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STRESZCZENIE W JEZYKU POLSKIM

Eksperymentalna analiza dynamicznych witasciwosci mechanicznych

gruntow watpliwych na przykladzie piasku pylastego

Stowa kluczowe: dynamika gruntu; piasek pylasty; pret Hopkinsona (SHPB); wysoka predkos¢
odksztatcenia (HSR).

Wyznaczanie charakterystyk reakcji materialdéw konstrukcyjnych, w tym budowlanych,
na odksztatcenia przy réznych predkosciach odksztatcenia jest bardzo waznym obszarem
prowadzenia badan naukowych zar6wno na potrzeby przemystu militarnego, jak i cywilnego.
Przyktadem takiego materiatu jest grunt, ktéry w ostatnich latach znajduje si¢ w stalym kregu
zainteresowania naukowcow. W niniejszej pracy omowitem badania gruntow przy roznych
predkosciach odksztatcenia, ktore moga odzwierciedlaé wystepujace oddzialywania na ten
osrodek stanowigcy podtoze gruntowe lub warstwe ochronng. Odziatywania te moga by¢
zwigzane z katastrofami naturalnymi (np. osuwisko ziemne i skalne), z realizacjg robot
budowlanych (np. dynamiczne zaggszczanie gruntu, wbijanie pali fundamentowych)
oraz z celowa dzialalnoscig cztowieka podczas dzialan terrorystycznych lub wojennych
(np. atak rakietowy, uzycie tadunku wybuchowego). Podane przyktady oddzialywan
dynamicznych generuja predkosci odksztalcenia gruntu w zakresie od 10? s do 10* s,
Powstajagce zagrozenia w sytuacjach kryzysowych inicjuja zapotrzebowanie na poznanie
charakterystyk réznych typow gruntéw (zaréwno spoistych, jak i niespoistych) poddanych
obcigzeniu o wysokiej predkosci odksztatcenia (HSR) w celu wlasciwego dobrania rozwigzan
projektowych oraz konstrukcyjnych dla obiektow budowlanych, dedykowanych elementow
ochronnych i infrastruktury krytyczne;j.

Celowym wigc jest ciggly rozwo6j w obszarze eksperymentalnych badan dynamicznych
wlasciwo$ci mechanicznych réznych materialtdéw, w tym rowniez gruntow. Wykorzystatem
w tym celu stanowisko badawcze oparte o technike preta Hopkinsona, do ktérego zalicza si¢
zmodyfikowany (dzielony) pret Hopkinsona. Dodatkowo w analizach do$wiadczalnych
stosowatem laserowy analizator wielkos$ci czastek i aparat Proctora.

Przeprowadzona analiza literaturowa pozwolita mi na zidentyfikowanie problemu
naukowego dotyczacego realizacji procesu fizycznego eksperymentu dynamicznego
prowadzonego na piasku pylastym jako reprezentatywnym przyktadzie gruntow watpliwych.
Ten rodzaj gruntu jest czesto stosowany w robotach budowlanych w roli gruntu zasypowego.
Cechuje si¢ pospolitoscig wystgpowania na tle rodzajowym podioza gruntowego w Polsce.
Standardowo podlega on klasyfikacji jako grunt niespoisty, lecz ze wzglgedu na wystgpowanie
réznych poziomoéw zawartosci frakcji drobnych (pytowej i itowej) wykazuje takze pewne cechy

gruntu spoistego.



Zaproponowatem autorskg metodyke przygotowania probki gruntu (badanego piasku
pylastego) do analiz do$wiadczalnych na stanowisku SHPB z uwzglednieniem réznych
wartos$ci wilgotnos$ci gruntu. Opracowatem wlasne rozwigzanie dla procesu wstepnego
zageszczenia gruntu poprzez procedur¢ zaggszczenia wibracyjnego oraz sposob kalibracji
wyrzutni pneumatycznej SHPB dla stosowanego typu preta obcigzajacego — pocisku.
Wdrozytem rowniez procedure kompleksowej analizy skutkow oddzialywania dynamicznego
na piasek pylasty z uwzglednieniem zmian sktadu granulometrycznego tego gruntu
w zalezno$ci od: zawartos$ci frakcji drobnych (pylowej i itowej), przyjetej konfiguracji
wariantOw poczatkowego cisnienia wyrzutni dziatajgcego na pret obcigzajacy — pocisk (w tym
predkosci uderzenia preta obcigzajacego — pocisku w pret pomiarowy SHPB) oraz wilgotnosci
tych probek gruntu.

Podczas realizacji autorskiego Indywidualnego Planu Badawczego w zakresie
dynamicznego zachowania wytypowanego przedstawiciela gruntow watpliwych — piasku
pylastego — opracowalem oryginalne rozwigzanie zdefiniowanego problemu naukowego.
Przedstawilem je w zbiorze pigciu powigzanych tematycznie artykutow naukowych. Publikacje
te ukazaty si¢ w polskich i zagranicznych czasopismach naukowych, ktore znajduja si¢ obecnie
w wykazie MEIN. W zawartych w cyklu rozwazaniach badawczych wykazalem,
ze dynamiczne wtasciwosci mechaniczne trojfazowego gruntu watpliwego, jakim jest badany
piasek pylasty, maja charakter nieliniowy. Okreslitem, ze zalezg one od jego wilgotnosci,
sktadu granulometrycznego oraz od predkosci odksztalcenia. W tej rozprawie doktorskiej
udowodnilem zatem sformulowang przeze mnie tez¢ badawcza: Dynamiczne wilasciwosci
mechaniczne trojfazowego gruntu wqtpliwego, na przykiadzie piasku pylastego poddanego
uderzeniu sciskajgcemu, majq charakter nieliniowy oraz zalezqg od wilgotnosci gruntu, jego
sktadu granulometrycznego i sq wrazliwe na predkosc odksztatcenia.

Uzyskane wyniki analiz wraz z opracowang procedurg badawczg stanowig wartos$¢
dodang do obszaru inzynierii uderzeniowej w zakresie dyscypliny inzynieria ladowa, geodezja
i transport. Obejmuja one proces przygotowania probki gruntu, kalibracje stosowanego typu
preta obcigzajgcego — pocisku 1 pretow pomiarowych w ramach stanowiska badawczego SHPB
oraz szczegdtowy analiz¢ uzyskanych wynikow pomiardéw na potrzeby wyznaczenia przebiegu
wykresow dynamicznych wiasciwosci mechanicznych gruntu. Elementem dodanym jest
wdrozenie pomiaru zmiany sktadu granulometrycznego piasku pylastego w zakresie wzrostu
zawartosci frakcji drobnych w jego strukturze metoda dyfrakcji laserowej. Rezultaty badan
umozliwiajg okre§lenie parametrow pochianiania energii obcigzenia dynamicznego poprzez
warstwe ochronng gruntu. Umozliwia to okreslenie poziomu ochrony zaréwno balistyczne]
oraz przeciwwybuchowej dla ukry¢ i1 schronéw w zalezno$ci od rodzaju gruntu, jego

wilgotnosci 1 grubo$ci warstwy ochronne;.



STRESZCZENIE W JEZYKU ANGIELSKIM

Experimental analysis of the dynamic mechanical properties of doubtful soils

(ambiguous expansivity) using the example of silty sand

Keywords: soil dynamics; silty sand; split Hopkinson pressure bar (SHPB), high strain
rate (HSR).

Determining the response characteristics of structural materials, including construction
materials, to strain at different strain rates is a very important area of scientific research
for both military and civilian industries. An example of such a material is soil, which in recent
years has been under the constant spotlight of researchers. I have discussed the study of soils
at different strain rates, which may reflect the impacts occurring on this medium, which
is the soil subsoil or protective layer. These impacts can be related to natural disasters
(e.g., landslide and rockfall), construction works (e.g., dynamic soil compaction, driving
foundation piles), and intentional human activity during terrorist or war activities (e.g., rocket
attack, use of explosive device). The given examples of dynamic interactions generate soil
strain rates in the range of 10% s! to do 10* s™.. Emerging threats in emergency situations initiate
the demand for understanding the characteristics of different types of soils (both cohesive and
non —cohesive) subjected to high strain rate (HSR) loading in order to properly select design
and construction solutions for civil structures, dedicated protective elements and critical
infrastructure.

Therefore, it is expedient to constantly develop in the field of experimental studies
of dynamic mechanical properties of various materials, including soils. For this purpose,
I used a test stand based on the Hopkinson bar technique, which includes a modified /split/
Hopkinson pressure bar. In addition, in the experimental analyses, I used a laser diffraction
particle size analyzer and a Proctor apparatus.

The conducted literature analysis allowed me to identify a scientific problem
concerning the implementation of the physical process of a dynamic experiment conducted
on silty sand as a representative example of doubtful soils (ambiguous expansivity). This type
of soil is often used in construction work as backfill soil. It is characterised by its common
occurrence in the generic background of the ground substrate in Poland. By default,
it is classified as non — cohesive soil, but due to the presence of different levels of fine fractions
(silt and clay) it also shows some cohesive soil characteristics.

I have proposed an original methodology for the preparation of a soil sample (tested
silty sand) for experimental analyses on the SHPB test stand, taking into account different soil
moisture values. I have developed my own solution for the process of pre — compaction of soil

through a vibratory compaction procedure and a way to calibrate the SHPB pneumatic launcher



for the type of loading bar — projectile used. I have also implemented a procedure
for a comprehensive analysis of the effects of dynamic impact on silty sand, taking into account
changes in the granulometric composition of this soil depending on: the content
of fine fractions (silt and clay fractions), the adopted configuration of variants of the initial
launcher pressure acting on the loading bar — projectile (including the impact velocity
of the loading bar — projectile on the SHPB) and the moisture content of these soil samples.

During the implementation of the author's Individual Research Plan (IPB)
on the dynamic behaviour of a selected representative of doubtful soil (ambiguous expansivity)
— silty sand — I developed an original solution to a defined scientific problem.
I presented them in a collection of five thematically related scientific articles. These
publications have appeared in Polish and foreign scientific journals currently listed
by the Ministry of Science and Higher Education. In the research considerations included
in the experimental cycle, I have shown that the dynamic mechanical properties
of a three — phase doubtful soil (ambiguous expansivity), such as the silty sand under study,
are non — linear in nature. I determined that they depend on its moisture content, granulometric
composition and strain rate. In this dissertation, I have therefore proved the research thesis
I formulated: The dynamic mechanical properties of three — phase doubtful soil (ambiguous
expansivity), using compression-impacted silty sand as an example, are non — linear
and depend on soil moisture content, granulometric composition and are sensitive to strain
rate.

The analytical results obtained, together with the research procedure developed,
add value to the field of impact engineering in the discipline of civil engineering, geodesy
and transport. This includes the preparation of the soil sample, the calibration of the type
of loading bar — projectile and measuring bars used within the SHPB test stand,
as well as a detailed analysis of the measurement results obtained for the determination
of the dynamic curves of the mechanical properties of the soil. An added element
is the implementation of measuring the change in granulometric composition of silty sand
in terms of the increase in the content of fine fractions in its structure by laser diffraction
method. The results of the tests make it possible to determine the dynamic loading energy
absorption parameters through the protective layer of soil. This makes it possible to determine
the level of both ballistic and explosion protection for hides and shelters depending

on the type of soil, its moisture content and the thickness of the protective layer.
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WYKAZ UZYTYCH SKROTOW I GLOWNYCH SYMBOLI

e HSR - ang. high strain rate, wysoka predkos¢ odksztatcenia

e IPB - Indywidualny Plan Badawczy w ramach Szkoty Doktorskie;j

e IF — ang. impact factor, wspotczynnik wptywu artykutu naukowego

e SHPB - ang. split Hopkinson pressure bar, zmodyfikowany (dzielony) pret Hopkinsona

e WAT - Wojskowa Akademia Techniczna w Warszawie

e 9J; — wspodlczynnik Poissona badanej probki gruntu, wariant probki gruntu nr i

e 0 —napr¢zenia wewnatrz badanej probki gruntu

e & —odksztalcenia badanej probki gruntu

e e —wskaznik porowatosci

e G —modut sprezystosci poprzecznej Kirchhoffa

e E —modut sprezystosci podtuznej Younga

o A fsitalik — fsi+a,i — procentowa zmiana sktadu granulometrycznego poprzez wzrost
wartosci frakcji pytowej 1 itowej fsi+cii-x W odniesieniu do probki referencyjnej fsi+cii

o fsira,ik — zawarto$¢ frakcji drobnych o $rednicy ziaren mniejszej niz 63 um (jako suma
frakcji pylowej i itowej), wariant probki gruntu nr i oraz wariant zmiennych nr &

e fsii— zawartos¢ frakcji pylowej w probee gruntu, wariant probki gruntu nr i

o fs4i— zawarto$¢ frakcji piaskowej w probce gruntu, wariant probki gruntu nr i

® fa,i— zawarto$¢ frakcji itowej w probee gruntu, wariant probki gruntu nr i

e 0y —napre¢zenia w oslonie pierscieniowej probki

e p; — gestos¢ objetosciowa probki gruntu po przeprowadzeniu eksperymentu
dynamicznego

*  po— gestosc objetosciowa probki gruntu przed eksperymentem dynamicznym

®  Pdmaxi— Maksymalna gestoS¢ objetosciowa szkieletu gruntowego, wariant probki gruntu
nri

e £l —fala transmitowana generujaca odksztalcenia w precie transmitujacym

e £R _fala odbita generujaca odksztatcenia w precie inicjujacym

o &l —fala padajgca generujaca odksztatcenia w precie inicjujgcym

o & —predkos¢ odksztalcenia badanej probki gruntu

o Wy, — Wilgotnos¢ catkowita (petne nasycenie woda poréw w gruncie)

®  Wypt,i — Wilgotno$¢ optymalna, wariant probki gruntu nr i

e w; — wilgotno$¢ probki gruntu, wariant wilgotnos$ci nr i

e v; —predkos¢ uderzenia preta obcigzajacego — pocisku w pret inicjujacy, wariant predkosci
nri

e p; —ci$nienie w wyrzutni pneumatycznej, wariant ci§nienia nr i

e m,y —masa probki gruntu po przeprowadzeniu eksperymentu fizycznego

e my— masa probki gruntu przed eksperymentem fizycznym

e S, —stopien wilgotno$ci probki gruntu

e L, —dhugos¢ probki gruntu po przeprowadzeniu eksperymentu fizycznego

o Ly —dlugos¢ probki gruntu przed eksperymentem fizycznym



1. WPROWADZENIE I MOTYWACJA DO BADAN

Obecnie dziala pneumatyczne sa wykorzystywane do realizacji roznych badawczych
testow uderzeniowych o bardzo zroznicowanych mozliwosciach energetycznych,
limitowanych kalibrem i ci§nieniem roboczym. Zgodnie z literaturg (Zbrowski, 2011) mozna
wyrézni¢ systemy: matokalibrowe (do 70 mm), S$redniokalibrowe (70-150 mm)
i wielkokalibrowe (powyzej 200 mm). Matokalibrowa wyrzutnia pneumatyczna stanowi
istotny element stacjonarnego laboratoryjnego stanowiska badawczego pod nazwa
zmodyfikowany (dzielony) pret Hopkinsona (SHPB). Za prekursorow tego typu
dynamicznych badan na $ciskanie cial metalicznych uwaza si¢ ojca i syna Hopkinsondéw
— Johna 1 Bertrama (Hopkinson, 1872a; Hopkinson, 1872b; Hopkinson, 1914). W wyniku
dalszych prowadzonych prac badawczych Kolsky przedstawit propozycje metody
eksperymentalnej zwanej metoda Kolsky’ego lub zmodyfikowang technika preta Hopkinsona
dla zakresu predkosci odksztalcenia podczas $ciskania od 102 s do 104 s (Kolsky, 1949;
Lindholm, 1964).

Zagadnienia zwigzane z zachowaniem r6znych materiatow poddanych oddzialywaniu
dynamicznemu z wykorzystaniem stanowiska badawczego SHPB stanowig istotny element
inzynierii uderzeniowej. Od wielu lat mozna zauwazy¢ niestabnace zainteresowanie i ciagly
rozw0j w obszarze eksperymentdw dotyczacych dynamicznych wlasciwosci mechanicznych
r6znych materialdow konstrukcyjnych, w tym budowalnych. Do najczegsciej badanych
materiatow nalezg: metale (Kang i in., 2022; Cieplak i in., 2022), polimery (Lagdani i in., 2022;
Wang i in., 2023a), beton (Guo i in., 2022; Shi i in., 2022), kompozyty zbrojone (Nachtane i in.,
2020; Zhang i in., 2022), drewno (Bragov i in., 2022; Kruszka & Sobczyk, 2022), skaty
(Liiin., 2023; Zhou i in., 2023), a w ostatnich latach takze grunty (Wang i in., 2020; Li i in.,
2022). Wybrane rodzaje gruntéw byly i sa wykorzystywane jako material pochlaniajacy
energie podczas oddzialywan wybuchowych i uderzeniowych na obiekty budowlane
w postaci gruntowych warstw ochronnych tych obiektow.

Kluczowym aspektem wtasciwego projektowania obiektow budowlanych (zaréwno
cywilnych, jak i militarnych) jest nie tylko poprawne rozpoznanie geotechniczne posadowienia
tych obiektow, ale i1 takze wtasciwe okreslenie parametréw gruntu do analizy jego wspOlpracy
z elementami konstrukcyjnymi, szczegolnie fundamentami. Ponadto $rodek gruntowy zostaje
poddany réznym statycznym i dynamicznym obcigzeniom. Zgodnie z biezacymi raportami
istnieje aktualnie wiele zagrozen bezpieczenstwa konstrukcji nosnych obiektow budowlanych,
w tym zagadnien dotyczacych interakcji z podtozem gruntowym (Annual Threat Assessment,

2023; The World Climate and Security Report, 2022):



a) Zagrozenia w wyniku katastrof naturalnych i klesk zywiolowych — powodzie, osuwiska,
wichury, huragany, traby powietrzne, zawieje $niezne;

b) Zagrozenia zwigzane z celowa dziatalno$cig czlowieka — dzialania o charakterze
militarnym i terrorystycznym w postaci wybuchu bomby, ataku rakietowego, uzycia
ladunku wybuchowego;

c) Zagrozenia zwigzane z niezamierzong dzialalno$cig czlowieka — wypadki 1 kolizje,
btedy konstrukcyjne obiektow, niepoprawna eksploatacja i konserwacja obiektow.
Cze$¢ z wymienionych zagrozen (np. osuwiska, atak rakietowy) stanowi oddzialywanie

dynamiczne i generuje predkosé odksztatcenia gruntu rzedu od 10% s' do 10* s*!. Dalsze
zachowanie tak obcigzonego gruntu ma duze znaczenie dla trwatosci posadowienia obiektu
budowlanego i ewentualnych nastepstw w postaci katastrofy budowlanej. Rowniez roboty
budowlane moga wpltywa¢ w postaci oddziatywania dynamicznego na okoliczne budynki
poprzez, np. dynamiczne zageszczanie gruntu (Wu i in., 2020; Yao i in., 2022; Wang i in.,
2023b) lub wbijanie pali fundamentowych (Filippov i in., 2021; Xiao i in., 2023). Istnieje
zatem konieczno$¢ poznania rzeczywistej charakterystyki wytrzymatosciowej réznych typow
gruntdw (zardwno spoistych, jak i niespoistych) poddanych obciazeniu dynamicznemu przy
wysokiej predkosci odksztalcenia (HSR). Pozwala to na dobranie wlasciwych
konstrukcyjnych rozwigzan projektowych zarowno dla elementéw ochronnych i obiektow
infrastruktury Krytycznej, jak rowniez dla innych obiektow budowlanych. W tym celu
zasadnym jest wykorzystanie mozliwosci stanowiska badawczego SHPB do wyznaczenia
charakterystyki dynamicznej gruntow podczas $ciskania. Badania te pozwalaja na okreslenie
zalezno$ci naprezenie — odksztalcenie gruntéw z uwzglednieniem predkosci odksztalcenia.
W badaniach tych uwzgledniono roézng gestos¢, wilgotnos¢ oraz strukture uziarnienia
(zawartos¢ frakceji drobnych) probek gruntu.

Na przestrzeni ostatnich kilkudziesigciu lat korzystano z wielu roéznego rodzaju
stanowisk badawczych pozwalajacych na wyznaczanie charakterystyk reakcji materialow
na odksztatcenia przy roznych predkosciach odksztatcenia. Zardéwno w przemysle militarnym,
jak 1 w cywilnym wyznaczenie dynamicznej reakcji materiatu jest bardzo waznym obszarem
prowadzenia badan naukowych. Zasadniczo mozna dokona¢ ogoélnego podziatu, ze materiaty
odksztatcajg si¢ w inny sposéb pod dzialaniem obcigzenia statycznego 1 dynamicznego.
Zgodnie z przedstawianym w literaturze podzialem zakresow predkosci odksztatcenia (Siviour
& Kendall, 2014; Prusty & Banerjee, 2020) stanowisko badawcze SHPB mozna sklasyfikowac
w wysokim zakresie predkoéci odksztalcenia (HSR) dla przedziatu od 10* s do 10* s,

Te wartosci odpowiadajg zdarzeniom zwigzanym z inzynierig ladowa, m.in. mocnym

-10-



uderzeniom w podloze gruntowe na przykladzie uderzenia pociskiem lub upadku skat
oraz zjawiskom naturalnym dotyczacym trzgsien ziemi i innych wstrzagsow wzbudzonych.

Pomimo ze w literaturze Swiatowej omawiane sg rdzne grunty zarowno spoiste (gliny,
gliny piaszczyste, gliny pylaste), jak i niespoiste (piaski drobno—, $rednio—, gruboziarniste,
piaski wapienne, piaski krzemionkowe) to nadal istnieje obszar do badania dynamicznego
zachowania si¢ réznych rodzajow gruntow, ktore ze wzgledu na specyficzng trojfazowa
budowe moga wykazywac silnie zréznicowane witasciwosci dynamiczne. Przedmiotem
niniejszej rozprawy doktorskiej jest piasek pylasty. Stanowi przyktad gruntu pospolicie
wystepujacego w Polsce — stosowany np. w praktyce budowlanej jako grunt zasypowy. Czgsto
jest klasyfikowany jako grunt niespoisty, lecz ze wzgledu na wystepowanie frakcji pytowe;j
wykazuje rowniez pewne cechy gruntu spoistego, np. dotyczace wartosci wspodtczynnika
filtracji. W zwiazku z fatwa dostgpnoscia na terenie kraju oraz swoja charakterystyka
zachowania w odpowiedzi na obcigzenia o wysokiej predkosci odksztatcenia moze by¢
potencjalnie stosowany jako material pochlaniajacy energi¢ wybuchu w budownictwie
ochronnym. Efekt dynamicznego oddzialywania na grunt sypki, w tym wybrany piasek
pylasty, mozna scharakteryzowac poprzez przeprowadzenie analizy porownawczej zawartosci
poszczegblnych frakcji w strukturze gruntu. W szczegolnosci nalezy rozpatrywaé zawarto$¢
frakcji drobnych (pytowej f; 1 itowej f-;) W odniesieniu do frakcji piaskowej fs,. Zgodnie
znormg ISO (PN — EN ISO 14688-1, 2018) zakresy $rednicy ziaren w strukturze gruntu to:

» dla frakcji itowej f; = do 0,002 mm;
» dla frakcji pytowej fs; = od 0,002 mm do 0,063 mm;
» dla frakcji piaskowej fg, = od 0,063 mm do 2 mm.

Analizowany piasek pylasty jest przykladem gruntu watpliwego — grupy gruntow
pomiedzy gruntami wysadzinowymi, a gruntami niewysadzinowymi przy zastosowaniu
kryterium wysadzinowosci wedtug Wituna (Witun, 2013; Gorska — Pawliczuk, 2017). Kryteria
wysadzinowos$ci gruntow zalezg od wiasciwosci fizycznych gruntow. Grunty niespoiste,
cechujace si¢ matg zawartoscia frakcji pytowej i itowej, w warunkach przemarzania nie tworza
wysadzin nawet w stanie peilnego nasycenia woda. Powstajacy w nich 16d powoduje
przesuni¢cie nadmiaru wody do dotu. W efekcie zamarzniety grunt zawiera mniejsza objetos¢
wody w porach niz przed zamarzaniem. Natomiast grunty spoiste (posiadajace wigkszg liczbe
czastek pytowo — itowych) charakteryzuja si¢ wzrostem wysadzinowos$ci wraz z coraz
drobniejszym uziarnieniem struktury i coraz wigksza wilgotno$cig gruntu.

Okreslenie charakterystyki dynamicznej gruntu jest istotne w obszarze ochrony
obiektow o specjalnym przeznaczeniu lub obiektéw infrastruktury krytycznej. Taki typ

obiektow zazwyczaj posiada zaprojektowang warstwe gruntu jako dodatkowa warstwe
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ochronng lub wat ochronny — w sytuacji kryzysowej grunt moze zosta¢ poddany oddziatywaniu
dynamicznemu w wyniku m.in. powietrznej fali uderzeniowej powstatej wywotang eksplozja
tadunku wybuchowego (Sobczyk i in., 2020). Konstrukcje ochronne przeznaczone do obrony
cywilnej oraz urzadzenia obrony cywilnej maja przypisane bardzo wazne zadania w czasie
pokoju, jak rowniez w czasie wojny. Kluczowym wyzwaniem jest zagwarantowanie wlasciwej
ochrony ludnosci cywilnej przed réznego rodzaju dzialaniami niemilitarnymi (np. powodzie,
osuwiska, burze, huragany) oraz militarnymi (celowe dziatania wojskowe, np. ostrzat
artyleryjski 1 rakietowy, akty terrorystyczne). Potrzeba analizy tego zagadnienia wynika
Z rosngcego znaczenia zjawiska terroryzmu w niestabilnej sytuacji wspolczesnego $wiata.
Dla bezpieczenstwa panstwa wazne jest rozwazenie i analiza r6znych konstrukcji ochronnych
gotowych do szybkiego zastosowania w okreslonych warunkach. W wigkszosci krajow
europejskich do obrony cywilnej wykorzystywane sg schrony i tymczasowe ukrycia. ROwniez
w Polsce, poza utrzymywanymi w biezacej gotowosci obiektami ochronnymi, moze powstac
konieczno$¢ tworzenia dodatkowych ukry¢ oraz schronow (typu ,,ad hoc”) w przypadku
wystapienia okreslonej sytuacji kryzysowej. Zgodnie z definicjg literatury fortyfikacyjne;j, jest
to otwarta konstrukcja chronigca ludzi lub wybrany sprzet przed zatozonymi czynnikami
destrukcji z okreslonych stron ich oddziatywania. Konstrukcje takie, w tym ziemne, moga by¢
wykonane z elementoéw i materialdow podrecznych w terenie (np. blachy stalowe, drewno,
kompozyty) oraz z elementow prefabrykowanych (np. prefabrykaty zelbetowe).

W celu zwigkszenia poziomu ochrony obiektow budowlanych przed oddziatywaniem
dynamicznym jednym z mozliwych rozwigzan jest zastosowanie dodatkowej warstwy obsypki
gruntowej. Role 1 kluczowe znaczenie pokrycia gruntowego wskazatem i uwzglednitem
w analizie propozycji konstrukcji prefabrykowanych do ochrony obiektow infrastruktury
krytycznej w publikacji (Sobczyk i in., 2018). Istnieje zatem potrzeba rozwazenia
1 przeanalizowania wyboru powszechnie dostgpnego w Polsce piasku pylastego w celu
zapewnienia dodatkowego pokrycia w postaci gruntowej warstwy ochronnej
absorbujacej efekty oddzialywania dynamicznego.

Motywacja do rozpoczecia badan zawartych w niniejszej rozprawie doktorskiej byty
analizy projektowo-koncepcyjne dotyczace propozycji konstrukcji ochronnych dla
infrastruktury krytycznej, ktére opracowatem w ramach magisterskiej pracy dyplomowe;j
(Sobczyk, 2017). W pracy przedstawilem nowa koncepcje zastosowania konstrukcji ochronnej
w postaci prefabrykowanej kopuly zelbetowej w kilku wariantach w zaleznosci od typow
obiektow infrastruktury krytycznej. Kluczowy ochronny element skladowy tej propozycji
stanowita gruntowa obsypka. Pozwala ona zwiekszy¢ zarowno ochrong¢ balistyczna,

jak i wybuchowa obiektu przed ewentualnymi skutkami bezposredniego badz posredniego
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ostrzatu artyleryjskiego lub rakietowego poprzez ,,odsuni¢cie” fali nadci$nienia powstatej
w wyniku wybuchu od narazonej konstrukcji no$nej tego obiektu. Idea wykorzystania piasku
pylastego jako dodatkowej warstwy ochronnej stanowita punkt poczatkowy do opracowania
Indywidualnego Planu Badawczego (IPB) realizowanego w trakcie ksztatcenia w Szkole
Doktorskiej] WAT. W oparciu o te wytyczne poprowadzilem dalsze kierunki analiz
eksperymentalnych, ktorych rezultatem jest przedmiotowy zbidr pigciu artykutéw naukowych
wraz ze sformutowanym problemem naukowym i tezg badawcza.

Roéwnolegle z realizacjg IPB poszerzatem teoretyczno-obliczeniowe obszary wiedzy
z geotechniki poprzez prowadzenie ¢wiczen rachunkowych i zaje¢ laboratoryjnych
na macierzystej uczelni. W okresie ksztatcenia w Szkole Doktorskiej WAT (tj. od pazdziernika
2019 r. do czerwca 2023 r.) zajmowatem kolejno stanowisko inzyniera i starszego inzyniera
w Instytucie Inzynierii Ladowej Wydziatu Inzynierii Lagdowej i Geodezji WAT. Prowadzitem
takze zajecia dydaktycznie w ramach przedmiotow specjalistycznych: mechaniki gruntow,
fundamentowania oraz posadowienia obiektéw budowlanych (facznie w powyzszym
okresie przeprowadzitem samodzielnie 418 godzin ¢wiczen rachunkowych i 262 godziny zaj¢é
laboratoryjnych). W ramach rozwoju umiejetnosci w obszarze metodologii dotyczacej
normowego wykonywania laboratoryjnych i polowych badan gruntowych zrealizowatem
trzymiesieczny staz naukowy w Zakladzie Lotniskowym Instytutu Technicznego Wojsk
Lotniczych w okresie wrzesien — listopad 2022 r. W programie stazu byly ujete zagadnienia
dotyczace m.in. badan diagnostycznych podstawowych parametréow eksploatacyjnych
sztucznych 1 naturalnych nawierzchni lotniskowych. Dodatkowo w celu zdobycia praktycznego
doswiadczenia w zakresie geotechniki, szczegélnie cennego w reprezentowanej dyscyplinie
naukowej, wspotuczestniczytem czynnie jako asystent rzeczoznawcy budowlanego
w wykonywaniu ekspertyz budowlanych i naukowo-technicznych, m.in. w ocenie stanu
statecznos$ci skarpy na Polskim Cmentarzu Wojennym w masywie Monte Cassino (Wlochy)
wraz z okresleniem zwigzku przyczynowo-skutkowego powstania lokalnego uszkodzenia muru
oporowego i powstawania osuwisk na skarpie tego cmentarza (Chmielewski & Sobczyk, 2022)
oraz w weryfikacji projektowych rozwigzan konstrukcyjnych naziemnych zbiornikéw
magazynowych z obsypka gruntowa infrastruktury paliwowej NATO wraz z analiza
posadowienia tych obiektow (Kruszka i in., 2022). Potwierdzeniem osiggni¢cia wlasciwego
poziomu specjalistycznej wiedzy i do§wiadczenia praktycznego w obszarze inzynierii ladowe;j
jest uzyskanie przeze mnie w 2022 r. uprawnien budowlanych do kierowania robotami

budowalnymi w specjalnosci konstrukcyjno-budowlanej bez ograniczen.
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2. PROBLEM BADAWCZY, TEZA I CELE SZCZEGOLOWE

Rozprawe doktorska pt. Eksperymentalna analiza dynamicznych wlasciwosci
mechanicznych gruntow watpliwych na przykladzie piasku pylastego stanowi zbior pieciu
opublikowanych i powiazanych tematycznie artykulow naukowych zgodnie z zapisami
art. 187 ust. 3 Ustawy (Prawo o szkolnictwie wyzszym i nauce, 2018). Cykl publikacyjny
zawiera realizacj¢ autorskiego Indywidualnego Planu Badawczego (IPB) w zakresie
dynamicznego zachowania wytypowanego przedstawiciela gruntow watpliwych — piasku
pylastego jako osrodka trojfazowego (szkielet gruntowy — faza stata zbudowana z ziaren,
powietrze w porach gruntowych — faza gazowa, woda w porach gruntowych — faza ciekta).
Przeprowadzone fizyczne eksperymenty laboratoryjne oparlem o stanowisko badawcze
dzielonego preta Hopkinsona (SHPB). Zastosowatem réwniez dodatkowa aparature badawcza
w celu rozwini¢cia rozwigzania problemu naukowego w zakresie procesu przygotowania
probek gruntu (m. in. aparat Proctora, wstrzasarka wibracyjna) oraz analizy skutkow
oddziatywania dynamicznego na zmiang struktury probek gruntu —analizator wielko$ci czastek
metodg dyfrakcji laserowej. Proponowane rozwigzania metodyczne zweryfikowatem,
wykonujac eksperymenty doswiadczalne w oparciu o technike preta Hopkinsona podczas
$ciskania, z wprowadzeniem kombinacji wariantow zmiennych — czterech wilgotnosci probki
gruntu w; = w, 1 czterech predkosci uderzenia preta obcigzajacego — pocisku vy + v,
(w wyniku dziatania czterech ci$nien roboczych p; + p, wyrzutni pneumatycznej SHPB).
Metodyka badawcza zachowania piasku pylastego poddanego obcigzeniu o wysokiej predkosci
odksztalcenia (HSR), ktéora wdrozytem w toku prowadzonych badan, ma zastosowanie
w wyznaczaniu dynamicznych wlasciwosci mechanicznych wybranych gruntow. Praktyczne
zastosowanie tych analiz prowadzi do wniosku o mozliwo$ci wykorzystania piasku pylastego
jako gruntowej obsypki ochronnej, ktéra zapewnia zaréwno ochrong balistyczna,
jak 1 wybuchowa obiektéw budowlanych. Wynika to ze zwigkszenia odpornosci obiektow
budowlanych na uderzenie w ich przegrody, np. dach lub §ciany, oraz inne ochronne przestony
konstrukcyjne w obiektach obrony cywilnej, konstrukcjach infrastruktury wojskowych
lub obiektach infrastruktury krytycznej. Konieczno$¢ poznania dynamicznej charakterystyki
r6znych typow gruntdéw (zaréwno spoistych, jak 1 niespoistych) na potrzeby doboru
konstrukcyjnych rozwigzan projektowych elementéw ochronnych obiektéw budowlanych
iinnej infrastruktury towarzyszacej jest niezwykle waznym zagadnieniem ze wzgledu
na niestabilng sytuacje geopolityczng i militarng w réznych regionach §wiata, np. trwajacy

konflikt militarny na terenie Ukrainy.
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Przedmiotem niniejszej rozprawy doktorskiej zgodnie z zapisami art. 187 ust. 2 Ustawy
(Prawo o szkolnictwie wyzszym 1 nauce, 2018) jest oryginalne rozwigzanie problemu
naukowego, ktory dotyczy wyznaczenia eksperymentalnych zaleznosci w zakresie
dynamicznych wiasciwosci mechanicznych gruntéw watpliwych na przyktadzie piasku
pylastego podczas $ciskania z uwzglednieniem w analizie ponizszych czynnikdw:

»  odksztalcenia;

= predkosci odksztatcenia;

=  wilgotnosci;

= zawartosci frakcji drobnych;

= zmiany sktadu granulometrycznego.

Doswiadczalnie wykazatem, ze zachowanie piasku pylastego jest wrazliwe
na te czynniki. W rezultacie przeprowadzonych laboratoryjnych eksperymentéw fizycznych
wyznaczylem przebiegi, w zaleznosci od czasu trwania $ciskajacego obcigzenia
uderzeniowego, nastgpujacych funkcji w badanym piasku pylastym:

* naprezenie Sciskajace o (t);
»  odksztalcenie &(t);
»  predkos¢ odksztatcenia €(t).

Badania ujgte w rozprawie uwzgledniaty rézne wilgotnosci gruntu w oraz roézng
poczatkowg zawarto$¢ frakcji drobnych (pylowej 1 itowej) fg;1c;. W analizie eksperymentalne;
okreslitem takze zmian¢ skladu granulometrycznego gruntu, polegajaca na zwigkszeniu
zawarto$ci frakcji drobnych Afs; . ¢, powstala na skutek obcigzenia uderzeniowego. Uzyskano
to poprzez poréwnanie krzywej uziarnienia przed i po poddaniu probek obcigzeniem o wysokiej
predkosci odksztatcenia (HSR), co pozwolilo na okres$lenie zakresu niszczeniu struktury
badanego gruntu. Przeprowadzone przeze mnie eksperymenty fizyczne pozwolity na okreslenie
eksperymentalnej zalezno$ci (2.1) na potrzeby modelowania konstytutywnego piasku
pylastego:

o =o0(¢g & ANf; :
( fSl+Cl)| dla da}nych (2.1)

fsi+ct
Specyfika rozwigzania tego problemu naukowego polega na zlozonoSci prac
przygotowawczych z probka piasku pylastego do przeprowadzenia dynamicznego
eksperymentu. Procedura osiggnigcia stanu wstgpnego zaggszczenia gruntu stanowi wazny
krok procesu przygotowania probek suchych i o matej zawartosci wilgotnosci. Taka probka
znajduje si¢ w stanie dwufazowym lub trdjfazowym — poza faza stala (szkielet gruntowy /

ziarna) posiada faze gazowa (najczgsciej w postaci powietrza) i/lub faze ciekla (najczesciej
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w postaci wody). Brak przeprowadzenia procesu zaggszczenia bedzie skutkowaé
niepoprawnymi rezultatami eksperymentu fizycznego, poniewaz cz¢$¢ energii uderzenia preta
obcigzajacego — pocisku jest wtedy wykorzystana do zmniejszania objetosci pustek
powietrznych (fazy gazowej). Opracowalem 1 zastosowalem metodyke zageszczania
wibracyjnego probek gruntu, gdzie uzyskalem finalnie poréwnywalne wyniki gestosci tych
probek przygotowanych do eksperymentéw fizycznych na stanowisku badawczym SHPB
w poréwnaniu z metoda zageszczenia uderzeniem (prgtem obcigzajacym — pociskiem
z matg predkos$cig uderzenia). W dotychczasowych publikacjach o réznych rodzajach piaskow,
np. o piasku koralowym (Xu i in., 2022) czy piasku wapiennym (Chen i in., 2022), nie zostaly
w pelni omoéwione zagadnienia w odniesieniu do powszechnie wystepujacego w Polsce piasku
pylastego (analizowanego w tym zbiorze artykutéw naukowych).

Istotnym zjawiskiem fizycznym towarzyszacym badaniu dynamicznych witasciwosci
mechanicznych piasku pylastego jest zmiana skladu granulometrycznego probek piasku
pylastego polegajaca na pekaniu ziaren — szkieletu gruntowego. W celu okreslenia tej zmiany
nalezy przed rozpoczgciem i po zakonczeniu eksperymentow fizycznych na stanowisku SHPB
wykona¢ procedur¢ poréwnawcza zmiany zawartosci frakcji pylowej i1 ilowej Afsiic
w strukturze probki z wykorzystaniem, m.in. klasycznej metody sitowej (PN — EN ISO 17892-
4, 2017) lub analizatora wielkosci czastek metoda dyfrakcji laserowej (ISO 13320, 2020;
ISO 9276-6, 2008). Zmiana zawartosci frakcji pylowej i itowej Afs; . powoduje réznice
w dynamicznym zachowaniu badanego gruntu. Zaobserwowanie tendencji zmiany krzywe;j
uziarnienia w wyniku uderzenia preta obcigzajacego — pocisku ma istotny wplyw
na charakterystyke gruntu jako osrodka pochtaniajacego energi¢ uderzenia, ktory stanowi
wlasciwy materiat do zastosowania w postaci gruntowej powtoki ochronnej. Zmiana zawartosci
Afsivcr skutkuje m.in. wzrostem procentowym zawartosci ziaren o mniejszej Srednicy
oraz zmiang w zachowaniu wody wypelniajacej czesciowo pory gruntowe w czasie
dynamicznego oddzialywania.

W oparciu o rozpoznany problem naukowy zdefiniowatem tez¢ badawcza niniejszej
rozprawy doktorskiej: Dynamiczne wlasciwosci mechaniczne trojfazowego gruntu
wqtpliwego, na przyktadzie piasku pylastego poddanego uderzeniu sciskajgcemu, majg
charakter nieliniowy oraz zalezq od wilgotnosci gruntu, jego sktadu granulometrycznego
i sq wrailiwe na predkos¢ odksztatcenia. W celu udowodnienia tej tezy postawitem
nastepujacy gtéwny cel badawczy: (C0) Opracowanie i wdroienie kompleksowej metodyki
dotyczgcej eksperymentalnego wyznaczenia wlasciwosci mechanicznych piasku pylastego

poddanego dynamicznemu Sciskaniu na stanowisku badawczym SHPB. Metodyka
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ta uwiglednia roine wilgotnosci probki, zawartosci frakcji drobnych oraz predkosci
uderzenia preta obcigzajgcego — pocisku.

W oparciu o powyzszy cel glowny sprecyzowatem nastepujace cele szczegoétowe rozprawy
doktorskie;j:

C1. opracowanie przegladu literatury aktualnych badan dynamicznych réznych gruntow
prowadzonych w ostatnich latach z wykorzystaniem technik badawczych preta
Hopkinsona;

C2. opracowanie procedury kalibracyjnej wyrzutni pneumatycznej SHPB dla réznych
dhugosci preta obcigzajacego — pocisku, poprzedzajacej rozpoczecie dynamicznych
badan prébek piasku pylastego w oparciu o eksperymenty fizyczne i1 obliczenia
numeryczne balistyki wewnetrznej pretowego pocisku wyrzutni SHPB za pomoca
oprogramowania MatLab (badania walidacyjne wyrzutni pneumatycznej dla r6znych
ci$nien roboczych i dtugosci preta obcigzajgcego — pocisku);

C3. opracowanie algorytmu wstepnego zageszczenia gruntu watpliwego na przyktadzie
piasku pylastego poprzez proces zaggszczenia wibracyjnego probek gruntu sposobem
uderzeniowym (z wykorzystaniem SHPB o malej predkosci uderzenia) i wibracyjnym
(za pomoca wstrzasarki wibracyjnej);

C4. eksperymentalna analiza wyznaczania dynamicznych wlasciwosci mechanicznych
badanego gruntu w postaci nastepujacych funkcji czasu trwania Sciskajacego obcigzenia
uderzeniowego (dlugosci preta obcigzajacego — pocisku): naprezenia $ciskajacego
w probee a(t), odksztatcenia w probee £(t) oraz predkosci odksztalcenia probki £(t)
wraz z napr¢zeniem rozciggajacym w oslonie pier§cieniowej probki gy (t) w oparciu
o sygnat z tensometrow pomiarowych (wraz z korekta w oprogramowaniu FlexPro)
dla r6znych wilgotnos$ci probki, poczatkowej zawartosci frakcji pylowej 1 itowej fs;4 ¢
oraz predkosci odksztatcenia (predkosci uderzenia preta obcigzajacego — pocisku
w inicjujacy pret pomiarowy SHPB);

CS5. opracowanie algorytmu badawczego okreslenia zmiany skiadu granulometrycznego
piasku pylastego Afs;. poddanego oddzialywaniu dynamicznemu poprzez uderzenie
preta obcigzajacego — pocisku z wykorzystaniem analizatora wielko$ci czgstek metoda
dyfrakcji laserowej;

C6. opracowanie propozycji wykorzystania dynamicznej charakterystyki piasku pylastego
jako warstwy gruntowej obsypki ochronnej w celu zwiekszenia odpornosci militarnych

i cywilnych elementéw infrastruktury krytycznej na obcigzenia dynamiczne.
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3. ZBIOR OPUBLIKOWANYCH I POWIAZANYCH TEMATYCZNIE
ARTYKULOW NAUKOWYCH

Badania przeprowadzone w ramach niniejszej rozprawy doktorskiej przedstawilem
w zbiorze pieciu powigzanych tematycznie artykulow naukowych, ktore zostaty
opublikowane w polskich 1 zagranicznych czasopismach naukowych (czg$ciowo
indeksowanych w bazie Journal Citation Reports). Suma punktéow zgodnie z Wykazem
czasopism naukowych MEIN za publikacje uwzglednione w cyklu wynosi 450,
a sumaryczny wspolczynnik wplywu IF czasopism to 6,461. We wszystkich tych
publikacjach P1 — P5 jestem ich autorem wi¢kszosciowym. Kazdy manuskrypt publikacji
byt szczegotowo przedyskutowany przez wszystkich wspodtautoréw. Promotor i Promotor
pomocniczy udzielali rad i komentarzy dotyczacych tresci manuskryptow. Oswiadczenia
wspoétautorow o szczegétowym udziale merytorycznym przedstawitem w ramach zatacznikow
Z1-75.

Wykaz opublikowanych artykutow wraz z przyporzadkowang im wartoscig punktow
zgodnie z Wykazem czasopism naukowych MEiIN oraz wspotczynnikami wpltywu IF

zestawitem w tabeli 3.1.
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Tabela 3.1

Wykaz opublikowanych artykutow naukowych wchodzacych do zbioru tematycznego
(zrédto: opracowanie wilasne)
Punkty
Ozn. Artykuly naukowe w zbiorze tematycznym wg MEIN,
IF
Sobczyk K., Chmielewski R., Kruszka L., Rekucki R., 2022, Strength | MEiN:
P1 Characterization of Soils’ Properties at High Strain Rates Using the 140 pkt
Hopkinson Technique — A Review of Experimental Testing, Materials,
15(1):274, DOT: 10.3390/mal5010274 IF: 3,623
Sobczyk K., Kruszka L., Chmielewski R., Rekucki R., 2021, | MEIN:
P2 | Performance characteristics of Hopkinson's set — up pneumatic launcher, 40 pkt
Acta Polytechnica, 61(4):552-561, DOI: 10.14311/AP.2021.61.0552 IF: —
Sobczyk K., Kruszka L., Gragzka M., Chmielewski R., RekuckiR., 2022, | MEiN:
P3 Preparation of the non — cohesive soil sample and calibration of the 70 pkt
pneumatical launcher in the dynamic soil test SHPB, Safety Engineering
of Anthropogenic Objects, No. 1/2022:16-27, DOL: 10.37105/iboa.129 IF: —
Chmielewski R., Kruszka L., Rekucki R., Sobczyk K., 2021, MEiN:
P4 Experimental investigation of dynamic behavior of silty sand, Archives | 1 pkt
of Civil Engineering, LXVII(1):481-498, DOLI:
10.24425/ACE.2021.136484 IF: —
Sobczyk K., Chmielewski R., Kruszka L., Rekucki R., 2023, Analysis _
of the Influence of Silty Sands Moisture Content and Impact Velocity in | MEIN:
P5 | SHPB Testing on Their Compactability and Change in Granulometric | 100 pkt
Composition, Applied Sciences, 13(8):4707, DOL: | [F: 2.838
10.3390/app13084707
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4. METODYKA BADAN

W niniejszej rozprawie doktorskiej opracowalem kompleksowa metodologi¢ dotyczaca

eksperymentalnej analizy dynamicznych wlasciwo$ci mechanicznych piasku pylastego

podczas $ciskania wraz z autorskimi elementami procesu przygotowania i analizy skutkow

oddziatywania dynamicznego na badane probki gruntu. Ta metodologia obejmuje:

szczegodtowa analize¢ poréwnawcza tendencji budowy stanowisk badawczych opartych
na réznych wariantach techniki preta Hopkinsona do badania wlasciwosci
dynamicznych gruntéw z wykorzystaniem stanowiska badawczego SHPB w Instytucie
Inzynierii Ladowe] (Wydzial Inzynierii Ladowej i Geodezji, Wojskowa Akademia
Techniczna im. Jarostawa Dabrowskiego w Warszawie);

badanie podstawowych cech fizycznych badanych piaskéw pylastych z rézna
zawartoscig frakcji drobnych, poprzez okreslenie ich skladu granulometrycznego,
wilgotnosci optymalnej oraz maksymalnej gestosci objgtosciowej szkieletu
gruntowego;

opracowanie zasady przeprowadzenia kalibracji wyrzutni pneumatycznej dla wariantow
ci$nienia roboczego wyrzutni pneumatycznej z wykorzystaniem pretow pomiarowych
SHPB (pret obcigzajacy — pocisk, pomiarowy pret inicjujacy, pomiarowy pret
transmitujacy);

opracowanie algorytmu realizacji wstgpnego zageszczenia gruntu watpliwego poprzez
proces zageszczenia wibracyjnego w celu eliminacji pustek powietrznych
w trojfazowym osrodku gruntowym;

wyznaczanie przebiegu wykresow  wybranych dynamicznych  wlasciwos$ci
mechanicznych piasku pylastego w oparciu o odczytane 1 skorygowane
w oprogramowaniu FlexPro dane sygnalowe, ktore zostaly zarejestrowane
z wykorzystaniem zestawu tensometréw pomiarowych stanowiska SHPB;
opracowanie algorytmu analizy zmiany sktadu granulometrycznego piasku pylastego
porownujac strukture probek przed rozpoczeciem i po zakonczeniu cyklu badawczego
na stanowisku SHPB poprzez wykorzystanie analizatora wielkosci czastek metoda
dyfrakcji laserowej;

zdefiniowanie koncepcji praktycznego wykorzystania piasku pylastego jako warstwy
obsypki gruntowej na potrzeby wzmocnienia ochrony zaréwno balistycznej,
jak  iwybuchowej dla cywilnych 1 militarnych obiektéw budowlanych,

w tym elementdéw infrastruktury krytyczne;j.
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W wyniku realizacji rozprawy doktorskiej zostala opracowana i wdrozona metodyka
prowadzenia eksperymentalnej analizy dynamicznego zachowania si¢ piasku pylastego
poddanego oddzialywaniu dynamicznemu. Efekty usystematyzowania eksperymentu moga
znalez¢ zastosowanie, m.in. w wytypowaniu i badaniu gruntéw watpliwych do zastosowania
jako gruntowa warstwa ochronna, ktéra umozliwia absorpcj¢ czesci energii pochodzacej
od detonacji tadunku materialu wybuchowego. W konsekwencji taki efekt pochlaniania
w osrodku gruntowym wplywa pozytywnie na wzrost odpornosci wybuchowej réznych
polowych obiektéw militarnych oraz dedykowanych konstrukcji na potrzeby ochrony ludnosci
cywilnej, m.in. schrondéw, ukry¢, przeston, schronohangaréw i1 piwnic. Inne zastosowania
wynikéw badan obejmuja mozliwos¢ ich wykorzystania podczas modelowania zjawisk
katastrof naturalnych oraz modelowania zachowania osrodka gruntowego przy realizacji robot
budowlanych powiazanych z oddziatywaniami dynamicznymi.

Prace badawcze realizowatem etapami poprzez opracowanie poszczegolnych celow
szczegotowych C1 — C6. Zestawienie problemu badawczego oraz celéw szczegdtowych
wraz z metodami ich rozwigzania (Apanowicz, 2002; Zielinski, 2012), a takze ich odniesieniem

do publikacji przedstawitem w tabeli 4.1.

Tabela 4.1

Zestawienie metod rozwigzania poszczegolnych celow szczegdétlowych w odniesieniu do problemu badawczego
i opublikowanych artykuléw naukowych (zroédto: opracowanie wlasne)

Odniesienie Odniesienie
Problem badawczy do celow do Metody rozwiazania
szczegolowych | publikacji

Wyznaczenie e Metoda analizy
eksperymentalnych C1 P1 1 krytyki liter: atury
zaleznos$ci w zakresie e Metoda porownawcza
dynamicznych
wlasciwosci
mechanicznych gruntow
watpliwych na przyktadzie e Metoda eksperymentu
piasku pylastego podczas fizycznego
uderzenia $ciskajacego 2 P2

e Metoda porownawcza

uwzgledniajac w analizie: e Metoda statystyczna
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e Metoda eksperymentu

fizycznego
- odksztatcenie; 2 P3 e Metoda porownawcza
- predkos¢ odksztatcenia; c3 e Metoda modelowania
- wilgotnog¢; komputerowego
- zawarto$¢ frakcji
drobnych; C1 e Metoda analizy
- zmiane sktadu 1 krytyki literatury
granulometrycznego. C4 P4 e Metoda eksperymentu
C5 fizycznego

e Metoda porownawcza

e Metoda analizy

C1 1 krytyki literatury

C5 P5 e Metoda eksperymentu
fizycznego

Cé e Metoda porownawcza

e Metoda analizy i syntezy
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5. REZULTATY PRAC I ORYGINALNE ROZWIAZANIE PROBLEMU
NAUKOWEGO

W tym rozdziale rozprawy doktorskiej zamie$cilem podsumowanie oryginalnego
rozwigzywania zdefiniowanego wczesniej problemu naukowego oraz uzyskanych rezultatow
w efekcie przeprowadzonych badan w odniesieniu do sformutowanych celéw szczegotowych.
Wyniki analiz badawczych uporzadkowalem w poszczegdlnych pracach w ramach zbioru

opublikowanych i powigzanych tematycznie artykuldow naukowych.

5.1. Charakterystyka wytrzymalosciowa wlasciwosci gruntow przy duzych predkosciach
odksztalcenia z zastosowaniem techniki Hopkinsona - Przeglad badan
eksperymentalnych [publikacja P1]

W ostatnich latach dokonywano przegladow literaturowych oraz zestawien badan
na probkach o zroznicowanej charakterystyce materiatowej — metali, betonu, polimerow,
ceramiki, skat i drewna — dla r6znych zakreséw predkosci odksztatcenia z wykorzystaniem
techniki preta Hopkinsona (Field i in., 2004; Gray, 2012; Suescun — Florez i in., 2015; Siviour
& Jordan, 2016; Blitterswyk 1 in., 2017). W tematyce gruntow znaczace prace przegladowe
zostaty wykonane w 2012 (Omidvar i in., 2012) 1 2015 (Mishra i in., 2015). Celem omawianej
publikacji P1 byto dokonanie zestawienia aktualnych trendéw badan w latach 2018 — 2021
w obszarze gruntdw (zarOwno niespoistych, jak i spoistych) poddanych oddziatywaniu
dynamicznemu w oparciu o technike preta Hopkinsona.

W zwigzku z powyzszym, w przeprowadzonych badaniach staralem si¢ znalez¢
odpowiedzi na nastepujgce zagadnienia badawcze:

ZAl. Jakie rodzaje gruntow sa poddawane dynamicznym badaniom z wykorzystaniem
techniki preta Hopkinsona w réznych regionach $wiata?

ZA2. Jakie s3 schematy stanowisk badawczych =z zastosowaniem techniki
zmodyfikowanego /dzielonego/ prgta Hopkinsona wykorzystywane w krajowych
oraz zagranicznych instytucjach i o§rodkach naukowych?

ZA3. Jakie gléwne trendy badawcze mozna okresli¢ dla dynamicznych badan gruntéw
prowadzonych w ostatnich latach z wykorzystaniem réznych technik badawczych
preta Hopkinsona?

Rozwoj badan dotyczacy zachowania si¢ réznych materiatow w szerokim zakresie
predkosci odksztalcenia pozwala na dokladne okreslenie ich charakterystyk statycznych
i dynamicznych oraz skorelowanie z rzeczywistymi warunkami ich reakcji. W publikacji P1

zrealizowatem przeglad literaturowy w zakresie prowadzonych badan dynamicznych gruntow
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spoistych i niespoistych z wykorzystaniem techniki preta Hopkinsona w oparciu o analize
aktualnych trendow badan w dziewietnastu artykutach naukowych. Kluczowym parametrem,
ktory dotyczy ograniczenia w stosowaniu techniki Hopkinsona, jest predkos¢ odksztatcenia
oczekiwana do osiggnigcia w trakcie badania. Zakres predkos$ci odksztatcenia dla stosowanego
w niniejszej rozprawie doktorskiej zmodyfikowanego /dzielonego/ preta Hopkinsona (SHPB)
miesci sie w przedziale od 102 s do 10*s7!.

Na rys. 5.1 przedstawilem zestawienie wybranych stanowisk badawczych SHPB
wraz z ich schematami, ktore przeanalizowalem w publikacji P1. Zlokalizowane sa one
w zagranicznych instytucjach i osrodkach naukowych w réznych czgéciach §wiata. Generalna
zasada ich budowy wraz z listg istotnych elementéw sktadowych jest podobna — zgodna
z podejsciem zmodyfikowanej konfiguracji Kolsky’ego. Idea eksperymentu polega
na pomiarze efektu uderzenia preta obceigzajacego — pocisku poprzez zarejestrowanie reakcji
dynamiczne] probki gruntu umieszczonej w ostonie pierscieniowej pomiedzy pretami

pomiarowymi.
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Rys. 5.1. Zestawienie wybranych schematow stanowisk badawczych SHPB z zagranicznych o$rodkow
naukowych, wedtug publikacji: (a) Bragov i in., 2018; (b) Barr i in., 2018;
(¢)Lviin., 2019; (d) Lviin., 2020; (¢) Zhang i in., 2020; (f) Jia i in., 2021
(zrodto: zgodnie z odniesieniem (a) — (f) w opisie rysunku)
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Dynamiczne eksperymenty na probkach piasku pylastego w ramach niniejszej rozprawy
doktorskiej prowadzitem na stanowisku badawczym SHPB w Zakladzie Inzynierii
1 Infrastruktury Wojskowej — Wydziat Inzynierii Ladowej 1 Geodezji w Wojskowej Akademii
Technicznej w Warszawie. Na rys. 5.2 przedstawitem (a) schemat budowy wraz z oznaczeniem

kluczowych elementoéw sktadowych oraz jego (b) realny widok ogdlny .

(a) (b)

Rys. 5.2. Stanowisko badawcze SHPB w Zaktadzie Inzynierii i Infrastruktury Wojskowej
w WAT — (a) schemat budowy; (b) widok ogo6lny
(zrédto: opracowanie wiasne w publikacji P1)

Do najwazniejszych elementéw sktadowych stanowiska badawczego SHPB naleza:
A — pneumatyczna wyrzutnia preta obeigzajacego — pocisku;
B — konstrukcja zapewniajgca osiowos¢ pretow pomiarowych;
C — prowadnica (lufa wyrzutni) preta obcigzajacego — pocisku;
D — pret obciazajacy — pocisk;
E — pomiarowy pret inicjujacy;
F — zestaw tensometrow naklejonych na pretach pomiarowych i ostonie pierscieniowej probki
gruntu;
G — element ostaniajacy badang probke gruntu (ostona pierscieniowa);
H — badana probka gruntu;
[ — pomiarowy pret transmitujacy;
] — element amortyzujacy prety pomiarowe;
K — zestaw pomiarowy predkosci uderzenia preta obciazajacego — pocisku vy;
L — rejestrator wraz z komputerem.
Probka gruntu podczas badania SHPB ma ksztatt cylindryczny i jest umieszczona
w ostonie pierscieniowej (rys. 5.3) wykonanej z réznego rodzaju materiatow w zaleznoSci
od zatozen eksperymentu, np. plexi, duraluminium czy stal. Wymiary i charakterystyka
materiatu ostony zapewnia wystgpienie jednoosiowego stanu odksztalcenia badanego gruntu

przy dociskaniu prébki z obu stron pretami pomiarowymi — inicjujgcym i transmitujgcym.

-25-



Zgodnie z oznaczeniami na rys. 5.2, pret obeigzajacy — pocisk (D) jest napedzany gwattowanie
uwolnionym ci$nieniem powietrza z wyrzutni pneumatycznej (A). Laserowy uktad pomiaru
czasu (K) dokonuje odczytu czasu, w jakim pret obciazajacy — pocisk pokonuje znany odcinek,
w tym przypadku 0,1 m. Znajomo$¢ tego czasu umozliwia wyznaczenie pr¢dkosci uderzenia.
Po uderzeniu preta obcigzajacego — pocisku w pomiarowy pret inicjujacy (E) powstaje w nim
$ciskajaca fala inicjujaca (fala padajaca generuje odksztalcenia w precie inicjujacym &)
rozchodzaca si¢ wzdhuz tego preta w kierunku probki (H) otoczonej elementem ostaniajgcym —
ostong pier§cieniowg (G). W momencie dotarcia do konca pregta inicjujacego fala czesciowo
kontynuuje propagacje (fala transmitujaca generuje odksztalcenia w pomiarowym precie
transmitujacym &7) przez probke w kierunku preta transmitujacego (I), a czeSciowo zostaje
odbita i rozpoczyna powr6t do poczatku preta inicjujacego (fala odbita generuje odksztatcenia
w precie inicjujacym e%). Fala, ktora przeszta przez probke i dotarta do preta transmitujacego
na jego koncu jest ostatecznie wytlumiona w elemencie amortyzujacym (J). Sygnatly
z tensometrow pomiarowych zostaja zapisane przez cyfrowy rejestrator i przestane

do komputera (L). Opisane zjawisko falowe przedstawitem na rys. 5.4.
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Rys. 5.3. Cylindryczna probka gruntu Rys. 5.4. Wykres falowy obrazujacy zjawisko
w ostonie pier§cieniowej propagacji fal sprezystych
(zrédto: opracowanie wtasne w publikacji P1) (zrédto: opracowanie wtasne w publikacji P1)

W ramach przegladu literatury wybranych artykutow naukowych w okresie 2018 —2021
skupilem si¢ na omoéwieniu ponizszych zagadnien w kontekscie dynamicznych badan gruntu
w oparciu o stanowisko SHPB:

» rodzaje probek gruntu poddanych eksperymentom;
»  wilgotno$¢ probek gruntu;
= niestandardowe warunki temperaturowe probek gruntu.

W wyniku zachodzacych zmian klimatycznych kluczowe jest zrozumienie wtasciwosci

gruntu (w tym rowniez i dynamicznych) w réznych zakresach temperatur wewnatrz probki.

Gléwny nacisk w tym obszarze badawczym polozony jest na eksperymenty z zamrozong
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probka gruntu, rzadziej publikacje dotyczyly badan w podwyzszonej temperaturze. W obszarze
badan w obnizonej temperaturze gruntu szczegdlne znaczenie majg eksperymenty w ramach
ztozonego procesu zamrazania — rozmrazania. W analizowanych artykutach wykonano
unikalne badania polegajagce na poddaniu probki gruntu dzialaniu dynamicznemu
po przeprowadzeniu cykli zamrazania — rozmrazania. Istotnymi wnioskami z tych
eksperymentow byto sformulowanie zaleznosci — im wigksza liczba cykli zamrazania —
rozmrazania, tym mniejsze wartosci maksymalnych napr¢zen w probce gruntu oraz im nizsza
temperatura probki w cyklu zamrazania — rozmrazania, tym mniejsze wartosci osiggnietych
maksymalnych napre¢zen.

Zgodnie z przeprowadzonymi analizami literaturowymi w obszarze aktualnych trendow
w tematyce dynamicznych badan gruntu, gldéwny nacisk badawczy znajduje si¢ obecnie wokot
zagadnien dotyczacych cyklow zamrazanie — rozmrazanie oraz eksperymentéw w konfiguracji
3D — trojosiowego preta Hopkinsona. Konfiguracja eksperymentu 1D jest czeéciej stosowana
1 rozpowszechniona w réznych uniwersytetach oraz osrodkach badawczych na $wiecie
niz konfiguracja 3D. R6znica w budowie stanowiska preta Hopkinsona pomiedzy konfiguracija
1D i1 3D polega na zastosowanym uktadzie jednowymiarowym lub przestrzennym pretow
pomiarowych. Wykorzystanie sztywnej oslony pier§cieniowej umozliwia uzyskanie sytuacji,
w ktorej wartosci odksztatcen promieniowych sg zerowe. Gtoéwng zaleta konfiguracji 3D jest
mozliwo$¢ dokonania pomiaru i uzyskanie kompleksowej, trojwymiarowej reakcji badanego
gruntu na oddziatywanie dynamiczne — zarejestrowane wyniki zachowania probki w bardziej
realnym stopniu ukazuja odpowiedz badanego gruntu w porownaniu z wynikami uzyskanymi
za pomocg klasycznej konfiguracji 1D w badaniach technikg preta Hopkinsona.

W ramach podsumowania publikacji P1, w ktorej skupitem si¢ na przegladzie
literaturowym badan eksperymentalnych dotyczacych charakterystyki wytrzymatosciowej
wlasciwosci gruntéw przy duzych predkosciach odksztatcenia z zastosowaniem techniki preta
Hopkinsona, nalezy podkresli¢ ciagly rozwdj w tym obszarze w badaniach prowadzonych
w instytucjach i osrodkach naukowych w réznych regionach $wiata — zarbwno w zakresie
gruntéw niespoistych, jak i spoistych. Przeprowadzone analizy literaturowe pozwolity mi na
uzyskanie odpowiedzi do wszystkich postawionych w tym etapie zagadnien badawczych ZA1
— Z.A3 oraz umozliwily osiagniecie celu szczegdtowego C1, co bezposrednio przyczynito si¢

do realizacji celu gléwnego CO0.
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5.2. Charakterystyka pracy wyrzutni pneumatycznej w technice preta Hopkinsona
[publikacja P2]

Przedmiotem analiz w ramach publikacji P2 byla wyrzutnia pneumatyczna stanowigca
istotny element stanowiska badawczego SHPB. W przeprowadzonych badaniach staratem si¢
znalez¢ odpowiedzi na nastepujace zagadnienia badawcze:

7ZB1. Jak wyglada wykres zaleznosci predkosci wylotowej preta obcigzajacego — pocisku
z lufy wyrzutni od ci$nienia roboczego w wyrzutni pneumatycznej dla zadanej
dhugosci preta obcigzajacego — pocisku?

7ZB2. Jaki jest charakter przebiegu wykresu predkosci wylotowej preta obcigzajacego
—pocisku z lufy wyrzutni (badanie kazdorazowo przeprowadzone w pi¢ciu probach)
w zaleznosci od zastosowanego ci$nienia roboczego w wyrzutni pneumatycznej?

Analizowana wyrzutnia pneumatyczna sklada si¢ z komory ciSnieniowej o pojemnosci
okoto 10 dm?® wraz z gtadkg lufg o $rednicy 20 mm i dtugosci 2700 mm.

Dla oméwionych wariantdw preta obcigzajacego — pocisku przeprowadzitem proces
kalibracji wyrzutni pneumatycznej. Procedura obejmowata pomiary predkosci preta
obcigzajacego — pocisku vy w chwili wylotu z lufy dla trzech dhlugosci
preta obcigzajacego — pocisku (L; = 100 mm, L, = 200 mmiL; = 250 mm) w cyklu
po pie¢ eksperymentdw (i =5 strzatdéw pomiarowych) w trzech wariantach ci$nienia roboczego
pPo Wwyrzutni pneumatycznej (poq = 0,5 bar,py, = 1,0 baripys = 1,5 bar). Rezultaty
przeprowadzonych analiz przedstawitem graficznie w postaci wykresow predkosci wylotowe;j
Vo preta obcigzajacego — pocisku w zalezno$ci od: (a) ci$nienia roboczego p, wyrzutni
pneumatycznej i (b) numeru strzalu pomiarowego i w trzech wariantach ci$nienia
poczatkowego pg 1 + Do 3 Wraz z przedzialami odchylenia standardowego o dla dlugosci preta

obcigzajacego — pocisku:
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Rys. 5.5. Wykresy zaleznosci (a) vy (po) oraz (b) vy ; (i) wraz z przedziatami odchylenia standardowego o
dla wariantu dtugosci preta obciazajacego — pocisku L, = 100 mm
(zrodto: opracowanie wlasne w publikacji P2)
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Rys. 5.6. Wykresy zaleznosci (a) vy (pg) oraz (b) vy ; (i) wraz z przedzialami odchylenia standardowego o
dla wariantu dtugosci preta obcigzajacego — pocisku L, = 200 mm
(zrédto: opracowanie wiasne w publikacji P2)
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Rys. 5.7. Wykresy zaleznoéci (a) vy (po) oraz (b) v ; (i) wraz z przedzialami odchylenia standardowego o
dla wariantu dtugosci preta obcigzajacego — pocisku Lg = 250 mm
(zrédto: opracowanie wlasne w publikacji P2)

W ramach podsumowania publikacji P2, w ktorej skupitem si¢ na metodyce procedury
kalibracji wyrzutni pneumatycznej poprzedzajacej rozpoczecie dynamicznych eksperymentow
z wykorzystaniem dzielonego preta Hopkinsona, wyznaczytem charakterystyke pracy wyrzutni
dla trzech wariantow dtugosci preta obcigzajacego — pocisku oraz trzech wartosci cisnienia
roboczego. W oparciu o interpretacje graficzng rezultatéw mozna przyja¢ w przyblizeniu,
ze zaleznosci v, (pg) rosng w sposob liniowy dla analizowanego zakresu badania. Natomiast
przebieg krzywych wykresow pg; + po3 (i) nie wykazuje wyraznej tendencji. Wyniki
dla kolejnych prob i w cyklu eksperymentalnym sa do siebie zblizone, lecz wykazuja jednak
pewne odchylenie standardowe od $redniej wartosci ze wzgledu na indywidualne dla kazdego
strzalu warunki tarcia pomiedzy pretem obcigzajacym — pociskiem i $ciankg wewnetrzng lufy
(pomimo kazdorazowego zastosowania preparatu poslizgowego). Przeprowadzone analizy
pozwolily mi na uzyskanie odpowiedzi do wszystkich postawionych w tym etapie zagadnien
badawczych ZB1 — ZB2 oraz umozliwity udzial w osiagni¢ciu celu szczegotowego C1,

co bezposrednio przyczynito si¢ do realizacji celu gtdéwnego CO0.

5.3. Przygotowanie probki gruntu niespoistego oraz kalibracja wyrzutni pneumatycznej
w dynamicznym badaniu SHPB [publikacja P3]

Przedmiotem analiz w ramach publikacji P3 byl proces przygotowania probki piasku
pylastego do dynamicznego badania z wykorzystaniem stanowiska SHPB poprzez

przeprowadzenie wstepnego zageszczenia probki gruntu metoda wibracyjng i uderzeniowa
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(z wykorzystaniem SHPB) wraz z porownaniem ich wynikéw. Dodatkowo analizowatem
zbiezno$¢ charakterystyki wyrzutni pneumatycznej wyznaczonej eksperymentalnie (rezultaty
zawartem w publikacji P2) z numerycznymi wykresami pracy wyrzutni opracowanymi
w Srodowisku Matlab.
W przeprowadzonych badaniach staratem si¢ znalezé odpowiedzi na nastepujace
zagadnienia badawcze:
7ZC1. Jak wyglada metodyka wstepnego zaggszczenia probki gruntu niespoistego
na przyktadzie piasku pylastego poprzez zageszczanie wibracyjne z zastosowaniem
wstrzgsarki wibracyjnej?
7.C2. Jaka jest réznica uzyskanych wynikow gestosci objetosciowej probek piasku
pylastego badanych przed i po przeprowadzonym procesie wstepnego zageszczenia
z wykorzystaniem metody uderzeniowej (za pomoca SHPB — uderzenie pretem
obcigzajacym — pociskiem z matg predkosciag uderzenia) oraz metody wibracyjnej
(praca wstrzasarki wibracyjnej)?
7.C3. Czy opracowany model matematyczny przebiegu zjawiska strzatu w lufie dla uktadu
z impulsowym zasilaniem pozwala na wygenerowanie wykresow charakterystyki
pracy wyrzutni pneumatycznej, ktore przedstawiaja zbiezny przebieg krzywych
w poroéwnaniu pomiedzy analizami eksperymentalnymi i numerycznymi dla tych
samych wariantow dhlugosci preta obcigzajacego — pocisku: 100 mm, 200 mm
1250 mm?
W procesie przygotowania probki gruntu niespoistego do dynamicznego badania
z wykorzystaniem stanowiska SHPB istotne jest zapewnienie wstepnego stanu zageszczenia
gruntu. Szczegolnie jest to wazny krok procesu przygotowania dla probek suchych i probek
o matej wilgotnosci. Taka probka znajduje si¢ w stanie dwufazowym lub trojfazowym
— posiada fazg gazowa (w postaci powietrza). Brak przeprowadzenia procesu zageszczenia
bedzie skutkowac niepoprawnymi rezultatami eksperymentu. Czg$¢ energii uderzenia preta
obcigzajacego — pocisku zostanie wykorzystana do zmniejszania objetosci pustek
powietrznych, czyli usuwania fazy gazowej z gruntu. Przeprowadzilem analize dwoéch
sposobOw zageszczania tej samej probki gruntu niespoistego z wykorzystaniem suchego piasku
pylastego poprzez pordwnanie osiggnigtych rdznic w gestosci objetosciowej probki Ap.
Szczegotowy charakterystyke uzytego rodzaju gruntu w oparciu o przeprowadzone badania

laboratoryjne podstawowych cech fizycznych i mechanicznych przedstawitlem w publikacji P4.
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> Wstepne zaggszcezenie sposobem uderzeniowym (z wykorzystaniem preta obcigzajgcego
— pocisku SHPB poruszajacego si¢ z mata predkoscia w chwili uderzenia)

W analizie warto$§¢ cisnienia poczatkowego wynosita 0,5 bar. Przy nizszych
warto$ciach ci$nienia pret obciazajacy — pocisk nie uderzat w probke gruntu ze wzgledu na jego
wyhamowanie z uwagi na wystepujace zjawisko tarcia pobocznicy preta obcigzajacego
— pocisku o $ciang wewnetrzng lufy wyrzutni. Konieczne jest dobranie mozliwie matego
ci$nienia roboczego. Zbyt duza warto$§¢ tego cisnienia spowoduje uderzenie preta
obcigzajacego — pocisku w probke z duza predkoscia i zniszczenie szkieletu gruntowego probki
(zgodnie z celem zaggszczenia badanego gruntu tym sposobem nie powinno nastapic¢
zniszczenie szkieletu). Zaleta tej metodyki zageszczenia jest stosowanie tej samej aparatury
badawczej, ktéra pozniej jest wykorzystywana do prowadzenia eksperymentu fizycznego.
Nie ma potrzeby korzystania z dodatkowego sprzgtu pomiarowego. Proces wstepnego
zageszezenia probki gruntu z wykorzystaniem SHPB odbywa si¢ z ci$nieniem roboczym
wyrzutni pneumatycznej do uderzenia pretem obcigzajagcym — pociskiem kilka razy mniejszym
niz w trakcie przeprowadzania eksperymentu fizycznego, by zminimalizowa¢ zjawisko

zniszczenia szkieletu gruntowego probki.

» Zageszczenie wibracyjne (z wykorzystaniem wstrzasarki wibracyjnej)

Zageszczenie probki realizowatem na wstrzasarce wibracyjnej w czasie 60 s. W trakcie
badan wytypowalem ten czas jako wystarczajacy. Proces wibracji przez dtuzszy czas, np. 120 s
czy tez nawet 180 s nie spowodowal znaczacego wzrostu warto$ci wstgpnego zageszczenia
gruntu. Do powierzchni probki przytozytem cigezarek o masie okoto 1000 g w celu zwigkszenia
efektu wstrzagsow. W czasie pracy wstrzasarki cze$¢ pustek powietrznych zostata wypetniona
poprzez poruszajgce si¢ ziarna gruntu — nastapit proces zageszczenia szkieletu gruntowego.
W pracy oméwilem szczegdtowo metodyke wstepnego zageszczenia suchej probki gruntu
niespoistego wraz z ilustracja kolejnych etapow tej procedury.

Na rys. 5.8 przedstawitem zestawienie pordwnawcze rezultatdéw przeprowadzonej
analizy wstgpnego zageszczenia probki gruntu niespoistego na przykladzie piasku pylastego
dla dwoch wariantéw zageszczenia: za pomocg uderzenia preta obcigzajacego — pocisku
1 zageszczenia wibracyjnego. Uzyskatem porownywalne usrednione wartosci gestosci

objetosciowej gruntu dla obu przypadkow.
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Rys. 5.8. Por6wnanie usrednionych rezultatoéw przeprowadzonej
analizy dwoch metod wstepnego zageszczenia probki piasku pylastego
(2zrédto: opracowanie wiasne w publikacji P3)

W celu przeprowadzenia analizy numerycznej charakterystyki pracy wyrzutni
pneumatycznej wykorzystalem stworzony przez Wspotautora publikacji model matematyczny
zjawiska strzatu w lufie wyrzutni dla uktadu z impulsowym zasilaniem.

Dla wszystkich pretow obcigzajacych — pociskow L; = 100 mm, L, = 200 mm
iL; = 250 mm wyznaczylem charakterystyki zmiany ich predkosci uderzenia w funkcji
ci$nienia roboczego. Analizg przeprowadzitem w zakresie ci$nienia poczatkowego p od 0,5 bar
do 3 bar. Rezultaty tych badan zestawitem na rys. 5.9. Przedstawiona charakterystyka jest
wynikiem obliczen numerycznych wykonanych w oprogramowaniu Matlab na podstawie
uktadu réwnan réznicowych opracowanych w oparciu o rOwnanie stanu gazu w przestrzeni

zapociskowej oraz rownanie ruchu.
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Rys. 5.9. Charakterystyka obliczeniowa zmiany predkosci uderzenia preta obcigzajacego — pocisku vy, w funkcji
ci$nienia poczatkowego zasilania wyrzutnia pneumatyczng p
(zrodto: opracowanie wiasne w publikacji P3)
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Zestawilem porownanie rezultatow eksperymentalnych (z publikacji P2)
i numerycznych (z publikacji P3) w postaci wykresow dla pretéw obcigzajacych — pociskow
o dtugosci: 100 mm — rys. 5.10a), 200 mm — rys. 5.10b) i 250 mm — rys. 5.10c). Widoczna jest
dobra zgodno$¢ przebiegu krzywych pomiedzy analiza obliczeniowa 1 fizycznym

eksperymentem dla kazdego przypadku dtugosci preta obcigzajacego — pocisku.
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Rys. 5.10. Porownanie eksperymentalnych (linia przerywana) i obliczeniowych (linia ciagla) charakterystyk
pracy wyrzutni pneumatycznej w postaci wykresow dla wariantow dtugosci pretow obciazajacych —

pociskoéw: (a) 100 mm, (b) 200 mm i (¢) 250 mm
(zrodto: opracowanie wlasne w publikacji P3)

W ramach podsumowania publikacji P3, w ktoérej skupitem si¢ na procesie
przygotowania probki gruntu niespoistego (na przyktadzie piasku pylastego) do dynamicznego
badania z wykorzystaniem stanowiska SHPB, dokonatem analizy zagadnienia wstgpnego stanu
zageszezenia gruntu. Opracowalem 1 przedstawitem kolejne etapy realizacji metodyki
zageszezania probki piasku pylastego z wykorzystaniem wstrzgsarki wibracyjnej. Uzyskane
wyniki poréwnatlem z metodyka uderzeniowa (za pomoca uderzenia pretem obcigzajacym

— pociskiem SHPB z malg predkoscig uderzenia). Uzyskatem poréwnywalne usrednione
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wartosci gestosci objetosciowej probek piasku pylastego dla obu metod zageszczania.
Natomiast istotng zaleta metody wibracyjnej jest wyeliminowanie ryzyka zniszczenia szkieletu
gruntowego, ktéry moze nastgpi¢ przy uderzeniu pretem obcigzajacym — pociskiem w metodzie
dynamicznej. Dodatkowo, w oparciu o wykorzystany model matematyczny, przeprowadzono
obliczenia numeryczne w oprogramowaniu Matlab na podstawie uktadu rownan ré6znicowych
bazujacych na réwnaniu stanu gazu w przestrzeni zapociskowej oraz rownaniu ruchu w celu
wyznaczenia charakterystyki obliczeniowej zmiany predkosci uderzenia preta obcigzajgcego
— pocisku w funkcji ci$nienia roboczego zasilania wyrzutni pneumatycznej. Koncowy efekt
porownawczych analiz eksperymentalnych i numerycznych w obszarze charakterystyki pracy
wyrzutni pneumatycznej zestawilem w postaci wykresow dla wariantow dtugosci pretow
obcigzajacych — pociskow 100 mm, 200 mm i 250 mm. Przeprowadzone analizy pozwolily
mi na uzyskanie odpowiedzi do wszystkich postawionych w tym etapie zagadnien badawczych
7Z.C1 — ZC3 oraz umozliwity na pozostaly udziat w osiggnieciu celu szczegdétlowego C2
1 osiggniecie celu szczegdtowego C3, co bezposrednio przyczynito si¢ do realizacji celu

gtownego CO0.

5.4. Eksperymentalne badanie dynamicznego zachowania piasku pylastego
[publikacja P4]

Przedmiotem analiz w ramach publikacji P4 byly eksperymentalne badania wybranych
probek piasku pylastego z wykorzystaniem techniki preta Hopkinsona w celu wyznaczenia
i przedstawienia  nieliniowych przebiegow  wykresOw  dynamicznych  wlasciwosci
mechanicznych piasku pylastego w postaci nastgpujacych funkcji:

- napre¢zenia w probee gruntu o (t),

- odksztalcenia w probee gruntu £(t),

- predkosci odksztatcenia probki gruntu £(t),

- napre¢zenia obwodowego w duraluminiowej ostonie pierscieniowej probki gruntu oy (t).

Analizowatem réwniez zagadnienie identyfikacji i pomiaru zmian w wewngtrznej
strukturze gruntowej Afsi,c dla probek wybranego osrodka gruntowego o czterech
wilgotnosciach, ktore zostaly poddane oddzialywaniu dynamicznemu. Badania
przeprowadzitem dla dwoch rodzajow probek piasku pylastego, rdznigcych si¢ zawartoscia
frakcji drobnych: fsi1c11 = 20,46 % i fsirc12 = 2,9 %.

W przeprowadzonych badaniach staralem si¢ znalez¢ odpowiedzi na nastepujace
zagadnienia badawcze:

ZD1. Jak wilgotnos$¢ piasku pylastego wplywa na dynamiczne zachowanie badanego

gruntu w odpowiedzi na uderzenie pretem obcigzajagcym — pociskiem?
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ZD2. Jaki bedzie charakter przebiegu krzywej wykresu naprgzen w zaleznosci
od odksztalcenia dla badanego piasku pylastego o réznych wilgotno$ciach?

ZD3. Jak oddziatywanie dynamicznie poprzez uderzenie prgtem obcigzajagcym  —
pociskiem wptynie na struktur¢ wewnetrzng (m.in. wskaznik porowatosci) probek
piasku pylastego o réznych wilgotnosciach wzgledem wartosci wilgotnos$ci
optymalnej gruntu?

W pierwszej kolejnosci do badania uzylem piasku pylastego (siSa) o zawartosci frakcji
drobnych, rozumianej jako suma frakcji pytowej i itowej fs;1c11 = 20,46% (Srednica ziaren
w szkielecie gruntowym ponizej 0,063 mm). Analiz¢ uziarnienia wykonalem normowa metoda
sitowg na mokro z uzupeklieniem krzywej dla frakcji drobnych metodg areometryczna
(PN — EN ISO 17892-4, 2017). Parametry zaggszczalnosci badanego piasku pylastego pg max
1 Wy, okreslitem w normowym badaniu Proctora (PN — EN ISO 13286-2, 2010). Na podstawie
przebiegu wykresu p;(w) wyznaczylem warto$¢ wilgotnosci optymalnej badanego gruntu
Wopt1 = 9,6 % dla  maksymalnej  gestoSci  objgtoSciowej  szkieletu — gruntowego
Pamaxy = 1,86 g/cm>. W celu przeprowadzenia badan dynamicznych przygotowatem probki
gruntu o wilgotnosci: w; =0 % iw, =5 % (wartosciach ponizej wilgotnosci optymalne;j
Wy < Wope 1 Wy < Weyp) oraz wy = 10 % iw, = 15 % (wartoSciach powyzej wilgotnosci
optymalnej wsz > Wy 1 Wy > Wyye). W czasie realizacji eksperymentow fizycznych
na stanowisku SHPB dla poszczegélnych wariantow probek wyznaczytlem ponownie ich
wilgotnos$¢ bezposrednio przed uderzeniem pretem obcigzajacym — pociskiem. Finalnie probki
gruntow mialy wilgotnos¢: wy = 0%, w, = 4,6 %, wz = 9,6 % (warto$¢ réwna W,p;)
iw, = 14,6 %.

Caty cykl eksperymentalny przeprowadzilem wykorzystujac stanowisko badawcze
SHPB w Zaktadzie Inzynierii i Infrastruktury Wojskowej w WAT. Do badan wykorzystatem
pret obcigzajacy — pocisk o dlugosci 200 mm oraz pret inicjujacy i transmitujacy o rownych
dhugosciach 1000 mm, kazdy z nich o srednicy 20 mm.

W publikacji przedstawitem graficzne podsumowanie eksperymentdw w postaci
zbiorczego zestawienia wykresoOw przebiegu odksztatlcen wzdluznych pretow pomiarowych
SHPB: ¢&!(t),eR(t),eT(t) i odksztalcenia obwodowego ostony pierscieniowej €9 (t).
Wykorzystalem do tego zarejestrowane sygnaly z tensometrow pomiarowych oraz rdwnania
opisu zjawisk fizycznych zachodzacych podczas doswiadczenia. Na podstawie uzyskanych
wynikéw z badan dynamicznych opracowalem wykresy zbiorcze badanych funkcji

dla wszystkich wariantow wilgotnosci probki gruntu wy + wy.
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Wplyw  wilgotno$ci piasku pylastego na wuzyskane wyniki jest mozliwy
do zaobserwowania na przedstawionych na rys. 5.11 wykresach, gdzie zmiany napr¢zenia
w funkcji odksztatcenia o(e) oznaczytem linig ciggla, natomiast zmiany predko$ci
odksztatcenia w funkcji odksztatcenia €(e) oznaczytem linig przerywang. W gruntach
z zawartoscig wody mniejszg od catkowitego nasycenia (W < wy,;) pracuje szkielet gruntowy
w napr¢zeniach efektywnych. W gruntach nawodnionych (w > wg,: przy catkowitym
wypetieniu poréw woda — brak fazy gazowej) pod wptywem obcigzen dynamicznych woda
nie zdazy wyplyna¢ i pracuje réwnorzednie ze szkieletem. Grunt pracuje w napre¢zeniach
catkowitych, a woda moze w stopniu wigkszym niz szkielet przenosi¢ obcigzenia. Na rys. 5.11
przedstawitem przebieg wykreséw dynamicznego $ciskania probek piasku pylastego
dla analizowanych wariantow wilgotnosci w; = w,. Na wykresach oznaczytem réwniez
wartosci lokalnych maksymalnych naprezen plastycznych i odpowiadajacych im odksztatcen
—odpowiednio w punktach A, B, C i D. Charakter wykresow jest ograniczony do zakresu zmian

naprezen bez wptywu fal odbitych.
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Rys. 5.11. Zestawienie wykresow ztozonych zawierajacy zalezno$ci zmian napre¢zenia
w funkcji odksztatcenia g (&) i zmian predkosci odksztatcenia w funkcji odksztatcenia €(¢) dla wariantow
wilgotnosci wy + wy, gdzie (a) wy, Wy, Wy < W, oraz (b) w, > wg,, wraz z oznaczeniem lokalnych wartosci
maksymalnego naprezenia plastycznego i odpowiadajagcym im warto$ciom odksztatcenia
(zrédto: opracowanie wtasne w publikacji P4)

W publikacji podjalem réwniez tematyke analizy zmiany uziarnienia badanych probek
piasku pylastego w wyniku przeprowadzania dynamicznego uderzenia pretem obcigzajacym
— pociskiem na stanowisku SHPB. Analiz¢ sitowa wykonalem na materiale gruntowym
pobranym z przebadanych probek dla kazdego wariantu analizowanej wilgotnosci. Uzyskana
ilo$¢ materialu pozwolita mi na wykonanie analizy sitowej z doktadnos$cig 0,3 % zawartosci
masowej poszczegolnych frakcji. Na rys. 5.12a) przedstawitem zalezno$¢ zmiany zawartosci
frakcji drobnych Afs;ic;1, rozumianych jako przyrost zawarto$¢ frakcji o Srednicy ziaren
mniejszej niz 63 um (suma frakcji pytowej fs; 1 ilowej fc;), w zaleznosci od wilgotnosci

w badanego piasku pylastego.
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Rys. 5.12. Wykresy zmian zawartosci frakcji drobnych Afs; . w piasku pylastym (gdzie poczatkowa
warto$¢: a) fsiy 1 = 20,46 %1ib) fg;r > = 2,9 %) po obcigzeniu dynamicznym pretem
obcigzajacym — pociskiem w zaleznosci od wilgotnosci w probki gruntu
(zrédto: opracowanie wlasne w publikacji P4)

5,00%

Analizujgc zbiorcze zestawienie wynikéw z przeprowadzonych eksperymentow
zwrécitem uwage na probki gruntu o wilgotnosci w, = 14,6 % ze wzgledu na odmienny
charakter przebiegu zaleznos$ci w porownaniu do probek gruntu o mniejszej wilgotnosci. Woda
zawarta w szkielecie gruntu dla tego wariantu probek przenosi rownorzednie obcigzenie
dynamiczne i1 zachowuje si¢ w sposob spr¢zysty w momencie oddzialywania dynamicznego.
Wskaznik porowato$ci przed uderzeniem prgtem obcigzajacym — pociskiem wynosit e = 0,43,
natomiast po uderzeniu prgtem obcigzajacym — pociskiem wynosit e = 0,38. Wilgotnos¢
badanej probki w, = 14,6 % byla wigksza od wilgotnosci catkowitej probki po badaniu,
ktora wyniosta wg,e = 14,36 %. W pozostalych probkach, w ktorych stopien wypehienia
poréw woda byt mniejszy od wartosci 0,8 (S, < 0,8), gaz (powietrze) wypetniajacy te pory
w chwili obcigzenia dynamicznego nie byl w stanie przenosi¢ tych obcigzen. Energia zostata
spozytkowana na dogeszczenie pustek powietrznych.

W wyniku eksperymentow dynamicznych w kazdym wariancie wilgotnosci probki
gruntu wskaznik porowatosci e zmniejsza si¢ w odniesieniu do uzyskanej warto$ci w probie
Proctora. Takie rezultaty $wiadczg o dogeszczeniu dynamicznym gruntu podczas
eksperymentow fizycznych z wykorzystaniem stanowiska SHPB. Analizujac kolejne warianty
wilgotnos$ci probki widaé, ze poczatkowo dla gruntu suchego wskaznik porowatosci zmalat
do e = 0,35. Dalej wraz ze wzrostem wilgotnos$ci jego warto$¢ istotnie zmalata do e = 0,26.
Natomiast kolejna zmiana wilgotno$ci probki na warto$¢ wilgotnosci optymalnej spowodowat
wzrost wskaznika do e = 0,34. Kontynuacja wzrostu wilgotnosci skutkowata réwniez
wzrostem wartosci wskaznika do e = 0,38. Podczas badania probek o wilgotnosci wigkszej
od wilgotno$ci optymalnej uzyskiwane zageszczenie piasku pylastego jest mniejsze

od uzyskiwanego przy badaniu gruntéw suchych.

-39-



W celu potwierdzenia powyzszych obserwacji zrealizowatem dodatkowe eksperymenty
w zakresie zmian wstepnej zageszczalnosci gruntu pod obcigzeniem dynamicznym
z wykorzystaniem innej probki piasku pylastego o zawarto$ci frakcji drobnych
fsi+cz = 2,9 %. Parametry zageszczalnoSci badanego piasku pylastego pgmax 1 Wopt
okreslitem w normowym badaniu Proctora (PN — EN ISO 13286-2, 2010). Na podstawie
przebiegu wykresu p;(w) wyznaczylem warto$¢ wilgotno$ci optymalnej badanego gruntu
Wopt2 = 9,7% dla  maksymalnej  gestoSci  objgtoSciowej  szkieletu — gruntowego
Pdmax2 = 1,80 g/cm3. Na rys. 5.12b przedstawilem zalezno$¢ zmiany zawartoéci frakeji
drobnych Afs; 1 W zalezno$ci od wilgotnosci w badanego piasku pylastego.

W ramach podsumowania publikacji P4, w ktorej skupilem si¢ na realizacji cyklu
eksperymentalnego w oparciu o stanowisko SHPB, udowodnitem mozliwo$¢ prowadzenia
badan doswiadczalnych na probkach piasku pylastego (przedstawiciel gruntéw watpliwych)
o roznych wilgotnosciach za pomoca techniki preta Hopkinsona w celu wyznaczenia
dynamicznych wtasciwosci mechanicznych gruntu. Na podstawie sygnatow z zestawow
tensometrow pomiarowych naklejonych na pomiarowych pretach inicjujgcym i transmitujgcym
oraz ostonie pierScieniowej probki (wraz z korekta w oprogramowaniu FlexPro),
a takze stosujac znane rownania metody Kolsky’ego, dokonatem weryfikacji eksperymentalne;j
metodologii wyznaczania dynamicznych wlasciwosci mechanicznych. Przedstawitem
charakterystyke dynamiczng piasku pylastego o réznych wilgotnosciach w postaci przebiegu
wykresow zmian naprezenia w funkcji odksztalcenia o(e) i zmian predkosci odksztalcenia
w funkcji odksztalcenia £(g). Omowitem i pokazalem graficznie jak oddziatywanie
dynamicznie poprzez uderzenie pretem obcigzajgcym — pociskiem wplynie na zmiang struktury
wewnetrznej probek piasku pylastego o réznych wilgotnosciach na przykladzie probek gruntu
o zawarto$ci frakcji drobnych fgiici1 = 20,46 % 1 fsi1c12 = 2,9 %. W oparciu o uzyskane
wartosci wskaznika porowatosci e dla probek gruntu o wilgotnosciach w; + w, wzgledem
wilgotno$ci optymalnej w,,; opracowatem wniosek, ze najwigksze zageszczenie gruntu
poddanego obcigzeniu dynamicznemu poprzez uderzenie preta obcigzajacego pocisku
w badaniu SHPB nastepuje przy wilgotnosci réwnej w przyblizeniu polowie wilgotnoSci
optymalnej. Przeprowadzone analizy pozwolity mi na uzyskanie odpowiedzi do wszystkich
postawionych w tym etapie zagadnien badawczych ZD1 — ZD3 oraz umozliwity udziat
w osiggni¢ciu celow szczegdlowych C1 1 C5, a takze osiagnigcie celu szczegdtowego C4,

co bezposrednio przyczynito si¢ do realizacji celu gtownego CO0.
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5.5. Analiza wplywu wilgotnosci piaskéw pylastych oraz predkosci uderzenia
na ich zageszczalnos¢ i zmianeg skladu granulometrycznego [publikacja P5]

Przedmiotem analiz w ramach publikacji PS byly zmiany skfadu granulometrycznego
piasku pylastego w postaci r6znicy zawartosci frakcji drobnych Afs;.c; w wyniku realizacji
dynamicznych eksperymentow na stanowisku SHPB. Badania prowadzilem w oparciu o dwa
rozne rodzaje tego gruntu watpliwego, przy zawartosci frakcji drobnych fgiic; 1 = 15,14 %
oraz  fsiyci2 = 20,48%, przy wilgotnosciach - w; =0%,w, =5%,w; =10%
i wy = 15 %. Predkos¢ uderzenia preta obcigzajacego — pocisku dla poszezegdlnych ci$nien
w wyrzutni pneumatycznej SHPB wynosita odpowiednio:

» dlaci$nienia p; = 1,2 bar uzyskano v; = 12,76 m/s;

» dla ci$nienia p, = 1,8 bar uzyskano v, = 17,69 m/s;

» dlaci$nienia p3 = 2,4 bar uzyskano v; = 21,32 m/s.

Zgodnie z norma badanie uziarnienia gruntu niespoistego wykonuje si¢ poprzez
oznaczenie sktadu granulometrycznego z wykorzystaniem laboratoryjnej metody sitowej
(PN — EN ISO 17892-4, 2017). Najmniejsza $rednica oczka sita wynosi 0,063 mm (63 pm).
W celu doktadniejszego poznania dalszego przebiegu krzywej uziarnienia w zakresie ponizej
63 um koniecznym jest wykorzystanie precyzyjnego sprzetu laboratoryjnego, poniewaz analiza
areometryczna dla malych probek gruntu nie jest praktycznie mozliwa do wykonania.
W badaniach zastosowatem laserowy analizator wielkosci czastek z wykorzystaniem metody
dyfrakcji laserowej (ISO 13320, 2020; ISO 9276-6, 2008), ktéry umozliwia stworzenie
wykresu krzywej o wigkszym zakresie szczegdtowosci uziarnienia od rozmiaru $rednicy ziarna
rownej 0,01 um do 3500 um (czyli w poréwnaniu z klasyczng analizg sitowa mozliwe
do uzyskania sg dodatkowe dane przebiegu krzywej uziarnienia w zakresie 0,01 um — 63 um).

W przeprowadzonych badaniach staratem si¢ znalezé odpowiedzi na nastepujace
zagadnienia badawcze:

ZE1. Cgzy istniejg powtarzalne tendencje w procesie zmiany sktadu granulometrycznego
probek piasku pylastego w zaleznosci od wilgotno$ci poczatkowej probki gruntu?

ZE2. Jak poczatkowa wartos$¢ frakceji drobnych w piasku pylastym wptywa na jego zmiany
sktadu granulometrycznego?

ZE3. Czy istniejg widoczne trendy w procesie zmiany sktadu granulometrycznego probek
piasku pylastego w zaleznosci od predkosci uderzenia preta obcigzajacego — pocisku
dla roznych ci$nien roboczych wyrzutni pneumatycznej SHPB?

W celu poprawnej realizacji procesu analizy zmiany sktadu granulometrycznego piasku

pylastego kluczowym etapem jest okreslenie poczatkowej struktury uziarnienia dla probek
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referencyjnych. Wykorzystatem w badaniach nowoczesny laserowy analizator wielko$ci
czastek Bettersizer S3 Plus. W rezultacie przeprowadzonej analizy wyznaczylem wykresy
krzywych uziarnienia i okreslitem, ze zawarto$¢ frakcji drobnych f5;, (rozumianej jako
procentowa zawartos¢ frakcji pylowej 1 itowej z ziarnami o Srednicy ponizej 63 um) jest rowna
dla:

» cyklu badawczego nr 1 — pierwszy rodzaj probki gruntu: fs;4c; 1 = 15,14 %;

* cyklu badawczego nr 2 — drugi rodzaj probki gruntu: fg;yc;» = 20,48 %.

Oba rodzaje probek poddalem analizie w badaniu wilgotnosci optymalnej w,,
— normowe badanie Proctora (PN — EN 13286-2). Warto$¢ wilgotnosci optymalnej wop,
wyznaczytem dla uzyskanej maksymalnej gestosci objetosciowej szkieletu gruntowego pg max
przy statej energii wstgpnego zageszczania dla réoznych wilgotno$ci, otrzymujac nastepujace
rezultaty:

= dlafiran = 1514 % — Pamax1 = 1,89 g/em® = weope 1 = 8,70 %;
= dla fsrcr2 = 20,48 % — Pamax2 = 1,95 g/cm® = Wy, = 9,20 %.

Etap badan dotyczacy uderzenia pretem obcigzajagcym — pociskiem jako oddziatywania
dynamicznego, ktérego skutkiem jest zmiana sktadu granulometrycznego probek piasku
pylastego, realizowatem na stanowisku SHPB. Budowg tego stanowiska badawczego wraz
z opisem metodyki eksperymentalnej omowitem w publikacji P1 w ramach podrozdziatu 5.1.

Analizy zmian skladu granulometrycznego probek piasku pylastego (w wyniku
oddziatywania dynamicznego preta obcigzajacego — pocisku w ramach eksperymentow
na stanowisku SHPB) przeprowadzilem w oparciu o badanie krzywej uziarnienia w laserowym
analizatorze wielkosci czastek Bettersizer S3 Plus — widok urzadzenie przedstawilem
na rys. 5.13. Podobnie jak stanowisko SHPB, rowniez i analizator jest zlokalizowany
w Zakladzie Inzynierii 1 Infrastruktury Wojskowej w Wydziale Inzynierii Ladowej
1 Geodezji WAT.

Rys. 5.13. Widok stanowiska badawczego laserowego analizatora wielkos$ci czastek Bettersizer S3 Plus
zlokalizowanego w Zaktadzie Inzynierii i Infrastruktury Wojskowej WAT
(zrodto: opracowanie wlasne w publikacji P5)
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Wstepnie zageszczong probke gruntu w okreslonym wariancie badania poddatem
kolejno eksperymentom dynamicznym na stanowisku badawczym SHPB (zgodnie z metodyka
omowiong w publikacjach P1 w podrozdziale 5.1 i P4 w podrozdziale 5.4). Warianty probek
badawczych wyrdznitem oraz zestawitem w tabeli 5.1 ze wzgledu na przyjeta konfiguracje
zmiennych: ci$nienie robocze wyrzutni pneumatycznej dzialajace na pret obcigzajacy — pocisk
p; (predkos¢ uderzenia preta obcigzajacego — pocisku v;) 1 wilgotnos¢ probki gruntu
w; (procentowag zawarto$¢ wody w probce). Lacznie rozroznitem dwanascie wariantow
eksperymentow fizycznych przeprowadzonych na probkach piasku pylastego za pomoca
stanowiska SHPB. W kazdym wariancie badatem cztery probki gruntu w celu uzyskania
miarodajnej proby statystycznej dla obu zawarto$ci frakcji pylowej oraz ilowej
fsivcr1 = 1514 % 1 fsiic12 = 20,48 %. Finalnie przeprowadzilem wigc dziewigcdziesiat

sze$¢ dynamicznych eksperymentéw na stanowisku SHPB.

Tabela 5.1

Zestawienie wariantow probki piasku pylastego I — XIII dla obu rodzajow gruntu fs;,c; 1 1 fsi+c1,2 Wykorzystanych
w analizie zmiany wielkosci czastek (zrodto: opracowanie wlasne w publikacji P5)
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Zgodnie z przedstawionym opisem procesu przygotowania probki gruntu kazdy wariant
piasku pylastego przebadalem w analizatorze wielkos$ci czagstek metoda dyfrakcji laserowej
w pigciu cyklach dla wyodrebnionych pieciu probek (wykonatem po dwadziescia pi¢¢ badan
dla kazdego wariantu I — XIII, czyli tacznie sze$¢set dwadziescia pig¢ prob dla obu rodzaju
gruntu). Wyniki usrednitem w celu przedstawienia rezultatow badan dla kazdego wariantu
I - XIII (w zalezno$ci od zastosowanej konfiguracji zmiennych: poczatkowe ci$nienie wyrzutni
dziatajace na pret obcigzajacy — pocisk p; +p; 1 wilgotno$¢ probki gruntu wy + wy)

na zbiorczych wykresach krzywych uziarnienia wraz z odniesieniem do probki referencyjne;:
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Zawartosc ziaren w prébee gruntu [%]

Zawartosc ziaren w probee gruntu [%)

Zawartosc ziaren w probee gruntu [%]

e dla pierwszego rodzaju probki gruntu fg;ic 1 = 1514% — na rys. 5.14 przy

konfiguracjach warto$ci zmiennych: p;(v1) — p2(v,) — p3 (v3) oraz a) wy = 0 %,

b)W2=5%,C)W3=10%1d)W4_=15%,
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Rys. 5.14. Zbiorcze zestawienie wykresow krzywych uziarnienia dla piasku pylastego
o zawartoséci frakcji pytowej i itowej fg;1c 1 = 15,14 % w wariantach probki I — XIII
(dwanascie wariantow probek poddanych oddziatywaniu dynamicznemu w SHPB
i jedna nieobciazona probka referencyjna) dla nastgpujacych wariantow obciazenia i wilgotnosci probek:
p1(v1) — P, (V) —ps(v3) oraza)w; = 0%, b)w, =5%,c)wz; =10%1d)w, =15%
(zrédto: opracowanie wlasne w publikacji P5)

dla drugiego rodzaju probki gruntu fsic . =20,48% — na rys. 5.15 przy

konfiguracjach warto$ci zmiennych: p;(v;) — p,(v,) —p3(v3) oraz a) w; = 0 %,

b)W2=5%,C)W3=10%1d)W4=15%.
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Rys. 5.15. Zbiorcze zestawienie wykresow krzywych uziarnienia dla piasku pylastego
o zawartosci frakcji pytowej i itowej fsi1c12 = 20,48 % w wariantach probki I — XIII
(dwanascie wariantow probek poddanych oddziatywaniu dynamicznemu w SHPB
i jedna nieobciazona probka referencyjna) dla nastgpujacych wariantow obciazenia i wilgotnosci probek:
p1(v1) — D2 (V) —ps(v3) oraza) w; = 0%, b)w, =5%,c)wz; =10%1d)w, =15%
(zrédto: opracowanie wlasne w publikacji P5)

W oparciu o rezultaty przeprowadzonych powyzej analiz badawczych wyr6znitem
1 omoéwilem zauwazalne tendencje w dynamicznej charakterystyce wytrzymalosciowej piasku
pylastego:

» Kazda probka piasku pylastego przebadana na stanowisku SHPB osiggneta
po zakonczeniu badania wigkszy udzial frakcji drobnych (pylowej i itowej) w swoim
sktadzie granulometrycznym w poréwnaniu z probka referencyjna. Nastapito zjawisko
niszczenia szkieletu gruntowego poprzez famanie ziaren 1 wzrost procentowy ziaren
0 mniejszej $rednicy.

» Dladanej wilgotnosci probki gruntu widoczny jest trend wzrostu udziatu frakcji pytowej
1 itowej w skladzie granulometrycznym wraz ze wzrostem wartos$ci zastosowanego
roboczego ci$nienia wyrzutni pneumatycznej do rozpocze¢cia ruchu preta obeigzajacego
— pocisku.

» Dla wilgotnos$ci probek gruntu w; i w, (czyli warto$ci ponizej wilgotnosci optymalne;
Wope) dla danego poczatkowego ciSnienia roboczego wyrzutni pneumatycznej
(predkosci uderzenia preta obciazajacego — pocisku) widoczna jest tendencja wzrostu
wartosci frakcji pylowej 1 itowej (brak jest wyraznego wptywu fazy wody na rezultaty
badania). Im wyzsza wilgotno$¢ probki gruntu (w szczegolnosci dla wartosci ws 1 wy
powyzej wilgotnosci optymalnej w,,;) tym wyrazniej wida¢ trend malejacej wartosci
frakcji pytowej i itowej w skladzie granulometrycznym probki piasku pylastego.
Widoczna jest dynamiczna reakcja wody wypelniajacej pory gruntowe. Woda nadaje

probce pewne cechy materiatu sprezystego i ,,amortyzuje” dynamiczne oddziatywanie
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uderzenia preta obcigzajacego — pocisku. Taka interakcja skutkuje zmniejszeniem
zjawiska niszczenia szkieletu gruntowego poprzez tamanie ziaren.

Zarowno dla pierwszego fsiic 1 = 15,14 %, jak i1 dla drugiego rodzaju gruntu
fsi+ci2 = 20,48 %, najwigkszy wpltyw na zmiany zawarto$ci frakcji ma obcigzenie
poprzez uderzenie pretem obcigzajagcym — pociskiem przy cisnieniu roboczym wyrzutni
pneumatycznej ps = 2,4 bar dla wszystkich wariantow wilgotnosci w; + wy.
Szczegblnie widoczne sg zmiany dla probek o wilgotnosci w; 1 w, mniejszych od
wilgotno$ci optymalnej w,,.. Dla wilgotnosci ws i w, wigkszych od wilgotnosci
optymalnej w,,; zachodzi zjawisko ,,amortyzacji” uderzenia poprzez reakcje wody
w porach gruntowych. Przy tym cisnieniu roboczym ps; nastgpuje najwigksza
procentowa zmiana sktadu granulometrycznego poprzez wzrost wartosci frakcji
pylowej i ilowej wzgledem probki referencyjnej fsirci1 1 fsi+c 2- OmoOwione powyzej
tendencje w dynamicznej charakterystyce wytrzymalosciowej piasku pylastego
przedstawitem graficznie na rys. 5.16.
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Rys. 5.16. Wykresy zmian zawartosci frakcji drobnych Afs; . W piasku pylastym
po obciazeniu dynamicznym pretem obcigzajacym — pociskiem w zaleznosci
od wilgotno$ci w probki gruntu dla nastgpujacych wariantow:

a) fsivcr,1 101, D) fsivc 21015 ©) fsivcn 1025 D) fsivcr,2 1925 €) fsivcr1 103> D fsivcr2 103
(zrédto: opracowanie wilasne)

W ramach podsumowania publikacji PS, w ktorej skupilem si¢ na eksperymentach
z probkami piaskow pylastych o réznych zawartosciach frakcji drobnych (pytowej 1 itowej)
rownych  fgiic01 = 1514 % 1 fsivc12 = 20,48 %, dokonalem analizy zmian skfadu
granulometrycznego probek piasku pylastego. Zastosowalem procedure porownawcza wartosci
frakcji pylowej i1 itowej fsirc; W strukturze gruntu przed i po eksperymentach SHPB
z wykorzystaniem laserowego analizatora wielkosci czastek. Omoéwitem rowniez powtarzalne
tendencje w procesie zmiany sktadu granulometrycznego probek piasku pylastego w zaleznos$ci
od wilgotnosci probki gruntu - wy; = 0 %, w, = 5%, w3 =10 % i w, = 15 %. Analogiczne
rozwazania dotyczace powtarzalnych tendencji gruntu prowadzitlem w zaleznos$ci od predkosci
uderzenia preta obcigzajacego — pocisku w wyniku oddziatywania roboczego cis$nienia
wyrzutni  pneumatycznej SHPB - p, = 1,2 bar (v, = 12,76 m/s), p, = 1,8 bar
(v, =17,69m/s) i p; =2,4bar (v3 =21,32m/s). Opracowalem dane pokazujace
jak warto$¢ frakcji drobnych w piasku pylastym wplywa na jego zmiany sktadu
granulometrycznego, w tym z uwzglednieniem poszczegolnych wilgotnosci gruntu wy + wy,
w odniesieniu do wilgotno$ci optymalnej w,p.. Przeprowadzone analizy pozwolily
mi na uzyskanie odpowiedzi do wszystkich postawionych w tym etapie zagadnien badawczych
ZE1 — ZE3 oraz umozliwily udzial w osiggnigciu celu szczegotowego C1 1 CS5,
a takze osiagnigcie celu szczegdtowego C6, co bezposrednio przyczynito si¢ do realizacji celu

glownego C0.
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6. PODSUMOWANIE I WNIOSKI

Niniejsza rozprawe doktorska pt. Eksperymentalna analiza dynamicznych wlasciwosci
mechanicznych gruntow watpliwych na priykladzie piasku pylastego stanowi spdjny zbiodr
pigciu powigzanych tematycznie artykutdow naukowych zgodnie z zapisami art. 187 ust. 3
Ustawy (Prawo o szkolnictwie wyzszym i nauce, 2018). Cykl publikacyjny ma na celu
przedstawienie oryginalnego rozwigzania problemu naukowego zgodnie z zapisami
art. 187 ust. 2 Ustawy (Prawo o szkolnictwie wyzszym i nauce, 2018). Dotyczy ono
opracowania i wdrozenia metodyki przygotowania, przeprowadzenia i analizy rezultatow
dynamicznych eksperymentéw fizycznych na probkach piasku pylastego z wykorzystaniem
stanowiska badawczego zmodyfikowanego /dzielonego/ preta Hopkinsona na S$ciskanie
(SHPB). Zaproponowana przeze mnie procedura badawcza umozliwia wyznaczanie
dynamicznych wlasciwosci mechanicznych badanego gruntu jako trdjfazowego materiatu
sypkiego w zaleznosci od skfadu granulometrycznego, wilgotnosci oraz predkosci
odksztatcenia. Rezultaty tej pracy stanowia podstawe do dalszego konstytutywnego
modelowania zachowania badanego gruntu jako materiatu pochtaniajacego energi¢ uderzenia
lub wybuchu w konstrukcjach ochronnych.

Teza badawcza niniejszej rozprawy doktorskiej brzmi: Dynamiczne wiasciwosci
mechaniczne trdjfazowego gruntu wqtpliwego, na przyktadzie piasku pylastego poddanego
uderzeniu sciskajgcemu, majq charakter nieliniowy oraz zalezq od wilgotnosci gruntu, jego
sktadu granulometrycznego i sq wrazliwe na predkosé¢ odksztalcenia. Motywacja badawcza
do sformutowania tej tezy byla kontynuacja analizy zelbetowej prefabrykowanej koputly
konstrukcji ochronnej dla infrastruktury krytycznej, ktéra opracowalem w ramach
magisterskiej pracy dyplomowej. Zastosowanie dodatkowej obsypki gruntowej tej konstrukcji
pozwoli na zwigkszenie jej ochrony balistycznej i wybuchowej, jak réwniez r6znych obiektow
budowlanych (w szczegolnosci schronow oraz tymczasowych ukry¢). Przeprowadzone
w ramach rozprawy doktorskiej badania dotyczyly piasku pylastego, ktory jest
reprezentatywnym przykladem gruntu watpliwego. Grunt ten powszechnie wystepuje
na terenie Polski. Grunty piaszczyste bez frakcji drobnych czgsto wykorzystywane
sa do produkcji betonu, natomiast grunty zawierajace te frakcje przewaznie sg stosowane jako
materiat obsypki. W rozprawie doktorskiej zajmowatem si¢ opracowaniem kompleksowe;j
metodyki badawczej obejmujacej proces przygotowania probki piasku pylastego
do dynamicznego badania na stanowisku SHPB z uwzglednieniem wptywu wilgotnos$ci gruntu
oraz proces wstepnego zaggszcezenia tej probki gruntu sposobem wibracyjnym wraz z kalibracja

wyrzutni pneumatycznej SHPB dla preta obcigzajacego — pocisku o réznych dlugosciach
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i predkosci uderzenia. W ramach tej metodyki przeprowadzitem analize badawcza skutkéw
oddziatywania dynamicznego na piasek pylasty wcelu zbadania zmian skfadu
granulometrycznego tego rodzaju gruntu o roéznej zawartosci frakcji pytowej i ilowej oraz
wilgotnosci w wyniku obcigzenia uderzeniowego w zalezno$ci od cisnienia roboczego
wyrzutni pneumatycznej SHPB (predkosci uderzenia preta obeigzajacego — pocisku).

Rezultaty prac zawartych w publikacjach P1 — P5 stanowig warto$¢ dodang do obszaru
inzynierii uderzeniowej w zakresie dyscypliny inzynieria lagdowa, geodezja 1 transport.
Niestabilna sytuacja polityczno-militarno-gospodarcza we  wspotczesnym  §wiecie,
a w szczegdlnosci prowadzone dziatania wojenne we wschodniej czesci Europy, generuja
potrzebg wzrostu poczucia poziomu bezpieczenstwa ludnosci cywilnej poprzez wzmocnienie
elementow obrony cywilnej w zakresie schronow i tymczasowych ukry¢. Jednym z rezultatow
moich prac jest dodatkowe zabezpieczenie tych obiektow budowlanych za pomocag gruntowe;j
warstwy ochronnej z piasku pylastego wspomagajacej efekt absorbcji oddziatywania
dynamicznego. Spowoduje to zwickszenie ochrony balistycznej oraz wybuchowej réznych
budynkow, w tym obiektow obrony cywilnej i konstrukeji infrastruktury krytyczne;.

Badania eksperymentalne wykonane na stanowisku badawczym pn. zmodyfikowany
/dzielony/ pret Hopkinsona na $ciskanie (SHPB) pozwolily na uzyskanie oryginalnego
rozwigzania problemu naukowego. Opracowalem i wdrozytem kompleksowa metodyke
wyznaczenia eksperymentalnych zalezno$ci w zakresie dynamicznych wlasciwosci
mechanicznych gruntéw watpliwych, na przykladzie piasku pylastego podczas Sciskania,
zuwzglednieniem: odksztatcenia, predkosci odksztatcenia, wilgotnosci, zawartos¢ frakcji
drobnych oraz zmiany sktadu granulometrycznego. Koncowy rezultat przeprowadzonych prac
badawczych uzyskalem poprzez kolejne etapy opracowywania poszczegélnych celow
szczegdtowych C1 — C6 (jednoczesnie osiagajac cel gldowny CO0) w ramach zbioru pigciu
powiazanych tematycznie artykutéw naukowych P1 — PS5, ktére zostaly opublikowane
w polskich i zagranicznych czasopismach naukowych. Potwierdzily one postawiong teze
badawcza niniejszej rozprawy doktorskiej.

Wyniki analiz eksperymentalnych odpowiedzi badanych piaskow pylastych
na obcigzenia o duzej predkosci odksztalcenia (HSR) moga by¢ podstawa do zaprojektowania
konstrukeji ochronnych o zwigkszonej odpornosci na oddziatywania dynamiczne. Te kwestie
dotycza gruntow stanowigcych zarowno podtoze gruntowe, jak i rowniez bedacych obsypka
tych konstrukcji. Uzyskane dynamiczne charakterystyki wytrzymato§ciowe gruntu watpliwego
w postaci zmian napr¢zenia w funkcji odksztalcenia o (&) oraz zmian predkosci odksztatcenia

w funkcji odksztalcenia £(€) dla roznych wilgotnosci oraz zawartosci frakcji pytowej i itowej
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stanowig podstawe budowy modeli konstytutywnych gruntéw na potrzeby modelowania
wspotpracy obiektu budowalnego z otaczajacym osrodkiem gruntowym.

Dos$wiadczalnie udowodnitem, ze w przypadku gruntdbw nawodnionych
(W = wgqe) pod wplywem obcigzen dynamicznych woda wspolpracuje ze szkieletem
gruntowym imoze w stopniu wiekszym niz szkielet przenosi¢ obcigzenia $ciskajace
bezposrednio na konstrukcje z niewielkim tylko udziatem szkieletu gruntowego. Oznacza to,
ze nie powinno by¢ sytuacji, w ktorych chroniony obiekt znajduje si¢ w obsypce nawodnione;j.
W takim wypadku obsypka nie bedzie posiadala pozadanych witasciwosci pochtaniajgcych
efekt oddziatywania dynamicznego.

Kolejnym aplikacyjnym rezultatem przeprowadzonych analiz jest okreslenie, ze piasek
pylasty stanowigcy obsypke obiektu powinien by¢ o wilgotnos$ci zblizonej do potowy
wilgotno$ci optymalnej. Zalecenie to wynika z otrzymanej eksperymentalnej zaleznosci,
iz przy tej wilgotno$ci grunt ten uzyska najwieksze zageszczenie pod wptywem obcigzenia
o duzej predkosci odksztatcenia (HSR) oraz w najwigkszym stopniu ulega zniszczeniu struktura
jego szkieletu. To udokumentowane zjawisko fizyczne tlumaczy pochtanianie czgsci energii
uderzenia przez ten gruntowy material ochronny, ktéra powoduje niszczenie szkieletu

gruntowego.
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Abstract: The paper presents a review of crucial experiments and the latest publications, presenting
the previous and current trends in experimental research in 2018-2021 in the area of soil dynamic
interaction based on the Hopkinson bar technique. A review of investigated experimental test
stands was made, in particular, cohesive and non-cohesive soil specimens prepared with different
dimensions and densities. From this study, it can be concluded that the dynamic response of the soil
depends on many factors, e.g., density, cohesion, moisture and grain structure of the soil specimen.
There is still a noticeable interest in SHPB experiments performed in both 1D and 3D versions under
modified conditions (frozen/heated soil specimen, different degree of water saturation content of
the soil sample) in a wide range of strain rates 102-10% s~!, which is a large field for further research.
The need to learn about the characteristics of various types of soil (both cohesive and non-cohesive)
for the selection of structural design solutions for the protection elements of critical infrastructure
was emphasized.

Keywords: high strain rate; soil; split Hopkinson pressure bar; review

1. Introduction

Knowledge of both the static and dynamic behavior of the soil is important in geotech-
nical issues in building construction, in particular in the area of building foundations.
The soil medium may be subjected to various static and dynamic loads. According to
current reports, there are currently many threats to the safety of load-bearing structures of
buildings, including the subsoil [1-3], in particular:

(I)  Threats as a result of natural disasters—floods, landslides, storms, hurricanes, torna-
does, snowstorms;

(I) Threats related to intentional human activity—military and terrorist activities in the
form of a bomb explosion, rocket attack, use of an explosive;

(Il) Threats related to unintended human activity—accidents and collisions, construc-
tion errors of building structures, improper operation and maintenance of building
structures.

Some of these threats (e.g., landslide, missile attack) are dynamic interactions and
generate a soil strain rate of 10°~10* s~1. Further behavior of the soil loaded in this way is
of great importance for the maintenance of the foundation of the building and the possible
consequences in the form of a construction disaster. Construction works can also have a
dynamic effect on the surrounding buildings, e.g., dynamic soil compaction or driving of
foundation piles. There is need to understand the characteristics of different types of soil
(both cohesive and non-cohesive) in the best possible way in order to properly select design
and construction solutions for buildings, protective elements and critical infrastructure. For
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this, a split Hopkinson pressure bar (SHPB) test stand is used. This apparatus allows one
to determine the dynamic characteristics of the analyzed soil and to learn the stress—strain
relationship, taking into account the strain rate for a known density, moisture and grain
structure of the soil specimen. In the case of the procedure of determining the constitutive
model of soil subjected to dynamic action, additional experiments are required to determine
the necessary coefficients and frequencies.

The SHPB stand is designed, depending on its configuration, to test construction mate-
rials for dynamic effects—metal [4-16], concrete [17-20], wood, rocks [21-29], soil [30-50]
and other materials such as polymers, ceramics, etc. [51-58].

The dynamic properties of the soils are also studied using various methods, for
example, bent elements and a resonance column, offering a medium-to-high frequency
spectrum capable of capturing the dynamic constitutive behavior of the soil [59].

In recent years, reviews and comparisons of studies for various strain rates have been
made using the Hopkinson bar technique [60-64]. In the area of soil, significant reviews
were carried out in 2012 [65] and 2015 [66]. The aim of this study was to make a compilation
of the current crucial research trends in the area of soils tested with dynamic interaction
induced by the Hopkinson bar technique.

2. Strain Rate Ranges

Over the last several decades, many experimental devices have been used to deter-
mine the characteristics of the reaction of the impact on materials through the degree of
deformability at various ranges of strain rates. In both the military and commercial civil
industries, the dynamic response of the material is a broad and crucial field for scientific
analysis. Essentially, a general division can be made that materials deform differently under
the action of static and dynamic loads. There are divisions presented in Table 1 according
to the ranges of the strain rate and the corresponding experimental techniques. The data
were compiled based on strain range analyses for various materials [67-69].

Table 1. List of ranges of strain rate and experimental techniques.

Strain Rate (s 1)

Experimental Techniques

108 i Plate impact
_ Inertia Shock/Ultra-high P
10° Important Taylor impact
10* Hopkinson bar
2 High rate
. . Hard impact
Medium rate/ Hydpraulic devices S
0 missiles, rock falls
10 Inertia Intermediate ( ) Ea;thql;ak}f arlld
. induced shocks
102 negligible Quasi-static Plane crash
10—4 Conventional Vehicle impact
10-6 Creep and stress  ¢yo55-head devices Static load
relaxation (consolidation,
10-8 rheology)

The development in the area of conducting experiments of the strain rate of many
materials in various ranges allows for the precise determination of their characteristics and
correlation with the actual conditions of their work. The commonly used experimental
tests are summarized in Table 2; in particular, the respective ranges of strain rates are
included [68].
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Table 2. Experimental research taking into account the ranges of the strain rate.

Strain Rate (s~1) Experimental Techniques

Compression tests

Below 1071 Conventional load frames
10-1-10? Special servo-hydraulic frames
1071-0.5-10° Cam plastometer and drop test
10'-10* Split Hopkinson pressure bar
103-10° Taylor impact test
Above 10° Single- and two-stage gas gun
Tension test
Below 107! Conventional load frames
10~1-10? Special servo-hydraulic frames
102-10° Split Hopkinson pressure bar (in tension version)
10* Expanding ring
Above 10° Flyer plate
Shear and multiaxial tests
Below 1071 Conventional shear tests
10~1-10? Special servo-hydraulic frames
10'-10° Torsional impact
102-10* Split Hopkinson pressure bar (in torsion version)
103-10* Double-notch shear and punch
10%-107 Pressure-shear plate impact

3. SHPB Test Stand and General Principle of the Experiment

The technique of the split Hopkinson pressure bar (SHPB) allows for the study and
analysis of the phenomenon of co-interaction of soils and their behavior as a result of
a dynamic impact with a measuring bar on the tested soil. A schematic visualization
of the split Hopkinson pressure bar is shown in Figure 1 [70] and the actual view of the
experimental stand in Figure 2—both drawings refer to an example of an experimental stand
that is used for teaching and scientific research at the Department of Military Engineering
and Infrastructure within the existing structure Faculty of Civil Engineering and Geodesy
at the Military University of Technology in Warsaw.
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Figure 1. General scheme of the SHPB stand at Department of Military Engineering and Infrastructure,
MUT (reprinted from Ref. [70]).
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Figure 2. Real view of the SHPB stand at Department of Military Engineering and Infrastructure,
MUT (reprinted from Ref. [70]).

The SHPB test stand shown in Figures 1 and 2 consists of the following elements:

A—pneumatic cannon;

B—construction ensuring bar alignment;
C—Dbarrel of loading bar projectile;
D—bar projectile;

E—initiating measuring bar;

F—strain gauge set;

G—rigid confining casing;

H—soil specimen;

I—transmitting measuring bar;
J—damper;

K—laser timekeeping system;
L—measuring device with digital memory and computer software.

In order to facilitate the identification of individual elements of the experimental stand
presented in Figures 1 and 2, the letters from A to L were used. The bar projectile/striker
(D) moves in the barrel of the launcher and increases its speed as a result of frontal pressure;
the compressed air is rapidly released from the pneumatic gun—compressed air is supplied
by the compressor (A). At the moment of leaving the barrel of the launcher, the time is
measured which allows one to determine the speed of the bar projectile/striker at the
moment of hitting the initiating bar. The laser light beam (K) measures the time that the
bar projectile/striker has traveled the previously known measurement distance, e.g., 0.1 m.
When the front of the bar projectile/striker hits the front of the initiating bar (E), an elastic
wave is generated having a compressive nature (the incident wave is responsible for the
formation of the initiating bar deformation e!), which further moves along this initiating
bar toward the tested sample soil (H) placed in a casing/tube (G) dedicated to a given
experiment. When the wave reaches the end of the initiating bar, the phenomenon of
partial wave passage through the tested soil sample toward the transmitting bar (I) takes
place (the transmitting wave is responsible for the deformation of the transmitting bar 7).
The remaining part of the generated wave is partially reflected—it carries out the return
path to the beginning of the front of the initiating bar (the reflected wave is responsible
for the deformation in the initiating bar ¢X). The first part of the wave finally reaches the
shock absorber (J) passing its path through the test sample and the entire length of the
transmitting bar. The generated pulses received from the strain gauges are recorded and
saved using a multi-channel conditioner and recorder (L). Ultimately, the data in the form
of a digital signal will be transferred to dedicated computer software. The illustration of
the described phenomenon is schematically shown in Figure 3 [70].
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Figure 3. Wave diagram showing the phenomenon of propagation of elastic waves in SHPB (reprinted
from Ref. [70]).

As a result of the experiment using the SHPB test stand, it is possible to calculate the
strength dynamic parameters (stress o, strain ¢ and strain rate €). Assumptions must be
made for the further determination of the equations:

Py(t) = Py(t) @™
el(t) +eR(t) = el (1) )
A= Ag ®)

where:

Py—force at the end of the initiating bar;
P,—force at the end of the transmitting bar;

e/ —strain in the bar for the initiating wave;
eR—gtrain in the bar for the reflected wave;
eT—strain in the bar for the transmitting wave;
Ap—cross-sectional area of the sample;
A—cross-sectional area of the bars.

Equation to determine stress o(t) as a function of time:
o(t) = +E-eT(t) 4)

Equation to determine strain €(t) as a function of time:

o 20 [t
e(t)_j:L—O-/O eR (1) dt 5)

Equation to determine strain rate £(f) as a function of time:

i) = ZL'—‘;O-ER(t) ©)

where:

E—Young’s modulus of the material from which the bars are made;
co—elastic wave propagation velocity in the longitudinal direction of the bar;
Lo—sample length.

During the dynamic test using the SHPB stand, certain specific standards are applied—
the test sample in the experiment has a cylindrical shape. For the duration of the experiment,
the soil sample is kept in the casing/tube (Figure 4 [71])—various materials are used to
make the casing/tube, adapted to the conditions of a given test, e.g., steel or duralumin.
The characteristics of the material used and the ratio of the thickness and length of the
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casing/tube allow for uniaxial deformation of the soil sample at the moment of pressing
the front initiating and transmitting bars on both sides of the tested sample fronts.

_measuring
strain gauge‘\ ; {c,' . _casingltube
test soil i . =7 [canfinement)

material

test soil
material

casingtube /M W
(confinement) P Py

Figure 4. Cylindrical soil specimen in casing/tube (reprinted from Ref. [71]).

4. Current Trends in Soil Dynamic Research Using the Hopkinson Bar Technique

As part of this paper, a literature review was carried out in the area of dynamic tests of
cohesive and non-cohesive soils using the Hopkinson bar technique ([61,66]). A compilation
of the current crucial research trends in the area of soils loaded with a dynamic impact by
applying the Hopkinson bar technique in 2018-2021:

e 2018
I

Test Soil Material: Dry and water-saturated sand

Authors: Bragov, A.M.; Balandin, V.V.; Igumnov, L.A.; Kotov, V.L.; Kruszka, L.; Lomunov,
AK

Order of Cited Paper: [72]

Highlights/Abstract: The work presents and analyzes new research achievements in the
field of experimental, theoretical and numerical dynamic sand interaction—experiments
were performed for the cases of sand saturated with water and dry sand, which was
subjected to impact and penetration with the use of cylindrical beaters (the speed range
from 50 to 450 m/s). The reverse experiment technique was used—the end face of the
measuring bar in the variants of the flat, hemispheric and conical heads was dynamically
struck with the use of a container containing sand inside the test heads. It is possible to
determine the parameters of dynamic compressibility and shear resistance of compacted
water-saturated sand as a result of calculations of the maximum and quasi-stationary values
of the resistance to penetration in the variant of a flat-head striker. In accordance with the
conditions of the mechanics of continuous media in the axisymmetric range, a numerical
analysis of the resistance parameter was performed for the penetration of impactors into the
soil medium—this allowed for the determination of the parameters of the Grigoryan model.
A close convergence of the results obtained between the computational and experimental
analysis was confirmed. The thesis is correct that the compacted sand in the variant of
complete saturation with water achieves weaker results of shear properties; nevertheless,
significant values are still maintained for the dynamic impact interaction velocity. Schematic
system for the experimental measurement is shown in Figure 5.
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Figure 5. Schematic system for the experimental measurement of the forces resisting the penetration
process in the reverse test (reprinted from Ref. [72]).

(Imn

Test Soil Material: Water-saturated sand

Authors: Wang, S.; Shen, L.; Maggi, F; El-Zein, A.; Nguyen, G.D.; Zheng, Y.; Zhang, H.;
Chen, Z.

Order of Cited Paper: [73]

Highlights/Abstract: The sand from Stockton Beach, partially water-saturated, was tested
on a split Hopkinson pressure bar to determine the compressive action at high strain rate
in the soil under analysis. The essence of the research was to determine how the saturation
of the sample with water at the existing initial dry sample density affects the selected
parameters: initial deformation, energy absorption and grain crushing in the analyzed
soil from Stockton Beach for specific experimental conditions in the form of average strain
rates between 1 x 10% s~! and 1.3 x 10% s~1. The samples were located inside a cured steel
pipe, and the dry density was determined to be 1.46 g/cm3, 1.57 g/cm® and 1.69 g/cm?
with a water saturation level of the sample from 0% to over 90%. Sand samples with a
density of 1.57 g/cm?® during the test were also placed in polycarbonate chambers—they
have a different wall thickness. After carrying out the tests, it was possible to define the
conclusion that sand with partial water saturation depending on the stress—strain reaction
shows stiffness increasing together with the initial density of the dry sand sample before
water lock-up. This phenomenon is reversed—stiffness decreases with increasing water
saturation in the sample. The tendency to increase the stiffness is generated by the stiffness
of the sample closure only when enclosed in a steel tube. The phenomenon of energy
absorption at the stress level present tends to increase together with a decrease in the
stiffness of the tube casing (softer) and a decrease in the initial density of the dry sand
sample. After the impact was performed in accordance with the test methodology, the
crushed sand grains were collected for checking—a quantitative analysis of the grain
crushing was performed based on Hardin’s relative fracture potential. It was observed that
the occurrence of the sand grain crushing phenomenon increases with the stiffness of the
tube casing and the initial dry density of the sample, while it tends to decrease linearly
with increasing water saturation of the sample. The results of the tests performed are useful
in the calibration and in improving the process of validation of multiphase constitutive
models—it will help in determining the expected dynamic reactions in sands with partial
saturation with water. View of the soil sample inside the tube is shown in Figure 6.
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Figure 6. View of the soil sample inside the tube made of EN26 steel and 2.0/3.5 mm thick polycar-
bonate with measuring bars (reprinted from Ref. [73]). Dimensions are given in millimeters.

(I11)

Test Soil Material: Sands - Ottawa sand, Euroquartz Siligran, Q-Rok

Authors: De Cola, F.; Pellegrino, A.; Glofiner, C.; Penumadu, D.; Petrinic, N.

Order of Cited Paper: [74]

Highlights/ Abstract: The experiment used a test stand in the elongated bar module—long
split Hopkinson pressure bar (LSHPB). Load pulses in the range of up to 1.1 ms were
generated. The study analyzed the dependence of the quantitative mechanical reaction of
sand on compression at high strain rate (HSR) depending on the influence of the following
factors: soil grain shape, size distribution of individual sand fractions, intergranular friction,
confinement and initial compaction state. The applied test variant allowed determining
the set of dynamic reactions of various types of sand in a wide strain rate range—sand
samples have a compaction factor ranging from low to the highest compaction (which
means the case of the lowest initial porosity coefficient). The total research analysis was
based on the three types of sand used in the experiment: quasi-spherical Ottawa sand, sub-
grained Euroquartz Siligran and polyhedral grain-shaped Q-Rok. For the given types of
sand, the phenomena of morphology and grain size were investigated, which clearly affect
the mechanical reaction in the compression variant. During the experiment, conditions
enabling quasi-uniaxial strain and quasi-uniaxial stress were provided through the use
of stiff (Ti64) and less rigid, deformable (latex) tube casing. An innovative achievement
of this work was the determination of the effect of intergranular friction on the example
of Euroquartz sand with a polymer coating. Sample preparation procedures based on
representative initial consolidation states were used to maintain the realistic ranges in
natural soil states from loose to dense. The conducted research is important because the
results allow relating the determined parameters of the mechanical dynamic reaction in
the case of HSR to the appropriate constitutive models. Long split Hopkinson bar setup is
shown in Figure 7 and view of a casing made of (a) stainless steel and (b) latex is presented
in Figure 8.
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Figure 7. Long split Hopkinson bar setup (reprinted from Ref. [74]).
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Figure 8. View of a casing made of (a) stainless steel and (b) latex (reprinted from Ref. [74]).

(Iv)

Test Soil Material: Quartz sand

Authors: Barr, A.D.; Clarke, S.D.; Tyas, A.; Warren, J.A.

Order of Cited Paper: [75]

Highlights/Abstract: In order to protect against the negative effects of events and various
activities, e.g., explosion or fragmentation, gabion structures are used (a gabion structure
is filled with one or more types of soil). The characteristic feature of these events is the
strain rates and stresses at the time of their occurrence. The influence of water content in
the soil in the gabion structure on the strength of the entire structure was observed—the
situation of large strain rates and stresses in partially water-saturated soils is not fully
known and discussed. Falling soil is a wide field for deepening further research—the
behavior of this soil in the area depending on different compaction in different situations,
e.g., external ballistics of a projectile requires further analyses. The paper presents tests of
the compaction and compressibility of quartz sand based on the SHPB stand, depending
on the sample’s water saturation level (loose soil, up to 15% water content). On the other
hand, for a well-compacted sample, the water content from 0% to 7.5% decreased the
characteristic stiffness of the loose soil. In terms of the water content level above 7.5%, the
situation of full water-saturated soil samples occurred. Before full water-saturated (below
7.5%), additional water did not result in the stiffness of the loose soil. However, after full
water-saturated (above 7.5%), additional water in the soil pores increased the stiffness of
the loose soil. Schematic system of a modified Hopkinson bar is shown in Figure 9 and
section detail of specimen confinement is presented in Figure 10.
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Figure 9. Schematic system of a modified Hopkinson split pressure bar for dynamic loading (reprinted
from Ref. [75]).
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Figure 10. Section detail of specimen confinement (reprinted from Ref. [75]).

e 2019
v)

Test Soil Material: Calcareous sand

Authors: Lv, Y,; Liu, J.; Xiong, Z.

Order of Cited Paper: [76]

Highlights/Abstract: The study focused on the analysis of calcareous sand in the area of
high strain rates (HSRs)—it exhibits different characteristics compared to other soils, e.g.,
silica sand. The phenomenon of high strain rates occurs in many events and situations, e.g.,
dynamic driving of piles forming the pile foundation, mining and extraction of natural
resources and utility loads caused by the movement of cars/airplanes/other vehicles.
The experiment used the split Hopkinson pressure bar stand in the implementation of
the calcareous sand reaction test cycle. Soil samples placed in a steel tube/casing were
tested after dynamic impact, and the results were compared to the known values of the
relative density and strain rate of exemplary reactions and dynamic properties of other
loose soil, e.g., silica sand. In total, 6 validation tests were performed in the bar-bar
version and 16 comparative tests for the dynamic properties of calcareous sand (the results
were compared with silica sand). Different particle sizes, their non-annual shapes and
internal composition resulted in significantly different results of the dynamic reaction of
the compared soil samples—the dynamic stiffness of calcareous sand is about 10 times
lower than the dynamic stiffness of silica sand. Calcareous sand is porous in nature, and in
a dynamic experiment, the grains were finally crushed after the plasticity and hardening
of individual grains in the soil skeleton. The destruction mechanics of a single calcareous
sand particle starts with local instability and extends until it fully breaks the particle as a
result of an increase in the value of the load effect. Schematic view of SHPB is shown in
Figure 11.
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Figure 11. Schematic view of SHPB test with a soil specimen (reprinted from Ref. [76]).

(VD)

Test Soil Material: Calcareous and silica sand
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Authors: Lv, Y,; Wang, Y.; Zuo, D.

Order of Cited Paper: [77]

Highlights/ Abstract: The paper presents a research cycle using the split Hopkinson pres-
sure bar stand for porous, calcareous and solid silica sands analysis. Samples of dif-
ferent grain sizes were used—fractions in four variants: 0.15—0.30 mm; 0.30—0.60 mm;
0.60—1.18 mm; and 1.18—2.00 mm. In the study of quartz sand, it was observed that the
particle size has a significant impact on the reaction of the sample subjected to dynamic
impact—the phenomenon of particle crushing appears, mainly in the last part of the strain-
hardening process. Similar behavior also occurs in calcareous sand analysis; however,
it continues throughout the loading process. It was measured by the fractal dimension
approach that the inherent compliance trait in the crushing process of calcareous sand
compared to silica sand is approximately 1.2 times stronger. Both experimental soils show
opposite behaviors in terms of particle size—the larger the particle size, the more noticeable
is the opposite process of changes in the void ratio and friction angle as a result of different
inter-particle voids and mineral composition in these samples. Schematic view of SHPB
test stand is shown in Figure 12.

Specimen:

Steeltube  sand  Plaien i Dal:tuL'L;uis'Lliunmudrccurding:sysle
; - -

! Note: 3G mdicates
¢ semiconductive strain gauge

~ Pre-amplified

. & .
Gus gun ) Splﬁrdumclur ? Hull\'-hullalumhr: dg" H DﬂS]’!PU‘
| Sl?kcrbar / meidentbar F‘;pccli men ' | Transmission bar !
) s (e ses— -
Siriker launching sysiem | f’uls:e::ha]!er Bar components '

Figure 12. Schematic view of SHPB test stand (reprinted from Ref. [77]).

(VID

Test Soil Material: Calcareous sand

Authors: Wen, S.; Zhang, C.; Chang, Y.; Hu, P.

Order of Cited Paper: [78]

Highlights/ Abstract: An experiment was performed on a calcareous sand sample using
a split Hopkinson pressure bar with a bar length of 100 mm in order to analyze the
mechanical properties for the dynamic impact case. In the study, the sample was closed
in a casing/tube, and there were different test conditions: strain rates in the range of
500—800 s~ ! and pressure in the range of 0—200 MPa. An experiment was also carried
out to determine the mechanical properties in the static variant in the HUT106D universal
testing machine. Calcareous sand was tested under generally similar conditions as in the
dynamic test—the differences were the strain rate of 2:1073 s~! and the pressure in the
range of 0-120 MPa. Firstly, it was observed that after exceeding a certain limit value of the
dynamic load, the influence of the initial pressure on the dynamic mechanical properties
of the calcareous sand sample was reduced. Another conclusion was the possibility of
using the Tait equation of state to present the dependence of hydrostatic pressure-volume
strain in the calcareous sand sample used for the experiment in both analyzed situations—
dynamic and static study. The last observation was the statement that the strain rate effect
is well demonstrated by the volumetric compression degree of the analyzed calcareous
sand sample. Schematic view of the SHPB test system and calcareous sand specimen are
shown in Figure 13.
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Figure 13. Schematic view of the SHPB test system and calcareous sand specimen (reprinted from
Ref. [78]).

(VIID

Test Soil Material: Carbonate sand

Authors: Xiao, Y,; Yuan, Z.; Chu, J; Liu, H.; Huang, J.; Luo, S.N.; Wang, S.; Lin, J.

Order of Cited Paper: [79]

Highlights/ Abstract: The paper presents tests on carbonate sand samples as part of com-
pression experiments: (a) with the use of the Materials Testing System for quasi-static
testing and (b) with the use of split Hopkinson pressure bar for dynamic testing. In order
to precisely define the particle size distributions (PSDs) in the analyzed carbonate sand
samples in the pre-test and post-test situations, laser diffractometry was used. The results
presented in the form of stress—strain curves prove that the carbonate sand used in the
experiment reveals the influence of the strain rate effect. On the basis of the stress—strain
curves, a different course of the graph was also observed for the results obtained between
the tests: (a) of a quasi-static nature and (b) of a dynamic impact character. The experiment
conducted under various conditions of the values of the occurring stresses and input energy
showed a different range of the phenomenon of particle fracture—it was determined in
detail based on the PSD in the situation before the test and after the test. The phenomenon
of susceptibility to breaking of soil particles is greater in the test (a) with a quasi-static load
than in the test (b) with a load resulting from a dynamic impact. For the identical value of
the stress level, the breaking susceptibility of carbonate sand particles subjected to the test
(b) with a load of a dynamic impact is lower than in the test (a) with a quasi-static load than
in the test. Another observation was the conclusion that the fracture mechanism depends
on the level of stress values—the mechanism takes the form of attrition and abrasion for
low stress values, but the mechanism for high stress values is fracture. General diagram of
SHPB system is shown in Figure 14.
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Figure 14. General diagram of SHPB system (reprinted from Ref. [79]).

(IX)

Test Soil Material: Frozen Silty Clay

Authors: Ma, D.; Ma, Q.; Yao, Z.; Yuan, P.; Zhang, R.

Order of Cited Paper: [80]

Highlights/ Abstract: The modified split Hopkinson pressure bar test stand allows you to
analyze the dynamic behavior of a silty clay sample in an additional test module—artificial
frozen sample. The dynamic hitting of a bar allows one to obtain the stress—strain depen-
dency graph. The experiment enables the determination of several dynamic soil parameters:
dynamic compressive strength, dynamic deformation modulus, energy dissipation and
failure mode in the prepared sample, taking into account the axial precompressive stress
ratio. During the study, the possibility of dividing the stress—strain dependency graph
obtained in uniaxial and one-dimensional dynamic impact conditions into four segments
was observed: (a) compaction part, (b) elastic part, (c) plastic part and (d) failure part.
There was a noticeable trend of increasing values and successively decreasing them as
the axial compressive stress ratio grows—the process takes place for selected dynamic
parameters (e.g., dynamic compressive strength, deformation modulus for (a) compaction
part, deformation modulus for (b) part elastic and absorbed energy density of the ana-
lyzed soil sample). For the axial compressive stress ratio with a value of 0.4, there is an
observation that signs of the spall phenomenon are visible around the circumference of the
sample, while in the central area of the sample, there is no disturbance to the soil structure.
Only for the axial compressive stress ratio with a value from 0.7 to 0.9 are the signs of
the shear failure process visible. There is a dependence that the higher the value of the
axial compressive stress ratio, the stronger the result of the destruction process on the
shear surface—for an axial compressive stress ratio of 1.0, the crush failure variant follows.
Modified SHPB test stand is shown in Figure 15.
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Figure 15. Modified SHPB test stand with frozen soil specimen - silty clay (reprinted from Ref. [80]).
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e 2020
X)

Test Soil Material: Volcanic sand

Authors: Varley, L.; Rutherford, M.E.; Zhang, L.; Pellegrino, A.

Order of Cited Paper: [81]

Highlights/ Abstract: Based on the split Hopkinson pressure bar test stand in the variant
with an elongated bar, the soil was analyzed on the example of volcanic sand from Mount
Etna in order to test the dependence of sample water moisture and the initial compaction
coefficient to maintain dynamic soil subjected to a load by a projectile impact. The result
of the experiment was the determination of, e.g., a graph of the dynamic dependence of
stress—strains ultimately ending with a significant value of compressive strains. One of
the assumptions of the experiment was to reflect the natural conditions of Mount Etna as
much as possible in the research room. Volcanic sand samples with different characteristic
parameters were used for the tests—samples with different percentages of water moisture
and the initial porosity index. As part of the analysis, a significant influence of water
(depending on the amount of its presence in the sample) on the dynamic behavior of
the sample subjected to a dynamic impact with a bar was observed. The volcanic sand
sample with low water content in the soil pores behaved similarly to the sample in dry
conditions. It could be observed that a sample with a high percentage of water in the
pores (water-saturated sample) has a significant dynamic reaction—water behaves like an
incompressible material at the moment of dynamic impact, and there is a visible increase
in the stiffness phenomenon at the strain of volcanic sand sample. When the sample is
loaded in the quasi-static variant on a universal machine at a low strain rate, no significant
influence of the water content in the sample on its behavior is observed. Additionally, an
edge detection study was performed for the determination and comparative analysis of
the grain fraction of the volcanic sand samples used in the experiment. Split Hopkinson
pressure bar system is shown in Figure 16.

inpl‘Jt bar sample supports momentum trap
striker &= = I"\I = | .l v - I'g Z
R S /I R |

strain gauges output bar

5 mm
—

anvil

120 mm

£ sample
£
g ™ B sand
~—steel tube ‘Jvoaf?esr
" L i
20 mm
-+ L4

Figure 16. Split Hopkinson pressure bar system with soil specimen (reprinted from Ref. [81]).

(X1)
Test Soil Material: Coral sand
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Authors: Dong, K.; Ren, H.; Ruan, W.; Ning, H.; Guo, R.; Huang, K.

Order of Cited Paper: [82]

Highlights/ Abstract: The split Hopkinson pressure bar test stand with a measuring bar
diameter of 37 mm was used for experiments with two different coral sand samples in
order to determine the strain rate dependence under dynamic loading of soil samples.
One-dimensional stress-strain plots in various ranges of the strain rate 460 to 1300 s~! were
determined as a result. The analysis also used the results obtained from the static machine
for the strain rate 10~* s~!two types of coral sand showed different dynamic and static
reactions during the experiment. As a conclusion, it was proposed that the susceptibility
of a given type of coral sand to the strain rate is significantly dependent and related to
the internal structure of grains, soil pores and the phenomenon of inter-particle friction.
Additionally, proposed models supporting dynamic numerical calculations of coral sand
samples as a result of dynamic impact were presented. SHPB experiment section for coral
sand specimen is shown in Figure 17.

S

.'-r, 7 N W, B .08 g s \\\ \“"
/ e / \\\\\\\ ,7 //// 'l'ran\smission
Inu((z;;ltl} barfX platen [ Platen’]  bar
PPN =7 K
/ // // \‘\\\_ 7 / //;/ \\\‘:‘
v 7 / i |

Figure 17. SHPB experiment section for coral sand specimen (reprinted from Ref. [82]).

(XII)

Test Soil Material: Calcareous sand

Authors: Zhao, Z.; Qiu, Y.; Zi, M.; Xing, H.; Wang, M.

Order of Cited Paper: [83]

Highlights/ Abstract: As part of the experiment, the split Hopkinson pressure bar test stand
was used to determine the effect of different levels of water content in calcareous sand
samples under the conditions of one-dimensional state. During the research, the strain rates
were obtained in the range of 209—1137 s~ 1. During the experiment, it was observed that
the correctness of the results significantly depends on the observance of the axial condition
of the measuring bars and the performance of the calibration procedure of the characteristic
parameters (e.g., sensitivity coefficient) of the set of measuring strain gauges located on the
measuring bars. In the study, calcareous sand samples in the water unsaturation variant
(low water moisture in the sample) were analyzed in detail, and a proposal of a dynamic
behavior model was presented as a result of the stress—strain curve analysis. The impact of
the limit strain value of 0.025 on the tangential modulus was observed in the tested soil
type—the tangential modulus value was lower for the dry sample than for the wet sample
for strain <0.025, and the tangential modulus value was greater for the dry sample than for
the wet sample for strain >0.025. Schematic view of SHPB test stand is shown in Figure 18.
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Figure 18. Schematic view of SHPB test stand (reprinted from Ref. [83]).
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(XIII)

Test Soil Material: Calcareous sand

Authors: Lv, Y,; Li, X.; Wang, Y.

Order of Cited Paper: [84]

Highlights/ Abstract: When conducting experiments using the Hopkinson technique at
high strain rates, the phenomenon of dividing into smaller parts of angular and porous soil
grains takes place—in this study, calcareous sand was analyzed. In addition to observing
this process, it is also worth quantifying how many grains it concerns. A series of tests
were performed and analyzed using the split Hopkinson pressure bar test stand to discuss
how various variable conditions in the test (impact energies, relative densities, water
moisture content and particle gradations) affect the phenomenon of calcareous sand grain
breakage. It was observed that the process of grinding and reordering the soil grain
structure continues during the entire dynamic loading process—it results from the analysis
of the stress—strain curve of the tested soil sample in an almost linear form. The parameter
relating to the particle breakage depends in an exponential way on the value of the impact
energy of the bar projectile. In the beginning, for a soil sample with a low water content,
a decrease in the particle breakage phenomenon is observed; a further increase in the
soil moisture level causes an increase in the occurrence of particle breakage during the
observation. The result of the study is also the conclusion that (a) for calcareous sand
samples when saturated with water, larger-diameter particles are damaged more, and those
with small diameter are less damaged, and (b) for calcareous sand samples with low water
saturation or dry, particles with a small diameter are more damaged in the process, while
those of a larger diameter are less damaged. SHPB test system with sand specimen is
shown in Figure 19.
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Figure 19. SHPB test system with sand specimen (reprinted from Ref. [84]).

(XIV)

Test Soil Material: Frozen soil

Authors: Zhang, F,; Zhu, Z.; Fu, T Jia, J.

Order of Cited Paper: [85]

Highlights/Abstract: The paper deals with the subject of dynamic mechanical properties
as a result of tests using the split Hopkinson pressure bar test stand under HSR conditions
for an experiment with a soil sample in the variant of a reduced temperature (frozen soil).
The study focused on the process of changing the wave impedance value for the case of a
frozen soil sample. A concordance was observed between the viscoelastic theory record and
the wave impedance increase experiment when the sample was prepared by freezing. The
indicated phenomenon results from the relaxation of water that has not been completely
frozen—it results in an increase in the maximum stress values as a result of a dynamic bar
impact on a frozen soil sample. The work used the effective medium theory by taking into
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account the macroscopic parameter (velocity of the propagated wave) and the mesoscopic
parameter (random or vertical microcrack mesh density), assuming the variable damage as
the longitudinal wave propagation speed. The Zhu-Wang-Tang model was included in the
dynamic analysis, which, for the Maxwell element (in the form of low-frequency parameters)
in the assumed conditions of a frozen soil sample, did not finally fulfill the properties of a
simple spring—this correlates with the observed macroscopic properties of the soil sample in
the freezing variant. The result of the work was the development of a dynamic constitutive
model for the analyzed soil type in the frozen sample variant (empirical and experimental
results are comparable). Split Hopkinson pressure bar system is shown in Figure 20.
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Figure 20. Split Hopkinson pressure bar system (reprinted from Ref. [85]).
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(XV)

Test Soil Material: Silty sand

Authors: Chmielewski, R.; Kruszka, L.; Rekucki, R.; Sobczyk, K.

Order of Cited Paper: [71]

Highlights/ Abstract: Silty sand was subjected to a dynamic impact bar on a split Hopkinson
pressure bar test stand. The aim of the experiment was to obtain the dependence graphs
of stress—stain curves and strength dynamic parameters under changing conditions: (a)
different strain rate values and (b) different values of water moisture in the sample. In the
study, the possibility of sideways deformation of the sample was limited by sufficiently high
tube/ casing stiffness, obtaining oedometric conditions. A sieve analysis of the soil sample
was performed, and the percentage content of individual fractions was determined—the
largest percentage is the fine fraction. The use of the analyzed silty sand sample in a rigid
casing/tube made of duralumin material allows the assumption of uniaxial deformation
conditions in the experiment. The digital data recording was transferred to the computer
through the use of a set of strain gauges on each of the two bars that were elements of the
test stand (initiating bar and transmitting bar). An additional set of strain gauges was also
glued onto the rigid casing/tube for peripheral results. During the experiment, the nature
and values of the curves of three types of waves were determined—incident, reflected
and transmitted waves created as a result of a dynamic impact with a bar. Soil samples of
dominant sandy fractions and silts showed different density values in the standard optimal
humidity test (Proctor test) than in the case of dynamic compaction under HSR (high strain
rate) conditions. The cause of the phenomenon is a change in the type of soil particles
through the fracture mechanism of the soil structure as a result of a large increase in the
damage energy balance from bar impact. A unique element of the work was that it carried
out and showed the results through a particle size distribution test curve for two different
types of silty sand samples. Detailed view with the sample in contact with the fronts of
both measuring bars is shown in Figure 21.
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Figure 21. Detailed view with the sample in contact with the fronts of both measuring bars (reprinted
from Ref. [71]).

(XVI)

Test Soil Material: Frozen soil

Authors: Zhu, Z.; Fu, T.; Zhou, Z.; Cao, C.

Order of Cited Paper: [86]

Highlights/ Abstract: An important area in the construction industry is the influence
of temperature (e.g., the situation between summer and winter) on dynamic reactions
resulting from the influence of dynamic load. The study analyzed the dynamic mechanical
properties of the soil sample in the freezing variant—soil samples with a water content
of 20% and freezing temperatures of different values were tested on a split Hopkinson
pressure bar test stand, where the soil was impacted by a dynamic bar projectile. The
research on the dynamic reaction focused on two areas: (a) increase in the temperature of
the soil sample and (b) mechanism of the failure process. During the development of the
experiment results, the Ottosen model was used, including the assumptions and conditions
of thermal activation theory, and consequently, the rate damage equation was determined.
The final conclusion was the recommendation that an improved non-linear mode should
be used for the dynamic and mechanical analysis of soil. General view of SHPB test system
is shown in Figure 22.
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Figure 22. General view of SHPB test system (reprinted from Ref. [86]).

(XVII)

Test Soil Material: Sandy soil

Authors: Li, T,; Li, G,; Ding, Y.; Kong, T.; Liu, J.; Zhang, G.; Zhang, N.

Order of Cited Paper: [87]

Highlights/ Abstract: The paper analyzes sandy soil samples—it is a type of soil that often
occurs in nature as a type of geotechnical material. Based on the tests on the SHPB test
stand, the variable test conditions were analyzed, such as soil sample moisture and soil
sample compaction value on the response of dynamic mechanical properties as a result
of the dynamic load of the bar projectile. It was observed that dry or low-water sandy
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soil samples for the strain rate values between 500 and 2200 s~ ! were characterized by an
increase in the dynamic reaction. The dynamic response can be enhanced by changing
the sample conditions—higher water content in the soil (sample hydration) and a higher
degree of compaction (additionally densifying the sample). It was shown that the results
of the experiment for the soil with comparable values of the compaction degree of 97.5%
and 100% had no significant differences; only significant deviations in the results were
observed when comparing these values with 95%. It was also observed that the degree of
humidity at the level of 15% causes an increase of about two times the dynamic mechanical
properties in comparison with the soil samples with low water content. Another important
factor is the type of the sleeve material—the sandy soil sample shows a different response
to the dynamic impact of the bar projectile between the situation with the steel sleeve and
the aluminum sleeve. The phenomenon is a result of the conditions for the triaxial stress
state and the level of the Poisson’s ratio value—assuming the same strain rate value, the
sandy soil sample in the steel sleeve will show fewer dynamic properties than the sandy
soil sample in the aluminum sleeve. Schematic view of SHPB test stand and a specimen are
shown in Figure 23.
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Figure 23. Schematic view of SHPB test stand and a specimen (reprinted from Ref. [87]).

(XVIII)

Test Soil Material: Frozen soil

Authors: Li, B.; Zhu, Z.; Ning, J.; Li, T.; Zhou, Z.

Order of Cited Paper: [88]

Highlights/ Abstract: The paper focuses on the analysis of the effect of the complex freezing—
thawing process for the values of dynamic mechanical properties of soil samples subjected
to dynamic loading from a bar projectile/striker impact. The experiment used a split
Hopkinson pressure bar test stand with a soil sample and a variable in the form of the
number of freeze—thaw cycles performed and different temperature levels of these cycles.
A significant influence of the number of performed freezing—thawing complex processes
on the dynamic reaction of the soil sample was observed. The following results were
observed on the basis of the test cycle: (a) the greater the number of freeze—thaw cycles, the
lower the maximum stress values in the soil sample; (b) the limit number of freeze—thaw
cycles for a balanced state of stress values in the sample is in range from 3 to 7; and (c) the
lower the sample temperature in the freeze-thaw cycle, the lower the maximum stress
values achieved. The study combined the discretized Zhu-Wang-Tang model and the
theory of plasticity according to the condition of the plastic Drucker—Prager criterion. As
a result of this integration, a constitutive model was developed taking into account the
viscoelastic-plastic character area of the soil model dynamically loaded with a bar impact in
the range of variable temperature conditions of the freeze—thaw cycle process. Finally, the
results of the SHPB test were confirmed with the constitutive model developed. Research
procedure of the conducted SHPB experiment is shown in Figure 24.
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Figure 24. Research procedure of the conducted SHPB experiment (reprinted from Ref. [88]).

(XIX)

Test Soil Material: Frozen soil

Authors: Jia, J.; Tang, H.; Chen, H.

Order of Cited Paper: [89]

Highlights/ Abstract: The paper presents the results of the experiment carried out on
the basis of the split Hopkinson pressure bar test stand for various strain rates with
the use of a soil sample in a variable temperature variant—the sample was frozen. The
result of the research is a graphical plot of the strees—strain variability in the analyzed
soil sample dynamically loaded with bar projectile. It was observed that during the test
of a frozen soil sample with a dynamic load caused by a bar impact, the shear fracture
phenomenon appears near the elastic limit. As a result, the ability of water to maintain
bearing capacity (in frozen form—ice) in the pores of the soil is significantly lost. The
role of stress transmission is mainly performed by the soil skeleton. In addition, it was
established that there is a visible relationship between the strain rate values and the levels
of freezing temperature used for the experiment, affecting the results of the study in the
form of dynamic mechanical properties in soil samples. It was observed that (a) soil
parameters’ secant modulus, elastic modulus and strength increase their values for the case
of an increase in the loading strain rate value; (b) soil parameters secant modulus, elastic
modulus and strength increase their values when the freezing temperature of a soil sample
is lowered; and (c) as a result of a dynamic impact of a bar projectile on the sample: strain
of the soil sample, damage propagation and the process of phase transformation of melting
from ice into water by providing additional energy. General view of SHPB system is shown
in Figure 25.

Gas Gun  Striker Incident Bar Transmission Bar Momentum Bar
-/ B — B —
J ! I ~ | 1
3 Ef +— .
Pulse Shaper Strain Gages Specimen Strain Gages Momentum Trap
Wheastone

Bridge Ultra-dynamic Bridgs

Strain Gauge
Figure 25. General view of SHPB system (reprinted from Ref. [89]).

5. Discussion

This paper focuses mainly on tests with measuring bars in the compression module.
However, this method does not allow us to find out the full characteristics of the tested
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sample. In tests using the Hopkinson technique, various modules of the Hopkinson bar
can be used to determine the dynamic mechanical properties of the tested soil samples (or
other samples, e.g., steel, concrete, ceramics)—the appropriate module should be selected
depending on the type of sample of the tested material and the results sought:

- Compression;

- Tension;

- Shear;

- Crack resistance;

- Dynamic friction;

- Hardness (penetration);

- Bauschinger effect;

- Brazilian test (splitting test).

The main focus of this review in Section 4 is the compilation of selected experiments
using the compression module through dynamic testing using the split Hopkinson pressure
bar in the 1D configuration. The 1D configuration is more often used and more common in
various universities /research centers around the world than the 3D configuration—it can
be noticed by comparing the highlights/abstracts from Section 4. The limitations of using
the Hopkinson technique are shown in Table 1—the key is the strain rate expected to be
obtained by the researcher. For Hopkinson's technique, the strain rate range is between
the values 102-10* s~!. In order to determine the mechanical properties of the tested soil
sample in other ranges of the strain rate, a different test stand should be used:

- For the range ultra-high strain rate 10*~10% s~!—Taylor impact/plate impact;
- For the range medium strain rate 10°-10° s’l—hydraulic devices;

- For the range quasi-static and creep and stress relaxation strain rate 100-10~8 s~
conventional cross-head devices.

1_

Experimental research taking into account the ranges of the strain rate is summarized
in Tables 1 and 2.

Analyzing critically the observations and achievements of the publications presented
in Section 4, attention should be paid mainly to:

(a) The type of soil used in the tested samples

There is a greater tendency to conduct research in non-cohesive types of soil (mainly
sandy) than in cohesive soils:

- Quartz sand—a particularly good analysis was performed in [75], where the conclu-
sion is valuable that before full water-saturated (below 7.5%), additional water did
not result in the stiffness of the loose soil. However, after full water-saturated (above
7.5%), additional water in the soil pores increased the stiffness of the loose soil;

- Calcareous sand—a very good analysis was performed in [78], where a valuable note
is that after exceeding a certain limit value of the dynamic load, the influence of the
inijtial pressure on the dynamic mechanical properties of the calcareous sand sample
was reduced;

- Carbonate sand—a particularly good analysis was performed in [79], where the
important conclusion is that the fracture mechanism depends on the level of stress
values—the mechanism takes the form of attrition and abrasion for low stress values,
but the mechanism for high stress values is fracture;

- Volcanic sand—a particularly valuable analysis was performed in [81], with a con-
clusion that a sample with a high percentage of water in the pores (water-saturated
sample) has a significant dynamic reaction—water behaves like an incompressible ma-
terial at the moment of dynamic impact, and there is a visible increase in the stiffness
phenomenon at the strain of volcanic sand sample;

- Coral sand—a particularly good analysis was performed in [82], where an important
observation is that the susceptibility of a given type of coral sand to the strain rate is
significantly dependent and related to the internal structure of grains, soil pores and
the phenomenon of inter-particle friction;

-77 -



Materials 2022, 15, 274

- Silty sand—a particularly valuable analysis was performed in [71], where a unique
element of the work was that it carried out and showed the results through a particle
size distribution test curve for two different types of silty sand samples subjected to
the same bar-projectile impact.

Particularly valuable are comparative analyses of dynamic research of two or more
types of soil:

- In [74], the soil quasi-spherical Ottawa sand, sub-grained Euroquartz Siligran and
polyhedral grain-shaped Q-Rok research was conducted, where an innovative achieve-
ment of this work is the determination of the effect of intergranular friction on the
example of Euroquartz sand with a polymer coating;

- Dynamic calcareous and silica sand studies were performed in [77], where the impor-
tant conclusion is that experimental soils show opposite behavior in terms of particle
size—the larger the particle size, the more noticeable is the opposite process of changes
in the void ratio and friction angle as a result of different inter-particle voids and
mineral composition in these samples.

On the other hand, a smaller tendency for experiments is visible for cohesive soils;
nevertheless, the results are equally important for tests in non-cohesive soils. In [80],
dynamic studies of silty clay were performed, where it is worth noting the conclusion that
there is a dependence that the higher the value of the axial compressive stress ratio, the
stronger the result of the destruction process on the shear surface—for an axial compressive
stress ratio of 1.0, the crush failure variant follows.

(b) The level of water content in the tested soil sample

Many experiments cited in this paper showed the influence of water content in the
sample on the dynamic mechanical properties of the soil. In all analyzed studies, it was
observed that such a dependence of the influence of water in the sample on the results of
dynamic soil behavior is true. In the vast majority of studies, the situations between the dry
state of the sample and the state of full water saturation in the sample are compared [72].
Experiments with soil samples with several levels of water content are also valuable—in
the work of [71], samples with four different levels of water content were tested, where
these values were related to the optimal humidity. It can be seen that the level of optimal
humidity is a clear border of the different dynamic responses of the non-cohesive soil
sample. It is valuable to compare the dynamic reaction of the soil for extreme situations—a
dry sample and a sample fully saturated with water. In [72], the key conclusion is that the
compacted sand in the variant of complete saturation with water achieves weaker results
of shear properties; nevertheless, significant values are still maintained for the dynamic
impact interaction velocity. Additionally, in [73], it is important to conclude that sand with
partial water saturation depending on the stress—strain reaction shows stiffness increasing
together with the initial density of the dry sand sample before water lock-up and stiffness
decreases with increasing water saturation in the sample.

(c) Non-standard temperature conditions of the soil sample

As aresult of the ongoing climate change, it is crucial to understand soil characteristics,
including soil dynamic properties, in various temperature ranges inside the soil sample.
The main focus of the research area is focused on experiments with a frozen soil sample.
A valuable observation was obtained in [89] that during the test of a frozen soil sample
with a dynamic load caused by a bar impact, the shear fracture phenomenon appears near
the elastic limit. As a result, the ability of water to maintain bearing capacity (in frozen
form—ice) in the pores of the soil is significantly lost. In the area of research with non-
standard soil temperature, experiments as part of the complex freezing—thawing process
are of particular importance. In [88], unique tests of subjecting a soil sample to dynamic
action after carrying out freeze-thaw cycles were performed. The important conclusions
from the experiment were that the greater the number of freeze-thaw cycles, the lower the
maximum stress values in the soil sample, and the lower the sample temperature in the
freeze-thaw cycle, the lower the maximum stress values achieved.
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Another research path that allows for dynamic soil experiments is the possibility of
using the Hopkinson technique in a 3D configuration—triaxial Hopkinson bar. Publica-
tion [90] presents the original version of the research using the Hopkinson technique—the
three-dimensional SHPB test stand. The difference of the SHPB test stand between the
1D and 3D configuration is that 1D is one-dimensional dynamic impact and 3D is limited-
pressure dynamic impact.

Using a rigid confining casing allows one to achieve a situation where the radial
strain values are zero. In this 3D configuration, there is an additional bar—radjial bar,
which contacts directly and perpendicularly with the surface of rigid confining casing in
accordance with Figure 26.

» ._-;:,_3

Transmitler bar

Striker bar Incident bar

Specimen in rigid
confining cylinder

Figure 26. Diagram of the three-dimensional SHPB test stand (reprinted from Ref. [90]).

The equipment in the 3D configuration consists of: two axial measuring bars (initiating
bar and transmitting bar), which allow one to measure the forces and displacements of
the measuring bars axially in the X direction, and an additional one in the 3D radial bar
configuration in the Y direction, which allows one to perform a radial stress measurement
during the experiment. The main advantage of the 3D configuration was indicated—it
enables the measurement and obtaining a comprehensive three-dimensional soil reaction to
the dynamic impact. The dynamic response is more extensive compared to the classic 1D
SHPB configuration. Publications [91,92] show another advantage of the 3D configuration
as the widespread use of this variant of the experiment to measure the shear strength of
a soil sample. It is possible to determine the dynamic characteristics of the soil response
to HSR. An example of research on the dynamic behavior of sand samples (in conditions
without drainage) was used to determine the influence of strain rate in the stress—strain
relation. The main result shows an additional advantage of this configuration and indicates
that the dynamic response of the soil sample as a stress—strain relation is more sensitive to
the adopted pressure value in the test and not very sensitive to the level of loading rates. The
final results in the 3D configuration may be the basis for the development of a constitutive
model of this soil as a result of taking into account the triaxial stress state. Publication [93]
shows a diagram of a triaxial Hopkinson bar test stand (Figure 27). The equipment is a
research system that allows one to perform dynamic experiments in the uniaxial, biaxial and
triaxial variants. It is worth noting that the bars are used as three pairs of test bars in three
perpendicular directions X, Y and Z. In the X direction, a set of measuring bars (initiating
and transmitting) in the 1D configuration is normally located. In addition, there are bars
in the Y and Z directions—at their ends, there are load cylinders that limit the pressure in
the bars. Figure 28 presents a schematic process of wave propagation: (a) a standard for 1D
configuration is provided: e;—initiating wave, eg—reflected wave, ep—transmitting wave;
and (b) additional for 3D configuration: ¢,1 and ¢,,—confining wave.
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Hydraulic cylinder

Moment-trap device
Transmission bar ||'
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Figure 27. Schematic diagram of the Hopkinson bar triaxial test stand (reprinted from Ref. [93]).
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Figure 28. Schematic wave propagation process in 3D configuration (reprinted from Ref. [93]).

The results of the experiments in the triaxial Hopkinson bar configuration expand the
research scope of understanding the full and complex dynamic characteristics of the tested
soil sample, taking into account the triaxial state of stress in the X, Y and Z directions.

In the work based on the Hopkinson technique, an analysis of the dynamic behavior of
soils, in particular sands, was carried out as a phenomenon of a “continuum” nature. The
actual real behavior of soil (granular material) subjected to dynamic influence is different—
the nature of the phenomenon is related to the particle interaction process in the moment of
contact. The results of the multi-scale analysis of dynamic behavior of sands are published,
which include analyses assessing the extent to which particle scale characteristics affect
the dynamic interactions of the soil [94,95]. The important features that affect the dynamic
response of the soil include: contact behavior of sand grains, morphology and origin.

6. Conclusions

The paper presents a literature review of crucial experimental tests of strength proper-
ties of soils (both cohesive and non-cohesive) in the area of high strain rates (HSRs) for the
purpose of proper selection of structural design solutions for buildings, protective elements
and critical infrastructure. In these dynamic physics experiments, the split Hopkinson
pressure bar test stand is applicable.
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The use of Hopkinson’s technique in experiments to determine the dynamic properties
of various materials, including cohesive and non-cohesive soils, is limited by the limited
range of the strain rate. In order to determine the full characteristics of a given material in
different strain rate ranges, tests should be performed based on other measuring devices,
e.g., conventional cross-head devices for the quasi-static range. Depending on the dynamic
mechanical properties tested and the expected results, it is necessary to select an appropriate
test module for measuring bars and sample sizes, e.g., compression, tension and shear. The
use of different test-type modules allows for more extended results.

The paper shows the SHPB test stand in 1D and 3D configuration. Sample diagrams are
provided which include an additional radial bar in direct contact with the rigid confining
casing and perpendicular to the other measuring bars (initiating and transmitting). The
main advantage of using the 3D configuration was indicated—the possibility to understand
the full triaxial dynamic response of the soil. The analyzed publications confirm the
conclusion of the results with the use of the SHPB in the 3D configuration—in the example
of sand, a very weak correlation of the initial density parameter value and the strain rate
value in the stress—strain relationship was shown, while a strong correlation of the pressure
level with the stress—strain relationship was demonstrated.

The paper presents a review of research patterns of physical experiments from 2018-
2021. The current research trends in the area of soils loaded with dynamic interaction as
a result of the application of the Hopkinson bar technique are presented. These studies
show that the dynamic response of the soil depends on various factors: density, cohesion,
moisture content and the grain structure of the soil specimen. Soils are sensitive to the strain
rate, e.g., their initial modulus is greater if the specimens are dynamically loaded with a
constant value of the strain rate and higher value of the initial density comparing these
values to specimens subjected to static loading and dynamic loading with a lower initial
density. Moreover, the thickened and saturated soil swells at a high strain rate. “Weaker”
soil response to dynamic loads is observed at lower strains with the state of incomplete
water saturation, while the “stiff” response occurs at higher strains related to the state of
full water saturation (noticeable influence of the water saturation level in the soil specimen).
There is also a noticeable increase in the number of SHPB experiments performed in both
1D and 3D versions under modified conditions (frozen/heated soil specimen, different
degree of water saturation of the soil specimen) in a wide range of strain rates, which
is a large field for further research. In order to determine the constitutive model of the
tested soil, it is necessary to extend the research with other equipment in order to be able to
determine all the required coefficients and frequencies of the adopted model.

Based on the conducted review of selected experiments with the use of the SHPB
test stand in order to determine the dynamic mechanical properties of soil samples, it is
possible to notice development trends in this area. It is evident in the 2018-2021 period
under investigation that SHPB experiments are carried out in various universities /research
centers around the world on many types of cohesive and non-cohesive soil samples—there
is a greater research tendency for non-cohesive soil, in particular: quartz sand, calcareous
sand, carbonate sand, volcanic sand, coral sand and silty sand. The most common variable
in the research is the change in the water content in the soil sample—the research mainly
analyzed the dynamic behavior of the soil in extreme moisture cases: dry soil and soil fully
saturated with water. Less frequently, the investigators analyzed the dynamic behavior of
the soil for several step changes in the water content levels in the sample (together with the
determination of the optimal moisture value).

Based on the conducted review of experiments, the probable prospect of research
development can be defined as:

- Further research work based on the SHPB test stand in the 1D configuration for various
types of cohesive and non-cohesive soils (in particular for less common types of soil,
which are insulfficiently tested so far);
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- Increasing the number of SHPB test stands in 3D configuration at universities /scientific
institutions in the world in order to understand the full triaxial behavior of dynamic
soil;

- Due to the advancing climate change in the world, it will be necessary to further
understand the dynamic properties of various soils under non-standard temperature
conditions and conduct research using the Hopkinson technique for heated and frozen
soil samples (in particular, experiments are valuable where the sample is tested in
freeze—thaw cycles).
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ABSTRACT. The paper presents a performance characteristics of a pneumatic launcher, which is an
important element of the split Hopkinson bar set-up (SHPB) at the Department of Military Engineering
and Infrastructure (the Military University of Technology in Warsaw) for the purpose of dynamic
strength tests of construction materials. The process of experimental calibration of the launcher for
selected loading bar-projectiles is shown. Two types of compression during direct impact tests were
also used simultaneously to investigate the behaviour of metallic samples with the use of this launcher
as well as the Hopkinson measuring bar: the first — a short cylindrical sample, including a miniature
(small diameter) sample, and the second — a long cylindrical sample (Taylor test). The relationships
describing the stress and strain state as a function of strain rate for the first type of the experiment
and engineering empirical formulas for the second type of the research were given.

KEYWORDS: Pneumatic launcher, Hopkinson measuring bar, direct impact tests.

1. INTRODUCTION

The beginnings of the development of gas launchers
are related to a military technology. The design of
the pneumatic guns used to launch large-diameter
missiles was first presented by D. M. Medford in 1883
in Fort Hamilton (USA). However, the first land-based
air cannons designed by the American inventor born
in Kérnik (Poland), Major Edmund Zalitiski, were
installed in 1894 at Sandy Hook Fort in New Jersey.
It was a three-gun battery of 15-inch (381 mm) coastal
artillery guns operating in a similar way to an air gun:
compressed air was used to fire a projectile (explosive
charge) [1]. In 1900, Zalinski’s triple air gun was
installed on the USS Vesuvius, and a twin 8.425 in
(214mm) on the Holland IV submarine, known as
Zalinski Boat, designed by Edmund Zaliiski and John
Holland. The rapid development of fuel and missiles
in the late 1890s and early 1900s led to the creation
of gunpowder guns and caused pneumatic guns to be
substantially phased out from the US Army starting
in 1905.

Currently, pneumatic guns are designed to carry
out various research impact tests, with various energy
possibilities, limited by the diameter and working pres-
sure [2]. Small-diameter systems (up to 70 mm) allow
for higher velocities for smaller-mass projectiles, while
in medium-diameter solutions (70-150 mm) for objects
with larger mass, the muzzle velocity is lower. The
greatest drop in speed is recorded for large-diameter
devices (over 200 mm).

The small-diameter pneumatic launcher is an im-
portant element of the stationary test stand called the
split Hopkinson pressure bar SHPB [3]. This stand

is intended for testing the behaviour of samples of
construction materials, including construction mate-
rials subjected to impact loads [4] and in the field
metals [5HI] as well as for concretes [I0], polymers,
wood, soils [ITHID] and other materials [I6HI8]. Under-
standing the dynamic strength characteristics of these
materials is important for the design of protective
structures for buildings, especially in the conditions
prone to industrial accidents [19], to ensure safety [20].
With the use of compressed air, the launcher on this
test stand allows for throwing projectiles, such as
a bar or Hopkinson measuring bars, directly load-
ing the tested metallic sample, U. S. Lindholm used
a spring and then a pneumatic 0.5inch (12.7 mm)
launcher in the SHPB test stand for the first time at
the beginning of the 1960s [21I]. Until then, blasting
shots have been used to generate a stress pulse in
Hopkinson measuring bars.

The stationary pneumatic launcher, which is an el-
ement of the SHPB, intended to test the behaviour of
material samples subjected to dynamic (shock) loads,
does not meet the statutory definitions of “firearms”,
“gun” and “pneumatic weapons” [22]. This means that
pursuant to the Act of June 13, 2019 on the perfor-
mance of economic activity in the field of production
and trade in explosives, weapons, ammunition, and
products and technology for military or police pur-
poses [23] it is not considered a weapon. However,
if the pneumatic launcher in question was designed
and intended solely for the production or certification,
qualification or testing of products included in Part
IV — WT of the Annex to the Regulation [24], then
it would be subject to regulation resulting from the
provisions of the Act [25]. The contractor of such
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FIGURE 1. General view of the SHPB test stand DMEI (MUT) — on the right side of the test stand, there is a
pneumatic launcher (the pressure chamber with the barrel are marked with a red ellipse).

a pneumatic launcher would have to have a license
granted by the Minister of the Interior and Admin-
istration, at least in the scope of manufacturing and
trading in products for military or police purposes
specified in WT XIII section 1 or 2 depending on:

e a type of equipment specially designed or modified
for the production of products covered by Part IV
— WT, and specially designed components thereof;

o the type of a specially designed facility for conduct-
ing environmental tests and the type of specially
designed equipment for the purpose of certification,
qualification or testing of products included in the
list contained in Part IV — WT.

At present, the disadvantages of split Hopkinson
bars, such as the high air operating pressures to obtain
high strain rates, the noise due to the instantancous
air expansion, and a large overall station length, have
been eliminated in the electromagnetic Hopkinson bar.
It uses the intense pressure created in the magnetic
field created by the passage of an electric current pulse
through a series of coils. The magnetic field behaves
like the release of air from a high-pressure vessel and
can impart a high initial velocity to the bar-projectile
to obtain very high compressive and strain rates of
metallic materials, more than 10* 1/s. However, for
low and medium impact velocities of this projectile,
pneumatic launchers are still useful for conducting
physical experiments in the range of deformation rates
102 — 1031 /s. They ensure a good reproducibility of
obtaining the value of the impact velocity for indi-
vidual set values of the deformation rate. However,
from the point of view of objectivity of dynamic tests,
it is necessary to conduct preliminary tests to vali-
date the pneumatic launcher, a so-called calibration
procedure, before a series of physical experiments to
obtain empirical relationships between the working
pressure and the impact velocity for the geometric
parameters of the bar-projectile used in further tests,
which characterize the performance of this launcher.
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This is especially important during various schemes
for material impact tests with the use of the pneu-
matic launcher. The subject of this work is devoted
to these issues.

2. CHARACTERISTICS OF THE
PNEUMATIC LAUNCHER OF THE
SHPB sTAND

The subject of the work is a pneumatic launcher in-
cluded in the split Hopkinson bar testing stand (shown
in Figure 1)), which is located at the Department of
Military Engineering and Infrastructure (DMEI) of
the Military University of Technology (MUT) in War-
saw.

The pneumatic launcher consists of a pressure cham-
ber with a capacity of 10dm? with a smooth barrel
with a diameter of 20mm and a length of 2700 mm.
Figure [2] shows a general view of the launcher and
shows the valve with a digital pressure gauge that
feeds the launcher chamber and the valve supplying
the space behind the bar-projectile in the barrel.

The launcher in question is fed with compressed
air from a compressor to a maximum working pres-
SUre Pmar=38 bar. The important elements of this
pneumatic system are:

e air compressor type Specair HL 275/50 (Figure [3));

o filter-reducer with a pressure gauge, connected by
flexible spiral hoses with the compressor and the
pneumatic launcher (Figure [)).

The launcher in question throws bar-projectiles
of different lengths, it depends on the conditions of
the physical experiment that is carried out on this
test stand. Typical bar-projectiles are 100, 200 and
250 mm in length (Figure [5). Detailed parameters of
these bar-projectiles are presented in the Table
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FIGURE 2. General view of the pressure chamber of the pneumatic launcher: 1 — valve with a digital pressure gauge
that feeds the launcher chamber, 2 — valve supplying the space behind the bar-projectile in the barrel.

FIGURE 3. Air compressor type Specair HL 275/50.

Bar-projectile

Typel Type2 Type3

Length Ly, [mm] 99.10  199.40 249.80
Weight my, [g] 23491  353.72 491.04
Diameter Dy, [mm)] 19.92 19.97 19.96
Material Steel C350
Modulus of longitudinal elasticity material E [GPa) 200

Wave propagation velocity cq [m-s—1] 5000

TABLE 1. Detailed parameters of typical bar-projectiles.
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FIGURE 4. Filter-reducer with connections and manometer: 1 — pressure regulator, 2 — pressure gauge, 3 — filter, 4
— spiral tube (connected to the compressor), 5 — spiral tube (connected to the launcher chamber), 6 — spiral tube

connected to the barrel part behind the bar-projectile.

FI1GURE 5. Typical bar-projectiles are 100, 200 and 250 mm in length.

3. PNEUMATIC LAUNCHER CALIBRATION
PROCEDURE

The pneumatic launcher was calibrated for the bar-
projectiles used. This procedure included measure-
ments of the velocity vy of the bar-projectile at the
moment of leaving the barrel for different lengths Ly,
of the bar-projectile (Lyp1 = 100 mm; Lyye = 200 mm;
Lyps = 250mm) in a cycle of five experiments (i =
measurement projectile number) in three variants of
the operating pressure py of the pneumatic launcher
(po1 = 0,5 bar; poa = 1,0 bar; pos = 1,5 bar).

The standard deviation for each cycle of five exper-
iments was calculated according to the formula:
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The results of the calibration of the launchers are
shown in Table 2

The results contained in Table [2| are presented
graphically as diagrams of the muzzle velocity vy of the
bar-projectile depending on: a) the working pressure
po of the pneumatic launcher and b) the number of the
experimental attempt in three variants of the initial
pressure pg for the length Ly, of the bar-projectile:

® Lip1=100mm — Figure [6a] and [6b}

e Lypo = 200mm — Figure [7a] and
e Ly, = 250 mm — Figure @ and

4. IMPACT TESTS WITH THE USE OF AN
SHPB PNEUMATIC LAUNCHER
Using the SHPB pneumatic launcher, it is possible

to use the schemes of two types of compression im-
pact tests for the purpose of testing the behaviour of
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The velocity vg; of the bar-projectile
Length Ly, at the moment of exiting the barrel [m/s]
of the bar-projectile Attempt

po1 = 0.5bar  pgz = 1.0bar  pg3 = 1.5bar

[mm] number (0.05 MPa) (0.10 MPa) (0.15 MPa)
1) 4.2728 14.4931 22.0418
2) 4.6167 11.6163 21.1648
100 3) 2.7173 14.1429 22.3073
4) 4.0480 15.2419 21.9018
5) 3.8620 13.8606 20.6063
Average velocity values vg; 3.9034 13.8709 21.6044
Standard deviation og; 0.6442 1.2185 0.6266
1) 6.5917 14.3951 19.0846
2) 7.4256 14.8395 19.0956
200 3) 8.1195 14.6096 19.2573
4) 7.6029 13.7991 19.9091
5) 8.0451 13.7009 20.1823
Average velocity values vy; 7.5569 14.2688 19.5058
Standard deviation oy; 0.5488 0.4474 0.4534
1) 6.6579 11.9606 16.6895
2) 7.9015 12.7004 16.7397
250 3) 7.6272 12.8853 16.5981
4) 8.3620 12.1925 16.2739
5) 9.0590 11.5410 16.5953
Average velocity values vg; 7.9215 12.2560 16.5793
Standard deviation oyg; 0.7964 0.4891 0.1623

TABLE 2. Summary of the obtained muzzle velocities vo; of the bar-projectiles for different variants of the length Ly,
of the bar-projectile and the working pressure py of the pneumatic launcher.

25 25
22,0418 1223073 519018
L b 4 * i T
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T 152419
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FIGURE 6. Dependency graph a) vo(po) and b) v ) (¢ — number of the experimental attempt) for Lyp1 = 100 mm.
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FIGURE 7. Dependency graph a) vo(po) and b) v(o;) (¢ — number of the experimental attempt) for Lypz = 200 mm.
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FIGURE 8. Dependency graph a) vo(po) and b) v(g;) (¢ — number of the experimental attempt) for Lyps = 250 mm.

metallic samples: the first — a short cylindrical sam-
ple, including a miniature (small diameter) sample,
and the second — a long cylindrical sample (Taylor
test). Along with the diagrams, the formulas for both
variants of direct compression are presented to deter-
mine the stress o, strain ¢, and strain rate &4 in the
engineering (nominal) measure, and for the Taylor
impact test - empirical formulas for calculating the
initial dynamic yield stress proposed by Taylor 0;;’1
and Wilkins and Guinana G'ZV @ [26] are presented.

(1.) Two variants of direct compression of the first
type:

(a) variant I of a miniature sample — with the use
of a loading bar-projectile, which, at the moment
of impact, has accumulated kinetic energy many
times greater than the work of elasto-plastic de-
formation of this sample; in this case, the speed
of the bar-projectile is constant or changes slowly
during the entire process of elasto-plastic deforma-
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tion of the sample on the front of the Hopkinson
measuring bar (Figure E[);

vs(t) = co,m - €¢(t) (2)

= Lil . ['UO — vs(t)] (3>

where:

e [ is initial length of the short cylindrical spec-
imen;
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Specimen

projectile

Hopkinson

FIGURE 9. Scheme of direct compression in variant I — miniature short cylindrical sample.

e 2,(t) is elastic positive incident strain pulse in
the measuring Hopkinson bar, registered by
a strain gauge after passing the compressive
loading wave through the specimen;

e Dy and Dq are initial diameters of the measur-
ing Hopkinson bar and the specimen, respec-
tively;

o Fy is Young’s modulus of the measuring Hop-
kinson bar;

e ¢y is sound velocity in the measuring Hopkin-
son bar;

® 0, is engineering stress in the specimen ob-
tained as a function of time in the assumption
of equality of forces at the ends of the specimen
during the entire deformation process;

e ¢, is engineering strain in the specimen tested;

e dote, is engineering strain rate of the specimen
tested.

(b) variant II - with the use of a bar-projectile
with a much lower mass than in variant I (about
50 % mass of a bar-projectile in variant I); the
process of dynamic loading of the sample is wave-
like in the case of the bar-projectile — sample —
Hopkinson measuring bar system (Figure ;

vs(t) = vo(t) — 2 com - &u(t) (6)
eut) = Liz oo —2-com-a®)] (D)

ss(t)zLi. [vg-t—Z-CO,H-/Otat(t)dt} (8)

2

oult) = By (DH) )

where:

signs and symbols as in point |((1.).a.)|

(2.) Taylor impact test — a long cylindrical sample-

projectile fired by a pneumatic launcher hits di-
rectly on the front of a Hopkinson measuring bar
and undergoes an inhomogeneous elastic-plastic de-
formation (Figure .

ol = (Lo — L) - p - vo* ) @ (0)

2-(L0—L1)-ln(LL—;’l

2

wa _ P Vo
Uy - 9 l (LO_Lpl Iﬂz].l (11)
. n((Ll_LPl)
. Vo
€g = —F 12
2. (LO - Lel) ( )

where:
e [ is initial length of specimen;
e [ is compressed (final) length of specimen;

e L, is length of a section of the specimen along
its axis where only plastic deformation occurred;

e L is length of a section of the specimen along
its axis where only elastic deformation occurred;

® o, is engineering yield stress (upper index T' —
according to the Taylor formula, upper index
WG — according to the Wilkins and Guinan
formulation);

e 7 is impact velocity;
e p is mass density of specimen.

The above formulas describing the real (true)
measures of stress oy, strain ; and strain rate &;
of the tested samples in variants I and II have the
following forms, respectively:

4= 1 (13)
et(t) = In[1 + e.(t)] (14)
oi(t) = oe(t) - [1 + ()] (15)
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FIGURE 10. Scheme of direct compression in variant II — short cylindrical sample.
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FIGURE 11. The scheme of the Taylor test - a long cylindrical sample before and after the test (isolines of permanent
plastic deformations are marked on the longitudinal section of the sample).
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FIGURE 12. A typical course of the elastic strain
impulse in the Hopkinson measuring bar for the deter-
mination of the yield strength of the tested metal for
a dynamic loading o, and unloading o * [27].

The direct compression test of a short cylindrical
sample (variant II) also allows to determine the
dynamic Bauschinger effect ¢ of the tested metal.
The paper [20] presents a method of determining the
measure of this effect using this shock test, using the
registration of the compressive elastic deformation
in time in the Hopkinson measuring bar for this
purpose.

Figure shows a typical course of an elastic
strain pulse in this measuring rod. From this dia-
gram, the initial dynamic yield limits can be deter-
mined: 05 during loading and 05 L during unload-
ing — the differences between the points: between
0 and B, and between B and C. The calculation
of the dynamic Bauschinger effect § is determined
from the relationship:

§=v_ (16)

5. CONCLUSIONS

The characteristics of the operation of a pneumatic
launcher for the purpose of conducting direct impact
tests with the use of a bar-projectile and a Hopkinson
measuring bar are presented.

The obtained results of the experimental calibration
of the pneumatic launcher — loading bar-projectiles
characterize the performance of a given essential el-
ement of the SHPB set-up, which is significant for
conducting various impact direct tests, including the
Taylor one.

Schemes of two impact tests with the use of the
pneumatic launcher and the Hopkinson measuring bar
are presented as noteworthy for dynamic testing of
metals in various typical compression modes, which
allow to determine their real impact resistance — two
variants of direct compression of a short cylindrical
sample, including miniature, and a long cylindrical

samples, which can also be used as projectiles in the
Taylor test. For these tests, relationships were given
that allow to determine the nominal (engineering)
and real (true) values of stress o, strain ¢ and strain
rate € as well as the initial dynamic yield strength
oy in the version proposed by Taylor o;f and Wilkins
and Guinan o}"C. Direct compression of a short
cylindrical sample also allows to measure the dynamic
Bauschinger effect 4.
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Abstract

The paper analyzes the problem of initial compaction of a non-cohesive soil sample on the example of dry silty
sand samples. Two different compaction methodologies were used: I) dynamic compaction - using split Hopkinson
pressure bar and II) vibration compaction - using a vibrating shaker. A better result of the compaction process
was obtained for dynamic compaction with an initial pressure value of 0.5 bar (small difference in the result -
both methods obtained comparable results). The paper also includes a numerical analysis of the calibration of the
pneumatic launcher in the Matlab environment on the basis of the system of difference equations. The calibration
process was carried out in the initial pressure range from 0.5 to 3.0 bar for three different variants of the bar-
projectile length: 100 mm, 200 mm and 250 mm and compared with the experimental analysis - the results were
consistent.

Keywords: sample preparation, non-cohesive soil, launcher calibration, soil dynamic testing, split Hopkinson
pressure bar

1 Introduction

Research using the Split Hopkinson Pressure Bar (SHPB) test stand allows to learn about the dynamic characteristics
of various materials used in construction, including steel, concrete, soil (cohesive and non-cohesive). In this paper,
selected aspects of dynamic tests on non-cohesive soil samples are analyzed. Determining the dynamic characteristics
of the soil is important in the area of protection of objects of high importance or critical infrastructure [1, 2]. This
type of objects usually has a soil layer designed as an additional protective layer or a protective embankment - in
a crisis situation the soil may be subjected to a dynamic load as a result of, for example, a shock wave caused by
an explosive charge [6]. The publication [9] shows the use of tests based on the SHPB test stand to determine the
dynamic characteristics of the soil - non-cohesive soil used as an additional protective layer of the temporary shelter.
The effect of the combined phenomenon of a sharp increase in shock wave pressure and smooth relief is defined as
a blast wave. Fig. 1 shows the Mach wave propagation scheme (it is a blast wave with a smoothed and uniform
course). The Mach wave, according to the definition, is the resultant of an incident and reflected waves with almost
even distribution [3].

The temporary shelters (ad hoc type) in their construction have an open casing. In order to increase the level of
protection, additional sand covering was used. The role and significance of soil covering were indicated and included in
the analysis of prefabricated structure proposals for the protection of critical infrastructure objects in the publication

[7].
Proper preparation of the sample and SHPB test equipment is essential prior to testing. The reviews of the SHPB
stand layouts together with the marked components and the soil samples used are presented in publications [4, 5, 8|.

The aim of this paper is to show the methodology of two different variants of the preliminary preparation of a
non-cohesive soil sample for dynamic tests and to perform the numerical and experimental calibration process of the
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Figure 1. An example of a temporary shelter (ad hoc type) with the Mach wave marked and sand covering specimen
with red marked (reprinted from [9]).

pneumatic launcher as an important component of the SHPB test stand.

2 Methodology of preliminary soil sample compaction

In the process of preparing a non-cohesive soil sample for dynamic testing with the use of a split Hopkinson bar, it
is important to ensure the initial state of soil compaction. This is an especially important step in the preparation
process for dry samples with a low moisture content. Such a sample is in a two-phase or three-phase state - it has a
gas phase (most often in the form of air). Failure to carry out the compaction process will result in incorrect results
of the experiment - part of the bar-projectile impact energy will be used to thicken the air voids. The authors of the
publication analyzed various methods of compaction of the same soil sample on the example of 6.5 g of silty sand
(detailed characteristics of the type of soil used and other tests of this soil are shown in the publication [8]):

I. Dynamic compaction (using SHPB)

The compaction of the sample is carried out on the same SHPB test stand, which is then used to conduct the
experiment. The tests are carried out for various variants of the bar-projectile velocity as a result of the initial pressure
work from the pneumatic launcher (e.g. 2 bar, 3 bar, 5 bar). On the SHPB test stand used by the authors of the
publication for the current design of the pneumatic launcher, for technical reasons (including friction in the barrel),
it is possible to initiate a bar-projectile movement with a minimum pressure value of 0,50 bar (Fig. 2).

For this pressure value, an analysis of the initial compaction of the soil sample as a result of a bar-projectile impact
was carried out, presented in Table 1.

The advantage of this compaction methodology is the use of the same equipment, which is later used to conduct
the experiment - there is no need to use additional measuring equipment. On the other hand, the disadvantage is the
process of dynamic impact on the samples - the initial pressure from the pneumatic launcher to the strike with the
bar-projectile is several times lower than during the experiment, but there is still a dynamic impact causing a small
phenomenon of damage to the soil skeleton of the sample.

II. Vibration compaction (using a vibration shaker)

The sample is compacted on a vibrating shaker. The soil is compacted by vibrating the shaker for 60 seconds.
During the tests, the time of 60 seconds was selected as sufficient - the vibration process for a longer time of 120
seconds and 180 seconds did not cause a significant increase in the soil compaction value. A weight of about 1000 g
is placed on the sample in order to improve the vibrating effect. During the operation of the shaker, the air voids are
filled with the moving soil grains - the process of compaction takes place.
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Figure 2. The value of the pressure given by the pneumatic launcher for the shot - initial compaction of the soil
sample

Table 1. Analysis of the initial compaction of a soil sample as a result of a bar-projectile impact.

Experiment Experiment Experiment Average
trial number 1 | trial number 2 | trial number 3 value
Sample mass mg [g] 6.50 6.50 6.50 6.50
Sample length before the shot Lg [mm) 11.68 11.91 11.60 11.73
Bulk density of the soil before the shot pg |5 ] 1.75 1.72 1.77 1.75
Shot pressure p[bar] 0.50 0.50 0.50 0.50
Bar-projectile speed vg [ 2] 6.54 6.46 6.78 6.59
Sample length after the shot L; [mm)] 10.36 10.43 10.46 10.42
Difference in sample length AL [mm) 1.32 1.48 1.14 1.31
Bulk density of the soil after the shot p; [%z] 1.98 1.97 1.96 1.97
Difference in sample bulk density Ap 0.22 0.24 0.19 0.22

The methodology of compaction of a dry non-cohesive soil sample consists of following stages:
e unscrew all securing screws / bolts in the rigid casing (Fig. 3a)
e place one side of the cap over the narrower part of the black stopper, to the end of the stopper (Fig. 3b);

e insert the spacer I inside so that it adheres to the surface of the black stopper - check that the spacer reaches
the end of the free space and sticks to the black stopper by e.g. tapping the spacer I with a hammer handle
(Fig. 3c);
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Figure 3. Following stages of the methodology of the vibratory compaction of the soil sample.

e tighten the screws / bolts that immobilize spacer I;

e place the soil sample into the foil-protected space of the casing and gently spread the sample to the sides of the
rigid casing (Fig. 3d);
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e insert spacer II inside so that it adheres to the sample surface - check that the spacer has reached the end of
the free space and sticks to the sample by e.g. tapping the spacer I with a hammer handle (Fig. 3e);

e insert the white stopper with the narrow part into the rigid casing hole (Fig. 3f);

e measure the length a - the length between the outer edges of the black stopper and the white stopper - before
the compaction process (Fig. 3g);

e put a metal weight on the white stopper - additional load approx. 1000 g (Fig. 3h);

e switch on the shaker for 60 seconds and at the same time protect the set against tipping over as a result of
shocks;

e after switching off the shaker, remove the metal weight;
e tighten the screws / bolts that immobilize spacer II;

e measure the length b - the length between the outer edges of the black stopper and the white stopper - after the
compaction process Fig. 3i);

e remove the white and black stopper - the sample in rigid casing is ready for testing with the Hopkinson bar
(immediately before the test, unscrew the four screws / bolts to allow the movement of spacer I and II).

The analysis of the initial compaction of the soil sample as a result of the operation of the vibrating shaker,
presented in Table 2, was carried out.

Table 2. Analysis of the initial compaction of a soil sample as a result of the operation of a vibrating shaker.

Experiment Experiment Experiment Average
trial number 1 | trial number 2 | trial number 3 | value
Sample mass mg [g] 6.50 6.50 6.50 6.50
Sample length before vibration Lo [mm] 11.88 11.49 11.78 11.72
Bulk density of the soil before vibration pg [-25] 1.73 1.78 1.74 1.75
Vibration time t [s] 60.00 60.00 60.00 60.00
Sample length after vibration L [mm)] 10.68 10.30 10.61 10.53
Difference in sample length AL [mm] 1.20 1.19 1.17 1.19
Bulk density of the soil after vibration p; [c,;‘,’ze,] 1.92 1.99 1.93 1.95
Difference in sample bulk density Ap 0.19 0.21 0.19 0.20

3 Mathematical model of the pneumatic launcher shot phenomenon for
a system with impulse power supply

The system under consideration is supplied with air with known parameters at the initial moment. The known
parameters are pressure, temperature and air volume. The entire shooting process is based on the adiabatic expansion
of the air [12]. Air was assumed to be an ideal gas and it is possible to make some simplifications in the calculations.
The gas temperature is relatively low below 100°C so there is no need to consider the change in specific heat at constant
pressure cpand volume ¢, as a function of temperature. It is possible to use averaged values of these parameters.

The shooting process with a constant gas load can be divided into three periods:
a) In the first period, the pre-chamber is filled to pressure with light gas p; and temperature T (Fig. 5).

b) After reaching the expected value of air pressure in the pre-chamber, the equipment operator initiates the shot.
From that moment on, the second period is analyzed (Fig. 6). There is a very short moment, and it lasts until the
bar-projectile begins to move as a result of the opening of the gas flow from the pre-chamber to the projectile chamber.
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Figure 4. shows a comparison of the results of the analysis of preliminary compaction of a non-cohesive soil sample
on the example of dry silty sand for the variant: I) dynamic compaction (with the use of SHPB) and II) vibration

compaction (with the use of a vibration shaker).
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Figure 5. Physical model of the launcher system before turning the compressed air lever - first period of the shot

process.
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Figure 6. Physical model of the launcher system after opening of the gas flow from the pre-chamber to the projectile

chamber — second period of the shot process.

Air parameters in volume Wy = W1 + W are possible to calculate from the adiabatic equation:
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po=p1- (3//(1]) (1)

These parameters describe the state of the air at the beginning of the bar-projectile movement. Therefore, they
can be considered as initial values that are adopted for the calculations of the bar-projectile and the thermodynamic
parameters of the gas during the shot.

¢) The third period lasts from the moment the bar-projectile begins to move until it exits the barrel (Fig. 7).
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Figure 7. Physical model of the launcher system during the movement of the bar-projectile- third period of the shot
process.

The basic equation of the mathematical model of the shot is the energy balance, resulting from the first law of
thermodynamics:

dQ = dU + dL (3)

where:

Q - energy supplied to the system;

U - internal energy of light gases;

L - work done on bar-projectile acceleration.

The relevant equations in this process can be expressed as:

- heat (energy) supplied to the system:

Q=cy-my-(To—Ty) 4)
- internal energy of gas
Q=cy,-myg - (T—-T,) (5)
- external gas operation:
2
v
L=y-m,- 5 (6)

where:
T - current temperature value;

Ty - initial temperature value;
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for

T, - reference temperature;
m,, - mass of the bar-projectile;
Mg - air mass;

v - bar-projectile speed;

¢ - secondary work factor [11] calculated from the equation:

the case under discussion K =1

1
=K+-.-2
4 +3 my

Taking into account the above energy balance can be written as:

co -myg - (To

By transforming this equation with respect to temperature 7"

Further transformations with respect to pressure to the next form of the above equation:

mg-R-T=mg-R-Ty—0-p-my-

From the Clapeyron equation:

o Mg (To—Tn) =@ -mp -

T_T— M

Cy - My

g M

Cy - My

R-T=R -Ty—
My

p-W=m-R-T

By using this relationship, equality is created:

where:
W = Wy + dL - current volume value;

0 - ratio, 8 = K — 1.

p:

<
o
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<
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v |

0-p-mp

N ‘ ew
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—Tn)=cy-mg- (T =T,)+¢-my-

M

(

2

1)2

2

02

2

(11)

The remaining equations of the mathematical model are related to the dynamics of the bar-projectile motion:

- equation of motion resulting from the second law of dynamics:

- speed equation:

dv _ p-s

dt — ¢-m
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dL
o _ 14
i (14)

Equations (12) - (14) allow to describe the shot process a pneumatic gas system with a constant mass of gas
introduced into the system.

4 Comparison of the numerical and experimental characteristics of the
work of the pneumatic launcher
The mathematical model presented in the previous chapter was used to develop the performance characteristics of

the pneumatic launcher included in the split Hopkinson bar test stand (shown in Fig. 8), which is located at the
Department of Military Engineering and Infrastructure (Military University of Technology in Warsaw).

Figure 8. View of the pneumatic launcher (purple marking) as an important element of the SHPB test stand.

Table 3. Summary of the characteristics of bar-projectiles

Bar-projectile
Type 1 | Type 2 | Type 3
Length [mm)] 99.10 | 199.40 | 249.80
Weight [g] 234.91 | 353.72 | 491.04
Diameter [mm] 19.92 19.97 19.96
Material Steel C350
Youngs modulus E [GPa] 200
Wave propagation velocity ¢ [2] 5000
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Figure 9. Bar-projectiles used for the analysis - 100 mm (green marking), 200 mm (yellow mark), 250 mm (blue mark)
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Figure 10. Characteristics of the velocity change at the moment of the bar-projectile impact vgas a function of the
initial supply pressure p.

The presented launcher is powered by compressed air with a maximum pressure of 8 bar. The launcher throws
bar-projectile of various dimensions - their length is variable and depends on the conditions of the experiment that
is carried out on the split Hopkinson bar stand. In the analyzed study, the pneumatic system was used to throw
bar-projectile of the following lengths: 100, 200 and 250 mm (Fig. 9). The detailed parameters of these bar-projectile
are shown in Table 3.

For all types of bar-projectiles (1, 2 and 3 type), the characteristics of the impact velocity change as a function
of the supply pressure were determined. The analysis was carried out in terms of the initial pressure p from 0,5 to
3,0 bar. The results of these analyzes are shown in Fig. 10. The presented characteristic is the result of numerical
calculations made in the Matlab environment on the basis of a system of differential equations developed on the basis
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Figure 11. Comparison of the experimental and numerical results in the form of graphs for bar-projectiles: a) 100
mm, b) 200 mm and ¢) 250 mm.
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of the equations: gas state in the battle space (equation 12) and motion (equation 13 and 14).

The publication [10] analyzes the characteristics of the impact velocity change as a function of the supply pressure
on the basis of the conducted physical experiment for the same bar-projectiles. A comparison of the experimental and
numerical results was made in the form of graphs for bar-projectiles: 100 mm - Fig. 1la), 200 mm - Fig. 11b) and
250 mm - Fig. 11c). There is a visible convergence of results between the numerical analysis in Matlab environment
and the physical experiment for each bar-projectile case.

5 Conclusions

The paper analyzes the issue of initial compaction of a non-cohesive soil sample. For this purpose, samples of dry
silty sand were used. Dry sand has two phases - a solid phase and a gas phase (air). In the two-phase model variant,
the influence of the initial compaction process is particularly visible - the air voids are densified and the value of the
soil volumetric density increases. Two different compaction methodologies were used for the analysis: I) dynamic
compaction (using SHPB) and II) vibration compaction (using a vibrating shaker). A better result of the compaction
process was obtained for dynamic compaction (small difference in the result - both methods obtained comparable
results). The advantage of this method is the use of the same station in the compaction process, which is then used to
conduct the experiment. The key issue is to select the lowest possible value of the initial pressure from the pneumatic
launcher to accelerate the bar-projectile. In the analysis, the value of the initial pressure was 0.5 bar - at lower pressure
values, the bar-projectile did not hit the soil sample due to the low speed and friction of the bar-projectile side against
the inner wall of the barrel. It is necessary to select the lowest possible initial pressure - too high a pressure value
will cause the bar-projectile to hit the sample at high speed and destroy the soil skeleton of the sample (the purpose
of the impact should be the compaction process with the least possible damage to the skeleton). Additionally, a
detailed methodology of the vibration compaction process (with the use of a vibration shaker) was shown, along with
a description and photographs of the following stages.

The paper also includes a numerical analysis of the calibration of the pneumatic launcher, which is a component of
the SHPB test stand. Calibration calculations were performed in the Matlab environment on the basis of the system
of difference equations. The analysis was carried out in the range of the initial pressure from 0.5 to 3.0 bar for three
different variants of the bar-projectile length: 100 mm, 200 mm and 250 mm. The result of the numerical analysis
was compiled for comparison with the experimental analysis (previously published in another paper). The numerical
and experimental characteristics of the pneumatic launcher obtained a high agreement of the results.
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preta-obciagzajacego w zaleznosci od dtugosci tego preta (pocisku) i cisnienia roboczego
w komorze wyrzutni;

udziale w opracowaniu manuskryptu artykulu od strony merytorycznej, tacznie
z wnioskami koncowymi.
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moj merytoryczny wktad polegat na:
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2) wykonaniu komputerowej symulacji strzatu.
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moj merytoryczny wktad polegat na:

1) nadzorze krytycznym nad procesem wyboru i przygotowaniu probek piasku pylastego;
2) wspotudziale w edycji tekstu manuskryptu;
3) przedstawieniu propozycji wybranych wnioskéw koncowych.
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mdj merytoryczny wkiad polegat na:

1) nadzorze krytycznym nad przeprowadzeniem kalibracji i kontroli gotowosci stanowiska
badawczego SHPB do wykonania fizycznego eksperymentu;

2) wspdtudziale w wykonaniu fizycznych eksperymentow zgodnie z opracowang
metodyka wstepnego zageszczenia probki gruntu oraz nadzorze krytycznym nad
zgodnoscig prowadzonych fizycznie eksperymentow w pordwnaniu do zalozen ich
metodyki;

3) przedstawieniu propozycji wybranych wnioskéw koncowych.
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1. INTRODUCTION

For many years, the unflagging interest and continuous development in the field of testing the
mechanical properties of various building materials subjected to dynamic effects stresses have been
noticed [1]. Particularly significant increase in the number of publications in this field concerns
metals as well as for concretes [2], polymers, wood and soils [3-18]. Indeed, a large part of
engineering problems includes research into high-rate strain-stress (HSR) soil response. This includes
stress related to, inter alia, explosions [19-21], earthquakes, mine explosions [22], wheel loads of
vehicles and aircrafts [23], dynamic soil compaction [24] and pile driving [25]. This is associated
with the need to create as true and correct as possible constitutive models that are important in the
process of calculating geoengineering properties as part of computer-aided design methods. It should
be noted that in the process of constitutive modeling it is necessary to know the quasi-static and
dynamic characteristics in a wide range of high strain rates together with changes in the physical
characteristics of the soils subjected to this type of impact.

In tests using standard testing machines, it is possible to determine the strength parameters of
materials for strain rates up to 5 [s7!]. On the other hand, dynamic tests, require special testing
equipment. John Hopkinson and his son Bertram Hopkinson are considered precursors in the field of
material research methodology within high strain rates [26-28]. As a result of further works, Herbert
Kolsky presented an experimental method called the Kolsky method or the Hopkinson bar technique
for the range of strain rates from 5 - 10% [s!] up to 5 - 10* [s™!] [29]. Due to the fact that soil is
characterized by low stiffness, low impedance and high attenuation of waves, conventional test
equipment typical for other materials is not suitable and should be modified depending on the needs
in terms of adaptation to the soil sample. Soil behaviour during uniaxial dynamic compression has
been studied in detail for matching of the soil sample.

Currently, in modern laboratories for dynamic soil testing, a test device called the Split Hopkinson
Pressure Bar (SHPB) is used, operating on the basis of two measuring bars (initiating and
transmitting) along with the tested soil sample placed between these bars. To determine the strain rate
above 5 - 10* [s7!] (the study for other materials than soil was published in [30, 31]), an additional
modification of the Hopkinson Pressure Bar is used by exclusion of the initiating bar from the system
and a direct impact with the bar-projectile on the sample adjacent to the transmitting bar (modification
of the Hopkinson bar by applying a direct impact with loading bar-projectile on sample adhering to

transmitting bar).
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This paper presents the results of experimental tests using the SHPB to determine the strength
dynamic parameters of silty sand soil samples with different moisture content subjected to dynamic
impact under the condition of limiting its radial deformation. It should be also mentioned here that
are well-known versions of the Kolsky method for determining the radial stress component in the

specimen tested [5, 6].

2. SOIL AND RESEARCH METHODOLOGY

2.1. Soil specification

Silty sand (siSa) with a fine fraction content, understood as the sum of the silty and argillaceous
fractions 20,46 [%] (with a diameter less than 0,063 [mm], f; + f;;). The granulation analysis was
performed using the wet sieve method with the addition of a curve for fine fractions by the aerometric
method. Figure 1 shows the granulation curve of the soil tested.
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Fig. 1. Granulation curve of the tested soil.

Compactibility parameters pgs and w,,: determined in the Proctor test, compacting the soil using

method I according to the standard [1], (normal method). Figure 2 presents the diagram of the

optimum moisture content of the tested soil.
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Fig. 2. Diagram of optimal moisture content of the tested soil.
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The optimum moisture content of the tested soil was OMC = 9,6 [%], the maximum bulk density
of the granular soil structure MDD = 1,86 [g/cm’]. The aim of the study was to determine the
characteristic strength parameters for ground base samples with different moisture content subjected
to dynamic impact. Four soil samples were prepared containing percentage of moisture content
respectively: wy; = 0 [%], w, = 4,6 [%], w3 = 9,6 [%] and w, = 14,6 [%]. Each of them had a
length Ly = 3 [cm], and the test for individual moisture content of the samples was repeated twice,
the results presented are the arithmetic mean of these tests. The samples were placed in casings
(which sufficiently ensured the occurrence of uniaxial strain of the tested material) and pressed on

both sides with the initiating and transmitting bar.

2.2. Experimental setup

In order to determine the characteristic parameters of the soil samples tested, which were
subjected to dynamic strain with a high strain rate, dynamic compression of these samples was
performed as part of the test stand based on the Split Hopkinson Pressure Bar (SHPB). The SHPB
stand used in the present research, included in this paper, is located in the structure testing workshop
on the explosive impact of the Faculty of Civil Engineering and Geodesy (Military University

of Technology in Warsaw), its view is shown in Figure 3.

Fig. 3. SHPB test stand. Mechanical part of the station: (1) - pneumatic cannon with a barrel of loading bar-
projectile, (2) - initiating measuring bar, (3) - transmitting measuring bar, (4) - soil sample in the casing, (5) -
damper. Measuring part: (6) - strain gauges, (7) - compensating strain gauges, (8) - measuring device with
digital memory, (9) - laser timekeeping system, (10) - computer software.

The bar-projectile is driven by the rapidly released air pressure from a pneumatic cannon powered

by a compressor (1). During the flight of the bar-projectile, the laser timekeeping system (9) reads
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the time in which the bar-projectile covers the distance 0,1 [m]. Knowing the flight time of the bar-
projectile allows determining the speed of the bar-projectile at the moment of impact. After hitting
the initiating bar (2), an elastic compression wave develops in it along the bar towards the sample (4).
When it reaches the end of the initiating bar, the wave partially continues to propagate through the
sample towards the transmitting bar (3), is partly reflected and starts returning to the beginning of the
initiating bar. The wave that passed through the sample and reached the transmitting bar at its end is
finally amortized (suppressed) (5). The described phenomena are presented in Figure 4.

t reflected

transmitting
wave

bar - initiating bar sample transmitting bar
projectile in the
casing

Fig 4. Wave chart illustrating the phenomenon of elastic wave propagation
in a Split Hopkinson Pressure Bar. t - time, x - bar axis: bar-projectile and measuring bar,
el(t), €T (t), eR(t) - elastic strain of the measuring bars over time measured by strain gauges,
Py (t) and P, (t) - dynamic forces at the ends of the tested sample,
v4(t) and v, (t) - the velocity of the fronts of the measuring bars.

Both on the initiating and transmitting bars, along the axis of the bars, 0,5 [m] from the front of
these bars, two active strain gauges (6), parallel to each other, were glued. 1-LY11-3/120A strain
gauges were used 3 [mm], of length, resistance R = 120 [22] £+ 0,35 [%] and characteristic constant
value of the load cell k = 2,02 + 1 [%]). Thanks to this solution, the reliability of measurements
increased and the impact of undesirable phenomena, e.g. buckling due to the effect of compressive
force, was reduced. Active strain gauges glued on the bars, after supplementing with two
compensating strain gauges (7) of the same parameters, were included in a full Wheatstone type strain
gauge bridge supplied with DC 5 [V] from the LTT24 device (measuring device with digital memory).
Part of the incident wave is reflected from the front of the bar and while returning it has a stretchy
character. The diagram shows that initially the loading pulse is a positive sign (compression), while
the returning wave has a negative sign (stretching). An example of its shape and character is shown
in Figure 5. The measurement signals come from 3 channels of the LTT24 measuring device
recording changes on active strain gauges included in the full-bridge systems:

e channel 1 - initiating bar;
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e channel 2 - transmitting bar;

e channel 3 - sample casing.

~ channel 3

Fig. 5. Samples of recorded pulse shapes from three measurement channels.

On the duralumin casing of the soil sample, whose task due to its thickness is to ensure uniaxial
strain of the tested soil, 2 strain gauges were also placed to observe the behaviour of the sample (strain
gauges type 1-LY11-3/120A of length 3 [mm], resistance R = 120 [2] £+ 0,35 [%]) and a strain
gauge constant k = 2,02 + 1 [%]). Initially, the soil sample is being plastically deformed, which is
accompanied by the phenomenon of force balancing P; and P, at its ends until a homogeneous stress
condition is achieved within the sample. Impulses from the strain gauges are recorded using a multi-
channel conditioner and LTT24 recorder (8), as well as a dedicated computer software (10). The
recording of individual measurement signals was carried out during the experiments as digital signals
at a sampling frequency of 1 [MHz] and a 24 bit linear quantization accuracy. Then, the recorded
digital signals with a length of 4096 samples were filtered using FlexPro software. The best effects
were obtained by low-pass filtration using the Chebyshev window at a cut-off frequency of 55 [kHz].
After filtering, the voltage signals were scaled to a strain unit um / m. Then, using the appropriate
equations and correlations, you can determine the soil sample stress, soil sample strain, soil sample
strain rate, as well as the stress in the sample casing depending on time.

A 200 [mm] long bar-projectile and initiating and transmitting bars 1000 [mm] in length and a
diameter of 20 [mm] each, were used for the tests. These elements were made of C350 steel
characterized by a 200 [GPa] longitudinal modulus and a wave propagation velocity corresponding
to the sound speed in the material 5000 [m/s].

The casings are made of duralumin (PA6/EN AW-2017A), which is characterized by a
longitudinal elastic modulus of 72,5 [GPa], 27,2 [GPa] transverse modulus and 5100 [m/s] wave
propagation velocity. Four casings were prepared - each with an internal diameter of 20 [mm] and an

external diameter of 40 [mm] (wall thickness 10 [mm]).
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During the tests, efforts were made to implement the assumed equal conditions: pressure of the
pneumatic gun at the time of the shot p = 5 [bar], air temperature T 4;,- = 20 [°C] and air humidity

W qir = 50 [%] for each experiment carried out.

2.3. Dynamic measurement methodology

To be able to analyse the process of propagation of one-dimensional wave in the longitudinal
direction of an infinitely long bar, it must be assumed that it is divided into constituent elements of
small dimensions dx. Using the Hooke's law and Newton's second law, the wave propagation

equation can be written as follows:

1
2.1 = ..
@b dx%2 cp? O0t%’

where: u - movement within the bar;
¢y - elastic wave propagation velocity in the longitudinal direction of the bar.

2.2) o= |—;

where: E - Young’s Modulus of the material from which the bars are made;
p - the density of the material from which the bars are made.

Figure 6 illustrates the propagation of an elastic wave in a bar as a result of a bar-projectile impact

towards its longitudinal axis.

H : au
> u > U+ o —dx
: L !
} sample casing
/
dx /

- Sed
VEa

OA < — Alo +B—gdx)
Fig. 6. Diagram of elastic wave propagation Fig. 7. Contact of the sample with
in a measuring bar [5]. the fronts of both measuring bars.

Further transformations and solutions of equations in this area were well presented in the study
[5]. As part of the test, a soil sample was placed between the bars. This experiment is oedometric
type, and allows the measurement of the complete three-dimensional dynamic response of soils,
where 0; = 0y; 0y, = 03 = 0,; & = &; & = &3 =0, including also Poisson’s ratio v(t) and

volumetric strain 8 = &, as functions of time [8, 32]. Based on the knowledge of the incident, passing
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and reflected wave characteristics, it is possible to determine the displacement of the sample contact
with the bar ends, in Figure 7 marked as u; and u,. The uniaxial strain state £ was also determined
in the bars for the initiating wave - €/, the transmitting wave - €7 and the reflected wave - €&,

Assuming that a negative sign refers to for the compression wave, we obtain the strain equation:
du
at

In the case when the bar-projectile hits the bars at speed v, and the cross-sections and material of

2.3) =—Cp" €&
the bar-projectile and bars are the same (A = A; = 4y; p = p; = py; €g = €1 = C,) the maximum

stress in the bar o defines the equation:

1
(24) g=5pC V.

The displacement of the front of the initiating bar u, is the resultant of incident and reflected

waves:

t t t
(2.5) u (t) =co- f el () dt + (—co) - f R (@) dt =cq- f (e —e®) (t) at.
0 0 0

Similarly, the displacement of the transmitting bar u, can be determined as follows:

t
(2.6) Uy =Cp* f e (t) dt.
0
Equations of front displacement velocities for each of the bars v;, v, can be represented as:
2.7 v1(t) = co - (' (1) — R (6));
238 v (1) = o~ €7 (8);

where: v, - front speed of the initiating bar;
v, - front speed of the transmitting bar.
However, dependencies for forces P;, P, applied to the edges of the samples are:

2.9) Pi(t) =E-A-((t) + R (D));
(2.10) P(t) =E-A-eT(t);

where: P; - force at the end of the initiating bar;
P, - force at the end of the transmitting bar.
Additionally, assuming that in a short sample the stress distribution is homogeneous throughout

its entire volume, you can determine the average stress inside the sample o as:

_ P, (t) + P,(t) . 1 E-A (') + R + sT(t))_

@.11) a(t) e 3 >

where: A - cross-sectional area of the sample;
A - cross-sectional area of the bars.
When we assume that:

- 128 -



EXPERIMENTAL INVESTIGATION OF DYNAMIC BEHAVIOR OF SILTY SAND 489

(2.12) Pi(t) = P(1);
(2.13) () + eR(t) = €7 ();
(2.14) A=Ay
we will get the stress equation as a function of time inside the sample o
(2.15) a(t) =+ E-T(b).
Average strain in the sample ¢ is:
2:¢y (*
(2.16) e(t) = +—- f eR () dt;
0 0
where: L - sample length;
and the average strain rate € can be designated as:
2-c
(2.17) §(t) = —=-eR(1).
Lo

However, to determine the circumferential stress of the casing gy (t), the equation must be used:
og(t) = £ Eg - €2(t);

The measurement of peripheral stresses in the casing of the soil test sample is necessary to use
the modified Kolsky method that allows determining the volume deformation of the tested sample
and the intensity of strain. According to this modified method, the radial strain of the casing ¢, as a
function of time is determined from the correlation [33]:
RZ(1—v) + RZ(1 +v)

2-R? '

(2.18) & (t) = e?(t);

where: R - outer radius of the casing;
R, - inner radius of the casing;
v - Poisson’s ratio for the casing material.
Finally, the volume strain of the sample 8 and the intensity of strain ¢; at the volumetric stressed

condition are determined from the formulas:
(2.19) 0=¢c+2-¢,.
An intensity of strain &;:

(2.20) &g = g(lsl + le .

Taking into account changes in the volume deformation of the sample, the final correlations for

stress and axial strain in the sample take the form:
(2.21) o) =a(®)(1+e®);
(2.22) &) = In(1 + (D).

-129-



490 R. CHMIELEWSKI, L. KRUSZKA, R. REKUCKI, K. SOBCZYK

Taking into account - change of sample cross section as a function of time:
A

(2.23) A(t) = T&‘(t) .

3. FINDINGS

As aresult of a series of test shots, changes in physical characteristics were obtained for each
of the soil samples tested, which are presented in Table 1.

Table 1. Summary the of results of the test series.

Soil sample moisture content
w; = 0 [%] w, = 4,6 [%] ws = 9,6 [%] w, = 14,6 [%]
Sample mass before the shot m, [g] 16,00 19,92 17,76 22,28
Sample length before the shot L, [mm] 29,70 32,27 29,76 33,10
Bulk density of the soil before the shot
g 1,67 1,91 1,84 2,09
oo ]
Shot pressure p [bar] 5,03 5,04 5,06 5,02
Bar-projectile speed vy [ 2 33,22 31,45 33,11 30,77
Sample mass after the shot m; [g] 16,00 19,87 17,55 20,56
Difference in sample mass Am [g] 0,00 0,05 0,21 1,72
Sample length after the shot L; [mm] 25,20 27,98 25,07 29,03
Difference in sample length AL [mm] 4,50 4,29 4,69 4,07
Bulk density of the soil after the shot
g 1,97 2,20 2,16 2,20
o1 []
Difference in sample bulk density Ap 0,30 0,29 0,32 0,11

Below are the results of experiments in the form of diagrams based on the equations and
correlations given in Section 2.3, in the first place these are the strain diagrams obtained directly from
strain gauges using synchronization of the initial pulses:

- strain waveforms &' (t), eR(t), €7 (t), €2 (¢) for the sample w; = 0 [%], Figure 8;

- strain waveforms €/ (t), eR(t), €7 (t), €2 (t) for the sample w, = 4,6 [%], Figure 9;
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- strain waveforms £/ (t), eR(t), €7 (t), €2 (t) for the sample w5 = 9,6 [%)], Figure 10;

- strain waveforms &' (t), eR(t), €7 (t), €2 (t) for the sample w, = 14,6 [%], Figure 11.
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depending on the time t - sample w3 = 9,6 [%)]. depending on the time t - sample w, = 14,6 [%].

The results presented in Figures 8-11 indicate that the increase in the accuracy of the
synchronization of the initial pulses allows to obtain a better approximation of the sample equilibrium
state. Then, collective charts of changes in the mechanical properties of the tested soil samples are
presented as a function of time:

- changes in stress in the ground o in Figure 12;
- soil strain ¢ in Figure 13;

- soil strain rate € in Figure 14.
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Fig. 14. A collective list of soil strain rate ~ Fig. 15. Collective list of the dependence of stress - strain
charts € over time t. for the soils with less than total moisture (W < wggy).

After testing the sample w, = 14,6 [%)] it was noticed that water splashes appeared on the bars
and the casing. The exact water loss can be determined by re-measuring the sample mass after being
hit by the bar-projectile - Table 1 provides information on a significant difference in mass my and m,
compared to the previous results, Am = 1,72 [g] can be designated.

The impact of moisture content on the results obtained can be seen on the diagrams of stress
changes as a function of strain. In the soil with a moisture content of less than the total (W < wgg;),
the soil skeleton works under conditions of effective stress. In the water-saturated soils under dynamic
loads, water with a low content air does not flow out and it works evenly with the soil skeleton. The
soil works in total stress, and even water carries the load to a greater extent than the soil skeleton.
Figures 15 and 16 show the curves of dynamic compression for various moisture (Fig. 15 for less

than total moisture (W < wg,,), and Fig. 16 for the water-saturated soil) for silty sand soil samples
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with determined values of the initial dynamic oedometric modulus Eg 5.4 modulus as well as local
maximum plastic stresses and corresponding strains and strain rates, i.e. points A, B, C, and D.

The course of the curves in Figures 15 and 16 is limited to the range of stress changes without the
effect of reflected waves. These figures show the initial dynamic oedometric modulus. For the case
of moisture wy = 0 [%], w, = 4,6 [%] and w3 = 9,6 [%], approximately the value of Ej,eq =

7,74 GPa was determined and for the case of w, = 14,6 [%)] the value of E 504 = 49,58 GPa was

determined.

140
Affi+z) [%]

8,00
2500 / \
7,00 /
60 Wkl 1 | g9 6,00
D 127,82 0,009 974

“ P i e = 500
20 H——7rZ - 500 /
4,00

[ 0,005 0,01 0,015 0,02 0,025
Strain &[] 3,00 T T T T T
e 0 2 4 6 8 10 12 14 w(%]

100

1958 [Gog)

Onax | E £

Stress o [MPa]
Eo00a
Strain rate £ [s1]

Fig. 17. Change in the content of fine fractions in the soil

Fig. 16. Dependence of stress - strain
after the test, depending on the moisture content.

for the water-saturated soil.
Another element analysed was the unique analysis of the change in granulation of the tested soil
samples after the test. Sieve analysis was performed on the soil taken from the samples tested for all
four moisture contents, two for each moisture content. The obtained amount of material allowed to
perform a sieve analysis with an accuracy of 0,3 [%] of the mass content of individual fractions. The
granulation curves had a similar course to the soil curve taken for testing, although some regularities
consisting in changes in granulation can be observed. Figure 17 shows the dependence of the change
in the content of fine fractions, understood as the sum of the content of the argillaceous fraction f;
and silty f;; after the test A(f; + f;;) depending on the moisture content of the examined soil.
It should be noted that the course of the chart of the fine content change is similar to the course

of the optimum moisture content test chart (see Figure 2).

4. DISCUSSION

By analysing summary statements of dependencies it is possible to observe that the sample w, =

14,6 [%] with selected parameters differs in character from the results for other samples with a lower
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water content. It can be suggested that the water contained in the granular soil structure for this sample
carries the dynamic load equally and behaves in an elastic way at the moment of dynamic impact.
The void ratio of this sample before the test was 0,43, while after the test it amounted to 0,38. The
moisture content of the tested sample was higher than the total moisture content of the sample after
the test, which was 14,35 [%]. In the remaining samples, in which the degree of filling the pores with
water was less than 0,8, the gas (air) filling these pores at the moment of dynamic impact was not
able to carry these loads. The energy is used to thicken the air voids. Table 2 below presents the
physical characteristics of the samples after the test: the void ratio e, the total moisture content wg,,
and moisture level S,.

Table 2. Physical features of the soil with a fine fraction content of 20,5 [%] after the test.

Initial moisture Proctor test o,
0,0 [%] | 4,6[%] | 9,6[%] | 14,6 [%] 9,6 [%]
e 0,35 0,26 0,34 0,38 0,42
Wsat 13,03 9,81 13,00 14,36 16,03
Sy 0,00 0,47 0,74 1,02 0,91

It can be seen that after the test, the soil void ratio decreases in relation to that obtained in the
Proctor test, which indicates dynamic soil compaction during the test using a SHPB. This compaction
is lower in the absence of water in the pores, but decreases with increasing moisture content. For
moisture content above optimal, the compaction of the samples is even less than for the dry soils.

To confirm the change in soil compaction under dynamic loading, additional tests were carried
out for samples with a fine fraction of 2,9 [%]. Figure 18 below shows the dependence of the change
in the content of fine fractions, understood as the sum of the content of argillaceous f; and silty f;

fractions after the test A(f; + f;;) depending on the moisture content of the examined soil.

Alfi+f2) [%]

w i/

0 2 4 6 8 10 12 14 w (%]

Fig. 18. Change in the content of fine fractions in the soil after the next test,
depending on the moisture content.
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Table 3 summarizes the physical characteristics of the soil samples with a fine fraction of 2,9 [%]
after the SPHB test.

Table 3. Physical features of the soil with a fine fraction content of 2,9 [%] after the test.

Initial moisture Proctor test Wy
0,0[%] | 5,0[%] | 10,0[%] | 15,0[%] 10,5 [%]
e 0,35 0,32 0,36 0,33 0,39
Wsqt 13,34 12,15 13,47 12,53 14,76
Sy 0,00 0,38 0,71 1,17 0,71

It should be noted that the highest density of soil subjected to dynamic loading occurs at a

moisture content of approximately half of the optimum moisture content.

5. SUMMARY

Experimental oedometric tests using the Split Hopkinson Pressure Bar (SHPB) to determine the
dynamic behaviour for 4 ground base samples with different moisture contents (w; = 0 [%], w, =
4,6 [%],ws; = 9,6 [%] and w, = 14,6 [%]) subjected to dynamic impact at a strain rate & of 103.
Silty sand soil with a fine fraction of 20,5 [%] was used for the tests. On the basis of signals from
measuring strain gauges stuck on the initiating and transmitting bars and the sample casing, as well
as using appropriate equations contained in the literature used, the following experimental relations
were determined: soil sample stress o (t), its strain £(t) and strain rates €(t), depending on the time.
The obtained diagrams of strain from strain gauges allowed to receive the curves of dynamic
compression for various moisture for silty sand soil samples with determined values of the initial
dynamic oedometric modulus Eq ,.q as well as local maximum plastic stresses and corresponding
strains.

It becomes advisable to conduct further experiments for a larger number of series of tests using
the SHPB and to confirm whether the above described phenomenon of soil granulation change after
the test also takes place at other contents of fine fractions. These tests should cover soils with different
granulations and different moisture contents. During these tests, it is also necessary to determine the
impact of the fine fraction content (f; + f;;) and moisture content on the change in soil compaction
in relation to the optimum moisture content and porosity index.

Another area for analysis is to examine the effect of moisture content on dynamic compaction.

The test results obtained show that this compaction is different than in the case of the Proctor test.
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EKSPERYMENTALNE BADANIE DYNAMICZNEGO
ZACHOWANIA PIASKU PYLASTEGO

Stowa kluczowe: mechanika gruntu, eksperymentalne testy dynamiczne, dzielony pret Hopkinsona, test edometryczny.

Streszczenie. Artykul obejmuje edometryczne badania eksperymentalne z wykorzystaniem techniki preta
Hopkinsona do okreslenia zaréwno dynamicznego zachowania jak i zmian struktury dla probek wybranego
osrodka gruntowego o réznej wilgotnosci poddanych oddzialywaniu dynamicznemu. Do badania wzigto piasek
pylasty (siSa) o zawartos$ci frakcji drobnych f; + f;, = 20,46%. W celu zapewnienia wystgpienia jednoosiowego
stanu odksztatcenia badanej probki gruntu umieszczono ja w odpowiednio przygotowanej duraluminiowej ostonie
pierscieniowej. Dzigki zastosowaniu tensometrow pomiarowych na prgtach inicjujacym oraz transmitujacym, jak
réwniez ostonie zarejestrowano rézne impulsy, ktore nastepnie poddano procesowi filtracji i obrébki danych, tak
aby otrzymac obrazy propagacji sprezystych fal w pretach pomiarowych i w ostonie. Wykorzystujac odpowiednie
réwnania oraz zaleznosci zmodyfikowanej metody Kolsky’ego dla trojwymiarowego stanu napr¢zenia w badanej
probee okreslono eksperymentalne zalezno$ci charakteryzujace zachowanie si¢ probek gruntu o réznej
wilgotno$ci: napre¢zenie o(t), odksztatcenie e(t) oraz predkos¢ odksztatcenia €(t) w funkcji czasu. Na tej
podstawie uzyskano krzywe $ciskania dynamicznego dla rdéznej wilgotnosci probek gruntu pylastego z
okreslonymi wartosciami poczatkowego dynamicznego edometrycznego modutu oraz lokalnych maksymalnych
naprezen plastycznych i odpowiadajacych im odksztalcen. Podczas powyzszych eksperymentoéw dynamicznych z
probkami gruntéw typu piasku pylastego zaobserwowano, ze jego dynamiczne zaggszczenie przy duzej szybkosci
odksztatcania jest inne niz w przypadku testu Proctora. Wynika to z wigkszej energii zaggszczania, ktdra
dodatkowo powoduje zmiang uziarnienia poprzez niszczenie ziaren w strukturze. W pracy przedstawiono wyniki
analizy zmian uziarnienia dla dwoch réznych rodzajow probek gruntu - tego typu analizy sa unikalne. W zwiazku
z tym nalezy kontynuowac eksperymenty dla takich gruntow o réznych granulacjach i réznej wilgotnosci, stosujac
technike prgtow pomiarowych Hopkinsona, w celu potwierdzenia opisanego zjawiska w innych gruntach typu

piasku pylastego, ktdre czesto sg podtozem gruntowym dla réznych obiektéw inzynieryjnych.
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gotowosci aparatury stanowiska SHPB do przeprowadzenia fizycznych eksperymentow;

6) wspotudziale w wykonaniu fizycznych eksperymentéw zgodnie z opracowang
metodyka badawcza;

7) opracowaniu i analizie danych Zrédlowych z tensometréw pomiarowych (w tym praca
nad danymi w oprogramowaniu SigmaPlot i FlexPro);

8) wykonaniu zestawienia graficznego wykreséw dynamicznego zachowania badanego

piasku pylastego;

9) opracowaniu wybranych elementéw krytycznej dyskusji nad rezultatami
eksperymentéw fizycznych;

9) opracowaniu graficznym ilustracji i wykresow oraz wspdtudziale w edycji tekstu
manuskryptu;

10) podsumowaniu prowadzonych prac badawczych oraz sformutowaniu wnioskéw
koncowych wraz z korektami i odpowiedziami wynikajgcymi z procesu recenzji.

Oswiadczam, ze jestem pomystodawca i autorem wigkszo$ciowym w/w publikacji.

Publikacja przygotowana w ramach opracowania przeze mnie w roli kierownika projektu
whniosku o pozyskaniu funduszy z NCN na zakup materiatéw do badan - konkurs Preludium
edycja nr 42 (nr rej. wniosku 2021/41/N/ST10/01303).
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Abstract: This paper presents the results of a test cycle of two types of silty sand (siSa) with different
contents of fine fractions. Fine fractions are understood as soil grains with a grain diameter of less
than 63 um (as the sum of silt and clay fractions). The soils tested had a content of fine fractions of
fsisci1 = 15.14% and fsi+ci2 = 20.48%, respectively, before the study. Changes in the content of these
fractions after the experiments were analyzed. These experiments consisted of dynamic bar projec-
tile impact loading, and a split Hopkinson pressure bar (SHPB) test stand was used in the study.
Changes in the granulometric composition of the silty sands studied were carried out in a laser
particle size analyzer, allowing measurement of fractional content in the grain size range from 0.01
pm to 3500 pm. As a result, a summary of changes in soil grain size curves in the range of fine
fractions was compiled. Repeated trends were observed in the changes in the granulometric com-
position of the soil samples as a function of the moisture content of the soil sample (w1 = 0%, w2 =
5%, w3 =10%, and w4 =15%) and the impact velocity of the loading bar projectile for SHPB pneumatic
launcher pressures (p1 = 1.2 bar = v1=12.76 m/s, p2=1.8 bar = v2=17.69 m/s and p3 = 2.4 bar — vs
=21.32 m/s). The influence of the initial moisture content of the investigated soil on the value of the
optimum moisture content obtained during its dynamic compaction was discussed. The trend in
the behavior of the change in the granulometric composition of the tested samples was determined,
taking the value of the initial moisture content of the soil in relation to the optimum moisture con-
tent of the reference sample as a reference. The largest percentage change in granulometric compo-
sition through an increase in the value of the silt and clay fraction relative to the reference sample
fsi~ci for both types of silty sand tested occurs for the same moisture content variant w2 = 5%—for soil
fsisci1 = 15.14% there is an increase in the fine fraction of 11.08% and for soil fsi«ci2 = 20.48% there is
an increase in the fine fraction of 15.17%. In general, it can be seen that more silty soil is more
strongly susceptible to the phenomenon of grain crushing for moisture content w1 =0% and w2=5%
less than its optimum moisture content wop1 = 8.70%. In contrast, less silty soil is more susceptible
to the phenomenon of grain crushing for moisture contents ws = 10% and w4 = 15% greater than its
optimum moisture content wopt2 = 9.20%. The presented dynamic physical phenomenon of soil be-
havior is crucial during explosive and impact impacts on structures made of soil, e.g., as ground
protection layers.

Keywords: granulometric composition; grain crushing; laser particle size analyzer; silty sand; soil;
high strain rate; split Hopkinson pressure bar

1. Introduction

Issues related to the behavior of different materials subjected to dynamic impact us-
ing a split Hopkinson pressure bar test stand are an important part of impact engineering.
For many years, there has been an unflagging interest and continuous development in the
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area of experiments on the dynamic mechanical properties of various structural materials,
including building materials —the materials studied include metals [1-3], polymers [4-6],
concrete [7-9], reinforced composites [10-12], wood [13-15], rocks [16-18] and, more re-
cently, soils [19-22]. Soils are used as an energy-absorbing material during explosive and
impact impacts on structures as ground protective layers for these structures. The inten-
sification of research has also been accompanied by an increase in publications on the
subject of modifying the specimen variants used and the experimental conditions associ-
ated with the Hopkinson bar technique. A summary of the conducted dynamic research,
together with the construction and description of the SHPB test stand, has been collected
in several review articles [23-25]. Table 1 shows a comparison of the total number of sci-
entific papers (research and review article, book chapter, conference paper) using “Hop-
kinson bar” as a keyword between 2018 and 2022 according to the resources of the scien-
tific databases Web of Science and Springer Link.

Table 1. Summary of the total number of scientific papers (research and review article, book chapter,
conference paper) using “Hopkinson bar” as a keyword concerning dynamic experiments with sam-
ples of different materials from 2018 to 2022 according to the resources of the scientific databases
Web of Science and Springer Link [26,27].

Year Web of Science Springer Link
2022 592 587
2021 538 456
2020 510 351
2019 486 359
2018 447 321

Directly related to the conduct of dynamic experiments based on the SHPB test stand
is the issue of the effect of loading rate on changes in the microstructure of the tested
sample—the group of structurally sensitive materials to dynamic effects includes brittle
materials: rocks [28-30], coal [31,32], and loose material, e.g., non-cohesive soils [33-36].
Particularly valuable are the analyses and conclusions of published dynamic SHPB stud-
ies conducted for concrete samples [37] and different types of sand—coral sand [38] and
calcareous sand [39]. Issues related to these analyses of the grain size change as the effect
of particle size distribution on dynamic properties of different types of sand, e.g., calcare-
ous sand and coral sand [40-42]. The mechanical behavior of different types of sand is
strongly related to the particle size of the grains in its soil skeleton. In the reviewed papers,
studies were conducted to investigate the effect of particle size distribution on the impact
resistance of samples of different sand types based on SHPB dynamic tests. The results of
the study were interpreted that sands (e.g., coral sand) experienced a very strong and
sudden increase followed by a slow, gradual decrease in impact resistance with increasing
average particle size d50 and cohesion c. Sands of different grain sizes had concretely ap-
parent different force transmission mechanisms and failure patterns. When the particles
were uniformly distributed, strength was provided by an arrangement of particles with
the correct diameter and with cohesion c resulting from the fine fraction. Strength de-
creased when particle breakage occurred, and the force transmission mechanism changed,
which also led to an uneven particle size distribution process.

The subject of this article is a non-cohesive soil-silty sand. It is often used as a backfill
soil, i.e., an explosion-absorbing material in protective construction. The effect of dynamic
action on loose soil-silty sand can be characterized by comparative analysis of the indi-
vidual fractions in the soil structure (in particular, consider sandy fractions fss, silty frac-
tions fsi, and clay fractions fc). A schematic division of the soil fractions according to [43]
is shown in Figure 1.
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Figure 1. Schematic division of soil fractions (adapted from Ref. [43]). Orange and green colors in-
dicate the key range of silt fraction fsi and clay fraction fc in this article together with the limiting
grain size diameters.

Testing the grain size distribution of non-cohesive soils is carried out by determining
the granulometric composition using the laboratory sieve method according to [44]. The
smallest mesh diameter of the sieve is 0.063 mm (63 pm)-in order to gain a more accurate
understanding of the further course of the grain size curve in the range below 63 um, it is
necessary to use precision laboratory equipment, as aerometric analysis for small soil sam-
ples is not feasible. In this study, a laser particle size analyzer was used to produce a more
detailed grain size curve from a grain size of 0.01 pm to 3500 pum—additional grain size
curve data in the range of 0.01-63 um can be obtained in comparison with classic sieve
analysis (gradation test).

Sand, as a natural granular material, is a complex non-equilibrium energy dissipating
system requiring detailed analyses. This is the motivation of the authors of the manuscript
to add to the wide area of already existing publications on different sands the results of
dynamic studies for one type of sand-silty sand (there is still a space of insufficiently stud-
ied examples of these soils). The aim of this study was to investigate the change in the
granulometric composition of silty sand (two soil types—fsisci1 = 15.14% and fsici2 =
20.48%) in dynamic SHPB experiments with varying moisture content—w1 = 0%, w2 =5%,
w3 = 10% and ws = 15% —and the impact velocity of the loading bar projectile for SHPB
pneumatic launcher pressures—p1 = 1.2 bar (v1 = 12.76 m/s), p2 = 1.8 bar (v2=17.69 m/s),
and ps = 2.4 bar (vs =21.32 m/s).

Major points of highlights and innovations of study in this paper:

>  Use of laser particle size analyzer to determine the grain size composition of the soil
sample (grain size curve) —a more accurate method due to the wide range of possi-
bilities for 0.01 pm to 3500 pm grain diameters testing compared to classic sieve anal-
ysis (gradation test) and aerometric analysis methods.

> Two types of silty sand with different contents of fine fractions were used for the
study —fsizci1 = 15.14% and fsi«ci2 = 20.48%. The manuscript also has a practical (not
only academic) aspect because the two types of silty sand studied were from the con-
struction site of two different construction critical infrastructure facilities in Poland —
the soil samples taken were really existing in the subsoil.

»  The study was conducted for a number of variants of soil samples depending on the
variables, the impact velocity of the loading bar projectile for SHPB pneumatic
launcher pressures, and moisture content of the sample (below and above the opti-
mum moisture content) in order to create several potential sets of conditions for the
use of this soil as, for example, ground protection layers loaded by dynamic action.

>  Repeatable trends in changes in the granulometric composition of soil samples were
observed and shown graphically on grain size curves. The largest percentage change
in granulometric composition through an increase in the value of the silt and clay
fraction relative to the reference sample fsi«c: for both types of silty sand tested occurs
for the same moisture content variant w2 = 5% —for soil fsisci1 = 15.14%, there is an
increase in the fine fraction of 11.08%, and for soil fsi+ci2 = 20.48%, there is an increase
in the fine fraction of 15.17%.

2. Characteristics of Soil Samples

In this study, two different types of non-cohesive soil samples were analyzed —two
samples of silty sand with different percentages of fine fractions (silt and clay) in the soil
skeleton. The silty sand is an example of a poorly expansive soil (doubtful soil—

- 145 -



Appl. Sci. 2023, 13, 4707

ambiguous expansivity) and belongs to the group of soils between expansive and non-
expansive soils (using the expansivity criterion according to Witun). The criteria for soil
freeze-thaw effects depend on the physical properties of the soil. Non-cohesive soils with
a low silt and clay fraction do not form freeze-thaw effects even when saturated with
water. The ice that forms in them presses excess water downwards so that these soils con-
tain less water in the pores after freezing than before. Cohesive soils, on the other hand,
which contain more silty particles, are more expansive; the finer the grain size, the higher
the moisture content. The finer the grain size of the soil, the greater its moisture content.
The finer the grain size of the soil, the smaller the pore size, and the more pores are almost
completely filled with adsorbed water, the better the conditions for the formation of sep-
arated ice lenses and the formation of freeze-thaw effects. Poorly expansive soils (also
referred to as doubtful soils) contain about 20-30% of particles smaller than 0.05 mm and
about 3-10% of particles smaller than 0.002 mm [45-47]. Table 2 shows the accepted gen-
eral division of soils into four groups in terms of their susceptibility to the phenomenon
of freeze—thaw effects [48].

Table 2. General classification of soil types with regard to the phenomenon of freeze-thaw effects
(symbols of soil names according to [43]).

Group I Group II Group III Group IV
Non-Expansive Poorly Expansive Soils Expansive Very Expansive
Soils (Doubtful Soils) Soils Soils
gravel silty sand sandy-silty clay clayey sand
(Gr) (siSa) (sasiCl) (clSa)
sand-gravel mix clayey gravel clay sandy silt
(grSa) (cIGr) (@) (saSi)
coarse sand clayey sand-gravel mix sandy clay silt
(CSa) (grclSa) (saCl) (Si)
medium sand silty clay clayey silt
(MSa) (siCl) (clSi)
fine sand
(FSa)

Samples of silty sand with different silt and clay fraction contents were used in the
research within the scope of this article. In order to correctly analyze the change in the
granulometric composition of the silty sand, a key step is to determine the initial grain
size structure for the reference samples. A state-of-the-art laser particle size analyzer Bet-
tersizer S3 Plus was used in the study in the wet soil sample variant—a detailed descrip-
tion of the test methodology is presented in Chapter 3. As a result of the analysis, graphs
of grain size curves were determined, and the content of the silt and clay fraction (under-
stood as the percentage of grains with a diameter of less than 63 um) was found to be
equal for the:

e first type of soil sample —fsici1 = 15.14% (the grain size curve in Figure 2a);
e second type of soil sample—fsi+ci2 =20.48% (the grain size curve in Figure 2b).
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Figure 2. Comparison of graphs of grain size curves for silty sand with silt and clay fractions: (a)
fsirci1=15.14% and (b) fsi+ci2 =20.48%.

Figure 3 shows the macroscopic appearance of the two reference samples of silty
sand. Visually comparing them to each other, it is not possible to visually identify them
due to the small grain diameter size in the silt and clay fractions—macroscopically, the
samples appear similar.

Figure 3. Macroscopic view comparison of reference silty sand samples: (a) fsi«ci1 = 15.14% and (b)
fsirci2=20.48%.
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Both types of samples were analyzed in the optimum moisture content test (Proctor
apparatus) according to [49]. The value of the optimum moisture content wo: was deter-
mined for the obtained maximum volumetric density of the soil skeleton pamax, at constant
compaction energy and for different moisture contents:

o for fsici1 =15.14%— pimax1 = 1.89 g/cm® — wopi1 = 8.70% (Figure 4a);
o for fsisci2 = 20.48% — pamax1 = 1.95 g/cm3 = wapt2 = 9.20% (Figure 4b).
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Figure 4. Comparison of optimum moisture content wopt for samples: (a) fsi+ci1 = 15.14% and (b) fsi+ci2
=20.48% (the blue line is the volumetric density curve of the soil in relation to its moisture content,
the red line is the horizontal drop from the Y axis of the maximum volumetric density value of the
soil and the vertical drop to the X axis (moisture content) to determine the optimum moisture con-
tent, the green color indicates the point of inflection of the curve of the graph).

3. Test Stand and General Experimental Methodology
3.1. Description and Components of the Test Stand

Once the soil sample has reached the laboratory, the testing analysis process is car-
ried out on various test stands, including macroscopic evaluation of the physical proper-
ties of the soil or determination of the optimum moisture content (Proctor apparatus). In
accordance with the subject of this article, the main test stands used in the experiment
include a split Hopkinson pressure bar (SHPB) and a laser particle size analyzer.

The SHPB test stand takes into account the known density, moisture content, and
strain rate of the granular structure of the soil sample in order to determine the dynamic
properties of the soil being analyzed and to understand the stress—strain relationship. The
main essence of the Hopkinson technique is that it is possible to analyze the response of
different materials (including soil samples) subjected to dynamic action. The dynamic
tests, the effect of which is the main focus of this work, were carried out based on the
SHPB test stand located in the Department of Military Engineering and Infrastructure in
the Faculty of Civil Engineering and Geodesy, MUT. A schematic diagram of the SHPB is
shown in Figure 5, and an actual view of the test stand is in Figure 6.
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Figure 5. SHPB test stand diagram with designations of important components -  (reprinted
from Ref. [50]).

The following components of the SHPB test stand can be distinguished as important
due to the specifics of the dynamic experiment methodology:

—pneumatic bar projectile launcher [51];
—design to ensure that the bars are axially aligned with each other;
—Dbar projectile guide (launcher barrel);
—Dbar projectile;

—initiating bar;

—set of measuring strain gauges;

—soil sample casing (rigid ring);

—soil sample under test;

—transmitting bar;

—damper (impact-absorbing element);
—Dbar projectile speed measurement kit vo;
—digital recorder with computer.

Figure 6. View of the SHPB test stand located in the Department of Military Engineering and Infra-
structure of the MUT, with markings of crucial components -

The Bettersizer S3 Plus laser particle size analyzer was used to investigate the granu-
lometric composition for each soil sample variant. The instrument combines the measure-
ment methods of static light scattering and dynamic image analysis, thus offering the ver-
satile ability to characterize particle size and shape in the range from 0.01 pm to 3500 pm.
Analyses of changes in the granulometric composition of silty sand samples (as a result of
dynamic bar projectile interaction within the SHPB stand experiments) were carried out
based on the wet version of the grain size curve study in the Bettersizer S3 Plus laser par-
ticle size analyzer—the device is shown in Figure 7. It is located in the Department of
Engineering and Military Infrastructure in the Faculty of Civil Engineering and Geodesy,
MUT.

Important components of the laser particle size analyzer include:

—main analyzer core;

—measuring chamber system (water—soil mixture input—output);
—circulation tank;

—circulation and dispersion system of the water—soil mixture;
—distilled water tank;

—computer with dedicated software.
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Figure 7. View of the Bettersizer S3 Plus laser particle size analyzer test stand located in the Depart-
ment of Military Engineering and Infrastructure of the MUT, with markings of crucial components

3.2. General Methodology for Conducting the Experiment

The soil sample  of the SHPB test is cylindrical in shape and is placed in a rigid
casing  made of different materials depending on the experimental setup, e.g., Plexiglas,
duralumin, or steel. The dimensions and material characteristics of the casing ensure that
the uniaxial deformation state of the tested soil occurs when the specimen is pressed from
both sides by the initiating  and transmitting  bars. According to the markings in
Figure 6 and the methodology for conducting the SHPB experiment, the bar projectile load

is propelled inside the bar projectile guide by rapidly released air pressure from a
pneumatic launcher . The laser timing system  takes a reading of the time it takes for
the bar projectile to move a known distance. Knowing this time allows the impact velocity
to be determined. When the bar projectile strikes the initiating bar ~ , a compressive elas-
tic wave is generated in the bar (the incident wave generates deformations in the initiating
bar ), propagating along the bar toward the soil sample  surrounded by the casing
element (rigid ring) . On reaching the end of the initiating bar, the wave partly contin-
ues to propagate (the transmitted wave generates deformations in the transmitting bar )
through the sample towards the transmitting bar and partly is reflected and starts to re-
turn to the beginning of the initiating bar (the reflected wave generates deformations in
the initiating bar ). The wave that has passed through the sample and reached the trans-
mitting bar at its end is finally attenuated in the damping element . The signals from
the set of measuring strain gauges are recorded by a digital recorder and transmitted to a
computer

The investigation in the laser particle size analyzer (Figure 7) begins by flushing the
unit system and pumping a new portion of the liquid from the distilled water tank  into
the circulation tank . Once the soil sample has been transferred to the circulation tank

, the water—soil mixture flows through the circulation and dispersion system . Dur-
ing the measurement, the particles dispersed in the selected medium are pumped through
a set of two measuring chambers  within the main core of the analyzer . In the first
measuring chamber, short-wave laser light (532 nm) passes through the sample and is
scattered according to the particle size. The 96 detectors detect optical signals over an an-
gle range of 0.02-165°. Meanwhile, in the second measurement cell, CCD cameras (with
0.5 and 10x magnification) continuously take images to provide particle image analysis
in the range of 2 um to 3500 um. An additional lens between the laser and the sample cell
(lens 2) converts the diverging laser beam into a parallel beam and enables the detection
of back-scattered light. The evaluation of the fine particle size distribution is based on the
Fraunhofer or Mie scattering theory, which depends on the particle size and optical prop-
erties. Mie scattering theory enables an accurate description of the laser scattering law of
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particles—it is a widely accepted theory in modern laser particle size analysis. Fraunhofer
diffraction theory is a simplified version of Mie theory —relatively rarely used, mainly
applied to describe the laser scattering law of relatively coarse particles. Mie theory is
adopted for all bulk materials over a wide range of grain diameters. The Fraunhofer
method is more dedicated to the analysis of coarse-grained powders. In the present work,
Mie theory is adopted for further analysis. The methodology described is in accordance
with the ISO standards on the subject [52-54]. Figure 8 shows a detailed scheme of particle
size testing by laser diffraction from the stage of introduction of a soil sample into the
system to the stage of analysis of the obtained results in dedicated computer software.
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Figure 8. Detailed diagram of a soil sample test procedure on the Bettersizer S3 Plus laser particle
size analyzer located in the Department of Military Engineering and Infrastructure of the MUT (re-
printed from Ref. [55]).

3.3. Process of Preparing a Soil Sample for Testing

In the process of preparing a non-cohesive soil sample for dynamic testing using the
SHPB test stand, an important step is to ensure the initial compaction state of the soil. In
particular, this is an important step of the preparation process for dry and low moisture
content samples. Such a sample is in a two-phase or three-phase state—it has a gas phase
(usually in the form of air). Failure to carry out the compaction process will result in in-
correct experimental results—some of the impact energy of the bar projectile will be used
to compact the air voids.

The soil sample is cylindrical in shape, and its dimensions must comply with the
condition [56] in Equation (1):

3.
= . 1
i 1)
where —length of soil sample tested;

—diameter of soil sample tested;
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—Poisson’s ratio of soil sample tested.
Using approximations of the calculated values, it is possible to determine the general
approximation condition [57] in Equation (2):

=05 @)

The diameter of the soil sample corresponds to the diameter of the bar projectile and
the measuring bars (initiating and transmitting). The indicated elements of the SHPB test
stand in the Department of Military Engineering and Infrastructure of the MUT have a
diameter of 20 mm —based on equation (2), the length of the soil sample is approximately
10 mm.

In the experimental methodology of SHPB testing, an important step is the selection
of a suitable impulse shaper to ensure dynamic stress equilibrium. The introduction of an
additional impulse shaper into the SHPB test stand system between the bar projectile and
the initiating bar allows for a longer time of rising impulse, which enables the effect of
better impedance matching and homogeneous deformation of the test material. The pulse
shaper is usually a small and thin disc made of soft material —it can be made of aluminum,
brass, rubber, nylon, copper, or stainless steel, about 0.1-2 mm thick [58]. During testing,
the bar projectile strikes the impulse shaper in front of the initiating bar, thus generating
a non-dissipative impulse propagating through the initiating bar. This pulse, with its
slowly rising front, facilitates dynamic balancing of forces on the sample—a slowly rising
pulse is the preferred loading pulse to minimize the effects of dissipation and inertia,
thereby facilitating dynamic stress balance in the sample. The task of the pulse shaper is
to ensure a constant strain rate during loading and to maintain force balance throughout
the specimen. By changing the geometry of the pulse shaper, a variety of different pulses
incident on the specimen can be produced. Depending on the materials being tested, dif-
ferent loading pulses are needed, which can be achieved by designing the shaper accord-
ingly. The dynamic stress equilibrium condition is shown in Equation (3):

+ ; 3)

where —initiated wave (incident impulse);
—transmitted wave (transmitted impulse);
—reflected wave (reflected impulse).

Taking into account the addition and negative signsof the , ,and  graphs, it
is possible to check the fulfillment of the dynamic stress equilibrium condition according
to equation (3) by comparing the changes in the course of the graphs. An example of such
a graph is shown in Figure 9—it is possible to compare the correspondence of the course
of the blue graph  and the black graph with the dashed line  —(- ), where final form
is  +

0.200 4
0.1751

0.1501

0.125 4

%

. 0.100

Strain

0.0751

0.050 1

0.0251

0.000

5 T T T T
50 100 150 200 3 250
time, us

Figure 9. Example of graphical representation of the fulfillment of dynamic stress equilibrium con-
dition (reprinted from Ref. [59]).
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In accordance with the conclusions of the publication [60], the compaction process of
the sample was carried out on a vibrating shaker. The soil was compacted by vibrating the
shaker for 60 s. The tests carried out in [60] proved that a time of 60 s was sufficient—the
vibration process for longer periods of 120 s and 180 s did not result in a significant in-
crease in soil compaction values. A sinker weight of approximately 1000 g was applied to
the sample to improve the effectiveness of the shaking compaction. During the shaker
operation, the air voids were filled by the moving soil grains—the compaction process
took place. Figure 10 shows the soil sample casing (rigid ring) and the auxiliary compo-
nents necessary for the compaction process of a soil sample, with their markings:

—base cork;

—soil sample casing (rigid ring);
—sily sand sample;

—fixing screws;

—pressure plate;

—sinker 1000 g.

Figure 10. Installation for compaction of a sample of non-cohesive soil as part of the SHPB test with
markings of the crucial components: (a) schematic diagram and (b) actual view -  (reprinted
from Ref. [60]).

The variant soil sample prepared in this way was subjected to a dynamic experiment
on the SHPB test stand according to the methodology discussed in Section 3.2. The vari-
ants of the test sample distinguished in terms of the initial launcher pressure acting on the
bar projectile pi (i.e., determining the average impact velocity of the bar projectile vi) and
the moisture content of the soil sample wi (percentage of water in the sample) are summa-
rized in Table 3. A total of 12 variants of the silty sand sample were distinguished. Each
variant of the sample was dynamically tested 4 times to obtain a meaningful statistical
sample for both variants of silty sand with a silt and clay fraction fsi-ci1 = 15.14% and fsi+ci2
=20.48% —a final of 96 experiments were performed on the SHPB test stand.

Table 3. Summary of silty sand sample variants used in experiments conducted on the SHPB test stand.

I II 111 v \'% VI VII VIII IX X XI XII
w1=0% w2=5% w3 =10% wa=15%
p1= p2= ps= p1= p2= ps= p1= p2= ps= p1= p2= ps=
1.2 bar 1.8 bar 2.4 bar 1.2 bar 1.8 bar 2.4 bar 1.2 bar 1.8 bar 2.4 bar 1.2 bar 1.8 bar 2.4 bar
v = m= 3= v1= = V3= U= m= v3= v1= m= U=
1276 m/s 17.69m/s 21.32m/s 1276 m/s 17.69m/s 21.32m/s 1276 m/s 17.69m/s 21.32m/s 1276 m/s 17.69 m/s 21.32m/s

Total sample variants: 12.

The soil samples after the completed dynamic experiments were combined according
to the distribution shown in Table 3, and a reference sample (a silty sand sample not
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subjected to dynamic impact in the SHPB test) was added to the compilation—a summary
of the silty sand sample variants used in the laser particle size analyzer is shown in Table 4.

Table 4. Summary of silty sand sample variants used in particle size change analyses.

I I 111 v A% VI VI VIII IX X XI XII XIII
w1=0% w2=5% w3 =10% wa=15%
p1= p2= ps= p1= p2= p3= p1= p2= ps= p1= p2= p3=
12bar 18bar 24bar 12bar 18bar 24bar 12bar 1.8bar 24bar 12bar 18bar 24bar Reference
v1= = vs = 1= v = v3= v = = vs = v1= v = v = sample

12.76 m/s 17.69 m/s 21.32 m/s 12.76 m/s 17,69 m/s 21.32 m/s 12.76 m/s 17.69 m/s 21.32 m/s 12.76 m/s 17.69 m/s 21.32 m/s

Total sample variants: 13.

For each soil sample variant, 5 mini-samples of 0.2 g were extracted. This mass value
is due to the specifics of the test in this model of the Bettersizer S3 Plus laser particle size
analyzer—feeding a larger mass of soil sample causes a process of flushing the excess
sample out of the circulation tank until the desired mass effect of approximately 0.2 g is
achieved. Distilled water was added to each of the 5 vessels containing an equal variant
of the sample. Over a period of 24 h, the sample underwent a process of disentangling and
loosening the clumps of the silt and clay fraction. The combined silt and clay particles (soil
aggregate) were separated in the water into individual soil particles. After waiting for 24
h and the particle separation process, the soil sample was transferred to the circulation
tank together with the water in the vessel. The remaining sediment in the vessel was also
washed into this circulation tank —this ensures that no soil grains remain on the vessel
walls. The laser particle size analysis was then commenced according to the methodology
discussed in Section 3.2. Each sample from the vessel was subjected to a cycle of 5 analyses
in the instrument. A total of 13 variants of the silty sand sample were distinguished. For
each sample variant I-XIII, 5 mini-sample vessels of that variant were extracted (an exam-
ple set of 5 mini-sample vessels is shown in Figure 11a,b). In order to obtain a meaningful
statistical sample for both variants of the silty sand with a silt and clay fraction of fsirci1 =
15.14% and fsi+ci2 = 20.48%, a cycle consisting of 5 analyses in the device was carried out.
Finally, 650 analyses were carried out in the laser particle size analyzer.

(b)

Figure 11. Preparation of silty sand samples for testing in laser particle size analyzer: (a) samples of
silty sand before pouring distilled water (visible merged grains into compact lumps); (b) samples of
silty sand after pouring distilled water and waiting for 24 h (separation into individual grains oc-
curred).
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4. Test Results in the Laser Particle Size Analyzer

According to the description of the soil sample preparation process in Section 3.3,
each variant of the silty sand sample was tested in the particle size analyzer by laser dif-
fraction in five cycles for the extracted five mini-samples (a total of 25 tests performed for
each variant I-XIII from Table 4). The 25 test results were averaged to present the results
of the tests for each variant I-XIII (depending on the configuration of variables used: initial
launcher pressure acting on the bar projectile p1i—p2—ps and moisture content of the soil
sample wi—w2—ws—ws4) in summary graphs of grain size curves with reference to the refer-

ence sample:

e  for the first type of soil sample—fsi:ci1 = 15.14%:

>

>

Figure 12a with variable configuration values w1 = 0% and p1=1.2 bar (v1=12.76

m/s)-p2= 1.8 bar (v2=17.69 m/s)—ps = 2.4 bar (vs =21.32 m/s);

Figure 12b with variable configuration values w2 =5% and p1=1.2 bar (v1=12.76

m/s)-p2= 1.8 bar (v2=17.69 m/s)—ps = 2.4 bar (vs =21.32 m/s);

Figure 12c with variable configuration values ws=10% and p1=1.2 bar (v1=12.76

m/s)—p2=1.8 bar (v2=17.69 m/s)-ps = 2.4 bar (vs =21.32 m/s);

Figure 12d with variable configuration values ws=15% and p1=1.2 bar (v1=12.76

m/s)-p2=1.8 bar (v2=17.69 m/s)—ps = 2.4 bar (vs =21.32 m/s);
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Research cycle 1 - siSa sample moisture w3 =10 %
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Figure 12. Summary graphs of grain size curves for silty sand with silt and clay fraction fsici1 =
15.14% for sample variants I-XIII (12 sample variants subjected to dynamic impact in SHPB and
reference sample without dynamic impact) in variable configurations: (a) w1 and p1 (v1)-p2 (v2)-ps
(v3), (b) w2 and p1 (v1)—p2 (v2)-ps (v3), (c) ws and p1 (v1)—p2 (v2)-ps (v3), (d) ws and p1 (v1)—p2 (v2)-ps (v3).

e  for the second type of soil sample—fsi-ci2 = 20.48%:

>  Figure 13a with variable configuration values w1 = 0% and p1=1.2 bar (v1=12.76
m/s)—p2=1.8 bar (v2=17.69 m/s)-ps = 2.4 bar (vs =21.32 m/s);

>  Figure 13b with variable configuration values w2 =5% and p1=1.2 bar (v1=12.76
m/s)-p2= 1.8 bar (v2=17.69 m/s)—ps = 2.4 bar (vs =21.32 m/s);

»  Figure 13c with variable configuration values ws=10% and p1=1.2 bar (v1=12.76
m/s)-p2= 1.8 bar (v2=17.69 m/s)—ps = 2.4 bar (vs =21.32 m/s);

> Figure 13d with variable configuration values ws=15% and p1=1.2 bar (v1=12.76
m/s)—p2=1.8 bar (v2=17.69 m/s)—ps = 2.4 bar (vs = 21.32 m/s).
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Figure 13. Summary graphs of grain size curves for silty sand with silt and clay fraction fsici2 =
20.48% for sample variants I-XIII (12 sample variants subjected to dynamic impact in SHPB and
reference sample without dynamic impact) in variable configurations: (a) w1 and p1 (v1)-p2 (v2)-ps
(v3), (b) w2 and p1 (v1)—p2 (v2)-ps (v3), (c) ws and p1 (v1)—p2 (v2)-ps (v3), (d) ws and p1 (v1)—p2 (v2)-ps (v3).

5. Discussion

In order to clearly summarize the results of the tests in the laser particle size analyzer
(results from Section 4) and to show the visible trends in the change of granulometric
composition of the samples of silty sand subjected to dynamic impact in the SHPB test,
Table 5 is prepared for both soil samples with initial content of silty and clay fraction fsisci1
= 15.14% and fsisa2 = 20.48%. The table summarizes the results taking into account the
initial moisture content of the soil sample and the pneumatic launcher pressure of the
SHPB loading bar projectile.

Table 5. Summary of fsi:ci silty and clay fraction values obtained in the laser particle size analyzer
for the different configurations of the variable variants of the silty sand sample after dynamic impact
in the SHPB test.

Reference Moisture Content of the Silty Sand Sample wi

Sample fsici w1=0% w2=5% w3 =10% wi=15%
p1=12bar fsirci11= fsirc11v = fsirci1-v = fsiscr1x =

v1=12.76 m/s 16.64% 18.17% 17.15% 16.66%
fsirci1= -~ p2=1.8 bar fsirc1r= fsirc1v = fsirci1-vin = fsirc1x1 =

15.14% q;,‘" 5 1»:=17.69 m/s 23.58% 23.97% 22.08% 19.92%
5 "? p3=2.4bar fsirci1m = fsirc1-vi = fsirc1x = fsirc1xm =

?5" %; v3=21.32 m/s 25.10% 26.22% 22.96% 21.24%

55 p1=12bar fsisciz1= fsirciv = fsirci-vi = fsisciax =

g 8 wu=1276 m/s 24.80% 28.71% 21.18% 20.84%

fsisciz = % £ p2=1.8 bar fsiscion = fsircizv = fsircizvin = fsiscizxi =

20.48% = v2=17.69 m/s 29.17% 31.00% 24.99% 24.76%
p3=2.4bar fsircio-m = fsircr2-vi = fsircrox = fsircioxa =

v3=21.32 m/s 32.87% 35.65% 25.79% 25.35%

Based on the data presented in Table 5, it is possible to note the behavioral trends
and direction of trends in the dynamic characteristics of the silty sand:

»  Each silty sand sample used on the SHPB test stand achieved a higher proportion of
fine fractions (silt and clay) in its granulometric composition after the test compared
to the reference sample. Each dynamic impact with the bar projectile resulted in an
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increase in the value of the silt and clay fraction fsic—there was a phenomenon of
destruction of the soil skeleton through grain breaking and an increase in the per-
centage of smaller-diameter grains. The correctness of Equations (4) and (5) can be
seen:

= i > o (4)

= ' > . 5)

For a given moisture content of a soil sample, there was a trend towards an increase
in the proportion of the silt and clay fraction in the granulometric composition with
an increase in the initially applied pressure of the pneumatic launcher to start the bar
projectile movement. The trend in the behavior of the sample occurred as the impact
velocity of the bar projectile increased, which can be represented by Equations (6)-

9):

=0% - * : : :
0% < < | ; (6)
< <
=5% - o L ' : 7)
< <
=10% - * - * - ‘ ; (8)
< <
=15% - ~ ~ ' . 9)

< <

As the moisture content of the soil sample increased, there was no simple relationship
of change in the proportion of the silt and clay fraction in the granulometric compo-
sition (only an increasing relationship or only a decreasing relationship). For the
moisture content of soil samples, w1 and w2 (values below the optimum moisture con-
tent wopr) for a given initial pressure of the pneumatic launcher (given impact veloc-
ity), a tendency towards an increase in the value of the silt and clay fraction was ap-
parent (there was no significant effect of water on the test results). The higher the
moisture content of the soil sample (in particular for ws and ws values above the op-
timum moisture content wopt), the stronger the trend of a decreasing value of the silt
and clay fraction in the granulometric composition of the silty sand sample could be
seen. There was a clear, dynamic response of the water filling the soil pores—the wa-
ter gave the sample some characteristics of an elastic material and “damped” the dy-
namic impact of the bar projectile impact. This interaction had the effect of reducing
the phenomenon of destruction of the soil skeleton by grain fracture, which can be
represented in Equations (10)—(12):

= 1.2 bar .
=1276m/s + (10)
= 1.8 bar _
=17.69m/s » (1)
= 2.4 bar
—2132m/s - (12)
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Table 6 shows the percentage changes in silt and clay fraction as a consequence of bar
projectile impact during the SHPB test compared to the reference sample, depending
on the configuration of the variables—soil sample moisture content w: and initial shot
pressure pi (impact velocity vi). For the first type of soil sample fsi«ci1 = 15.14%, the bar
projectile impact load was most significant at a launching pressure p2=1.8 bar for all
moisture content variants w1 + ws (particularly prominent values are for samples with
moisture content w1 and w2 lower than the optimum moisture content woy:—for mois-
ture content ws and w4 higher than the optimum moisture content we, there is a phe-
nomenon of “damping” of the impact through the reaction of water in the soil pores).
At this pressure p2, the greatest percentage change in granulometric composition oc-
curred through an increase in the value of the silt and clay fraction in relation to the
reference sample fsici1:

= fsnanr=15.14% — fswa1m = 25.10% (increase of 9.96%);
= fsiran=15.14% — fsisci1-vi = 26.22% (increase of 11.08%);
= feiran=15.14% — fsiscii-x = 22.96% (increase of 7.82%);
= fsiran=15.14% — fsicii-xu = 21.24% (increase of 6.10%).

However, for the second soil sample type fsici2 = 20.48%, the most significant was the
bar projectile impact at SHPB pneumatic launcher pressure ps = 2.4 bar for all mois-
ture contents w1 + w4 (analogous to the first sample type, values were particularly
noticeable for samples with moisture contents w: and w2 lower than the optimum
moisture content wopr—for moisture contents ws and w4 higher than the optimum
moisture content wepr, a phenomenon of “damping” of the impact occurred through
the reaction of water in soil pores). At this pressure ps, the greatest percentage change
in granulometric composition occurred through an increase in the value of the silt
and clay fraction in relation to the reference sample fsi+ci2:

= fera2=20.48% — fsisci2m = 32.87% (increase of 12.39%);

= fsra2=20.48% — fsisci2-vi = 35.65% (increase of 15.17%);

= fsira2=20.48% — fsia2ix = 25.79% (increase of 5.31%);

= fsira2=20.48% — fsisai2-xi = 25.35% (increase of 4.87%).

Table 6. Summary of percentage changes in silt and clay fraction as a consequence of bar projectile
impact during SHPB testing compared to the fsi:c: reference sample depending on the configuration
of variables—moisture content of the soil sample w: and initial impact pressure pi.

Moisture content of the silty sand sample wi/

Launcher Difference between fsici1-k (fsi+ci2x) and reference fsircia (fsicc12)
pressure pi/ A A A A
I t i+Cl,1-1 i+Cl,1- i+Cl,1-, i+Cl,1-
mpac w1 =0% foisci-k w2 =5% fsivci1-k ws=10% foivci-k wi=15% foiscr1-k
Velocity vi - - - -
foircia fsivcia fsicin fsivcia
p1=12bar fsisci1= fsirciav = fsiscivi = fsirci1x =
1.509 .039 2.019 1.529
v1=12.76 m/s 16.64% 50% 18.17% 3.08% 17.15% 01% 16.66% 52%
p2=1.8 bar fsiscr1n = o fisc1v = o fsisci1-vin = o foirciaxi = o
8.44% 8.83% 6.94% 4.78%
v2=17.69 m/s 23.58% / 23.97% i 22.08% / 19.92% i
p3=2.4bar fsirciam = o fsirc1-vi= o fsirci11x = o foisciixir = o
v3=21.32 m/s 25.10% 9.96% 26.22% 11.08% 22.96% 7.82% 21.24% 6-10%
A A A A
fsirclok fsiscrok fsirclok fsirci2k
fsisci2 fsivci2 fsisci2 fsirci2
p1=12bar fsisci21= fsirci2-v = fsiscr2-vi = fsiscro-x =
4.329 239 709 369
v1=1276 m/s 24.80% 32% 28.71% 8.23% 21.18% 070% 20.84% 0:36%
p2=1.8 bar fsiscro-n = o fsisclov = o fsiscr-vii = o fsircizxi = o
v2=17.69 m/s 29.17% 8.69% 31.00% 10.52% 24.99% 451% 24.76% 428%
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p3=2.4bar
v3=21.32 m/s

fsirci2-vi= 15.17% fsirclo1x = 531% fsisci2xir =

12.39% 35.65% 25.79% 25.35%

4.87%

The four directions of behavioral trends in the dynamic characteristics of the silty
sand discussed above are susceptible to the influence of experimental conditions. Special
attention should be given to the issues:

=  Parallelism of the contact surface between the soil sample-initiating bar and the trans-
mitting bar. There is a particular risk of the parallelism condition not being achieved
as a result of the compaction process of the soil sample. Silty sand is a loose material
and susceptible to shape change. Applying the pressure plate elements in a way that
is not perpendicular to the wall edge of the soil sample casing (rigid ring) will result
in non-parallelism of the contact surface between the soil sample-initiating bar and
transmitting bar (i.e., there will be a local air void). Consequently, incorrect waveform
data will be recorded for the reflected wave (as a result of non-parallelism of the con-
tact surface between soil sample-initiating bar) and transmitted wave (as a result of
non-parallelism of the contact surface between the soil sample-transmitting bar).

=  Cohesive effect resulting from the internal structure of the tested soil sample. Silty
sand is not a pure representative of sand containing only grains with a diameter in
the range of 0.063 mm-2 mm (according to Figure 1). Silty sand has fine fractions
below the limit of 0.063 mm —these give the soil sample cohesive characteristics, and
the cohesion value is not zero. In simplification, it can be assumed that the more the
fine fraction, the higher the cohesion value. According to the data in Table 6, it can be
seen that the cohesion effect is not the only important factor influencing the results —
the pore water content of the soil should be taken into account.

= Interfacial friction effect is a widely discussed issue for the various materials tested
in the SHPB test stand, particularly loose materials [61-63]. The incident wave cre-
ated by the impact passes from the initiating bar to the soil sample during its propa-
gation. The wave passes through a soil sample with a non-uniform and variable
cross-section, which will result in an uneven stress distribution in the axial direction
of the sample due to the interfacial friction effect.

6. Conclusions

This paper is concerned with the analysis of changes in the granulometric composi-
tion of silty sand samples through a procedure comparing the values of the silt and clay
fraction fsi:cr in the structure before and after SHPB experiments using a laser diffraction
particle size analyzer.

Two types of non-cohesive soil-silty sands were selected for testing. The optimum
moisture contents wopt1 = 8.70% and wopt2 = 9.20% were determined for both reference sam-
ples (tests carried out using the Proctor method), and the silt and clay fractions fsici,1 =
15.14% and fsisci,2 = 20.48% were determined (tests carried out using a laser diffraction
particle size analyzer, assuming a boundary value of 63 pum between the sandy fraction fs
and the silty fraction fsi).

During comparative analysis of the test results, repeatable trends in changes in the
granulometric composition of soil samples were noted:

e  Each dynamic impact with the bar projectile results in an increase in the value of the
silt and clay fraction fsi«ci (there is a phenomenon of destruction of the soil skeleton
through the breaking of grains and an increase in the percentage of grains with a
smaller diameter).

e As the value of the initially applied pressure of the pneumatic launcher to start the
bar projectile movement increases, there is a noticeable trend towards an increase in
the proportion of the silt and clay fraction in the granulometric composition of the
sample.
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e  For soil samples with a moisture content of w: = 0% and w2 = 5% (values below the
optimum moisture content of wept1 = 8.70% and wop2 = 9.20% depending on the type
of sample) for a given initial pressure of the pneumatic launcher, a tendency towards
an increase in the values of the silt and clay fraction is apparent (there is no significant
effect of water on the test results). The higher the moisture content of the soil sample
(in particular for values ws = 10% and w4 = 15% above the optimum moisture content
Wopt1 = 8.70% or wopt2 =9.20% depending on the type of sample), the stronger the trend
towards a decreasing value of the silt and clay fraction in the granulometric compo-
sition of the silty sand sample. There is a noticeable dynamic response of the water
filling the soil pores —the water gives the sample the characteristics of an elastic ma-
terial and “dampens” the dynamic impact of the bar projectile. This interaction of
water in the sample has the effect of reducing the destruction of the soil skeleton
through grain fracture.

e  For the first type of soil sample fsi:ci1=15.14%, the most significant is the bar projectile
impact at an initial launcher pressure p> = 1.8 bar for all sample moisture contents
variants w1 + ws—at this pressure p2, the greatest percentage change in granulometric
composition occurs through an increase in the value of the silty and clay fraction
fsici 1k relative to the reference sample fsi«ci1. On the other hand, for the second type
of soil sample fsi+ci2 = 20.48%, the greatest percentage change in granulometric com-
position occurs with a bar projectile impact at an initial launcher pressure ps =2.4 bar
for all moisture content variants w1 + ws—at this pressure ps, the greatest percentage
change in granulometric composition occurs through an increase in the value of the
silty and clay fraction fsi«ci2 relative to the reference sample fsisci2.
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Nomenclature
wi moisture content of soil sample—moisture variant no. i
pi pneumatic launcher pressures —pressure variant no. i

velocity of the bar projectile at the moment of impact with the initiating bar—ve-
locity variant no. i

Wopt,i optimum moisture content value—variant of soil sample type no. i

content of fine fractions with a grain diameter of less than 63 um (as the sum of silt

Vi

fwcii and clay fractions)—variant of soil sample type no. i
fsa sandy fraction content

fsi silty fraction content

fa clay fraction content

Qd,max maximum volumetric density of the soil skeleton

incident wave generates deformations in the initiating bar
transmitted wave generates deformations in the transmitting bar
reflected wave generates deformations in the initiating bar
length of soil sample tested
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diameter of soil sample tested

Poisson’s ratio of soil sample tested

content of fine fractions with a grain diameter of less than 63 pum (as the sum of silt
fsi+clik and clay fractions)—variant of soil sample type no. i for the variant variables dur-
ing experiment no. k
percentage change in granulometric composition through an increase in the value

A fsiclik = fsicli . . .
fwaie = fuai of the silty and clay fraction fsi«ciix relative to the reference sample fsicii
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Oswiadczam, ze w pracy badawczej, ktorej wynikiem bylta publikacja:

Kamil Sobczyk, Ryszard Chmielewski, Leopold Kruszka, Ryszard Rekucki (2023): Analysis
of the Influence of Silty Sands Moisture Content and Impact Velocity in SHPB Testing on Their
Compactability and Change in Granulometric Composition, Applied Sciences, 13(8), 4707,
https://doi.org/10.3390/app13084707

moj merytoryczny wkiad polegat na:

1) wspdtudziale w przygotowaniu aparatury SHPB (w tym uktadu mostka Wheatstone’a,
przygotowaniu pretéw pomiarowych i preta-pocisku oraz naklejeniu tensometréw
pomiarowych);

2) nadzorze krytycznym nad przeprowadzeniem kalibracji i kontroli gotowosci stanowiska
badawczego SHPB do wykonania fizycznego eksperymentu;

3) wspdtudziale w wykonaniu fizycznych eksperymentéw zgodnie z opracowang
metodyka badawcza oraz nadzorze krytycznym nad zgodno$ciag prowadzonych
fizycznie eksperymentéw w poréwnaniu do zalozen ich metodyki.
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