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ABSTRACT 

 

Penetration is involved in many geotechnical engineering practices such as site characteriza-

tion and pile installation. In this study, we investigated the influence of pausing-induced stress 

relaxation on the penetration process using photoelasticity. A thin cone penetrometer was de-

signed and penetrated a photoelastic granular specimen in two different ways: one is continuous 

penetration, during which the penetrometer penetrates the specimen continuously for a target 

travel distance; the other is termed as intermittent penetration, which consists of two short pene-

tration stages separated by a long pausing stage. The penetration rate and overall penetrometer 

travel distance for the two cases are kept the same. Stress relaxation was observed during the 

pausing stage and the influence of stress relaxation on the subsequent penetration process was 

evaluated by comparing the penetration resistance, and force chains, stress field, and displace-

ment field of the granular specimen. Results indicate that pausing-induced stress relaxation is 

due to particle rearrangement and causes reduction in penetration resistance within a limited 

travel distance. 

 

INTRODUCTION 

 

Soil penetration is ubiquitous in geotechnical engineering activities, such as soil sampling, 

site soil characterization, pile installation, tunneling etc. The soil penetration resistance and asso-

ciated energy consumption are closely related to the soil properties. It has been confirmed that 

time-dependent chemical, microbiological or mechanical processes may exist and cause structur-

al or compositional changes in soil, resulting in time effects of soil properties. Example phenom-

ena include the time-dependent cone penetration resistance found in freshly deposited or densi-

fied sands (Charlie et al. 1992), and the increase of bearing capacity of driven or jacked piles af-

ter installation (Bowman and Soga 2005; Chow et al. 1997).  

Creep and stress relaxation are two common time-dependent behaviors, which are attributed 

to particle rearrangements and/or particle crushing under different boundary conditions. Creep 

occurs as soil deforms over time under a constant loading condition; whereas relaxation is a phe-

nomenon in which stress drop occurs after soil subjected to a constant strain level (Mitchell and 

Soga 2005). Using a triaxial configuration, researchers found that a higher original deviator 

stress level or a higher shear strain level will result in a higher stress relaxation of granular sands 
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(Lade 2007; Lade and Karimpour 2015; Lade et al. 2010). Similar dependencies of granular re-

laxation on the strain rate and the stress level were also obtained using an oedometer configura-

tion  or using numerical simulations (Xu et al. 2018). 

The stress relaxation mechanism of granular sands was explained using static fatigue, a time-

delayed process where failure occurs at a load lower than the value required for short-term fail-

ure (Lade and Karimpour 2010; Lade and Karimpour 2015; Michalowski and Nadukuru 2012). 

At the commencement of relaxation, the soil structure relies on force chains to transmit the ap-

plied stress; as time goes by, particle fracture happens because of static fatigue, resulting in par-

ticle rearrangement and formation of new force chains. Since the loading boundary does not 

move, stress reduction occurs. Moreover, for soil relaxation under low confining pressures, soil 

particle crushes in the form of abrasion; friction at particle-particle contacts and particle rear-

rangement govern the relaxation behavior. For soil relaxation under high confining pressures, 

particle crushing and particle rearrangement dominate the relaxation behavior. The relaxation 

behavior of soils was also observed during soil penetration processes. Atkinson et al. (2019) and 

Atkinson et al. (2020) found that the penetration resistance is sensitive to the soil relative density 

but insensitive to stress levels and soil types, while soil relaxation is sensitive to all the three as-

pects. The results were used to develop a soil classification technique for extraterrestrial explora-

tion by studying the penetration and relaxation behaviors of lunar soils subjected to a constant-

displacement-rate penetration. Yet very few efforts have been made to study whether soil pene-

tration can benefit from soil relaxation.  

In this paper, we use a combined technique of photoelasticity and image processing to inves-

tigate the penetration and relaxation in granular materials under two penetration scenarios: a con-

tinuous penetration and an intermittent penetration. We attempt to address two major questions: 

(1) can penetration processes can benefit from soil relaxation? and (2) what happens at the parti-

cle levels to the granular packings under relaxation? 

 

METHODOLOGY 

 

Experimental Setup. The penetration testing system depicted in (Huang et al. 2020) was 

used for the tests (See Figure 1(a)). A penetrator is designed and consists of a fixture (purple), a 

protrusible triangular tip (red), and a hollow rectangular body (yellow and orange), as shown in 

Figure 1(b). The fixture is used for mounting the penetrator to the testing system. A thin solid 

rod passes through the hollow rectangular body and connects to the triangular tip. The testing 

system utilizes a linear actuator (Servocity, HDA12-30, maximum extrusion: 300 mm, static 

load: 500 lbs) mounted at the center of the top bar to advance the triangular tip downward. The 

linear actuator is a stepper motor type actuator and controlled by a microcontroller (Arduino 

Uno). It extrudes the shaft by turning of a leadscrew inside, which prevents any backslash or up-

ward motion of the shaft once the extrusion motion is stopped. A 250 kg load cell is attached to 

the end of the shaft for measuring the resistive force during the penetration tests. The penetrator 

is embedded in a thin transparent acrylic chamber, which is filled with 3705 photoelastic parti-

cles. These photoelastic particles are obtained via water cutting photoelastic plates (Vishay Pre-

cision Group, PSM-

and particle diameters are 6mm, 8mm, and 10mm. The chamber is lodged firmly on the testing 

system and between two polarizer filters, with an LED light source at the back (Figure 1(c)). 

Two cameras are used for image collection during the tests: one with a polarizer sheet covering 

the lens focuses on the chamber center to snapshot the force chains; the other is placed right 
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early with the logarithm of time. The stress relaxation results in a 10% reduction of penetration 

resistive force within a limited penetration distance, beyond which the resistive force climbs 

back to a level comparable to that in a continuous penetration. The particle level contact force 

and displacement data imply that the significant relaxation mainly occurs around the tip and that 

it is due to interparticle frictional-sliding and the consequent particle rearrangement.  
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