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The a r t i c l e  g ives  the r e s u l t s  of  expe r imen ta l  invest igat ions  of the compress ib i l i t y  of a sandy soil  of 
different  mo i s tu r e  content under  s ta t ic  loads with an intensi ty up to ~ 1 = 400-600 k g / c m  2. The method is  
d i scussed  and the cormtruction of a pickup for  the m e a s u r e m e n t  of such s t r e s s e s  is  descr ibed.  I t  i s  shown 
that  the t r a j e c t o r i e s  of the loading with the monaxial  compres s ion  of a i r - d r y  sand in the ca se s  of  loading and 
unloading do not coincide.  F o r  mo i s t  sandy soi ls  i t  i s  shown that the condition of p las t ic i ty  [1] is  appl icable  
r ight  up to loads of ~ 1 = 400-600 k g / c m  2 for  both one - t ime  and repea ted  loadings. 

The expe r imen ta l  inves t igat ions  were  made in the Dynamic  Tes t ing  Labora to ry ,  Division of the Mechan-  
ics  of Ine las t ic  Media, Inst i tute  of Applied Mechanics ,  Academy of Sciences  of the USSR, in a UDN-100 
monaxia l  compress ion  unit, being a fu r the r  moderniza t ion  of the UDN-150 unit desc r ibed  in [2]. In dis t inct ion 
f rom the UDN-150, the d i a m e t e r  of the sample  in the UDN-100 unit is  D = 100 m m ,  and the height h 0 = 20 mm.  
The new construct ion of the r ing in which the sample  i s  a r ranged ,  the p is ton  t r a n s m i t t i n g  the load to the 
sample ,  and the pickups for  m e a s u r e m e n t  of  the components  of the t ensor  of the s t r e s s e s  in the sample  make 
it  poss ib le  to broaden the range  of the inves t iga ted  s t r e s s e s  and deformat ions  up to 103 k g / c m  2 and 0.5, 
r e spec t ive ly .  A const ruct ional  scheme of the s t r a in -gauge  pickups of the rod- type  for  m e a s u r e m e n t  of normal  
s t r e s s e s  with an intensi ty  up to 103 k g / c m  2, developed for  the UDN-100 unit, is  shown in Fig.  1, where  1 is  
the housing of the pickup; 2 i s  the m e a s u r i n g  e l emen t - rod ;  and 3, 4 a r e  the working and compensat ing s t r a in  
r e s i s t a n c e s .  The m e a s u r i n g  e l emen t  i s  made of VT-12 t i tanium alloy with a yield point [(r] = 165 k g / m m  2, a 
modulus of e las t ic i ty  E = 2.4.104 k g / c m  2, and a l imit ing deformat ion  [~]= 0.15. 

F o r  the m e a s u r e m e n t  of s m a l l e r  pr inc ipa l  s t r e s s e s  e2,  pickups analogous in construct ion,  mounted in a 
r ing ,  we re  used. The contact  su r face  of such a pickup had a curva ture  equal to the curva tu re  of the in te rna l  
sur face  of  the r ing.  

The read ings  of the pickups were  r eco rded  through a UTS-VT-12/35  ampl i f i e r  on an N-115 osci l lograph.  
An evaluation was  made of r andom e r r o r s  connected with cal ibrat ion of the pickups.  The pickups were  sub-  
jec ted  to r epea ted  loading up to 600 k g / c m  2 followed by unloading. The coefficient  of va r i a t i on  with different  
deg ree s  of loading (crl>50 k g / c m  2) did not exceed kv =0.013-0.017. The load on the s a m p l e s  was se t  up using 
a ZDM-30 tes t ing  machine .  La rge  pr inc ipa l  s t r e s s e s  ~l(t) were  m e a s u r e d  s imul taneous ly  by six pickups,  
~2(t) by two pickups,  and the d i sp lacements  of the p is ton u(t) by th ree  pickups.  The deformat ion  of the sample  
was de te rmined  as  e (t) = u(t)h 0. The sample  was loaded a t  a constant  ra te  ~r t = 0.32 kg/(  em 2 �9 see ) ; the  r a t e  of 
deformat ion  in the t e s t s  did not exceed ~ = 1-2 �9 10 -4 sec -1, P rov i s ion  was  made  fo r  the threefo ld  loading of 
exact ly  the s ame  sample  and f o r  repeat ing  an exper imen t  five t imes  under  exact ly  the s ame  conditions. 

Fig. 1 
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Invest igat ions were  made of a i r - d r y  sand with a bulk weight 70 = 1.54 g / c m  3 and a moisture  content w = 0.003, 
as well as of wet sand with "/0=1.48 g / c m  3 and w=0.05,  0.1, and 0.15. The resul ts  of the tes t s  were analyzed 
s tat is t ical ly .  The applicability of the hypothesis  of a normal  law of the distribution of the s t r e s se s  and defor-  
mations for each moment  of t ime t was ver i f ied using the Wilke cr i ter ion W [3]. 

Figure  2 gives the resu l t s  of measuremen t s  of the s t r e s s e s  fit, cr2, and the displacement  g ,  respect ively,  
by curves 1-3 for a sample  of sandy soil with "Y0 = 1.48 and w = 0.05, with corresponding confidence intervals ,  
determined with a rel iabi l i ty  fl =0.9. An analys is  of the resul ts  of tes ts  of samples of soil with w = 0.003, 0.05, 
0.1, and 0.15 shows that the law of distr ibution for the s t r e s s e s  and the deformations for a fixed moment of 
time t can be taken as  normal.  

An idea of the accu racy  of the measu remen t s  is presented  in Fig. 3, which gives coefficients of var iance  
k v corresponding to fi t(t), fi2(t), and g (t) (Fig. 2, curves  1-3). It  follows f rom these data that, for the main 
par t  of the p roces s ,  with the exception of small  (in compar ison with their  maximal values) values of the 
s t r e s s e s  and deformat ions ,  the coefficients of variat ion do not exceed 0.05-0.10. For  the ser ies  of tests ,  the 
relat ive confidence interval  for the mathemat ica l  expectations of the s t r e s s e s  and deformations lies within 
the l imits  of 5-6%. 

We note that, with dynamic tes ts  of the same samples  of soil in a UDN-100 unit at  a rate of loading of 
~r t = 0.32" 104 kg / (cm 2" sec), the var ia t ion coefficients,  corresponding to the value of f l(t), did not exceed 0.10- 
0.12 [4]. A comparison of these data with data on the exactness of measurements  of s t r e s s e s  in a sample of 
soil using pickups whose sensing element is a thin plate (for s tat ic  and dynamic tests) [4] shows that, with 
large s t r e s ses ,  pickups of the rod type allow for  a considerable inc rease  in the range and accuracy  of m e a s u r e -  
ments  of s t r e s ses .  
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Correlation coefficient 

N h 
r r l  r2 

0,003 1,61 ! 0,353 0,427 --0,397 0,841 
t,826 I 0,307 0,984 0,897 0,996 
i,855 0,301 0,974 0.84t 0.994 

0,05 i t ,767 0,3i9 0,987 0,952 0,994 
2 1,869 0,297 0,985 0,946 0,994 
3 1,907 0,289 0.988 0,956 0,995 

0,i t,851 
2,052 
2,02 

0,302 
0,263 
0,268 

0.870 
0,983 
0,923 

0,8i6 
0,89i 
0,858 

0,992 
0,996 
0,98i 

Figure  4 gives the resu l t s  of an investigation of the compressibi l i ty  of a sandy soil with a different mo i s -  
ture content, obtained by elimination of the time t f rom the record ings  ofcri(t) and e(t).  Here  curve 1 
cor responds  to an a i r - d r y  soil with ~/0 = 1.54 g / c m  3 and w = 0.003; curves  2-4 cor respond to a wet soil with 
To = 1.48 g / e m  s and w=0.05,  0.1, and 0.15, respect ively .  The designation I cor responds  to loading and II, to 
unloading, with corresponding confidence in terva ls  for fl = 0.9. F r o m  Fig. 4 it can be seen that, wilh an inc rease  
in the mois ture  content f rom w=0.05  to 0.15, the deformations of the soil decrease .  The change in the curva-  
ture of the curve u t ( e )  for a soil with w=0.15 is due to the fact that, for u l ~  250-280 k g / c m  2, the moisture  
contained in the sample completely fills the pores  of the soil and, with a further  increase  in the load, is  d i s -  
placed f rom the pores  of the soi l  (the tes ts  were made in accordance  with an open scheme).  The fact that the 
deformations of an a i r - d r y  soil were  found to be less  than the deformations of a wet soil is  due, above all, to 
the smal le r  vo lumet r i c  weight of the skeleton of the lat ter .  

Repeated loadings of sandy soils  with ~r1=3.2" 10 -1 kg / ( em 2. see) and ~ ~ 1" 10 -4 see -1 showed that the 
branches  of the d iagram of u l(e) for unloading followed by loading do not coincide. With repeated loadings 
there  is  a cer ta in  inc rease  in the deformations for exactly same loads. Thus, for soils with 2/o = 1.48 g / c m  ~ 
and w = 0.05 with repeated  loading with u lmax = 400 k g / c m  2, the maximal  deformations r i se  in compar ison with 
the f i rs t  loading by 10%, and, with the third loading, by 14%; the residual  deformations r i se ,  respect ively ,  by 
12 and 15%. 

It  is  of in te res t  to make a compar ison of the volumetr ic  deformations of a sandy soil, obtained in the 
UDN-100 unit, with resu l t s  obtained for the same soil in a vo lume t r i c - compres s ion  unit, where the soil is 
subjected to a uni form al l -around p re s su re .  The unit for such tes t s  is descr ibed in [5]. The corresponding 
data for an a i r - d r y  soil are  given in Fig.  5. Here ,  along the axis of absc i s sas ,  there is plotted the deformation 
e,  and along the axis of ordinates ,  the mean s t r ess  u = (1/3) (~1 + u2 + u3)- Curve 1 was obtained in a volu-  
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m e t r i c - c o m p r e s s i o n  unit, 0- =r curve 2 f rom the resu l t s  of the tes t  descr ibed  above. It can be seen 
that,  within the l imits  of the accu racy  of the exper iment ,  these  curves  coincide. Consequently,  for an a i r - d r y  
sandy soil  with w = 0.003, the effect  of shear ,  taking place in the UDN-100 unit, on  the vo lumet r i c  deformat ions  
with monaxia] compress ion  is  insignificant.  

F igure  ~, in the plane of the pr incipal  s t r e s s e s  (0- t, 0-2), shows the t r a j e c t o r i e s  of the loading of an a i r -  
dry sandy soil  with monaxial  compress ion  for th ree  consecutive loading-unloading cycles .  I t  can be seen that 
with the f i r s t  two cycles ,  the t r a j e c t o r i e s  of the loading and unloading of the sample do not coincide. The 
di f ference between these  two branches  of the loading t r a j e c to ry  is par t icu la r ly  considerable with small  values  
of 0-1, and d e c r e a s e s  f rom cycle to cycle.  Thus,  for the third cycle,  within the l imits  of the accuracy  of the 
exper imenta l  data, the branches  of the t r a j ec to ry  coincide. For  the second and third cycles ,  the loading 
branch of the t r a j e c t o r y  of the loading is  descr ibed  quite well by a l inear  dependence. In the f i r s t  cycle, a 
l inear  dependence between ~r I and (r 2 is  followed for 100 kg/cm2 -< 0-1-< 400 kg /cm 2. F o r  0-1< 100 k g / c m  2, this 
dependence becomes  nonlinear  with unloading and di f fers  considerably f rom the t r a j ec to ry  of the loading. 
Consequently,  the frequently used postulation of the s imple t r a j e c t o r i e s  of the loading with the monaxtal de- 
format ion  of an a i r - d r y  soil,  is  not exac t  s t r i c t ly  speaking, and there  is  need for an a l l -a round exper imenta l  
ver i f ica t ion.  

F o r  wet sandy soils with w = 0.05-0.15, the resu l t  was obtained that the branches  of the t r a jec to ry  
corresponding to loading and unloading of the sample coincide prac t ica l ly  everywhere ,  except for a small  
region of smal l  va lues  ofo- 1, and the dependence between (r 1 and cr 2 in the region of plast ic  deformat ion has a 
l inear  cha rac t e r  in the range 0 -  0- t --<- 400 kg /cm 2. The measu remen t s  of 0-2(t) and 0- l(t) thus make it possible 
to cons t ruc t  the functions of the plas t ic i ty  for  the sandy soils  invest igated.  The condition for plast ici ty  with 
analys is  of the exper imenta l  r e su l t s  was taken in the fo rm of tile M i s e s - S c h l e i c h e r  condition [1] 

12 ---- (t/6)F~-(~). 

The resu l t s  ef  the invest igat ions showed that,  for  0-1 > 25 k g / cm  2, with an accuracy  sufficient for prac t ica l  
appl icat ions,  the loading and unloading cor respond to exactly the same dependence F(0-)=k0- + b, where k and 
b a re  coeff icients  charac te r iz ing  the in te rna l  f r ic t ion and the adhesion. The corresponding va lues  of the 
coeff icients  k, the coeff icients  of the la te ra l  p r e s s u r e  ~ =0-2/0-1, as well as the coefficients  of the corre la t ion  
r and t he i r  confidence in te rva l s  r t ,  r 2 fo r  the l inear  r eg re s s ion  F with respec t  to 0- for  three  consecutive 
loadings of samples  of soil  of different  mois tu re  content a r e  given in Table 1. With an exactness  up to the 
random e r r o r s  of the exper iments ,  the values  of the coefficient b a re  equal to zero.  

F r o m  the data p resen ted  it  can be seen that,  with an increase  in the mois ture  content f rom 0.003 to 0.1, 
the value of the coefficient  k with the f i r s t  loadings i nc rea se s  by 1.2 t imes .  Repeated loadings also lead to a 
ce r t a in  i nc r e a se  in the value of k f rom the f i r s t  cycle to the second. However ,  these  d i f fe rences  in the values  
of k for sandy soi ls  with w = 0.05-0.1 a r e  9-10%, which l ies  prac t ica l ly  within the l imits  of the accuracy.  For  
a sand with w = 0.003, this  change is  somewhat  g r ea t e r ,  and amounts to 13%. The smal l  va lues  of the c o r r e l a -  
tion coeff ic ients  for  this sand conf i rm the ea r l i e r  conclusions with r e spec t  to the dif ference in the loading and 
unloading t r a j e c t o r i e s  in the plane (0-1, 0"2)" The re  were  prac t ica l ly  no d i f fe rences  in the values  of k for the 
second and th i rd  loadings. 
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