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Time-Lags in Pore Pressure Measurements

Le facteur temps dans les mesures de pression interstitielle

b y  R . V. W h i t m a n , A ssociate P ro fesso r o f  Soil E ngineering  

and

A. M . R i c h a r d s o n , Jr., R esearch  A s s is ta n t; K . A . H e a l y , R esearch  A ssis tan t; M assachusetts  In s titu te  o f  T echno l­

ogy, C am bridge, U.S.A.

Summary

This paper is concerned with the effect of a non-rigid pore pres­
sure measuring system upon the pore pressures measured during 
consolidation tests. An electrical analog is used to  develop curves 
showing the influence of measuring system flexibility. Results 
obtained earlier at M .I.T. are reviewed to ascertain the possible 
effects of system flexibility upon the data. A new measuring sys­
tem is described which has a very rapid response time, and which 
should be extremely useful for measuring pore pressures in 
triaxial tests.

Sommaire

Le principal but de cet article est de considérer les effets de la 
déformabilité des systèmes de mesure des pressions interstitielles 
durant les essais de consolidation. L’auteur a utilisé une analogie 
électrique pour arriver à des courbes qui m ontrent l’influence 
de la déformabilité des dispositifs de mesure. Il reprend des essais 
antérieurs faits à M .I.T. pour déterminer les effets possibles de 
la déformation du système sur les résultats. Un nouveau système 
de mesurage est décrit qui a un temps de réponse très rapide, et 
qui devrait être extrêmement utile pour mesurer les pressions 
interstitielles dans les essais triaxiaux.

T he need to  m easure po re  pressure as clay  is sheared by 

applied  loads has p rom p ted  the M .I.T . Soil Engineering 

L ab o ra to ry  staff to  take  a  h a rd  look a t the p roblem  o f  tim e- 

lags in  po re  pressure m easuring system s. F o r tw o reasons, 

it has p roved  desirable to  begin w ith a  study  o f  po re  pressures 

w ithin sam ples undergoing conso lidation . F irst, the develop­

m ent o f a  po re  pressure m easuring system  w ith a  response 

tim e o f  one second or less is a  very difficult problem , and  

past difficulties w ith such system s rightly  give rise to  skepti­

cism concerning any  claim  o f rap id  response tim es. The 

consolidation  tests p rov ide a  m ethod  fo r p rov ing  such claims. 

Second, the possible effect o f  struc tu ra l viscosity upon  excess 

po re  pressures and  hence upon  streng th  is o f considerable 

interest. T he m easurem ent o f po re  pressure during consoli­

dation  tests provides ano ther m eans for p rov ing  o r d isproving 

the existence o f such a phenom enon.

Factors affecting measured pore pressures

F igure 1 show s a  sim ple hydrom echanical device w hich 

m odels the  conditions existing during  a  conso lidation  test

a or

Fig. 1 Hydromechanical analogy. 

Analogie hydromécanique.

w ith drainage a t th e  top  surface o f the sam ple and w ith pore 

pressures m easured  a t the bo ttom  surface. C ham ber A, w ith 

its spring and  tw o th ro ttle  valves a and  b, corresponds to  the 

soil sam ple in  the oedometer. C ham ber B, w ith its spring, 

corresponds to  the m easuring  system . In  the follow ing, A uA 
denotes the po re  pressure w hich w ould exist a t the base o f 

a sam ple if there w ere no  m easuring system , and  A u b  denotes 

the po re  pressure as m easured.

A ccording to  the usual p ictu re  o f soil behavior, a  stress 

increm ent Act applied instan taneously  to  a sa tu ra ted  clay  

w ithin an oedometer in stan taneously  produces a pore pressure 

o f equal m ag n itu d e ; i.e. A h a =  Act. F requen tly , how ever, 

th e  m axim um  recorded pore pressure A u b  is less th an  Act. 

A ssum ing th a t the soil is actually  sa tu ra ted  and  th a t there is no 

side friction w ith in  the oedometer, such a  result m ust be caused 

by  one o r bo th  o f the follow ing :

(a) Excessive flex ib ility  in the measuring system  : such 

flexibility has tw o effects :

(1) I t  alters the overall com pressibility  o f  the po re  phase, 

and  hence changes the d is tribu tion  o f to ta l stress betw een 

m ineral skeleton and  po re  phase.

(2) I t leads to  a  tim e-lag in  the response o f the m easuring 

system , and , since A u a  changes w ith  tim e as the soil consol­

idates, to an  e rro r in  m easuring A iu .

(b) M ineral skeleton o f  low compressibility : In terpartic le  

bonding , struc tu ra l viscosity, and  very tight packing o f 

particles are  possible reasons w hy the stiffness o f  the m ineral 

skeleton m ight app roach  th a t o f  w ater.

I f  A u b  is less th an  A ct , the prob lem  is to  decide w hether the 

cause is real (stiff m ineral skeleton) o r ex traneous (flexibility 

in m easuring system ). In  order to  m ake this decision, there is 

need fo r a clear p ic tu re  o f  the effect o f m easuring system  

flexibility.

Pore pressures during undrained compression

C onsider a  stress Act applied  w ith valves a and  b bo th  

closed. I f  the ra tio  o f the com pressibility  o f  the fluid filling
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cham ber A  to  the com pressibility  o f the spring  is sufficiently 

sm all, the en tire  Act will be carried  by an  increase in the 

fluid pressure inside the cham ber : i.e. A ti..\ =  Act. I f  valve 

a is now  opened, flow will occur in to  cham ber B  un til the 

pressures in the two cham bers are  equalized. T he tim e required  

fo r any  level o f pressure to  be reached in cham ber B  is a 

function  o f the “ perm eability” o f valve a and  o f the stiffness 

o f the tw o springs. A  typ ical curve o f A u b  versus tim e is 

show n in Fig. 2 (a). The final equilibrium  pressure is given 

by the follow ing expression :

A ub

A U A

1

1 +  B
(1)

B =  G /A H m „

m v =  coefficient o f com pressib ility  (in2/lb.)

G =  flexibility o f the m easuring system  (in3 per lb /in 2)

H  =  thickness o f sam ple (in.)

A =  area o f oedom eter (in2)

T ypical values, assum ing a test on an  overconso lida ted  clay, 

a re  :

H  =  0-5 in. mv =  0-001 in2/lb.

A =  10 in2. G =  5 x  10-5 in 3 per lb /in 2.

T he com pliance value o f G is th a t for a  good lab o ra to ry  

nu ll balancing system , tho rough ly  deaired and  em ploying 

m etal tubing. F rom  these num bers, B  =  0-01. T hus, w ith 

com m only  expected mv values, a  Awb/Act o f essentially 

un ity  can  be recorded w ith a stan d ard  m easuring system . 

E ven a m odest am oun t o f a ir in the m easuring  system  will 

n o t in troduce  great e rror. T he presence in the above system  

o f a  bubble 0-1 inches in d iam eter will increase B  on ly  to

0-014.

N ow  suppose tha t, fo r som e reason, the m ineral skeleton 

is qu ite  stiff. F o r  exam ple, if m v =  2 x  10-5 in2/lb ., which 

is ab o u t five tim es the com pressibility  o f  w ater, then  A  u a /A cs 
=  0-83. U sing th e  values o f A, H  and  G g iven above : B  

=  0-5 an d  A u b /A u a  =  0-67, w hich m eans th a t the recorded 

pressure is m uch less th an  the actua l pressure. A ctually  

equation  ( 1) will no  longer quite apply , since the com pressi­

bility o f  the w ater w ithin the sam ple m ust be considered. I t  is 

clear, how ever, th a t even a good lab o ra to ry  null balancing 

system  will be inaccurate  if indeed mv does have ex trao rd i­

narily  low values.

Pore pressures during drained compression (Consolidation)

If, a fter Act has been applied  w ith bo th  valves closed, 

valve b  is opened, conso lidation  will occur. A  p lo t o f IS.ua 

versus tim e w ould be sim ilar to  Fig. 2 (b). If, how ever, a fter 

the application  o f Act, both  valves are  opened, A u b  will 

depend upon  a  com bination  o f  th e  tw o effects p reviously  

described, w ith th e  result illu strated  in Fig. 2 (c).

T he theoretical de term ination  o f a cu rve such as th a t 

show n in Fig. 2 (c) involves the so lu tion  o f the one-dim en­

sional conso lidation  equa tion  :

8 u

T t
(2)

w ith the follow ing boun d ary  cond ition  a t the base o f  the 

sam ple :

1 A k  
A«fl = -  —

^  Tw
d/ (3)

A n app rox im ate  so lu tion  o f th is equation  was ob ta ined  using 

the ten  lum p electric analogue illustrated  schem atically  in 

Fig. 3. T he system  was charged  by  app ly ing  a  voltage across

Fig. 2 Typical curve of pore pressure vs. time.

Relation type de la pression interstitielle par rapport 3 Electrical analogy,

au temps. Analogie électrique.
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points x  and  y  w ith  switches A  and  B  open. Switches A 
and  B  were then  closed sim ultaneously, and  the voltage 

across condenser G was recorded as a function  o f tim e. The 

capacitance o f G is analogous to  the com pliance o f the m ea­

suring system  and  the voltage across G is analogous to  

A u b . Solutions ob tained  in this m anner are  p lo tted  in dim en- 

sionless form  in Fig. 4, w hich shows A ub/A ua0 as a function  

of the average consolidation  ra tio  for the sam ple as a whole, 

where A «^0 denotes the in itial value o f Aua. These solutions 

are  based on the assum ption th a t mv is the sam e for both  

conso lidation  and  rebound. This assum ption is reasonable 

in the case o f overconso lida ted  soils, and  the e rro r resulting 

from  this assum ption  tends to  decrease the calculated  response 

tim e o f the m easuring system  in norm ally  conso lidated  soils. 

T herefore, if the curves o f Fig. 4 are  used in the design o f a

U = AVERAGE DEGREE OF CONSOLIDATION

Fig. 4 Effect o f measuring system compliance upon measured 
pressures.

Effect de la déformabilité des systèmes de mesure sur 
les pressions mesurées.

m easuring system , a  conservative indication  o f its perfo r­

m ance will be ob tained.

D uring  u n d ra ined  com pression, the tim e-lag d id  no t 

affect the peak  value o f  A  u b  — only  th e  tim e required  to  

achieve this peak  value. N ow , how ever, th e  tim e-lag in  the 

m easuring  system  is im portan t, for Aua  is tim e varian t. 

T he effect o f the  lag is revealed by  the follow ing tabu la tion  :

B

max. &u b /&uAo

Undrained 
(Eq. 1)

Drained 
(Fig. 4)

0 001 100 0-99
0-01 0-99 0-98
005 0-95 0-88

0-10 0-91 0-78

T hus, if B  is m uch g reater th an  0-01, the peak  m easured 

A u b  in  a  d rained  com pression  test m ay  be m uch  less than  

the ac tua l initial Aua. In  such a test, therefore, the presence

o f a  m odest am oun t o f a ir in  the m easuring system  m ay  be 

d isasterous.

N o te  th a t the perm eability  k  and  the abso lu te  tim e o f 

response o f  the po re  pressure m easuring system  do  n o t en ter 

in to  the  so lu tion . I t  is the  ra tio  o f  the response tim e to  the 

conso lidation  tim e w hich determ ines the e rro r caused by 

non-rig id ity  in the m easuring system .

P ast studies a t  M .I.T .

T a y l o r  (1942) reported  upon  a  com prehensive experi­

m ental investigation  in to  the conso lida tion  process. Pore 

pressures were m easured  th rough  a porous stone a t the 

bo ttom  o f  the oedom eter, and  a  nu ll balancing system  was 

used. T he soil was rem olded B oston clay. T ay lo r in som e 

tests observed tim e patterns o f overall sam ple com pression U 
and  pore  pressure a t the bo ttom  o f the sam ple A u b  which 

did  n o t agree w ith those predicted  by  the usual consolidation  

theory , and  hence he developed a  theory  for tak ing  into 

accoun t the effects o f in terpartic le  bonding  and  structu ra l 

viscosity. T he greatest deviations from  the usual theory  

occurred w hen sm all p ressure increm ent ra tios were used, 

an d  particu larly  w hen a  sam ple had  conso lidated  fo r a long 

tim e under the prev ious load  increm ent.

M a r s a l  (1944) con tinued  this w ork, using a sim ilar tech­

nique fo r m easuring pore  pressures, and  included tests on 

und istu rbed  B oston  clay . A l d r i c h  (1951) and  D e  W e t  (1953) 

studied the behav io r o f  precom pressed  und istu rbed  B oston 

clay, using a  needle inserted  a t the m id-plane o f the test 

sam ple fo r the m easurem ent o f  p o re  pressure. These add i­

tional studies suggested th a t, if any th ing , bonding  and  struct- 

tu ra l viscosity w ere less im p o rtan t in  und istu rbed  clay  than  

in rem olded clay. Indeed, th e  closest agreem ents between 

experim ental results and  the usual theo ry  were ob tained  w ith 

und istu rbed  sam ples loaded  to  less th an  the preconso lida tion  

pressure.

T he question  o f th e  valid ity  o f these d a ta  is very com plex, 

involving the effects o f side friction , incom plete sa tu ra tion , 

and  p o re  pressure m easuring system  flexibility. T he w ork 

reported  in  the prev ious section provides a basis fo r judging 

the possible adverse effects o f system  flexibility. A  few selected 

curves have been reproduced  in Fig. 5. C urve A  is very

Fig. 5 Selected results from earlier work.

Résultats choisis dans les travaux antérieurs.

sim ilar to  the curves in  Fig. 4, in  th a t it peaks a t A u b /A u  <  1, 

bu t then  fairs in to  th e  theoretical curve. T hus the deviation  

o f  C urve A  from  the theoretical cu rve is p robab ly  the result 

o f m easuring system  flexibility. C urve B  appears to  show
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extrem ely adverse effects o f system  flexibility, a lthough  it 

does n o t fair in to  the theoretical curve as w ould be expected 

if system  flexibility were the only  cause o f dev iation  from  

theory . I t  appears th a t the m easuring  system  used to  ob ta in  

curves C and  D responded  very quick ly  and  th a t the deviations 

o f these curves from  theory  were certa in ly  the result o f 

factors o ther th an  m easuring system  flexibility.

F rom  this exam ination , it can  be seen th a t system  flexibility 

did  influence, to  a greater o r lesser ex ten t, som e bu t no t 

all o f the po re  pressure da ta  from  these investigations. I t  is 

ap p aren t th a t it is dangerous to  assess the agreem ent between 

theo ry  and  experim ental results solely on the basis o f  the 

peak recorded Awb/Act. In  som e tests, Aws/Act^« 0-6 was 

recorded solely because o f  m easuring system  flexibility. 

O n the o ther hand , certain  tests w hich show ed an  initial 

Ahb/A<t 1 (i.e. curve D) p rov ided  the best p ro o f o f the 

existence o f im portan t struc tu ra l viscosity. T a y l o r  paid  

m uch m ore atten tion  to  the final slope o f  the U  versus 

Ai/a/Acr curve than  he did to  the peak value o f  A hb/A c. 

By a ttack ing  the problem  this w ay, he and  the subsequent 

w orkers show ed th a t bonding and  s truc tu ra l viscosity were 

indeed im portan t in certa in  cases.

A new measuring system

Significant progress has been m ade tow ard  developm ent 

o f  an  im proved pore pressure m easuring system  using an 

electrical transducer. The arrangem ent is show n in Fig. 6. 

T he pressure transducer was m anufactured  by the D ynam ic 

Instrum en t C om pany  o f  C am bridge, M assachusetts, and  

em ployed unbonded  stra in  wires a ttached  to  a  d iaphragm . 

W ith  the transducer excited a t six volts, a  p ressure increm ent

Fig. 6 New measuring system.

Nouveau dispositif de mesurage.

o f  150 lb /in2 gave an  o u tp u t o f  ab o u t tw enty-four m illivolts. 

T he o u tp u t o f the transducer was recorded by an  oscilloscope 

w ith  a  sensitiv ity  o f one m illivolt/cm .

T he flexibility o f the transducer itself was 4 x 10~7 in3 per 

lb /in .2 T he com pressib ility  o f the w ater ad jacen t to  the 

d iaphragm  and  w ithin th e  m o rta r increased the overall 

flexibility o f  the m easuring system  to 5 x 10-7 in3 p er lb /in 2. 

N o te  th a t little advan tage  w ould be gained from  a  less com ­

plian t transducer, since the stiffness o f the p resen t transducer 

is approach ing  the stiffness o f the w ater in  the m easuring 

system  and  already  exceeds the stiffness o f  the w ater w ithin 

a test sam ple. T he m o rta r was sa tu ra ted  by dra in ing  deaired 

w ater back  and  fo rth  th rough  it m any  tim es and  the tran s­

ducer was inserted  while the cedom eter was subm erged in 

deaired  w ater. T he conductance o f  the m o rta r plug was 

m easured to  be 0-74 x 10-4 in3/sec. per lb /in 2.

Tests have  been carried  o u t using a backsw am p clay  w ith 

L l  =  70 and  P l  =  30. T he cedometer was filled w ith w ater, 

and  th e  clay  in  pow der form  spooned  in to  the w ater to  form  

th in  layers. A  vacuum  was applied  follow ing the p lacem ent 

o f each layer, and  in  this w ay a  deaired slu rry  was form ed. 

L oads were applied  to  the po rous stone by an  a ir-operated  

K aro l-W arner load ing  fram e. Fig. 7 shows typical results

Fig. 7 Typical result for positive stress increment.

Effet type d’une augmentation de pression positive.

from  such a  test. A  series o f results fo r successive load  incre­

m ents on  a single soil sam ple a re  given in  T able 1. T he agree-

Table 1

Results using New Measuring System 

Résultats em ployant la nouvelle méthode de mesure

Initial
a

lb./in2

A C7 
lb./in2

Peak 
A 11B 

lb./in2

Time ir

To max. 
A a

seconds

To peak 
A iiB

Increment
duration

hours

0-7 0-7 0-7 0-25 0-50 24
2-3 1-6 1-6 0-25 0-30 26
4 0 1-7 1-7 0-25 0-30 2-7
80 4 0 3-9 0-35 0-45 1-5

160 8 0 8 0 0-60 0-70 22-6

8 0 — 8 0 — 8 0 * 0-50 1-5
00 — 8 0 — 80 * 0-50 188

200 200 200 0-85 100 6

00 — 200 — 200 * 0-50 —

• N o t recorded.

m ent betw een the peak recorded pore  pressure and  th e  applied 

stress increm ent was rem arkable, while the tim e-lag o f  the 

m easuring system  was on  the o rder o f  o n ly  0-1-0-2 seconds. 

T he results o f  th e  last unload ing  increm ent are  particu larly
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in teresting , in  th a t a  po re  p ressure 5 lb /in2 below abso lu te  

zero w as recorded. As is show n in Fig. 8, th is large negative 

pressure was m ain tained  fo r ab o u t tw o seconds before cav i­

ta tio n  occurred  som ew here in  th e  system .

Fig. 8 Result for negative stress increment.

Résultat d’une augmentation de pression négative.

These tests in  the œ dom eter have p roved  th a t fast, accurate  

response can  be ob ta ined  w ith the new  m easuring system . 

N ow  the system  can w ith confidence be used to  study  situa­

tions in  w hich struc tu ra l bond ing  o r viscosity effects are  

th o u g h t to  be im portan t. D evelopm ent o f  a system , em ploying 

a  needle in  con junction  w ith the transducer, to  m easure the 

p o re  pressure w ith in  the cen tral zone o f  triax ia l com pression 

sam ples is a lready  underw ay. A no ther use fo r the transducer 

is described by  L a m b e  (1961).

Conclusions

(a) T he effect o f  m easuring system  flexibility on  pore  

pressures m easured during conso lidation  tests has been 

found  from  theory , thus p rov id ing  design criteria  fo r devel­

opm ent o f new  and  better system s. I t  is particu la rly  difficult 

to  m easure po re  pressures accurately  w henever th e  stiffness 

o f th e  m ineral skeleton approaches th a t o f w ater.

(b) R eview  o f da ta  ob tained  earlier a t M .I.T . show ed 

th a t the peak  m easured po re  pressures w ere in  som e cases 

influenced by  m easuring system  flexibility. W hen using 

p o re  pressures m easured during  conso lidation  to  establish 

th e  presence o r absence o f effects such as struc tu ra l viscosity, 

it is im p o rtan t to  study  the w hole p a tte rn  o f po re  pressure 

versus tim e, and  n o t a ttach  too  m uch significance to  the 

peak  m easured po re  pressure alone. T he da ta  obtained  earlier 

a t M .I.T . do show th a t there are  serious deviations from  

the  stan d ard  conso lidation  theo ry  in som e cases.

(c) A  new pore  pressure m easuring system , utilizing an 

electrical p ressure transducer, has been developed. Preli­

m inary  tests have  show n th a t the system  has a  response tim e 

o f  less th an  0-5 second w hen used w ith an  im perm eable clay. 

T he system  has also recorded  pore  pressures less th an  absolute 

zero. M easuring system s using very  stiff electrical transducers 

appear to  have  great p rom ise fo r use w ith rap id  triaxial 

shear tests and  for m any  o ther lab o ra to ry  tests.
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