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Abstract— Monitoring civil infrastructure is paramount due 
to the ageing of existing civil infrastructure. Apart from 
electronic devices, self-sensing materials are also used for these 
types of applications. In this paper, we present 3D printed 
self-sensing coatings for civil infrastructure. The coating is an 
alkali-activated material, which attains similar properties to 
ordinary Portland cement binders but is more electrically 
conductive due to the alkali ions in the matrix. The coatings 
were printed onto concrete cubes and glass fiber reinforced 
plastic sheets to investigate their strain response under cyclic 
loading in compression and tension. The electrical response 
under compression presented reasonable repeatability among 
loading cycles. In tension, the patches presented repeatability 
issues in the first loading stage which eventually stabilized in 
later cycles. For both compression and tension the patches 
present a linear electrical response in regards to the applied 
strain. The gauge factor of the coatings was calculated as 1433 
for compression and 383 for tension. 3D printed coatings have 
shown the potential of acting as a nondestructive evaluation 
method of existing infrastructure. 
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I. INTRODUCTION  
Monitoring the structural health of civil infrastructure has 

been a main focus in sensing applications. This has led to the 
use and incorporation of external sensing devices such as 
strain gauges and fiber optic sensors for strain and temperature 
detection. Apart from electronic devices, self-sensing 
materials have also been used in sensing applications. In this 
case these materials simultaneously act as a structural 
component and as a sensing mechanism. Favorable candidates 
for self-sensing materials are alkali-activated materials 
(AAM). These materials attain similar mechanical properties 
to ordinary Portland cement (OPC) binders [1]. However they 
are inherently more electrically conductive owing to their 
unique means of fabrication. AAM are formulated by mixing 
an aluminosilicate precursor, typically metakaolin (calcined 
clay), fly ash and ground granulated blast furnace slag, and an 
alkaline solution, typically a mixture of an alkali silicate and 
alkali hydroxide, usually sodium (Na+) or potassium (K+) [2]. 
The alkali ions in the AAM matrix make the material more 

conductive due to enhanced ionic conductivity [3]. As a result, 
AAM have been successful used as strain [4], temperature [5] 
and moisture sensors [6] . While it is common practice to 
incorporate conductive filler such as carbon fiber, carbon 
nanotubes, carbon black etc. AAM have seen numerous 
sensing applications without the use of conductive filler [5]–
[7].  

AAM have also been use for coating and repair 
applications [8]–[11]. AAM are able to chemically bond onto 
concrete substrates. The positive calcium ions (Ca2+) from the 
OPC concrete surface charge balance the negatively charged 
aluminium ions (Al3+) in AAM binders creating a chemical 
bond at the interface of these two materials [12]. 

Cementitious materials have seen a new means of 
fabrication over the past decade in the form of additive 
manufacturing. Cement-based materials are able to be 
extruded through a nozzle in a layer-by-layer process without 
the use of additional framework [13]–[15]. This has allowed 
for more complex designs and numerous applications. Apart 
from the fabrication of structural elements [13], [16] additive 
manufacturing has also been used in deploying coatings onto 
existing infrastructure [5], [7], for insulative applications [17], 
electronic packaging [18] and architectural purposes [19].  

In this paper we expand on the current research of 3D 
printed self-sensing AAM coatings. The purpose of this study 
is to investigate the feasibility of monitoring existing 
structures with a cementitious material that, apart from a 
protective coating, can also act as a strain sensor.  The means 
of fabrication of the printed self-sensing coating is presented 
and the strain sensing capabilities under compression and 
tension for this material are investigated. 

II. MATERIALS AND METHODOLOGY 

A. Materials  
Metakaolin was selected as the precursor for this study as 

it has showcased high strength and consistent performance in 
previous applications as a standalone element [20] and as a 
repair for concrete substrates [8] . Metakaolin was produced 
by calcining highly refined kaolin originating from south 
England, in an electric furnace at 800 oC for 2 hours. The 
precursor was left to cool down inside the furnace and was 
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then stored in sealed containers until use. Commercially 
supplied densified silica fume was also added to the mix for 
greater densification [15]. The properties of kaolin and silica 
fume are presented in Table 1. Polyvinyl alcohol PVA fibers 
(3 mm) were also added to the mix to improve adhesion with 
the concrete substrate, crack resistance [8] and shape stability 
[21]. The alkaline activator was prepared by mixing 
commercial sodium silicate (Na2O = 8.5%, SiO2 = 27.8%, 
H2O = 63.7%) and sodium hydroxide 10 M. The mass ratio 
of solution used for this experiment was Na2SiO3:NaOH 
=2.0. The solution was left to cool down for at least 24h prior 
to use.  

The mix was required to achieve adequate adhesion with 
the concrete substrate while being able to maintain 
dimensional integrity. This essentially requires a series of 
trial and error. Following the investigation outlined in [5], the 
solid to liquid ratio of the paste was set at 0.90 to balance 
these requirements. The precursor consisted of 95% 
metakaolin and 5% silica fume by mass. A total weight of 
0.5% of PVA (3 mm) fibers was added to the mix. 
Metakaolin, silica fume and PVA fibers were first dry mixed 
for 5 minutes to ensure homogeneity among the dry 
constituents. Following that, the activator was then poured 
into the dry materials and mixed for at least 10 minutes until 
a homogeneous slurry was obtained. 

TABLE 1: MATERIAL PROPERTIES 

 SiO2 Al2O3 Mean particle size 
Kaolin 47% mass 38% mass 10 μm 
Silica fume 92.5% - ≤1 μm 

 

B. 3D printing 
For extrusion, a progressive cavity dosing pen was 

installed onto the x-y gantry axis of a commercial 3D printer. 
The filament paste for extrusion was inserted into the 
cartridge in which air pressure of 2 bar was applied to force 
the material to flow into the screw extruder’s dispensing 
cavity. The printing setup is depicted in Fig. 1.  

 
Fig. 1. 3D printing setup with dispensing unit mounted on axis and air 
pressurized feed cartridge. 

The nozzle size of the extruder was 18 G (0.84 mm) and 
the layer height was 0.66 mm for greater compaction between 
layers. The print speed was set at 40 mm/s. 

For compressive strain sensing a double layered patch 
with dimensions 90 mm x 90 mm was printed onto a 100 mm 
concrete cube. The concrete surface was wire brushed to 
remove the top weak cement layer and expose the aggregates 

to ensure greater adhesion with the deposited coating [22]. 
For tensile testing, a double layered patch with dimensions 
30 mm x 50 mm was printed onto a glass fiber reinforced 
plastic (GFRP) tensile testing piece. GFRP was selected 
instead of steel to avoid any potential electrical interferences 
from the substrate. A drawing of the GFRP is illustrated in 
Fig. 2 and the dimensions of the tensile piece are presented in 
Table 2. Sand was glued onto the surface of the GFRP to 
allow proper interlocking between the materials in order to 
achieve adequate adhesion between the substrate and the 
sensing patch.  

 
Fig. 2. Schematic drawing of GFRP tensile testing piece 

TABLE 2: DIMENSIONS OF GFRP 

Dimension name Dimensions (mm) 
A 60 
B 50 
C 50 
L 200 
T 3 
W 35 

 
Stainless steel electrodes were placed at the corners of the 

patches following the van der Pauw configuration [23]. The 
samples were then sealed in a plastic container and cured in 
environmental chamber under ambient conditions for 28 days 
until testing. Fig. 3 shows an image of a printed patch for 
compressive and tensile testing respectively. 
 

 

 

Fig. 3. Metakaolin based printed patch concrete substrate (left) GFRP 
substrate (right). 

C. Electrial testing 
The samples were interrogated with an electrical 

impedance analyser using a four-probe set up. For 
compressive testing the specimen was placed onto a universal 
loading cell with a maximum load capacity of 500 kN. The 
cube was loaded incrementally up to 50 kN and then unloaded 
with a step of 10 kN. For tensile testing, the tensile piece was 
loaded up to 200 N and then unloaded with a loading step of 
40 N. In both cases the voltage applied was set at V = 10 mV 
at an alternate current (AC) frequency between 1 kHz-10 kHz. 
The current, I, was measured, allowing electrical impedance 
to be calculated via V = IZ. The applied loads in both cases 
were kept low to avoid any damage to the patches to allow for 
repeatable and reversible sensing [24]. In order to ensure a 
constant testing environment, the samples were wrapped with 
plastic film to maintain a constant humidity. The effect of the 



plastic film on loading was deemed insignificant. The 
temperature of the surrounding environment was also 
measured with an external temperature sensing device. The 
temperature of the testing vicinity remained constant and was 
therefore accepted to not influence the strain sensing 
investigation. Three measurements were acquired for each 
load and each sample was tested for a total of three load 
cycles. For data analysis, a frequency of 5 kHz was chosen.  

III. RESULTS AND DISCUSSION 
Fig. 4 & 5 depicts the fractional change in impedance 

against time for compressive and tensile strain respectively. 
The fractional change in impedance was calculated via (1).  

 ∆Ζ/Ζ0 (1) 

where Z0 = initial impedance under no applied load, 
∆Ζ=Zi-Z0 the change in impedance in respect to the initial 
impedance. Under compression it can be seen that the 
impedance decreases under applied load and increases when 
the load is removed.  

 
Fig. 4. Fractional change in impedance against time of AAM printed patch 
under compressive load. 

 
Fig. 5. Fractional change in impedance against time of AAM printed patch 
under tensile load 

Under tension, the impedance increases as load is applied 
and decreases once the load is removed. This is in line with 
the expected behavior of self-sensing cementitious materials 
[25]–[29]. The sensing response of the patch in compression 
showcases a fairly repeatable behavior. Under tension, 
however, the patch displays slight repeatability issues 

primarily during the first loading cycle which eventually level 
out. This behavior could be attributed to the patch conforming 
to the substrate and due to minor damage in the matrix which 
resulted into a permanent impedance change throughout the 
subsequent sensing cycles. It can be inferred that the 
repeatability issues can also be a result of the inherent weaker 
tensile behavior of cementitious materials as a whole. 

The sensing patches in this application are free of 
conductive filler. The changes in the electrical properties in 
AAM under these circumstances have been attributed to ion 
migration of the alkali metal ions (Na+ and K+ ) in the matrix 
[25], [30]. In the current application, the change in impedance 
is due to the migration of the Na+ ions. It has been speculated 
that compression promotes ion migration as the distance 
between the available vacant sites that accommodate the alkali 
ions shortens thus leading to decreased impedance. In a 
similar manner, tension has been mentioned to hinder ion 
migration as the distance between these sites increases 
therefore impedance increases [25], [30]. While this 
mechanism has been generally accepted for these types of 
applications, it still warrants further investigation.  

The performance of strain sensors is generally evaluated 
by the gauge factor (GF). The gauge factor indicates the 
fractional change of electrical properties in regards to the 
respective strain. The gauge factor is calculated by (2): 

 k= (ΔZ⁄Z0 )⁄ε (2) 

where k = gauge factor, Z0 = initial impedance under no 
applied load, ΔZ =Zi-Z0 the change in impedance in respect to 
the initial impedance and ε= applied strain. The applied strain 
can be calculated through (3): 

 ε=σ/E (3) 

where σ = stress and E = modulus of elasticity. In this 
application the modulus of elasticity for concrete was 30 GPa 
and 5 GPa for the GFRP. Fig. 6 & 7 depict the fractional 
increase in impedance versus the applied strain for upward 
loading of the second loading cycle for compression and 
tension respectively.  

The sensing patches present a linear behavior under 
compression and tension in this loading segment. Linear or a 
linear-like behavior is achievable by maintaining a low 
magnitude of applied loads [31]. This ensures the material will 
behave elastically and can avoid permanent deformation in the 
material which will in turn carry over to the electrical response 
of the matrix as well [32].  

The gauge factor for compression and tension was 
calculated as 1433 and 383 respectively. The sensing under 
compression is relatively high in comparison to other self-
sensing applications [33]–[35], however this sensing capacity 
is not uncommon for metakaolin AAM [28]. Furthermore it 
can be observed that the sensing capacity is higher for 
compression than it is in tension. Similar to the repeatability 
issues, this behavior could be attributed to the inherent higher 
compressive capabilities of AAM compared to the tensile 
behavior. Further investigation is required though to make a 
definitive claim.  



 
Fig. 6. Fractional increase in impedance against strain for AAM under 
compressive strain. 

 
Fig. 7. Fractional increase in impedance against strain for AAM under tensile 
strain. 

IV. CONCLUSIONS 
In this work the sensing behavior of extruded patches 

under compression and tension was investigated. AAM 
patches were 3D printed onto concrete and GFRP substrates. 
The patches in this application are free of conductive filler. 
The change in impedance is speculated to occur due to the 
changes in the ion hopping distances the alkali metal ions 
must overcome, as a result the impedance decreases in 
compression and increases in tension. The sensing capability 
in both tension and compression presented reversible 
behaviour and reasonable repeatability among loading cycles. 
The sensing patches displayed a linear change in electrical 
properties in regards to the applied strain. The gauge factor 
under compression was calculated as 1433 and as 383 in 
tension. This enables 3D printed coatings to act as a 
non-destructive monitoring method for existing civil 
infrastructure. 
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