determined from Eq. (3). The equation linearizes the data by 
plotting the natural log of resistance (ρ) against 1000/T, and 
the slope thus obtained is Ea/Rg with ρ0 as pre-exponential  
constant (kΩ). Ea at each electrode pair for concrete can 
then be calculated by multiplying the slope with the value 
of Rg, which, when substituted in Eq. (3), would remove the 
temperature effects from the field measurements (McCarter 
et al. 2012)

	 ln ρ = ln ρ0 + ​​  ​E​ a​​ _ ​R​ g​​ T ​​	 (3)

McCarter et al. (2012) depicted a linear relationship from 
the equation by plotting every 15th set of data points from 
1 to 150 days. Nanukuttan et al. (2017a) plotted all data 
obtained from the measurement period and observed that 
there were multiple parallel lines and for each line, the value 
R2 was similar. Thus, it was suggested that one of these lines 
could be used to determine the activation energy. However, 
for the data reported in this paper, when all the available data 
were plotted, a significant scatter of data during the initial 
45 days was observed for both PFA and MS concretes, indi-
cating no clear relationship, which was not observed for the 
PC concrete (Fig. 4). The slope values obtained using all 
the data for PFA and MS were three times higher than that 
determined by McCarter et al. (2012) and Nanukuttan et al. 
(2017a). However, after 45 days, a linear relationship was 
obtained for both these concretes, giving similar results to 
those reported by McCarter et al. (2012). This is potentially 
the case because the total cementitious material content and 
the reactivity of SiO2, CaO, Al2O3, and Fe2O3 might have 
influenced the rate of hydration and, hence, the total heat 
generated at an early age (Nehdi and Soliman 2011; Jansen 
et al. 2012; Schöler et al. 2017).

Up to approximately 50% hydration of PC is completed 
within 1 day of adding water to the cement, 80% within 
28  days, and the remaining hydration gradually occurs 
within the next 3 to 4 months. At this stage, the hydrated 
portland cement paste is considered to have reached a stable 
state (Scrivener and Nonat 2011). On adding supplemen-
tary cementitious materials (SCMs), the pozzolanic reac-
tion normally starts after 3 days of the hydration of portland 
cement and continues beyond 28 days, depending on the 
type of SCM, curing condition, and proportion of the binder 
materials (Zelić et al. 2000). Therefore, for further analysis, 
the matured concrete data after 45 days were considered for 

Fig. 4—Removal of noise from 25 mm depth data for establishing Arrhenius equation for PC, PFA, and MS. (Note: Noisy data 
presented herein for PFA and MS are from first 45 days of reaction; thereafter, trend becomes linear, whereas noise is absent 
for PC.)
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estimating the activation energy and reducing the effect of 
cement hydration and pozzolanic reactions on the calculated 
activation energy.

When the activation energy was estimated using the afore-
mentioned procedure, it is interesting to note that the graph 
now depicts a linear correlation, as shown in Fig. 4. The esti-
mated activation energy, Ea, for each electrode pair for all 
concrete mixtures of each sample from Eq. (3) is reported in 
Table 3. It shows that not much variation is seen in PC and 
PFA and lies within the range of 35 to 47, while MS lies in the 
50 to 57 kJ/M range. The results of PC and PFA are within 
the same range as reported by McCarter et al. (2012) and 
Nanukuttan et al. (2017a). It highlights that the presence of 
microsilica in MS concrete altered the pore structure (McCa-
rter et al. 2012). Further, not much variation is observed in 

the two samples for each mixture, nor at each depth of the 
three concrete mixtures, as was reported by McCarter et al. 
(2012). Therefore, the calculated values for Ea/Rg for each 
mixture can be used to correct the resistance data to a refer-
ence temperature of 25°C using Eq. (2). The standardized 
resistance (SR) values for each concrete mixture were then 
averaged for the two concrete blocks and presented in Fig. 5.

It can be seen from the SRs in Fig. 5(a) to (c) that the huge 
fluctuations of the as-measured resistance in Fig. 2 are now 
slightly reduced, which indicates the removal of temperature 
effects from the measurement, as established by McCarter 
et al. (2012). However, from Fig. 5(c), it can be observed 
that there are still diurnal variations occurring after 80 days. 
Electrical resistance is also affected by other environmental 
interactions, such as ambient temperature, rainfall, and 

Table 3—Ea/Rg determined from Eq. (3) and activation energy, Ea

Depth

Mixtures

PC1 PC2 PFA1 PFA2 MS1 MS2

Ea/Rg, K Ea, kJ/M Ea/Rg, K Ea, kJ/M Ea/Rg, K Ea, kJ/M Ea/Rg, K Ea, kJ/M Ea/Rg, K Ea, kJ/M Ea/Rg, K Ea, kJ/M

15 mm 3.92 32.61 4.87 40.48 5.70 47.42 4.51 37.53 6.42 53.41 6.02 50.04

25 mm 4.50 37.38 5.43 45.15 5.44 45.24 5.24 43.57 6.87 57.10 6.67 55.48

45 mm 5.40 44.86 5.40 44.90 5.69 47.31 5.33 44.33 6.29 52.26 6.42 53.38

Average 4.60 38.28 5.23 43.51 5.61 46.66 5.03 41.81 6.53 54.26 6.37 52.97

Fig. 5—Standardized resistance (kΩ) to reference temperature of 25ºC for: (a) PC concrete mixture; (b) PFA concrete mixture; 
(c) MS concrete mixture; (d) rainfall, RH, and ambient temperature data during studied period as per UK met office.
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relative humidity (RH) (Azarsa and Gupta 2017). Figure 5(d) 
shows the rainfall and ambient temperature data from the 
UK Met Office (metoffice.gov.uk). When comparing these 
data with the MS data in Fig. 5(c), it is clear that the resis-
tance decrease can be attributed to the increase in rainfall 
and the associated possible increase in the moisture uptake. 
However, with no RH sensors installed in the concrete spec-
imen, the effect of moisture variation on electrical resistance 
could not be fully quantified.

Determination of diffusion coefficient De

As discussed in the previous section, the performance 
of concrete can be assessed based on electrical resistance, 
chloride diffusion, and permeability. However, the electrical 
resistance of the saturated concrete can be used to determine 
the diffusivity (Hossain and Lachemi 2004; McCarter et al. 
2012; Basnayake et al. 2020). Garboczi and Bentz (1992) 
presented an inverse relationship between the diffusion coef-
ficient of a porous material and the bulk resistivity of the 
saturated material

	​ ​ De _ ​D​ 0​​ ​  =  ​ 
ρ
 _ ​ρ​ bulk​​ ​​	 (4)

where D0 is the diffusion coefficient of the desired ion in 
pure water (for chloride, D0 = 2.032 × 10–9 m2/s); ρ is the 
resistivity of pore fluid (estimated using the NIST model); 
and ρbulk is the bulk resistivity of the saturated material. ρbulk 
can be obtained from the steady-state condition of the SR for 
the three concretes. Therefore, it is necessary to determine 
the steady-state electrical resistance values for the three 
concretes from a large number of data sets.

Automated piecewise linear regression for 
SHM data

It can be observed from Fig. 5 that the resistance increases 
with time for the three concrete types. It can also be observed 
that there is a change in the slope of resistance with time. 
For example, in the case of PC at 15 mm depth from the 
exposed surface, the resistance increases from 8 to 10 kΩ in 
the first 15 days, and then there is a drop in resistance. Again, 
the resistance starts to increase at a faster rate, rising from 
8 to 12 kΩ during the initial 110 days, and subsequently, it 
nearly stabilizes. In the case of PFA at 15 mm depth, there is 
a drop in resistance after day 12, and then it starts to increase 
at a faster rate, rising from 5 to 8 kΩ in 110 days, and it 
nearly stabilizes in the remaining days. Similarly, it can be 
observed for MS at 15 mm depth that the resistance drops 
at approximately 14 days and then starts increasing signifi-
cantly. The resistance increases from 10 to 35 kΩ in 80 days, 
and later, it increases at a slower rate. A similar trend can be 
seen for all the depths plotted in Fig. 5 for PC, PFA, and MS. 
During the cement hydration process, there are significant 
changes in the concrete microstructure as the liquid state of 
cement is changed to a hardened state. As a result, there are 
changes in mechanical properties and behavioral patterns in 
the early age of concrete (Glišić and Simon 2000). In addi-
tion, the increase in resistance with time is also a result of 
the microstructural changes due to the hydration of PC and 
the pozzolanic reactions of PFA and MS. The resistance 

increases initially with these reactions and either increases 
at a slower rate or stabilizes when these reactions either slow 
down or stop (McCarter et al. 2012). After this stage, the 
resistance decreases only when the concrete starts to dete-
riorate (Neville 2011; Cosoli et al. 2020). Therefore, in the 
current study, the SR graphs for each mixture are studied to 
determine the rate of change in resistance, the time taken to 
stabilize the resistance, and the stabilized resistance value. It 
is also necessary to understand and identify the changes in 
the early age of concrete from the data and its influence on 
the long-term service life performance.

It is interesting to note that the resistance data is subdi-
vided into smaller disjointed regions, showing the change in 
the behavior of the resistance data. One of the solutions for 
addressing this situation was to divide the data into k-many 
clusters and fit a continuous linear regression to different 
clusters and, thus, perform a PLR (Ferrari-Trecate and 
Muselli 2002). PLR is used to partition the independent vari-
ables into smaller regions and fit a separate segment for each 
region to define the change in the behavior of the variables 
(Muhammad et al. 2014). The breakpoint of these regions 
could determine the change in the gradient of the resistance 
and the time taken to stabilize the resistance. Therefore, to 
proceed with the analysis, an ACPLR approach was used to 
understand and interpret the SR data and reach the solution 
to the problem, as described in the following.

Step 1: Gaussian weighted moving average (GWMA) 
filter—One of the main problems with analyzing SHM 
data using PLR was the noise in the data. As the concrete 
specimens were exposed to the outdoor environment, they 
were subjected to rain, humidity, temperature, and other 
environmental effects. Although the influence of tempera-
ture was reduced from the resistance measurements, the 
data still seem noisy and, hence, can affect the predictions. 
A GWMA filter was used to compress the noise level of 
the original data, thereby smoothing the noisy data and 
reflecting the trend of the original data. This was done by 
selecting a window of a few data points to extract the noise 
and then assuming that for the distribution, the mean is zero 
with standard deviation σ to scale the noise level (Yavuz 
and Safak 2019). However, there is no straightforward rule 
for selecting a smoothing window. A short window size is 
usually selected to extract high-frequency data, while a long 
smoothing window is selected to extract low-frequency data 
and may eliminate high-frequency data points (Takatoi et al. 
2020). This is explained by considering one data set for MS 
concrete at 15 mm depth, as shown in Fig. 6(a). As only a 
few noisy points can be seen in the data, a short window size 
was chosen to smooth noisy data and maintain an optimum 
signal-to-noise ratio, as shown in Fig. 6(a).

Step 2: k-means clustering—It is an unsupervised ML 
algorithm that identifies patterns within the data sets without 
any training data or manual input and provides explor-
atory analysis (Hearty 2016). The main objective of using 
a k-means clustering algorithm is to separate the data set 
into clusters, find optimal coefficients, and predict the best 
possible outcome corresponding to a large number of data 
points that were difficult to predict manually. The algorithm 
was selected due to its advantage of dealing with large data 

metoffice.gov.uk
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sets and running multiple clustering configurations to extract 
key content (Hearty 2016).

First, the elbow curve method was also used to identify 
the optimal number of clusters k. The algorithm was run for 
different values of k ranging from 1 to 10, and then the sum of 
squared distances to the centroid across all data points for each 
value of k was calculated. After plotting these points, the point 
where the average distance from the centroid falls suddenly 
was identified to find the optimal k clusters, as shown in 
Fig. 6(b). Thus, two clusters were specified for the analysis.

The next step was to provide an approximate location of 
the breakpoint such that there are at least 25% of the points 
in one cluster to have a good estimate of the line. The algo-
rithm divided the data into approximate clusters from the 
approximate location of the breakpoint to get the accurate 
location of the breakpoint. After initializing the algorithm, 
new cluster centroids were redefined by extracting the 
slope difference from the structure array. Based on this, 
the maximum slope difference was identified, as shown in 
Fig.  6(c), and thus, the two accurate clusters were found 
such that the data points were then kept to either side of the 
maximum slope difference.

Step 3: Piecewise linear regression—After obtaining the 
accurate location of the clusters, the algorithm estimated the 

position of the breakpoint and performed piecewise linear 
regression for each cluster simultaneously to have minimal 
absolute deviation (Yang et al. 2016). The linear coefficients 
and the intercept of linear functions were obtained by solving 
linear regression for each cluster, as shown in Fig. 6(d). 
Finally, the interaction point for the segments was identified 
and considered as the ultimate breakpoint for the change in 
resistance. The intersection point (x, y) was considered as the 
time taken to stabilize the resistance value (x-axis = 57 days) 
and the stabilized resistance (y-axis = 29.63 kΩ). Figure 6(d) 
shows the change in the resistance through two new clusters 
and linear regression for the two clusters via ACPLR for MS 
at a depth of 15 mm from the surface.

This paper uses the developed ACPLR-based SHM  
methodology in two phases for an effective and reliable 
interpretation of the resistance data. In the first phase, short-
term (early-age) resistance data up to 21 days were used to 
see the early change in resistance due to curing and iden-
tify the time taken to develop a discontinuous capillary pore 
structure during wet curing. The second phase used the 
complete resistance data to determine the standard steady-
state conditions for resistance and diffusion coefficient to 
predict concrete performance.

Fig. 6—Steps for ACPLR: (a) original data versus smoothed data (GWMA filter) for MS at 15 mm depth; (b) identifying number 
of optimal clusters using elbow method; (c) identification of maximum slope difference to find final clusters; and (d) piecewise 
linear regression on two clusters and breakpoint showing change in resistance, stabilized resistance, and time taken to stabilize 
resistance. (Note: Process was carried out 18 times [nine times each for short-term and long-term data analysis] in the study.)
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RESULTS AND DISCUSSION
Phase 1—Short-term data analysis using ACPLR

As discussed in the last section, there was a change in the 
resistance during the initial few days of curing, and then the 
resistance started to increase at a faster rate for all depths in 
all three types of concrete. The change in resistance at an 
early age depicts the time taken for the concrete to develop 
its pore structure and start influencing the physical and 
mineralogical characteristics; both would contribute to the 
development of a discontinuous pore structure. According 
to Basnayake et al. (2020), the time taken to develop this 
discontinuous capillary pore structure can be identified from 
the change in slope of the resistance with time. That is, 
the intersection point of the two segments is considered to 
demonstrate the minimum time at which the wet curing influ-
ences the microstructure of the three concretes. The ACPLR 
is performed for the initial 21 days to study the change in 
behavior of concrete due to early-age hydration and curing 
effect. Table 4 shows both the intersection point at which 
the resistance starts to increase again and the change in the 
gradient of resistance.

It can be seen that the intersection point is at 5.18 days for 
PC, 5.85 days for PFA, and 6.31 days for MS. As the water 
content for the three concretes is the same (145 kg/m3), at 
least 5.5, 6, and 7 days, respectively, are required for PC, PFA, 
and MS concretes to begin to develop a discontinuous pore 
structure to satisfy durability requirements. These results are 
in agreement with Basnayake et al. (2020) that there is a 
change in resistance before and after obtaining a discontin-
uous pore structure, and wet curing should be continued for 
at least 7 days until the pore structure develops discontin-
uous pores. However, it is important to recognize that this 
suggested minimum wet curing duration is not universally 
applicable and may vary for different cementitious materials. 
In addition, Table 4 shows that MS takes the largest time to 
obtain a discontinuous pore structure, followed by PFA and 
PC. However, there is not much difference in the minimum 
wet curing duration for the three concretes, suggesting that 
all concretes started developing discontinuous pores almost 
simultaneously. This is likely because, during the very early 
stage of portland cement hydration, there is little effect of the 
pozzolanic reaction (Zelić et al. 2000).

Phase 2—Long-term data analysis using ACPLR
The second phase of the analysis was done to determine 

the steady-state conditions for the three concrete types and, 
thereby, to estimate diffusion coefficients to predict the 
concretes’ performance. The ACPLR was performed for the 
complete data set. Table 5 shows the initial rate of increase 
in resistance, the value of stabilized resistance, and the time 
taken to stabilize resistance based on the outputs from the 
program. The diffusion coefficient values were then calcu-
lated using the stabilized resistance values as ρbulk in the rela-
tionship described by Garboczi and Bentz (1992) in Eq. (4).

Overall trends—It is observed that, overall, the resis-
tance increased with time for all concrete types, showing 
that the pore structure is getting less conductive with time. 
Figure 7(a) presents the change in resistance with time for 
the three concretes at 15, 25, and 45 mm depths from the 

concrete surface. The rate of increase in resistance is the 
highest for MS, followed by PFA and PC. The data in Table 5 
shows that at 15 mm depth, MS has the highest initial resis-
tance, which is approximately five times that of the PFA. 
The initial resistance values varied for the three concretes 
and are within the range of one to five times that of the PC. 
Similarly, MS took more time to stabilize when compared 
to both PFA and PC, as shown in Fig. 7(b). The addition of 
SCMs such as microsilica and PFA alters the pore structure 

Table 4—Change in resistance at early age and 
intersection point for two segments

Concrete 
mixture

Depth of 
sensor, mm

Change in 
resistance, %

Intersection 
point, days

Resistance, 
kΩ

PC

15 16.6 5.18 8.21

25 13.4 4.95 5.71

45 10.9 4.62 4.03

PFA

15 26.4 5.85 3.33

25 18.8 4.84 2.81

45 16.8 4.76 2.79

MS

15 65.9 6.31 7.05

25 57.7 5.63 7.68

45 52.5 5.54 6.47

Fig. 7—(a) Rate of change in resistance; and (b) stabilized 
resistance for three concretes at three different depths deter-
mined using ACPLR.
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due to the continued pozzolanic reactivity of the binder 
material in all concrete and increases the rate of change in 
resistance for MS (Safiuddin et al. 2007; Nanukuttan et al. 
2015). Further, microsilica is a denser material and quickly 
reacts with the portland cement hydration products in a 
pozzolanic reaction than PFA once the discontinuous capil-
lary pore structure starts to develop. Therefore, it leads to 
a significant reduction in the porosity of concrete, resulting 
in a substantial increase in resistance (Sellevold and Radjy 
1983; Berke 1988).

Depth effect—Figure 7(b) shows that the resistance at 
the deeper concrete (45 mm) is lower than at the exposed 
surface (15 mm) for the three concretes. Similarly, all 
concretes took more time to stabilize at the deeper part. 
This is primarily due to the drying and wetting effects of 
the concretes. Resistance is strongly affected by the interac-
tion occurring between the surface layer of concrete and the 
atmosphere (McCarter et al. 2005). While the deeper part of 
the concrete is saturated, the surface releases more moisture, 
so the evaporation of moisture increases the surface layer’s 
resistance. However, in the case of MS, the resistance nearer 
to the surface at a depth of 15 mm is lower than at a depth of 
25 mm. This may be due to the decrease in resistance caused 
by water being trapped during the pozzolanic reaction of the 
binder material in the MS concrete.

Diffusion coefficient—Table 5 shows the estimated diffu-
sion coefficient values for the three mixtures using the stabi-
lized resistance values. It is observed that the diffusion coef-
ficients have a trend opposite to that of the resistance values, 
as is expected. The continued hydration and pozzolanic reac-
tions reduce both the porosity and the connected porosity 
in concrete; thus, the overall diffusion coefficient reduces 
with time (Oslakovic et al. 2008). The calculated values 
of the diffusion coefficient can then be used to predict the 
performance of concrete and thereby the service life. Table 5 
shows that the best performance among the three concretes is 
observed for MS. However, confirming this requires further 
research to determine their durability performance, which is 
outside the scope of this paper.

Advantages of using ACPLR-based SHM 
methodology

a) The ACPLR-SHM methodology used for the analysis 
is an easy and understandable approach to interpret large 
amounts of complex data by identifying the best aspects 
of segmented regression. Each line segment identified 
from the algorithm is balanced against the noise such that 
it reduces the influence of short-term fluctuations to show 
long-term results in smooth data. The algorithm efficiently 
analyzed a large amount of noisy electrical resistance sensor 
data (24,000 data points) to obtain a steady-state condition 
of resistance.

b) This approach is more efficient than the conventional 
method for different types of concrete and exposure conditions 
to calculate the value of the diffusion coefficient. The value of the 
diffusion coefficient is either determined by performing nonde-
structive testing of concretes in the lab or using an assumed 
diffusion coefficient value from the literature for service life 
modeling. Thus, this proposed methodology provides valuable 
knowledge on stabilized resistance values that can be used to 
calculate diffusion coefficient values.

c) The proposed methodology provides reliable inter-
pretations of the resistance/diffusion coefficient values. 
The obtained values of diffusion coefficient for the three 
concretes are in the range of 1 to 3 × 10–12 m2/s, which is at 
the high end of the spectrum for good-quality and high-per-
formance concrete as per the literature to measure the 
performance of the concrete (Bjegović et al. 1995; Yang et 
al. 2018). Therefore, this criterion can be used as a measure 
of the performance of the concrete and thereby reinforce the 
reliability of the proposed methodology.

CONCLUSIONS
The novelty of the proposed methodology lies in its 

ability to smooth noisy data and perform automated cluster-
ing-based piecewise linear regression (ACPLR) on the data 
set to obtain the time taken to develop a discontinuous pore 
structure, time taken to stabilize resistance, the stabilized 
resistance value, and the rate of change in resistance. Based 
on the results obtained from the application of ACPLR to 
electrical resistance sensor data, it can be concluded that 
the proposed methodology diminished the challenges of 
handling, smoothing, and analyzing large data sets manually. 

Table 5—Determination of steady-state resistance/diffusion coefficient values using ACPLR

Concrete 
mixture Depth, mm

Rate of increase 
in resistance, %

Time taken to stabilize 
resistance, days

Stabilized resistance 
value, kΩ

Diffusion coefficient, 
× 10– 12 m2/s

Average diffusion coefficient,
× 10– 12 m2/s

PC

15 25.6 49.62 11.02 1.11

1.5625 25.8 49.77 8.32 1.46

45 17.4 50.77 5.78 2.11

PFA

15 39.1 43.76 5.68 2.45

2.5525 23.5 49.76 5.28 2.64

45 22.6 52.32 5.42 2.57

MS

15 318.5 56.09 28.10 1.08

1.1225 3301.2 56.91 28.72 1.05

45 246.2 58.52 24.27 1.24
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The methodology is robust enough to provide some valu-
able insights on the steady-state condition of the resistance, 
which means interpretability is of importance and thereby 
can be further used for calculating the diffusion coefficient 
values. The stabilized resistance and diffusion coefficient 
values obtained from the structural health monitoring (SHM) 
data also demonstrated the benefit of using supplementary 
cementitious materials (SCMs) to improve the durability 
of concrete. Overall, practitioners and researchers can use 
the proposed ACPLR-based SHM methodology to interpret 
resistance sensor data for different types of concrete struc-
tures for monitoring and determining the resistance/diffu-
sion coefficient values and thereby predict the performance 
of concrete in structures.

FURTHER RESEARCH
The results from the study highlighted that even after 

reducing the influence of temperature on resistance 
measurements, other environmental conditions, such as 
ambient temperature, RH, and rainfall also had an impact 
on the resistance measurements. Therefore, it is suggested 
that future work should use RH sensors inside and outside 
the concrete and temperature sensors outside the concrete 
during SHM and consider their effect on reducing the influ-
ence of ambient environmental conditions.

The proposed ACPLR-based SHM methodology was 
applied to the resistance sensor data from the concrete blocks 
exposed to environmental conditions for only 6 months. To 
conduct a more thorough evaluation of the methodology, it is 
suggested that a long-term study should be conducted across 
a wider set of locations with marine conditions.
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NOTATION
D0	 =	 diffusion coefficient of chloride ion in pure water
Ea	 =	 activation energy, kJ/mol
Rg	 =	 universal gas constant, 8.3141 × 10–3 kJ/mole/K
ρ	 =	 resistivity of pore fluid
ρ0	 =	 pre-exponential constant, kΩ
ρbulk 	 =	 bulk resistivity of saturated material
ρx	 =	 equivalent resistance, kΩ, at reference temperature 25°C
ρy 	 =	 resistance, kΩ, recorded at the temperature at Tk,x
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The need to constantly improve the quality and properties of manu-
factured products leads to the development of hybrid materials 
that combine different elements, complementing one another. 
Fiber-reinforced mortar is one of those products, as the fibers 
are used to improve cementitious materials’ flexural weakness. 
Experimental data on different metallic fibers dispersed in mortar 
demonstrate the correlation between early-age rheological prop-
erties and long-term mechanical strength. Both quantities depend 
on the ratio of the solid volume fraction of the fiber to a critical 
solid volume fraction characteristic of the form factors of the fiber. 
It is demonstrated that both effects arise from the packing stress 
of the fibers in the mortar when their concentrations are close to 
their maximum packing fraction. Geometrical arguments are used 
to explain how this critical volume fraction is related to the fiber 
form factor. Then, it enables the building of master curves using 
geometrical arguments.

Keywords: critical volume fraction; fiber-reinforced mortar; flexural 
strength; master curves; mortar; rheology.

INTRODUCTION
The need to reduce the quantity of construction mate-

rials drives the industry to develop new materials with 
more diverse and advanced properties. Most construction 
materials should be kept affordable as the amount needed 
is significant and essentially obtained from cheap local raw 
materials. Most of the time, these materials fulfill one prop-
erty—such as structural, acoustic, or thermal—and should 
be used in combination with several other materials glued 
together to build sandwich walls. Developing composite or 
hybrid materials whose properties are a combination of their 
constitutive components’ properties could then be a solu-
tion to limit the number of layers required for the sandwich 
walls, reducing the number of materials and simplifying the 
recycling process. The main difficulty of a hybrid formula-
tion is ensuring the positive interactions between its different 
elements: the aim is to collect the best of each material and 
avoid any property conflict. This is particularly relevant 
for the concrete industry as cementitious materials display 
a very high compressive strength—up to 230 MPa1—but a 
relatively weak flexural strength—approximately 10  times 
weaker than the compressive strength. This weakness 
makes standard concrete unsuitable for structural applica-
tions required for slabs or bridges; therefore, metallic rein-
forcing bars are mandatory according to the norms.2 Over 
the last decades, numerous studies have been carried out to 
improve cementitious materials’ flexural strength to reduce 
the systematic use of metallic reinforcing bars. Different 
strategies have been explored, such as the development 

of epoxy-modified concrete,3 the addition of latex suspen-
sions,4 or crushed tires,5 but the most promising option is the 
addition of fibers.6,7 Fiber-reinforced material is an example 
of such a hybrid: the fibers are added and mixed with the 
original cementitious slurry to improve its mechanical prop-
erties. This method is not restricted to concrete but is also 
used in different industries, such as ceramics.8 Adding a high 
concentration of fibers in concrete leads to the creation of 
ultra-high-performance concrete (UHPC), whose flexural 
strength can reach up to 50 MPa.9 The main drawbacks of a 
fiber-reinforced material are: 1) the degradation of the rheo-
logical properties of the original paste with the addition of 
fibers,10,11 leading to such issues as pumping or casting diffi-
culties; and 2) the price increases of the formulation gener-
ated by the addition of fibers.

Fiber-reinforced cementitious composites (FRCC) have 
been studied regarding rheological and mechanical prop-
erties.12 The fiber’s nature impacts the fracture toughness 
of the composite,12 mainly depending on the interaction or 
bond of the fibers with the cementitious matrix. The microc-
rack formations can be delayed with an increase in the tough-
ness of the composite with polyvinyl alcohol (PVA), refined 
cellulose (RC),13 metallics,14,15 or glass.16 On the other hand, 
polypropylene (PP) or polyethylene fibers are not chemically 
binding to the cementitious matrix. Other natural fibers17 are 
now used to reinforce mortar and concrete.

The impact of the fiber aspect ratio, which is defined as the 
ratio of the length of the fiber to its thickness, on mechan-
ical properties has been studied on PVA fibers,18 PP,19,20 and 
steel.21 The conclusions differ depending on the type of 
fiber, demonstrating that for steel fiber at a given concen-
tration, the larger aspect ratio exhibits better performance 
in terms of either the flexural strength or toughening effect, 
and for the polymer-type fiber, an optimal form factor has 
been observed.22 Several empirical models23 and machine 
learning algorithms have been built to predict the impact of 
the flexural strength on the fiber volume fraction and aspect 
ratio.24

The influence of the fiber volume fraction, rigidity, length, 
and diameter on the rheological and mechanical properties 
is described by the fiber factor (FF), which can be obtained 
by multiplying the fiber volume fraction by its aspect ratio.19 
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The FF impact on the rheological properties is the same 
for all types of fibers, with an increase in the yield stress 
or decrease in the slump spread as well as an increase in 
the plastic viscosity.19,21 The influence of the fiber on the 
mechanical properties is defined with two critical limits of 
the FF: below a critical factor called Fc, the influence of the 
fiber on the mechanical properties is negligible, and above 
a density factor called Fd, the rheological and mechanical 
properties are worsened due to the nonuniform dispersal 
of the fibers. The limits of Fc and Fd depend on the nature 
and rigidity of the fibers: 30 and 80, respectively, for glass 
fibers; 100 and 300 for PP; or 100 and 400 for PVA fibers.19 
There is a further need to understand the mechanism of the 
flexural strength and viscosity increases with the addition 
of fibers. This would rationalize the optimization of the 
concrete formulations. To this goal, the correlations between 
the composite performances, either mechanical or rheolog-
ical, are then always made with dimensionless parameters 
to establish such a correlation based on pure geometrical 
considerations, linking the rheological and mechanical prop-
erties with critical volume fractions, which can be calculated 
from the fiber form factor.

RESEARCH SIGNIFICANCE
This paper aims to link the mechanical and rheological 

properties of metallic fiber-reinforced mortar with the orga-
nization of the fibers. The characterization of the metallic 
fibers’ concentration is made based on the flexural strength, 
and the rheological properties of the fresh mixture are made 
and rescaled on geometrical parameters with a series of six 
different metallic fibers. The impact of the fiber form factor 
and concentration on the material’s physical properties 
is studied in a fresh and hardened state, showing that the 
paste’s yield stress evolution and the set mortar’s flexural 
strength are linked with the relative fiber volume fractions.

EXPERIMENTAL INVESTIGATION
Materials and formulations

The rheological and mechanical impacts of the fiber addi-
tion are studied on a mortar prepared with a binary binder 
made of ordinary portland cement (OPC) type CEM I 52.5N 
and limestone having the same particle-size distribution. 
Natural siliceous sand with a particle size ranging from 
0.1 to 0.5 mm with a specific gravity of 2.6 kg/L and water 
absorption of 1% was used. Finally, a noncommercial plasti-
cizer of the type of polycarboxylate high-range water-reducing 
admixture (PCE) with a solid content of 40% and a density 
of 1.08 kg/L was added at a concentration of 0.5% to obtain a 
self-leveling mortar. The formulation of the reference mortar 
is shown in Table 1 in terms of percentage and mass used. 
A 2 kg mortar mixture was prepared with a water-cement 
ratio (w/c) of 0.56 and a water-binder ratio (w/b) of 0.28. 
The mixing protocol consists of mixing for 1  minute in a 
mixer at speed one, then letting the paste rest for 30 seconds, 
and mixing again at speed two for 2 minutes. The resulting 
mortar is self-leveling with a density of 2 kg/L.

The fibers used are commercial; they are amorphous 
metallic fibers for concrete and mortar reinforcement with 
a density of 7.25 kg/L.25 A series of six different fibers were 
tested to study the impact of the form factor on the fibers’ 
rheological and mechanical properties of the mixture. The 
reference names of the fibers with their equivalent length L, 
width w, and thickness d are summarized in Table 2.

The different fibers were incorporated in a second step into 
the self-leveling mortar with a second mixture of 1 minute 
at speed one. A noncommercial deformer was used to keep 
the air content below 2% for all the mixtures to avoid the 
air’s negative impact on the mechanical properties. All the 
fiber concentrations are given in percentage per volume. 
Table 3 gives the equivalence between mass concentration 
and volume fraction of the fibers in the mortar mixtures. Due 
to the high density of the fiber, the mass added for 3% is 
223 g for 2 kg of mortar. No sedimentation of the fibers was 
observed, as confirmed by tomography measurements.

Table 1—Mass concentration per weight and percentage of different components of mortar  
equivalent concrete

Components OPC Limestone Sand Water PCE Total

Mass, % 22 21.5 44 12 0.5 100

Mass, g 440 430 880 240 12 2000

Table 2—Form factors and maximum packing fraction ϕ0 of metallic fibers

Fiber types L30 L20-2 L20-1 L15 L10 L5

Length L, mm 30 20 20 15 10 5

Width w, mm 1.6 1.6 1 1 1 1

Thickness d, μm 29 29 24 24 24 24

Table 3—Equivalent between mass fiber added and solid volume fraction of metallic fibers in  
standard mortar

Mass fiber, g, added in 2 kg of mortar 15 30 45 60 75 112 150 187 225

Equivalent solid volume fraction, % 0.2 0.4 0.6 0.8 1 1.5 2 2.5 3
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Rodlike PVA fiber was used for complementary rheolog-
ical measurements and validation of theory building on the 
metal fibers. The ductile monfilament PVA fiber has a diam-
eter of 38 μm, a length of 8 mm, and a density of 1.3 g/cm3. 
The PVA fibers are also used to improve the strength proper-
ties of concrete and mortar.

Rheological measurements
To compare the rheological and mechanical properties, 

two different tests have been conducted: 1) rheological with 
a concrete rheometer; and 2) mechanical, with a three-point 
flexural test. The rheological properties of the fresh rein-
forced mortar are measured with a custom-made concrete 
rheometer represented in the left picture of Fig. 1. It is 
equipped with a double-helicoidal geometry designed for 
the rheological measurement of a cement paste, as described 
in former works,26-28 and with the dimensions given in the 
right picture of Fig. 1. The rheometer was calibrated with a 
calibration oil developed by the National Institute of Stan-
dards and Technology (NIST).29 This calibration allows the 
quantification of the shear rate and shear stress directly from 
the measurement of the geometry rotation speed and torque. 
The measurement protocol is as such: after a pre-shear of 
60 seconds at a shear rate ​​γ ̇ ​​ of 100 s–1 is first applied, the 
shear stress τ is measured as a function of the shear rate ​​γ ̇ ​​, 
with 30 points evenly distributed in a logarithmic scale from 
100 to 0.1 s–1. The measurement is run three times to ensure 
good reproducibility.

Flexural strength measurements
The mechanical properties of the mortars are measured on 

prisms of standard dimensions of 4 x 4 x 16 cm. The prisms 
are stored in a chamber with controlled curing conditions of 
68% relative humidity and 23°C for 7 days. After 7 days of 
curing, the flexural strength σf is measured with the three-
point bending test method.

X-ray tomography
The X-ray tomography imaging was performed with a 

three-dimensional (3-D) X-ray micro-computed tomog-
raphy system. The illumination is realized with an X-ray 
generator with a tungsten filament and a tungsten target, and 
the detector is a matrix plane sensor consisting of 1920 x 
1536  pixels of size 127 x 127 μm. A representation of a 
40  mm side sample prepared with 1% of the L30 fiber is 
shown in Fig. 2.

It is very easy to see the metallic fibers. Much smaller 
objects can also be seen, which are a few microns in size, 
probably metal oxide particles from the cement, which 
absorb approximately as much as metal fibers. The metal 
fibers are not deformed and do not form clusters and appear 
to be anisotropic without any visible sedimentation, which 
confirms that the mortar matrix can be reasonably regarded 
as uniform in nature.

Fig. 1—Concrete rheometer used for measurement of rheological properties of mortar pastes: (left) picture of rheometer with 
measuring cell; and (right) dimensions of geometry.

Fig. 2—X-ray tomography of mortar prepared with 1% of 
L30. Probe is cube of 40 mm side.
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ANALYTICAL INVESTIGATION
The critical flexural strength σf is calculated following 

Eq.  (1), with the maximum force applied Fc where the 
facture of the prism occurs, and with the dimensions of the 
prism: A = 40 mm and L = 160 mm.

	​ ​σ​ f​​  =  ​ 3FcL _ 2​A​​ 3​  ​​	 (1)

The toughness of the prism, which is the energy the mate-
rial can absorb by deforming plastically before its rupture, 
is also calculated using an integral of the force along its 
displacement δ, as described in Eq. (1).

	​ U  =  ​∫​ 0​ 
​δ​ ∞​​

​F​(δ)​dδ​	 (2)

All the results shown in the next section are the mean 
values of the three probes used to measure either the rheo-
logical properties or the flexural strength. Error bars corre-
spond to the standard deviation calculated from the experi-
mental data.

To characterize quantitatively the impact of the fiber form 
factors on the rheological and mechanical properties, the 
work of Evans and Gibson30 is adapted, who studied the 
packing of randomly oriented fibers. This is done by assim-
ilating the metallic fibers to a rodlike fiber with the same 
length l and an equivalent circular surface with a diameter 
de, calculated by assimilating the rectangular section of the 
fiber to a circle and defined in Eq. (3).

	​ ​d​ e​​  =  ​√ 
_

 ​ 4dw _ π  ​ ​​	 (3)

A theoretical packing of the fiber can be calculated if a 
fiber concentration is considered by unit volume c, which 
is the number of fibers per unit of volume. Then, according 
to fiber conservation, the fiber volume fraction ϕ, being the 
volume occupied by the fibers, is equal to

	​ ϕ  =  ​ π​d​ e​ 2​lc _ 4  ​​	 (4)

Evans and Gibson30 made a parallel with the liquid-crystal 
transition, where the particles are constrained by their neigh-
bors. There are three concentration regimes described in 
Fig. 3: a) the dilute one, where c ≤ l–3 and each fiber can be 

rotated freely around all axes without touching the others; 
b) the semi-dilute regime l–3 ≤ c ≤ l–2de

–1, where a fiber can 
only rotate in a plane without any contact; and c) the entan-
gled regime l–2de

–1 ≤ c ≤ l–1de
–2, where the fibers are only 

free to rotate around its cylindrical axis of symmetry without 
touching its neighbors. This corresponds to a nematic 
ordering.

Nevertheless, in this study’s system, where the fibers are 
dispersed in a complex media, they cannot self-organize in a 
fully nematic state, and their maximum volume fraction will 
be lower than the maximum volume fraction of the nematic 
ordering. One needs to consider the maximum volume frac-
tion of randomly oriented fibers, which may be evaluated 
by considering fibers at low volume fractions and then 
compressing the system up to the point where it cannot be 
compressed further without deformation of the fibers. This 
leads to the result31 that the maximum number fraction of 
the rods is

	​ ​ϕ​ 0​​  =  ​ k​d​ e​​ _ l  ​​	 (5)

where k is a numerical refactor, which has been numerically 
evaluated as kth = 4. Experiments show this expression is 
valid, but experiments disagree on the numerical prefactor 
when a kexp = 5.3 is measured.32 It should be noted that both 
the maximum packing and the transition between disordered 
and nematic states scale as the inverse of the form factor, FF.

The list of ϕ0 calculated with the theoretical coefficient kth 
for all the types of fibers used is given in Table 4.

EXPERIMENTAL RESULTS AND DISCUSSION
Effect of fiber content on flexural strength

The effect of fiber concentration on the flexural strength 
of the fiber-reinforced mortar was tested, and the evolution 
of the strength as a function of the applied deformation for 
different concentrations of the fiber type L30 is shown in 
Fig.  4. One can observe that below a given fiber volume 
fraction, in the case of the L30, ϕ = 0.4%v, the fibers do 

Fig. 3—Three regimes of fibers in solution, from left to right: dilute; semi-dilute, less rotational movement is allowed; and 
entangled, only rotation on cylindrical axis is possible. (Adapted from Evans and Gibson.30)

Table 4—Maximum fiber volume fraction ϕ0 of 
different metallic fibers used, as computed from 
Eq. (5) with kth = 4

Fiber types L30 L20-2 L20-1 L15 L10 L5

ϕ0, % 3.3 5.0 3.6 4.8 7.2 14.4
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not have any significant effect on the mechanical properties, 
as has already been observed.33 Above this concentration, 
the addition of fibers increases the mortar critical flexural 
strength σf, which is doubled with an addition of 1%v of L30 
fibers, demonstrating the toughening effect of the metallic 
fibers.

The quantification of the impact of the concentration and 
form factors of the six different fibers on the critical flexural 
strength σf is analyzed with its representation as a function 
of the fiber volume fraction, as shown in Fig. 5. The effect 
of the mechanical performances is highly dependent on the 
fiber form factors: the shortest fibers (L5) have the least 
effect, and the increase in the critical flexural strength occurs 
only above concentration 1.5%v, whereas the same increase 
can be seen at a volume fraction of 0.5%v for the larger 
fiber (L30). It is interesting to notice that while their lengths 
are different, the duos L30 and L20-1 and L20-2 and L15 
display very similar behaviors, which means that the rele-
vant parameter is the fiber’s form factor and not its length.34

The evolution of the flexural strength confirms that there is 
a minimum volume fraction required to impact the mechan-
ical properties, which depends on the fiber form factor. The 
fiber network then affects the mechanical properties as the 
mechanical effort is transmitted in both the fiber and mortar 
networks.35,36

To identify the mechanisms at play in the increase in the 
strength of the system, the data of Fig. 5 were rescaled by 
the maximum packing fraction ϕ0 displayed in Table 4 to 
correlate the packing influence of the fibers on the mechan-
ical properties. As ϕ0 is a function of the ratio de/l, each 
curve is shifted differently according to its form factor, and 
the evolution of the critical flexural strength as well as the 
toughness of the samples are represented in Fig. 6 (left). The 
flexural strength starts to kick off for a ratio of ϕ/ϕc ≈ 0.15: 
below this ratio, the fibers do not have any significant effect 
on the mechanical properties.

Remarkably, all data from the different fibers collapse 
on a master curve under this rescaling by the maximum 
packing volume fraction ϕ0. In particular, the increase in the 
flexural strength occurs at a similar rescaled volume frac-
tion. This implies that the transition toward the strong rein-
forcement regime is controlled by the same scaling factor 
as the maximum packing volume fraction. According to the 
preceding discussion, it may be identified with the volume 
fraction transition between the semi-dilute and the entangled 
regime.

Therefore, according to Eq. (4) and (5), the ratio between 
ϕc and ϕ0 can be written as

	​ ​ 
​ϕ​ c​​ _ ​ϕ​ 0​​ ​  =  ​ π _ 4k ​​	 (6)

The ratio ϕc/ϕ0 is approximately equal to 0.2 and 0.15 with 
kth = 4 and kexp = 5.3, respectively. Those values are very 
close to the experimental values of Fig. 6 and confirm that 
the fibers start to have a significant impact when their orien-
tational motion in both angular directions is constrained by 
their neighbors. The same observations are confirmed by 
the values of the toughness: the effect of the fibers is only 
controlled by the ratio ϕc/ϕ0, as shown in Fig. 6 (right). The 

Fig. 4—Strength of reinforced mortar as function of flexural 
strain for different fiber concentrations at 0, 0.2, 0.4, 0.6, 
0.8, and 1% volume fraction from left to right in order of 
appearance of peak. Tested fiber is L30, described in Table 2. 
Maximum strength is taken as critical flexural strength σf of 
composite.

Fig. 5—(Left) Evolution of mean critical flexural strength σf of reinforced mortar has function of solid volume fraction of six 
different kinds of fibers, described in Table 2; and (right) evolution of total energy, as calculated in Eq. (2) for same fibers. 
Colors are associated with same fiber, lines are giving trends, and error bars are calculated with average of 10%.
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toughness curves also collapse in a master curve when the 
unit ϕ/ϕ0 is used to rescale the data.

Rheological measurements
As the fiber concentration has been proved to be close to 

when the hybrid mechanical properties drastically increase, 
the rheology of the mixture is also supposed to diverge when 
its volume fraction ϕ tends to some maximum packing frac-
tion that may not be identical to the previously defined ϕ0, 
and that this study calls ϕm. The increase in the viscosity η 
with the volume fraction has been widely studied,37 and the 
theoretical solution is known for a dilute sphere suspension 
in a Newtonian fluid of viscosity38 η0

	 η = η0(1 + 2.5ϕ)	 (7)

The problem becomes rapidly difficult to model when 
the volume fraction increases and becomes close to the 
maximum packing fraction ϕm as the viscosity diverges at 
the limit.39 Among all the models, the most commonly used 
is the Krieger-Dougherty relationship40

	 η(ϕ) = η0(1 – ϕ/ϕm)​​​​​ −B​ϕ​ m​​​​	 (8)

with B = 2.5 for the hard-sphere Maron-Pierce model,41 
which has the advantage of fixing the power-law exponent 
and easing the determination of ϕm

	 η(ϕ) = η0(1 – ϕ/ϕm)–2	 (9)

Those models allow the estimation of the maximum 
packing of a sphere suspension by fitting the experimental 
data of the evolution of the viscosity with the sphere volume 
fraction. For the hard sphere, which is the simplest system,42 
ϕm ≈ 0.64, but higher experimental values have also been 
reported.43 The system becomes even more complex when 
the suspension is not made out of spheres but rodlike 
objects: the values of both η0 and ϕm are different from the 
hard-sphere model.44,45 Another level of complexity is added 
to the system as the suspending fluid is non-Newtonian.39

An example of the evolution of the mortar rheological 
properties with the amount of L30 fibers is represented in 
Fig. 7. A strong increase in the yield stress τy can be observed 
with the fiber concentrations but also a weaker increase at a 
high shear rate, which means that the plastic viscosity η∞ is 
less dependent on the fiber concentration. It can be explained 
by a possible fiber alignment with the flow field.10

As the mortar is a yield-stress fluid, a Herschel-Bulkley 
relationship describes the shear stress evolution with the 
shear rate46

	​ τ​(​γ ̇ ​)​  =  ​τ​ y​​ + K​​γ ̇ ​​​ n​​	 (10)

where K is the consistency index; and n is the flow index. 
The raw rheological data were fitted with the previous equa-
tion to obtain a more precise estimation of the yield stress 
τy, whose mean value was averaged over three experiments. 
Most of the previously published studies47-49 focused on 
the concentration impact on the viscosity and slump flow 
rather than a direct measure of the yield stress; nevertheless, 

Fig. 6—(Left) Evolution of mean flexural strength of reinforced mortar has function of ratio ϕ/ϕ0 for six different kinds of 
fibers, described in Table 2; and (right) evolution of total energy or toughness, as calculated in Eq. (2). Colors are associated 
with same fiber, lines are giving trends, and error bars are calculated with average of 10% from flexural strength.

Fig. 7—Evolution of shear stress τ as function of shear rate ​​
γ ̇ ​​ for fiber-reinforced mortar made with L30 fiber at different 
fiber concentrations, from bottom to top: ϕ = 0, 0.16, 0.33, 
0.5, 0.66, 0.82, 0.99, and 1.15%v. Points are experimental 
data and dotted lines are Herschel-Bulkley fits.
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a derived Maron-Pierce equation has been proposed for its 
evolution with the particle volume fraction50

	​ τ​(ϕ)​  =  ​τ​​ *​​(​​(1 − ​ 
ϕ
 _ ​ϕ​ m​​ ​)​​​ 

−2

​ − 1)​​	 (11)

This equation has been used to fit the experimental data, 
and because the previous equation assumed that τ(0) = 0, the 
fit has been done using τ(ϕ) = τy(ϕ) – τy(0), which is repre-
sented as a function of the volume fraction on the left side of 
Fig. 8 for the L30 fibers. The points correspond to the experi-
mental data, and the line is the model that perfectly describes 
the experimental data, demonstrating that the model can be 
generalized to the complex system. The maximum packing 
fraction ϕm deduced from the fit ϕm(L30) = 1.2%v appears to 
be much lower than the maximum packing fraction ϕ0(L30) = 
3.33%v obtained from the form factor packing calculation. 
The same measurements were made for all types of fibers 
to compare the values of the maximum packing fraction ϕm 
obtained from the rheological measurements and the volume 
fraction ϕ0 obtained from the geometrical calculation. The 
representation of the ϕ0 as a function of ϕm is made in Fig. 8 
(right).

Nevertheless, it should be noted that the maximum 
volume fraction, corresponding to the viscosity divergence 
ϕm, is approximately three times smaller than the theoretical 
maximum packing fraction of randomly oriented spheres ϕ0.

To test the generality of the results, experiments were 
done with other kinds of fibers, in shape and nature, with 
rodlike PVA fibers. Fibers of diameter 38 μm and length of 
8 mm have theoretical maximum packing fractions ϕ0 of 
1.9%v and 2.5%v, calculated with Eq. (5) and with a k-factor 
of 4 and 5.3, respectively. The shear stress evolution as a 
function of the shear rate in the mortar matrix is represented 
in Fig. 9 (left), and the measured yield stress is plotted as a 
function of the volume fraction of the PVA fibers in Fig. 9 
(right).

The fitting of the rheological measurements with Eq. (9) 
(Fig. 9) allows the determination of the experimental crit-
ical volume fraction, which is approximately ϕm = 2.1%v, 
in between the calculated values of the maximum packing 
fractions of 1.9%v and 2.5%v. The results obtained with the 
rodlike fibers are then in the range of the values obtained 
with Eq. (5), confirming the generality of the results.

Fig. 8—(Left) Evolution of yield-stress increases τ(ϕ) – τ(0) as function of L30 fiber concentration ϕ. Data have been fitted 
using Eq. (11) with τ* = 18.3 Pa and ϕm = 1.2%v. (Right) Calculated value ϕ0 as function of value deduced from rheological 
measurement ϕm for all fibers tested. Dotted line is linear fit of data.

Fig. 9—(Left) Shear stress as function of shear rate for reference mortar made at different concentrations of PVA fibers, from 
bottom to top: ϕ = 0, 0.2, 0.4, 0.6, 0.8, 1, 1.2, and 1.4%v; and (right) evolution of yield-stress increases τ(ϕ) – τ(0) as function 
of PVA fiber concentration ϕ. Points are extrapolated from experimental data and dotted line from Eq. (11) with τ* of 70 Pa 
and ϕm of 2.1%.
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Strength-rheology relationship
The data of Fig. 5, 8, and 9 show that both the yield stress 

τy and the critical flexural strength σf start to increase dras-
tically around the same volume fraction (ϕ = 0.4%v for the 
L30 fibers). This observation could be a hint that each effect 
arises from the same phenomenon, which is the outbreak 
of a fiber network within the mortar sample. To check the 
similitude between those and make the correlation between 
the rheological and mechanical properties, the normalized 
structural strength (σf (ϕ)/σf (0) – 1) and the normalized yield 
stress (τf (ϕ)/τf (0) – 1) are represented as a function of the 
ratio between the volume fraction and the maximum packing 
ϕm calculated from Eq. (5). The results displayed in Fig. 10 
show that a similar evolution is observed for both the yield 
stress and the flexural properties as a function of the ratio 
between the solid volume fraction and critical volume frac-
tion. A factor of 10 between the scale for the normalized 
structural strength and the yield stress is observed, meaning 
that the impact of the relative slope is, therefore, different. 
This result highlights another remark previously made: the 
maximum packing fraction deduced from the rheological 
data using Eq. (11) is always lower than the calculated value 
from Eq. (5), as can be observed in Fig. 8 (right).

Experimentally, it was nearly impossible to mix and 
reach fiber volume fractions larger than 0.4ϕ/ϕ0, while it is 
very easy to prepare hard-sphere suspension up to 0.9ϕ/ϕ0. 
This could be an argument to advance that the value of the 
maximum packing deduced from the experimental rheolog-
ical measurement is closer to the true maximum packing 
fraction of fibers. Thus, the minimum fiber concentration 
to trigger their effect can be explained by the theory30 that 
has been verified in the experiments: both effects are trig-
gered when ϕ/ϕ0 ≈ 0.15, which corresponds to the transition 

between the semi-dilute to the entangled regimes represented 
in Fig. 3. The prediction of the maximum packing fraction 
of fibers is incorrect because of the modeling of the fibers, 
which are rectangular cuboids, by rodlike objects, which, 
as a consequence, could overestimate the real maximum 
packing fraction. The factor of three for the fiber diameter, 
obtained between theory and experiment, can be explained 
with an orientation of the cuboids, leading to an apparent 
diameter smaller than the one calculated theoretically. The 
rheological experiments thus allow a quick determination of 
the fiber form factor, which is needed to determine its impact 
on the mechanical reinforcement.

CONCLUSIONS
In this paper, the impact of the addition of metallic fibers 

on both the flexural properties and the rheological proper-
ties of a mortar were studied. It was shown experimentally 
that below a critical concentration, which is only a function 
of the fiber geometry and defined as the transition between 
the semi-dilute and entangled regimes, the addition of fibers 
does not have any significant effect on the improvement of 
flexural strength. These results were explained by the fact 
that this critical concentration corresponds to the begin-
ning of an organized network of fibers. Above this critical 
concentration, both the flexural strength and the yield stress 
of the fiber-reinforced mortar increase quickly and similarly 
with the fiber concentration, making the link between flex-
ural properties and rheological properties. No correlation 
could be made with the plastic viscosity, as the effect of fiber 
addition is lower at a high shear rate due to their trend to 
align with the flow but also on the impact of the fibers on the 
shear thinning of the constitutive paste matrix.

The flexural strength and yield stress increase in parallel 
as they appear to arise from a common phenomenon based 
only on the form factor of the fibers. This correlation allows 
the choosing of the optimal fiber aspect ratio, allowing a 
quantitative extrapolation and estimation of the flexural 
properties from the measurement of the yield stress by the 
calculation of the maximum solid fraction, which is a func-
tion of the fiber form factors. The theory was tested with 
polyvinyl alcohol (PVA) fibers, which have different chem-
istry and form factors than metal fibers. The maximum 
packing fractions calculated from the form factor are near 
the value obtained from the evolution of the yield stress as 
a function of the fiber volume fraction. Those results could 
be interesting to ease the formulation of fiber-reinforced 
mortars as one can calculate the minimum concentration 
required to improve mechanical properties directly from 
rheological measurements. This work demonstrates that 
simple rheological measurements can be performed early to 
predict and optimize the flexural strength of fiber-reinforced 
mortar. Further work performed on concrete and highly flex-
ible fiber would allow the generalization of this theory on a 
more global use of fibers for concrete.
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NOTATION
A	 =	 prism width equal to 40 mm
B	 =	 constant for hard-sphere model of Maron-Pierce,41 equal to 2.5
c	 =	 fiber number concentration by unit volume
d	 =	 thickness of fiber
de	 =	 equivalent diameter of fiber corresponding to circular section
Fc	 =	 critical factor
Fc	 =	 maximum flexion force at failure for prism
Fd	 =	 density factor
FF	 =	 fiber factor
F(δ)	 =	 force applied at given displacement
K	 =	 consistency index
k	 =	 numerical prefactor30 for calculation of maximum fiber packing 

fraction
kexp	 =	 experimental numerical prefactor k equal to 5.3
kth	 =	 theoretical numerical prefactor k equal to 4
L	 =	 prism length equal to 160 mm and section width equal to 40 mm
l	 =	 equivalent length of fiber
n	 =	 flow index
U	 =	 toughness of prism, which is energy material can absorb by 

deforming plastically before its rupture
w	 =	 width of fiber
δ	 =	 displacement or deformation of prism
ϕ	 =	 fiber volume fraction
ϕc	 =	 fiber volume fraction at dilute/semi-dilute transition
ϕm	 =	 volume fraction corresponding to divergence of viscosity
ϕ0	 =	 fiber volume fraction at semi-dilute/tangle transition
	 =	 shear rate
η	 =	 viscosity of suspension with or without fiber
η0	 =	 Newtonian fluid of viscosity
σf	 =	 critical flexural strength
τ	 =	 shear stress
τ*	 =	 shear stress constant
τy	 =	 yield stress
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As one of the key factors influencing the hydration process, as 
well as the microstructure formation and evolution of ultra-high- 
performance concrete (UHPC), the action mechanism of different 
curing regimes have been studied to some extent. However, the 
current knowledge of the underlying mechanisms that control the 
different effects of different curing regimes is limited. In this study, 
the composition of hydration products, micromorphology, and 
migration and evolution of aluminum-phase hydration products 
of UHPC under three combined curing regimes (standard curing, 
steam curing + standard curing, and autoclave curing + standard 
curing) were investigated in depth. Micromorphology observation 
shows that heat treatment promoted the formation of higher-stiff-
ness hydration products (tobermorite and xonotlite) in UHPC, and 
the higher the polymerization degree, the higher the Si/Ca ratio of 
the hydration product. Meanwhile, 29Si and 27Al nuclear magnetic 
resonance (NMR) spectroscopy shows that specimens with higher 
strength had higher Al[4]/Si and a lower amount of ettringite and 
AFm at the early curing stage. The elevated curing temperature 
reduced the formation of ettringite and AFm and allowed more 
Al3+ to replace Si4+ into the structure and interlayer of the calcium- 
(alumino)silicate-hydrate (C-(A)-S-H) gel, which increased the 
mean chain length (MCL) and polymerization degree of the 
C-(A)-S-H gel. However, the polymerization effect of Al ions is 
limited, so the provision of the silicon source to improve the Si/Ca 
ratio of the system is important.

Keywords: calcium-(alumino)silicate-hydrate (C-(A)-S-H) gel; curing 
regime; nuclear magnetic resonance (NMR) spectroscopy; microstructure; 
ultra-high-performance concrete (UHPC).

INTRODUCTION
Ultra-high-performance concrete (UHPC) has been used 

in various construction applications because of its excellent 
permeability resistance, outstanding mechanical proper-
ties as well as durability, and superior ductility.1-4 In bridge 
engineering, compared with ordinary concrete construction, 
UHPC could significantly reduce the volume and weight of 
piers, bridge girders, and other construction products and 
save a large amount of natural material.5 However, due to the 
large amount of cementitious materials, low water-cement 
ratio, and compact design of UHPC, mineral admixtures 
with low reaction activity do not react immediately well in 
UHPC. Accordingly, the mechanical strength gain rate and 
hardening process of UHPC with standard curing are slow, 
which restricts the production rate construction activities 
and precast industries. Customized autoclaves are usually 
used for heat treatment in the factory production process. 
Although heat treatments such as autoclaved curing and 

steam curing have the disadvantage of limitation of spec-
imen scale and the high cost of curing plant, heat treatment 
is essential to ensure the quality of products and improve 
production efficiency.6-8 It was found that the heat treatment 
process in the production of precast UHPC products can 
greatly improve their early strength and volume stability.9,10

To provide guidance for the choice of appropriate curing 
regime and enhance the mechanical performance of UHPC, 
it is profound to study the influence of different curing 
regimes on the microstructure and hydration process of 
UHPC. The mechanisms of standard curing, steam curing, 
and autoclave curing, as the most commonly used curing 
regimes, have been studied in previous papers.11-13 Shen 
et al.14 investigated the effect of standard curing, steam 
curing, and autoclave curing on the mechanical proper-
ties and microstructure of UHPC. The results show that 
heat treatment could promote the generation of additional 
hydration products in UHPC. When the curing temperature 
reaches 90°C, the added silica fume/quartz powder could 
participate in the reaction with cementitious material in 
UHPC and generate fibrous or foiled tobermorite.14,15 On 
continued increase of the curing temperature and pressure 
to 210°C and 2 MPa, respectively, the formed tobermorite 
(Ca4+x(H2-2xSi6O17)·5H2O)) is transformed into xonotlite 
(Ca6(Si6O17)(OH)2).11,16 However, the improved proper-
ties could not be obtained by simply prolonging the curing 
time and increasing the curing temperature. Higher curing 
temperature would harm the strength of UHPC at a later 
age.17 Helmi et al.18 found that heat curing alone (240°C) 
could accelerate the propagation of microcracks, which 
would make the 28-day compressive strength 5% lower than 
the 7-day compressive strength. Yazıcı et al.19 also studied 
the effect of different curing conditions on UHPC, and the 
results show that curing temperature, pressure, and dura-
tion are all significant in the design of the curing regime. 
There was a specific curing time for each temperature and 
pressure. While the duration of heat treatment was short, the 
high-stiffness hydration product (such as tobermorite) was 
unstable. However, too long a curing time also had a nega-
tive influence due to the excessive crystallization. Moreover, 
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the researches19-21 found that an increase of curing pressure 
is helpful to improve the polymerization degree of hydra-
tion products and reduce curing time. Tobermorite could be 
detected at 6 hours of autoclaving at 1, 2, and 3 MPa and 
10 hours of autoclaving at 0.5, 1, and 1.5 MPa. Although pres-
sure treatment could result in an increase of specific gravity, 
the pressurization of entrapped air voids would promote the 
propagation of microcracks and reduce the strength. The 
Ca/Si ratio of calcium-silicate-hydrate (C-S-H) gel could 
reflect the polymerization degree of C-S-H gel in UHPC to 
some extent and evaluate the curing time of different curing 
regimes.22,23 The Ca/Si ratio of C-S-H gel is usually between 
0.8 and 2.5. When the Ca/Si ratio of the C-S-H structure 
reaches 0.8 to 1.0, C-S-H gel of this composition tends to 
convert to tobermorite first at temperatures between 100 and 
200°C, and then to xonotlite at temperatures between 200 
and 250°C.14,19,24 To improve the polymerization degree of 
UHPC, the provision of an external silicon source is also 
important in the hydration process.16 C3S and C2S could only 
convert to α-dicalcium silicate in the absence of silica fume/
quartz powder (external SiO2). Due to the higher porosity 
and smaller volume of α-dicalcium silicate, it is harmful to 
the strength of UHPC.

Generally, the evolution mechanism of hydration prod-
ucts in UHPC is shown in the schematic diagram in Fig. 1. 
Heat treatment promotes Al3+ to replace Si4+ in bridge sites 
of the silicate chains of C-S-H gel, which increases the mean 
chain length (MCL) and polymerization of silicate chains. 
The most predominant silicate chains in C-S-H gel transform 
from dimers to pentamers.25,26 Before the formation of tober-
morite, intermediate products such as C-S-H (I), C-S-H (II), 
and α-C2SH are formed, which are harmful to the mechan-
ical strength of UHPC due to their porous structures. With 
the increase in curing temperature and pressure, the pozzo-
lanic reaction of the silicon source is intensified, and more 
Si4+ is released. The depolymerized Si4+ helps to convert the 
intermediate products into higher-stiffness hydration products 
(such as tobermorite and xonotlite).27 The average stiffness of 
tobermorite and xonotlite are 77 and 106 GPa, respectively, 
which is much higher than that of C-S-H.14,24 The higher stiff-
ness of hydration products is beneficial to the improvement 
of mechanical properties of UHPC. Moreover, compared 

with intermediate hydration products, the tobermorite/ 
xonotlite phase formed from the pozzolanic reaction has larger 
structural volume.19 The pore-filling effect by tobermorite/
xonotlite could reduce the porosity and drying shrinkage of 
UHPC and improve its compressive strength and resistance to 
chemical attack. As a result, although the role of curing pres-
sure cannot be ignored, the enhancement effect of different 
curing regimes on the mechanical properties of UHPC is 
related to curing temperature.14,28

Many previous studies have shown the change of mechan-
ical performance, microstructure, and hydration process of 
UHPC under different curing regimes. The reasons for the 
improvement of the mechanical properties of UHPC have 
been investigated from the perspective of microstructure. 
However, the current knowledge of the underlying mecha-
nisms of long-term microstructural change with combined 
curing regimes is still limited. Presently, there are many 
researches on the difference between standard curing, steam 
curing, and water curing. There is little deep analysis of 
the composition of hydration products, C-S-H gel micro-
structure, and migration and evolution of aluminum-phase 
hydration products of cement/silica fume-quartz powder 
system UHPC under three curing regimes (standard curing 
at 20°C, steam curing at 90°C, and pressure steam curing 
at 210°C and 2  MPa). Therefore, it is necessary to pay 
attention to the study of the microstructural change behind 
different combined curing regimes. In this study, three 
types of typical combined curing regimes (standard curing, 
steam curing + standard curing, and autoclave curing + 
standard curing) were performed on UHPC specimens. The 
mechanical properties, microstructure, and the difference in 
improvement of three combined curing regimes were inves-
tigated. The microstructure development as well as migra-
tion and evolution of aluminum-phase hydration products of 
UHPC with different curing regimes is the research focus 
of this paper. The mechanical properties were characterized 
by testing the compressive strength of samples of different 
ages. Meanwhile, X-ray diffraction (XRD) and scanning 
electron microscopy (SEM) were used to investigate the 
hydration product and microstructure of specimen. The 
migration and evolution of Si and Al ions in UHPC were 
determined by 29Si nuclear magnetic resonance (NMR) and 

Fig. 1—Schematic diagram of hydration products’ changes in UHPC under heat treatment.



117ACI Materials Journal/March 2024

27Al NMR spectroscopy, and the following main parameters 
were obtained: hydration degree of cement and silica fume/
quartz powder, MCL, Al[4]/Si ratio.

RESEARCH SIGNIFICANCE
In this study, the composition of hydration prod-

ucts, micromorphology, and migration and evolution of  
aluminum-phase hydration products of UHPC under three 
combined curing regimes (standard curing, steam curing + 
standard curing, and autoclave curing + standard curing) 
were investigated in depth. By analyzing the underlying 
mechanism that controls the different effects of different 
curing regimes, it is expected to provide a reference for the 
selection of UHPC curing system. Moreover, it also provides 
a theoretical basis for the application of UHPC and further 
study of hydration reaction of UHPC.

MATERIALS AND EXPERIMENTAL 
METHODOLOGY

Materials
Raw materials—Portland cement (P.I 52.5) and mineral 

admixtures (silica fume and quartz powder) used in this 
study are all produced by domestic manufacturers. The 
specific surface area of silica fume and quartz powder were 
19,500 and 445 m2/kg, respectively. The chemical composi-
tion of portland cement, silica fume, and quartz powder are 
all shown in Table 1. Fine river sand with a fineness modulus 
of 1.87, derived from Yueyang Dongting Lake Yellow Sand, 
was used as aggregate in UHPC. Moreover, high-range 
water-reducing admixture (HRWRA) (water-reducing ratio 
of 30%, solid content of 20%), steel fiber (length = 13 mm, 
diameter = 0.18 mm, modulus of elasticity = 200 GPa) were 
also used. Tap water was used for mortar preparation and 
deionized water was used for UHPC paste preparation.

Mixture proportion—The main mixture proportion of 
UHPC analyzed in this study for investigation is shown in 
Table 2.

Specimen preparation
Mortar preparation—Fine river sand, cementitious mate-

rial, and mineral admixture were first added into the dry 
mixer and mixed for 1 minute. Then, the mixture was mixed 
with water and HRWRA for 4 minutes. Finally, steel fiber 
was slowly added into and mixed together for 3 minutes. The 
prepared mortar was placed in a 40 x 40 x 160 mm mold. 

After being vibrated and smoothed to shape, the molds were 
covered with impermeable film in the standard environment 
for 24 hours.

Paste preparation—First, cement and mineral admixture 
were added into a dry mixer and mixed for 1 minute. Then the 
water and HRWRA were added together and continued to be 
stirred for more than 4 minutes. Finally, the prepared paste was 
placed into a ϕ10 x 50 mm plastic pipe. After standard curing 
for 24 hours, the specimens were detached from the mold.

Curing regimes
Three types of curing regimes, shown in Fig. 2, were used 

in this study. The curing temperature, curing pressure, and 
curing time are found in the references.14,17,19,29,30

Standard curing—The specimens detached from the mold 
were cured under the standard environment (20 ± 3°C, rela-
tive humidity > 95%) to the corresponding curing age.

Steam curing—The specimens detached from the mold 
were first moved into a rapid concrete curing box (constant 
temperature: 90°C, heating rate: 10°C/h) and cured at 90°C 
for 48 hours. After natural cooling, the specimens were 
moved into standard curing environment and cured until the 
test curing age (3, 7, and 28 days).

Autoclave curing—The specimens detached from the 
mold were first moved into the autoclave (constant tempera-
ture: 210°C, pressure: 2 MPa, temperature and pressure 
reached within 2.5 hours) and cured under 210°C, 2 MPa 
condition for 8 hours. After natural cooling, the specimens 
were moved to the standard curing environment and cured to 
the corresponding test age.

Table 1—Mixture proportions of cement, silica fume, and quartz powder

Constituent, wt% SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O LOI

Cement 20.87 4.87 3.59 64.47 2.13 2.52 0.65 0.11 0.79

Silica fume 96.34 0.61 0.16 0.54 0.25 0.13 0.21 0.008 1.68

Quartz powder 98.75 0.73 0.11 0.06 — — 0.16 — 0.19

Note: LOI is loss on ignition.

Table 2—Mixture proportions of UHPC, kg/m3

Cement
Silica 
fume

Quartz 
powder

River 
sand

Steel 
fiber Water HRWRA

880 265 325 1030 158 264 44.9

Fig. 2—Different curing regimes of UHPC.
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EXPERIMENTAL METHODOLOGY
Mechanical properties

According to GB/T 50081-2019, the mechanical strength 
of specimens was tested at specific curing ages. There are 
three samples in each group, and the average value is calcu-
lated after testing the compressive strength.

X-ray diffraction analysis
In aspect to the treatment of test samples, the ϕ10 x 50 mm 

specimens cured to the specific curing age were processed 
through the following steps: 1) the specimens were cracked 
to a particle size of approximately 2 to 3 mm granular samples 
and soaked in anhydrous ethanol solution to terminate 
hydration; and 2) the no-longer-hydrated granular samples 
were dried at 40°C under vacuum for 2 hours, then ground 
and passed through a mesh sieve. The crystal structures and 
phase composition of specimens obtained through the afore-
mentioned steps were tested by a diffractometer with CuKα1 
radiation. The test was carried out using a 2θ angle range of 
5 to 70 degrees with a step size of 0.02 degrees. The scan-
ning speed of the test ws 5 deg/min.

Scanning electron microscopy (SEM)
The no-longer-hydrated granular samples, obtained 

through the steps mentioned previously, were used as test 
samples. A field-emission environmental scanning electron 
microscope was used to characterize the microstructure and 
micromorphology of the specimens. Moreover, an X-ray 
energy spectrometer (EDS) was also used to analyze the 
microzone composition of the samples.

Nuclear magnetic resonance (NMR) spectroscopy
The samples used in 29Si NMR and 27Al NMR were the 

same as those used in XRD analysis. The magic-angle rota-
tion speeds were 8 and 12 kHz. The resonant frequencies of 
29Si and 27Al were 79.3 and 104 MHz, the pulse widths were 
4.0 and 0.5 µs, and the number of scans were all 12,000. 
The relative intensity values (I) of characteristic peaks of 
29Si NMR and 27Al NMR spectra were calculated through 
PeakFit software. Meanwhile, the obtained relative intensity 
values (I) could be further calculated, according to Eq. (1) to 
(4), to obtain the hydration degree, the MCL of silicate chains 
in calcium (alumino)silicate hydrate (C-(A)-S-H) gels, and 
the degree of Al3+ substitution for Si4+ (Al[4]/Si)31-33

	 αC = 1 – I(Q0)/I0(Q0)	 (1)

	 αSF+Q = 1 – I(Q3 + Q4)/I0(Q3 + Q4)	 (2)

	 MCL = 2[I(Q1) + I(Q2) + 1.5Q2(1Al)]/I(Q1)	 (3)

	Al[4]/Si = 0.5I(Q2(1Al))/[I(Q1) + I(Q2(0Al)) + I(Q2(1Al))] 
		  (4)

where αC and αSF+Q denote the hydration degree of cement 
and the hydration degree of silica fume/quartz powder in 
UHPC, respectively; I0(Q0) denotes the relative intensity 
of the Q0 integral area in the cement when the cementitious 
material of UHPC is unhydrated; I(Q0) denotes the relative 

intensity of the Q0 integral area of residual unhydrated 
cement in the hardened paste; I0(Q4) and I(Q4) denote the 
relative intensity of the Q4 integrated area in the unhydrated 
silica fume/quartz powder and the hardened paste, respec-
tively; and I(Q1), I(Q2), and I(Q2(1Al)) denote the relative 
intensities of the Q1, Q2, and Q2(1Al) integrated areas in the 
hardened paste, respectively.

EXPERIMENTAL RESULTS AND DISCUSSION
Effect of curing regimes on mechanical properties 
of UHPC

Figure 3 shows the compressive strength and flexural 
strength of UHPC cured to 3, 28, and 180 days under three 
different curing regimes (standard curing, steam curing at 
90°C, and autoclave curing at 210°C and 2 MPa).

From Fig. 3, it can be seen that the compressive and flex-
ural strength of specimens increased with the increase of 
curing temperature at the same curing age. Compared with 
that of specimens with standard curing, the 3-day compres-
sive strength of specimens with steam curing and autoclave 
curing increased by 30.69% and 56.44%, respectively, and 
the 3-day flexural strength of specimens with steam curing 
and autoclave curing increased by 26.64% and 46.73%, 
respectively. When the curing age reached 180 days, the 
compressive strength of specimens with steam curing and 

Fig. 3—Mechanical properties of UHPC under different 
curing regimes.
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autoclave curing increased by 9.03% and 18.06%, respec-
tively, and the flexural strength increased by 4.63% and 
18.83%, respectively. This phenomenon could be attributed 
to the fact that the high temperature and pressure of curing 
regimes promoted the hydration of cement and pozzolanic 
reaction of silica fume/quartz powder. The higher hydration 
degree resulted in more hydration products and a higher 
crystallization degree, which improved the mechanical 
performance of UHPC.12 Moreover, it can also be found 
that the strength growth rate with the increased curing age 
for different curing regimes is: standard curing > steam 
curing > autoclave curing. This may be attributed to the fact 
that for the standard curing samples, the hydration process 
of cement and mineral admixtures is a long-term and slow 
process. Although the amount of early hydration products 
is relatively small and the porosity is large, the hydration 
products and the compactness continue to increase with 
the increase of the age, which made the mechanical prop-
erties improve greatly in the later stage. For the steam and 
autoclave curing specimens, heat treatment increased the 
hydration degree of cement and silica fume/quartz powder 
in the early curing age. A large amount of formed hydration 
products built around the cementitious material, affecting 
the diffusion process of subsequent hydration and resulting 
in reduced increase in compressive strength and flexural 
strength in later stages.12

Phase composition
The XRD patterns of specimens under three different 

curing regimes are shown in Fig. 4. As can be seen from 
Fig. 4(a), under the standard curing regime, the hydration 
products of specimens at different curing ages all mainly 
contained ettringite, Ca(OH)2, and unhydrated C3S and 
β-C2S phases. With the extension of the curing age, the 
diffraction peak intensity of C3S and β-C2S phases gradually 
decreased and were consumed in the process of hydration. 
Meanwhile, the Ca(OH)2 content also decreased with the 
extension of curing age, which could be attributed to the fact 
that Ca(OH)2 generated by cement hydration was consumed 
by the pozzolanic reaction of silica fume/quartz powder in 
the specimen. However, no matter how long the curing age, 
the diffraction peak intensity of ettringite (AFt) was always 
in a low state, which is the same as in previous studies.16,34 
This may be due to the fact that the dense structure of UHPC 
influenced the growth of AFt.

From Fig. 4(b) and (c), it can be seen that the varied 
patterns of hydration products of UHPC under different 
curing regimes are similar. Compared with specimens under 
standard curing regimes, the intensity of diffraction peaks of 
AFt and Ca(OH)2 decreased significantly with the increase of 
curing temperature and pressure. When the curing tempera-
ture and pressure reached 210°C and 2 MPa, the presence of 
both AFt and Ca(OH)2 was no longer detected in the XRD 
pattern. This is because high temperature and high pressure 
could not only effectively promote the hydration of cement 
and the pozzolanic reaction in UHPC, but also made AFt 
decompose and convert to other phases.35 Moreover, it can 
be seen that there is another peak of tobermorite (T) in the 
XRD pattern of the autoclave curing specimens, which does 

not appear in the XRD pattern of the standard curing speci-
mens and steam curing specimens. As mentioned in peer liter-
ature,14,18 this phenomenon could be attributed to the fact that 
the high curing temperature and pressure of autoclaved curing 
involved more Al3+, as well as Si4+, in the silicate chain and 
improved the polymerization degree of the hydration product 
(tobermorite). The high packing density and stiffness of tober-
morite could also explain the higher compressive strength of 
autoclaved cured samples to some extent.

Micromorphology
The microstructure of specimens cured under three different 

curing regimes are shown in Fig. 5. It can be seen from 

Fig. 4—XRD patterns of specimens under different curing 
regimes.
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Fig. 5(a) that there was a large amount of portlandite as well 
as needle-like AFt in the sample standard cured for 180 days. 
When the curing temperature increased to 90°C, the amount 
of portlandite and AFt gradually decreased. This phenomenon 
is the same as described in the “Phase composition” section, 
which confirms that the steam curing regime promoted the 
hydration reaction in UHPC. When the curing temperature 
and curing pressure increased further to 210°C and 2 MPa, 
respectively, the portlandite content is further reduced. Needle-
size tobermorite began to appear in the micromorphology of 
UHPC. Moreover, some xonotlite particles transformed from 

tobermorite can even be observed in the SEM image. This can 
verify that high curing temperature increased the crystalliza-
tion and polymerization of the gel.

From the EDS spectra of specimens under the different 
curing regimes, it can be found that the Si/Ca ratio of needle 
hydration products at point 1 and point 3 is approximately 
0.70, which is ettringite, and the Si/Ca ratio of needle hydra-
tion products increased to 1.81 for the specimen with auto-
clave curing.11,36 This phenomenon clarifies that: 1) higher 
curing temperature enhanced the pozzolanic reaction of 
silica fume/quartz powder, which provided more Si4+ for the 

Fig. 5—SEM-EDS spot analysis of UHPC under different curing regimes.
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formation of C-S-H gel and increased the Si/Ca ratio as well 
as the polymerization degree of the gel; and 2) a high Si/
Ca ratio is necessary to improve the polymerization degree 
of hydration products, which could promote Al3+ incorpora-
tion into C-S-H gel and increase the MCL.37 Generally, the 
autoclave curing regime promoted the pozzolanic reaction 
of silica fume/quartz powder in specimens, which incor-
porated more Si4+ in the gel structure and formed higher- 
stiffness hydration products (such as tobermorite and 
xonotlite).38

29Si NMR
To characterize the hydration degree of specimens with 

different curing regimes, 29Si NMR was used in this paper. 
Meanwhile, to analyze the 29Si NMR spectra more accu-
rately, 29Si NMR was also performed on the raw cemen-
titious material. As shown in Fig. 6 and 7, the 29Si NMR 
spectra of different specimens are carried on according to the 
Qn-Quotation, where Q represents the silicon-oxygen tetra-
hedron unit and n represents the degree of connectivity. The 
resonance peak Q0, located at –71.0 ppm, corresponds to 
tricalcium silicate and dicalcium silicate in the cement. The 
amorphous SiO2 in the silica fume/quartz powder exhibits 
Q4 at approximately –110.5 ppm. Q0(H) represents the 
hydrated silicon-oxygen tetrahedral monomer, displaying 
peak at approximately –75.7 ppm. The C-S-H phase pres-
ents Q1, Q2(1Al), Q2B, and Q2P units from its chain struc-
ture at approximately –78.7, –80.1, –82.2, and –84.2 ppm, 
respectively. Q1, Q2B, Q2P, and Q2(1Al) denote the silicate 
tetrahedra in the C-(A)-S-H gel chain terminals, chain 
bridging places, and paired sites with an aluminate tetrahe-
dron coordination.27

The deconvolution results of specimens with different 
curing regimes are shown in Table 3. Combined with Fig. 7, it 
can be seen that under the same curing age, the relative strength 
value of Q0 and Q1 of different curing regimes shows the trend 
that autoclave curing < steam curing < standard curing. C-S-H 
gel under standard curing mainly exists as dimer (Q1),39,40 
as shown in Fig. 8. With the increase of curing temperature 
and pressure, the ion diffusion rate of cementitious mate-
rials during hydration was improved, which promoted the 

hydration kinetics of cement and silica fume/quartz powder. 
Thus, the relative strength value of Q0 and Q4 in the speci-
mens decreased and more Al3+ and Si4+ worked as bridging 
tetrahedra between silicate units. AlO4 and SiO4 bridging 
tetrahedra increased the MCL and polymerization degree of 
C-S-H gel,40 which could be verified by the decreased relative 

Fig. 6—29Si NMR spectra of cementitious material.

Fig. 7—29Si NMR spectra of UHPC under different curing 
regimes.
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strength value of Q1. Moreover, from Table 3, it can also be 
seen that the change trend of Q2(1Al), Q2B, and Q2P units of 
different curing regimes is contrary to that of Q0, Q1, and Q4, 
which could be attributed to the fact that Q2(1Al), Q2B, and 
Q2P were transformed from Q0, Q1, and Q4. Thus, the higher 
relative strength value of Q1, Q2(1Al), Q2B, and Q2P signify the 
presence of a higher amount of C-S-H gel and crystal hydra-
tion products in the specimens with autoclave curing and 
steam curing. For further discussion, the hydration degree of 
cement (αC), hydration degree of silica fume + quartz powder 
(αSF+Q), MCL, and ratio of tetracoordinated aluminum to 
silicon (Al/Si) of the specimens with different curing regimes 
are calculated and listed in Table 3.

Hydration degree—From Table 3, it can be found that the 
αC of the specimens with autoclave curing is 51.0% at 3 days, 
55.8% at 28 days, and 62.6% at 180 days, which is much 
higher than those of the specimens with standard curing and 

steam curing at the same curing age. Meanwhile, it can be 
seen that the αSF+Q of specimens with different curing regimes 
show the same change trend. Thus, it confirmed that the 
increased curing temperature and the exerted curing pressure 
promoted the hydration kinetics of cement and silica fume/
quartz powder. However, it could also be seen from Table 3 
that the αC and αSF+Q long-term growth rate of the specimen 
with autoclave curing was slower than those of the other 
curing regimes. When the curing age of the autoclave curing 
specimens increased from 3 to 180 days, the growth rates of 
αC and αSF+Q were only 9.8% and 13.7%, respectively, which 
is the same with the change trend of compressive strength. 
This may be attributed to the fact that the formation of a large 
amount of hydration products wrapped around the cementi-
tious particles impeded the diffusion of ions and affected the 
subsequent hydration of the cement. The lower the amount 
of Ca(OH)2 generated from the hydration of cement, the 

Table 3—Deconvolution results of 29Si NMR spectra

Curing 
regimes

Curing 
age, days

Relative strength value of Qn, %

αC, % αSF+Q, % MCL Al[4]/SiQ0 Q0(H) Q1 Q2(1Al) Q2B Q2P Q4

Standard 
curing

3 44.3 1.0 19.6 0 2.5 5.0 36.6 28.5 3.6 2.8 0

28 33.1 3.3 19.8 1.8 3.1 6.3 32.6 46.6 14.2 3.2 0.03

180 30.1 5.2 19.4 3.4 3.9 7.8 29.8 51.5 21.6 3.7 0.05

Steam curing

3 36.5 8.7 12.9 11.9 4.1 8.1 27.3 41.1 28.2 6.5 0.16

28 31.6 6.6 12.2 8.5 5.3 10.6 25.2 49.0 33.7 6.7 0.11

180 27.9 5.7 11.9 7.3 8.2 16.4 22.6 55 40.5 8.0 0.08

Autoclave 
curing

3 27.3 1.5 12.7 18.2 9.2 18.4 13.6 57.4 64.2 10.3 0.16

28 26.4 1.0 12.0 14.2 12.8 25.6 10.7 61.8 71.8 12.0 0.11

180 20.3 0.8 11.8 13.4 15.1 30.2 8.4 67.2 77.9 13.1 0.10

Fig. 8—Variation of silicate chain with increased curing temperature.
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lower the hydration degree of silica fume/quartz powder. 
Thus, the strength growth at later stages was slowed down. 
Accordingly, it could be concluded that the increased curing 
temperature and pressure promote the hydration reaction of 
cement and silica fume/quartz powder at the early stage, but 
had a negative effect on the long-term hydration process.

MCL—It can be found from Table 3 that the MCL of the 
specimens with standard curing, steam curing, and autoclave 
curing at 3 days’ curing age are 2.5, 4.1, and 9.2, respectively. 
As shown in peer literature,40,41 the MCL of the specimens 
with standard curing is small, which confirms that the silicate 
chain in traditional cement-based material is mainly dimer. 
Meanwhile, according to the linear relationship between 
MCL and curing temperature, it can also be concluded that a 
higher curing temperature could promote more Al3+ and Si4+ 
working as bridging tetrahedra between silicate units and 
increase the MCL of the specimens, as depicted in Fig. 9. 
Moreover, from Table 3, it can also be seen that the MCL 
of specimens with different curing regimes all increased 
with curing age. When the curing age reached 180 days, the 
MCL of specimens with standard curing, steam curing, and 
autoclave curing are 3.9, 8.2, and 15.1, respectively. This 
phenomenon confirms that although a longer curing age 
could increase the hydration and polymerization degree of 
hydration products, the MCL of the tested specimens do 
not change greatly, and high-stiffness hydration products 
(such as tobermorite) in the autoclave curing samples did 
not appear in the standard curing samples. This confirms the 
value of heat treatment in UHPC curing.

Al[4]/Si ratio—When the curing age is the same, the rela-
tionship of the Al[4]/Si ratio of different specimens is auto-
clave curing > steam curing > standard curing. Increased 
curing temperature involved more Al3+ in the bridging site of 
the silicate chain, which contributed to the increased MCL. 
Meanwhile, considering that the total amount of aluminum 
ions is constant, this phenomenon could also verify that a higher 
curing temperature decreased the formation of aluminum- 
phase hydration products at the early stage. Although the 
Al[4]/Si ratio of the steam curing specimen at 3 days’ curing 
age is similar to that of the autoclave curing specimen, no 
tobermorite was detected in the steam curing sample. From 
the combined MCL calculation data shown in Table 3, it can 

be inferred that the hydration product with a higher polym-
erization degree in steam curing samples mainly exists in 
intermediate products such as C-S-H(I), C-S-H(II), and 
α-C2SH.41,42 Thus, it can be concluded that although the 
incorporation of Al could extend the MCL of the specimens, 
its function is limited, and the Si/Ca ratio of gel is a neces-
sary condition for further improving the polymerization 
degree of hydration products.

Moreover, it can also be found from Table 3 that apart 
from the specimens with standard curing, the Al[4]/Si 
ratio of specimens with steam curing and autoclave curing 
decreased (from 0.16 at 3 days’ curing age to 0.08 and 0.10 at 
180 days’ curing age). This phenomenon could be attributed 
to the fact that the material containing a large amount of 
active Al3+ (such as C3A) reacted faster in the early reaction 
stage and more Al3+ was released and absorbed into the gel. 
This phenomenon made the Al[4]/Si ratio of specimens with 
steam curing and autoclave curing higher at the early stage. 
With the extension of the curing age, the unhydrated cement 
and active SiO2 in the silica fume/quartz powder continued 
to hydrate and generate increasing amounts of silica-oxygen 
tetrahedra, making the Al[4]/Si of the C-S-H gel lower. As a 
previous study reported,43 the strength of the Si-O-Si bonds 
is higher than those of Si-O-Al and Al-O-Al, which accounts 
for continued growth in long-term strength. Nevertheless, it 
can be concluded that during the early reaction stage, the 
C-S-H gel with higher Al[4]/Si had a higher reaction degree 
and crystallization degree. As the reaction proceeds, more 
Si4+ is involved in the C-S-H gel construction, reducing 
the Al[4]/Si ratio of C-S-H and improving the long-term 
stability of the gel.

27Al NMR
The composition of Al-phase products of different spec-

imen are characterized by the 27Al NMR spectrum to explore 
the effect of different curing regimes on the properties of 
UHPC. Figure 10 shows the 27Al NMR spectra of specimens 
with different curing regimes, and the deconvolution results 
of these specimens are shown in Table 4. The resonance 
peaks, located at 13.1, 9.8, and 3.9 ppm, are attributed to 
AFt (Al[6]-E), AFm (Al[6]-M), and TAH (Al[6]-T), respec-
tively. TAH is an amorphous octahedral coordination alumi-
nate phase in the form of ​​OxAl(OH)​ 6-x​ ​(3+x)​−​​.32,44 The chemical 
shift at 35.4 ppm peak is related to Al[5] in the interlayer 
of C-(A)-S-H gel. The broad resonance centered at approx-
imately 67.2 ppm is attributed to Al[4] in the C-(A)-S-H 
structure. Moreover, the resonance peak Al[4] in the unhy-
drated cement is mainly located at approximately –81.0 ppm. 
Combined with Fig. 10 and Table 4, it can be seen that for 
the specimens with standard curing and steam curing, Al3+ 
is mainly presented as Al[4] in the C-(A)-S-H gel structure. 
Meanwhile, for the autoclave curing specimen at 3 days’ 
curing age, Al[4] and Al[5] reached 51.3 and 6.6, respec-
tively. It manifests that Al3+ began to be present as Al[5] in 
the interlayer of C-(A)-S-H gel, which decreased the layer 
spacing of the gel and balanced the negative charge caused 
by the replacement of Si4+ with Al3+.32,44,45 Accordingly, the 
polymerization degree and crystallization degree of C-S-H 
gel was enhanced, as illustrated in Fig. 8.

Fig. 9—MCL of specimens with different curing regimes.
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From Table 4 and Fig. 10, it can also be seen that for 
the specimens with different curing regimes, the relative 
content of AFt and AFm increased with the rise of curing 
age. However, the relative content of TAH shows a different 
change trend: it decreased with the increase of curing age. 
It could be concluded that with the extension of curing age, 

TAH gradually converted to AFt and AFm. Moreover, as 
shown in Fig. 11, it can be seen that the relative content of 
AFt and AFm at the same curing age decreased with the 
increase of curing temperature. Combined with the increase 
of Al[4] and Al[5], this phenomenon could be attributed 
to the fact that: 1) higher curing temperature affected the 
formation of AFt and AFm; and 2) the higher polymeriza-
tion and crystallization degree of cementitious material 
absorbed large amount of Ca2+ and Al3+ into the gel struc-
ture (Al[4] in aluminum hydration product transformed to 
Al[4] in gel structure). Compared with specimens under the 
standard curing regime, on the basis of no other aluminum 
source material, it can be concluded that Al, Ca, and other 
ions decomposed from AFt are beneficial to the formation 
of hydation products with a higher polymerization degree 
(such as tobermorite or xonotilite).

CONCLUSIONS
A comprehensive investigation was carried out on the 

composition of hydration products, calcium-silicate- 
hydrate (C-S-H) gel microstructure, and migration and 
evolution of aluminum-phase hydration products of cement/
silica fume-quartz powder system ultra-high-performance 
concrete (UHPC) under three curing regimes (standard 
curing at 20°C, steam curing at 90°C, and pressure steam 
curing at 210°C and 2 MPa). The following conclusions 
could be drawn:

1. Heat treatment promotes the hydration of cement and 
pozzolanic reaction of mineral admixtures, which results 
in the improvement of compressive strength and flexural 
strength. The early increase in compressive and flexural 
strength of the specimen with heat treatment was large, and 
the 3-day compressive and flexural strengths of the autoclave 
curing samples were 56.44 and 46.73% higher than those of 
standard curing specimens. However, the large amount of 
formed hydration products affected the further hydration of 
the cementitious material, which slowed down the growth of 
long-term strength.

2. Compared with the hydration products with a low Si/
Ca ratio of standard cured products, the Si/Ca ratio of hydra-
tion specimens and the specimens with autoclave curing was 
increased to 1.81. With the increase of curing temperature 

Fig. 10—27Al NMR spectra of UHPC under different curing 
regimes.

Fig. 11—Volume of ettringite change with curing regime.
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and curing pressure, the polymerization degree of the hydra-
tion products of the samples continued to increase, and more 
silicon and aluminum ions participated in construction of the 
gel structure.

3. The increased curing temperature and pressure resulted 
in the higher degree of hydration. More Si4+ entered as Q1, 
Q2(1Al), Q2B, and Q2P into the C-S-H gel, which is benefi-
cial to the formation of hydration products. Moreover, the 
mean chain length (MCL) and Al[4]/Si of the C-S-H gel also 
increased with the increased curing temperature, implying 
that the increased temperature allows more Al3+ to replace 
Si4+ into the C-S-H gel structure, resulting in growing chain 
length and increased polymerization of the early C-S-H gel. 
However, the polymerization effect of Al ions is limited, so 
the provision of the silicon source to improve the Si/Ca ratio 
of the system is also important.

4. With the increase of curing temperature, Al3+, origi-
nally formed as Al[6] in UHPC, transformed to Al[4] and 
Al[5] in the gel structure. With the extension of curing 
age, more and more Si4+ decomposed from raw material 
and became  involved in the formation of calcium-(alu-
mino)silicate-hydrate (C-(A)-S-H), which resulted in the 
decrease of Al[4]/Si of UHPC. The ever-decreasing Al[4]/
Si (the strength of Si-O-Si is higher that Al-O-Al or Al-O-
Si) explains the long-term increase in mechanical strength 
of UHPC.

AUTHOR BIOS
Hao Qian is a Researcher at Anhui Jianzhu University, Hefei, Anhui, 
China. He received his master’s degree from Nanjing Tech University, 
Nanjing, Jiangsu, China, in 2022. His research interests include three- 
dimensional (3-D) construction printing materials and ultra-high- 
performance concrete.

Gaozhan Zhang is a Professor at Anhui Jianzhu University. He received 
his PhD in materials science from Wuhan University of Technology, Wuhan, 
Hubei, China, in 2017. His research interests include basic theoretical 
research and engineering application research of advanced cementitious 
composites.

Jun Yang is a Lecturer at Anhui Jianzhu University. He received his PhD 
in materials science from Wuhan University of Technology in 2019. His 
research interests include high-performance cement-based materials and 
radiation-resistant concrete.

Qingjun Ding is a Professor at Wuhan University of Technology, where 
he received his PhD in materials science in 2009, and is a member of the 
expert group of the Building Materials Science and Technology Engineering 

Consulting Department of Hubei Science and Technology Consulting 
Service Center.

Chundong Geng is a Researcher at Wuhan University of Technology. His 
research interests include the planning, consulting, survey, and design of 
water conservancy and hydropower projects.

Sudong Hua is a Professor at Nanjing Tech University. His research 
interests include the recycling of industrial solid waste and study of 3-D 
construction printing materials.

ACKNOWLEDGMENTS
Financial support from the National Natural Science Foundation of China 

under Grant U21A20149; the Ecological Environment Scientific Research 
Project of Anhui Province (Grant No. 2023hb0014); the Research Reserve 
of Anhui Jianzhu University under Grant 2022XMK01; and the Excellent 
Scientific Research and Innovation Team in Colleges and Universities of 
Anhui Province under Grant 2022AH010017 is gratefully acknowledged.

REFERENCES
1. Jung, M.; Park, J.-S.; Hong, S.-G.; and Moon, J., “Micro- 

and Meso-Structural Changes on Electrically Cured Ultra-High- 
Performance Fiber-Reinforced Concrete with Dispersed Carbon Nano-
tubes,” Cement and Concrete Research, V. 137, 2020, p. 106214. doi: 
10.1016/j.cemconres.2020.106214

2. Shen, P.; Lu, J.-X.; Lu, L.; He, Y.; Wang, F.; and Hu, S., “An Alter-
native Method for Performance Improvement of Ultra-High-Performance 
Concrete by Internal Curing: Role of Physicochemical Properties of Satu-
rated Lightweight Fine Aggregate,” Construction and Building Materials, 
V. 312, 2021, p. 125373. doi: 10.1016/j.conbuildmat.2021.125373

3. Hannawi, K.; Bian, H.; Prince-Agbodjan, W.; and Raghavan, B., 
“Effect of Different Types of Fibers on the Microstructure and the Mechan-
ical Behavior of Ultra-High-Performance Fiber-Reinforced Concretes,” 
Composites Part B: Engineering, V. 86, 2016, pp. 214-220. doi: 10.1016/j.
compositesb.2015.09.059

4. Yoo, D.-Y., and Yoon, Y.-S., “A Review on Structural Behavior, 
Design, and Application of Ultra-High-Performance Fiber-Reinforced 
Concrete,” International Journal of Concrete Structures and Materials, 
V. 10, No. 2, 2016, pp. 125-142. doi: 10.1007/s40069-016-0143-x

5. Yazıcı, H.; Yardımcı, M. Y.; Aydın, S.; and Karabulut, A. Ş., “Mechan-
ical Properties of Reactive Powder Concrete Containing Mineral Admixtures 
under Different Curing Regimes,” Construction and Building Materials, 
V. 23, No. 3, 2009, pp. 1223-1231. doi: 10.1016/j.conbuildmat.2008.08.003

6. Matte, V., and Moranville, M., “Durability of Reactive Powder 
Composites: Influence of Silica Fume on the Leaching Properties of Very 
Low Water/Binder Pastes,” Cement and Concrete Composites, V. 21, No. 1, 
1999, pp. 1-9. doi: 10.1016/S0958-9465(98)00025-0

7. Yu, R.; Spiesz, P.; and Brouwers, H. J. H., “Mix Design and Prop-
erties Assessment of Ultra-High Performance Fibre Reinforced Concrete 
(UHPFRC),” Cement and Concrete Research, V. 56, 2014, pp. 29-39. doi: 
10.1016/j.cemconres.2013.11.002

8. Heinz, D.; Urbonas, L.; and Gerlicher, T., “Effect of Heat Treatment 
Method on the Properties of UHPC,” 3rd International Symposium on 
UHPC and Nanotechnology for High Performance Construction Materials, 
Kassel University, Kassel, Germany, 2012, pp. 283-290.

Table 4—Deconvolution results of 29Si NMR spectra

Curing regimes Curing age, days

Al3+ relative strength, %

Al[6]-T Al[6]-M Al[6]-E Al[5] Al[4] Al[4] in unhydrated cement

Standard
curing

3 39.3 3.9 9.2 0 22.7 25.1

28 35.1 5.2 10.5 0 28.5 22.2

180 32.2 7.1 11.9 0 34 14.7

Steam
curing

3 42.4 0.8 5.9 0 25.5 17.4

28 39.3 1 6.4 0 29.4 16.4

180 36.9 1.5 7.5 0 31.3 15.8

Autoclave
curing

3 35.7 0.8 0.8 6.6 51.3 4.1

28 27.3 1.2 3.1 7.1 58.6 2.7

180 19.7 1.7 5.9 7.6 66.1 1.1



126 ACI Materials Journal/March 2024

9. Li, W.; Huang, Z.; Hu, G.; Duan, W. H.; and Shah, S. P., “Early-Age 
Shrinkage Development of Ultra-High-Performance Concrete under Heat 
Curing Treatment,” Construction and Building Materials, V. 131, 2017, 
pp. 767-774. doi: 10.1016/j.conbuildmat.2016.11.024

10. Wille, K.; Naaman, A. E.; El-Tawil, S.; and Parra-Montesinos, 
G. J., “Ultra-High-Performance Concrete and Fiber Reinforced Concrete: 
Achieving Strength and Ductility without Heat Curing,” Materials and 
Structures, V. 45, No. 3, 2012, pp. 309-324. doi: 10.1617/s11527-011-9767-0

11. Hiremath, P. N., and Yaragal, S. C., “Effect of Different Curing 
Regimes and Durations on Early Strength Development of Reactive Powder 
Concrete,” Construction and Building Materials, V. 154, 2017, pp. 72-87. 
doi: 10.1016/j.conbuildmat.2017.07.181

12. Prem, P. R.; Bharatkumar, B. H.; and Iyer, N. R., “Influence of 
Curing Regimes on Compressive Strength of Ultra-High-Performance 
Concrete,” Sādhanā, V. 38, No. 6, 2013, pp. 1421-1431. doi: 10.1007/
s12046-013-0159-8

13. Yazıcı, H., “The Effect of Curing Conditions on Compressive 
Strength of Ultra-High Strength Concrete with High Volume Mineral 
Admixtures,” Building and Environment, V. 42, No. 5, 2007, pp. 2083-
2089. doi: 10.1016/j.buildenv.2006.03.013

14. Shen, P.; Lu, L.; He, Y.; Wang, F.; and Hu, S., “The Effect of Curing 
Regimes on the Mechanical Properties, Nano-Mechanical Properties and 
Microstructure of Ultra-High-Performance Concrete,” Cement and Concrete 
Research, V. 118, 2019, pp. 1-13. doi: 10.1016/j.cemconres.2019.01.004

15. Courtial, M.; de Noirfontaine, M.-N.; Dunstetter, F.; Signes-Frehel, 
M.; Mounanga, P.; Cherkaoui, K.; and Khelidj, A., “Effect of Polycar-
boxylate and Crushed Quartz in UHPC: Microstructural Investigation,” 
Construction and Building Materials, V. 44, 2013, pp. 699-705. doi: 
10.1016/j.conbuildmat.2013.03.077

16. Wang, D.; Shi, C.; Wu, Z.; Xiao, J.; Huang, Z.; and Fang, Z., “A 
Review on Ultra-High-Performance Concrete: Part II. Hydration, Micro-
structure and Properties,” Construction and Building Materials, V. 96, 
2015, pp. 368-377. doi: 10.1016/j.conbuildmat.2015.08.095

17. Hamada, H.; Alattar, A.; Tayeh, B.; Yahaya, F.; and Almeshal, I., 
“Influence of Different Curing Methods on the Compressive Strength of 
Ultra-High-Performance Concrete: A Comprehensive Review,” Case 
Studies in Construction Materials, V. 17, 2022, p. e01390. doi: 10.1016/j.
cscm.2022.e01390

18. Helmi, M.; Hall, M. R.; Stevens, L. A.; and Rigby, S. P., “Effects of 
High Pressure/Temperature Curing on Reactive Powder Concrete Micro-
structure Formation,” Construction and Building Materials, V. 105, 2016, 
pp. 554-562. doi: 10.1016/j.conbuildmat.2015.12.147

19. Yazıcı, H.; Deniz, E.; and Baradan, B., “The Effect of Autoclave 
Pressure, Temperature and Duration Time on Mechanical Properties of 
Reactive Powder Concrete,” Construction and Building Materials, V. 42, 
2013, pp. 53-63. doi: 10.1016/j.conbuildmat.2013.01.003

20. Yang, K. H.; Moon, G. D.; and Jeon, Y. S., “Implementing Ternary 
Supplementary Cementing Binder for Reduction of the Heat of Hydration 
of Concrete,” Journal of Cleaner Production, V. 112, 2016, pp. 845-852. 
doi: 10.1016/j.jclepro.2015.06.022

21. Ahmed, S.; Al-Dawood, Z.; Abed, F.; Mannan, M. A.; and Al-Samarai, 
M., “Impact of Using Different Materials, Curing Regimes, and Mixing 
Procedures on Compressive Strength of Reactive Powder Concrete-A 
Review,” Journal of Building Engineering, V. 44, 2021, p.  103238. doi: 
10.1016/j.jobe.2021.103238

22. Zhu, Y.; Zhang, Y.; Hussein, H. H.; Liu, J.; and Chen, G., “Experi-
mental Study and Theoretical Prediction on Shrinkage-Induced Restrained 
Stresses in UHPC-RC Composites under Normal Curing and Steam 
Curing,” Cement and Concrete Composites, V. 110, 2020, p. 103602. doi: 
10.1016/j.cemconcomp.2020.103602

23. Li, W.; Huang, Z.; Hu, G.; Duan, W. H.; and Shah, S. P., “Early-Age 
Shrinkage Development of Ultra-High-Performance Concrete under Heat 
Curing Treatment,” Construction and Building Materials, V. 131, 2017, 
pp. 767-774. doi: 10.1016/j.conbuildmat.2016.11.024

24. Manzano, H.; Moeini, S.; Marinelli, F.; Van Duin, A. C. T.; Ulm, 
F.-J.; and Pellenq, R. J.-M., “Confined Water Dissociation in Micropo-
rous Defective Silicates: Mechanism, Dipole Distribution, and Impact on 
Substrate Properties,” Journal of the American Chemical Society, V. 134, 
No. 4, 2012, pp. 2208-2215. doi: 10.1021/ja209152n

25. Cong, X., and Kirkpatrick, R. J., “29Si MAS NMR Study of the Struc-
ture of Calcium Silicate Hydrate,” Advanced Cement Based Materials, V. 3, 
No. 3-4, 1996, pp. 144-156. doi: 10.1016/S1065-7355(96)90046-2

26. Zhang, G.; Li, Y.; Yang, J.; Ding, Q.; and Sun, D., “Insight into the 
Strengthening Mechanism of the Al-Induced Cross-Linked Calcium Alumi-
nosilicate Hydrate Gel: A Molecular Dynamics Study,” Frontiers in Mate-
rials, V. 7, 2021, p. 611568. doi: 10.3389/fmats.2020.611568

27. Zou, J.; Guo, C.; Jiang, Y.; Wei, C.; and Li, F., “Structure, 
Morphology and Mechanism Research on Synthesizing Xonotlite Fiber 
from Acid-Extracting Residues of Coal Fly Ash and Carbide Slag,” 

Materials Chemistry and Physics, V. 172, 2016, pp. 121-128. doi: 10.1016/j.
matchemphys.2016.01.050

28. Ipek, M.; Yilmaz, K.; Sümer, M.; and Saribiyik, M., “Effect of 
Presetting Pressure Applied to Mechanical Behaviors of Reactive Powder 
Concrete During Setting Phase,” Construction and Building Materials, 
V. 25, No. 1, 2011, pp. 61-68. doi: 10.1016/j.conbuildmat.2010.06.056

29. Abdulkareem, O. M.; Ben Fraj, A.; Bouasker, M.; and Khelidj, A., 
“Effect of Chemical and Thermal Activation on the Microstructural 
and Mechanical Properties of More Sustainable UHPC,” Construc-
tion and Building Materials, V. 169, 2018, pp. 567-577. doi: 10.1016/j.
conbuildmat.2018.02.214

30. Wu, Z.; Shi, C.; and He, W., “Comparative Study on Flexural 
Properties of Ultra-High-Performance Concrete with Supplementary 
Cementitious Materials under Different Curing Regimes,” Construc-
tion and Building Materials, V. 136, 2017, pp. 307-313. doi: 10.1016/j.
conbuildmat.2017.01.052

31. Zhang, G.; Yang, Q.; Hou, D.; Zhou, P.; and Ding, Q., “Unraveling 
the Microstructural Properties of Cement-Slag Composite Pastes Incorpo-
rated with Smart Polymer-Based Corrosion Inhibitors: From Experiment 
to Molecular Dynamics,” Cement and Concrete Composites, V. 125, 2022, 
p. 104298. doi: 10.1016/j.cemconcomp.2021.104298

32. Zhang, G.; Wu, C.; Hou, D.; Yang, J.; Sun, D.; and Zhang, X., “Effect 
of Environmental pH Values on Phase Composition and Microstructure of 
Portland Cement Paste under Sulfate Attack,” Composites Part B: Engi-
neering, V. 216, 2021, p. 108862. doi: 10.1016/j.compositesb.2021.108862

33. Girão, A. V.; Richardson, I. G.; Taylor, R.; and Brydson, R. M. D., 
“Composition, Morphology and Nano-Structure of C–S–H in 70% White 
Portland Cement–30% Fly Ash Blends Hydrated at 55°C,” Cement and 
Concrete Research, V. 40, No. 9, 2010, pp. 1350-1359. doi: 10.1016/j.
cemconres.2010.03.012

34. Chong, W.; Yang, C.; Fang, L.; Wan, C.; and Pu, X., “Preparation 
of Ultra-High-Performance Concrete with Common Technology and Mate-
rials,” Cement and Concrete Research, V. 26, No. 4, 2004, pp. 538-544.

35. Kim, S.; Lee, N.; Lee, H. K.; and Park, S., “Experimental and Theo-
retical Studies of Hydration of Ultra-High-Performance Concrete Cured 
under Various Curing Conditions,” Construction and Building Materials, 
V. 278, No. 7, 2021, p. 122352. doi: 10.1016/j.conbuildmat.2021.122352

36. Chen, T.; Gao, X.; and Ren, M., “Effects of Autoclave Curing and 
Fly Ash on Mechanical Properties of Ultra-High-Performance Concrete,” 
Construction and Building Materials, V. 158, 2018, pp. 864-872. doi: 
10.1016/j.conbuildmat.2017.10.074

37. Kapeluszna, E.; Kotwica, Ł.; Różycka, A.; and Gołek, Ł., “Incor-
poration of Al in C-A-S-H Gels with Various Ca/Si and Al/Si Ratio: 
Microstructural and Structural Characteristics with DTA/TG, XRD, FTIR 
and TEM Analysis,” Construction and Building Materials, V. 155, 2017, 
pp. 643-653. doi: 10.1016/j.conbuildmat.2017.08.091

38. Hesse, C.; Goetz-Neunhoeffer, F.; and Neubauer, J., “A New 
Approach in Quantitative In-Situ XRD of Cement Pastes: Correla-
tion of Heat Flow Curves with Early Hydration Reactions,” Cement 
and Concrete Research, V. 41, No. 1, 2011, pp. 123-128. doi: 10.1016/j.
cemconres.2010.09.014

39. Battocchio, F., and Paulo, J. M., “Rietveld Refinement of the Struc-
tures of 1.0 CSH and 1.5 C-S-H,” Cement and Concrete Research, V. 42, 
No. 11, 2012, pp. 1534-1548. doi: 10.1016/j.cemconres.2012.07.005

40. Dong, Y.; Feng, C.; Zhao, Q.; and Liang, X., “Study on the Structure 
of C-S-H Gels of Slag–Cement Hardened Paste by 29Si, 27Al MAS NMR,” 
Applied Magnetic Resonance, V. 50, No. 12, 2019, pp. 1345-1357. doi: 
10.1007/s00723-019-01152-6

41. Oh, J. E.; Clark, S. M.; and Monteiro, P. J. M., “Does the Al 
Substitution in C–S–H (I) Change its Mechanical Property?” Cement 
and Concrete Research, V. 41, No. 1, 2011, pp. 102-106. doi: 10.1016/j.
cemconres.2010.09.010

42. Dharmawardhana, C. C.; Misra, A.; and Ching, W. Y., “Theo-
retical Investigation of C-(A)-S-H(I) Cement Hydrates,” Construc-
tion and Building Materials, V. 184, 2018, pp. 536-548. doi: 10.1016/j.
conbuildmat.2018.07.004

43. Duxson, P.; Provis, J. L.; Lukey, G. C.; Mallicoat, S. W.; Kriven, 
W. M.; and van Deventer, J. S. J., “Understanding the Relationship between 
Geopolymer Composition, Micro-Structure and Mechanical Properties,” 
Colloids and Surfaces A: Physicochemical and Engineering Aspects, 
V. 269, No. 1-3, 2005, pp. 47-58. doi: 10.1016/j.colsurfa.2005.06.060

44. Andersen, M. D.; Jakobsen, H. J.; and Skibsted, J., “A New Aluminum 
Hydrate Species in Hydrated Portland Cements Characterized by 27Al and 
29Si MAS NMR Spectroscopy,” Cement and Concrete Research, V. 36, 
No. 1, 2006, pp. 3-17. doi: 10.1016/j.cemconres.2005.04.010

45. Pardal, X.; Pochard, I.; and Nonat, A., “Experimental Study of Si–Al 
Substitution in Calcium-Silicate-Hydrate (C-S-H) Prepared under Equi-
librium Conditions,” Cement and Concrete Research, V. 39, No. 8, 2009, 
pp. 637-643. doi: 10.1016/j.cemconres.2009.05.001



127ACI Materials Journal/March 2024

ACI MATERIALS JOURNAL� TECHNICAL PAPER

Statistical process control (SPC) procedures are proposed to 
improve the production efficiency of precast concrete tunnel 
segments. Quality control test results of more than 1000 
ASTM  C1609/C1609M beam specimens were analyzed. These 
specimens were collected over 18 months from the fiber-reinforced 
concrete (FRC) used for the production of precast tunnel segments 
of a major wastewater tunnel project in the Northeast United 
States. The Anderson-Darling (AD) test for the overall distribution 
indicated that the data are best described by a normal distribu-
tion. The initial residual strength parameter for the FRC mixture, 
f D

600, is the most representative parameter of the post-crack region. 
The lower 95% confidence interval (CI) values for 28-day flexural 
strength parameters of f1, f D

600, and f D
300 exceeded the design 

strengths and hence validated the strength acceptability criteria set 
at 3.7 MPa (540 psi).

A combination of run chart, exponentially weighted moving 
average (EWMA), and cumulative sum (CUSUM) control charts 
successfully identified the out-of-control mean values of flexural 
strengths. These methods identify the periods corresponding to 
incapable manufacturing processes that should be investigated 
to move the processes back into control. This approach success-
fully identified the capable or incapable processes. The study also 
included the Bootstrap Method to analyze standard error in the test 
data and its reliability to determine the sample size.

Keywords: Bootstrap Method; fiber-reinforced concrete; flexure; lining; 
precast; quality control; statistical process control; time-series control 
process; tunnel segment.

INTRODUCTION
Precast segmental tunnel lining is an important compo-

nent of tunnel infrastructure needed for the operation of 
tunnel boring machines (TBMs) and providing permanent 
ground support. The functionality of tunnels depends on 
the structural and durability performance of these lining 
systems as protective barriers against large overburden 
loads and complex geotechnical exposure conditions. The 
precast linings are suitable for tunneling in both soft ground 
and fractured hard rock and serve as initial and final support. 
They are used as the dominant lining option due to their effi-
ciency, construction speed, and economics in comparison to 
conventional cast-in-place lining systems.1

Steel fiber-reinforced concrete (SFRC) is known for 
improving concrete’s ductility by bridging cracks and 
resisting their propagation and opening. The ductility and 
strength offered by steel fibers allow a partial or complete 
replacement of traditional reinforcing steel cages. In many 
structural applications, using a hybrid design with steel fiber 
and reinforcing bar has shown significant structural and 
economic advantages.2-4 It is also known that the dispersion 

of steel fibers, especially in the reinforcement cover region, 
improves the durability and delays the onset and extent of 
corrosion.5 Steel fiber use in tunnel linings has considerably 
increased during the past decade.6 Moreover, fiber rein-
forcement mitigates the bursting and spalling of concrete at 
segment joints in both circumferential joints (under TBM 
thrust jack forces) and longitudinal joints (under hoop forces 
due to embedment loads).7,8 Also, segment joint cracks are 
inevitable due to joint misalignment under strict production 
and construction tolerances.9 By reinforcing the edges or 
corners, SFRC further resists premature deterioration of the 
segments during the construction phase.

The random nature of short fibers used as primary or 
secondary reinforcement requires a reliable set of estimates 
for quality control (QC) during manufacturing. The residual 
strength offered by the fiber-reinforced concrete (FRC) is a 
function of the number of fibers crossing the cracked section 
and is often used as a measure of variability in the post-crack 
performance.10,11 Other parameters include the strength, 
geometry, type, and orientation of fibers in a bridged cracked 
section, as well as interfacial shear strength during fiber 
pullout,12 structural size, and the test setup.13-16 The treat-
ment of FRC as an isotropic material is not directly appli-
cable because cracking is inevitable under certain conditions 
and the residual strength of an FRC member depends on 
the variability of the material.17 The contribution of steel 
fibers to the residual strength is measured by using the load- 
deflection curve obtained from the ASTM C1609/C1609M 
flexural tests18 to back-calculate the apparent tension 
and compression stress-strain responses.19 The idealized 
stress-strain relationships derived from the load-deflection 
response, allowing for the design of sections with different 
sizes, shapes, and reinforcements.20

RESEARCH SIGNIFICANCE
The use of TBMs in the construction of tunnels using 

precast FRC segments has resulted in significant economic 
advantages in terms of quality, economic aspects, and speed 
of construction. Due to the interlocking nature of the precast 
segments, QC and tolerance aspects of section dimensions, 
strength, and ductility affect the serviceability significantly. 
Unanticipated problems with durability and watertightness 
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could lead to costly repair and significant downtime of 
essential infrastructure elements. Better identification of 
the trends in data and understanding the variations causing 
outlier samples through statistical process control (SPC) 
provide acceptable risk levels and are important aspects 
of the design process. Monitoring the potential problems 
before field installation, when combined with the necessary 
number of samples tested, is also an important aspect of 
process control.

The purpose of this paper is to address the QC aspects of 
the flexural data by the proposed SPC procedures adopted 
in daily tests on the FRC used in different production cycles 
during the segment fabrication phase of a major wastewater 
tunnel project. The objective is to correlate the interrelation-
ship of the measured properties with the acceptance criteria 
and to determine if, by monitoring the deviations observed, 
the knowledge could be identified to avoid out-of-control 
trends and control the production schedule. Furthermore, an 
extensive investigation into the minimum sampling require-
ments for ASTM  C1609 testing was conducted by the 
Bootstrap Method approach to obtain statistical data from 
a limited number of random samples. The findings provide 
valuable insights into the variability of results obtained 
through ASTM C1609 and, consequently, propose minimum 
sampling requirements. By adhering to these recommended 
sampling guidelines, FRC users can minimize the number 
of tests, leading to considerable time and cost savings while 
ensuring the reliability of FRC properties.

EXPLORATORY BACKGROUND DATA
The data set used for this study was obtained from the 

construction production data of South Hartford Convey-
ance and Storage Tunnel over 18 months from mid-2018 
to late 2019.21,22 Project specification required portland 
cement Type I/II, calcareous aggregates, and air content of 
3 to 6%. Specified properties include minimum compressive 
strengths of 14 and 45 MPa (2000 and 6500 psi) at stripping 
time and 28  days, respectively; maximum water-cemen-
titious materials ratio (w/cm) of 0.35; silica fume content 
of 5% of cementitious materials; maximum aggregate size 
of 19 mm (3/4 in.); and maximum chloride-ion penetra-
bility of 1000  coulombs. The reinforcement was a double 
hooked-end steel fiber with a tensile strength of 1800 MPa 
(260 ksi), length of 60 mm (2.36 in.), and an aspect ratio of 
80, with a minimum dosage of 40 kg/m3 (67 lb/yd3). These 
specifications were used satisfactorily in a preconstruction 
trial and the mixture presented in Table 1. As a part of the 
QC requirements, ASTM C1609 beam specimens were 
tested daily during the production days. Multiple specimens 
were tested at two curing ages of formwork stripping and 
28 days. The design parameter (residual flexural strength) 
was 2.3 MPa (340 psi) for stripping age. For serviceability 
design, a parameter of 3.7 MPa (540 psi) was specified as 
characteristic 28-day flexural strength at the first crack (f1) 
and residual flexural strength at a deflection of 0.75 mm 
(0.03 in.) as f D

600 when tested following the test procedures.18 
Using these data, the equivalent tensile strength values were 
calculated from these specifications using back-calculation 
methods.11 The limit state design strength criteria at 28 days 

were specified as 4 MPa (580 psi) characteristic residual 
flexural strength at a deflection of 1.5 mm (f D

300) or 3 mm 
(f D

150). This characteristic strength was specified as 2.5 MPa 
(360 psi) for stripping age. The total number of ASTM C1609 
test results accounted for 1060 specimens, with 243 speci-
mens tested at stripping age and 817 specimens at 28 days 
during the period from June 2018 to October 2019. Figure 1 
shows the load-deflection results of the standard four-point 
bending (ASTM C160918) test for both the stripping age (a 
few hours up to 1 day) and 28 days of curing. The variation 
in the range of the test data for the entire production cycle is 
noted. After the initial loading and first cracking, a nonlinear 
response is expected that is demonstrated by either deflec-
tion softening or hardening in the post-crack zone. Most 
test results showed a sudden drop after the first crack load. 
The maximum level of post-cracking load at stripping age 

Table 1—Concrete mixture proportions of precast 
tunnel segments

SI units,  
kg/m3

Imperial units,  
lb/yd3

Total cementitious materials 373.8 630

Portland cement Type I/II 355.1 598.5

Silica fume (SF) 18.7 31.5

Fine aggregate 842.5 1420

Coarse aggregate 1154.6 1946

Water 131.2 221

High-range water-reducing 
admixture 2.1 3.6 (57 fl oz)

Steel fiber 42.1 71

Unit weight 2545 4291

w/cm 0.35

SF/cm 5%

Steel fiber-volume fraction (Vf) 0.54%

Air content 3.9%

Fig. 1—Scatter plot of four-point bending ASTM C1609 tests 
at stripping age and 28 days.
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occurred near a deflection of 2 to 3 mm (0.08 to 0.12 in.), 
while the maximum residual load observed in 28-day spec-
imens was in the early stage of deflection—that is, 1 to 2 
mm (0.04 to 0.08 in.). The enhanced behavior and post-crack 
hardening could be attributed to improved bond strength 
between the fibers and cementitious matrix after 28 days 
of curing. Moreover, the scatter plot of 28-day specimens 
ranges from a minimum of 14 kN (3108 lb) to a peak load 
of 77 kN (17,232 lb), which, in terms of equivalent flexural 
stress, is 1.87 to 10.27 MPa (271 to 1489 psi), respectively, 
representing approximately 1.4 times the scatter at stripping 
age (refer to Fig. 1).

The load-deflection responses were categorized and sepa-
rated into several ranges covering the deflection-softening 
to deflection-hardening responses. Figure 2(a) shows these 
four ranges as representative plots of behavior that span 
the post-cracking responses. Group 1 represents typical 
specimens in the deflection hardening. Between Groups 2, 
3, and  4, the response of FRC gradually changes toward 
deflection softening such that, as shown in Fig. 2(a), Group 4 
represents a constant stress deflection-softening. It is reason-
able to expect that within each range the results will vary as 
well. Figure 2(b) shows the correlation of first crack strength 
(f1) with the peak strength (fp) of the 28-day specimens, 
indicating that for most samples, the flexural peak strength 
exceeds the first crack strength. The points falling on the 1:1 
line exhibit deflection softening, and those above the line are 
deflection hardening. Most of the specimens show deflection 
hardening.

Descriptive measures of statistics
The ASTM C160918 test measures the apparent flex-

ural strength at first crack, peak strength, and at certain 
prescribed deflection values by using Eq. (1). Parameter P 
is the applied load; L is the span length; and b and h are the 
width and depth of the beam section, respectively. Typical 
parameters are b = 152 mm (6 in.), h = 152 mm (6 in.), and 
L = 457 mm (18 in.). The apparent residual flexural stress, f, 
is calculated using the elastic section modulus at deflections 
corresponding to L/600 (0.75 mm [0.03 in.]), L/300 (1.5 mm 
[0.06 in.]), and L/150 (3 mm [0.12 in.])

	​ f  =  ​ PL _ b​h​​ 2​ ​​	 (1)

The individual load-deflection response of specimens up 
to a 3 mm (0.12 in.) deflection level was used for the evalu-
ation of the descriptive statistics. Figure 3 shows the mean 
value of apparent flexural stress and its box and whisker plot 
through the range of deflections. Only the 28-day results are 
presented in Fig. 3. Individual 28-day test results that failed 
to meet the deflection level of L/150 were eliminated from 
pooled data, resulting in a total of 701 data sets. The whis-
kers extend a distance of 95% two-sided confidence interval 
(CI) from the ends of the box, while the box encloses the 
interquartile range with a lower line at the first quartile 
(Q1) and an upper line at the third quartile (Q3). The line 
drawn through the box in the middle is the 50th percentile. 
The variation of residual strength observed on the box and 
whisker plot at different deflection levels was not signifi-
cant throughout the entire testing range. The data beyond 
the whiskers were flagged as outliers. Table 2 presents with 
N = 701 the descriptive statistics, including mean, standard 

Fig. 2—(Left) Representative samples of different response categories; and (right) correlation of first crack strength (f1) with 
peak strength (fp) at 28 days, showing evidence of deflection hardening.

Fig. 3—Scatter plot of all data with mean curve and box 
and whisker plot of flexural response of individual data for 
28-day specimens.
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deviation (SD), minimum, maximum, and 95% two-sided 
CI for major flexural parameters. These parameters include 
the flexural strength at the first crack (f1); the peak stress 
(fP); residual flexural strengths at L/600 (f D

600), L/300 (f D
300), 

L/150 (f D
150); the equivalent flexural strength (f D

e,150); and 
deflections at first crack and peak strength (δ1 and δP). The 
equivalent flexural strength (f D

e,150) of ASTM C1609 is the 
average stress value obtained from the absorbed energy of 
the beam—that is, the area under the load-deflection curve 
from deflection 0 to L/150 (3 mm [0.12 in.]).

The mean flexural strength at the first crack (f1) was 
6.36 MPa (923 psi) with 95% two-sided CI values of 4.87 
and 7.72 MPa (707 and 1119 psi), respectively. While many 
of the specimens demonstrated deflection softening, the 
deflection-hardening response was more noticeable with 
the mean peak strength (fP) of 6.79 MPa (985 psi) and its 
95% two-sided CI values of 5.17 and 8.52 MPa (750 and 
1235 psi). The mean value of first-crack deflection (δ1) was 
0.068 mm (2.67 × 10–3 in.) with 95% two-sided CI values 
determined as 0.031 mm (1.24 × 10–3 in.) and 0.095 mm 
(3.74 × 10–3 in.). Because of the deflection-hardening effect, 
mean peak-strength deflections (δP) were higher at 0.78 mm 
(30.65 × 10–3 in.) as well as the 95% two-sided CI values at 
0.049 mm (1.93 × 10–3 in.) and 2.25 mm (88.56 × 10–3 in.). 
Among residual strength parameters, f D

300 had the highest 
mean value of 6.10 MPa (886 psi), followed by f D

600 and 
f D

150 of 5.65 (819 psi) and 5.32 MPa (772 psi). This is also 
evident from the shape of the stress-deflection curve with a 
vertex around the middle of the curve near L/300 (1.5 mm 
[0.06 in.]) deflection range.

The SD and coefficient of variation (COV) of residual 
strengths f D

600, f D
300, and f D

150 range from 1.19 to 1.23 MPa 
(173 to 179 psi), 20 to 23%, respectively, and are almost 
identical. All of minimum, maximum, and two-sided 95% 
CI values for these residual strength parameters are within 
2 to 13% of each other, except for the minimum value of 
f D

300, which is 28% higher than the minimum value of f D
600. 

The similarity of residual flexural strength parameters indi-
cates that no significant differences among the parameters 
are observed. The mean value of ASTM C1609’s equiva-
lent flexural strength (f D

e,150) was calculated based on the 
total toughness (area under the load-deflection curve) and 
compared with the three residual parameters. Results indi-
cate that f D

600 is the most representative residual strength 
parameter of the post-crack region, especially with less than 
a 1% difference from the mean value of f D

e,150. In addition, 

the box and whisker plot in Fig. 3 presents similar variations 
through the range of deflections, with some results identified 
as outliers. Using a 95% lower confidence bound for f1, f D

600, 
and f D

300, 28-day strength values of the FRC mixture were 
4.87, 3.73, and 3.98 MPa (707, 541, and 577 psi). All these 
values validate and exceed the design parameters. To classify 
this FRC mixture according to fib Model Code (MC) 2010,23 
characteristic residual strengths were determined at crack 
mouth opening dimensions (CMOD) of 0.5 mm (0.02  in.) 
(fR1k) and 2.5 mm (0.1 in.) (fR3k). Because the CMOD was 
not directly measured, the deflection-CMOD relationship 
proposed by Conforti et al.24 was used, which resulted in 
fR1k as the characteristic stress f at a deflection of 0.38 mm 
(0.015 in.) and fR3k as the characteristic stress f at a deflection 
of 1.72 mm (0.068 in.). Because fib MC 201023 requires the 
characteristic parameters (and not the mean) corresponding 
to a probability of 5% failure, the 95% lower confidence 
bound curve was used for determination. fR1k and fR3k were 
obtained as 3.05 and 3.88 MPa (435 and 563 psi), respec-
tively. fR1k represents a strength interval of 3 MPa (435 psi) 
and fR3k/fR1k =1.29 represents the letter d, which refers to a 
strength ratio class of 1.1 ≤ fR3k/fR1k ≤ 1.3. Therefore, the 
FRC mixture according to fib MC 2010 is classified as 3d.

Flexural strength distribution of 28-day specimens
Three distributions—including the normal, Weibull, and 

lognormal—were tested to determine their applicability to 
adequately describe the ASTM C1609 first crack and residual 
strengths results. The p-values of the strength distributions 
were used to determine the appropriateness of the distribu-
tion. Results are reported in Table 3 for the 95% confidence 
interval as the level of hypothesis acceptance. If the p-value 
was lower than or equal to 0.05, the given distribution func-
tion was rejected from the null hypothesis, indicating that it 
was not suitable for describing the data. Table 3 shows that 
the normal distribution is acceptable for the flexural strength 

Table 2—Descriptive statistics of flexural strength parameters and deflections

Parameter
Descriptive  
statistic

First crack 
strength, f1, 
MPa (psi)

Deflection at f1, 
δ1, mm

(in. × 10–3)
Peak strength fP, 

MPa (psi)

Deflection at fP, 
δP, mm

(in. × 10–3)
fD

600, MPa 
(psi)

fD
300, MPa 
(psi)

fD
150, MPa 
(psi)

fD
e,150, MPa 

(psi)

Mean 6.36 (923) 0.068 (2.67) 6.79 (985) 0.78 (30.65) 5.65 (819) 6.1 (886) 5.32 (772) 5.60 (813)

SD 0.88 (128) 0.025 (0.99) 1.00 (146) 0.85 (33.34) 1.19 (173) 1.22 (177) 1.23 (179) 1.10 (159)

Minimum 3.33 (483) 0.12 (0.48) 3.31 (480) 0.012 (0.48) 1.78 (259) 2.29 (332) 1.82 (264) 2.10 (306)

Maximum 9.51 (1379) 2.89 (11.38) 10.32 (1497) 3.28 (129) 8.96 (1300) 9.90 (1436) 9.40 (1364) 9.00 (1306)

95% lower CI 4.87 (707) 0.031 (1.24) 5.17 (750) 0.049 (1.93) 3.73 (541) 3.98 (577) 3.23 (469) 3.70 (536)

95% upper CI 7.72 (1119) 0.095 (3.74) 8.52 (1235) 2.25 (88.56) 7.66 (1111) 8.07 (1171) 7.27 (1055) 7.33 (1064)

Table 3—p-value and AD values of different 
probability distribution functions

Normal Weibull Lognormal

AD p-value AD p-value AD p-value

f1 0.529 0.176 2.346 <0.010 3.372 <0.005

fD
600 0.487 0.223 2.584 <0.010 3.149 <0.005

fD
300 0.441 0.289 1.137 <0.010 5.033 <0.005

fD
150 0.333 0.509 0.540 0.186 5.209 <0.005
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distribution of the first crack, f D
600, f D

300, and f D
150. This 

observation shows a good correlation with another study 
by Dean et al.25 The highest p-value of a normal distri-
bution was in flexural strength at L/150, accounting for 
0.509, and the lowest was 0.176 in first crack strength. The 
Weibull distribution is only applicable for residual strength 
at L/150 (f D150), while the lognormal distribution function 
was rejected for all groups. The smallest value of Anderson- 
Darling (AD) test also compared the fit of several distribu-
tions to determine the suitability. The AD value of normal 
distribution in Table 3 is significantly lower than the 
lognormal and Weibull distributions. This confirmed that a 
normal distribution is the best fit for ASTM C1609 experi-
mental data, with the normal distribution function addressing 
f1 and residual flexural strength f D

150 with a normal prob-
ability function shown in Fig. 4. The narrow bell-shaped 
curve of f1 in this figure confirmed the lower SD compared 
to f D

150, as previously presented in Table 2.

STATISTICAL PROCESS CONTROL
A methodology to evaluate FRC quality is by using SPC. 

This procedure for QC is beneficial for producers, contrac-
tors, owners, and construction management. The ASTM 
C1609 test is known to have a high variation in the data, as 
measured by the COV, which can range from 2 to 25%.15,24,26 
The residual strength variability is attributed to the concrete 
mixture formulation and type, size, strength, dosage, and 
geometry of the fiber. In particular batches, the rheology 
affects the fiber orientation, placement direction, compac-
tion procedures, self-compaction, vibrating-compaction, and 
the formwork wall-side effect.15 Regardless of how carefully 
maintained and well-designed a mixture is, a natural level 
of variability always exists. Nevertheless, such natural vari-
ability is considered small and should not shift the mean 
values of FRC strength or result in out-of-control events. 
In the context of design, the natural variability in residual 
strength can be addressed by limiting the design criteria 
at a certain CI level when population characteristics were 
assumed unchanged. Variability due to temperature and 
climatic conditions affecting the curing and conditioning of 
the test specimens, mixing, batching, and placing machinery, 
or operator errors are considered as assignable causes of 
variation that may shift the mean and SD of the process. 
These production uncertainties must be evaluated and elim-
inated to confirm that FRC product properties are applicable 
for the design framework. SPC is a tool for early detection 
of spurious shifts and provides the necessary detection and 
warning for out-of-control FRC manufacturing. Cumulative 
sum (CUSUM) and exponentially weighted moving average 
(EWMA) are two well-known SPC methods to capture the 
production variability. These methods are fundamentally 
similar in monitoring the variations of the time-based data. 
The difference is that the CUSUM approach uses a constant 
weight factor for all the data, while the EWMA applies 
an exponential weight factor, giving recent observations 
more weight than the older data set. Laungrungrong et al.27 
suggested that by combining the control charts such as the 
CUSUM and EWMA with the run chart, small shifts (1.5 
SD or less) in the concrete production line can be monitored, 

thus allowing concrete producers and precast plant manufac-
turers to identify the problems beforehand.

The production variability investigated in this section is 
applicable only for the specimens at 28 days, and the ulti-
mate deflection has to meet L/150 (3 mm [0.12 in.]). There-
fore, the total number of individual ASTM C1609 tests is 
701 out of 843 samples that were studied in this section. This 
SPC procedure was applied to the first crack strength, f1, the 
ultimate strength, fP, and the residual strengths f D

600, f D
300, 

and f D
150. The interpolation of run charts and control charts 

is described to provide insight into distinguishing between 
QC and SPC and comparing signals in CUSUM and EWMA 
methods.

Run chart
A run chart illustrates the progression of the data 

throughout the time of observation. Horizontal lines repre-
sent the minimum required strengths of 4 MPa (580 psi) for 
f1 and f D

600 and 3.7 MPa (540 psi) for f D
300 and f D

150. These 
lines were added to the run chart, as shown in Fig. 5, to iden-
tify the unacceptable level of flexural strength values falling 
below the criteria. It is observed that more f D

600 data fail to 
meet the strength criteria than the first crack (f1) and peak 
strength (fP) (refer to Fig. 5(a)). The number of unqualified 
observations corresponding to f D

150 is considerably higher 
than f D

600 due to the residual strength decreasing at large 
deflections, which is more conducive to the peak-strength 
level (refer to Fig. 5(b)). Although the run chart detects the 
specimens that fail to meet the quality requirement, it cannot 
mathematically determine the stability and variability in 
the process compared to the neighbor observations such as 
CUSUM and EWMA.

Control charts
CUSUM—CUSUM control measure detects the cumula-

tive sum of deviations of individual observations from the 
target value. If the target value and SD are unknown, the 

Fig. 4—Probability distribution plot and normal probability 
distribution function of first crack strength f1 and residual 
flexural strength fD

150.
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sample population’s properties can be used. The general 
form of the CUSUM is given by

	​ ​C​ i​ +​  =  max [ 0, ​x​ i​​ − ( ​μ​ 0​​ + K )  + ​C​ i−1​ +  ​ ] 
	 ​C​ i​ −​  =  max [ 0, ( ​μ​ 0​​ + K )  − ​x​ i​​ + ​C​ i−1​ −  ​ ]​	 (2)

where Ci presents the CUSUM of the deviation from target 
values (μ0) over the domain. A one-sided upper and lower 
CUSUM (above and below μ0, respectively) are designated 
as C+ and C–. The constant K = kσ is the reference value 
expressed as the SD unit adjusted by k, representing the 
expected sensitivity of detecting out-of-control signals in the 
process. The upper and lower control limits (UCL and LCL, 
respectively) are the horizontal lines plotted in CUSUM, 
defined by the decision interval term called H  = hσ. In 
other words, the out-of-control signal is determined when 
C+ exceeds UCL or C– is below LCL. Using k = 0.5 and 
h = 4 provides good average run length (ARL) properties, as 
recommended by Montgomery.28 Details on the evaluation 
of suitable values of k and h are extensively explained in 
earlier publications.27,28

The CUSUM method with resetting C+ and C– was used. 
In this study, the mean flexural strength for each scheme 
was assigned as the target value μ0. The design specified 
strengths of 3.7 and 4 MPa (540 and 580 psi) as target values 
are unreasonable because the concrete was designed with a 
safety factor to be superior to the required residual strength. 
Therefore, most of the data exceeded the specified value. Use 
of the design-specified strength as the target value results in 
many out-of-control results overestimating the target value, 
or a large C+ value compared to the mean value.

A key feature of the process is to reset the CUSUM 
every time the out-of-control signal is triggered. This is 
because a misleading signal may occur when the previous 
CUSUM was not reset to zero (that is, ​​C​ i−1​ −  ​​= 0, ​​C​ i−1​ +  ​​= 0) after 
an out-of-control signal detection in an earlier observa-
tion. The comparison between the CUSUM chart with and 
without resetting the signal for the peak strength (fp) is in 
Fig. 6. When i = 7, C– was below UCL, and C– at i = 8 
was calculated without reset ​​C​ i−1​ −  ​​ = 0, the CUSUM in obser-
vations between 8 and 20 determined biased results below 
LCL. In comparison, the signal with zero resets can indicate 
the stability in the process independently from the process 

data before an earlier outbreak signal. More discussion on 
using a CUSUM chart in production can be consulted in 
ACI 214R-11,29 which provides examples of applying the 
CUSUM chart and discusses some of the difficulties with the 
CUSUM analysis.

EWMA—The EWMA control chart is another approach to 
monitoring small shifts in the data. By using an exponential 
weight function, EWMA gives a higher priority to a signal 
based on the nearby (newer) observations rather than farther 
neighbors (older). A typical equation is given by

	​ ​z​ i​​  =  λ ​∑ 
j=0

​ 
i−1

 ​​(1 − λ)​​ j​​ ​x​ i−j​​ + ​(1 − λ)​​ i​ ​z​ 0​​​	 (3)

where λ​​∑ 
j=0

​ 
i−1

 ​(​​1 – λ)jxi–j is the weight assigned to the neighbor 

observations; and the second term represents the most recent 
sample. The weight factor for each observation is illustrated 
in Fig. 7 with the value of λ used to weigh an average from 
neighbor observations. When λ = 0.3, a higher contribution 
is assigned to the closer (newer) observations, while farther 
(older) observations have less contribution compared to λ = 
0.1 and 0.2. The smaller shift corresponds to the smaller λ 
assigned. UCL and LCL of the EWMA chart are identified 
in Eq. (4). In this study, L was defined as 3 and λ = 0.3. The 
appropriate values of the λ and L parameters for the control 
chart can be determined by ARL, which is explained in past 
studies.27,28 The process detects an out-of-control signal 
when the EWMA exceeds the UCL and LCL.

	 UCL = μ0 + Lσβ and LCL = μ0 – Lσβ;  

	 where ​β  =  ​√ 
________________

  ​  λ _ 2 − λ ​​[1 − ​(1 − λ)​​ 2i​]​ ​​	 (4)

Interpolation of control charts—A preliminary analysis 
presented earlier in this paper confirmed that flexural strength 
at the first crack (f1) and residual flexural strengths of f D

600, 
f D

300, and f D
150 all follow a normal distribution trend. An 

analytical investigation was conducted based on hybrid 
CUSUM and EWMA control chart methodology. For 
CUSUM, the constant values were taken as h = 4 and k = 0.5. 
The CUSUM method with resetting C+ or C– was adopted. 
The EWMA control chart was applied with the constant 

Fig. 5—Run chart of strength results over 18-month production period: (left) peak strength and first crack strength; and (right) 
residual flexural strength at L/150 (fD

150) and L/600 (fD
600).
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value of L = 3 and λ = 0.3. The mean value of flexural 
strength for each scheme was assigned as the target value μ0.

The control charts are investigated in Fig. 8 to 12 by 
adopting the constant parameters described earlier for flex-
ural strength at various stages. Several aspects of the control 
chart in addressing the variations in the process become 
apparent by evaluating it in conjunction with the run chart in 
the form of CUSUM or EWMA. The constant (horizontal) 
lines represent the minimum specified strength of 3.7 MPa 
(540 psi) for f1 and f D

600, and 4 MPa (580 psi) for fp, f D
300, 

and f D
150. Out-of-control signals were detected in the first 

crack strength, f1, from observations 1 to 150 on CUSUM 
and EWMA control charts, but no individual f1 data failed 
to meet the required strength of 3.7 MPa (540 psi). EWMA 
charts do not present any out-of-control signal for other 
strength parameters in this observation range. CUSUM 
charts, except for one or two sporadic out-of-control signals 
for fp and f D

600, show similar results. Also, except for one 
single unqualified f D

150 test result, all other data meet spec-
ified strength in this observation range. In this case, the 
manufacturing process is unstable, but the concrete batch 
is acceptable as there is no need to be rejected. However, 
an investigation may be required to address the assignable 
causes of instability in the production process.

For observations 450 to 550, parameters f1 and fp indicate 
the out-of-control signals. While no single f1 and fp datum in 
this observation range fell under the specified strength level, 
f D

600, f D
300, and f D

150 reveal several unqualified strengths 
data. The largest number of unqualified strength specimens 
was found for parameter f D

150. This can be explained by the 
fact that the flexural strength of SFRC in a conventional fiber 
dosage gradually decreases after fp, and f D

150 is typically 
lower than f D

300 and f D
600. This attributes those batches to an 

incapable process at an unacceptable level of strength. Simi-
larly, observations 300 to 450 indicate out-of-control signals 
concerning the LCL on EWMA charts for f D

600, f D
300, and 

f D
150. Also, the largest number of unqualified f D

600, f D
300, and 

f D
150 parameters can be seen in this observation range. The 

manufacturing process during such periods should be further 

investigated for the assigned causes and corrected to be back 
into control before the continuous production operation may 
proceed. Considering out-of-control signals in observations 
450 to 550 were detected for f1 and in the observation range 
of 300 to 450 were detected for residual strength parameters 
(f D

600, f D
300, and f D

150), it can be speculated that the assign-
able causes for the former range can be related to concrete 
and for the latter to the fiber reinforcement.

The control chart cannot be independently used as a 
measure of quality. Observations in the range of 200 to 
300 in the EWMA control chart did not present an out-of- 
control signal in f1 and fp (refer to Fig. 8 and 10). However, 
several unqualified samples in residual strength fell below 
the required strength. This scenario shows that the manufac-
turing process is stable, but the samples are unqualified and 
need to be rejected. However, a small range of out-of-control 
signals was still detected within an observation range of 200 
to 300 in the CUSUM chart (refer to Fig. 8 to 12), while 
EWMA did not support such a decision. A similar investi-
gation found that other CUSUM charts are more sensitive 
to indicating the out-of-control signal compared to EWMA. 
This can be due to the parameters employed in the appli-
cable formulas. It is noted that the control chart also results 
in a false alarm. The ARL is technically adopted to evaluate 
the performance of constant parameters used in the control 
chart. This topic is beyond the purpose of the present study 
and the details of ARL can be found elsewhere.28

MINIMUM SAMPLING REQUIREMENTS FOR 
ASTM C1609 TESTING

The method of random sampling can be used to estimate 
the minimum required sample size with an acceptable design 
variability. The distribution of fibers is a random process 
and primarily a function of orientation and the number of 
fibers at the cracked section. This leads to varying post-crack 
strength and causes a high COV. These characteristic values 
of FRC may require testing of a higher number of samples 
to gain a reliable distribution of flexural strength parameters 
representing the population data set.

Fig. 6—CUSUM with and without reset when signal exceeds 
limit for peak strength, fp.

Fig. 7—Comparison of weight factor of CUSUM and EWMA.
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Fig. 8—Control charts of first crack strength (f1) at 28 days collected from June 2018 to October 2019: (top) CUSUM; and 
(bottom) EWMA.

Fig. 9—Control charts of residual strength at L/600 (fD
600) at 28 days collected from June 2018 to October 2019: (top) CUSUM; 

and (bottom) EWMA.
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Fig. 10—Control charts of residual strength at peak strength (fp) at 28 days collected from June 2018 to October 2019: 
(top) CUSUM; and (bottom) EWMA.

Fig. 11—Control charts of residual strength at L/300 (fD
300) at 28 days collected from June 2018 to October 2019: (top) CUSUM; 

and (bottom) EWMA.
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Among the entire data, a method by random resam-
pling of the data with replacement, known as the Boot-
strap Method, was adopted for simulation and assigning 
accuracy measures of the statistical estimates. This method 
evaluates the standard error in any statistical measure such 
as the mean, median, and SD by randomly sampling from 
a pool of sample data that are a part of the same popula-
tion.30 This method ensures that the variability measure is 
independent of the date or process of manufacturing and 
can have wider implications in terms of expected error in 
a sample size considering limited testing capabilities. The 
Bootstrap approach could also be used to measure errors in 
other statistical estimates for which analytical equations are 
not available.

A test data recorded for N = 701 beams at the production 
of every batch was selected as the population data set. The 
beam data excludes the 116 beam samples that did not reach 
L/150 deflection point from the total 817 beams. The flex-
ural strength at first cracking, f1, and the residual strengths 
f D

600, f D
300, and f D

150 were selected as primary parameters of 
interest. The process requires the selection of “n” random 
samples from the population data, referred to the Boot-
strap sample set and denoted by a vector Xm = (x1, x2, …, 
xn), where n is the sample size and m denotes the trial set. 
The sampling of each data point is done independently with 
replacement from the population data pool, meaning every 
one of n values has an equal probability of 1/N. The sample 

mean ​​ x ̅ ​​ and sample SD s of each Bootstrap sample set are 
recorded at every trial. This process can be conducted for 
any number of trials, and in this case, was repeated for m = 
50 trial sets. The process was then repeated with higher and 
higher sample sizes, with n ranging from 3 to 500.

Figure 13 presents the 95% two-sided CIs of the Boot-
strap samples of size n with the bond lines and the mean of 
the sample means (​​ x ̅ ​​) of all m = 50 trials with solid lines, as 
well as the tracks line of population mean. The CI can be 
interpreted as, 95% of the time, the variation in the sample 
means will fall under the shaded area. As the number of 
samples n in the Bootstrap sample increases, the variability 
in the sample means decreases as expected. It was observed 
that moving from a sample size of three to five, the 95% CI 
reduces by 20 to 28%, and a further reduction of approxi-
mately 20 to 40% is observed when moving from sample 
size five to 10. It is also observed that the 95% two-sided 
CI reaches stability near the Bootstrap sample size of n = 
100. Compared to the first-crack strength (f1) and other 
residual strength parameters in Fig. 13(b), f D

150 shows a 
wider scatter of 95% CI when a sample size of 10 or less 
is selected, showing lower reliability on measured strength 
parameters when a small sample size is available. This study 
provides an insight into the accuracy of the sample mean as 
the size varies and shows that given the type of distribution, 
a smaller sample can represent the mean as accurately as 
the entire population, considering that the measured average 

Fig. 12—Control charts of residual strength at L/150 (fD
150) at 28 days collected from June 2018 to October 2019: (top) CUSUM; 

and (bottom) EWMA.
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value should be factored for expected error, also referred to 
as “standard error”. The study also provides estimates of the 
number of samples required for higher accuracy in test data 
with the associated errors.

A simpler and traditional analytical method is referred to 
as standard error of mean (SEM) as the statistical estimate 
of accuracy, and defined as ​s/​√ 

_
 n ​​, with s as the sample SD of 

sample size and n as the number of samples. Figure 14(a) 
compares the traditional approach with the simulated resa-
mpling approach of bootstrapping. Both approaches show 
similar accuracies in mean strength deviations and esti-
mating errors as a function of sample size.

The COV, defined as COV = σ/μ, is another statistical 
parameter used with the bootstrapping method. The COV for 
all residual strength parameters is plotted in Fig. 14(b). The 
COV in parameter f D

150 is 13.2% for a sample size of n = 3, 
and 11.8% for a sample size of n = 5. Around n = 25 samples 
are required for COV to become 5% or lower, and as the 
sample size increases above 100, the COV reduces signifi-
cantly to 2.5%, and remains stable below 1.5% for sample 
sizes greater than 200. Appropriate variability factors can be 
derived from the COV for specific sample size and strength 
parameters. The other strength parameters (f D

600 and f D
300) 

indicated a similar tendency of COV, as illustrated in 
Fig. 14(b).

The COV and confidence interval charts can be used to 
select the minimum required sample size to characterize the 
entire population of FRC or to evaluate QC parameters for 
different suppliers. It can be used to determine the required 
number of standard ASTM C1609 or EN 14651 tests to meet 
the design properties of FRC. Note that the measured vari-
ation of strength is specific for a single fiber type as well as 
dosage in this study, and the measured errors with respect 
to sample size may change with different fiber types and 
their properties. The presented study, however, can be easily 
extended to other groups of fibers, and similar conclusions 
are expected to be drawn.

CONCLUSIONS
Residual flexural strength is primarily a design parameter 

that controls the serviceability and strength of structural 
fiber-reinforced concrete (FRC) elements such as precast 
tunnel segments. High variability in the manufacturing 
process is inevitable in FRC structures, especially in full-
scale specimens; therefore, suitable safety for the manufac-
turing process needs to be implemented. The descriptive 
statistics were calculated, and the highlighted information 
was drawn here. The Anderson-Darling (AD) approach fit of 
the distribution indicated that the data is best described by a 
normal distribution as compared to lognormal and Weibull 

Fig. 13—Interval plots of sample size versus mean using random sampling and Bootstrap analysis of ASTM C1609 strength 
parameters: (left) 95% CIs for first crack strength and residual strength at L/150 deflection; and (right) 95% CIs for various 
residual strength parameters.

Fig. 14—(left) Comparison of SD from Bootstrap analysis versus analytical SEM; and (right) comparing coefficient of varia-
tion in bootstrap samples.
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distribution. The scatter range of 28-day specimens ranged 
from a minimum load of 14 kN (3108 lb) to a maximum 
load of 77 kN (17,232 lb). The disparity between the first 
crack strength and the peak strength is due to the presence 
of both deflection softening and deflection hardening. The 
deflection hardening was recorded with the mean peak 
strength fP noted at 6.8 MPa (985 psi) with 95% two-sided 
confidence intervals (Cls) being 5.2 and 8.5 MPa (750 and 
1235 psi). The mean flexural strength at first crack f1 was 
6.36 MPa (923 psi) with 95% two-sided CI values of 4.87 
and 7.72  MPa (707 and 1119 psi). The similar results of 
residual flexural strength parameters indicate that when 
using basic statistics on the tested mixtures, no significant 
differences among the parameters are observed. Compar-
ison of ASTM C1609’s average equivalent flexural strength 
(f D

e,150), calculated based on total toughness (area under 
load-deflection curve) with three major residual parameters 
at various deflection stages, indicates that f D

600 is the most 
representative residual strength parameter of the post-crack 
region, especially with less than a 1% difference from the 
mean value of f D

e,150. The 95% lower confidence bound for 
all of the 28-day residual strength values f D

600, f D
300, and 

f D
150 of the FRC mixtures were 4.87, 3.73, and 3.98 MPa 

(707, 541, and 577 psi). Because these values are larger than 
the design parameters, they validate the selection of FRC 
mixture.

The statistical process control (SPC) procedures used 
a combination of the run chart, exponentially weighted 
moving average (EWMA), and cumulative sum (CUSUM) 
control charts to identify spurious shifts (or out-of-control 
signal) in the mean values of flexural strengths. Results show 
that the tendency in the residual strength parameters is to 
decrease at large deflections; hence, the number of unqual-
ified observations corresponding to the end deflection stage 
is considerably higher than the strength reported at early 
stages of post-crack response, which are more conducive to 
the peak strength levels. Periods with incapable manufac-
turing processes at an unacceptable level of strength were 
identified for further examination to move the process back 
into control before the continuous production operation may 
proceed.

The Bootstrap Method applied to the data determined the 
minimum required number of samples to test for a specific 
level of variance to match the population variance. The coef-
ficient of variation (COV) and CI charts were introduced 
and show that a sample set of 25 specimens could provide 
a reasonable level of estimation for flexural strength param-
eters with COV = 5% or less. The 95% two-sided CI was 
observed to reach stability after selecting a sample close to 
100. This indicates that the frequency of the quality control 
(QC) data collection can be reduced significantly without a 
significant impact on the overall analysis of the results.
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This experimental study evaluated the correlation between 
measured concrete expansion from a modified version of the minia-
ture concrete prism test (MCPT) with the concentration of chemical 
markers leached from the prisms into an alkaline soak solution. 
Fifteen concrete mixture designs were tested for expansion and 
soak solution concentrations over time. The changes in expansion 
and soak solution concentrations were found to correlate well even 
with variations in alkali loading and substitution of cement with 
Class F fly ash. A model was developed to estimate the expansion 
potential of concrete based on an expansion reactivity index (ERI) 
that incorporated the concentrations of silicon, sulfate, calcium, 
and aluminum. The relationship between ERI and expansion was 
then used to identify potentially expansive concrete mixtures using 
the ERI of cores taken from a structure exhibiting potential alkali- 
silica reaction (ASR) expansion and concrete cylinders matching 
the mixture designs of the MCPT specimens.

Keywords: alkali-silica reaction; concrete expansion; delayed ettringite 
formation; miniature concrete prism test; Turner-Fairbank Alkali-Silica 
Reaction Aggregate Susceptibility Test (T-FAST).

INTRODUCTION
Deleterious concrete expansion is a significant source of 

premature deterioration of concrete infrastructure world-
wide.1 Expansion may be caused by a variety of factors, 
through physical mechanisms such as freezing-and-thawing, 
or through chemical mechanisms. Two notable chemical 
causes of expansion are alkali-silica reaction (ASR) and 
delayed ettringite formation (DEF).1,2 ASR is a reaction 
between aggregates with reactive silica and alkali hydrox-
ides that form a gel within concrete that swells in the pres-
ence of sufficient moisture, causing the concrete to expand.1 
For ASR to occur in concrete, three conditions must be met: 
sufficient moisture, an aggregate with a reactive form of 
silica, and sufficient alkali hydroxides to trigger the disso-
lution of the reactive silica from the aggregate.1 The alkali 
hydroxide concentration within the concrete pore solution 
is largely determined by the alkali content of the cement. 
However, aggregates, supplementary cementitious materials 
(SCMs), and external alkalis from environmental sources 
can also contribute to the pore solution alkali concentration. 
DEF shares the requirement of sufficient moisture that ASR 
requires, but also requires sufficient sulfate (SO4

2–) provided 
from external or internal sources.2 The formation of delayed 
ettringite in localized voids and cracks can ultimately result 
in the expansion of the concrete.2 Various mitigation strat-
egies, primarily for the prevention of ASR, are employed 
throughout the industry, including substitution of cement 
with SCMs, inhibiting admixtures, restrictions on the alkali 
content of cement, restrictions on aggregate sources, and/or 
blending of aggregates.1,3

Current physical expansion testing and limitations
Most current laboratory tests for expansion focus on 

determining the ASR potential of a specific aggregate 
by measuring physical expansion and experience several 
limitations.4 These tests of expansion include the miniature 
concrete prism test (MCPT, AASHTO T 380),5 the acceler-
ated mortar bar test (AMBT, ASTM C1260), and the concrete 
prism test (CPT, ASTM C1293).6 The CPT is considered 
the most reliable of the expansion test methods; however, 
the test requires an extended time of at least a year to clas-
sify material as deleteriously reactive.7 Additionally, CPT 
samples exhibit alkali leaching, which can yield results that 
diverge from concrete exposed to natural conditions.8-10 The 
AMBT is the most accelerated of currently available tests, 
yielding results in 28 days, and has become the most widely 
used test method.7 However, the AMBT suffers from poor 
accuracy, yielding both false negatives and false positives 
due to unrealistically aggressive conditions.10,11 The MCPT 
lies between the two extremes of the CPT and AMBT tests. 
The MCPT is an accelerated version of the CPT that provides 
results within 84 days and has shown broad correlation with 
the CPT.12,13 In one study, the MCPT was found to correlate 
better with exposure site block expansion compared to the 
CPT.10 All of the expansion tests discussed thus far require 
significant preparation of the aggregates and are restricted 
to mixtures made using specific ingredients under highly 
controlled conditions not representative of the variety in 
field concrete mixture designs. To address these shortcom-
ings, the accelerated concrete cylinder test (ACCT) has been 
developed.14 The ACCT involves soaking a cylinder in alka-
line solution at 60°C (140°F) within a volumetric change 
measuring device (VCMD) and recording length change 
measurements automatically. The ACCT has shown some 
promise in being used to test a wide array of mixtures that 
correlate well with the CPT.14 However, the test is still new 
and there is little data on correlation with exposure site block 
expansion, which the CPT does not always agree with.8-10

Chemical testing of expansion susceptibility
Chemical tests for expansion of concrete are potentially 

capable of more explanatory power in revealing how and 
why concrete experiences expansion, however, chemical 
tests for expansion are much less common. One of these 
tests, ASTM C289, was withdrawn due to the method being 

Title No. 121-M22

Chemical Detection of Expansion Susceptibility of Concrete
by Ronald Lichtenwalner and Joseph T. Taylor

ACI Materials Journal, V. 121, No. 2, March 2024.
MS No. M-2023-152.R1, doi: 10.14359/51740374, received October 11, 2023, and 

reviewed under Institute publication policies. Copyright © 2024, American Concrete 
Institute. All rights reserved, including the making of copies unless permission is 
obtained from the copyright proprietors. Pertinent discussion including author’s 
closure, if any, will be published ten months from this journal’s date if the discussion 
is received within four months of the paper’s print publication.



142 ACI Materials Journal/March 2024

overly severe with poor reliability.1 Recently, the Turner- 
Fairbank Alkali-Silica Reaction Aggregate Susceptibility 
Test (T-FAST, provisional standard AASHTO TP 144) has 
been developed. The T-FAST has provided rapid results in 
21 days that have shown good correlation with standard 
expansion test methods, field cases, and long-term block 
farm expansion data.15-17 The three elements used in T-FAST 
to assess expansion susceptibility are silicon (Si), calcium 
(Ca), and aluminum (Al). The Si measured is primarily 
present from the dissolution of silica from reactive aggre-
gates. An increase in Al in the simulated pore solution corre-
sponds with a mitigation of expansion potential and has 
shown mitigation in other studies.18-20 The final component 
of the T-FAST results is the Ca concentration, which has 
generally exhibited more mixed data regarding its role in 
ASR expansion, but in the T-FAST model is shown to reduce 
the expansion potential.3,15,16,21-24 Combined, these concen-
trations form a chemical reactivity index, shown in Eq. (1)

	​ ​RI   =    ​  ​[Si]​ _ ​[Al]​ + ​[Ca]​ ​​​	 (1)

where the concentrations are given in mol/m3. The T-FAST 
test in the current state does share some of the drawbacks of 
expansion testing, such as requiring substantial preparation 
of coarse aggregates and testing only the isolated aggregate.

Ideal expansion test method
Each of the current standard test methods have some 

drawbacks and are unable to test concrete mixtures placed 
in the field or test complicated mixture designs representa-
tive of field concrete mixtures. Thomas et al.7 proposed that 
the ideal test for expansion would be reliable, simple, rapid, 
and capable of assessing the susceptibility of an unmodi-
fied sample representing a concrete mixture proposed for a 
specific use. Such a test could be used for complex mixtures 
and potentially used to assess in-place structures for expan-
sion potential.7

RESEARCH SIGNIFICANCE
Current expansion tests are not designed to predict the 

susceptibility and estimation of expansion in complex 
field concrete mixtures. This study describes a chemical 
model for concrete samples that can be used to determine 
the susceptibility of a concrete mixture to expansion using 
a modified MCPT. From the correlation of expansion and 
chemical reactivity markers in concrete soak solution, the 
potential expansion of laboratory-made concrete cylinders 
and field-obtained concrete cores are estimated. This correla-
tion provides a potential approach to accurately and rapidly 
determine the expansion susceptibility of true job-specific 
concrete mixtures sampled from the field.

EXPERIMENTAL INVESTIGATION
Modified miniature concrete prism test

Concrete prisms were prepared with varying coarse aggre-
gates, alkali loading, and replacement of cement with fly 
ash. A variety of aggregates were chosen to assess a broad 
spectrum of ASR reactivities. Several alkali loadings were 

used for two of the most reactive aggregates to determine if 
the expansion and chemical reactivity would correlate as the 
alkali content was adjusted. Concrete prisms of a specific 
mixture were placed in a polypropylene container with a 
soak solution that was adjusted with sodium hydroxide 
(NaOH) to match the estimated alkalinity of the concrete 
pore solution. The alkalinity of the soak solution in terms of 
NaOH concentration was estimated assuming all alkali from 
the cement was soluble using the weight and % Na2OEq of 
the cement in the mixture as demonstrated in Eq. (2)

	​ ​​[NaOH]​    =  ​ 
​ 
  %   ​Na​ 2​​ ​O​ Eq​​ _ 100  ​   ×   ​W​ Cement​​   ×  32.2691 

   _______________________________  ​V​ Water​​  ​​​	

(2)

where [NaOH] is the sodium hydroxide concentration in 
mol/m3; %Na2OEq is the percent of sodium alkali equiva-
lent of the cement; WCement is the weight of the cement in 
kg; 32.2691 is the conversion factor to convert from kg 
of Na2OEq to moles of NaOH; and VWater is the volume of 
mixture water in m3.

Concrete cylinders
To compare the feasibility of testing concrete cylinders 

with this method, concrete cylinders were cast for a subset 
of 10 out of the 15 MCPT mixtures and soaked in alkaline 
soak solutions calculated using Eq. (2).

Field concrete cores
To ascertain whether the test method in this study could 

potentially be used to assess in place structures, concrete 
cores from a North Carolina roadway exhibiting potential 
ASR were also soaked in alkaline solutions.

Materials
The chemical compositions of the cementitious materials 

used are listed in Table 1. Ten coarse aggregate sources 
were used, and the ASR reactivity of each source was esti-
mated using a modified T-FAST with only conditions 2 
and 4 performed. The reactivity classification of the aggre-
gates and historical field record are summarized in Table 2. 
Moderately reactive aggregates are ordered based on the 
estimated reactivity from T-FAST testing, with the expected 
reactivity in decreasing order from MR-1 to MR-6. Graded 
Ottawa sand conforming to ASTM C778 was used as the 
fine aggregate in all the MCPT mixtures. A local fine aggre-
gate was used in the concrete cylinder specimens and tested 
as nonreactive using a modified AASHTO TP 144 suitable 
for fine aggregates wherein the fine aggregate is dried, but 
no sieving is performed.16

Specimens
MCPT—Concrete prisms measuring 50 x 50 x 285 mm 

(2  x 2 x 11.25 in.) were cast and cured according to 
AASHTO  T  380 specification with the following excep-
tions: prisms were made in duplicate instead of triplicate 
due to MCPT mold capacity and laboratory oven capacity; 
the alkali loading of the mixture water and the soak solution 
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varied from the specified 1.25% Na2OEq to determine the 
effectiveness of MCPT and the proposed test devised in this 
study at reflecting the variety of alkali levels seen in field 
concrete mixtures; the No. 78 aggregate was dried, but other-
wise used as provided by the producer with no additional 
gradation or preparation to more realistically reflect concrete 
cast in the field; and the volume fraction for the coarse 
aggregate was 0.70 in most mixtures. The higher volume 
fraction of coarse aggregate matches the CPT test and was 
used to potentially induce more expansion from a larger 
reservoir of reactive silica being available. However, there 
is some evidence that the volume fraction of coarse aggre-
gate has minimal influence on MCPT results, as Latifee13 
found “no clear relationship” between 0.65 and 0.70 volume 
fraction of coarse aggregate and the expansion of concrete 
prisms. The concrete mixture proportions as batched for the 

MCPT and cylinder specimens are given in Table 3. The 
air content is not measured per AASHTO T 380, but was 
assumed to be 2.5% per the original MCPT research.13 The 
mixture design ID schematic (XX-X-Y.YY%) indicates the 
aggregate identity (XX-X) and alkali in terms of Na2OEq 
of cement (Y.YY%). The mixtures HR-0.49%, HR-0.67%, 
NR1-1.55%, and NR2-1.55% have designs notably different 
from the rest, as they were the first four mixtures batched as 
trials before a standardized mixture was decided upon. They 
were still included because the intent of this study was to 
correlate concrete expansion and the chemistry of the corre-
sponding soak solution, rather than classify the reactivity of 
a standardized mixture. For MR-1-1.55%-FA, the estimated 
alkali content of the soak solution was made without consid-
ering the dilution effect and it was assumed to have the same 
alkali loading as the straight cement mixture. This was done 

Table 1—Composition of cementitious materials 
used in mixtures

Oxide, % wt CEM-VHA CEM-HA CEM-LA FA

SiO2 20.62 19.99 20.28 44.60

Al2O3 3.76 4.85 4.91 21.90

CaO 62.09 63.58 63.96 4.21

Fe2O3 3.09 3.18 3.40 19.19

MgO 3.18 2.18 1.27 0.78

SO3 3.42 2.63 2.80 1.44

LoI 2.20 2.60 2.78 2.16

Na2O 0.31 0.14 0.12 1.53

K2O 1.11 0.80 0.56 1.87

Na2OEq 1.04 0.67 0.49 2.76

Note: LoI is loss on ignition.

Table 2—Aggregate reactivity classification

Aggregate ID
AASHTO TP 144 (T-FAST) 
ASR reactivity classification

Evidence of field ASR 
reactivity

HR-1 Highly reactive Yes

HR-2 Highly reactive No

MR-1 Moderately reactive Yes

MR-2 Moderately reactive No

MR-3 Moderately reactive Yes

MR-4 Moderately reactive No

MR-5 Moderately reactive No

MR-6 Moderately reactive No

NR-1 Nonreactive No

NR-2 Nonreactive/slow reactive No

Table 3—Concrete mixture designs used for MCPT and cylinder specimens

Mixture design ID Alkali loading, kg/m3

Cementitious materials Aggregate

w/cCement used Cement, kg/m3 Class F fly ash, kg/m3 Coarse, kg/m3 Fine, kg/m3

NR-1-1.55% 6.4 CEM-HA 415 0 804 982 0.48

NR-2-1.55%* 6.2 CEM-HA 402 0 778 951 0.49

HR-1-0.49%† 2.0 CEM-LA 410 0 794 970 0.47

HR-1-0.67%† 2.7 CEM-HA 405 0 784 958 0.50

HR-1-1.25%† 5.3 CEM-HA 427 0 1141 620 0.45

HR-2-0.67% 2.9 CEM-HA 431 0 1151 625 0.45

MR-1-1.55%* 6.5 CEM-HA 421 0 1125 611 0.45

MR-1-1.55%-FA* 6.5 CEM-HA 333 83 1114 605 0.45

MR-1-1.04%-A 4.4 CEM-VHA 421 0 1125 611 0.45

MR-1-1.04%-B* 4.4 CEM-HA 421 0 1125 611 0.45

MR-2-1.25%† 5.4 CEM-HA 429 0 1147 623 0.45

MR-3-1.55%† 6.6 CEM-HA 427 0 1141 620 0.45

MR-4-1.04% 4.4 CEM-VHA 426 0 1137 618 0.45

MR-5-1.55%† 6.6 CEM-HA 426 0 1139 619 0.45

MR-6-1.55% 6.5 CEM-HA 420 0 1121 609 0.45
*Matching cylinder made in duplicate.
†Matching cylinder made.
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to isolate the mitigation effect due to the material properties 
of the fly ash from the dilutive effect of soluble alkalis that 
result from fly ash substitution.

Concrete cylinders—Cylinders measuring 76 x 152 mm 
(3 x 6 in.) were cast as noted in Table 3. Following the 
steps in ASTM C192, the cylinders were hand mixed and 
then rodding was used for consolidation; however, there 
was no preparation of the No. 78 sized aggregates beyond 
oven drying. The cylinders were demolded after 24 hours of 
curing at 21°C (70°F) and then placed into 100 x 200 mm 
(4 x 8 in.) concrete cylinder molds that had 800 mL of solu-
tion matching the estimated alkalinity of the cylinder pore 
solution from Eq. (2). One difference in the experimental 
setup for the cylinders from the MCPT is that a lower 
oven temperature of 55°C (131°F) was used, matching the 
temperature of the T-FAST. This change in temperature was 
done to assess whether the reactivity at similar ages would 
be significantly affected compared to the MCPT.

Concrete cores—Two 100 x 200 mm (4 x 8 in.) concrete 
cores from a North Carolina jointed plain concrete pavement 
constructed in 1984 that appeared to be exhibiting delete-
rious expansion were tested using a version of this test at 
60°C (140°F). Companion cores to these were also sent out 
for petrography analysis and the results compared.

Items of investigation
Approximately every week, concrete prisms were 

measured for change in length expansion per AASHTO 
T 380. At the time of the expansion measurement, the 
temperature of each prism container’s soak solution was 
also measured, and 20 mL of the soak solution was collected 
and filtered with a glass microfiber syringe filter. The filtered 
soak solution was then measured for Si, Ca, Al, sulfur (S), 
potassium (K), and sodium (Na) concentrations by wave-
length-dispersive X-ray fluorescence (WDXRF). WDXRF 
is incapable of determining the exact form of elemental 
species, and in the case of sulfur, the sulfur was assumed 
to be present as SO4

2–. To measure filtered solution concen-
trations by WDXRF, a nylon membrane was soaked in the 
solution for 1 minute, dried in an oven at 110°C (230°F), 
and then analyzed under vacuum on a 1.2kW WDXRF. The 
blank nylon membranes were also analyzed by WDXRF 
before being soaked to ensure there was no contamination 
present. Initial MCPT samples were tested for expansion 
and soak solution concentrations until 84 days. Later prisms 
were kept beyond 84 days to monitor the long-term expan-
sion and corresponding concentrations of the soak solution. 
The concrete cylinder specimen and field-core soak solu-
tions followed the same filtering and WDXRF procedure, 
except that analysis was only performed every 28 days.

ANALYTICAL INVESTIGATION
Development of a model correlating MCPT soak 
solution composition to expansion

The T-FAST reactivity index (RI) parameter was initially 
used to correlate the degree of reactivity of each concrete 
mixture with concrete specimen expansion. As more data 
from the study was collected, other parameters were trialed 
for inclusion in the equation to improve the correlation to 

the expansion measurements, as there exist other chemical 
mechanisms that also contribute to concrete expansion, 
such as DEF.2,11,25 Therefore, dissolved sulfur, assumed to 
be present as SO4

2–, was also added to the RI equation to 
determine if the correlation with expansion would improve. 
This new index, titled the expansion reactivity index (ERI), 
is given by Eq. (3)

	​ ​ERI   =    ​ 
​[Si]​ + ​[​​SO​ 4​​​​ 2−​]​

  ____________ ​[Al]​ + ​[Ca]​  ​​​	 (3)

where the concentration is given in mol/m3 for each analyte. 
The ERI was then correlated with the expansion of the prisms 
produced from the concrete mixtures from 14 until 84 days. 
By the end of the testing period, an overall model was  
developed to estimate the level of concrete prism expansion 
based on the analyte concentrations leached into the soak 
solutions from the mixture. The developed ERI regression 
model was then used to determine a corresponding ERI 
threshold based on the generally agreed upon deleterious 
expansion threshold of 0.040%.26

Concrete cylinders
The ERI determined from soak solution concentra-

tions was used to estimate the expansion for the concrete 
cylinders and results compared to the measured MCPT 
specimen expansion.

Field concrete cores
For the two cores received from the field and partitioned, 

one quarter was placed in a 1.25% Na2OEq solution, one 
quarter was placed in a 0.80% Na2OEq solution, and one 
was placed in distilled water only. Because the true mixture 
designs for these cores were unknown, the alkali solution 
concentrations using Eq. (2) were based on an estimated 
mixture that used 420 kg/m3 of cement with a 0.40 water- 
cement ratio (w/c). This could be considered typical of pave-
ment mixtures approved for use in North Carolina. The ERI 
measured from the core soak solutions were used to estimate 
expansion and compared to petrography results.

EXPERIMENTAL RESULTS AND DISCUSSION
Expansion measurements

The results for the 56- and 84-day expansions or the 
closest day measured for each mixture design are shown in 
Fig. 1, including the range of the prism measurements of 
the two bars at 84 days. As expected, based on the behavior 
of the aggregates from their field history and testing with 
T-FAST, the expansion of most mixtures exceeded 0.040% 
by day 56. The mixtures that did not exceed 0.040% expan-
sion were: the two mixtures containing assumed nonreactive 
aggregates (NR-1 and NR-2); the low alkali loading mixture 
of HR-1; the moderate alkali loading mixtures of HR-1 and 
HR-2; and the MR mixtures on the lower end of T-FAST 
reactivity, MR-5-1.55% and MR-6-1.55%. These results 
largely match the expected outcome, as HR-1-0.49% is 
considered a low-alkali mixture and included a lower coarse 
aggregate content than the other mixtures. HR-1-0.67% and 
HR-2-0.67% are mixtures with lower alkali loadings and 
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would be expected to expand slower if deleterious expan-
sion were to occur. Based on the T-FAST classification of 
the aggregates, MR-5-1.55% and MR-6-1.55% are the only 
mixtures that failed to reach the expected 0.04% threshold 
for deleterious expansion by 56 days. The trends from the 
56-day readings were largely followed by the 84-day expan-
sions and all mixtures surpassed 0.04% expansion, except 
for MR-5-1.55%, HR-1-0.49%, and the mixtures containing 
nonreactive aggregates (NR-1 and NR-2).

ERI results
Initially, the RI as used in T-FAST was used to correlate 

expansion to soak solution composition. As indicated by 
Fig. 2, when SO4

2– was added to the equation as an indicator 
of deleterious expansion, the R2 improved from 0.75 to 0.87. 
Subsequently, the ERI was then used to analyze and predict 
expansion susceptibility of samples. Figure 2(b) illustrates 
the overall strong relationship of expansion and the ERI 
across all days. The ERI from the prisms provides some 
illumination on the mechanism of the expansions measured. 

On the extreme end, the lack of expansion of NR-1-1.55% 
and NR-2-1.55% can be attributed to the lack of available 
Si in solution for ASR gel to form. The initial classification 
of aggregates by the T-FAST indicated both aggregates had 
very little Si leaching into the alkaline solution that would be 
available to form ASR gel, which is reflected in the low ERI 
seen in this study. Similarly, the most reactive aggregates 
classified by the T-FAST (that is, HR-1, MR-1, and MR-2) 
show large expansions, owing to the abundant availability of 
Si to form ASR gel in highly alkaline solutions.

To test concrete mixtures obtained from the field, a deter-
mination of values of the ERI that correspond to deleterious 
expansion needs to be formulated. From the nonlinear rela-
tionship between ERI and expansion (Fig. 2), a logarithmic 
transformation of the ERI was performed, and a linear regres-
sion developed from this transformation. The results of the 
logarithmic transformation and subsequent linear regression 
performed on the data from Fig. 2(b) is shown in Fig. 3. The 
resulting linear regression equation is given by Eq. (4)

Fig. 1—MCPT specimen expansion.

Fig. 2—Models of expansion: (a) T-FAST reactivity index equation; and (b) addition of sulfate to RI model equation.
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	 ExpPred = 0.0601 × ln(ERI) – 0.1199	 (4)

where ExpPred is the predicted percent expansion based on the 
natural logarithm of the ERI calculated from Eq. (3). Substi-
tuting 0.040% expansion into Eq. (4) results in a calculated 
ln(ERI) threshold level of 2.66. The horizontal and vertical 
lines in Fig. 3 indicate an ERI false negative or false posi-
tive when points lie in the second or fourth quadrant, respec-
tively. There are a few false negative points in which the 
concrete had expanded beyond 0.040%, yet the ERI did not 
reach the equivalent threshold value. For the mixtures with 
large expansion at early measurement times, the probable 
cause is the lag between the concrete reaching chemical 
equilibrium with the soak solution. In these mixtures, the 
ASR gel formation is likely occurring rapidly within the 
concrete prisms and the concentrations, particularly Si, have 
not yet reached equilibrium with the soaking solution. This 
is particularly evident by the point in quadrant II of Fig. 3 for 
MR-1-1.55% and MR-1-1.04%-B, which occurred within 
the first 15 days of soaking.

Deviations in correlation for slowly and moderately 
reactive mixtures

Reaction equilibrium may also explain the deviation for 
MR-3-1.55% and MR-6-1.55%, as the ERI did not cross the 
threshold indicating deleterious expansion until later stages, 
well after expansion exceeded 0.040%. In these cases, a 
potential cause may be a masking of the Si dissolution in soak 
solution due to the presence of available Ca. As evidenced 
in Eq. (3), the ERI is highly dependent on the Si concentra-
tion. Prior to the exhaustion of Ca2+ in the solution, reactive 
silica that dissolves into solution from the aggregate is being 
readily consumed, forming calcium-silicate-hydrates and 
ASR products. Once the Ca2+ reserve has been exhausted, 
then the Si builds up in excess in the solution.3,23,24 Figure 4 

displays the relationship between the Si, Ca, and expan-
sion from all the mixtures where Ca did not reach below 
0.06 mol/m3 until after 56 days in the soaking solution. 
As seen in Fig. 4, once the Ca content in solution is nearly 
exhausted, the Si content measured in solution increases 
rapidly. The overall rate of Si dissolution before this point 
may be greater than would be indicated by the Si detected in 
the soak solution due to the consumption of Si by available 
Ca in solution.24 This suppression of excess Si in solution 
by Ca supports the lag seen between the ERI and expan-
sion in the slow to moderate reactive mixtures. Once the Ca 
concentration in solution reaches low levels, approximately 
0.06 mol/m3, the apparent rate of Si dissolution increased 
and then remained largely constant after that time. For a 
specific example, MR-3-1.55% exceeded 0.040% expansion 
at 56 days, yet did not reach the ERI value corresponding 
to deleterious expansion until day 70 of testing, when the 
Ca concentration in solution reached below 0.06 mol/m3. In 
another case, MR-6-1.55% solution tested beyond 84 days 
did not reach below 0.06 mol/m3 of Ca until 109 days, at 
which point the ERI crossed the threshold indicating delete-
rious expansion as determined by Eq. (4).

Variation of ERI and expansion with changes in 
alkali loading for HR-1

The expansion and ERI results for the mixtures containing 
the reactive aggregate HR-1 with varied alkali loading were 
evaluated (Table 3). Figure 5 shows how the ERI and expan-
sion varied under different alkali loadings, establishing 
that the ERI reflects the reduction in expansion measured 
under lower alkali loadings than typically used in standard-
ized ASR expansion testing. The reduction in ERI at lower 
alkali loadings is primarily due to a large decrease in Si 
dissolution as the concentration of hydroxide in the soaking 
solution decreases.

Fig. 3—Logarithmic transformation of MCPT results from 14 until 84 days.
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Variation of ERI and expansion with changes in 
alkali loading for MR-1

Three alkali loading variation mixtures were made for 
MR-1, two sets of prisms made with 1.04% Na2OEq alkali 
content and one set of prisms at 1.55% Na2OEq. The two sets 
of 1.04% Na2OEq prisms differed in the source of cement, 
where MR-1.04%-A used a high-alkali cement that required 
no boosting of alkali content in the mixture water, while 
MR-1.04%-B used a 0.67% Na2OEq cement and required 
NaOH to be added to the mixture water. This test was done 
to illuminate the assumption that the soak solution alkali 
content is more important than the small contribution the 
cement alkalis will provide. Latifee’s13 original research 
on the MCPT showed a 10% reduction in expansion when 
low-alkali cement boosted with NaOH in the mixture water 
was used versus a cement with 0.90 ± 0.10% Na2OEq cement. 
However, this was done on only a single set of compar-
ison specimens, and the standardized MCPT currently has 
no estimated precision.5 The CPT, which is wholly reliant 

on internal alkalis for expansion, has an estimated within- 
laboratory precision of 12% at expansion greater than 0.02% 
expansion; thus, it is possible that the MCPT variation seen 
with alkali boosting may be within the expected variation of 
the standardized test.3,6

The expansion and ERI data for the MR-1 alkali varia-
tion mixtures for up to 84 days of testing are displayed in 
Fig. 6. The two MR-1 mixtures containing 1.04% Na2OEq 
displayed similar expansion, though slightly different ERI 
results, supporting the expectation that the alkali soak solu-
tion is likely the primary factor in expansion versus the 
internal alkalis. Interestingly, the ERI and the expansion both 
agree that this lower-alkali loading is more expansive than 
the MR-1-1.55% mixture. Thus, MR-1 may be an aggre-
gate that displays a pessimum effect of higher reactivity at 
lower-alkali loadings that is seen in some reactive aggre-
gates.11 The increased ERI for MR-1-1.04% at 84 days is not 
due to an increase in the concentration of Si leaching into 
solution, which is nearly half the concentration leached from 

Fig. 4—Solution concentrations of calcium and silicon over time for: (a) MR-5-1.55%; (b) MR-6-1.55%; (c) MR-2-1.25%; (d) 
MR-3-1.55%; (e) MR-4-1.04%; and (f) HR-2-0.67%.
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MR-1-1.55%. Rather, the increase is due to the decrease in 
the concentration of Al and an increase in the concentra-
tion of SO4

2–. With the decrease in Al in solution, one effect 
that would be expected is less protection of Si dissolution; 
however, as measured here, the overall concentration of Si 
leached is less than the higher alkali mixture of MR-1. This 

implies there may be other factors causing optimum expan-
sion, such as the ratio of alkali to Al in the pore solution.18

Mitigation of expansion and reduction in ERI with 
cement replacement by fly ash

Mixture MR1-1.55%-FA showed a marked drop in the 
expansion and the ERI compared to the straight cement 
mixture (Fig. 7). This indicates the solution chemistry and 
thus the ERI reflects some degree of expansion mitigation 
that occurs with the substitution of Class F fly ash. The 
expansion and ERI are still substantial, with an expansion 
greater than 0.040% at 56 days, indicating a likely lack of 
adequate substitution of Class F fly ash to completely miti-
gate the ASR reaction. Table 4 shows how the reduction in 
the ERI at day 84 compared to the straight cement mixture is 
a result of an increase in the Al and reduction of the Si and 
SO4

2– concentrations. The decrease in Si available is likely 
due to the suppression of reactive silica by the additional 
Al in solution contributed by the fly ash.18-20 Although the 
results show the mitigation of fly ash substitution in both the 
expansion and ERI, the ERI for MR-1-1.55%-FA is larger 
than would be expected based on Eq. (4). More research will 
need to be performed with mixtures containing fly ash to see 
if this is due to an interaction occurring in the mixture not 
modelled by the ERI, perhaps due to a pozzolanic reaction, 
or if it is indicative of latent expansion.

Comparison of concrete cylinders and MCPT ERI
Results comparing the ERI of the cylinders and MCPT 

specimens at equal ages of measurement are provided by 
Fig. 8. As the temperature and soak solution volume to 
concrete ratio differed between the two sets of specimens, the 

Fig. 5—Effect of alkali loading on HR-1 reactivity: (a) 
change in expansion; and (b) change in ln(ERI).

Fig. 6—Effect of alkali loading on MR-1 reactivity: (a) 
change in expansion; and (b) change in ln(ERI).

Fig. 7—Effect of 20% fly ash substitution on MR-1 reac-
tivity: (a) change in expansion; and (b) change in ln(ERI).

Table 4—MR-1 reactivity results with mixture 
design variations at 84 days

Mixture design
Si, mol/

m3
Al, mol/

m3
SO4

2–, 
mol/m3 ERI Expansion, %

MR-1-1.04%-A 44.55 0.38 11.33 148.4 0.195

MR-1-1.04%-B 33.64 0.40 9.25 108.3 0.196

MR-1-1.55% 76.95 0.91 7.95 92.86 0.155

MR-1-1.55%-FA 40.79 1.53 1.54 27.0 0.060
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comparison between cylinders and MCPT mixture reactivity 
merely provides a first step in the broader goal of classifying 
reactive concrete field mixtures. The expansion prediction 
equation from Eq. (4) was applied to the ERI of the cylinders 
to provide an estimate of the expansion. Note that MR-2-
1.25%, MR-3-1.55%, and MR-5-1.55% were compared at 
56 days and the remainder were at 84 days. This was due to 
scheduling conflicts where some measurements were missed 
for the cylinders.

The predicted cylinder expansion from Eq. (4) and the 
measured expansion in the MCPT mixture at the same ages 
are similar in most instances and duplicate cylinders agree 
well with each other. The largest deviation is by NR-2-1.55%, 
which indicates deleterious expansion from the cylinder ERI, 
but did not expand significantly in the MCPT test. NR-2 did 
exhibit borderline slow reactivity in the T-FAST test of the 
aggregate alone. HR-1-0.67% also shows some significant 
deviation, although both predicted and measured expansion 
indicate deleterious expansion. More testing is required to 
determine whether these discrepancies are due to test varia-
tions between cylinders and prisms, natural reactivity varia-
tion from the aggregate, or another factor.

Analysis of highway concrete cores suspected 
of ASR

Table 5 summarizes the soak solution measurements of 
field cores C-1 and C-5. The core portions soaked in 1.25% 
Na2OEq solution were only tested until 32 days due to the 
early indication of a high degree of reactivity from the ERI. 
The estimated expansions given from the ERI and Eq. (4) for 

the core pieces soaked in alkaline solutions are well above 
0.040% and would indicate the mixtures are susceptible to 
expansion with as little as 0.80% Na2OEq and have similar 
reactivity to each other. The availability of reactive silica to 
dissolve from the aggregate even after decades in the field 
supports the possibility of identifying potentially expansive 
mixtures in field concrete. To support the findings from the 
soak solution testing, two cores taken near C-1 and C-5 were 
sent to an independent petrographer for assessment of ASR 
and general composition of the cores by ASTM C856. These 
cores submitted for petrography are referred to as C-1S 
and C-5S. Petrography noted the two cores had the same 
coarse and fine aggregate, were well graded, and had similar 
estimated w/c. Both cores exhibited microcracking, though 
C-5S was more extensive, extending to a depth of 61 mm, 
compared to 15 mm in core C-1S. Evidence of moderate 
ASR was observed in C-5S, including secondary deposits 
of ASR gel in reaction rims, subvertical microcracks, and air 
voids at various depths. In contrast, little evidence of ASR 
or deterioration was noted for core C-1S and only secondary 
deposits of ettringite were observed lining air voids and 
filling smaller air voids. The overall similarity in composi-
tion of cores C-1S and C-5S and the similarity in residual 
expansion of cores C-1 and C-5 determined by this study 
would suggest the most likely difference in the visible ASR 
in the cores is due to the environmental conditions at C-5S. 
The chemical identification of expansive potential corrob-
orated by the petrography report shows promise for this 
method to be used on cores to identify the expansion poten-
tial of existing structures.

Fig. 8—Correlation of predicted cylinder mixture expansion with measured MCPT expansion.

Table 5—Field concrete core reactivity results

Core sample Na2OEq solution, % Time, days Si, mol/m3 Al, mol/m3 SO4
2–, mol/m3 Ca, mol/m3 ln(ERI) Estimated expansion, %

C-1 0 56 4.00 0.12 1.03 1.38 1.21 –0.047

C-1 0.80 61 31.55 0.58 7.43 0.00 4.21 0.133

C-1 1.25 32 14.00 0.89 5.75 0.00 3.10 0.066

C-5 0 56 1.85 0.11 1.36 1.00 1.06 –0.056

C-5 0.80 61 16.19 0.91 10.61 0.00 3.38 0.083

C-5 1.25 32 15.39 0.84 10.01 0.00 3.41 0.085
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FURTHER RESEARCH
While these initial results are promising, more extensive 

testing will need to be performed to refine and validate the 
model relating ERI to expansion. Potential areas of further 
research include:

1. Optimizing testing conditions to provide a test that is as 
accelerated as possible while maintaining strong correlation 
with expansion.

2. Further validate the model linking ERI to expansion 
by matching mixture designs from long-term exposure site 
blocks and comparing the ERI of the replicated mixtures to 
the block expansion.

3. Testing of concrete specimens of varying sizes and 
mixture designs, including mixtures reflective of field 
concrete that contain concrete admixtures.

4. Verify that the reduction of ERI reflects the reduced 
expansion when other common ASR-mitigating materials 
are used, such as ground-granulated blast-furnace slag, Class 
C fly ash, silica fume, and lithium admixtures.

5. Testing of additional structures affected by expan-
sion as well as control cores from structures unlikely to be 
experiencing expansion could be compared. Cores could be 
pinned, and residual expansion measured to further validate 
the ERI prediction model for existing structures.

CONCLUSIONS
The chemical model for expansion susceptibility  

developed in this study provides a potential pathway for the 
identification of expansive concrete mixtures and insights 
into the underlying mechanism of the expansion. The 
specific findings of this study that support this are:

1. Test results from this study showed a strong correlation 
between miniature concrete prism test (MCPT) expansion 
and the concentrations of Si, SO4

2–, Al, and Ca leached into 
the MCPT alkaline soak solution. Concrete specimens that 
displayed deleterious expansion had elevated levels of Si 
and SO4

2–, indicating the possible detection of the chemical 
triggers of alkali-silica reaction (ASR) and delayed ettringite 
formation (DEF) expansion. The increase in Al and Ca 
dissolved into solution from the concrete indicated lower 
expansion. In the case of Al, the likely cause is due to the 
reduction of reactive silica dissolution from aggregates.

2. The expansion reactivity index (ERI) correlated with 
expansion when the alkalinity of the mixture and soaking 
solution varied. For MR-1, a lower-alkali concentration 
resulted in an average 26% increase in expansion for two 
sets of MCPT specimens with an average increase of 38% 
ERI. For HR-1, the reduction of mixture alkalinity from 
1.25% Na2OEq to 0.67% Na2OEq resulted in a 75% reduction 
in expansion and 93% reduction of the ERI. For the same 
highly reactive aggregate, the reduction of mixture alkalinity 
from 1.25% Na2OEq to 0.49% Na2OEq resulted in a 93% 
reduction in MCPT expansion and a 94% reduction in the 
ERI at 84 days.

3. The ERI indicated sensitivity to substitution with 
Class  F fly ash. The partial substitution of cement with 
fly ash in a mixture with a moderately reactive aggregate 
showed a decrease in expansion of 61% at 84 days with a 
decrease of 71% in the ERI at the same alkali loading.

4. Nine out of 10 concrete cylinders matching MCPT 
mixtures were classified with the same broad reactivity 
when measured solely by ERI compared to MCPT expan-
sion of the same mixtures.

5. The measured ERI of concrete cores from an ASR- 
affected structure were indicative of expansion susceptibility 
based on the model developed in this study. Petrographic 
analysis of cores from the same structure identified ASR as 
present in the concrete, agreeing with the assessment of the 
ERI model of an ASR susceptible mixture.

These findings relating the chemical ERI model to 
measured expansion provide the potential for a test method 
that would be accurate, fast, require minimal sample prepa-
ration, test job-specific concrete mixtures, and illuminate the 
underlying cause of expansion.
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