
 
 

Delft University of Technology

Real-time monitoring of static elastic modulus evolution in hardening concrete through
longitudinal-wave velocity changes retrieved by the stretching technique

Cheng, Hao; Liang, Minfei

DOI
10.1016/j.conbuildmat.2024.139086
Publication date
2024
Document Version
Final published version
Published in
Construction and Building Materials

Citation (APA)
Cheng, H., & Liang, M. (2024). Real-time monitoring of static elastic modulus evolution in hardening
concrete through longitudinal-wave velocity changes retrieved by the stretching technique. Construction and
Building Materials, 453, Article 139086. https://doi.org/10.1016/j.conbuildmat.2024.139086

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1016/j.conbuildmat.2024.139086
https://doi.org/10.1016/j.conbuildmat.2024.139086


Real-time monitoring of static elastic modulus evolution in hardening 
concrete through longitudinal-wave velocity changes retrieved by the 
stretching technique

Hao Cheng a, Minfei Liang b,c,*

a Department of Engineering Structures, Faculty of Civil Engineering and Geosciences, Delft University of Technology, Stevinweg 1, Delft 2628 CN, the Netherlands
b Department of Materials, Mechanics, Management & Design, Faculty of Civil Engineering and Geosciences, Delft University of Technology, Stevinweg 1, Delft 2628 CN, 
the Netherlands
c Clarendon Laboratory, Department of Physics, University of Oxford, Oxford, Great Britain OX1 3PU, UK

A R T I C L E  I N F O

Keywords:
Concrete hydration
Direct wave interferometry
Static and dynamic elastic modulus
The stretching technique
Ultrasonics

A B S T R A C T

Monitoring of gradual increase in elastic modulus of concrete over time is crucial for designing structures 
exposed to early age loading and predicting long-term deformations, such as creep. Two primary methods are 
used to assess elastic modulus: the static method, involving compression tests, and the dynamic method, utilizing 
approaches like EMM-ARM (E-modulus Measurement through Ambient Response Method), impact-echo, and 
ultrasonic approach. The static method, although destructive, yields the static or secant modulus, directly 
applicable for structural design. However, it cannot be utilized to track changes in elastic modulus within the 
existing structure caused by factors such as hydration, freeze-thaw, or chemical attack. In contrast, the non- 
destructive dynamic method can monitor these changes in the existing structure. Yet, the elastic modulus ob
tained through this method, known as the dynamic elastic modulus, represents the initial tangent modulus and is 
generally higher than the static modulus. To estimate the static elastic modulus through the non-destructive 
ultrasonic approach, we propose a new signal processing technique using direct wave interferometry (DWI) in 
this study. To validate the elastic modulus estimated through this technique, embeddable ultrasonic sensors are 
installed in the specimen within the temperature stress testing machine (TSTM). The experimental results show 
that the elastic modulus derived from the newly proposed DWI-based ultrasonic approach consistently provides 
more accurate estimates of the static elastic modulus compared to the UPV-based dynamic elastic modulus. The 
relative errors between the DWI-based and compression test-based elastic moduli on 7-day is 2.6 %. This 
approach also enables the tracking of static elastic modulus changes due to freeze-thaw cycles or chemical 
attacks.

1. Introduction

Concrete, the most commonly used construction material worldwide, 
undergoes a gradual evolution of mechanical properties, such as elastic 
modulus, over time rather than instantly achieving desired values post- 
pouring. This progressive transformation of mechanical properties is 
known as hydration [1]. Given the significant role of the elastic 
modulus, especially its temporal changes, in prompting early deforma
tion and cracking [2], it is essential to monitor its development 
throughout the hydration phase.

Currently two dominant methods are used for measuring the elastic 

modulus of concrete: the static method and the dynamic method. 
Accordingly, the elastic moduli obtained through these two methods are 
referred to as the static elastic modulus and the dynamic elastic 
modulus, respectively. In the static method [3,4], a static compressive 
load is applied to the concrete specimen to determine the secant 
modulus from the stress-strain curve within the elastic range. This 
modulus determined through the static compression test is used in 
structural design as recommended by the design codes [3]. The static 
method is characterized by a low strain rate, resulting in a high 
magnitude of the viscoelastic component [5], and a high local strain 
magnitude, which may lead to the formation of microcracks at the 

* Corresponding author at: Department of Materials, Mechanics, Management & Design, Faculty of Civil Engineering and Geosciences, Delft University of Tech
nology, Stevinweg 1, Delft 2628 CN, the Netherlands.

E-mail address: minfei.liang@physics.ox.ac.uk (M. Liang). 

Contents lists available at ScienceDirect

Construction and Building Materials

journal homepage: www.elsevier.com/locate/conbuildmat

https://doi.org/10.1016/j.conbuildmat.2024.139086
Received 26 August 2024; Received in revised form 17 October 2024; Accepted 5 November 2024  

Construction and Building Materials 453 (2024) 139086 

Available online 12 November 2024 
0950-0618/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

mailto:minfei.liang@physics.ox.ac.uk
www.sciencedirect.com/science/journal/09500618
https://www.elsevier.com/locate/conbuildmat
https://doi.org/10.1016/j.conbuildmat.2024.139086
https://doi.org/10.1016/j.conbuildmat.2024.139086
http://crossmark.crossref.org/dialog/?doi=10.1016/j.conbuildmat.2024.139086&domain=pdf
http://creativecommons.org/licenses/by/4.0/


interface between the cement paste and the aggregate [6], further 
increasing the residual strain. Given that the residual strain from these 
high local strains during the compression test can accumulate across 
multiple tests, the compression test-based static method is usually 
considered destructive [6,7]. Moreover, this method is not suitable for 
evaluating the elastic modulus in existing structures [8,9].

In contrast to the static method, the dynamic method is non- 
destructive [10] and involves higher strain rates, resulting in a lower 
contribution from the viscoelastic component [5]. Moreover, the 
absence of significant external loads in the dynamic method leads to a 
reduced residual strain. Consequently, it can be inferred that the elastic 
modulus measured using the dynamic method is higher than that ob
tained from the static method. However, this higher dynamic elastic 
modulus is not suitable for direct use in structural calculations [11]. 
Using the dynamic elastic modulus in structural design would result in 
underestimating the strain for a given stress level, as it would suggest 
that the material is stiffer than it actually is under static conditions. 
Underestimating strain gives a false sense of security regarding the 
concrete’s capacity to resist loads, which can cause designers to over
estimate the structural strength, increasing the risk of cracking or even 
catastrophic failure.

The dynamic method includes several approaches, such as EMM- 
ARM (E-modulus Measurement through Ambient Response Method) 
[10,12–14], the impact-echo approach [15–17], and the ultrasonic 
approach [18–21]. Of the three approaches mentioned, both EMM-ARM 
and the impact-echo approach rely on the resonant frequency of the 
specimen. The key distinction between these two lies in the triggering 
mechanism: the impact-echo method activates sample vibration using a 
hammer, whereas EMM-ARM relies on ambient noise for passive trig
gering. Since both approaches depend on the resonant frequency of the 
specimen, they are somewhat influenced by the geometric dimensions of 
the test specimen [22]. This dependency suggests that these approaches 
may not be ideal for estimating elastic modulus changes during field 
measurements on concrete structures like bridges or quay walls.

The ultrasonic approach typically involves using two ultrasonic 
sensors for generating and detecting elastic waves. These sensors can 
either be surface-mounted [20,21] or embedded within the sample itself 
[19]. The embedded piezoelectric sensors are often termed as smart 
aggregates (SAs) [23–25]. Recent studies [19–21] have utilized direct 
wave velocity or ballistic velocity, calculated by dividing the sensor 
distance by the measured arrival time, known as ultrasonic pulse ve
locity (UPV) [26,27], to estimate the dynamic elastic modulus. This 
estimation is based on the theoretical relationship between wave ve
locities in concrete and its mechanical properties [28,29]. In contrast to 
the EMM-ARM and impact-echo approach, the elastic modulus obtained 
through the ultrasonic approach is related to the material properties 
[30] and remains unaffected by the specimen or structure geometry, 
provided the wavelength of the elastic waves is shorter than the struc
tural dimensions [31]. As a result, the ultrasonic approach allows for the 
measurement of the elastic modulus in concrete specimens with arbi
trary geometries, making it preferable to the EMM-ARM and the 
impact-echo approach.

However, as mentioned above, the elastic modulus derived from 
ultrasonic wave velocity tends to be higher than the static elastic 
modulus, which is used in structural design as recommended by the 
design codes. This disparity makes the dynamic elastic modulus un
suitable for direct application in structural design, as relying on it would 
result in underestimating strain for a given stress level. Therefore, it 
becomes imperative to establish a correlation between static and dy
namic moduli to bridge the gap between structural calculation and field 
measurement [11]. While no theoretical expression exists to define such 
a relationship, researchers have developed various empirical relation
ships between these two modulus [15,32–35]. However, it is important 
to note that these relationships have limited validity and necessitate 
consistency in mixture composition, curing conditions, and applied 
strain rates between the evaluated samples and those used to establish 

the empirical relationship.
To estimate the static elastic modulus directly using the ultrasonic 

approach, without involving any empirical models, this paper in
troduces a new signal processing technique based on direct wave 
interferometry (DWI) [36] to acquire relative velocity change, rather 
than relying on absolute velocity like UPV. The use of relative velocity 
change is able to establish a direct connection between static and dy
namic elastic moduli, a concept that will be elaborated upon in Section 
2.4. Additionally, monitoring the evolution of the elastic modulus using 
the direct wave component, primarily composed of P-waves, is easier to 
interpret than the more complex wave types found in the coda (the tail 
of the waveform [37]), which contains both P- and S-waves arriving at 
the receiver from various angles with equal strength [38] and with 
equilibrated energies [39,40]. Compared to UPV, the proposed signal 
processing technique requires only one input from the static test to 
convert the dynamic elastic modulus into the static one, and it does not 
rely on any empirical relationships. Unlike the static method, the pro
posed technique-enabled ultrasonic approach is non-destructive. The 
use of low strain levels in the ultrasonic approach allows for repeated 
testing on the same specimen, enabling the observation of changes due 
to factors such as freeze-thaw cycles [41] and chemical attacks [6]. 
Furthermore, compared to other dynamic approaches like EMM-ARM 
and the impact-echo approach, the proposed ultrasonic approach de
pends solely on material properties and is unaffected by specimen or 
structure geometry.

To verify the efficacy of the proposed signal processing technique, a 
set of experiments is designed wherein ultrasonic sensors embedded into 
concrete specimens within the temperature stress testing machine 
(TSTM) and the autogenous deformation testing machine (ADTM). The 
main reason for selecting TSTM and ADTM is that the temperature is 
kept constant throughout, which eliminates the impact of environmental 
temperature variations on wave velocity. In ADTM and TSTM, only the 
ultrasonic approach permits the in-situ measurement of the elastic 
modulus of these specimens. Subsequently, the consistency between the 
estimated static elastic modulus through the proposed signal processing 
technique and the static modulus obtained from the compression test is 
assessed by evaluating their performance in predicting stress evolution, 
with actual values being obtained from TSTM.

The structure of this paper is outlined as follows: Section 2 presents 
details on the concrete mixture, its mechanical properties, and the 
proposed signal processing technique; Section 3 offers information on 
the ADTM, TSTM, ultrasonic sensors, data acquisition parameters, and 
the measurement plan; Section 4 presents the experimental results, 
while Section 5 provides a discussion including suggestions for applying 
the proposed method.

2. Materials and methods

2.1. Concrete mixture and mechanical properties

Table 1 presents the detailed mixture design employed in this study. 
The cementitious material used is CEM III/B 42.5, which is manufac
tured by Eerste Nederlandse Cement Industrie (ENCI). This material is a 
promising low-carbon cementitious material comprising 30 % ordinary 
Portland cement (CEM I) and 70 % ground granulated blast furnace slag 
(GGBFS). Due to the pore-refining effects of GGBFS, it tends to exhibit 
greater autogenous deformation than pure ordinary Portland cement 
over time, potentially increasing the risk of early-age cracking [42]. 
Therefore, CEM III/B has been selected as the material, and the proposed 

Table 1 
Concrete mixture.

CEM III/B [kg/ 
m3]

Sand 0–4 mm [kg/ 
m3]

Gravel 4–16 mm 
[kg/m3]

SP [kg/ 
m3]

w/b

320 811.8 1032 0.475 0.42
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method can offer insights into the evolution of elastic modulus for 
analyzing early-age cracking risks.

The mean density of concrete on the 28th day is 2592 kg/m3. The 
compressive strength tests were conducted on cubic samples with di
mensions of 150×150×150 mm3. The testing follow the standard NEN- 
EN 12390–3 [43] and is performed at 1, 3, 7, 14, and 28 days. For each 
compressive strength test, three samples are used. Static elastic modulus 
tests are conducted on prismatic samples measuring 
100×100×400 mm3, adhering to the determination of elastic modulus 
in compression specified in the NEN-EN 12390–13 [3]. The static elastic 
modulus was tested at 1, 3, 7, and 28 days, with each test involving two 
prismatic samples. The mean compressive strength and mean static 
elastic modulus are presented in Table 2.

2.2. Arrival time picker for ultrasonic pulse velocity (UPV): Akaike 
information criteria (AIC)

The theoretical relationship between the longitudinal wave velocity 
in concrete and its mechanical properties can be expressed as [30]: 

v =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Ed(1 − νd)

ρ(1 + νd)(1 − 2νd)

√

, (1) 

where ρ represents the density of the concrete; Ed and νd correspond to 
the dynamic elastic modulus and dynamic Poisson’s ratio, respectively; v 
denotes the longitudinal wave velocity and can be estimated by dividing 
the sensor distance by the measured arrival time. Since the sensor dis
tance is typically considered constant when applying the UPV technique, 
the accuracy of the estimated dynamic elastic modulus using Eq. (1)
largely depends on the precision of the arrival time picker.

In this paper, the arrival time of elastic waves is determined using the 
Akaike information criteria (AIC) [44]. The AIC value at n for a signal S 
with a length of N is defined by [44]: 

AIC(n) = n log{var(S[1, n])}+ (N − n − 1)log{var(S[n+1,N])} , (2) 

where n ranges through all the samples in the signal. The onset point of 
the signal is identified as the point with the minimum AIC value, as 
illustrated in Fig. 1. In comparison to the picker relying on the Hinkley 
criterion, commonly used in commercial ultrasonic devices like Fresh
Con [45], the AIC-based picker demonstrates higher reliability and 
closer alignment with manual picks [46]. Nevertheless, it is essential to 
consider that when employing the AIC-based picker, it should be applied 
to a segment of the signal containing the onset point and displaying a 
high signal-to-noise ratio (SNR) [47]. In the following sections, the 
calculation of the dynamic elastic modulus through the UPV-based ve
locity and Eq. (1) takes the concrete density as 2592 kg/m3, while the 
dynamic Poisson ratio is assumed as 0.25.

2.3. Signal processing technique for direct wave interferometry (DWI): 
the stretching technique

The direct wave interferometry (DWI) [36] is utilized to retrieve the 
relative velocity change in concrete. Unlike coda wave interferometry 
(CWI) [48], which primarily focuses on the tail of the waveform [37], 
DWI primarily focuses on the P-wave part. Fig. 2 presents a comparison 
of the direct wave and coda wave components in concrete. The advan
tage of utilizing the P-wave part for monitoring the elastic modulus 

evolution is that this part primarily consists of P-wave, which can be 
directly linked to mechanical properties using Eq. (1). In contrast, the 
coda part involves both P- and S-waves arriving at the receiver from 
various angles with equal strength [38] and with their energies equili
brated [39,40], creating significant difficulties in interpretation.

The stretching technique is selected as the signal processing tech
nique for DWI. This technique is extensively utilized for determining the 
velocity change in seismology [49] and more recently in structural 
health monitoring (SHM) [50]. This technique presupposes a uniform 
velocity disturbance within the medium. The principle behind the 
stretching technique can be elucidated by the following equation [51]: 

CC(t,T, ε) =
∫ t+T

t− T ureference[t́ (1 + ε)]ucurrent(t́ ) dt́
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∫ t+T

t− T

[
ureference(t́ (1 + ε))

]2dt́
∫ t+T

t+T [ucurrent(t́ )]
2

dt́
√ , (3) 

where ureference and ucurrent are the reference and current signals, and ε is 
the stretching factor. The parameter t and 2 T represent the center time 
and length of the time window, respectively. The parameter CC is the 
correlation coefficient. The stretching factor maximizes the CC is taken 
as the relative velocity change, dv/v. For further information on this 
technique, we suggest referring to the authors’ previous work [51].

2.4. DWI-based static elastic modulus estimation

The dynamic elastic modulus obtained using the dynamic method is 
higher than the static modulus measured through mechanical testing. 
Although the dynamic method is non-destructive and suitable for field 
measurements, using the dynamic elastic modulus in structural design 
could result in underestimating the strain for a given stress level. This 
underestimation may lead designers to overestimate the structural 
strength, increasing the risk of cracking or even catastrophic failure. In 
contrast, mechanical testing is destructive and unsuitable for field 
measurements. To bridge the gap between structural calculations and 

Table 2 
Compressive strength and static elastic modulus.

Age [day] 1 3 7 14 28

Compressive 
strength [MPa]

5.09 ±
0.205

25.86 ±
0.746

44.52 ±
0.967

50.23 ±
2.722

56.12 ±
2.636

Static elastic 
modulus [GPa]

14.6 26.75 39.33 - 40.02

Fig. 1. AIC values and selected onset point (the pink dotted line).

Fig. 2. Comparison of the direct wave and coda wave components in concrete.
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field measurements, it is imperative to establish a correlation between 
static and dynamic moduli [11].

Early studies commonly employed linear models [32,33] to charac
terize this relationship. However, as more experiments were conducted, 
it became evident that such a linear relationship lacked sufficient ac
curacy, especially when the static elastic modulus fell below 10 GPa. In 
response to this realization, nonlinear models [15,34] were proposed to 
better capture this relationship. Table 3 presents four representative 
models, encompassing two linear and two nonlinear ones. It is crucial to 
emphasize that these models are only applicable to a limited range of 
concrete types and mixtures. Details regarding the applicable concrete 
types can be found in Appendix B. For example, the values of a and b 
involved in the model presented by Han & Kim [15] are determined for 
specimens with two specific concrete mixture compositions. For con
crete with a different mixture composition, the proposed a and b in their 
article are not applicable. Therefore, a generalized model for the rela
tionship between static and dynamic elastic moduli is needed to link 
these two moduli through velocity changes retrieved using the stretch
ing technique.

Fig. 3 visually delineates the distinctions among the models under 
discussion. In the model presented by Han & Kim [15], the parameters a 
and b are assigned as 0.772 and 0.0301, respectively. These values 
correspond to a mixture composition with water-cement ratio of 0.4 and 
a curing temperature of 23℃. Below 10 GPa, the nonlinear expressions 
exhibit substantial nonlinearity, as depicted in Fig. 3(a). However, when 
the static elastic modulus exceeds 30 GPa, the correlation between static 
and dynamic elastic moduli among various nonlinear models tends to 
approximate linearity, as shown in Fig. 3(b). While acknowledging the 
influence of wave frequency on the derived dynamic elastic modulus 
[52], it is anticipated that for static elastic moduli exceeding 30 GPa, the 
relationship between static and dynamic elastic moduli will tend to
wards linearity for ultrasonic waves with consistent frequency compo
nents [53]. This understanding can be further used to propose a 
generalized linear expression when addressing static elastic moduli 
within this range.

Based on the finding in Fig. 3, this paper employs a generalized linear 
expression to depict the correlation between static and dynamic elastic 
moduli when the static modulus surpasses 30 GPa. Rather than 
depending on a particular model with predetermined parameters, this 
generalized expression provides adaptability in capturing the connec
tion between the two moduli. The linear model can be articulated as: 

Ec = αEd + β , (4) 

where α and β are two parameters describing the linear relationship 
between static and dynamic elastic moduli. These two parameters can be 
determined by performing a linear fit on the curves shown in Fig. 3(b) 
and are shown in Table 4.

A relative dynamic elastic modulus, denoted by E(relative)
d , is defined 

as the ratio between the current measurement E(current)
d and the mea

surement obtained on the 28th day E(28)
d : 

Table 3 
Four representative models for the relationship between static elastic modulus Ec and dynamic elastic modulus Ed.

Model type Linear Nonlinear

Authorship BS 8110–2: 1985 [32] Lyndon & Baladran [33] Mesbah, Lachemi & Aitcin [34] Han & Kim [15]
Relation between Ec and Ed Ec=1.25Ed− 19 Ec=0.83Ed Ec=9×10− 11(65Ed+1600)3.2 Ec=Ed(1-a×e-b×Ed)
Applicable concrete type/mixture Normal aggregate concrete Appendix B Table B1 Appendix B Table B2 Appendix B Table B3

Fig. 3. Relationship between static and dynamic elastic modulus of concrete 
proposed by: British Code BS 8110–2: 1985 [32], Lyndon & Baladran [33], Han 
& Kim [15], and Mesbah, Lachemi & Aitcin [34].

Table 4 
Linear fit parameters, α and β, using Eq. (4) for models in Table 3.

Model 
type

Authorship Parameter values R2 between model 
outputs and linear fit

α β

Linear BS 8110–2: 1985 
[32]

1.25 − 19 1.0000

Lyndon & Baladran 
[33]

0.83 0 1.0000

Nonlinear Mesbah, Lachemi & 
Aitcin [34]

1.724 − 33.43 0.9988

Han & Kim [15] 1.066 − 11.9 0.9999
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E(relative)
d =

E(current)
d

E(28)
d

=

E(current)
c − β

α
E(28)

c − β
α

=
E(current)

c − β
E(28)

c − β

=

[

1 +
β
(
E(current)

c − E(28)
c

)

E(current)
c

(
E(28)

c − β
)

]
E(current)

c

E(28)
c

.

(5) 

As shown in Eq. (5), the parameter α is eliminated and will not affect 
the relative dynamic elastic modulus. In addition, the relative dynamic 
elastic modulus can be obtained through the relative static elastic 
modulus by multiplying a coefficient 1 + β

(
E(current)

c −

E(28)
c

)
/E(current)

c
(
E(28)

c − β
)
. To quantify the impact of this term on the 

relationship in Eq. (5), we select the static elastic modulus on the 7th day 
from Table 2, which is 39.33 GPa, as the current measurement of static 
elastic modulus, E(current)

c . The static elastic modulus on 28th day, E(28)
c , is 

40.02 GPa. We assign the parameter β to a magnitude of − 34, which 
corresponds to the model proposed by Mesbah, Lachemi & Aitcin [34]. 
Substituting these values into Eq. (5) yields the following expression: 

E(relative)
d = 1.008

E(current)
c

E(28)
c

≈
E(current)

c

E(28)
c

.

(6) 

Please note that the magnitude of the mentioned coefficient, 1 +

β
(
E(current)

c − E(28)
c

)
/E(current)

c
(
E(28)

c − β
)
, will be smaller if other β values 

from Table 4 are selected. Eq. (6) showcases that as the static elastic 
modulus reaches a plateau in its development, the relative static elastic 
modulus can be described in terms of the relative dynamic elastic 
modulus. If we take a current static elastic modulus of 30 GPa and 
maintain the same value for the parameter β and static elastic modulus 
on 28th day, the coefficient in Eq. (6) will increase from 1.008 to 1.153. 
This suggests that representing the relative static elastic modulus 
directly using the relative dynamic elastic modulus in this scenario may 
result in an overestimation of around 13 %, which is considered as a 
worst scenario according to the β values provided in Table 4.

The relative dynamic elastic modulus is obtained through the DWI 
approach, which measures wave velocity as a relative change rather 
than an absolute value. The change in velocity can be formulated as a 
function involving the dynamic elastic modulus, dynamic Poisson’s 
ratio, and concrete density, expressed as follows: 

dv
v

=
v(i+1) − v(i)

v(i)

=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

E(i+1)
d

(
1 − ν(i+1)

d

)

ρ(i+1)
(
1 + ν(i+1)

d

)(
1 − 2ν(i+1)

d

)

√
√
√
√ −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

E(i)
d

(
1 − ν(i)

d

)

ρ(i)
(
1 + ν(i)

d

)(
1 − 2ν(i)

d

)

√
√
√
√

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

E(i)
d

(
1 − ν(i)

d

)

ρ(i)
(
1 + ν(i)

d

)(
1 − 2ν(i)

d

)

√
√
√
√

,

(7) 

where i represents the ith measurement of the wave signal, v denotes the 
longitudinal wave velocity, and ρ represents the density of the concrete. 
The parameters Ed and νd correspond to the dynamic elastic modulus 
and dynamic Poisson’s ratio, respectively. Supposing that the density 
and dynamic Poisson’s ratio remain relatively constant during concrete 
hydration, an acceptable assumption for concrete after 7 days of casting 
[54,55], and integrating Eq. (6), Eq. (7) can be elaborated as: 

E(i+1)
c

E(i)
c

≈
E(i+1)

d

E(i)
d

≈

(
v(i+1) − v(i)

v(i)
+ 1

)2

.

(8) 

As shown in Eq. (8), employing the linear generalized model within 
the range of elastic modulus beyond 30 GPa can help eliminate the 
parameter β in Eq. (4)—related to factors such as curing temperature 
and mixture composition—and directly estimate the static elastic 
modulus from velocity changes retrieved using the stretching technique. 
By knowing the magnitude of static elastic modulus on the 28th day 
using the compression test, denoted as Ec

(28), we can calculate the pro
gression of the static elastic modulus using the subsequent expressions: 

E(i)
c = E(i+1)

c

(
v(i+1) − v(i)

v(i)
+ 1

)− 2

, (9a) 

E(j)
c = E(j− 1)

c

(
v(j) − v(j− 1)

v(j− 1) + 1
)2

. (9b) 

where i represents the measurement taken before 28 days of casting, 
while j denotes the measurement taken after 28 days of casting.

3. Experimental setup

3.1. Temperature stress testing machine (TSTM) and autogenous 
deformation testing machine (ADTM)

The temperature stress testing machine (TSTM) is a universal testing 
device designed to characterize and quantify the thermo-mechanical 
properties of early-age cementitious materials under controllable me
chanical and thermal conditions. With various boundary settings, the 
TSTM can be used to measure not only stress evolution but also elastic 
modulus, creep/relaxation, coefficient of thermal deformation, and 
autogenous/thermal deformation—all of which are critical metrics for 
evaluating early-age cracking risks. In the TSTM setup, the specimen 
takes the shape of a dog bone, which imposes deformation restraint, 
enabling the load cell to capture the evolution of restraint stress. For the 
autogenous deformation testing machine (ADTM) setup, the prism- 
shaped specimen is cast in a wooden mold characterized by low ther
mal conductivity. Since the specimen is free to deform, autogenous 
shrinkage can be measured using linear variable differential trans
formers (LVDTs). Both ADTM and TSTM tests are conducted under 
isothermal conditions, where the temperature is maintained at a con
stant 20◦C through active water circulation. This temperature control is 
crucial, as temperature variations can also affect wave velocity in con
crete. For readers interested in these two test setups, a detailed review of 
the TSTM and ADTM can be found in the paper [56].

Fig. 4 demonstrates the ADTM setup used for testing the autogenous 
deformation of concrete. Wood plates with curved water channels (Fig. 4
(b)) are assembled to create a mould for casting prismatic samples 
measuring 1250×150×100 mm3 (Fig. 4(a)). A steel plate is affixed to 
the inner surface of the wood mould to facilitate rapid heat conduction 
(Fig. 4(c)). Temperature-regulated water circulates around the wood 
mould to control the temperature, guided by feedback from thermo
couple embedded in the sample (indicated by the dot in Fig. 4(a)). Four 
LVDTs (Fig. 4(d)) are positioned on both sides of the sample to measure 
the average deformation. To mitigate the impact of thermal deformation 
of the base, a quartz bar is used to connect LVDTs on each side.

Fig. 5 portrays the TSTM setup, comprising a dog-bone mould with a 
prismatic testing area of interest (1000×150×100 mm3) and an actuator 
designed to confine autogenous deformation and measure stress devel
opment under displacement-controlled boundaries. The assembly of the 
mould, temperature control, and LVDT configurations align with the 
principles described for ADTM. Four LVDTs are situated at the middle 
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section of the dog-bone sample, enabling continuous force application to 
maintain the average deformation at zero. To ensure the capture of all 
autogenous deformation-induced stress during the experiment, the test 
should promptly start after the concrete has hardened. In this study, the 
TSTM test was initiated approximately 7 hours after casting, preceding 
the setting time of the cement paste studied. Before setting the LVDTs, 
the load was controlled based on the displacement of the clamping head. 
During the initial phase, when the concrete had not completely solidi
fied (within the first 7 hours after casting), the measured stress remained 
below 0.01 MPa. Hence, only stress values recorded after the 7-hour 
mark were considered in the experimental results presented in this 

paper.

3.2. Ultrasonic sensors and their locations

As shown in Section 3.1, for the samples in the ADTM and TSTM 
setups, it is challenging to install the ultrasonic sensors on the surface of 
the sample. Therefore, to generate and detect elastic waves in concrete, 
the ultrasonic sensors with a resonant frequency of approximately 
80 kHz [57] are embedded inside the concrete samples. The sensing 
element of this sensor is lead zirconate titanate (PZT) in d33 mode, which 
is delicate and susceptible to damage when in direct contact with fresh 

Fig. 4. Autogenous Deformation Testing Machine (ADTM).
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concrete. Therefore, to protect the fragile PZT element, two marble 
blocks are utilized to encase and shield it. A visual representation of an 
ultrasonic sensor used in this paper is depicted in Fig. 6(a), while further 
details about this sensor can be found in [25]. The use of embeddable 
ultrasonic sensors can also facilitate the application of the stretching 
technique, as this method requires minimal environmental variation and 
strong coupling. In ADTM, two ultrasonic sensors, fixed using a U-sha
ped copper wire, are embedded in the specimen, spaced at a distance of 
300 mm, as shown in Fig. 4(a). Similarly, in TSTM, two sensors are 
installed in the sample with the same 300 mm spacing, as shown in 
Fig. 5(a). The height of sensors in both ADTM and TSTM is 50 mm. The 
photo of ultrasonic sensors in the TSTM setup can be found in Fig. 6(b).

To generate and capture wave signals, a portable ultrasonic device 
with one input channel and one output channel is employed. An exci
tation signal in the form of a one-cycle squared pulse with a duration of 
18.5 μs is utilized, which corresponds to around 54 kHz. This frequency 
is close to the resonant frequency of embedded ultrasonic sensors, which 
is around 80 kHz. Additionally, waves at this frequency are expected to 
experience less attenuation compared to those above 100 kHz, resulting 
in a better signal-to-noise ratio. The wavelength of longitudinal waves at 
54 kHz is approximately 83 mm, which is shorter than the cross- 
sectional dimensions of the specimen (150 mm by 100 mm). The 
sensor spacing of 300 mm corresponds to around 3.6 wavelength, 
allowing accurate detection of individual wave cycles. The minimum 
distance from the sensor to the surface of the specimen is 50 mm. 
Considering that the frequency of the pulse is 54 kHz and the surface 
Rayleigh wave velocity in concrete is around 2300 m/s [58], the 
maximum effective depth of penetration of Rayleigh waves is about 
43 mm [59]. Since this is smaller than 50 mm, Rayleigh wave-related 

particle velocities in our measurements can be neglected.
The chosen sampling rate is 1 MHz, which is more than ten times the 

frequency of the pulse, ensuring accurate waveform capture. Please note 
that even though we adopt embedded sensors in the experiment, the 
proposed DWI-based ultrasonic approach in Section 2.4 can also be used 
to process the signals received by surface-bonded ultrasonic sensors. 
This aspect will be further discussed in Section 5.

3.3. Ultrasonic measurements

Since velocity variation during the hydration process follows a 
pattern of rapid increase in the early stages and, followed by a slowdown 
as curing time progresses [1], the measurement intervals during ultra
sonic testing are not constant. More measurements are taken during the 

Fig. 5. Temperature Stress Testing Machine (TSTM).

Fig. 6. Ultrasonic sensor used in this paper. (a) A photo of an ultrasonic sensor. 
The sensor is a P-wave sensor with a cylindrical shape. The diameter of the 
sensor is 25 mm, and its height is 20 mm. The sensing element is a d33 mode 
PZT patch with a polarization direction aligned along the height direction. The 
resonant frequency of the sensor is approximately 80 kHz. (b) A photo of ul
trasonic sensors installed in the TSTM setup. Please note that this picture was 
taken when the sensors were initially placed into the mould. The sensor loca
tions were adjusted according to Fig. 5(a) before casting the concrete.
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early stages, with fewer in the later stages. Because the ultrasonic device 
used for data acquisition has only one input and one output channel, the 
ADTM and TSTM specimens cannot be monitored simultaneously. As a 
result, we focused primarily on measuring signals from the TSTM 
specimen by setting specific intervals that allow the ultrasonic device to 
collect data automatically.

For the concrete sample hydration monitoring in the TSTM, mea
surements commenced 0.63 hours after casting and continued at 10- 
minute intervals until 168 hours (7 days). The first reading was taken 
0.63 hours (around 40 minutes) after casting as this time was needed to 
set up the moulds and prepare the loading and water circulation sys
tems. Subsequently, from 168 hours to 336 hours (14 days), measure
ments were taken every hour. Due to negligible velocity change post- 
336 h, the interval was adjusted to 2 hours until 504 hours (21 days). 
Notably, there was a lapse in measurements between 16 and 19 days 
after casting during the ultrasonic device inspection, even though the 
test was ongoing. The interval was further extended to 6 hours between 
504 hours and 744 hours (31 days) and then set to 12 hours for the final 
stage from 744 hours to 840 hours (35 days). Fig. 7(a) presents the 
measurement points and corresponding curing times for the sample in 
the TSTM setup. Please be aware that the time intervals may not pre
cisely match the aforementioned values in each stage, as indicated in 
Fig. 7(b). This discrepancy primarily arises because manual checks were 
conducted following specific number of measurements to assess wave
form changes and ensure the functionality of the ultrasonic system.

The same ultrasonic device was employed for data acquisition in the 
ADTM sample. However, measurements were performed during manual 
checks, as explained in the previous paragraph and shown in Fig. 7(b). 
Consequently, the total number of measurements for the ADTM sample 
is much lower than that for the TSTM sample. Due to the limited number 

of measurements in the ADTM sample, they are primarily utilized to 
verify the reliability of the measurements obtained in the TSTM sample. 
The initial measurement for the sample was conducted approximately 
11.41 hours after casting, with the final measurement occurring around 
840 hours. Throughout this period, a total of 32 measurements were 
taken. The curing time corresponding to each measurement point is 
illustrated in Fig. 8.

4. Results

4.1. Determination of the hydration stage in terms of signal amplitude

In this section, the signals collected from the TSTM specimen are 
primarily used, as this specimen boasts a denser array of measurement 

Fig. 7. Ultrasonic measurements in the TSTM specimen.

Fig. 8. Ultrasonic measurements in the ADTM specimen.
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points compared to the ADTM specimen. The first measurement was 
taken around 40 minutes post-casting, and Fig. 9 portrays five repre
sentative signals obtained before the 7.00-hour mark. The initial ve
locity of the measurement is approximately 1400 m/s, slightly lower 
than the wave velocity in water (1430 m/s), owing to the air-water 
system, as detailed in [60]. Initially, the received signal amplitudes 
are high and gradually diminish over time, aligning with observations in 
[61,62]. A possible explanation is that, during this stage, the solid 
network is developing [1], transforming the concrete into a water-solid 
system. As the wave propagates through this two-phase material, it 
undergoes significant interactions between the phases, leading to faster 
signal attenuation. This initial stage of hydration is recognized in the 
literature as the dormant stage [1].

Fig. 10 illustrates the cessation of received signals around 
8.50 hours, a phenomenon observed in previous studies utilizing SA for 
hydration monitoring [61,63]. The re-emergence of a signal at approx
imately 10.06 hours (as seen in Fig. 10) signifies the interconnection of 
the solid frame between two SAs, recognized as the solid percolation 
threshold [64]. This marks the transition from the dormant stage to the 
acceleration stage [1].

Following the reappeared signal, there is a significant increase in 
signal energy and wave velocity over the subsequent 14 hours, as dis
played in Fig. 11(a). Please be aware that the time intervals in Fig. 11
may not precisely match the aforementioned values in Section 3.3, 
which has been explained above. In Fig. 11(a), particularly for the sig
nals collected before 15 hours, the SNR is extremely low. Some re
searchers in the literature have recommended manual picking over 
automatic methods during this stage [65], although manual picking may 
introduce subjective errors. Notably, Fig. 11(a) also showcases the 
absence of a distinct S-wave component in the waveform 24 hours after 
casting, while Fig. 11(b) illustrates signals commencing with low am
plitudes and then experiencing a sudden increase at around 150 μs, 
indicative of the presence of the S-wave in the waveform. In Fig. 11(c), 
the P-wave amplitude begins to stabilize after 54 hours, with the latter 
segment of the waveform—starting from roughly 140 μs—comprising 
both P-wave and S-wave components, continues to display growth. This 
growth of signal energy, primarily attributed to the growth of S-wave 
energy, is associated with the enhanced ability to transfer shear stress 
within the medium during early solid percolation [64,66]. Hence, it can 
be deduced that the shear modulus development lags slightly behind the 
elastic modulus, consistent with observations in [67]. The waveform 
amplitude stabilizes after 105 hours (Fig. 11(d)), and only a marginal 
phase difference is noticed between different measurements after 
168 hours, depicted in Fig. 11(e) and Fig. 11(f). It is important to note 
the challenge in identifying the second turning point, denoting the 
transition to the deceleration stage where all individual solid phases 
interconnect [1], using the sensor setup employed in this study. Given 
the utilization of only a single sensor pair, the investigation is confined 
to the region between two SAs rather than encompassing the entire 

sample, making the detection of interconnection of all solid phases 
challenging.

4.2. Comparison between wave velocities measured using UPV and DWI

To compare velocities obtained from the UPV and DWI techniques, 
the AIC picker is employed to determine the onset point for UPV, with 
primary focus on velocity measurements after 13.42 hours, where a 
clear onset point becomes discernible. For DWI, the stretching technique 
is utilized in the P-wave portion with a window length of 50 μs. Notably, 
the application of the stretching technique follows a stepwise approach, 
using the preceding signal as the reference. Consequently, the resulting 
relative velocity change is also stepwise. In some literature [68], re
searchers employ accumulated velocity changes to establish an overall 
velocity change relative to the initial state. However, this approach suits 
minor velocity perturbations, such as stress-induced or 
temperature-induced velocity changes. In the context of the substantial 
velocity increment observed in Fig. 11(b), direct utilization of accu
mulated velocity change would significantly underestimate the actual 
velocity change.

The approach adopted in this section is similar to that presented in 
[69]. Instead of accumulating all velocity changes, the velocity at each 
measurement point is constructed using relative velocity changes. A 
particular caution is required during a specific step in this process: the 
denominator term in the velocity change (dv/v) derived from the 
stretching technique relies on the selected stretched/compressed signal. 
In this study, the reference signal is consistently stretched. Assuming t0, 
t1, v0, and v1 represent the arrival time and velocity of the reference and 
current signals, respectively, the relationship between dt/t and dv/v 
obtained through stretching with the reference signal stretched can be 
articulated using the following equation: 

dt
t
=

t0 − t1
t1

=

1
v0

−
1
v1

1
v1

=
v1 − v0

v0
=

dv
v

.

(10) 

Hence, in this study, the stepwise velocity change is expressed as 
(vi+1-vi)/vi, where i ranges from 1 to the number of received signals 
minus 1. Replacing the denominator term vi with vi+1 can result in 
erroneous outcomes. To construct the velocity from the stepwise ve
locity change, a three-step approach is employed: 

1. Converting the relative velocity change, (vi+1-vi)/vi, into relative 
velocity, vi+1/vi.

Fig. 9. Received signals in TSTM before 7 hours. The signal amplitude is 
highest at beginning (0.63 h) and gradually decrease over time.

Fig. 10. Received signals in TSTM from 8.5 hours to 10 hours. There are no 
discernible signals between 8.50 h and 9.22 h. At 10.06 h, a higher amplitude 
vibration occurs at around 500 μs, which appears to mark the re-emergence of 
the signal.
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2. Calculating the wave velocity in the last measurement, 840 hours 
(35 days) after casting, using the AIC approach, as this signal theo
retically exhibits the best SNR.

3. Estimating the velocities at each measuring point using the relative 
velocity and the absolute velocity from UPV in the last measurement.

Fig. 12 illustrates the fluctuation in relative velocity during the hy
dration process. Approximately 10 hours after casting, a noticeable 
decline in the CC value is observed, signifying the transition from the 
dormant stage to the acceleration stage. In instances where the signals 
exhibit extremely low SNR, the reliability of dv/v might be compromised 
due to potential cycle skipping. Thus, in this section, only dv/v values 

Fig. 11. Received signals in TSTM from 10 hours to 840 hours.
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with a CC value exceeding 0.9 are used to ensure data reliability. Sub
sequently, after 48 hours, the dv/v values reach a relatively stable state.

Fig. 13 presents a comparison between DWI-based constructed ve
locities and UPV results. The constructed velocities exhibit good 
agreement with the UPV results and showcase enhanced resolution due 
to signal correlation operations. While achieving the same resolution as 
DWI theoretically by increasing the sampling rate of UPV signals is 
possible, this would require a more advanced data acquisition device 
and additional storage space, proving economically impractical for field 
measurements.

4.3. Comparison between wave velocities in TSTM and ADTM

In Fig. 12(a), we pointed out that velocity changes with low CC 
values may lack reliability. To validate the reliability of DWI-based 
constructed velocities beyond 13.42 hours, we compared them with 
the UPV results in Fig. 13. Therefore, before further analysis using DWI- 
based constructed velocities, it is crucial to verify the trustworthiness of 
velocities constructed before 13.42 hours.

Fig. 14 illustrates the DWI-based constructed velocity, covering the 
period before 13.42 hours. According to the estimation, the velocity of 
the initial measurement (0.63 hours after casting) stands at 1416 m/s, 
with an associated arrival time of approximately 212 μs. The waveform 
of the first measurement is shown in Fig. 15, with the picked arrival time 
by AIC marked at 214 μs. With a sampling rate of 1 MHz, the error 
amounts to two sampling points, which is deemed acceptable for this 
application. Consequently, the velocities obtained before 13.42 hours 
can be considered reliable.

It is noteworthy that a rapid development of P-wave velocity is 
observed at around 8.8 hours, as indicated by the red dot in Fig. 14. 
According to Azenha et al. [70], this rapid increase in velocity signifies 
the moment when final setting occurs. Additionally, the evolution of the 

constructed velocity during the hydration process aligns with findings 
reported in the literature [1]. The precise transition point from the ac
celeration stage to the deceleration stage remains challenging to deter
mine. However, the velocity observed around 200 hours (as depicted in 
the zoomed section of Fig. 14) suggests that the wave velocity has 
reached a plateau by that time.

The development of velocity in the ADTM is constructed using the 
methodology outlined in Section 4.2. To normalize the velocity evolu
tion and mitigate distance errors from manually installed sensors, the 
relative velocity with the wave velocity on the 28th day after casting 
serving as the reference is utilized. The comparison between velocities 
measured in the TSTM and ADTM setups is presented in Fig. 16. In the 
ADTM setup, the concrete sample can freely shrink without deformation 
constraints. In contrast, in TSTM, the presence of stress might slightly 

Fig. 12. Relative velocity change and correlation coefficients in TSTM.

Fig. 13. Comparison between AIC-based UPV and DWI-based constructed ve
locity (after 13.42 h) in TSTM.

Fig. 14. DWI-based constructed velocity in TSTM. The red dot in this figure 
signifies the moment when final setting occurs, marking the rapid increase of P- 
wave velocity, which begins at approximately 8.8 hours.

Fig. 15. The first received signal at 0.63 hours in TSTM.
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alter the wave velocity due to acoustoelasticity [71]. However, Fig. 16
demonstrates a high similarity between the developments of wave ve
locity in TSTM and ADTM. Given that one of the primary distinctions 
between ADTM and TSTM is the different restrained conditions, the 
similar velocity developments suggest that, especially during the early 
stage before 200 hours, the change in wave velocity is primarily influ
enced by concrete hydration rather than shrinkage-induced stress.

4.4. DWI-based static elastic modulus estimation

The calculation of the relative elastic modulus to the 28th day, fol
lows the approach outlined in Section 2.4. To convert the relative value 
into an absolute value, the static elastic modulus obtained from the 
prism compression test on the 28th day is used as input into the relative 
modulus curve. Fig. 17 showcases a comparison between DWI-based 
static elastic modulus estimation, UPV-based dynamic elastic modulus, 
and prism compression test-based static elastic modulus.

As discussed in Section 4.1, the reappeared signal is observed 
approximately 10 hours after casting. Thus, only the elastic moduli after 
10 hours are used in this section. The elastic moduli estimated using 
DWI on days one, three, and seven are 21.77 GPa, 34.42 GPa, and 
38.29 GPa, respectively. The associated relative errors, compared to 
static elastic moduli measured via compression tests, are 49.1 %, 
28.7 %, and 2.6 %. In contrast, the dynamic elastic moduli estimated 
using UPV on these same days are 25.10 GPa, 36.48 GPa, and 
40.83 GPa, with corresponding relative errors of 71.9 %, 36.4 %, and 
3.8 %. Overall, DWI-based elastic modulus estimations are consistently 
more accurate relative to the static values from compression tests 
compared to UPV-based estimations. However, the discrepancy between 
DWI-based and compression test moduli remains considerable before 
day seven. This discrepancy may be attributed to two factors: 

• The relatively low elastic modulus in the early stage invalidates the 
linear approximation in Section 2.4.

• The S-wave velocity change during hydration is not accounted for. 
According to [19], the S-wave velocity plays a pivotal role in 
determining the early elastic modulus before 36 hours and cannot be 
disregarded.

To further quantify the accuracy of the constructed static elastic 
modulus, its evolution is used as input to calculate the stress evolution in 
the TSTM and ADTM tests, using a well-established finite element model 
for modelling the early-age stress evolution in concrete. The model uses 
classical Kelvin or Maxwell rheological chains to capture the aging 
viscoelastic properties of early-age concrete from the setting time. The 
evolution of induced strain or stress under the conditions of creep and 
relaxation is calculated in an incremental quasi-elastic manner utilizing 
exponential algorithms [72]. Appendix A presents the general theoret
ical basis and procedures for implementing the model to calculate stress 
evolution with different elastic moduli as input. For more details, refer 
to the authors’ previous work [56,73–75].

Fig. 18 showcases the predicted stress evolution using the developed 
model with elastic modulus values obtained from UPV, DWI, and me
chanical tests. To ensure consistency in the number of data points, we 
used one data point per hour by employing spline interpolation with 
different elastic moduli. The root mean square error (RMSE) evaluated 
the performance of different elastic moduli in stress prediction, with the 
results outlined in Table 5. In contrast to the estimation based on the 
dynamic elastic modulus acquired using UPV, the DWI-based estimation 
offers a more accurate prediction of stress evolution. This demonstrates 
that the proposed DWI-based ultrasonic approach provides a more 
precise estimation of static elastic modulus than conventional UPV- 
based ultrasonic approach. Discrepancies between DWI-based and 
compression test-based estimations before 168 hours (7 days) can be 
attributed to the reasons discussed earlier.

5. Discussion

5.1. Suggestions for applying the proposed approach

In this section, we will offer suggestions for future applications of the 
proposed approach, focusing on ultrasonic sensor selection and its po
tential use in concrete infrastructure. It is important to note that this 
approach cannot completely replace mechanical compression testing for 
determining the static elastic modulus. However, it serves as a valuable 
complement for monitoring changes in the static elastic modulus within 
existing structures, where multiple mechanical compression tests are 
less feasible.

5.1.1. Requirements for mixtures and ultrasonic sensors
We expect the proposed approach to achieve reasonable accuracy in 

Fig. 16. DWI-based constructed relative velocity with 28th day as reference in 
TSTM and ADTM.

Fig. 17. Comparison between DWI-based elasticity modulus, UPV-based elas
ticity modulus and prism compression test-based elastic modulus.

Fig. 18. Predicted stress evolution using the model with elastic moduli from 
UPV, DWI and compression test.
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predicting the static elastic modulus when it exceeds 30 GPa, where the 
relationship between dynamic and static moduli approximates linearity. 
Additionally, the density and dynamic Poisson’s ratio remain relatively 
constant at this range. However, if the static elastic modulus signifi
cantly deviates from its 28-day value, such as by 10 GPa as discussed in 
Section 2.4, the maximum error between the actual and estimated static 
elastic modulus could be up to 10 %. This approach is expected to be 
applicable to different mixtures, provided that the relationship between 
dynamic and static moduli remains linear beyond 30 GPa.

Since the proposed approach relies on stretching techniques and 
ballistic longitudinal waves, it is unsuitable for processing surface 
(Rayleigh) waves due to their different velocity expressions. The ve
locity change retrieved using the stretching technique is a relative 
measurement, theoretically unaffected by the distance between sender 
and receiver. Additionally, due to the use of ballistic waves, the 
approach is not sensitive to specimen geometry, as the wave trajectory is 
a straight line from sender to receiver. A potential variable that might 
affect the retrieved velocity change is the spatial variation of mechanical 
properties in concrete [76], which suggests that measurements from 
sensor pairs in different locations may yield slightly different results. 
Therefore, the stretching technique should not be applied to measure
ments from different sensor pairs.

Longitudinal waves can be generated using either surface-bonded or 
embeddable ultrasonic sensors. For surface-bonded sensors, it is crucial 
to ensure the received waves are comparable in waveform similarity to 
ensure reliable velocity change measurements [51], necessitating 
consistent sensor locations. Embeddable sensors might be a better op
tion since they are embedded in concrete infrastructures, maintaining 
their locations throughout the service life of the structure. Furthermore, 
the usage of embeddable ultrasonic sensors can also facilitate the 
application of the stretching technique, since this technique requires less 
environmental variation and strong coupling. Moreover, these sensors, 
combined with an appropriate monitoring system, enable real-time and 
in-situ monitoring of concrete infrastructures [77,78].

5.1.2. Potential applications
The proposed approach has two potential applications: tracking 

changes in the static elastic modulus during concrete hydration and 
monitoring the degradation of the static elastic modulus due to freeze- 
thaw cycles and chemical attacks. In both cases, the static elastic 
modulus is estimated using relative velocity changes. Since this 
approach relies on relative velocity changes, it does not provide the 
absolute value of the static elastic modulus. To convert the relative 
values into absolute ones, a reference measurement is needed.

It is not necessary to perform mechanical tests simultaneously with 
each measurement; instead, only one mechanical test is required on a 
specific date. For tracking changes in the static elastic modulus during 
concrete hydration, it is recommended to use the static elastic modulus 
measured on the 28th day as the reference value. For monitoring 
degradation due to freeze-thaw cycles and chemical attacks, the refer
ence should be the static elastic modulus of the concrete in a healthy 
state, before any damage-induced degradation occurs. Additionally, if 
there is significant temperature variation, dedicated temperature cali
bration is necessary for each measurement.

The proposed DWI-based ultrasonic approach also offers a potential 

in estimating the static elastic modulus in situ, with promising impli
cations for integration with digital twins. Specifically, this approach 
could help to update the static elastic modulus within digital models, 
utilizing the modulus values estimated through this approach. As 
highlighted earlier, accurately tracking the static elastic modulus is 
crucial for precise structural calculations but poses challenges with 
existing non-destructive testing approaches. The proposed approach 
requires only a single input from a mechanical test, which simplifies its 
implementation compared to current approaches. Given the complexity 
and importance of maintaining accurate material properties in digital 
models, this approach represents an effective tool for enhancing the fi
delity of structural simulations and ensuring that digital twins reflect 
real-world conditions more accurately.

We observed divergent behaviours in the development of P-wave and 
S-wave amplitudes between 54 hours and 96 hours, as depicted in 
Fig. 11(c). Specifically, the amplitude reaches a stable state in the P- 
wave or direct wave portion, while in the later part of the wave, which 
comprises both P-wave and S-wave but is dominated by the S-wave [40], 
the amplitude continues to grow. The rapid growth of wave energy 
before 50 hours is likely attributed to the evolution of the connected 
solid volume. As all solid phases become interconnected, the growth in 
P-wave energy slows down. Simultaneously, the connected solid phase 
significantly enhances the shear capacity of the concrete, which is 
manifested in the waves as a rapid increase in S-wave amplitude. This 
assertion can be verified by simultaneously tracking the velocities of 
both P-wave and S-wave using wave interferometry during hydration. In 
our future work, we will explore the physical correlation between the 
hydration mechanism and wave energy, which is proportional to the 
square of the amplitude, by leveraging the diffusive properties of elastic 
waves in concrete. These properties, particularly diffusivity, can be used 
to quantify changes in the interfacial transition zone during hydration 
[79,80].

5.2. Effect of stress changes on retrieved velocity changes in TSTM test

As explained in Section 2.2, the concrete sample in the TSTM test is 
constrained in deformation. Consequently, the observed velocity change 
in this test consists of two components: one arising from the develop
ment of mechanical properties during concrete hydration and the other 
resulting from the applied stress. The maximum stress reached in the 
final stage is approximately 0.8 MPa. Previous studies [36,81–85] have 
indicated that the velocity change induced by stress at this magnitude is 
around 1‰, which is considered negligible compared to the velocity 
change attributed to hydration.

5.3. Robustness of the proposed method

The robustness of the proposed method is not examined in this paper. 
We anticipate that two factors may influence its performance: the spatial 
variation of mechanical properties in concrete [76] and temperature 
fluctuations [48]. The first factor is an inherent characteristic of con
crete, indicating that the static elastic modulus may vary spatially within 
the material. This can be addressed by using multiple sensors arranged 
in a grid to estimate the static elastic modulus across a given area. The 
second factor involves the impact of temperature on the velocity of 
longitudinal waves in concrete. To counteract this effect, dedicated 
temperature calibration is required for each measurement, i.e., the 
approach adopted by Zhang et al. [86].

5.4. Further investigation on the relationship between static and dynamic 
elastic moduli

This paper mentioned two influential factors that impact the rela
tionship between static and dynamic elastic moduli in concrete: 
microplastic-related strain amplitude and viscoelasticity-related strain 
rate. While the ultrasonic approaches can mitigate the influence of strain 

Table 5 
RMSE of different methods with respect to the real stress.

Static elastic modulus Ec Dynamic elastic 
modulus Ed

​ Compression 
test

DWI UPV

RMSE 
[MPa]

From 0 hour 0.0965 0.1069 0.3010
From 
168 hours

0.1080 0.1081 0.2816
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amplitude, the frequency effect remains present and cannot be 
completely eliminated. Research has been conducted on sedimentary 
rocks to gain a better understanding of this mechanism [52]. An inter
esting conclusion proposed by Tutuncu et al. [52] is that: the strain 
amplitude-dependence is at least as significant as the viscoelastic effects. In 
the case of concrete, the pronounced heterogeneity further amplifies the 
role played by strain amplitude in this process. The current relationships 
between static and dynamic elastic modulus are primarily empirical and 
are only applicable within a limited range. Quantifying the effects of 
viscoelasticity and microplasticity in measuring elastic modulus will aid 
in formulating a more comprehensive semi-empirical formula that can 
describe this relationship more universally.

6. Conclusion

This paper demonstrates a signal processing technique for estimating 
the static elastic modulus during concrete hydration. In contrast to 
conventional approaches that directly derive the dynamic elastic 
modulus from absolute velocity measurements, the proposed approach 
utilizes velocity changes obtained from DWI to track the evolution of the 
relative elastic modulus. By incorporating one input value from the 
static elastic modulus measured through the compression test, the elastic 
modulus evolution can be constructed. The experimental results indicate 
that the elastic modulus derived from the newly proposed DWI-based 
ultrasonic approach consistently provides more accurate estimates of 
the static elastic modulus compared to the UPV-based dynamic elastic 
modulus. The relative errors between the DWI-based and compression 
test-based elastic moduli on days one, three, and seven are 49.1 %, 
28.7 %, and 2.6 %, respectively. In comparison, the relative errors be
tween the UPV-based and compression test-based elastic moduli are 

71.9 %, 36.4 %, and 3.8 %. To further validate the accuracy of the 
estimated static elastic modulus, this modulus, along with the static 
elastic modulus measured through prism compression test and the UPV- 
based dynamic elastic modulus, are input into a stress evolution model 
to predict the shrinkage-induced stress during concrete hydration. The 
model output demonstrates that the stress evolution predicted using the 
DWI-based elastic modulus, with an RMSE of 0.1069 MPa relative to 
actual values, is comparable to that predicted using the compression 
test-based static elastic modulus, which has an RMSE of 0.0965 MPa. In 
contrast, the RMSE of stress evolution predicted using the UPV-based 
dynamic elastic modulus is 0.3010 MPa, significantly higher than that 
of the DWI-based elastic modulus. The differences between the pre
dictions based on the static and estimated elastic moduli before seven 
days can be attributed to the inapplicability of the linearity assumption 
between static and dynamic elastic moduli during the early stage char
acterized by low magnitude of elastic modulus.
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Appendix A. Modelling the early-age stress evolution of concrete induced by autogenous shrinkage

The model of early-age stress evolution generally requires three types of inputs [56]: autogenous deformation, creep, and elastic modulus. In this 
paper, autogenous deformation and creep are obtained from the ADTM test and Bayesian inverse modeling methods [73], respectively. Combining 
these with the elastic modulus derived from compressive test-based, DWI-based, and UPV-based methods allows for the prediction of stress evolution, 
which can then be compared with the actual stress evolution measured by the TSTM test. This comparison helps evaluate the effectiveness of different 
methods for calculating the elastic modulus. The theoretical basis and modeling procedures are briefly introduced as follows.

Assuming early-age concrete follows a linear viscoelastic constitutive relationship, its early-age viscoelasticity can be characterized by the 
following Volterra integral: 

ε(t) =
∫ t

0
J(t, t́ ) dσ(t́ ) , (A1) 

where ε denotes the strain, J is the creep compliance function, t is the age of concrete, and t’ is the age when loads are applied. Rearranging the Volterra 
integral into its incremental form and assuming a linear variation of stress at each time step, the quasi-elastic constitutive relationship can be obtained: 

Δσ = E∗Δε − σ∗ , (A2a) 

E∗ =
Δt

∫ ti+1
ti

J(ti+1, t́ ) dt́
, (A2b) 

σ∗ = E∗

∫ ti

0
[J(ti+1, t́ ) − J(ti, t́ )]σ̇ dt́ , (A2c) 

where Δt denotes the time interval between two consecutive time steps ti and ti+1; Δσ and Δε are difference of stress and strain between these two time 
steps. Note that the integration in Eq. (A2c) requires revisiting the entire load history, which makes FEM modeling very difficult. To address this, the 
rate-type creep law and exponential algorithm [72] were developed to convert the integral into a series of linear differential equations, which form the 
governing equations of the Kelvin or Maxwell rheological chains. In this model, the Kelvin chain is used, with its creep compliance represented as a 
Dirichlet series, as shown below: 

J(t, t́ ) =
1

E0(t́ )
+
∑N

j=1

1
Ej(t́ )

⎛

⎜
⎝1 − e

−
t− t́
μj

⎞

⎟
⎠ , (A3) 
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where N is the number of Kelvin chain units; Ej and μj is the elastic modulus and retardation time of j-th Kelvin chain units. To quantify concrete creep, 
this paper uses the following ACI-based equation [87]: 

J(t, t́ ) =
1

E(t́ )
+ C0C1(t́ )C2(ξ) , (A4) 

where C0 is a coefficient related to general concrete properties and environmental conditions; C1 is a power function describing the aging of creep 
compliance, which depends only on the age of loading t’; C2 is a power function representing the non-aging term, which depends only on the duration 
of loading ξ (ξ =t-t’). In this paper, C0 and C2 are calculated according to the ACI code [87], while C1 is a modified term computed based on Bayesian 
inverse modelling as proposed in [73], using the results of TSTM and ADTM tests as inputs.

To obtain the Kelvin chain units, Eq. (A3) is fitted with the creep compliance J calculated from Eq. (A4). This paper uses 13 Kelvin units and selects 
the retardation time of each unit as a priori to avoid an ill-conditioned equation system [88], as shown below: 

μj = 10− 6+j, j = 1 : 13 . (A5) 

The continuous form of the non-aging term in Eq. (A4) is expressed as follows: 

C2(ξ) =
∫ ∞

0

1 − e
−

ξ
μj

Ej
d
(

ln μj

)
. (A6) 

Leveraging Widder’s formula, the elastic modulus of each Kelvin chain unit can be calculated [88,89]: 

1
Ej

= − ln 10 × lim
k→∞

(− kμ)k

(k − 1)!
C(k)

2 (kμ) , (A7) 

where the spectrum of the third order (k=3) is used. By substituting Eq. (A3) into Eq. (A2b) and Eq. (A2c), and calculating the integral using the 
midpoint rule, the expressions for E* and σ* can be obtained by: 

E∗(t∗) =
1

1
E0(t∗)

+
∑N

j=1

1
Ej(t∗)

⎡

⎢
⎣1 −

⎛

⎜
⎝1 − e

−
Δt
μj

⎞

⎟
⎠

μj
Δt

⎤

⎥
⎦

, (A8a) 

σ∗(ti) = E∗(t∗)
∑N

j=1

⎛

⎜
⎝1 − e

−
Δt
μj

⎞

⎟
⎠ε∗j (ti) , (A8b) 

ε∗j (ti) =
∫ ti

0

σ̇
Ej(t́ )

e
−

ti − t́
μj dt́ , (A8c) 

ε∗j (ti+1) = e
−

Δt
μj ε∗j (ti)+

1 − e
−

Δt
μj

E∗(ti)
μj

Δt
Δσ , (A8d) 

where t* represents the average of two consecutive time steps, ti and ti+1. Eq. (A2a) and Equation (A8) encompass the incremental viscoelastic 
constitutive relationship for simulating the stress evolution induced by autogenous deformation. Note that ε* for each Kelvin chain unit is an internal 
state variable—a second-order strain tensor—that must be updated at each integration point according to Eq. (A8d) at every time step.

In commercial FEM software COMSOL Multiphysics, the material subroutine described by Eq. (A2a) and Equation (A8) is implemented to simulate 
the relaxation behavior observed in the TSTM test. A meshed dog-bone-shaped specimen is created (Figure A1(a)), with roller boundaries applied to 
the highlighted purple surfaces (Figure A1(b)). Considering autogenous deformation as isotropic in all directions, the quasi-elastic constitutive 
equation described by Eq. (A2a) is modified as follows: 

Δσ = E∗(Δε − Δεad) − σ∗ , (A9) 

where Δεad is the autogenous strain occurring in each time interval, as tested by ADTM, and σ* is the state variable that stores previous load histories 
and should be updated at each time step according to Equation (A8). Finally, the stress contour (Figure A1(c)) can be obtained, and the final stress is 
calculated by normalizing the normal stress along the x-axis across the cross-sectional area, expressed as follows: 

σM(t) =
∫∫

σxx dydz
A

, (A10) 

where σxx is the normal stress along the x-axis (i.e., the axial direction of dog-bone specimen), and A is the cross-sectional area of the y-z plane at x = 0. 
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Figure A1. Numerical simulation of dog-bone specimen in COMSOL [73].

Appendix B. Mixture compositions involved in studies reported in Table 3

Mixture compositions involved in studies reported by Lyndon & Baladran [33], Mesbah, Lachemi & Aitcin [34], and Han & Kim [15] are provided 
in this appendix. Please note that the following tables are reproduced based on the mixture compositions provided in the respective articles.

Table B1 
Mixture composition as reported by Lyndon & Baladran [33], reproduced from Table 3.1 in their article.

Mix 1 2 3

Cement-sand ratio 1:1; 1:2 1:1; 1:2 1:1; 1:2
Water-cement ratio 0.33; 0.39 0.33; 0.39 0.33; 0.39
Plastic concrete density [kg/m3] 1950–2080 2015–2100 2400–2510
Cement quantity [kg/m3] 340–680 340–680 340–680
Coarse aggregate volume fraction 0.5; 0.4; 0.3 0.5; 0.4; 0.3 0.5; 0.4; 0.3

Table B2 
Mixture composition as reported by Mesbah, Lachemi & Aitcin [34], reproduced from Table 1 in their article. Please note that the cement involved in the mix type 1 is 
different from that involved in mix types 2 and 3.

Mix 1 2 3

Water-cement ratio 0.45 0.35 0.30
Water quantity [kg/m3] 167 147 131
Cement quantity [kg/m3] 372 420 450
Sand quantity [kg/m3] 737 734 720
Gravel quantity [kg/m3] 990 1030 1050
High-range water-reducing admixture [L/m3] 0 5 7.4
Water-reducing agent [ml/m3] 930 250 250
Air-entrained admixture [ml/m3] 93 60 60
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Table B3 
Mixture composition as reported by Han & Kim [15], reproduced from Table 4 in their article. Please note that each mix type involves two different types of cement.

Mix 1 2

Water-cement ratio 0.40 0.50
Sand-aggregate ratio 0.39 0.42
Water quantity [kg/m3] 181 181
Cement quantity [kg/m3] 452 362
Sand quantity [kg/m3] 630 707
Gravel quantity [kg/m3] 989 989
Superplasticizer [cement × %] 0.5 0.5
Air-entrained admixture [cement × %] 0.005 0.005

Data Availability

Data will be made available on request. 
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