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To assess the sensitivity of impulse response testing to potential poor support zones or voids beneath the 
foundation slabs, numerical simulations were performed using the finite element method. These simulations 
covered a range of scenarios, including soil-loosening zones, sub-slab cavities, and slab cracks. The analysis of 
the simulation results employed two distinct techniques: the normalized acoustic response method and the ASTM 
C1740 mobility spectrum approach. These methods allowed the parameters and attributes derived from changes in 
input signals to be described in relation to the specifications within the synthetic models.

Introduction
Non-destructive methods of technical geophysics are utilized in the control of foundation slabs to as-

sess the integrity of concrete and to identify zones where the structural contact with the underlying soil 
may be compromised [1–5]. One prevalent technique for addressing such concerns is the impulse response 
method, which involves recording and analyzing artificially induced transient vibrations of a concrete test 
element [2]. These vibrations are initiated through an impact source, most often a hammer, and are record-
ed by a transducer, typically a velocimeter or accelerometer.

The standardized method outlined in ASTM C1740 involves analyzing the mobility spectrum, which is 
determined by the ratio of the velocity spectrum (acquired from waveforms recorded by the transducer) to 
the force spectrum (obtained from waveforms recorded by the load cell attached to the hammerhead) [6–11]. 
In contrast, an alternative data collection and analysis approach [2–4] relies solely on examining the attri-
butes of the velocity response normalized by the maximum value. This paper presents a study on the sen-
sitivity of both approaches to poor support conditions, using synthetic data generated through finite-ele-
ment numerical simulations.

Numerical Simulations
The numerical simulations of the spatial and temporal evolution of elastic wave fields are based on the 

predefined parameters of the “slab–soil” systems. Two-dimensional simulations were performed for a set 
of eight common contact disruption behaviors between foundation slabs and soil synthetic models (Fig. 1). 
The physical properties of the simulated materials were defined by the density (ρ) and the velocities of lon-
gitudinal and shear waves (Vp and Vs) [12–14], which were used to calculate the values of Young’s modulus 
(E) and Poisson’s ratio (ν) (Table 1).

The synthetic models consisted of the following key components [13, 15]:
– a foundation slab measuring 10 × 0.3 m (B30 concrete);
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– a concrete subbase measuring 10 × 0.1 m (B7.5 concrete);
– a drainage layer made of a cement–sand mixture and gravel, measuring 10 × 0.25 m;
– the surrounding soil.
Model 0 (reference model) represents a foundation slab supported by homogeneous soil. Models 1–5 

introduce an area of weakened soil beneath the slab, measuring 3 × 0.5 m, with elastic properties decreas-
ing as the model number increases [10, 14] (see Table 1). 

Model 6 simulates a case of suffusion, where soil particles are washed away, creating a void (cavity) be-
neath the slab, measuring 3 × 0.15 m. Model 7 illustrates subsequent damage to the foundation slab.
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Fig. 1.  Schematic representation of the “slab–soil” systems used for numerical simulations: 
 а) model 0, b) models 1–5, c) model 6, d) model 7; 



) source of elastic vibrations, 
 ) transducer (velocimeter), 1) concrete slab (10 × 0.3 m; B30 concrete), 2) concrete 
 sub-base (10 × 0.1 m; B7.5 concrete), 3) drainage layer (10 × 0.25 m; cement–sand mixture 
 and gravel), 4) surrounding soil, 5) area of weakened soil (3 × 0.5 m), 6) void (3 × 0.15 m, 
 air), 7) exit crack.

TABLE 1
Model 

No. Material Vp, m/s Vs, m/s h, m ρ, kg/m3 E, MPa v

0-7

B30 concrete 
(foundation slab) 3820 2630 0.3 2500 36000 0.17

B7.5 concrete (sub-base) 2000 1330 0.1 2100 8199 0.17

Cement–sand mixture and 
gravel (drainage layer) 1200 710 0.25 1300 1613 0.23

Soil 750 440

0.5

1900 910 0.24

1

Weakened soil
(disturbed area of uniformity)

640 350 1800 567 0.29

2 580 300 1700 403 0.32

3 550 270 1600 313 0.34

4 440 200 1500 164 0.37

5 370 160 1400 99 0.38

6 Air (void) 300 – 0.15 1.27 – –

7 Through a crack in the slab, defined by a special solution in COMSOL Multiphysics
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The numerical simulations were performed using the finite element method with COMSOL Multiphys-
ics software. A unit vertical force, acting as an impulse source of elastic vibrations, was applied at the center 
of the slab. The vibration excitation utilized a Gaussian pulse modulated by a Hann window with a length of 
0.8 ms [16]. Synthetic signal recordings were conducted with a virtual velocimeter placed 0.2 m to the right 
of the source. The recording duration was set to 7.5 ms. The upper boundary of the models was defined as 
stress free, except at the point of signal excitation. Conditions on the lower, left, and right boundaries were 
designed to be low-reflecting to minimize wave reflections from these regions.

The calculations were conducted on a structured grid. The size of the finite elements was determined to 
be 10% of the length of the shortest bulk wave possible in the considered medium, resulting in dimensions of 
12.8 × 12.8 mm. Additional mesh refinement was applied in the boundary areas to provide detailed resolution 
of the transition processes, ensuring a predominant estimate of the numerical solution accuracy at 0.5%. The 
time step was set to 1.7 μs. Figure 2 illustrates the evolution of the elastic wave field excited in models 0 and 6.

Results
The results of numerical simulations of the vertical velocity component over time (signals recorded by 

the virtual velocimeter) are presented in Fig. 3. It is evident that the presence of weakened soil zones (mod-
els 1–5), a void beneath the slab (model 6), and an exit crack in the slab (model 7) significantly influence 
the responses captured during the simulations. In the time domain (Fig. 3a), additional features become 
apparent in the signals after 1 ms, with their intensity increasing with the model number. In the frequency 
domain (Fig. 3b), as the model number increases, there is a redistribution of amplitudes in the normalized 
spectra toward relatively high frequencies (around 1400 Hz), resulting in the emergence of prominent nar-
row peaks (models 6 and 7), as well as an increase in the intensity of the low-frequency component (with-
in the frequency range 0–100 Hz).

The behavior of the attributes of velocity signals normalized by the maximum value, including the 
“voids index” parameter vi proposed in Churkin and Smirnov [3] and adapted from ASTM C1740 is as fol-
lows. The energy of the normalized signal, En, exhibits an increase of over 17% when transitioning from a 
homogeneous “slab–soil” contact (model 0) to the most significant soil loosening under the slab (model 5), 
and greatly increases with the presence of a void (models 6 and 7). Attribute vi follows a similar trend but 
demonstrates greater sensitivity, with a double increase from model 0 to model 5, in response to soil loos-
ening underneath the slab. A normalized spectrum area attribute, denoted Sn, and the mean weighted fre-
quency, referred to as fs, were computed for two distinct frequency ranges: 0–5000 and 0–800 Hz, as shown 
in Figs. 4b and 4c (solid and dashed lines respectively). The values of Sn decrease with an increase in the 

Fig. 2.  Propagation of elastic waves in models 0 (left) and 6 (right) at 0.75, 1.50, 2.25, and 3.00 ms. 
 The color scale represents the velocity values (in arbitrary units).
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model number. Values of fs, calculated for the 0–5000 Hz range, decrease slightly from model 0 to model 5 
and increase for models with a void beneath the slab. When limiting the input frequency range to 0–800 Hz, 
fs decreases with the model number, indicating changes in the low-frequency components of the signals.

The mobility spectra curves are shown in Fig. 3c. The shape of these curves undergoes significant al-
terations as the soil properties decrease, voids, and exit cracks appear. The intensity of the low-frequency 
component within the frequency range 0–100 Hz increases, whereas additional extremes become evident 
in the curves within the 200–800 Hz frequency range.

a

b

c

Model No.

Fig. 3.  Synthetic signals obtained from numerical simulations: а) signals in the time 
 domain, normalized by their maximum values, b) amplitude spectra of the 
 signals, normalized by their maximum values, c) mobility spectra.
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Fig. 4.  Changes in normalized response attributes from model to model: а) energy 
 of the normalized signal En, b) area of the normalized spectrum Sn, c) mean 
 weighted frequency fs, and d) voids index vi. 
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The mobility spectrum parameters (Fig. 5), calculated according to ASTM C1740 recommendations, in-
cluded the average mobility value of 100–800 Hz frequency range Mav, curve inclination parameter Kd (“dy-
namic stiffness”) of 0–40 Hz, the inclination of a best-fit line Mp (‘mobility slope’) calculated for the 100–
800 Hz range, and the ratio of the peak mobility value vimob below 100 Hz and Mav (‘voids index’) [3, 6].

The variations in mobility curve parameters from one model to another allow for the identification of 
a void beneath the slab. This is indicated by a sharp decrease in Mav and an increase in vimob (the behavior of 
this parameter is effectively identical to the vi attribute, as seen in Figs. 4 and 5). Models 6 and 7 are char-
acterized by anomalous Kd values and increased Mp compared with model 5. The weakening of the soil be-
neath the slab (models 1–5) leads to reduced Kd and Mp values while increasing vimob, with a minor impact 
on Mav values.

Conclusions
The outcomes of the numerical simulations have demonstrated that the analysis of attributes of the 

normalized velocity responses is effective for identifying voids and areas of loosened soil beneath the slab, 
with performance comparable with the widely employed mobility spectrum analysis technique standard-
ized by ASTM C1740. Moreover, the graphs depicting the changes in attributes of the normalized veloci-
ty response from one model to another exhibit a simple pattern of either decreasing or increasing values. 
In contrast, the behavior of parameters of the mobility spectra, specifically Kd and Mp, undergoes a distinct 
change when examining models with voids beneath the slab. This may suggest the potential for more reli-
able defect localization using the normalized velocity response analysis. The inclusion of an exit crack in 
the model did not have a substantial impact on attribute values and did not complicate the localization of 
the void beneath the slab.

During the calculation of each of the numerical models, identical force impulses were used to gener-
ate elastic vibrations, which somewhat limits the comparison of the two distinct data analysis approaches 
presented in the paper. During field tests to minimize the impact of variations in hammer impacts on the 
values of attributes of the normalized velocity response, it is recommended to perform stacking of repeat-
ed records (repeatedly exciting vibrations with the transducer in a fixed position and subsequently averag-
ing the attribute values obtained).
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Fig. 5.  Changes in mobility spectrum parameters from model to model: а) average mobility value of 
 100–800 Hz frequency range (Mav), b) dynamic stiffness (Kd), c) the slope within the frequency 
 range 100–800 Hz (Mp), and d) voids index (vimob).
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Future research avenues may involve the validation of numerical computations through physical exper-
iments and the integration of three-dimensional numerical modeling techniques. These efforts are aimed 
at assessing the impact of edge effects and gaining a comprehensive understanding of the method’s appli-
cability when testing structures with diverse geometry and surrounding soil properties.
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