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Abstract: During firing from a mortar, an important issue is the parameters of compressibility of the 

ground on which the mortar is placed. This affects the operation of the mortar (including safety). 

During the qualification tests of the mortar, the influence of different types of substrate on its 

strength and work during shooting should be examined. Until now in the Polish standardization 

documents was no clear description about the substrate parameters used for this kind of tests. Anal-

ysis of the literature also did not allow to determine the dependence of the mortars displacement in 

the function of the type of substrate and its geotechnical parameters. Therefore, the authors carried 

out analytical and experimental analysis of the use of geotechnical methods to determine the pa-

rameters of the substrate for mortar testing. The paper presents the proposed types of standardized 

soil and their research methods. Preliminary tests were also carried out using the prescribed meas-

urement methods and a comparative mortar firing test. Subsequently, an analysis of the results was 

carried out and the possibilities of using the proposed methods of measuring the parameters of soil 

compressibility were determined. 

Keywords: mortar, strength properties, operational safety, organic soils, weak soils, deformation 

modulus, dynamic deformations 

 

1. Introduction 

The main source of artillery support for combat troops in direct contact with the en-

emy are towed mortars. Compared with other types of artillery equipment, they are char-

acterized by the following characteristics: 

• Shooting is carried out at the angles of the sight c ≥ 45°; 

• The recoil force created during the shot is transmitted via the base plate directly to 

the ground. The towed mortar does not have any devices that would absorb (de-

crease) the impact of the recoil force pulse on the base plate; 

• In the majority, mortars have smoothbore tube (barrel). For this reason the projectiles 

fired from mortar are fin-stabilized [1]. 

A mortar with a typical design for this type of weapon is a 98 mm M98 (Figure 1) 

mortar manufactured by Huta Stalowa Wola S.A-Poland [2].  
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Figure 1. Mortar M98 (HSW S.A.), 1 - bipod unit with elevation and direction mechanisms, 2 – mor-

tar tube, 3 – base plate. 

The tube is used to give the required velocity and flight’s direction the projectile . For 

the correct positioning the tube, the bipod assembly is used,. The base plate is used to 

support the mortar during the shot and transmit the recoil impulse to the ground. 

The issues of cooperation of the mortar base plate with the ground are not widely 

described in world literature. The main emphasis in research is on the analysis of the stress 

and strength of the mortar itself (including the base plate). The paper [3] discuss the stud-

ies of effort in various elements of the mortar during shooting from gravel ground. Tests 

of this type allow to determine the safety of use (strength) of the mortar. The paper [4] 

presents a  shotless  low-cost method of analyzing the strength of a base plate. Such re-

search  is the basis for  optimizing the design of the mortar. The paper [5] show an ex-

ample of optimizing the construction of a mortar's base plate in terms of reducing its 

weight while maintaining the required strength and rigidity. The weight of the mortar is 

very important parameter, because it is supposed to be a light and mobile weapon.  Stud-

ies on mortar recoil have been presented for pyrotechnic mortars at work [6], but they 

show the results of the much lower loads than military mortars. For the issues of the rela-

tionships between the mortar and the substrate with different parameters, the authors did 

not find any studies. 

2. Dynamics of mortars movement during the firing process 

In order to give the mortar projectile an initial velocity providing the required dis-

tance, appropriate propelling charges shall be used. These charges during the shot burn 

create a high pressure of gunpowder gases that affect both the projectile and the bottom 

of the barrel. Although the mass of the propelling charge is variable (depending on the 

required distance of the projectile), in this article the work of the mortar on the full pro-

pelling charge will be described, ensuring both the highest velocity of the projectile and 

the highest pressure of gunpowder gases inside the tube [7-9]. Figures 2 and 3 show the 

pressure p(t) diagrams inside the 60 mm and 98 mm mortar barrel tube during firing. 
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Figure 2. Example of pressure p(t) in the tube of a 60 mm mortar during firing. 

 

Figure 3. Example of pressure p(t) in the tube of a 98 mm mortar during firing. 

In the case of a 60 mm mortar, the maximum pressure shown in Figure 2 is 47,5 MPa 

which, after taking into account the surface of the bottom of the barrel of ≈0,002827 m2, 

generates a maximum force acting on the mortar ≈134,3 kN. For a 98 mm mortar, these are 

127 MPa, ≈0,007543 m2 and ≈958 kN, respectively. Because the pressure in the tube and the 

associated forces acting on the mortar are quickly changing, most often the total impulse 

of momentum force transmitted to the gun during the shot is used to describe the recoil 

phenomenon. Table 1 presents various parameters related to the phenomenon of recoil in 

mortars operated by the Polish Armed Forces when firing on full charges. An impulse of 

the recoil force is understood as the momentum transmitted to the mortar elements par-

ticipating in the recoil. The theoretical recoil velocity is the value that the mortar elements 

reached during recoil if they had not been affected by braking forces. 

Table 1. The recoil parameters in mortars operated by the Polish Armed Forces. 

L. p. 
Caliber of 

mortar 

Recoil force 

pulse [Ns] 

Average 

duration of the 

shot 

[ms] 

Weight of 

rejected elements 

[kg] 

Theoretical 

recoil velocity 

[m/s] 

1 60 mm 320 8 18,3 ≈17,5 

2 98 mm 3620 10 120 ≈30,2 

3 120 mm 4400 14 207 ≈21,3 

To brake the barrel of the mortar and ensure its stability during the shot, a base plate 

is used, which transmits the recoil force to the ground. Due to the much larger diameter 

of the base plate in relation to the diameter of the barrel, the pressures that the base plate 
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can affect the substrate are much smaller. Nevertheless, for a 60 mm mortar, the maximum 

pressure that the base plate can affect the substrate is 1,57 MPa. In the case of a 98 mm 

mortar, it is 1,9 MPa. In most cases the shooting is carried out by the mortar adopted to 

the deformable substrate, it will delve into ground together with the base plate during the 

shot. Figure 4 shows a sequence of frames from a movie recorded with a high speed cam-

era during a mortar shot, showing the sinking of the base plate into the sandy soil. The 

Figure 4 show the frames recorded every 10 ms.  

 

Figure 4. Mortar’s recoil process on sandy soil. 

For a substrate susceptible to deformation during firing, the reduced force, which is 

the sum of the recoil force and the reaction force of the substrate to the base plate, create 

the mortars velocity in the oppositive direction of the projectile velocity, which causes the 

mortars plunge into the ground. After the projectile leaves the tube and the pressure of 

the gunpowder gases in the barrel decreases to atmospheric pressure, the force of inertia 

of the mortar causes its further recess into the ground [10-11]. At this stage, the only sig-

nificant force acting on the mortar is the reaction force of the ground, which inhibits its 

recoil speed. After stopping the mortar, as a result of the substrate’s response, mortar may 

move in the opposite direction - called "jumping".  

The quality requirements for mortars contain the possibility of firing from them after 

placing on substrates with a wide range of properties. The cooperation of the mortar with 

the subgrade is largely dependent on its susceptibility to deformation [12-13]. For non-

susceptible substrate  the "jumping" of the mortar and its displacement or sliding of the 

base plate on the ground may occur. With a substrate very susceptible to deformation, the 

mortar together with the base plate can sink to a significant (relative to its mortar) depth 

or also slip. A large displacement of the mortar when delving into susceptible ground or 
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during its "jumping" on a non-susceptible and elastic ground significantly prolongs the 

fulfill of the fire task, because before each subsequent shot it is required to re-set the mor-

tar. A significant influence on the results of mortar shooting is also the stability during the 

shot (especially during the movement of the projectile inside the gun tube). Even a slight 

deviation of the mortar barrel (by 1°) in the direction will cause a deviation of the point of 

hit of the projectile (at a firing distance of  2000 m) – by over 32 m, and with a shooting 

distance of 5000 m – by over 80 m [14]. The impact of mortar tube’s deflection in the ver-

tical plane is several times smaller. Therefore, artillery practice often assumes (in the case 

of placing the mortar on susceptible ground) giving the first shot in order to place the 

mortar in the ground, the so-called “settling shot”.  

Another important aspect resulting from the cooperation of the mortar with the 

ground is the safety and reliability. Mortar firing on a low-susceptible ground signifi-

cantly increases the effort of the main mortars parts. This applies in particular to the base 

plate and the connection between the base plate and the barrel. Therefore, the develop-

ment of a base plate durable to multiple impulse loads, and at the same time ensuring 

stable behavior of a mortar placed on various types of substrates (soils) requires deter-

mining the relationship between the base plate and the ground during the shot. When 

firing from a very susceptible ground, a large displacement of the mortar may lead to 

damage to the joining of the barrel support, and in extreme cases due to the slipping of 

the base plate to overturn the mortar. For the mortars of larger calibers even more than 

200 kg weight, this may pose a threat to the safety of the crew. 

3. The issue of interaction between mortar and substrate from the standardization 

point of view 

The issue of interaction between mortar and substrate significantly affects the prob-

lem of safety and reliability of the mortar use, is regulated mainly by the Defense Stand-

ards. It is a series of documents supervised by the Polish Military Center for Quality 

Standardization and Codification for the normalization of issues related to weapons 

equipment. The standard NO-10-A216:2012 [15] contains a set of requirements and tests 

that must be fulfill by mortars introduced into the Armed Forces.  

Because of operational safety is an overriding requirement for armament equipment, 

the standard NO-10-A216:2012 [15] clearly requires the safety and correct use of mortars 

placed on various types of ground. The mortar test procedure contained the requires con-

ducting research shooting on "soft" and "hard" soils. The following type of soil are deter-

mined: 

1. hard soils (calcareous, stony, compacted clay and frozen soils), 

2. medium soils (sandy, clayey and turf soils), 

3. soft soils (muddy, “arable” soils, peat and “plump sand”). 

Preliminary analysis of the issue showed that the greatest complication of this issue 

occurs in the case of soft soils. Apart from the inconsistency in naming, the above-men-

tioned names of soft soil types do not appear in the geotechnical standards [16, 17]. The 

soft soils in the engineering practice should be treated as low, insufficient bearing capacity 

substrate. "Weak soil" may be defined as a soil layer that do not fulfill the requirements 

that result from conditions of compressibility, stability or suitability for use for a particular 

object or element of structure [18]. In engineering practice, the parameterization of weak 

soils is practically limited to determining their depth of deposition in the active zone of 

the substrate, usually they are not described by the values of geotechnical parameters. 

They are reinforced in a way that depends on the depth of deposition, the type of soil and 

designed construction. Another aspect that makes geotechnical investigation of the sub-

strate difficult are the limitations resulting from the technical capabilities of the research 

equipment, which is not adapted to determine the parameters of weak soils.  Moreover 

there are no appropriate standards to interpret the obtained results of this type of soil 

tests. In addition, when choosing a test method, the conditions of the proving ground 

should be taken into account as a place where test shooting will take place and where it is 
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necessary to prepare and examine the ground for the shooting position. Therefore, the 

ground should: 

• be formed without specialist geotechnical (geological) knowledge and heavy equip-

ment, 

• provide repeatability of obtained ground conditions,  

• be identified by a parameter which does not require the use of complicated or time-

consuming methods and can be determined in field conditions, 

• allow for short substrate preparation, 

• be easily obtainable. 

4. Soft substrate 

4.1. Selection of a model substrate 

The standard [15] introduces the following types of soft soils: muddy, arable soils, 

peat and plump sand. Taking into account the potential difficulties with the use of cohe-

sive soils as a weak layer during their preparation, formation and compaction resulting 

from the need to moisten them (to achieve at least plastic state), the modeling of "muddy 

soil" or "arable soil" was omitted. It was decided to use "peaty soil" (resigning from mod-

eling "plump sand" due to the possibility of obtaining a much weaker soil and a wider 

range of "weaknesses" of this substrate). As a peat substrate was used available garden 

peat. 

Initially, it was assumed that the substrate model would be characterized by param-

eters describing deformability. The bearing capacity of soils increases with compaction, 

then it is necessary to control the amount of peat to obtain the required values of defor-

mation parameters. However, in engineering practice for peats there is no test procedure 

to determine the values of the state of compaction parameters, i.e., relative density (den-

sity index) ID or relative compaction (degree of compaction) IS.  

The density index ID determines the condition of the cohesionless soils which peat is 

not. In accordance with the standard BN-77/8931-12:1977 [19], there is no test procedure 

to determine the value of the maximum dry density of the peat ds which is taken into 

account in the calculation of IS. Determining the value of the d for peat is quite difficult 

due to the need to take a sample with an undisturbed structure. It is also not possible to 

use indirect methods for determining compaction parameters such as dynamic probing. 

In the authors opinion, it is possible to determine the bulk density of the substrate 

model and control this parameter in the conditions of substrate formation process. It 

should be noted that the value of the density depends on the moisture, which in the case 

of peat can be within a wide range. The parameter that better describes the state of com-

paction is the dry density, however this method requires the determination of the mois-

ture value, which in practice in field conditions is not feasible. 

4.2. Research methods 

The methods of assessing the deformability in situ conditions include: the method of 

static plate load test and dynamic load plate test. These methods allow for direct meas-

urement of the soil response to an applied load described by the following parameters: 

the deformation modulus E and the dynamic modulus of deformation Evd. 

The static plate load test is commonly used in road construction in the form of loads 

generated by the VSS apparatus (In -Germany:  Verein Schweizer Strassenfachmänner). The 

deformation modulus in the VSS test is defined as the ratio of the unit load increment to 

the deformation increment of the tested layer in a fixed range of unit loads [20]. Double 

static loading of the test surface allows to calculate the primary E1 and secondary E2 de-

formation modules. In the case of assessment of the stiffness of the thick ground layers, 

large-scale load tests are used [21]. 

The dynamic load plate test by lightweight deflectometer was developed initially in 

Germany [22, 23], as a device for in-situ testing of stiffness and compaction of the substrate 

and road construction layers, as well as an alternative to static testing. The main 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 October 2021                   doi:10.20944/preprints202110.0361.v1

https://doi.org/10.20944/preprints202110.0361.v1


 

 

advantage of this method is mobility and short test time. In the dynamic load plate test, 

the amplitude of plate displacement caused by a single impact pulse is measured. 

4.3. Test stand 

To assess the possibility of using peat as a model substrate of the shooting station, a 

preliminary research program was planned and carried out. The program includes verifi-

cation of the use of peat in the test stand and the validity of the selected research methods. 

For this purpose, a test stand was made in the form of a wooden box with a volume of 0,7 

m3 in which previously weighted peat was placed. About 197,4 kg of peat was placed in 

the box, which allows to determine the bulk density at 282 kg/m3. 

 

Figure 5. Test stand. 

4.4. Static load method 

The static plate load test were carried out using a standard rigid plate (diameter 30 

cm) included in the VSS apparatus. In practice, due to the lack of space, the use of dial 

sensors and the rack attached to the apparatus for settling measurements has been omit-

ted.  

The load ~215 kg consisted of a stack of 7 steel plates (20÷30 kg each) and VSS plate. 

Applying the entire load is divided into 7 stages. 

The measurement of displacement was carried out using the geodetic method at four 

points on the surface of the rigid plate. This allowed to eliminate possible stack tilts, and 

the average value of settlements measured at individual points was taken as a result. 

The load consisted of two phases: the primary loading and the subsequent unload-

ing. Each phase was carried out in stages, and the final load value was selected to obtain 

pressures similar to those generated by humans (approx. 30 kPa). It was assumed that in 

field conditions, human-induced subsidence could be used as an initial rating of the 

ground quality of the shooting position. 

4.5. Dynamic load method 

The dynamic load plate test consists of measuring the deformation of the ground 

surface, caused by a short-term force impulse. The impulse load is generated by a freely 

falling mass and transmitted through the pressure plate to the ground. This method is 

treated as a short-term quasistical load of the plate on the substrate. The free fall of the 

weight, falling along the guide rod on the spring-damper element, generates an impact-
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like load PD on the load plate. The pulse is transmitted through the load plate to the surface 

of the soil medium, generating a contact stress σD  = 100 kPa and causing the substrate 

settlement equal to the displacement uD of the rigid load plate [24]. 

 

Figure 6. Variability in time t of loading force PD and displacement uD in a dynamic test [20]. 

In the research schedule, it was assumed that the determination of the dynamic mod-

ulus of deformation Evd will be carried out with a lightweight deflectometer ZORN ZFG 

2000. During the tests, it turned out that the magnitude of the generated acceleration ex-

ceeds the measuring capacity of the accelerometer amounting to ±100 g, which corre-

sponds to a displacement of 0,2÷30 mm ± 0,02 mm. Therefore, a Photron high-speed camera 

was used to determine the course of displacement during the dynamic test. The image 

was recorded at a frequency of 6000 frames per second, but the analysis of the dynamics 

of this phenomenon indicates that 2000 frames per second is sufficient. The recordings 

from the camera were subjected to imaging analysis in order to determine the changes in 

the position of the measuring points during the test. During one study, three drops were 

performed. The analysis took into account three reference points (p0; p1; p2) marked on 

the device used (Figure 7). 

 

Figure 7. Displacement of reference points during impact. 

4.6. Results 
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Starting from the analysis of settlement of the substrate as isotropic and homogene-

ous elastic half-space, the value of the substrate deformation modulus E from static plate 

load tests and the dynamic modulus of deformation Evd from dynamic plate load tests can 

be determined from the formula  [25]: 

𝐸, 𝐸𝑣𝑑  = (1 − 𝜈2)𝜔
𝐷 Δ𝑝

Δ𝑠
       (1) 

 

Where: ν  – Poisson’s ratio,  ω – the shape factor, which for a circular rigid plate takes 

the value ω  = 0,79,  D – diameter of the loading plate [m],  p – the increase in load [Pa], 

s – the increase in settlement for given increase in load [m]. 

For a dynamic load plate test p  = 0,1 MPa, s is the maximum displacement of the 

loading plate. 

The results of the static tests calculated using formula (1) are shown in Table 1. Figure 

8 presents the dependence the substrate settlement on the used loads. The shape of this 

graph suggests the linear soil response to the applied loads. In this case, in the calculation 

of the modules, the value of the Poisson’s ratio for peat 𝜈 = 0,2 and the plate diameter  

𝐷 = 30 cm were assumed.  

Table 1. Static load test results. 

Phase of test 
Load 

[kg] 
Force [kN] Pressure [kPa] 

Average  value of 

settlement 

[cm] 

 

 

 

 

Loading 

 

  

16,40* 0,16 2,28 0,00 

49,80 0,49 6,91 -0,73 

73,80 0,72 10,24 -1,25 

97,40 0,96 13,51 -1,83 

124,90 1,22 17,33 -2,35 

156,40 1,53 21,70 -3,10 

186,50 1,83 25,87 -3,63 

214,90 2,11 29,81 -4,33 

 

 

 

Unloading 

 

  

186,50 1,83 25,87 -4,30 

156,40 1,53 21,70 -4,10 

124,90 1,22 17,33 -3,85 

97,40 0,96 13,51 -3,53 

73,80 0,72 10,24 -3,23 

49,80 0,49 6,91 -2,88 

16,40 0,16 2,28 -1,90 

* weight of rigid plate 

 

Figure 8. Pressure-settlement relationship for static load test. 

The values of the primary static deformation modulus for each stage are listed in the 

Table 2. 
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Table 2. Primary static deformation modules. 

Pressure p 

[kPa] 

Increase in pres-

sure 

p [kPa] 

Settlement 

s [cm] 

Increase in 

settlement  s 

[cm] 

Primary static defor-

mation modulus 

E1  [kPa] 

2,28 0,00 -0,00 0,00 0,00 

144,6 

(average) 

6,91 4,63 -0,73 0,73 144,3 

10,24 3,33 -1,25 0,52 145,7 

13,51 3,27 -1,83 0,58 128,3 

17,33 3,82 -2,35 0,52 167,1 

21,70 4,37 -3,10 0,75 132,6 

25,87 4,17 -3,63 0,53 179,0 

29,81 3,94 -4,33 0,7 128,1 

The course of the impact was recorded in the dynamic plate test with the use of a 

high-speed camera. On this basis, the values of the settlement of the loaded substrate were 

determined for the entire impact phase. Below there are presented the diagrams (Figure 9-

11) of displacement during three consecutive drops for the p0 point. Positive displacement 

values on the graphs are related to the detachment of the plate from the tested substrate. 

 

Figure 9. Vertical displacement of the p0 point during drop No. 1. 

 

Figure 10. Vertical displacement of the p0 point during drop No. 2. 
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Figure 11. Vertical displacement of the p0 point during drop No. 3. 

The values of the measured displacements at individual points during impacts to-

gether with the calculated values of the dynamic modulus of deformation Evd are shown 

in Table 3. The values of Evd indicate a slight strengthening of the test medium after each 

drop. 
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Table 3. The values of measured displacements and dynamic modulus of deformation. 

 Point p0 Point p1 Point p2 

Drop 1 

Displacement [mm] 29,48 29,21 29,35 

Dynamic modulus of defor-

mation Evd  [kPa] 
771,78 778,91 775,19 

Drop 2 

Displacement [mm] 27,94 28,14 28,30 

Dynamic modulus of defor-

mation Evd  [kPa] 
814,31 808,52 803,96 

Drop 3 

Displacement [mm] 27,14 27,43 27,42 

Dynamic modulus of defor-

mation Evd  [kPa] 
838,32 829,46 829,76 

4.7. Minimum values of the weak soil parameters for test shooting 

Taking into account the similar (dynamic) action of the mortar plate and the dynamic 

load plate, the dynamic modulus of deformation can be adopted as a 𝐸𝑣𝑑 parameter char-

acterizing the weak soil in terms of test shooting. Using the formula (1), it is possible to 

estimate the minimum dynamic modulus of deformation of the weak soil, at which it will 

be possible to safely fire a mortar. For this purpose, it was assumed the Poisson’s ratio of 

peat 𝜈 = 0,2, the diameter of the mortar base plate 𝑑𝑚 = 33 cm and 𝜔 = 0,79 as for a 

circular rigid plate [25]. In addition, a possible displacement of the mortar's base plate 

should be assumed, which will allow a safe shot to be fired Δ𝑠𝑚𝑎𝑥 = 50 mm. The maxi-

mum pressure under the base plate of a 60 mm mortar is Δ𝑝𝑚𝑎𝑥 = 1,57 MPa. Thus, we get: 

𝐸𝑣𝑑
𝑚𝑖𝑛 = (1 − 0,22) ⋅ 0,79 ⋅

0,33⋅1,57⋅106

0,050
= 7,86 MPa   (2) 

 

The weak substrate should therefore be prepared in such a way that the dynamic 

modulus is larger than 𝐸𝑣𝑑
𝑚𝑖𝑛 . Due to the fact that the dynamic plate is not adapted to study 

the deformation modulus of the weak substrate, when determining the modulus Evd, it is 

necessary to use a high-speed camera. However this procedure is difficult to carry out in 

the field conditions. A simpler test is to evaluate the static modulus on the basis of a static 

load test. In the case of the proposed type of weak soil, the relationship between the static 

and dynamic modulus can be determined. The dependency will apply only to the chosen 

type of soil. In the presented case, the average primary static modulus is 𝐸 = 144,6 kPa 

(see Table 2). The average dynamic modulus after the third drop is 𝐸𝑣𝑑 = 832,5 kPa (see 

Table 3). Thus, we get a coefficient of proportionality: 

𝑎 =
𝐸𝑣𝑑

𝐸
= 5,8       (3) 

 

In the case of the tested soil, it can be assumed that the minimum static modulus that 

must be obtained in order for the substrate to meet the assumed conditions is: 

𝐸𝑚𝑖𝑛 =
𝐸𝑣𝑑

𝑚𝑖𝑛

𝑎
=

7,86 MPa

5,8
= 1,36 MPa     (4) 

At this stage, the coefficient 𝑎 should be determined each time at the initial stage of 

selection of the soil, because it could be different for various type of organic soil.   

In the calculation of the static modulus, the coefficient as for a rigid circular plate is 

used (see formula (1)). However, it is possible to carry out static test loads using a rigid 

square-shaped plate. In this case, the shape factor 𝜔 in the formula (1) shall be 0,88 [25]. 

The determined values of the modules for the model soil are lower than the minimum 

calculated values, however in the opinion of the authors, verification of the suitability of 

the proposed substrate in the conditions of firing range is required. 

5. Medium soil 
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To characterize the substrate by the dynamic deformation modulus, preliminary field 

tests combined with shot tests with a 98 mm mortar in the conditions of the firing range 

were carried out. 

According to the standard [16], the medium soils are sandy, clayey and turf soil. As 

part of the assessment of the value of the dynamic sandy soil deformation modulus (fine 

sands - FSa), three tests were made with a lightweight deflectometer. The research was 

carried out within the shooting position at a depth of 0,5 m, after removing the top layers 

of sandy soil and humus. The determined average values of soil settlement are in the range 

of 0,527÷0,399 mm, and the dynamic modulus in the range of 42,69÷56,39 MPa with an 

average value of 48,17 MPa. 

As part of the assessment of the density of sandy soil, dynamic probing using DPL 

was performed. The results of test is shown in Figure 12. 

 

Figure 12. Dynamic probe profile. 

The value of the density index ID  and the degree of compaction IS  are determined 

respectively from the relationships: 

𝐼𝐷 = 0,429𝑙𝑜𝑔𝑁(𝑘)10 + 0,071     [−]       (5) 

 

𝐼𝑠 =
0,818

0,958−0,174𝐼𝐷
    [−]        (6) 

 

At the shooting place, four shots were fired. The first two shots were intended to pre-

adjust the plate to the ground. The recoil pulses were 2153,84 and 2828,7 [Ns], respectively. 

Two next shots were carried out on a maximum pressure propelling charge (for mortar’s 

endurance tests)  and the recoil pulse achieved 3704,07 [Ns]. The maximum measured 

displacements of the base plate during shots No. 3 and 4 were 38,44 and 38,67 mm, re-

spectively. The displacement of the base plate during the third shot is shown in Figure 13. 

 

Figure 13. Displacements of the base plate during the third shot. 
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Using the results of the maximum displacements of the base plate and assuming in 

formula (2): 𝜈 = 0,3 for sand, 𝑑𝑚 = 80 cm, the value of the dynamic deformation modu-

lus Evd from the firing pulse load can be determined.   The maximum pressure under the 

base plate of a mortar caliber 98 mm is Δ𝑝𝑚𝑎𝑥 = 1,9 MPa, and the average maximum dis-

placement from two mortar shots Δ𝑠ś𝑟𝑚𝑎𝑥 = 38,55 mm. 

 𝐸𝑣𝑑 = (1 − 0,32) ⋅ 0,79 ⋅
0,8 ⋅ 1,9 ⋅ 106

0,03855
= 28,3 MPa (7) 

The obtained value of 28,3 MPa is lower than the value obtained from the dynamic 

plate test (48,17 MPa). The above can be influenced by a number of factors, the most im-

portant seem to be: 

• the tube of the mortar and the base plate during the shot are not perpendicular to 

each other, it may cause slight lateral displacements of the plate, 

• dependence of the deformation modulus on the stress value 

• the shape factor ω was adopted as for a rigid circular plate, which can be a certain 

approximation in the case of a mortar base plate, which is not perfectly rigid and has 

special ribbing, 

• the soil inertia have the higher influence to the speed of deformations during mortar 

firing than at research test. 

6. Conclusions 

Designing standardized test stands with mortar test sites is a complex issue. In order 

to ensure the repeatability of the test conditions, the characteristics of the shot process and 

the cooperation of the mortar with the soil substrate should be taken into account. It is 

also important in order to confirm that the mortar meets the requirements, including the 

safety of its operation. The use of standardized soils (with a parametric description of their 

geotechnical properties) and practical measurement methods will allow for an unambig-

uous and correct implementation of the mortar certification process. Due to the specificity 

of shooting tests, the development of stations and research methods that can be used in 

field conditions. At the moment, there are no such stands or research methods. 

The research and results presented in the paper constitute the first approach to the 

development of a standardized test stands (including soft soils). The requirements for the 

stands require an innovative approach to the issue of the object's impact on the ground in 

terms of geotechnical engineering. It is caused both by a much wider range of soil prop-

erties (including weak soil, not used in construction), and many times higher loads gen-

erated by the mortar. In the next stage, experimental verification of methods and calcula-

tions will be carried out by conducting a shooting test. 

In the case of medium soils, the sandy subsoil was parameterized in field conditions. 

The deformation modulus from the lightweight dynamic plate test was determined, as 

well as the compaction parameters based on DPL probing. The value of the dynamic mod-

ulus of deformation was calculated based on the displacement of the mortar base plate as 

a result of the shot pulse. 

The determined values do not coincide, which is due to a number of factors related 

to the peculiarities of the mortar shot. Further studies are required to determine the influ-

ence of the various factors on the results obtained and to determine a sufficiently accurate 

correlation between the results obtained by means of the presented research methods and 

shooting tests. 

An important aspect of the research is the influence of stress level and dynamics of 

deformations on the soils properties. 

The carried out tests and their development will allow for more accurate modeling 

of the process of cooperation of the mortar with the substrate during the shot. This is also 

essential when designing mortars, including ensuring the correct strength of the base 

plate, ensuring better stability and accuracy of the mortar, and reducing its weight. 
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A comparison of the magnitude and dynamics of the loads generated by the mortar 

and standard measuring devices used in geotechnics shows that the use of a mortar could 

allow geotechnical investigations in a much wider range of loads. 
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