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E X P E R I M E N T A L  I N V E S T I G A T I O N S  O F  T H E  

O F  S A N D Y  S O I L S  A N D  T H E  C O N D I T I O N  O F  P L A S T I C I T Y  

B R I E F  D Y N A M I C  L O A D I N G S  

A.  I .  K o t o v ,  Z .  V. N a r o z h n a y a ,  
G .  V .  R y k o v ,  a n d  V .  P .  S u m y r i n  

C O M P R E S S I B I L I T Y  

D U R I N G  

UDC 624.131 +539.215 

w 1. Exper imenta l  invest igat ions of  s amples  of sandy soi ls  with a bulk weight of ~, o =1.50 g cm 3, m o i s -  
ture  content w =0.003 (a i r -d r i ed  soil) and 0.05; 0.15 were  c a r r i e d  out on a quas i s ta t i c  type of equipment ,  
s i m i l a r  in construct ion to that desc r ibed  e a r l i e r  in [1]. The equipment cons is t s  of a ve r t i ca l ly  standing cyl -  
inder with the sample  of soil  d is t r ibuted in it in a spec ia l  co l la r  with a d i ame te r  of D0=150 m m  and height 
h0=30 mm and a piston which t r a n s m i t s  a shock loading to the soil  sample .  Different conditions of d e fo rma-  
tion of the s amples  were  c rea ted  by means  of rubber  space r s  and by varying the drop height of the load. In 
addition, s ta t ic  t e s t s  of the samples  were  c a r r i e d  out at a ra te  of deformat ion of e =2 �9 10 -3 to 0.5 �9 10 -'~ sec -1. 
Each sample  was subjected to a t r ip le  loading. A fivefold repeat  of the expe r imen t s  was provided for,  under  
one and the same conditions ( se r ies  of exper imen t s ) .  

The pr incipal  s t r e s s e s  in the sample  al(t) and a2(t) were  r eco rded  by means  of t e n s o m e t r i c  p robes ,  in- 
s ta l led in the cen te r  of the piston, in the cen te r  and edge of the cyl inder  bottom (four probes) ,  and in the l a t -  
e r a l  sur face  of the co l la r  (two probes) .  The total  force  t r ansmi t t ed  to the sample  by the shock was r eco rded  
also by means of a t en some t r i c  th imble .  

The t ensome t r i e  probes  for  measu r ing  the s t r e s s e s  had a d i ame te r  of the sensi t ive  e lement  (a round 
thin plate,  pinched around the outline) of d = 22 mm and a th ickness  of 5 =2 to 4 mm.  The s y s t e m a t i c  e r r o r s  
of the s t r e s s  m e a s u r e m e n t s  with these  probes  in the range of loads invest igated were  studied in [3] and did 
not exceed ~: 3 to 5% in the expe r imen t s .  

Compar i son  of the readings  of the probes  located in the center  of the piston and in the cen te r  and edge 
of the cyl inder  bot tom conf i rms  the i r  ag reemen twi th  an accuracy  up to the random m e a s u r e m e n t  e r r o r s .  A 
s i m i l a r  conclusion can be drawn with r e spec t  to the data on the s t r e s s e s  ~l(t) obtained by m e a s u r e m e n t s  of 
the total  force t r a n s m i t t e d  to the sample  by the shock. The re fo re ,  in the future,  all p robes  for measu r ing  
the s t r e s s e s  crl(t) will be t r ea t ed  as equally just if ied.  It was assumed,  the re fo re ,  that the s t r e s s e s  o v e r  the 
height of the sample  and ove r  its d i am e t e r  are  dis t r ibuted uniformly.  

The deformat ions  of the sample  were  measu red  by means of th ree  t e n s o m e t r i c  d isp lacement  probes ,  
posit ioned at angles of 120 ~ (in the plane of the sample) .  The d isplacement  probe consis ted  of two a r m s ,  
r igidly attached in the lower par t  of the cyl inder .  A wedge, joined to the movable  piston of the equipment,  
was instal led between the a r m s .  T e n s o m e t e r s  were  s ecu red  to the a r m s ,  the s ignals  f rom which are  p ro -  
port ional  to the d isplacement  of the piston. 

The deformat ion was de te rmined  in quas is ta t ic  approximat ion by the  re la t ion  ~ (t) =u(t)/h0, where  u(t) 
is the d isp lacement  of the piston. The s t r e s s e s  to be recorded  all(t) and a2i(t) and the deformat ion e i  (t) (i = 
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1, 2 ,~ . . , ! ;  is the number  of m e a s u r e m e n t s  in the select ion) r e p r e s e n t  ce r t a in  comple t ions  of r andom p r o -  
c e s s e s .  In p roces s ing  the resu l t s ,  a set  of  these  complet ions  for  fixed instants of t ime  tj (j =1, 2 , . . . ,  n) was 
cons idered  as a s y s t e m  of r andom quant i t i es .  Here  n is the number  of  equal  in terva ls  At into which the c o m -  
plete p r o c e s s  was divided for  each  of the probes  in the expe r imen t s  of a given s e r i e s .  The size of the i n t e r -  
va l s  At was ~ t  = (0.25 to 1.0) �9 10 -3 sec ,  depending on the duration of the loading in the s e r i e s .  Fo r  each  of the 
instants  t j  (j =1, 2 ,  . . .  , n ) in the  s e r i e s  of expe r imen t s ,  ver i f ica t ion  was c a r r i e d  out of  the hypothesis  con-  
cerning the no rm a l  distr ibution of the s t r e s s e s  ql(tj), a~ (tj) and the deformat  ions e(tj) by me ans of the Wilkes 
W - c r i t e r i o n  [4l. Then for  each  of the r andom quanti t ies ql(tj), ~2(t|), and ~ (t i) (j =1, 2 , . . . ,  n) an e s t ima t e  
was undertaken of the distr ibution p a r a m e t e r s  (mathemat ica l  expectat ion and dispers ion)  by the method of 
confidence in te rva ls ,  by means  of the Student distr ibution and the X ~ distr ibution,  r e spec t ive ly  [5, 6]. 

I f  the calcula ted value of W was found to be less  than 5%of the c r i t i ca l  value,  a s sumed  f r o m  the table  
for  a given select ion,  then the probabi l i ty  that the se lec t ion is taken f r o m  a set  d is t r ibuted according to a 
n o r m a l  law did not exceed  0.05. In these  cases ,  the hypothesis  of no rma l  distr ibution must  be abandoned. 

By using the G r a m - C h a r l e s  [5] s e r i e s  for  r ep re sen t ing  the law of distr ibution of a r andom quantity,  it 
can be shown that  in the case  of sma l l  a s y m m e t r y  (A -< 0.5 to 0.8) the distr ibution can be taken as approx imate ly  
no rma l .  When A > 0.5 to 0.8, the distr ibution differs  significantly f rom normal .  When p rocess ing  the e x p e r i -  
ments ,  A =0.7 was assumed  for  the c r i t e r ion .  

It should be noted that the l a t t e r  c i r cums tance  is significant only for  es t imat ing  the accuracy  of d e t e r -  
minat ion of the d i spers ion .  An e s t ima te  of the ma thema t i ca l  expecta t ion in these  expe r imen t s  can be c a r r i e d  
out in all ca ses  with sufficient a ccu racy  on the basis  of the law of no rma l  distr ibution of the a r i thmet ic  mean 
because  of the adequate volume of the se lect ion [5, 6]. 

An es t ima te  of the confidence in te rva ls  for  l inear  r e g r e s s i o n  when de termining  the condition for  p las t ic i ty  
was c a r r i e d  out by means  of the Student distr ibution,  and when es t ima t ing  the confidence in terva ls  for  the c o r -  
re la t ion  coeff icients  the F i she r  t r an s fo rm a t i on  [5] was used. 

w Figure l a - c  shows the m e a s u r e m e n t  r e su l t s  of the s t r e s s e s  al(t), a~(t) and the deformat ions  e(t) for  
th ree  success ive  loadings of s amples  of sandy soil  with Y0=l .50 g/cmS, w =0.05. Figure l a - c  co r r e sponds  to 
the f i r s t ,  second, and thi rd  loadings.  The symbols  are as follows: 

l ! 
l ol (t j) = T ~ (~1i (t~), (~2 (tj) (~i (tj); 2) deformat ions  e (tj) = -V 

i = i  i = l  

in te rva ls  •  de te rmined  with a re l iabi l i ty  of  fi =0.9. 

1) the a r i thmet ic  mean of the s t r e s s  values  

z 

Z e~(tj) with the cor responding  confidence 

The re la t ive  confidence in terva ls  for  the a r i thmet ic  means  ~ (~lj')=• j + (crm.)] =• Ifl(+2j)/cr2j , and 
o+(++) =• IB(+j) / r j ,  as follows f r o m  the data of Fig. 1a-c ,  amount to ~ =~ (0.10 to 0.15) when 0.0025---t-< 0.0075 

J <~ <= 
sec  for  the s t r e s s e s  and when 0 . 0 0 3 - t - 0 . 0 1 0  sec for  the deformat ions .  

At the initial  and final instants  (in the l a t t e r  case  for  the s t r e s s e s ) ,  the magni tudes  of + can be g r e a t e r  
because  of the imposs ib i l i ty  of guarantee ing identical  m e a s u r e m e n t  accu racy  for  sma l l  and large  values  of the 
quanti t ies being m e a s u r e d  by means  of one and the same probe.  

Figure 2 shows the r e su l t s  o f  an es t ima te  of the s t r e s s  d i spe r s ions  D~I (tj), Dcr2(t j) and the deformat ions  
D+ (tj), cor responding  to the data of Fig. 1. The symbols  1 and 2 are  the e s t i m a t e s  of the s t r e s s  and d e fo rma-  
tion d i spers ions ,  with the cor responding  confidence in tervals ,  de te rmined  with a re l iabi l i ty  of fl =0.9. It fo l -  
lows f r o m  Fig. 2 that  for  the main  par t  of the p r o c e s s  the coeff icients  of  var ia t ion  for  s t r e s s e s  and d e f o r m a -  
t ions amount to k v = (0.20 to 0.30). 

Thus,  a s e r i e s  of five expe r imen t s  pe rmi t t ed  the expe r imen ta l  accuracy  to be inc reased  signif icant ly (up 
to a fac tor  of two). Es t ima te s  of  the cor responding  distr ibution p a r a m e t e r s  for  o ther  cases  a re  s i m i l a r .  A 
somewhat  lower  accuracy  was obtained for  a i r - d r i e d  soil .  

The hypothes is  concerning the law of no rma l  distr ibution for  the quanti t ies  (rt(tj), (r~(tj), and ~(tj) being 
measu red ,  as shown by the e s t i m a t e s  by means  of W, cannot be abandoned for  the main par t  of  the p ro ce s s  for  
the soi ls  invest igated under  different  conditions of deformat ion.  Except ions in a number  of cases  are  the in i -  
t ia l  and final instants  of t ime ,  where the m e a s u r e m e n t  accuracy  is low. 

In Fig. ld,  the curves  of o'~(~) are  plotted according to the data of Fig. l a - e  by an exclusion method of 
the t ime  t for  the f i r s t ,  second, and th i rd  loadings (curves 1-3, respec t ive ly) .  The points 1 co r r e spond  to the 
loading (0~l/0t  >0), and the points 2 co r r e spond  to the s t r e s s  r e l i e f  {0~l/0t <0). It can be seen f r o m  these  r e -  
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sults that the curves  of 0-t(r in the ease Of repeated loadings do not coincide with the lines o f theprev ious load  - 
ing. The fraction of res idual  deformations e 0 in relation to the maximum r decreases  with repeated Ioad- 
ings., e0 / r  =0.72 for  the f i rs t  loading and 0.44 and 0.25 for the second and third  loadings, respect ively.  

In Fig. ld ,  the dashed curve,  obtained by using the laws of conservat ion at the shock front when ~ = 
[3, 7], corresponds  to the resul ts  of field investigations in soil s imi la r  in charac te r i s t i c s  (~/0=1.48 g / c m  3 
and w =0.05). 

The resul ts  given confi rm with sufficient reliabil i ty the previously published data [1] concerning the im- 
portant effect of the rate of deformation (viscosity) on the compress ib i l i ty  of sandy soils of natural  moisture 
content. In this case,  a significant effect was noted of the moisture  content of the sandy soil on its v i sco-  
plast ic proper t ies .  

In par t icular ,  for samples with w =0.003 (a i r -d r iedsamples ) ,  within the limits of experimental  accuracy 
in the case of maximum loadings up to 50 kg / cm 2 and with average ra tes  of deformation ~--- 17-20 see -l ,  it 
was not possible to detect the rate of deformation effect on the compress ibi l i ty  of the soil. For  samples with 
w=0~ as can be seen f rom Fig. ld, this effect becomes significant. 

Curves of 0-t(t), 0-2(t), and e(t) are shown in Fig. 3a-c,  obtained for samples with 70=1.50 g/em 3 and w = 
0.15, for three loading conditions (the same as for the curves of Fig. 1.) 

The 0-t(e) curves  for these cases  (1-3) are shown in Fig. 3d; the curve of 0-1(~), ~ =~,  is shown dashed, 
as before, corresponding to the resul ts  of field investigations in s imi lar  soil (70=1.50-1.52 g / c m  3 and w=0 .12-  
0.15), according to the data of [7]. Curve 4 corresponds  to the data f rom static tes ts  when ~ =0.5" 10 -s sec -1. 
The difference in the deformations,  corresponding to the limiting diagrams (~ =0.5-  10 -5 see -1 and ~ =~ )  when 
0-1 =20-60 k g / c m  2, amounts to 300% in this soil. When w =0.05, this difference is not more than 200% (Fig. 5). 
Thus, with increase of the moisture  content up to w =0.15, the role of the viscosi ty  effects in sandy soil in- 
c reased  by comparison to soil with w = 0.05. The magnitude of the ratio e 0/r  when w = 0.15 for three suc-  
cessive loadings was reduced somewhat and amounted to 0.65, 0.37, and 0.24, respect ively.  

With increase of the duration of action, cases  of a significant growth of deformation have been noted 
during s t r ess  rel ief  (a0-t/~t <0). In par t icular ,  Fig. 4a, b shows the curves  of 0-t(t), 0-2(t), and ~(t) (Fig. 4a) 
and 0-1(e) (Fig. 4b) in the case of a single loading of sandy soil with 70=1.50 g / c m  3 and w =0.15. In Fig. 4b, the 
deformations,  when ~0-t/Ot < 0, continue to grow during a certain t ime.  With a shor te r  duration of the process ,  
these effects were not observed for s imi la r  soil (Fig. 3d, curve 1). 

Figure 5 shows curves  of 0-1(e) for sandy soils with y0=l .50 g / c m  3 and withdtfferent  mois ture  content [1) 
w =0.15; 2) w =0.05; 3) w=0.003,] obtained for s imi lar  values of the average rates  of deformation during load- 
ing [1) ~1 =13.0; 2) r =12.5; 3) r see- t ] .  The confidence intervals are shown here only for the max-  
imum values of the s t r e s ses  and deformations.  It can be seen that with an increase of moisture content f rom 
w =0.003 to 0.15, deformation of the soil with values of 0-1 =20-30 k g / c m  2 is significantly reduced (up to a fac-  
to r  of 1.75 when 0-1 =50 kg/em2). Correspondingly,  the form of the 0-t(e) curve is changed, at which there ap- 
pears  a c lear ly  expressed  point of inflection with increase  of moisture  content up to w =0.05-0.15. When w= 
0.003 and 0-1-<50 kg / cm 2, the 0-1 (e) curve has a convexity toward the s t ress  axis (02r 2 < 0). Similar  data 
concerning the nature of the dynamic curves  for sandy soils were obtained previously in [8]. 

3. Figure 6 shows the resul ts  of investigations of the condition for plastici ty for sandy soil with 70 = 
1.50 g / c m  3 and w =0.05.  The quantity T =~/'~(0-1-0-2)isplottedalong the axis of ordinates and the average s t ress  
0-=(1/3) (0-1 + 20"2) iS plotted along the axis of abcissas .  Each of the points in the plane (T, 0-) is the mean ar i th-  
metic value for each of the experiments  f rom the resul ts  of five measurements  for 0-1(t i) and of two m e a s u r e -  
ments for 0-2(tj), j =1, 2 . . . .  , n. The solid line is the line of l inear regress ion  of T=k0-u and the dashed line 
corresponds  to the confidence interval for the l inear r eg ress ion  ~ with a rel iabil i ty of fl =0.9. Similar results  
have been obtained for samples with a moisture content of w=0.003 and 0.15. Table 1 shows data for thevalues  
of the coefficients k, the la teral  p re s su re  coefficients ~ = (3~2"-k)/(3v~-+2k) [1], and also the corre la t ion co-  
efficients r for the l inear regress ion  and the corresponding confidence intervals rt, r2when fl =0.9 for the c o r -  
relation coefficients for sandy soils of different moisture  content. The values of b in all cases  are equal to 
zero ,  with an accuracy  up to the measurement  e r r o r .  

It can be seen f rom the table that with increase  of mois ture  content, the values of the coefficients k are 
increased (correspondingly, the values of } are decreased) by a factor  of 1.4 to 1.7. We note that the resul ts  
obtained are close to the data obtained during tes ts  of s imi lar  soils under field conditions [1, 7]. 
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It should be noted that for  soil  with w = 0.003 there  is a cons iderab ly  wider  confidence in terva l  for  the 
cor re la t ion  coefficient than for  w =0.05 to 0.15. Analysis  of the r e su l t s  of the expe r imen t s  shows that this 
fact is due to the m arked  difference of the function T(cr) for  a i r - d r i e d  soil  for  loading and s t r e s s - r e l i e f .  For  
wet soi ls ,  the condition of p las t ic i ty  (quantity k) within the l imits  of accu racy  of the expe r imen t s  is indepen- 
dent of the conditions of loading o r  s t r e s s - r e l i e f .  In pa r t i cu la r ,  the point 1 in Fig. 6 co r re sponds  to loading 
( ~ / a t  >0) and point 2 co r r e sponds  to s t r e s s  re l i e f  ( ~ / a t  <0). 

For  conditions of s ta t ic  loading of sandy soi l  with w=0.05,  the value of k was found to be equal to 1.459, 
which also is c lose to the data of the table  for  the f i r s t  loading. 

With repea ted  loadings,  the values  of k inc rease  somewhat .  Fo r  a i r - d r i e d  soil  (w =0.003) this  increase  
for  th ree  succes s ive  loadings amounts to 35% and for  wet soil  does not exceed  7-14%. The l a t t e r  values a r e  
found to be within the l imi t s  of accu racy  of the m e a s u r e m e n t s .  

It can be assumed,  t he r e fo re ,  that for  sandy soi ls  of na tura l  mois tu re  content, the value of k does not 
change as a resu l t  of  r epea ted  (threefold) loadings and, thus,  is independent of the ra te  of deformat ion .  

Data also have been obtained which con f i rm  the significant role  of mois tu re  in the shaping of v i scos i ty  
e f fec ts  in sandy soi ls .  

An e s t ima te  of the p a r a m e t e r s  of the distr ibution functions during m e a s u r e m e n t s  of the s t r e s s e s  and 
deformat ions  in an equipment  of the quas is ta t ic  type and an e s t ima te  of the accuracy  of these  m e a s u r e m e n t s  
pe rmi t  us to p roceed  to a quanti tat ive e s t ima te  of the mechanica l  c h a r a c t e r i s t i c s  of soi ls ,  taking into account 
t he i r  v i scop las t i c  p r o p e r t i e s  during b r i e f  dynamic loadings.  

The authors  e x p r e s s  thanks to V. V. Viktorov and Yu. M. Glukhov for  a s s i s t ance  in set t ing up the ex-  
pe r imen ta l  invest igat ions and to A. V. Gorbushin,  L. G. Romanova,  and L. A. Yashkova for  par t ic ipat ion in 
the p roces s ing  of the expe r imen ta l  r e su l t s .  
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