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Summary 

Secondary cementitious materials (SCMs) such as ground granulated blast-furnace slag 

(GGBS) are used in increasing quantities in concrete practice internationally. While these 

materials offer benefits such as reduced CO2 and a more dense microstructure, they also have 

drawbacks in terms of slower initial gain of strength. There are significant financial 

implications associated with this, as it can lead to delays in the construction process. Key to 

overcoming this challenge is the development of a methodology to assess the early-age 

stiffness development in concretes manufactured using GGBS. This paper presents the results 

of a study into the application of ultrasonic sensors to assess the early age concrete stiffness. 

A novel wavelet-based approach is used to overcome the difficulties associated with wave 

reflections and classical wave theory is used to determine the concrete small-strain stiffness 

based on P and S wave velocities. It was found that the results are largely in agreement with 

those obtained using standard strength testing, suggesting potential practical applications of 

this method. 
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Introduction 

Secondary cementitious materials (SCMs) such as ground granulated blast-furnace slag 

(GGBS) and pulverized fuel ash (PFA) are used in increasing quantities in concrete practice 

internationally. These materials are derived from industrial by-products and offer the 

significant advantages of abating the high CO2 emissions associated with cement 

manufacture, while also making the concrete more dense and durable in the long term 

(McNally et al, 2005). However a significant drawback is that SCMs can lead to the concrete 

being relatively weak in the initial few days after being cast, leading to costly delays in the 

construction process. Decisions on construction sites on when such a concrete is sufficiently 

strong to resist applied loading are often based on empirical site practices, which can be quite 

punitive to SCMs. In this context, the importance of being able to assess non-destructively the 

early-age strength and stiffness of concrete with or without SCMs becomes clear. Ultrasonic 

sensors have the potential to allow such an assessment, but to date there is no clear approach 

available on the characterisation of concrete at early ages.  

 

Materials 

The experimental procedure required three concrete mixes to be prepared with a varying 

amount of GGBS to be used as a cement replacement. The cement used was a CEM II A-L 

Portland-limestone-cement and GGBS was introduced at replacement levels of 0%, 50% and 

70%. Details of the mix design are outlined in Table 1. A series of eight 100mm cubes and 

eight 100mm x 200mm concrete cylinders were prepared for each mix with a water/binder 

ratio of 0.45. These were left to cure at room temperature for 24 hours prior to demoulding 

after which they were stored in a water curing tank at 20˚C for up to 28 days. 

 

Mix ID Cement GGBS 20mm. 10mm. Sand Water

MA 360 0 810 405 685 162

MB 180 180 805 400 680 162

MC 108 252 805 400 162 162

Quantities (kg/m
3
)

 
 

Table 1: Concrete mix designs 

 

Wavelet Analysis of Ultrasonic Signals 

It is well known that the Young’s modulus of a material can be determined from the velocity 

of the P and S waves across a sample. This approach may be applied using ultrasonic sensors 

on concrete samples to allow quantification of the increase in concrete stiffness due to further 

hydration of the cementitious materials present. However for this to be done accurately, it is 

key that the arrival time of the P and S waves can be determined. For the former this is a 

relatively straightforward task as the P-wave arrival can be visually detected from the 1
st
 

discontinuity in the signal. However for the S-wave arrival the situation is less clear, as there 

exists a significant amount of interference from the presence of reflected waves off the side 

boundaries of the sample. It is in this context that a wavelet-based algorithm was developed to 

allow detection of the discontinuity in the signal associated with the S-wave arrival. 

A signal may be observed through two main domains: time domain and frequency domain. 

The Fourier Transform and its inverse connect these domains and are the main mathematical 

tools for signal analysis. The Fourier Transform is perfectly adequate for stationary and 

periodic signals and provides a global description of frequency distribution, energy and 
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overall regularity. However, it involves the complete loss of local time information such as 

the location of singularities. A wavelet is a mathematical function used to divide a given 

function or continuous-time signal into different frequency components and study each 

component with a resolution that matches its scale. A wavelet transform is the representation 

of a function by wavelets. The wavelets are scaled and translated copies (known as "daughter 

wavelets") of a finite-length or fast-decaying oscillating waveform (known as the "mother 

wavelet"). Wavelet transforms have advantages over traditional Fourier transforms for 

representing functions that have discontinuities and sharp peaks, and for accurately 

deconstructing and reconstructing finite, non-periodic and/or non-stationary signals. The 

Wavelet Transform is motivated by the possibility of finding a singularity as it decomposes 

the signal into elementary building blocks that are well localized both in time and frequency 

(Mallat and Hwang, 1992). The local detail is matched to the scale of the wavelet, so it can 

characterise coarse (low frequency) features on large scales and fine (high frequency) features 

on small scales. 

By assuming the shear wave to be both plane and homogenous, the shear wave arrival in a 

bender element test is characterised by the arrival of a broad-band energy. The shear wave is 

however preceded by the near-field effect, waves reflecting off the boundaries of the sample 

which create a first singular point in the output signal, as illustrated in Fig. 2. It induces an 

opposite phase wave preceding the S-wave. The main S-wave arrival creates a second singular 

point; however its location in the time domain is usually scrambled by the near-field effect 

and the noise. Nevertheless this singularity exists and is defined as a discontinuity in the first 

derivative at this time. 

Bonal et al. (2008) have presented a novel method of analysing signals using wavelets based 

on the Lipschitz exponent (Mallat and Hwang, 1992). The Lipschitz exponent is a well known 

tool used to estimate function differentiability. A key feature of the Lipschitz exponent is its 

ability to distinguish between singularities due to noise, and those due to events such as the 

arrival of the S-wave. In order to accurately determine the first arrival of a shear wave using 

wavelets, Bonal et al (2008) followed several maxima lines of the wavelet transform modulus 

across a range of scales. The local Lipschitz exponents are determined and the discontinuities 

sorted based on this result. They observed the first arrival to be among these singular points 

with a local Lipschitz exponent of almost 1; this value is variable but must be compatible with 

the characteristics of the input function. This algorithm was then implemented using a Python 

script; this approach for wavelet based singularity detection does not give automated results, 

but nonetheless directs us to points of interest within the signal.  

 

Methodology 

The investigation required S-wave and P-wave ultrasonic readings to be taken on cubes at 

one, three, eight, fourteen and twenty-eight days following casting of the specimens. Two sets 

of transducers were used for this purpose in conjunction with a square wave pulser-receiver in 

‘through-transmission’ mode. The S-wave transducers had a frequency of 0.1 MHz, the P-

wave transducers 50 kHz. For ultrasonic S-wave measurements each transducer was coupled 

directly opposite the other using a shear wave couplant gel. A 100V amplitude pulse was 

emitted into the specimen for a duration of two minutes and readings were recorded using a 

digital oscilloscope connected to a laptop computer. A similar procedure was used for P-

waves with a P-wave couplant gel. The previously described Python script was now 

employed to locate the first S-wave arrival; the application of this script is shown in Fig. 2. 

To calculate static Young’s modulus for each mix at eight, fourteen and twenty-eight days 

tests were carried out in accordance with BS 1881-121 (1983). Extensometers were used to 

determine the mean micro-strain of the cylinder at the upper and basic applied stresses. 
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Fig 1: Ultrasonic measurement experimental set-up: (L-R: laptop, oscilloscope, pulser-

receiver, transducers, 100mm cube and couplant gels) 

 

With the stresses known and the micro-strain readings given by the extensometers, a static 

Young’s modulus value to the nearest 100 N/mm
2
 was calculated for each sample tested. 

From ultrasonic testing, the velocity of the P-wave (VP) and the S-wave (VS) can be 

calculated. Knowing these, the small strain shear modulus and the Poisson’s ratio can be 

determined from Eqn 1 and 2 respectively. Using these values the small strain Young’s 

modulus can then be ascertained (Eqn 3). 

 

 

  Eqn 1  

 

  Eqn 2 

 

 Eqn 3 

Fig. 2: S-wave signal showing singularity detection 

using a Python script  

Results 

The results for the experimental testing programme are shown below in Fig. 3. The trends 

observed in small strain Young’s modulus, static Young’s modulus and compressive strength 

are broadly in line with what is expected for each of the three concrete mixes. The 70% 

GGBS mix is clearly defined as being the slowest to develop strength and stiffness at early 

ages, although it can be seen that this does gradually improve over time. The shape of the 

curves for strength and small-strain stiffness are also quite similar, giving confidence in the 

results produced using the wavelet singularity detection algorithm. The approach also appears 

more sensitive than the standard static modulus of elasticity, which suggests very little 

difference in the concrete properties, regardless of GGBS content. 
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Fig. 3: Results of experimental testing programmes 

 

Conclusions 

Based on the presented results a number of conclusions can be drawn: 

• A wavelet-based approach is a valid tool for determining the shear wave velocities in 

concrete samples, and is capable of overcoming the issues associated with reflected 

waves. However care is needed in determining appropriate Lipschitz exponents. 

• The small strain Young’s modulus and compressive strengths for early age concrete 

follow similar trends for all GGBS contents; the static modulus of elasticity appears 

less sensitive to variations in the GGBS. 

• Ultrasonic sensors have the potential to be used in this application, with potentially 

significant savings to companies seeking to use secondary cementitious materials in 

concrete practice. 
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