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A B S T R A C T   

Application of supplementary cementitious materials for production of low CO2 concrete affects the reaction 
kinetics, which alters the setting time and strength development. The different early-age behavior is of concern 
for quality control of concrete. Non-destructive test is very useful for monitoring the quality of low CO2 binder 
systems. This paper presents a new technique to monitor the electrical conductivity and temperature at different 
depths of hydrating concrete. Indices from monitoring system (conductivity, maturity and formation factor) are 
compared with data from widely-used methods (ultrasonic pulse velocity, penetration resistance and isothermal 
calorimetry). Results show that indices from the system can replicate the hydration evolution, setting time and 
compressive strength of low CO2 concrete. Electrical conductivity of concrete is very sensitive to mineral re-
actions and it reflects the hydration kinetic consistent with evolution of heat release. Linear correlations are 
found for penetration resistance in relation to ultrasonic pulse velocity, formation factor and maturity, respec-
tively. The effects of binder type and water-to-binder ratio on hardening are strongly dependent on temperature. 
The proposed approach enables to include all these factors in characterizing the hardening process of concrete 
onsite. It is shown that formation factor performs better than ultrasonic pulse velocity on indicating the setting 
process. Formation factor is also a good parameter for quantitative description of compressive strength devel-
opment, which is independent of the binder types, mixture proportions and curing ages.   

1. Introduction 

On the way toward carbon neutrality, many kinds of approaches are 
tried to reduce CO2 emissions in construction sector. Using supple-
mentary cementitious materials (SCMs) is currently acknowledged as 
the primary approach to minimize the cement consumption which leads 
to lower emissions generated due to cement production [1,2]. An 
incorporation of SCMs makes impact on both the fresh properties (such 
as, workability, plastic viscosity and yield strength) and the hardening 
properties (such as setting time and the strength development) [3]. 
These properties of the blended concretes at the constructing sites are 
critical for the practical use of alternative binders. Diversity of SCMs 
results in difficulties in controlling and predicting the performance of 
low CO2 concrete. 

During the hydration process of binder, the state of concrete will 
transit from a fluid to the hardened state that governs both the quality 
and cost of the construction process. For instance, the time for setting 
and attainment of specific strength affects decisions in terms of the right 
time for demoulding and for the further construction procedures such as 
measures to prevent thermal cracks or heat curing requirements for 
casting in cold seasons. Moreover, the hardening process is also very 
important for the digital fabrication (3D printing), as Reiter et al. [4] 
stated that evolution of specific yield stress of concrete is of significance 
as otherwise the self-weights of the structure can be destructive. For 
characterizing the hardening properties of paste, the Vicat apparatus is 
one of representative traditional methods specified in standards, such as 
EN 196–3 and ASTM C191-08. For the hardening of concrete, a similar 
method to measure the penetration resistance is proposed in ASTM 
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C403/C403M – 05. However, these traditional methods are operated off- 
site and time-consuming due to the need of following the specified 
operational manual. These methods are therefore not adequate for the 
quality control of a fast or automated construction [5]. It is also well- 
known that hardening is sensitive to temperature changes so the tradi-
tional methods need to control the temperature and humidity of the 
curing environment. However, these conditions are different from the 
actual field site, especially during the construction of some massive 
concrete structures [6]. Therefore, a reliable non-destructive testing 
method with possibility for an automated on-site monitoring, good ef-
ficiency and reliable quality, would be very helpful to mitigate the 
challenges in handling construction with the use of SCMs. 

Although there are many non-destructive methods to assess the 
mechanical performance [7,8] or to identify problems of concrete 
structure, such as grouting faults [9] or cracks [10], only few of them 
can be used to obtain time-resolved hardening properties of concrete. Gu 
et al. [11] embedded piezoelectric transducers into the concrete spec-
imen as actuators and sensors to detect the harmonic response ampli-
tude and tried to correlate the value to the strength development from 1 
day up to 1 month. Tawie and Lee [12] verified the feasibility of pie-
zoceramic sensing technique to monitor the strength development by 
resonant frequency shift. Voigt et al. [13] compared ultrasonic wave 
reflection and maturity methods on monitoring the strength of Portland 
cement mortar by relating them to the compressive strength up to 7 
days. However, these investigations did not consider the hardening 
process before final setting. Shimizu [14] found that the electrical 
conductivity showed a sudden drop during the setting, and Calleja [15] 
reported that the conductivity change can reflect the setting of hydraulic 
materials. However, there was no quantitative description between 
setting time and evolution of conductivity. The setting of oil well cement 
has been monitored by ultrasonic pulse velocity (UPV) [16], and the 
theoretical analysis on setting time was further reported by Scherer et al. 
[17] in relation to the percolation of hydration products during hydra-
tion process. However, it seemed that the percolation point occurred 
earlier than the initial setting time, and there was no further discussion 
on final setting point or mechanical performance after final setting. 
Proton nuclear magnetic resonance relaxometry was applied as a 
method for indicating pastes setting in correlation to water depletion 
[18], and it seems to be promising as an nondestructive method in lab 
research but unpractical for onsite application. Poursaee and Weiss [19] 
used an electrical impedance spectrometer to build an automated test 
system to monitor the evolution of electrical conductivity of cement 
paste. The impedance spectroscopy test system in the cited investigation 
cannot fulfil an onsite application due to the complex setting and 
expensive price of machine. Moreover, that investigation only provided 
a concept to illustrate the possibility of using electrical conductivity to 
monitor performance, but it did not describe any performance index of 
concrete. 

Our previous investigation found that an electrical conductivity 
monitoring system is very promising to map the hydration induced 
microstructure change of the blended pastes [20]. A linear correlation 
has been identified between inflection time of electrical conductivity 
and setting time. To promote the onsite monitoring of concrete perfor-
mance, more factors such as casting environment, the presence of 
aggregate and curing conditions, have been taken into consideration in 
this study. As such, the monitoring system has been upgraded with 
sensor arrays, including the ability of determining temperature and 
electrical conductivity at various depths. Detailed analysis will be given 
in this paper to verify the credibility of this nondestructive test system to 
replicate the evolution of hydration and strength development of con-
cretes containing SCMs. The quantitative correlation will be identified 
between the monitored indices (maturity and formation factor) and the 
traditional parameters of low CO2 concrete (penetration resistance, 
setting time and compressive strength). The hydration heat of two 
concrete mixes will be compared with their monitored conductivity for 
revealing the mechanisms of hydration and hardening. Finally, the 

correlations between setting, compressive strength and formation factor 
will be discussed from a physical/chemical-mechanism perspective. This 
investigate not only provides novel understanding of hydration and 
structure development of concrete but also offers an upgraded system to 
monitor the setting process and strength development of concretes with 
various types of binder, through monitoring temperature and electrical 
properties from cradle to long-term service. 

2. Experimental procedures 

2.1. Non-destructive monitoring system 

2.1.1. Electrical conductivity and temperature 
Concretes were cast in container as shown in Fig. 1. The electrical 

conductivity of concrete was measured by a four-electrode method to 
minimize the effect of polarization. The arrangement of electrodes at 
each row was referred to the Wenner configuration [21] (see 4 blue 
electrodes in Fig. 1). This set-up is an upgraded version based on our 
previous system [20]. The old version is rather simple with 4 electrodes, 
so it can only measure small samples and without the consideration of 
temperature effect. On the array sensors board, one more sensor (red 
circle in Fig. 1) is added in the end of each raw to measure the tem-
perature, and these sensors have been calibrated with an accuracy of ±
0.2 ◦C. Multilayer sensors are assembled on a carrier board, which en-
ables the system to measure temperature and electrical conductivity at 
different depths of large concrete specimens. The invented device for 
controlling and data recording of the system has a dimension with 15 ×
20 × 50 cm, which is portable for onsite test. The measurement was 
conducted individually at each raw from the top to bottom. The con-
trolling programs of this system was also improved to avoid the mutual 
influence of different layers, and to minimize the influence of electrode 
polarization. It takes about 0.1 s to finish one instant measurement. In 
the first 24 h, the datalogger recorded the data at a 5-min interval. The 
time interval was switched to 10 mins from 1 day to 7 days. The data at 
later hydration ages were collected at 14 days and 28 days. 

A major improvement in this method is that the effect of temperature 
on electrical conductivity has been considered. The temperature effect is 
described by the Arrhenius equation, Eq. (1). The activation energy (Ea 

Fig. 1. Setup for monitoring the electrical conductivity and temperature in 
concrete during hydration. 
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= 13.375 kJ/mol) was determined by measuring conductivity of the 
mimic pore solution conditioned between 3 ◦C and 70 ◦C. The A is a pre- 
exponential constant, R is the gas constant (8.314 J / K mol), and T (K) is 
the absolute temperature of sample. 

σ = A⋅e
Ea
RT (1)  

The calculation of electrical conductivity by Wenner’s method is based 
on assumption of a semi-infinite boundary. However, the actual size of 
concrete structure does not always satisfy this semi-infinite boundary 
condition, especially for the upper rows of the sensors. In order to 
calibrate the size coefficient on the calculated electrical conductivity, 
numerical modelling was carried out using COMSOL Multiphysics with a 
geometry of cuboid (200 × 150 × 300 mm3) similar as the container (see 
Fig. 2). The simulation was conducted using the AC/DC mode, which 
encompassed the electric current conservation equation. Moreover, all 
surfaces of the geometry were set as insulative boundaries in order to 
achieve accurate results. The points A and B represent the two outer 
electrodes in Wenner’s configuration. V2 and V1 are potential of the 
inner two electrodes, respectively. The matrix was assigned a constant 
electrical conductivity of 0.1 mS/cm, and the input constant current 
from A to B was set to 0.1 mA. The simulated potential difference be-
tween V2 and V1 was used to calculate the electrical conductivity by 
Wenner’s method. The dimension factor (γ) was evaluated by dividing 
the given conductivity with the calculated one. Fig. 2 shows that γ is 
about 1.96 at the first row and decreases with depth. From these 
simulated results the relationship between γ and the depth of sensors (x) 
can be established. All these simulated values have been validated with 
the standard solutions (KCl), and it shows that they are very close to the 
experimental value (see the comparison of simulated and experimental 
results in Fig. 2). 

After considering effects of both temperature and dimension, the 
conductivity of hydrating concretes at each depth can be calculated by 
Eq. (2). The result of each sample in this study is the average value of 
data from second to eighth row at different depths. 

σc =
I

2πΔVd
⋅γ⋅e

Ea
R

(

1
273.15+T−

1
298.15

)

(2) 

where σc is electrical conductivity of concretes normalized to 25 ◦C, I 

is the applied constant current between the outer two electrodes, ΔV is 
potential difference between the two middle electrodes, d is the distance 
between Wenner’s electrodes and γ is the dimension factor at different 
depths. 

2.1.2. Ultrasonic pulse velocity 
The setup for monitoring UPV (IP-8 Ultrasonic Measuring System 

Fig. 2. Dimension factor based on numerical simulation and comparison with experimental results.  

Fig. 3. Setup for monitoring the UPV in concrete during hydration.  
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from Ultratest GmbH) is shown in Fig. 3. It consists of two channels with 
acoustic emission system, a controller and a computer. A transmitter and 
a receiver are positioned in the silicon mould directly opposite to each 
other, with a protrusion of approximately 3 mm. This setting aims to 
ensure a firm connection between the fresh concrete and sensors. The 
measurement distance between the transmitter and the receiver is 50 
mm. The ultrasonic pulse was set with a frequency of 25 kHz. The 
concrete samples were cast with a mild vibration, and sensor was then 
connected to the controller under the automatic control of computer. 
The interval for recording the ultrasonic signal is constant with 2 or 5 
min. Each sample had three parallel measurements, and the result is 
presented as an average value of these measurements. 

2.2. Materials 

Binders in this study include ordinary Portland cement CEM I 52.5 R 
with a Blaine surface of 525 m2/kg, fly ash, and slag with a Blaine 
surface of 420 m2/kg. Limestone powder with a D50 = 18 μm was used as 
well. The chemical composition of each binder has been shown in the 
previous paper [20]. Table 1 presents the mix design of 4 kinds of 
concretes. In the binary systems, the replacement content of cement 
with slag and fly ash is 35 % by weight. In the ternary systems, Portland 
cement was replaced with 35 % slag and 16 % limestone. The slag binary 
concretes were mixed with water-to-binder ratio (w/b) of 0.45 (C245) 
and 0.55 (C255), respectively. The fly ash blended concrete was mixed 
with w/b of 0.45 (C145) and the ternary concrete was mixed with w/b of 
0.38 (C338). Aggregates used in C145 and C255 consist of siliceous sand 
and stone with a size distribution ratio of 85.2 %: 14.8 % (1–4 mm: 4–10 
mm), which has a bulk density of 1.74 × 103 kg/m3 and a close packing 
density of 1.96 × 103 kg/m3. C245 and C338 were cast using the sand 
with a density of 2.66 × 103 kg/m3 from Eurosand and stone with a 
density of 2.85 × 103 kg/m3 from Skanska. Superplasticizer (PCE) was 
Master Glenium 5118 (with 17.5 % dry substance) from Master Builder 
Solutions. 

2.3. Procedures and methods 

2.3.1. Casting of concrete 
Ingredients of concrete were mixed in a self-falling mixer with ca-

pacity of 50 L. Firstly, water and binder were mixed for 2 mins. Subse-
quently, the aggregates were gradually added into the mixer, and 
continued to mix for another 5 mins. The fresh concretes were then cast 
in different containers for monitoring and performance test at certain 
ages. For monitoring the electrical conductivity and temperature, the 
board with array sensors was fixed in the container before casting. After 
filling (with little vibration if needed) to a certain height (10 mm higher 
than the first row of sensors), the top of the container was sealed to avoid 
moisture loss. C145 and C255 were cast and cured in climate tempera-
ture of 22 ± 1 ◦C while the production and curing temperature for C245 
and C338 was 19 ± 1 ◦C. 

2.3.2. Conductivity of pore solution 
The electrical conductivity of pore solution is acquired from data in a 

previous investigation of pastes with the same cementitious materials. It 
is assumed that the aggregates are rather stable (for the monitored time), 
so they do not alter pore solution conductivity and the hydration pro-
cess. The calculation of pore solution conductivity has been illustrated in 

[20], which was mainly based on two assumptions: firstly, the alkalis 
have a fast dissolution within the first few minutes after mixed with 
water; secondly, the solvent exchanged interlayer water of calcium sil-
icate hydrate is classified as conductive “pore solution”. 

2.3.3. Setting and strength development 
The hardening process of concrete was monitored by a traditional 

standard (ASTM C 403/C 403 M – 05) with the penetration resistance 
(strength) test on the mortar part of concrete mixture. After 24 h, con-
crete cubes were cured in water until the targeted ages. The compressive 
strength of concrete samples was measured at 12 h, 24 h, 3 days, 7 days, 
14 days and 28 days, respectively according to standard EN 
12390–3:2019. It should be noted that the size of C145 and C255 sample 
is 100 × 100 × 100 mm3, but that of C338 and C245 is 150 × 150 × 150 
mm3. Therefore, the compressive strength values of C145 and C255 
were normalized by a dimension factor of 0.93 for a better comparison 
according to [22]. 

2.3.4. Isothermal calorimetry 
The hydration heat of C245 and C338 was measured by I-Cal 2000 

Isothermal Calorimeter (Calmetrix company). It is equipped with 2 
sample cells with a capacity of 450 ml. Cells are well isolated from each 
other by a wide air gap, so it ensures the unparalleled precision and 
stability by eliminating any cross-influence. The temperature was set to 
20 ◦C with a stability of ± 0.001 ◦C. Two duplicate measurements were 
performed simultaneously to obtain an average value for presentative 
result. 

3. Results and discussion 

3.1. Real-time monitored data from the upgraded technique 

3.1.1. Electrical properties 
Fig. 4 shows the real-time monitored electrical properties of hy-

drating concretes. The formation factor (F) of concrete samples is 
calculated by Eq. (3), where σps is the electrical conductivity of pore 
solution according to [20] and σc is the monitored electrical conduc-
tivity of concrete. The assumption here is that the siliceous aggregate is 
rather stable so it does not interact with the pore solution to affect the 
hydration reactions. It should also be noted that σps of C338 is obtained 
as a multiplicative function of conductivity of paste with w/b of 0.35 and 
a dilution factor (0.38/0.35 = 1.09). 

F =
σps

σc
(3)  

Fig. 4a shows that the electrical conductivity of hydrating concrete ex-
hibits a similar trend compared to evolution of electrical conductivity 
observed in pastes [20]. The upgraded measurement system performs 
better than the previous version in monitoring hydration before final 
setting, as it is capable of obtaining a more stable and consistent data 
line by eliminating polarization effects. In the first 1.8 h, a fast increase 
in conductivity is caused by a continuous dissolution of clinker [23] and 
dissolution of slag [24], which results in an increase in pH and alkali 
concentration. Calcium concentration in pore solution reaches a super-
saturated state with respect to portlandite [25]. After this period, the 
precipitation of hydration products (portlandite and C-S-H) transforms 
from being dominated by nucleation to growth [26], during which 

Table 1 
The mixture proportions of concretes (kg/m3).  

Mix ID Cement Slag Fly ash Limestone Water PCE Sand (<4 mm) Coarse aggregate (4–10 mm) 

C145 286  154  201  3.2 1411 246 
C245 280 151   194  3.0 954 795 
C255 247 133   209  2.7 1449 256 
C338 242 173  79 187  4.0 953 780  
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period connections are built between mineral particles to reduce the 
electrical conductivity. In the period from 4 h to 20 h, a peak occurs in 
all samples. The time for this peak coincides with the second reaction of 
aluminates in presence of sulfates, which will be later discussed in sec-
tion 3.3.2. The accelerated dissolution of aluminate and formation of 
ettringite [27] may reduce the sulfate ion concentration in pore solution 
so it requires the release of hydroxide ions to balance the charge. This 
results in a minor increase of conductivity (see C255 in Fig. 4a). The 
peak for C145 and C255 is observed at approximately 8 h, whereas for 
C245 and C338 it occurs around 12 h. As pointed out in section 2.2.1, 
C145 and C255 were cast in a higher environmental temperature 
compared with C245 and C338. As the peak time of both silicate and 
aluminate reaction is sensitive to curing temperatures [28,29], the 
occurrence of the aluminate peak is slower at lower temperature. Con-
ductivity of C245 has the highest value in the first 10 h, whereas the 
other three mixtures have a similar value when considering the devia-
tion observed in parallel tests. 

The dissolution degree of alkalis in fly ash (siliceous fly ash) is much 
lower than the slag so C145 has a lower alkali concentration and pH than 
C245 at the same w/b. In the period prior to setting, the variation in 
conductivity of binary concretes is primarily attributable to differences 
in the concentration of conductive ions present in the pore solution. This 
is deduced from the fact that the initial formation factors are nearly 
identical for the binary concretes with a value about 15, as shown in 
Fig. 4b. The ternary concrete has the highest formation factor over hy-
dration time up to 168 h. This can be ascribed to the lowest effective 
water to binder ratio, thus introducing the lowest water porosity in 
concrete matrix. Moreover, the fine limestone can accelerate the hy-
dration [30] and promote an earlier volume-filling hydration process, 
leading to a denser structure [31]. Its effect is more evident after 32 h 
according to the increasing difference between C245 and C338. 
Although the formation factor of C255 is lower than C145 before 86 h 

due to a higher w/b, it grows to be higher than that of fly ash binary 
concrete as slag involves in the hydration process much earlier than fly 
ash [32]. 

The effect of aggregate on the electrical properties is evaluated by 
dividing formation factor of concrete with that of pastes having the same 
w/b, and this also equals to the ratio between conductivity of pastes and 
concretes. Fig. 4c shows that incorporation of aggregates will induce a 
ratio between formation factor of concrete and pastes with a value be-
tween 2–7. The value of difference factor before setting time is close to 
the ratio between the value of solid to water volume ratios in concrete 
and that of paste. During the hardening process from 6 h to 16 h, the 
factor has an increase to a peak point and then significantly decreases to 
value similar with the ratio of water volume fraction in pastes and that of 
concretes. This implies that the main influential factor shifts from vol-
ume of solid to volume of liquid after the percolation of solid networks 
[17] during the hardening process. 

3.1.2. Temperature evolution and maturity 
Temperature has a significant effect on the hydration and hardening 

process of cement-based materials. The temperature of concrete will be 
affected by two aspects: the environmental temperature and the heat 
release from the hydration reaction. The latter factor makes major 
contributions to high temperature in massive concretes. In current 
research of cement-based materials, an isothermal method is being 
majorly used to investigate the hydration process and assess hydration 
degree [33]. However, this kind of isothermal condition is far from the 
onsite conditions. One advantage of the updated measuring system is to 
include temperature sensors on the sensor panel for monitoring the 
temperature regime. 

Fig. 5a illustrates the temperature profiles of concretes exposed to 
the laboratory environment (22 ± 1 ◦C or 19 ± 1 ◦C). For the assessment 
of onsite performance of concretes, an index called maturity [34] was 

Fig. 4. Real-time monitored electrical properties of concrete: a – evolution of electrical conductivity in the first 24 h; b – the calculated formation factor of concrete: c 
– the ratio between electrical conductivity of paste and concrete. 
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defined for assessing the hydration and hardening of concrete. The 
correlation between maturity and strength (or shrinkage and setting) 
has been established in many previous investigations [35–38]. There-
fore, some nondestructive devices were produced to measure maturity 
index which can be utilized for assessing the onsite performance of an 
individual concrete mixture. Maturity index (M) of concretes in this 
study, have been calculated by Eq. (4) according to Nurse-Saul maturity 
function. 

M =
∑t

0
(T − T0)Δt (4)  

where T is the average temperature of concretes during the time interval 
Δt, t is the elapsed time and T0 is datum temperature for calculation. To 
evaluate the thermal effect of hydration, the datum temperature is 
assumed to be − 10 ◦C. The temperature difference (dT) between the 
inner (at depth of 100 mm) and surface layer (at depth of 10 mm) was 
evaluated to check the thermal effect of hydration. 

The temperatures of the concrete mixes were approximately 1–2 ◦C 
higher than the room temperature at starting point (about 12 mins after 
water mixing) (see Fig. 5a). It stays almost constant at the first 4 h due to 
a very slow reaction in the induction period. After this period, the 
temperature reaches a peak due to the heat release from hydration. It 
starts to decrease after this peak because the heat release rate slows 
down and becomes lower than heat dissipation rate. Fig. 5b shows that 

C245 has the maximum temperature difference (about 1.4 ◦C) between 
inner part and surface of concrete with the dimensions shown in Fig. 1. 
The maximum temperature difference for C145, C255 and C338 is 1.2, 
0.9 and 0.2 ◦C, respectively. The occasional negative values are observed 
in the temperature difference of C338 due to variations in environ-
mental temperature. Fig. 5c demonstrates that the temperature profile in 
C245 exposed to the lab environment is very close to the heat flow with 
isothermal calorimetry at 20 ◦C. An interesting coincidence is that the 
peak temperature time is simultaneous with the time of aluminate re-
action peak. Maturity index of C338 is lowest due to the lowest content 
of cementitious binder and environmental temperature. C245 has a 
lower maturity index than C145 in the first day due to a lower curing 
temperature, but that of C245 grows faster after 4 h because slag has a 
higher reactivity than fly ash [32,39]. This also explains the higher dT in 
Fig. 5b. C255 has a higher initial maturity index than C245, but the 
index of C245 becomes close to C255 after 7 days (168 h). 

3.2. Evolution of UPV 

Ultrasonic wave velocities in porous materials is determined by the 
volume fraction of liquid and solid phase [40]. During the hydration of 
cementitious materials, the changes in connectivity of solid materials 
also makes impact on the velocity. Hydration induces an increase in 
rigidity of concrete to increase wave speed, so some investigations have 
applied the measurement of UPV to indicate the hardening process of 

Fig. 5. Monitored temperature evolution and heat release of concretes: a – temperature up to 128 h: b – temperature difference at depth of 100 mm and 10 mm: c – 
comparison between isothermal calorimetry and temperature evolution of C245: d – maturity of concretes up to 14 days. 
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cement-based materials [16,17,41,42]. This study used a setup to 
monitor the evolution of UPV in the hydrating concrete as well. 

Fig. 6a shows that UPV of concrete keeps almost constant in the first 
2 h because there is little consumption of free water during this period, 
corresponding to the induction period of cement hydration. UPV of the 
suspension state is determined by the volume fraction of solid. The ratio 
between solid and liquid in C145, C245, C255 and C338 is 10.3, 11.1, 
9.8 and 11.7, respectively. Consequently, a similar sequence of UPV can 
be detected in these concretes in the beginning. Some minor differences 
in the sequence may be caused by the temperature variation. After 2 h 
the precipitation of hydration products builds solid connections between 
particles to induce an increase in UPV. The particle connections in C145 
grows faster than C255 due to the lower w/b [20], so UPV of C145 be-
comes higher than C255 after 4 h. The square of UPV (v2) is linearly 
correlated to elasticity of materials, which is determined by the dynamic 
Young’s modulus and dynamic Poisson ratio [43]. Therefore, the change 
rate of elasticity can be indicated by the value of Δv2/dt (see Fig. 6b). It 
shows that C145 and C338 have a similar tendency of Δv2/dt, and this is 
consistent with decrease in the connectivity of pore solution as in [20]. 

As the concrete hardens, the precipitation kinetic of hydration 
products is decreased, resulting in a decrease in the growth rate of dy-
namic Young’s modulus. From 2 h to 8 h, C255 has the lowest Δv2/dt 
due to its highest w/b. This can also be attributed to the lower growth 
rate of solid networks resulting from the dispersed distribution of the 
precipitated hydration products on particle surface [26,31]. Due to the 
aluminate reaction from 12 h to 18 h in C245 and C338, there is an 
evident increase in the growth rate of elasticity. The higher peaks in 
Fig. 6b implies that the dynamic Young’s modulus of C338 increases at a 
faster rate than C245, which results from acceleration in hydration 
caused by fine limestone power after 4 h. 

3.3. Properties of setting process 

3.3.1. Development of penetration resistance 
The penetration resistance was measured by the traditional method 

(ASTM C403) to indicate the initial hardening process of low carbon 
concrete. As binders react after water mixing, the nucleation and growth 
of hydration products cause the formation of clusters which eventually 
connects into an elastic structural network [17]. During this period, both 
UPV and formation factor present a significant increase after the solid 
network reaches a percolation state. Therefore, it is evident that UPV 
and electrical properties (resistivity and formation factor) can indicate 
the hydration induced structural development and change of elastic 
property [44]. 

Generally, the evolution of penetration resistance has a similar time- 
dependent tendency as the evolution of both UPV and formation factor 

(see Fig. 7). According to the definition of initial and final setting in 
ASTM C403, the development of penetration resistance can be classified 
into two regions with the initial setting resistance (3.5 MPa) as the 
critical point. During the setting period, the determining parameter of 
stress has found to be the interparticle or C-S-H internetwork distance 
[45], which is affected by the fineness of the particles, w/b and reactivity 
of binders [46]. For pastes cured under the same condition, we have 
observed that an increase in w/b weakens the resistance to needle 
penetration [20]. Fig. 7 shows that although C245 has a higher value in 
both UPV and formation factor, the development of penetration resis-
tance is slower than that of C255 in the first 5 h. This is mainly due to the 
impact of temperature on the hydration and setting [47,48], which is 
also reflected by the lower maturity index in Fig. 4. To evaluate the 
effect of temperature on hydration of low carbon concrete, the equiva-
lent curing age (te) of concrete was calculated by Eq. (5) [34]. 

te =
∑t

0
e− E

R (
1
T−

1
Tr )Δt (5)  

where E is apparent activation energy of hydration (30 kJ/mol for C145 
and C255; 44 kJ/mol for C338 and C245 [49]). Tr is the absolute 
reference temperature (298.15 K). 

The equivalent curing age of samples is presented on the upper co-
ordinate axis in Fig. 7. It shows that the growth rate of penetration 
resistance in C245 and C255 is quite similar before the initial setting, in 
terms of the equivalent curing age. However, after this time the growth 
of resistance in C245 (with average of 11.1 MPa/h) is much faster than 
C255 (with average of 6.7 MPa/h), and it is consistent with the evolution 
of UPV (see Fig. 6). The fine limestone can provide nucleation sites for 
hydration products so it can accelerate the hydration of clinker [50]. 
Moreover, the lower w/b induces a shorter particle distance, so these 
dual effects result in the fastest development of penetration resistance in 
C338 among all the mixes with respect to equivalent curing age. For the 
fly ash binary system, aluminate ion from fly ash may hinder the hy-
dration of silicates due to its binding on the surface sites [51]. Therefore, 
C145 has a slower hardening process than C245 especially after the 
initial setting. The surface charge and precipitation rate of hydration 
product on SCMs particle surface is also an important factor controlling 
the hardening process [52,53]. After initial setting, penetration resis-
tance is determined by the reactivity of the binder and the liquid volume 
in the mix. 

Fig. 8 demonstrates a detailed comparison between hydration heat 
release, electrical conductivity, UPV, formation factor and penetration 
resistance with the slag blended concrete as an example. In the left panel 
of figure, it shows a comparison between the evolution of heat flow and 
change rate of conductivity. As the heat flow reaches the lowest value at 
about 2 h, the change rate of electrical conductivity (Δσ/Δt) declines 

Fig. 6. Monitored UPV in hydrating concrete (a) and dv2/dt (b).  
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from a positive to a negative value. This means that the dissolution rate 
of conductive ions largely decreases. Moreover, the reduction in the 
distance between particles results in the decrease in the connectivity of 
pore solution [20,54], causing a decrease in conductivity. An intriguing 
increment in the change rate of conductivity (Δσ/Δt) is observed be-
tween 2 and 3 h, which can be attributed to an increase in pH during the 
process of C-S-H growth [23]. After entering the acceleration period of 
alite hydration, Δσ/Δt shows a sharp decrease. The peak time of the 
lowest Δσ/Δt is very close to peak of heat flow from the alite hydration. 
The minor difference is mainly due to a higher temperature in the 
mixtures cured in a laboratory climate condition in comparison with 
(see Fig. 4) the samples tested in an isothermal temperature (20 ◦C). 

After the main peak of alite hydration, a further dissolution of C3A 
and the accelerated formation of ettringite will induce a aluminate peak 
[55]. During this period Δσ/Δt increases due to the fact that the 
aluminate reaction causes an increase in concentration of hydroxide 
ions. This implies that aluminate peak can also be detected by the 
electrical conductivity change. The precipitation rate of hydration 
products gradually decreases as the hydration goes into the deceleration 
period, so both the heat flow and Δσ/Δt enter a rather stable stage. After 
the induction period, an increase in penetration resistance is observed, 
as well as in UPV and formation factor. The hydration heat release has a 
very low value at both the initial setting and final setting time with 
about 9 J/g and 20 J/g binder. These values account for less than 5 % of 
a complete hydration of these binder system (typical heat with 460–470 

J/g [56]). The increases in UPV and formation factor are also rather 
minor compared with the values after 7 days (see Fig. 6). A detailed 
correlation between penetration resistance and these values will be 
presented in the next section. 

3.3.2. Penetration resistance in relation to UPV, formation factor and 
maturity 

The development of penetration resistance is largely changed after 
the initial setting, as observed in the previous section. Kolawole et al. 
[57] applied a shear rheo-viscoelasticity approach to test the properties 
of concrete mixtures from water mixing to sometime after final setting. 
They classified the response of mix into 3 kinds of states: (1) plastic state; 
(2) semi-plastic state; and (3) solid state. These terms are originally 
defined in soil mechanics by Atterberg, which is called Atterberg limits 
[58,59] using to correlate the state of soils to moisture content. When 
penetration resistance is plotted against UPV, formation factor and 
maturity, the correlations can be classified into two regions: plastic state 
with resistance value lower than ~ 4.9 MPa and semi-solid (plastic) state 
between 4.9 MPa and 27.6 MPa. Fig. 9 shows the correlations in these 
two different states and Table 2 shows the results of regression in two 
regions separately. According to the R2 value, a linear correlation can be 
observed in the relationship between penetration resistance and these 
three monitored properties, respectively. The slope of the linear line at 
semi-solid state (k2) is much lower than that at plastic state (k1). 

During the plastic state, the penetration resistance is actually 

Fig. 7. Evolution of penetration resistance of concretes compared with the UPV and formation factor.  
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determined by the development of the yield stress of the cement-based 
mixture [60]. Only a few of the binders have been reacted to form C- 
S-H and other hydrates at this stage (see low heat in Fig. 8). Therefore, 
the stress–strain performance of the fresh mix is partially controlled by 
C-S-H links and mainly by non-contact colloidal interactions between 
cement particles [61]. An increase in the network links will increase the 
elasticity to transform the mechanical properties of matrix from the 
plastic to elastic state [62], and the semi-solid state is an intermediate 
state. This implies that the volume of C-S-H and charging state of the 
particle surfaces are critical for mechanical response during the hard-
ening process. The differences in slopes at two states are more evident 
between C245 and C338 than that between C145 and C255. The slope of 
the regression line of C245 and C338 at semi-solid state is only 1/3 to 1/ 
7 of the corresponding slopes in plastic state whereas that ratio is about 
1/2 to 1/4 for C145 and C255. As mentioned in the previous section, 
these differences can be ascribed to discrepancies in the reactivity of 
binders and w/b. However, further investigations are needed to eluci-
date the underlying mechanism responsible for the different correlations 
at the semi-solid state. 

3.4. Setting, UPV and electrical properties 

The percolation theory of consolidation has been extensively applied 
to understand the mechanics of soil during its drying process [62]. 
Although Pellenq and Damme [45] highlighted that the setting of 
cement-based materials was different from soil hardening due to its 
“wetting” instead of “drying” process, the underlying physics of setting 
is similar to soil drying due to the formation of solid networks and 

interactions towards a percolation point for the transition from plastic to 
elastic state. 

Percolation theory based on hardcore/soft-shell model was used to 
establish a quantitative description of elastic modulus with a certain 
function during hydration [17]. According to this model, the evolution 
of UPV from about 4 to 9 h can be described by Eq. (6) with exponent 
parameter of 2, which is consistent with the experimental results re-
ported in [63]. 
̅̅̅̅̅̅̅̅̅̅̅̅̅̅

v2 − v2
0

√

= C(t − t0) (6)  

where v is the acoustic velocity at curing time t, v0 is the velocity in the 
suspension before percolation (herein the UPV of concrete at the initial 
time is used), C is a free parameter as constant, and t0 is the time for the 
percolation of solid network. The evolution of electrical properties 
during the setting process has the similar tendency as UPV regarding the 
percolation of solid networks between particles [63]. Correlation be-
tween formation factor and evaporable water content has been well 
described by the percolation theory with a exponent parameter of about 
2 [20]. Therefore, Eq. (6) is modified by replacing the acoustic velocity 
with formation factor to obtain Eq. (7). 
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

F2 − F2
0

√

= h(t − t0) (7)  

where F is the formation factor at curing time t, F0 is the formation factor 
at few minutes after water addition, and h is a free parameter constant. 

Fig. 10 shows the regression results by using Eq. (6) and Eq. (7) in a 
certain time interval to describe correlation between UPV, formation 

Fig. 8. Detailed comparison between evolution of isothermal calorimetry and electrical conductivity (left side), and its relation to the formation factor, UPV and 
penetration resistance of C245 (right side). 
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factor and curing time. The regression part of data from formation factor 
was selected within a time interval with a good linear correlation before 
the second inflection (see Fig. 10a). The transition from semi-solid to a 
solid state can be indicated by inflection point of growth rate of for-
mation factor (a-F), which is calculated by dividing formation factor 
with hydration time [20]. UPV was analyzed in the same way to get the 
inflection time for growth rate of UPV (a-UPV) (Fig. 10c and d). 

Table 3 summarizes the regression function, critical time and the 
setting time of all concrete samples. Fig. 11 presents the correlation 
between critical time and setting time. Critical time for changing of 
formation factor can well describe both initial setting and final setting of 

low carbon concrete mixtures with a linear correlation regardless of 
temperatures. The inflection time of a-UPV can have a similar indication 
on final setting as formation factor, but the critical time of UPV change 
seems to have a worse correlation to the initial setting time. 

3.5. After final setting 

3.5.1. Compressive strength development 
The compressive strength of concrete was tested after final setting to 

reveal the development of mechanical performance during the hard-
ening process (see Fig. 12). Fly ash binary concrete (C145) has the 

Fig. 9. Quantitative correlation between penetration resistance and UPV, formation factor or maturity.  
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highest compressive strength at 12 h with a value of 5.9 MPa, and the 
slag blended concrete have a very similar strength varying from 4.0 to 
4.6 MPa at this age. The reason for C145 gaining such a strength value 
may be ascribed to its highest content of cementitious materials and also 
probably the curing temperature effect (see the highest maturity in 
Fig. 5). The strength development from 24 to 168 h is determined by the 

w/b and the reactivity of the SCMs. A lower w/b commonly results in a 
higher compressive strength at this period. Given the same w/b, slag 
reacts faster than fly ash [39,64] so the slag blended mix has a higher 
strength than the fly ash concrete at early age. Despite with a higher w/b, 
compressive strength of C255 seems to be higher than C145 after 336 h 
due to the expected higher reactivity of slag compared with fly ash. 

Table 2 
Regressed parameters between penetration resistance and indices at plastic state and semi-solid state.  

Mix ID Parameters Plastic state（k1, b1） Semi-solid state（k2, b2） 

Relation to UPV Relation to F Relation to maturity Relation to UPV Relation to F Relation to maturity 

C145 k 245.78 0.48 19.3 75.27 0.2 4 
b 3.4 14.5 66 831 15.6 131.1 
R2 1 0.98 0.93 1 1 0.99 

C245 k 247.2 0.47 11.31 33.73 0.07 2.26 
b 1268.5 16 84.5 2182.9 18 125 
R2 0.95 0.98 0.94 0.95 0.78 0.97 

C255 k 181.22 0.4 14.78 76.38 0.17 5.15 
b 124 14.9 69 706.8 16.3 115.3 
R2 0.98 0.96 0.95 0.98 0.87 0.99 

C338 k 204.82 0.32 10.15 58.16 0.14 2.53 
b 627.3 21.3 88.8 1325.4 22.1 123.8 
R2 0.96 0.95 0.95 0.98 0.97 0.98  

Fig. 10. Setting time assessment of concrete based on the infoection point of UPV and formation factor.  

Table 3 
Correlation between inflection point, regression function and setting time.  

Sample Regression in selected zone Critical time [h] Setting time [h] 

Eq. (6) Eq. (7) t0 of UPV t0 of F Peak of a-UPV Inflection time of a-F Initial setting Final setting 

C145 y = 710x-1990 y = 3.60x-9.64 2.80 2.68 7.00 8.48 3.81 6.82 
C245 y = 690x-1242 y = 4.32x-17.64 1.80 4.08 5.67 7.33 4.83 6.56 
C255 y = 553x-1326 y = 3.49x-8.42 2.40 2.41 7.25 8.58 3.73 6.97 
C338 y = 694x-1622 y = 5.19x-18.50 2.34 3.56 6.64 7.72 4.41 6.31  
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Compared with C245, the larger strength development in C338 after 24 
h is not only due to the lower w/b but also the filler effect of limestone. 
The chemical interaction of ions with the surface of limestone somehow 
alters hydration kinetics and phase assemblage. The fine limestone en-
ables nucleation of C-S-H on the surface of calcite and promotes the 
formation of other phases, such as carboaluminates. Therefore, the 
addition of an appropriate amount of fine limestone can enhance early 
strength development [31,65]. 

3.5.2. Correlation between compressive strength, formation factor, UPV 
and maturity 

Electrical conductivity of cement-based materials under certain 
temperature is determined by the porosity, ion concentration and con-
nectivity of pore solution [20]. The use of formation factor can exclude 
the effect of ion concentration in pore solution, so it directly relates to 
water porosity according to Archie’s law [66] as Eq. (8). 

F = a(Φ)
− m (8)  

where parameter a is non-uniform constant, m is the shape factor (with 
an average value of 2 for binders in this study) and Φ is the volume 
fraction of pores filled with the conductive solution. 

This equation describes the volume of pores filled with a conductive 
liquid, so it may exclude the empty pores and air void in the non- 
saturated concrete matrix. However, the samples in this study are 
cured under the sealed condition so the matrix is a naturally saturated 
condition with limited proportion of empty air voids. It should however 
be emphasized that in practical utilization, the saturation degree of the 
matrix should be taken into consideration. 

The mechanical performance of porous materials is determined by 
pore structures inside the matrix. Many empirical functions were pro-
posed to describe the correlation between the porosity and compressive 
strength of concretes [67,68]. One typical expression is a logarithmic 

Fig. 11. Correlation between setting time and critical time of the monitored indices.  

Fig. 12. Development of compressive strength of low carbon concrete after final setting.  

L. Huang et al.                                                                                                                                                                                                                                  



Construction and Building Materials 408 (2023) 133774

13

function reported by Schiller [69]: 

fc = Kln(Φ0/Φ) (9)  

where fc is the compressive strength, K is the constant parameter, and 
Φ0 is porosity at which the strength practically vanishes. After 
substituting Eq. (8) into Eq. (9), we can obtain a logarithmic function for 
describing the correlation between formation factor and compressive 
strength as Eq. (10). 

fc = K
(

lnΦ0 −
lna
m

)

+
K
m

lnF (10)  

Fig. 13a shows that compressive strength has a linear correlation with 
lnF having a R2 = 0.99. This quantitative description presents an po-
tential for in-situ monitoring of the strength development of low carbon 
concretes containing different SCMs. It shows independent on the curing 
age as well as the binder types. For comparison, the correlation between 
compressive strength and electrical conductivity of concretes (σc) is 
illustrated in Fig. 13b. Although the R2 is rather high with 0.96, Fig. 13d 
illustrates that its deviation is much higher than the relation to forma-
tion factor. The primary reason for this phenomenon is the influence of 
the ionic conductivity of the pore solution on the electrical conductivity 
of the concrete. 

For the scientific description of the relationship between strength 
and pore size based on physical principles, Luping [70] proposed a 
model using Griffith’s theory to include the average pore radii. 
Furthermore, Kumar and Bhattacharjee [71] simplified the correlation 
between porosity and compressive strength as Eq. (11). 

fc =

̅̅̅̅̅̅̅̅̅̅̅
E0T0

π

√
1 − Φ

̅̅̅̅̅rm
√ (11)  

where E0, T0 and rm are the modulus of elasticity, specific surface energy 
of solid and the mean distribution radius, respectively. With the porosity 
from Eq. (8), we can rewrite Eq. (12) for correlating the strength to 
formation factor and pore radius. 

fc =
K2
̅̅̅̅̅rm

√

[

1 −

(
F
a

)− 1
m
]

(12)  

where K2 is a constant including intrinsic properties of solid (E0, T0). For 
a consolidation packing, the critical radii in porous materials is related 
to the formation factor as Eq. (13) [72]: Therefore, we can get the cor-
relation between formation factor and strength as Eq. (14). 

rm∝
1̅
̅̅̅
F

√ (13)  

fc∝K2⋅F1
4⋅

[

1 −

(
F
a

)− 1
m
]

(14)  

Fig. 13c shows the regression between F-1/m (m = 2) and compressive 
strength, and it is rather reliable with R2 = 0.99. The quantitative 
expression is established between formation factor and compressive 
strength as Eq. (15). This expression is also independent on curing time 
or binder types. 

Fig. 13. Quantitative correlations between compressive strength and electrical properties in different functions.  
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fc = F1
4 ×

(
10.76 − 52.57F− 1

2

)
= 10.76F1

4 − 52.57F− 1
4 (15)  

Hereto, two quantitative descriptions have been proposed for the 
compressive strength in relation to formation factor. Eq. (10) is an 
empirical correlation, but it is straight forward and simple, so it can be 
easily used in practice. Correlation in Eq. (14) is deduced by following 
the physical principle. It is more suitable for scientific understanding but 
not so easy to be used in practice. 

In previous investigations, the compressive strength was widely 
correlated to UPV [7,9,13,44,73–75] or maturity of concrete mixtures 
[13,34,36,38]. For highlighting the advantage of the formation factor, 
the correlations of compressive strength in relation to maturity and UPV 
have been regressed in Fig. 14. It is obvious that the correlation between 
maturity and strength is largely dependent on the binder types and w/b. 
The general correlation for all mixtures leads to a very weak exponential 
relationship with a R2 of 0.78. Many empirical expressions have been 
reported for describing correlation between UPV and strength as sum-
marized in [75]. The results in this study can be regressed with an 
exponential expression as Eq. (16). In which A and B are constant 
parameters. 

fc = A⋅eB⋅v (16)  

Although the R2 is 0.96, the data points of C145 and C255 deviate 
largely from the regression line. In summary, the correlation between 
formation factor and strength is the best among three indices, which can 
be applied on-site to monitor the compressive strength development of 
low carbon concretes regardless of the mixture proportions and envi-
ronmental temperatures. 

4. Conclusions 

A reliable non-destructive monitoring approach is essential for pro-
moting the application of various SCMs in the concretes no matter for 
on-site construction or automated fabrication. This study invented an 
automated monitoring system for profiling the electrical conductivity of 
the concrete with the incorporation of SCMs. The embeded temperature 
sensors allow to simultaneously record the inner temperature at 
different depths, which is also very useful for normalizing the electrical 
conductivity to a reference temperature. The credibility of the method is 
verified by comparing the monitored data with parameters obtained 
from several traditional methods for testing the hydration, setting time, 
and compressive strength. The mechanism of monitoring system to map 
the structural and strength development has been analyzed in detail. The 

main findings of this study are summarized as follow. 
The presented test system can effectively measure the electrical 

conductivity of hydrating low carbon concretes at different depths by 
automatic control to avoid polarization and cross-layer interference. 
Monitored conductivity profiles in time indicates the hydration re-
actions that happens at the early ages. It can reflect the reaction kinetic 
of alite and aluminates, which is confirmed by comparison with 
isothermal calorimetry measurements. An increase in the electrical 
conductivity during the second aluminate reaction is most likely caused 
by rise in the concentration of hydroxide ions. 

The monitored ultrasonic pulse velocity is a good indicator for the 
initial setting process of low CO2 concretes, but its value is dependent on 
the mixture proportion of concrete especially on the aggregate content. 
Both formation factor and UPV are good indices for replicating the 
evolution of the hardening process before final setting. The mechanical 
response of hydrating concretes can be classified into plastic and semi- 
solid state with a critical penetration resistance of 4.9 MPa. At each 
state, a good linear correlation has been established for penetration 
resistance in relation to UPV, formation factor and maturity, respec-
tively. The evolution of UPV and formation factor has a sudden change 
during the hardening process, which can be explained by the percolation 
theory. The inflection time of formation factor correlates linearly to the 
initial and final setting time of concrete. Blending of fly ash and slag, as 
well as change of w/b, impacts the hardening and strength development 
of concrete, but this is strongly dependent on the temperature history. 
The approach and developed device in this study can include all these 
factors for onsite monitoring of concrete performance. 

The parameters from nondestructive test methods reflect the hy-
dration induced structural change and the development of mechanical 
performance. Although all indices, including electrical conductivity, 
formation factor, maturity and UPV, can indicate the compressive 
strength development of low CO2 concrete with variations in mixture, 
the formation factor is concluded to the best indicator since it is inde-
pendent of the binder types, mixing proportion and curing ages. The 
saturation degree and carbonation of matrix may affect the correlation 
between the electrical conductivity and performance of concretes. 
Therefore, it is meaningful for revealing how these factors affect the 
reliability of this nondestructive system in the future research. 
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