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Abstract 

Aging infrastructure requires effective assessment and maintenance methods. Cement injection is a common 

way for repair and strengthening. A suitable Non Destructive Testing method for characterization of the 

effectiveness of repair is Ultrasonic Pulse Velocity which supplies information about the internal condition of 

large volumes and has been correlated with concrete strength for many decades. Filling the empty volume of 

cracks and voids with injection is assumed to have a positive effect on velocity. However, in a number of 

cases, especially at cold environments, this is not confirmed at the site. In fact, large velocity drops are 

usually measured, casting doubt about the structure’s integrity. It is not possible to confirm that the damaged 

volume is fully filled after repair; however, even with partial injection, the repair should not have negative 

effect on the velocity according to common knowledge. The answer to this behaviour comes from scattering. 

Elastic waves are scattered on the pockets of fresh grout due to the mis-match with the stiffer concrete matrix. 

With the aid of scattering theory and assuming spherical shape of inclusions, the velocity drop is justified. 

Additionally, numerical simulations using realistic crack shapes reveal that after replacement of the voids 

with soft elastic material in the model, the velocity decreases. Gradually, as the elasticity of the inclusions 

increases, corresponding to the actual hardening of grout at the site, the pulse velocity of the “effective” 

material is progressively increased to values higher than the initial damaged condition. Furthermore, the 

velocity decrease immediately after injection leads, through scattering theory, to the calculation of the initial 

total void ratio and the prediction of final velocity after full hardening of cement grout. The present paper 

describes the monitoring of a concrete pier dam in a cold region and the results were verified after a period of 

two years when the measured velocities were very close to the predicted ones. 
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1. Introduction 

Aging concrete structures are continuously increasing worldwide and effective damage assessment and repair 

techniques are in high demand [1-3]..The velocity of elastic waves (pulse or P-wave velocity) is a widely 

accepted Non destructive testing (NDT) parameter correlated with the structural condition of concrete [4,5]. 

In case pulse velocity measurements are applied before and after the repair, the discrepancy between the 

measured values should indicate the improvement. 

 

The specific case discussed herein concerns a deteriorated large concrete pier in a water diversion facility 

(dam). Pulse velocities were measured to estimate the internal condition at several cross sections. Then, the 

pier was repaired by cement injection through boreholes drilled from the surface. Two weeks after grouting, 

pulse velocities were measured at the same locations as before. Surprisingly enough they revealed substantial 

reduction despite that the voids were filled with grout. This fact makes the estimation of repair effectiveness 

troublesome. Even if the grouting material is still fresh and soft, the physical properties of the structure are 

expected to be upgraded; water permeability is reduced since a large part of the interconnected cracks and 

voids is eliminated. Also from the mechanical point of view, the elastic stiffness at any given cross section of 

the structure is increased, because empty spaces are filled with a hardening material. Unfortunately, this 

improvement might not be immediately reflected in terms of the propagating velocity, making the assessment 

confusing. A similar result concerning decreased velocities after grouting was previously reported [6], without 

a proper explanation.  
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A careful study was conducted to examine the scattering interaction of elastic waves in the case of fresh and 

unhydrated grout. Important parameters are the elastic moduli of the concrete matrix and of the grouting 

material at different ages as well as the temperature which affects the hydration. The analysis is based on the 

multiple scattering theory [7] which is applicable not only to justify the initial velocity decrease but also to 

estimate the velocity distribution after the final hardening of grout [8,9].  

 

2. Pulse velocity measurement  

Measurements of pulse velocities were conducted at several cross sections of the concrete pier. Fifteen 

piezoelectric accelerometers of flat response up to 30 kHz (SAF51, Fuji Ceramics Corp.) were placed in a 

straight line at intervals of 0.5 m along one side of a 7 m x 4.1 m section (see Fig. 1). The impact was driven 

successively at several heights, while an accelerometer was set adjacent to the impact hammer to record each 

impact and trigger the acquisition of the other 15 receivers attached to the opposite side. As a result, 225 wave 

paths were examined and afterwards the impact was driven from the opposite direction in order to double the 

data. The signals were recorded by a 16-channel TEAC CX-1 system with a sampling frequency of 200 kHz.  

 

Based on the time-of-flights measured at all wave paths, the tomogram of each specific cross-section was 

created. In Fig. 2a a tomogram of one section in the pier is shown. The velocities are denoted in units of m/s 

on the right and the horizontal and vertical axes show the dimensions of pier section in meters. Pulse velocity 

in the lattice is calculated with specialized software [10]. According to empirical and experimental 

correlations, velocities above 3500 m/s indicate healthy material, while values less than 3500 m/s suggest 

lower quality [4]. Thus the overall condition of the section before repair is found to be satisfactory since all 

velocities are around 4000 m/s. The light-yellow zones, corresponding to velocities less than 3500 m/s, can be 

seen mainly along the sides. Additionally, Fig. 2b shows the tomogram of another cross section (upper 

current). In this case the average velocity is lower due to some areas which exhibit velocities around 3000 m/s. 

By drilling core samples at the side, the areas were confirmed to be of low quality. Based on the results of the 

tomogram and core examination, the repair program was designed including grouting by boreholes drilled on 

the surfaces in horizontal and vertical direction.  

 

Figs. 2c and d show the tomograms of the same cross-sections two weeks after grout injection. It is obvious 

that the values of the velocity distribution are much lower than those in Fig. 2a and b, particularly in central 

areas (around 2500 m/s for case d). Even if the grouting of cracks was partially completed, a negative effect 

on the velocity distribution was not expected and an effort to explain the result was undertaken. 

 

 

3. Wave Scattering 

Concrete is by definition an inhomogeneous material, containing aggregates, as well as voids and cracks. 

Therefore, scattering should be considered in wave propagation through concrete. Inhomogeneities interact 

with the waves so that peculiar cases have been reported [11-13]. As an example, the velocity of a matrix may 

drop although it is “reinforced” by stiffer inclusions and vice versa. The goal of this approach is the 

calculation of the velocity of an equivalent dispersive medium, which contains the individual constituents as 

seen in Fig. 3.  

 

When a longitudinal wave propagates in a medium which contains scatterers (voids, cracks, inclusions) its 

characteristics like phase velocity and attenuation change. The simplest case concerning spherical scatterers 

has been treated analytically by the “multiple scattering theory” [7,14-18]. If the mechanical properties of the 

matrix, the scatterer material, the scatterer size and the propagating wavelength are known, the phase velocity 

of the “effective” medium can be calculated for any applied frequency. 

 

 

4. Model parameters and results 
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In order to calculate the velocity of concrete for different ages of the grouting material, three cases were 

considered. Namely: i) concrete with voids (before repair), ii) concrete with soft grout of 2 weeks (freshly 

repaired) and iii) concrete with fully hardened grout, i.e., two years after the repair. 

 

For the first (i.e., concrete with cavities or damaged concrete) necessary parameters are the elastic properties 

and density of the concrete matrix. The density, ρ, was measured from core samples at the average of 2300 

kg/m
3
. The ultrasonic test of the same cores resulted in the average velocity of approximately 4000 m/s. 

Assuming a Poisson’s ratio, ν, of 0.2, the modulus of elasticity, Ε, of the pier concrete is estimated around 35 

GPa, as seen in Table 1. 

 

In the second case, the cavities of concrete are filled with soft and fresh grout (2 weeks old) and in the third 

case they are filled with hardened grout (2 years old). The modulus of elasticity, Poisson’s ratio, and density 

for the numerical model, are presented in Table 1 for “scatterer 1”. These parameters were obtained by 

ultrasonic experiments on specimens of the same materials as used in repair work at the site for the 

corresponding ages of grout [19]. Therefore, the modulus of elasticity and Poisson’s ratio were calculated and 

applied to the models.  Concerning these laboratory measurements, it is mentioned that grouting materials 

were maintained in an environmental chamber at the temperature of 5 
o
C similar to the average curing surface 

temperature at the site, which was maintained at this level by jet heaters.  

 

According to the model of Fig. 3, except the voids which act as scatterers, the matrix also contains aggregates 

which are continuously present (see “scatterers 2” of Table 1). The frequencies of the test were below 20 kHz 

so that the numerical analysis was conducted at the representative frequency of 10 kHz. The wavelength 

corresponds to 400 mm, longer than any typical inhomogeneity in concrete (damage or aggregate). 

 

The velocities calculated for the different ages can be seen in Fig. 4 for two different void ratios. If void ratio 

of 15% is assumed, the velocity of concrete is calculated to 4313 m/s. When the voids are filled with soft 

grout of 2 weeks-age (and elastic modulus of 12.8 GPa, see Table 1), the material exhibits lower velocity than 

before repair, i.e. 3864 m/s, as seen in Fig. 4. Therefore, it is theoretically verified that the velocity of a 

freshly grouted structure does not necessarily increase, especially in the case of low temperatures for the low 

frequencies applied in-situ. Using the properties of hardened grout, corresponding to two years after repair, 

the theory predicts an increase of effective velocity to 4445 m/s. The corresponding case of 1% voids ratio is 

also shown in Fig. 4. For this case the discrepancies are quite small. This shows that the volume content of the 

inclusions is important for scattering interactions. Using the velocity drop, through the dispersion relation 

[8,18] one can calculate the initial void ratio. Afterwards applying the final elasticity of the grout (fully 

hydrated) which is supplied by the manufacturer or measured in laboratory, one can predict the final value of 

velocity [18]. As a result, the final tomograms of the corresponding cross sections can be seen in Figs. 2(e) 

and (f). It is seen that the final velocity in almost the whole of the cross-sections is expected to smoothly 

increase after hardening of grout, something that is not evident from the first few weeks after repair (see Fig. 

2c and d). 

 

 

5. Validation  

5.1. Correlation with actual grout amount 

In this repair work, the grout mass injected into each borehole every 1 m in height was known. Fig. 5 shows 

the amount of grouted mass along the distance from the top of the pier. In the same figure, the velocity 

difference before and after grouting δV1, can be observed. It is seen that at the positions with large velocity 

decrease a great amount of grout had been actually injected. On the contrary, at locations with smaller 

velocity difference the corresponding quantities of grout were also small. Specifically at 9 m from the top, the 

velocity before grouting was measured 4008 m/s, while two weeks after grouting it was measured at 3124 m/s. 

This difference of 884 m/s (see Fig. 5) was accompanied by the maximum injected mass of 242 kg at that 

region of the structure. On the other hand, for smaller velocity differences of about 200 m/s (e.g. distance 

from top 7 m), the corresponding mass of grout was also smaller, around 40-80 kg, supporting strongly the 
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argument that the velocity decrease was due to the presence of the freshly injected soft cement. Recent 

experimental studies on grout-impregnated porous concrete have also supported these findings [19,20].  

 

5.2 Validation by pulse velocity measurement after two years 

Two years after the injection, specific wave paths of one pier were again tested to confirm if the pulse 

velocities were finally increased according to the above analysis and estimation. The results are shown in Fig. 

6 for the different ages and positions measured. In all of them an initial decrease was exhibited (two weeks 

after repair). The velocity measured after two years on exactly the same lines, as well as the predicted values 

are included in the next columns. The discrepancy between the actual and predicted values averages in less 

than 3.5%. The most indicative cases are paths #3 and #4. In path #3 the initial velocity decrease was only 23 

m/s from 4316 m/s to 4293 m/s. Scattering theory predicted a slight final increase to 4319 m/s which was 

identical to the measured 4320 m/s two years later. On the other hand, path #4 after repair exhibited a severe 

decrease of about 1000 m/s. The authors predicted a substantial final increase to 4411 m/s. The measured 

value after two years was 4348 m/s being only 1.5% lower. As aforementioned, the errors between predicted 

and measured velocities after 2 years are quite small, 3.44% in average. The proposed procedure with 

scattering theory is reasonable and practical when discussing repair effectiveness with wave velocity 

especially when the second monitoring was performed during the hydration process of cementitious materials.  

 

 

6. Numerical simulation 

The above explained theoretical approach enlightens the problem and gives predictions close to the actual 

measurements after full hydration of grout, showing that the basic reason of the observed behaviour is wave 

scattering of the cracked volume. However, scattering theory uses the spherical shape which although widely 

used in simulations, it is not close to the actual shape of the cracks. Application of the actual film shape of the 

cracks is impossible since analytical solutions exist only for the simple case of spherical scatterers. In order to 

examine a shape closer to the actual cracks, numerical simulations were conducted with commercially 

available software [21]. It operates by solving the two-dimensional elastic wave equations based on a method 

of finite differences and has been used recently for wave propagation in inhomogeneous concrete [22]. All 

materials were considered elastic with no viscosity components. The pulse velocities used for the matrix 

material (concrete of the dam) was 4112 m/s, while the inclusions obtained four indicative values 

corresponding to different stages, namely 340 m/s (with zero density) for empty cracks, 1030 m/s for fresh 

grout (density of 1500 kg/m
3
), 1800 m/s for moderately hydrated grout and 3300 m/s for fully hydrated grout 

keeping the same density. The geometry was a square of 1 m side and displacement excitation was introduced 

on one side. The simulated transducer and receiver were 15 mm long to resemble the actual transducers used 

in the site [8,18] and were placed on opposite sides of the geometry, that is, the propagation distance was 1 m. 

The receiver computed the average lateral displacement on its defined length. 

 

The possible combinations of shapes, sizes, orientations, and concentrations of cracks are limitless. The 

simulations presented herein were performed assuming a content of 10% of inclusions based on cross section 

area and using the inclusions shape of 40∗0.5 mm. This width of crack is typical for actual concrete 

structures. The case of horizontal and vertical cracks were indicatively examined as the two extreme cases. 

The spacing resolution was set to 1 mm while for the frequency used (10 kHz), the wavelength was 

approximately 400 mm. Fig. 7(a) shows a snapshot of the displacement field for the case of vertical cracks 

filled with soft grout (Cp=1030 m/s). The velocity of the medium is measured by the transit time of the first 

detectable disturbance at the receiver. Fig. 7b shows the case where the cracks have been filled with hardened 

grout of pulse velocity 3300 m/s. It is seen that the displacement field is much more homogeneous in this case 

since the matrix and inclusion material properties are quite similar.  

 

Simulating different cases (empty cracks, cracks with soft and hardened material) one can measure the 

velocity for the corresponding different stages. Fig. 7(c) shows the “effective” velocity of the structure as a 

function of the velocity of the filling material for horizontal and vertical cracks occupying 10% of the cross 

section area. One interesting outcome is that the orientation of the cracks plays a crucial role in the final 

velocity changing it by almost 500 m/s (more than 10%). This shows that damaged concrete should no longer 
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be considered macroscopically homogeneous since the content of damage is not the only parameter which 

influences its pulse velocity but the shape and orientation is also important [22]. Apart from this, it is evident 

that the velocity decreases when fresh grout replaces the empty cracks, while afterwards gradually the 

velocity recovers. How soon this is going to happen depends strongly on the temperature which affects the 

hydration rate of the inclusions. It is assumed that any other combination of orientations of cracks will result 

in velocities within the two extreme cases of vertical and horizontal.  

 

7. Discussion 

As stated earlier, pulse velocity is a global and established measure of concrete quality. The above 

methodology allows accurate prediction of final velocity even from the very early stage of grouting, when the 

material is too soft to lead to velocity increase. The findings of this experimental series demonstrate the 

influence of fresh grout material in concrete wave propagation and along with the theoretical investigation, 

indicate that scattering was the reason for the decrease in pulse velocity that was measured shortly after 

injection of grout in the actual concrete.  

 

There are a number of interconnected parameters contributing to the final behavior such as the temperature, 

the elasticity of the surrounding concrete and of the grout at any age. The elasticity of grout at any age 

depends on the type of the material and the hydration rate which is dependent on the temperature. Therefore, 

drawing conclusions from the propagation velocity of a repaired structure is a complicated task. For example, 

repair by cement injection in a hot environment would contribute to the rapid hardening of the grout material 

and the quick elevation of the overall velocity. On the contrary, application of grout at zero temperatures 

would delay the final hardening, not allowing the overall velocity to increase. Apart from the temperature, the 

type of material is also important: in case thin cracks are to be filled, the water to cement ratio of the grout 

should be high. This allows it to fill narrow cracks, resulting however, in lower final stiffness of the repair 

agent. Therefore, it will have small or no contribution in elevating the structure’s velocity. In another case, 

where the surrounding matrix is very weak, even fresh insufficiently hydrated grout is comparatively stiff 

enough to help increase the overall velocity from early age. 

 

8. Conclusions 

In the present paper, quantitative assessment of repair work is performed by means of the velocity distribution 

of P-waves. Commonly, repair is conducted by the injection of grout into drilled boreholes. In the first stage 

of hydration, due to low stiffness, the grout has negative influence on P-wave velocity, lowering it even more 

than that of the damaged material. This makes measurements during the hydration process confusing. 

Therefore, it is highlighted that the stress wave investigation after the end of repair should be accompanied by 

the knowledge of the mechanical properties of the constituent materials, namely the concrete material at site 

and the grout used, in order to lead to correct conclusions. Multiple scattering theory is implemented in order 

to explain the influence of fresh grout, that acts as a network of distributed scatterers in the concrete matrix 

after injection, as well as to predict the velocity which the structure will acquire after final hardening of grout. 

Results are validated by the strong correlation of the actual amount of grout injected with the decrease in 

velocity exhibited before and after grouting in each region of the structure. Most important are the 

measurements at the same site after a period of two years which resulted in velocities very close to the ones 

predicted (within discrepancy of 3.5%). The problem is also treated numerically using more realistic shape for 

the cracks and two different orientations as indicative cases. It was once again seen that the velocity decreases 

after replacement of the voids with soft elastic material and the velocity of the structure is not expected to rise 

immediately depending also on the temperature. The findings show that the above methodology can be used 

to estimate the final improvement of the structure condition after grouting in especial for cold environments if 

the mechanical properties of the constituents are known.  
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Table 1. Material properties of scattering model [18] 

Concrete  

E 35 GPa 

v 0.2 

ρ 2300 kg/m
3
 

(Before repair, voids) Scatterer 1  

r  5 mm 

φ  1%, 3%, 5%, 10%, 15% 

(After repair, grout) Scatterer 1  

 2 weeks 2 year 

E 12.8 GPa 21.5 GPa 

v 0.30 0.20 

ρ 1498 kg/m
3
 

φ 1%, 3%, 5%, 10%, 15% 

(Aggregates) Scatterer 2  

E 80 GPa 

v 0.2 

r 25 mm 

ρ  2650 kg/m
3
 

Φ 40% 

 

 

Figure captions 

Fig. 1 Measurement setup in a concrete cross-section.  

Fig. 2 Initial tomograms of two cross sections (a) and (b). Tomograms of the same cross sections two 

weeks after grout-injection (c) and (d). Predicted tomograms after full hardening of grout (e) and (f).  

Fig. 3 Material modeling for scattering in concrete 

Fig. 4 Theoretical pulse velocity for different void ratio and age of grout. 

Fig. 5 Mass of grout and velocity drop at each height of the pier. 

Fig. 6 Development of pulse velocity for different wave paths and comparison with the predicted value 

Fig. 7 Snapshots of the displacement field for the case of 10% vertical cracks in a concrete matrix (a) 

cracks filled with soft grout, (b) filled with hardened grout. (c) Pulse velocity of the structure as a 

function of grout pulse velocity for different orientation of cracks 
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Fig. 1 Measurement setup in a concrete cross-section.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Initial tomograms of two cross sections (a) and (b). Tomograms of the same cross sections two weeks 

after grout-injection (c) and (d). Predicted tomograms after full hardening of grout (e) and (f).  
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Fig. 3 Material modeling for scattering in concrete 
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Fig. 4. Theoretical pulse velocity for different void ratio and age of grout.  
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Fig. 5. Mass of grout and velocity drop at each height of the pier. 
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Fig. 6. Development of pulse velocity for different wave paths and comparison with the predicted value. 
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Fig. 7 Snapshots of the displacement field for the case of 10% vertical cracks in a concrete matrix (a) cracks 

filled with soft grout, (b) filled with hardened grout. (c) Pulse velocity of the structure as a function of grout 

pulse velocity for different orientation of cracks. 
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