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1 

EFFECT OF CEMENT ON MOISTURE 
MIGRATION I N  CONCRETE 

PHASE A 

LABORATORY STUDY OF MOISTURE 
MIGRATION I N  HARDENED CEMENT PASTE 

David R. Lankard and Alvin  J. Walker 

The Columbus Labora to r i e s  of B a t t e l l e  Memorial I n s t i t u t e  i s  c u r r e n t l y  

conducting a s tudy  of t h e  e f f e c t  of cement on mois ture  mig ra t ion  i n  conc re t e  a s  

r e l a t e d  t o  t h e  problem of D-cracking of po r t l and  cement conc re t e  pavements. The 

s tudy  began on December 31, 1970, and i s  planned a s  a  3-year program. The work 

p lan ,  approved by t h e  p o l i c y  committee of t h e  members of t h e  Iowa, Kansas,  and 

Missouri  highway departments and t h e  Fede ra l  Highway Admin i s t r a t i on ,  i s  composed 

of f o u r  p a r t s :  

(A) Laboratory Study of Moisture Migra t ion  i n  Hardened 
Cement P a s t e  

(B) Laboratory Study of Moisture Migra t ion  i n  Simulated 
Concrete i n  Re la t ion  t o  Freeze-Thaw Behavior 

(C) Cement C h a r a c t e r i z a t i o n  S t u d i e s  

(D) C o r r e l a t i o n  of t h e  P r o p e r t i e s  of t h e  Cements w i th  
Thei r  Performance i n  Concrete .  

The f i r s t  phase (A) of t h e  i n v e s t i g a t i o n  concerned t h e  movement of 

mois ture  i n t o  and from hardened cement p a s t e s  and t h e  dimensional  changes 

accompanying t h e  mois ture  changes. Small s l a b  specimens of hardened n e a t  

cement p a s t e s  were prepared from 32 d i f f e r e n t  cements which were prepared a t  

t h e  same waterlcement r a t i o  and hydra ted  t o  t h e  same m a t u r i t y  f a c t o r .  

For each cement t h e  fo l lowing  d a t a  were ob ta ined :  

(1)  Matur i ty  f a c t o r  a t  t ime of t e s t i n g  

(2) T o t a l  evaporable  water  con ten t  of t h e  s a t u r a t e d  
specimens a t  time of t e s t i n g  (2 specimens each 
cement) 



(3)  The t o t a l  evaporable  water  l i s t  i n  i so the rma l ly  (74 F) 
dry ing  from i n i t i a l  s a t u r a t i o n  t o  equ i l i b r ium a t  each 
of two cond i t i ons  of lower r e l a t i v e  humidi ty,  v i z .  
(2 specimens each cement):  

75 pe rcen t  r e l a t i v e  humidity 
25 percent  r e l a t i v e  humidity 

(4) The r a t e  of mo i s tu re  l o s s  under cond i t i ons  of 
Item (3) 

(5) The t o t a l  evaporable  water  gained when t h e  p a r t i a l l y  
d r i e d  specimens of I t e m  (3) were reexposed ( a t  74 F)  
t o  100 pe rcen t  r e l a t i v e  humidi ty.  

(6) The r a t e  of mo i s tu re  abso rp t ion  under cond i t i ons  
of Item (5)  

(7)  Data as i n  Item (3)  f o r  second c y c l e  of drying a t  
74 F 

(8)  Data a s  i n  Item (4)  f o r  second c y c l e  of dry ing  

(9) The t o t a l  evaporable  water  l o s t  i n  i so the rma l ly  
(100 F) dry ing  from i n i t i a l  s a t u r a t i o n  t o  e q u i l i -  
brium a t  75 percent  r e l a t i v e  humidity (2 specimens 
each cement) 

(10) The r a t e  of mois ture  l o s s  under t h e  c o n d i t i o n s  of 
Item (9)  

(11) A f t e r  equ i l i b r ium was a t t a i n e d  i n  Item (9) t h e  
specimen temperature w a s  decreased t o  74 F and 
Steps  (5) through (8)  were c a r r i e d  o u t .  

S t a t i s t i c a l  t echniques  were used t o  i d e n t i f y  s i g n i f i c a n t  d i f f e r e n c e s  

i n  t h e  mois ture  migra t ion  behavior  of t h e  cement p a s t e s .  

MATERIAL ACQUISITION AND SAMPLING 

Cements 

A t o t a l  of 32 cements (approximately one b a r r e l  each) were provided 

f o r  t he  program by t h e  s t a t e s  involved and by B a t t e l l e .  The code number, t ype ,  

and source  of t h e  cements a r e  shown i n  Table 1. Ten cements were rece ived  from 

Missour i ,  twelve cements from Kansas, '  and seven cements from Iowa. Seventeen 



Type I cements were ob ta ined ;  seven Type I1 cements; t h r d e  Type I11 cements; 

two Type I V  cements; two Type V cements; and one o i l  w e l l  cement. Inc luded  

among t h e  cements were a 20-year-old Type I (No. 9 ) ,  a Type I cement w i th  

t o t a l  a l k a l i  con ten t  below 0.20 pe rcen t  (No. 71 ) ,  a Type I w i t h  a t o t a l  a l k a l i  

conten t  above 1.00 (No. 27) ,  two Type I11 cements w i th  a B la ine  f i n e n e s s  i n  

excess  of 5500 (Nos. 25 and 26) ;  and one cement w i th  a zero C3A con ten t  

(No. 74).  

Cement Sampling 

A11 handl ing  of t h e  cements a t  Battelle w a s  done i n s i d e  a 12 x 12 x 

12-foot enc losu re  b u i l t  from 2 x 2-inch wood framing and covered on a l l  s i d e s  

w i t h  polye thylene  shee t .  A dehumidi f ie r  i n s i d e  t h e  enc losu re  maintained t h e  

r e l a t i v e  humidity below 30 pe rcen t .  

The e n t i r e  l o t  of a g iven  cement (approximately 400 pounds) was 

placed i n  one p i l e  on a c l ean  s h e e t  of po lye thylene  f i lm .  The m a t e r i a l  i n  t h e  

p i l e  w a s  thoroughly blended by hand us ing  recommended procedures .  The p i l e  was 

then  qua r t e r ed  i n t o  f o u r  l o t s  having roughly t h e  same amount of m a t e r i a l  

(approximately 100 pounds each) .  

Three of t h e  100-pound qua r t e r ed  l o t s  were doubly bagged i n  poly- 

e thy lene  and placed i n  sma l l  f i b e r  drums which were subsequent ly  s e a l e d  w i t h  

polye thylene  s h e e t  and taped s h u t .  A packet  of drying agent  was p laced  i n  

each drum. 

The remaining 100 pounds of m a t e r i a l  was passed through a Gi l son  

l a r g e  capac i ty  sample s p l i t t e r  and then  through a sma l l e r  s p l i t t e r  t o  provide  

3- t o  35-pound r e p r e s e n t a t i v e  samples f o r  v a r i o u s  phases of t h e  exper imenta l  

program. A l l  of t h e  s p l i t  cement samples were doubly bagged i n  polye thylene  

i n  t h e  presence of t h e  dry ing  agen t .  

SPECIMEN PREPARATION 

Cement p a s t e  specimens f o r  u se  i n  Phase A of t h e  s tudy  were prepared 

a s  t h i n  s l a b s  about  5 inches  long by 1 inch  wide by 0 . 1  inch  t h i c k .  The fo l lowing  

procedure was used i n  t h e  f a b r i c a t i o n . a n d  cu r ing  of t h e  s l a b s :  



(1) A nominally a i r - f r e e  cement-water mixture  was prepared  
i n  a Waring b lender  us ing  300 grams of cement and 136.5 
grams of d i s t i l l e d  water  precooled t o  50 F. These mixtures  
were pgepared i n  t h e  same manner a s  t h a t  used by Powers 
e t  a l .  Inasmuch a s  about  1 . 5  grams of water  is  l o s t  
through evapora t ion  dur ing  mixing, t h e  f i n a l  water/cement 
r a t i o  is  1351300 o r  0.45. 

Upon completion of mixing t h e  f r e s h  p a s t e  was t r a n s -  
f e r r e d  t o  a p o r c e l a i n  pan. Slab-shaped specimens were 
prepared from t h e  p a s t e  by c a s t i n g  i n t o  i n d i v i d u a l  
molds and us ing  l i g h t  e x t e r n a l  v i b r a t i o n  (Syntron- 
Jogger  Model J-1A) a t  60 cps .  The c a s t i n g  o p e r a t i o n  
i s  shown i n  F igure  1. The break-apart  molds were con- 
s t r u c t e d  from r i g i d  p l e x i g l a s  p l a t e s  and machined 
b r a s s  space r s .  A t o t a l  of 12 s l a b  specimens (6-1/2 x 
1 x 0 . 1  inch )  w e r e  prepared from each cement. 

(3) A f t e r  c a s t i n g ,  t h e  open end of each mold was covered 
w i t h  a  polye thylene  bonnet ,  and t h e  mold placed i n  a 
fog room a t  about  73 F. 

( 4 )  A£ter 24 hours  mold cur ing  t h e  s l a b s  were removed from * * 
t h e  molds and were saw-cut t o  a l e n g t h  of 5  i nches .  The 
upper (with r e s p e c t  t o  t h e  c a s t i n g  d i r e c t i o n )  1-1/2 inches  
of t h e  s l a b  were c u t  o f f .  

(5)  A f t e r  c u t t i n g ,  t h e  s l a b s  were weighed and measured be fo re  
p l ac ing  i n  l i m e  water  f o r  cur ing .  A l l  s l a b s  of a  g iven  
cement were s t o r e d  i n  a  s i n g l e  wide-mouth q u a r t  jar t h a t  
was f i l l e d  wi th  s a t u r a t e d  lime water .  The j a r s  were then  
s t o r e d  i n  a water  b a t h  i n  a room maintained a t  74 F. 

The average weights  of t h e  s l a b  specimens prepared w i t h  t h e  32 cements 

are shown i n  Table 2. 

* J o u r n a l  American Concrete  I n s t i t u t e ,  Vol. 26, No. 3 ,  pp 286-287 (1954). 

** Due t o  t h e i r  low e a r l y  s t r e n g t h s ,  Type I1 and I V  cement p a s t e s  were allowed 
t o  c u r e  f o r  longer  pe r iods  p r i o r  t o  c u t t i n g .  
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EXPERIMENTAL PROCEDURE 

Measurement of Nonevaporable Water Contents 
of Cement P a s t e s  

It was d e s i r e d  t o  begin  t h e  i n v e s t i g a t i o n  of mo i s tu re  mig ra t ion  i n  

t h e  hardened cement p a s t e s  a f t e r  they  had developed a ma tu r i ty  f a c t o r  of 

about 80 pe rcen t ;  s p e c i f i c a l l y  when t h e  nonevaporable water  con ten t  (wnlc> 

of t h e  water-cured p a s t e  as 80f2 pe rcen t  t h a t  of t h e  f u l l y  hydra ted  cement. 

I n  p r a c t i c e  t h e  m a t u r i t y  f a c t o r s  v a r i e d  from 75 t o  90 pe rcen t .  The nonevaporable 

water  con ten t  of t h e  hardened cement p a s t e s  was determined a s  a  f u n c t i o n  of 

e lapsed  cur ing  t ime us ing  t h e  method of Copeland and Hayes (ASTM B u l l .  194 ,  

pp 70-74, 1953, commonly r e f e r r e d  t o  a s  D-drying). 

Complete hydra t ion  of t h e  cements was achieved us ing  an  i n t e r m i t t e n t  

b a l l  m i l l i n g  procedure.  High water  con ten t  (w/c = 9.0) cement s l u r r i e s  were 

b a l l  mi l l ed  over  a  12-day per iod  dur ing  which t ime t h e  m i l l s  r o t a t e d  f o r  10 

minutes out  of each hour (every o t h e r  d a y ) ,  thereby  g iv ing  a  water-cement 

conten t  t ime of 12 days and a t o t a l  m i l l i n g  t ime of 24 hours .  The m i l l e d  

cements were checked us ing  X-ray d i f f r a c t i o n  techniques  t o  d e t e c t  any unhydrated 

cement. No anhydrous cement phases were d e t e c t e d  i n  any of t h e  cements sub jec t ed  

t o  t h e  wet m i l l i n g  ope ra t ion .  

Measurement of Evaporable Water Contents  
of Cement P a s t e s  

The evaporable  water  con ten t  of t h e  water-cured cement p a s t e s  was 

measured a t  t h e  t ime they  were sub jec t ed  t o  t h e  moi s tu re  mig ra t ion  s tudy ,  i . e . ,  

when t h e  cement was 80 pe rcen t  hydra ted .  Th i s  measurement was obta ined  i n  

d u p l i c a t e  on g ranu la t ed  p a s t e s  (-30, +80 mesh) us ing  a procedure o u t l i n e d  by 

Powers and descr ibed  below: 

"About 5 grams of t h e  sample t o  be s a t u r a t e d  are p laced  
i n  a 50-ml Erlenmeyer f l a s h  f i t t e d  w i t h  a  s p e c i a l  s toppe r  
t h a t  permi ts  e i t h e r  t h e  i n t r o d u c t i o n  of water  from a b u r e t t e  
o r  a s t ream of d r i e d  a i r  f r e e  from C02. A t  t h e  s t a r t ,  water  
i s  s lowly dropped onto  t h e  sample from t h e  b u r e t t e  u n t i l  t h e  
sample, upon being shaken, g a t h e r s  i n t o  a  lump and c l i n g s  t o  
t h e  f l a s k .  Dry a i r  i s  then  passed over  t h e  sample wh i l e  i t  



i s  v igo rous ly  shaken by hand. A f t e r  2 minutes 'of t h i s  t r e a t -  
ment, t h e  flow of a i r  is  topped and t h e  shaking of t h e  f l a s k  
is  cont inued.  I f  t h e  sample p e r s i s t s  i n  ga the r ing  i n t o  a  
lump, t h e  dry ing  i s  cont inued f o r  2 more minutes .  Th i s  
procedure i s  cont inued u n t i l  t h e  p a r t i c l e s  j u s t  f a i l  t o  
c l i n g  t o  each o t h e r  and t o  t h e  f l a s k . "  

The samples were then  D-dried t o  determine we. 

Measurement of Moisture Migrat ion i n  t h e  
Hardened Cement P a s t e s  

The weight and dimensional  changes accompanying t h e  l o s s  and g a i n  of 

mois ture  i n  t h e  s l a b  specimens of hardened cement p a s t e  was determined under 

t h e  fol lowing cond i t i ons :  

A f t e r  t h e  a p p r o p r i a t e  cu r ing  pe r iod ,  t h e  specimens were 
removed from t h e  l ime water  and p laced  i n  a  C02-free 
c o n t r o l l e d  temperature and humidity environmental  chamber. 
The r e l a t i v e  humidity i n  t h e  t e s t  chambers w a s  c o n t r o l l e d  
us ing  s a t u r a t e d  s a l t  s o l u t i o n s  and c o n t r o l l e d  d e n s i t y  
s u l f u r i c  a c i d  s o l u t i o n s .  The r a t e  and amount of mo i s tu re  
l o s t  from t h e  specimen a s  it  e q u i l i b r a t e d  from 100 percent  
r e l a t i v e  humidity t o  lower r e l a t i v e  humid i t i e s  was measured. 
Measurements were made s imul taneous ly  of t h e  c o n t r a c t i o n  
of t h e  specimens a s  they  l o s t  mois ture .  

Once equ i l i b r ium w a s  a t t a i n e d  i n  t h e  p a r t i a l l y  d ry  specimen 
a t  t h e  newer r e l a t i v e  humidi ty ,  t h e  r e l a t i v e  humidity i n  
t h e  t e s t  chamber w a s  i nc reased  t o  100 pe rcen t  by r e p l a c i n g  
t h e  s a l t  o r  a c i d  s o l u t i o n  w i t h  pure water .  The r a t e  and 
amount of mo i s tu re  absorbed by t h e  specimen a s  it  e q u i l i -  
b r a t e d  wi th  t h e  100 pe rcen t  r e l a t i v e  humidity w a s  measured 
u n t i l  equ i l i b r ium was a g a i n  a t t a i n e d .  Specimen d i l a t i o n  
was monitored dur ing  t h i s  t ime. 

(3)  Once equ i l i b r ium was a t t a i n e d  a t  100 pe rcen t  r e l a t i v e  
humidity,  t h e  r e l a t i v e  humidity was lowered t o  i t s  
o r i g i n a l  low v a l u e  ( f o r  any g iven  specimen).  The r a t e  
and amount of mois ture  l o s s  of t h e  specimen, as w e l l  a s  
t h e i r  deformation,  was measured u n t i l  equ i l i b r ium was 
aga in  reached.  Once equ i l i b r ium was reachieved a t  t h e  
lower chamber r e l a t i v e ,  t h e  t e s t  was te rmina ted .  

( 4 )  One a d d i t i o n a l  experiment was performed i n  a d d i t i o n  t o  
t h e  above t o  s tudy  t h e  e f f e c t  of t h e  temperature of 
drying on subsequent mo i s tu re  movement c h a r a c t e r i s t i c s  
of cement p a s t e s .  This  was accomplished by i n i t i a l l y  
drying p a s t e s  a t  100 F . b e f o r e  s u b j e c t i n g  them t o  t h e  
o t h e r  cond i t i ons  j u s t  o u t l i n e d .  
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A photograph of t h e  exper imenta l  equipment is  shown i n  F igure  2 which 

shows t h e  8-inch-square g l a s s  environmental  chambers, t h e  o p t i c a l  extensometer 

f o r  measuring dimensional changes, t h e  ba lance  f o r  measuring weight  changes, 

t h e  ovens used t o  achieve  100 F i n  t h e  environmental chambers, and o t h e r  

p e r t i n e n t  i t ems .  The e n t i r e  s e t u p  w a s  conta ined  i n  a c o n t r o l l e d  temperature 

room t h a t  was maintained a t  74+1 F. 

A schematic  of t h e  t e s t  method i s  shown i n  F igure  3 .  C02-free a i r  

( a t  t h e  des i r ed  r e l a t i v e  humidity and 74 F) was s lowly bubbled i n t o  t h e  humidity 

chambers so  a s  t o  main ta in  a s l i g h t  ove rp re s su re .  Th i s  a s su red  t h a t  no atmos- 

p h e r i c  C02-contamination could occur .  The opening f o r  t h e  humidity s enso r  served  

as t h e  overpressure  d i scha rge  opening when t h e  senso r  was n o t  i n  p o s i t i o n .  Specimen 

weight changes were measured d i r e c t l y  u s ing  a bottom-loading M e t t l e r  P120 ba lance  

(wi th  mi l l ig ram readout  c a p a b i l i t y ) .  The b r i e f  pe r iod  (-5 seconds)  t h a t  t h e  

specimen was suspended f o r  weighing d i d  n o t  a f f e c t  t h e  r e l a t i v e  humidity of t h e  

chamber. Specimen deformation was measured remotely us ing  a Gaer tner  double 

t e l e scope  estensometer .  

For t h e  t e s t s  conducted a t  75 pe rcen t  r e l a t i v e  humidity a t  74 F a 

s a t u r a t e d  N a C l  s o l u t i o n  was used t o  c o n t r o l  t h e  r e l a t i v e  humidity i n  t h e  

environmental chamber. For t h e  t e s t s  conducted a t  25 pe rcen t  r e l a t i v e  humidity 

a t  74 F an  aqueous s u l f u r i c  a c i d  s o l u t i o n  ( d e n s i t y  = 1.450 a t  74 F) was used t o  

c o n t r o l  R.H. Measurements made a t  100 F/75 pe rcen t  R.H. were made i n  environ-  

mental  chambers con ta in ing  s a t u r a t e d  NaCl s o l u t i o n s  i n  which both  t h e  a i r  and 

s o l u t i o n  temperature was maintained a t  100 F. 

I n  p r a c t i c e ,  d a t a  were ob ta ined  concur ren t ly  on t h r e e  cements. The 

t o t a l  t e s t i n g  time f o r  each cement was t h r e e  weeks. The e q u i l i b r a t i o n  t ime 

f o r  each of t h e  two deso rp t ion  p e r i o d s  and t h e  one adso rp t ion  pe r iod  was one 

week each. Pre l iminary  work i n d i c a t e d  t h a t  f o r  t h e  specimen s i z e  used ,  most 

(probably 90 percent  o r  more) of t h e  weight  and dimensional  changes on desorp-  

t i o n  occur  i n  t h e  f i r s t  72 hours  a t  low R.H. (25 pe rcen t )  and t h e  f i r s t  120 
* hours a t  75 percent  R.H. Helmuth and Turk r epor t ed  t h a t  a lmost  a l l  t h e  

shr inkage  i n  cement p a s t e  s l a b s  (0.5 t o  3 .0  rmn t h i c k ,  w/c = 0.6) occurred  i n  

one day of dry ing .  It i s  f e l t ,  t h e r e f o r e ,  t h a t  t h e  one week e q u i l i b r a t i o n  

* Helmuth, R.  A.  and Turk, D., J o u r .  of t h e  PCA Research and Development Labs, 
9 ( 2 ) ,  pp 8-21 (1967). 
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pe r iods  f o r  adso rp t ion  and deso rp t ion  w a s  s a t i s f a c t o r y  f o r  e s t a b l i s h i n g  r a t e s  

i n  t h e  p r e s e n t  program. 

Two s l a b  specimens of each cement were sub jec t ed  t o  one of t h e  t h r e e  

environmental s i t u a t i o n s  desc r ibed  below: 

Environment I : I n i t i a l  Desorp t ion  a t  75 RH/100 F (170 hours)  
Adsorpt ion a t  100 RH/74 F (170 hours )  
F i n a l  Desorp t ion  a t  75 RH/74 F (170 hours)  

Environment 11: I n i t i a l  Desorp t ion  a t  75 RH/74 F (170 hours)  
Adsorpt ion a t  100 RH/74 F (170 hours )  
F i n a l  Desorpt ion a t  75 RH/74 F (170 hours)  

Environment 111: I n i t i a l  Desorp t ion  a t  25 RH/74 F (170 hours)  
Adsorpt ion a t  100 M I 7 4  F (170 hours )  
F i n a l  Desorpt ion a t  25 RH/74 F (170 hour s ) .  

On t h e  f i r s t  day of t h e  d e s o r p t i o n  o r  adso rp t ion  p e r i o d ,  d a t a  were 

taken one-half hour a f t e r  t h e  s t a r t  of t h e  measurements, t hen  a t  hour ly  i n t e r -  

v a l s  f o r  t h e  remainder of t h e  work day. Following t h e  f i r s t  24-hour pe r iod  

a f t e r  s t a r t ,  d a t a  were taken  twice  d a i l y  u n t i l  t h e  f i n a l  f o u r  days when one 

reading was taken .  

The temperature and r e l a t i v e  humidi ty of each environmental  chamber 

w a s  measured p e r i o d i c a l l y .  C02-free a i r  a t  t h e  same tempera ture  and r e l a t i v e  

humidity a s  t h e  environmental  chambers was bubbled i n t o  t h e  chambers a t  t h e  

rate of 25-30 cc/min, r e s u l t i n g  i n  a  complete change of a i r  about  every 

4 hours.  E l e c t r i c  t imer s  a r e  used t o  r eco rd  e lapsed  t ime.  

A l l  of t h e  d a t a  were t r a n s f e r r e d  t o  a  s t anda rd  computer form f o r  

computer process ing .  The computer program w a s  designed t o  provide :  

(1)  Tabular  d a t a  showing e l apsed  t ime,  weight  change, and 
dimensional  change 

(2)  Graphica l  d a t a  showing 

( a )  Weight change (gram water  l o s t  o r  gained p e r  
gram of i n i t i a l  evaporable  wa te r )  ve r sus  
e lapsed  t ime 

(b) Dimensional change ( s t r a i n )  v e r s u s  e lapsed  
time 

( c )  Weight change v e r s u s  dimensional  change. 
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S t a t i s t i c a l  Procedures  

The t o t a l  weight change, t o t a l  dimensional change, and r a t e  of weight 

change d a t a  were sub jec t ed  t o  s t a t i s t i c a l  ana lyses  us ing  t h e  method of simul- 

taneous comparisons (Tukey) t o  determine s i g n i f i c a n t  d i f f e r e n c e s  i n  performance 

of t h e  32 cements. A d e s c r i p t i o n  of t h e  s t a t i s t i c a l  procedure and t h e  v e r i f i -  

c a t i o n  of t h e  v a l i d i t y  of t h e  chosenprocedure i s  presented  i n  Appendix A .  

EXPERIMENTAL RESULTS 

Proper ty  d a t a  obta ined  on t h e  32 cement p a s t e s  a t  t h e  t ime of t e s t i n g  

a r e  presented  i n  Table 3. A complete summary of t h e  dimensional  and weight 

change d a t a  i s  presented  i n  Tables  4 through 12 .  The r a t e  of weight  change 

was c a l c u l a t e d  a s  a  l i n e a r  f u n c t i o n  between t h e  time pe r iods  of 0-5, 5-10, 

10-25, and 25-50 hours .  

The ordered mean v a l u e s  of t h e  t o t a l  weight change, t o t a l  dimensional  

change and r a t e  of weight change (dur ing  t h e  f i r s t  5  hours  of a d s o r p t i o n  o r  

desorp t ion)  f o r  t h e  cement p a s t e s  s u b j e c t e d  t o  t h e  t h r e e  environmental  s i t u a -  

t i o n s  a r e  presented  i n  Tables  1 3  through 39. The c a l c u l a t e d  c r i t i c a l  comparison 

d i f f e r e n c e s  ( see  Appendix A) f o r  each s i t u a t i o n  areshown i n  t h e  t a b l e s .  The 

v e r t i c a l  l i n e s  i n  t h e  t a b l e s  connect cements f o r  which no c la im can be made a s  

t o  any d i f f e r e n c e  i n  t h e i r  behavior .  

For convenience i n  i n t e r p r e t i n g  t h e  d a t a  i n  Tables  1 3  through 39 ,  

Tables  40 through 44 were cons t ruc t ed  t o  i d e n t i f y  t h e  cements w i t h i n  a  g iven  

type  which exh ib i t ed  no s t a t i s t i c a l l y  d i f f e r e n t  behavior  f o r  t h e  v a r i o u s  

cond i t i ons  of exposure. F igu res  4 through 35 show g r a p h i c a l l y  t h e  t o t a l  weight 

change, t o t a l  dimensional change, and r a t e  of weight change of t h e  32 cements 

during t h e  i n i t i a l  deso rp t ion ,  a d s o r p t i o n ,  and f i n a l  deso rp t ion  p e r i o d s .  S imi l a r  

d a t a  obta ined  a s  t h e  average v a l u e s  f o r  t h e  6 d i f f e r e n t  types  of cements inves-  

t i g a t e d  a r e  shown i n  F igures  36 through 4 0 .  The o v e r a l l  behav io ra l  t r e n d s  

exh ib i t ed  by t h e  6 types  of cements a r e  i n d i c a t e d  i n  Table 4 5 .  Values of t o t a l  

weight and dimensional  change and r a t e  of i n i t i a l  weight  change have been q u a l i -  

t a t i v e l y  r a t e d  a s  h igh ,  i n t e r m e d i a t e ,  and low f o r  t h i s  purpose. 
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A primary o b j e c t i v e  of t h e  Phase A i n v e s t i g a t i o n  was t o  i d e n t i f y  s t a t i s -  

t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  mois ture  migra t ion  behavior  of cement 

p a s t e s  whose only  intended d i f f e r e n c e  was i n  t h e  source  of t h e  raw cement. The 

32 p a s t e s  were, i n  most c a s e s ,  cured t o  a  ma tu r i t y  f a c t o r  of 80+2 pe rcen t ;  had 

evaporable  water  con ten t s  ranging from 21.2 t o  25.0 pe rcen t ;  t o t a l  p o r o s i t i e s  

ranging from 34.4 t o  39.8 pe rcen t  and bulk  d e n s i t i e s  ranging from 1.93 t o  

2.09 gms/cc. The achievement of t h e  s t a t e d  o b j e c t i v e  presupposes t h a t  i n t r i n s i c  

f e a t u r e s  of t h e  32 cement p a s t e s  ( e .g . ,  pore-s ize  d i s t r i b u t i o n ,  morphology 

of hydra t ion  p roduc t s ,  e t c . )  c o n t r o l  t o  some degree  t h e  movement of evaporable  

water  w i t h i n  t h e  hardened p a s t e .  

It is  ev iden t  from t h e  d a t a  t h a t  t h e  source  of cement does i n f l u e n c e  

t h e  mois ture  migra t ion  behavior  of hardened cement p a s t e s  i nc lud ing  t h e  t o t a l  

weight change, t o t a l  dimensional  change, and t h e  r a t e  of weight  change e x h i b i t e d  

by t h e  hardened p a s t e s  dur ing  moi s tu re  adso rp t ion  and deso rp t ion  pe r iods .  

Type I Cements 

R e l a t i v e  t o  t h e  o t h e r  cement t ypes  i n v e s t i g a t e d ,  t h e  Type I cements 

g e n e r a l l y  e x h i b i t e d  in t e rmed ia t e  t o  low v a l u e s  of t o t a l  weight change, i n t e r -  

mediate  t o  high v a l u e s  of t o t a l  dimensional  change, and i n t e r m e d i a t e  t o  low 

va lues  of t h e  i n i t i a l  r a t e  of weight change. 

The seventeen Type I cements were f u r t h e r  r a t e d  r e l a t i v e  t o  each o t h e r  

t o  e s t a b l i s h  r e l a t i v e  behavior  of t h e  Type I cements w i t h i n  t h e  Type I 

c l a s s i f i c a t i o n .  Rat ing v a l u e s  were a g a i n  s e t  a t  h i g h ,  i n t e r m e d i a t e ,  and low. 

Thus, f o r  a  g iven  s e t  of environmental  c o n d i t i o n s  (n ine  t o t a l ) ,  t h e  f i r s t  s i x  

h ighes t  v a l u e s  were c l a s s e d  a s  h i g h ,  t h e  n e x t  f i v e  a s  i n t e r m e d i a t e ,  and t h e  

l a s t  s i x  a s  low. A cement showing a  m a j o r i t y  of v a l u e s  i n  t h e  i n t e r m e d i a t e  

c l a s s i f i c a t i o n  w a s  given an i n t e r m e d i a t e  r a t i n g  and so  on. The r e s u l t s  of 

t h i s  a n a l y s i s  a r e  shown below f o r  t h e  Type I cements. 



TYPE I CEMENTS 
RELATIVE BEHAVIOR 

TOTAL WEIGHT CHANGE 

High Values 
In t e rmed ia t e  Values 
Low Values 

High Values 
In t e rmed ia t e  Values 
Low Values 

High Values 
In t e rmed ia t e  Values 
Low Values 

Cements 2-7-9-18-22-71 
Cements 1-3-5-16-27 
Cements 4-8-11-14-23-24 

TOTAL DIMENSIONAL CHANGE 

Cements 1-2-8-14-16-23-27 
Cements 3-5-7-22-24-71 
Cements 4-9-11-18 

INITIAL RATE OF WEIGHT CHANGE 

Cements 1-2-3-5-9-18-22-71 
Cements 7-16-24-27 
Cements 4-8-11-14-23 

These r e s u l t s  make i t  p o s s i b l e  t o  i d e n t i f y  t h e  Type I cements which 

e x h i b i t e d  unique o r  s i m i l a r  behavior  as shown below: 

High T o t a l  Weight Change 
High T o t a l  Dimensional Change Cement 2 
High I n i t i a l  Rate  of Weight Change 

High T o t a l  Weight Change 
Low T o t a l  Dimensional Change Cements 9-18 
High I n i t i a l  Rate  of Weight Change 

Low T o t a l  Weight Change 
Low T o t a l  Dimensional Change I Cements 4-11 
Low I n i t i a l  Rate  of Weight Change 

Low T o t a l  Weight Change 1 
High T o t a l  ~ i m e n s i o n a l  Change Cements 8-14-23 
Low I n i t i a l  Rate  of Weight Change 

In t e rmed ia t e  t o  High T o t a l  Weight Change 
In t e rmed ia t e  t o  High T o t a l  Dimensional Change I Cements 1-3-5-7-16-22-27-71 
In t e rmed ia t e  t o  High I n i t i a l  Rate  of Weight Change 



I ' In t e rmed ia t e  t o  Low T o t a l  Weight Change 
In t e rmed ia t e  t o  Low T o t a l  Dimensional Change Cement 24  
In t e rmed ia t e  t o  Low I n i t i a l  Rate  of Weight Change 

Type I1 Cements 

R e l a t i v e  t o  t h e  o t h e r  cement types  i n v e s t i g a t e d ,  t h e  Type I1 cements 

g e n e r a l l y  exh ib i t ed  in t e rmed ia t e  t o  h igh  va lues  of t o t a l  weight change, i n t e r -  

mediate  t o  low va lues  of t o t a l  dimensional  change, and in t e rmed ia t e  t o  high v a l u e s  

of t h e  i n i t i a l  r a t e  of weight  change. 

The seven Type I1 cements were f u r t h e r  r a t e d  r e l a t i v e  only t o  each 

o t h e r  t o  e s t a b l i s h  r e l a t i v e  behavior  of t h e  Type I1 cements w i t h i n  t h e  Type I1 

c l a s s i f i c a t i o n .  The r a t i n g  system was t h e  same a s  was desc r ibed  p rev ious ly  f o r  

t h e  Type I cements ( i . e . ,  h igh ,  i n t e r m e d i a t e ,  and low v a l u e s )  and t h e  r e s u l t s  

a r e  shown below: 

TYPE I1 CEMENTS 
RELATIVE BEHAVIOR 

TOTAL WEIGHT CHANGE 

High Values 
In t e rmed ia t e  Values 
Low Values 

High Values 
In t e rmed ia t e  Values 
Low Values 

High Values 
In t e rmed ia t e  Values 
Low Values 

Cement 1 2  
Cements 13-15-17-19 
Cements 6-10 

TOTAL DIMENSIONAL CHANGE 

Cements 10-19 
Cements 6-13-15-17 
Cement 12 

INITIAL RATE OF WEIGHT CHANGE 

Cements 12-17 
Cements 6-15-19 
Cements 10-13 
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These r e s u l t s  a g a i n  make i t  p o s s i b l e  t o  i d e n t i f y  t h e  Type I1 cements 

which exh ib i t ed  s i n g u l a r l y  o r  c o l l e c t i v e l y  unique behavior  a s  shown below: 

High T o t a l  Weight Change 
High T o t a l  Dimensional Change ] None 
High I n i t i a l  Rate  of Weight Change 

High T o t a l  Weight Change 
Low T o t a l  Dimensional Change Cement 12 
High I n i t i a l  Rate  of Weight Change 

Low T o t a l  Weight Change 
Low T o t a l  Dimensional Change ] None 
Low I n i t i a l  Rate  of Weight Change 

Low T o t a l  Weight Change 
High T o t a l  Dimensional Change Cement 10 
Low I n i t i a l  Rate  of Weight Change 

In t e rmed ia t e  t o  High T o t a l  Weight Change 
In t e rmed ia t e  t o  High T o t a l  Dimensional Change I Cements 15-17-19 
In te rmedia te  t o  High I n i t i a l  Rate  of Weight Change 

In t e rmed ia t e  t o  Low T o t a l  Weight Change 
In t e rmed ia t e  t o  Low T o t a l  Dimensional Change Cements 6-13 
In t e rmed ia t e  t o  High I n i t i a l  Rate  of Weight 

Type I11 Cements 

R e l a t i v e  t o  t h e  o t h e r  cement t y p e s ,  t h e  t h r e e  Type I11 cements 

i n v e s t i g a t e d  g e n e r a l l y  e x h i b i t e d  low v a l u e s  of t o t a l  weight change, i n t e r m e d i a t e  

t o  high va lues  of t o t a l  dimensional  change, and in t e rmed ia t e  t o  low v a l u e s  of 

t h e  i n i t i a l  r a t e  of weight change. 

The t h r e e  Type I11 cements e x h i b i t e d  no s i g n i f i c a n t  d i f f e r e n c e  i n  

behavior  over 50 percent  of t h e  t ime.  However, Cement No. 25 g e n e r a l l y  had 

h igher  va lues  of t o t a l  weight change and lower v a l u e s  of t o t a l  dimensional  change 

r e l a t i v e  t o  t h e  o t h e r  two Type 111 cements. Cement No. 26 had low v a l u e s  of 

t o t a l  weight change and h igh  va lues  of t o t a l  dimensional  change r e l a t i v e  t o  t h e  

o t h e r  two Type 111 cements. 



Type I V  Cements 

R e l a t i v e  t o  t h e  o t h e r  cement t y p e s ,  t h e  two Type I V  cements inves-  

t i g a t e d  gene ra l ly  exh ib i t ed  in t e rmed ia t e  v a l u e s  of t o t a l  weight change, low 

va lues  of dimensional change, and in t e rmed ia t e  t o  low va lues  of t h e  i n i t i a l  

r a t e  of weight change. 

The two Type I V  cements e x h i b i t e d  no s i g n i f i c a n t  d i f f e r e n c e  i n  behavior  

about 60 percent  of t h e  t ime.  

The behavior  of t h e  two Type I V  cements and t h e  o i l  w e l l  cement 

(No. 74) was q u i t e  s i m i l a r .  The o i l  w e l l  cement (No. 74) and Type I V  cement 

No. 70 exh ib i t ed  no s i g n i f i c a n t  d i f f e r e n c e  i n  behavior  over  90 pe rcen t  of t h e  

t ime. 

Type V Cements 

R e l a t i v e  t o  t h e  o t h e r  cement types  i n v e s t i g a t e d ,  t h e  Type V cements 

g e n e r a l l y  e x h i b i t e d  high va lues  of t o t a l  weight change, low v a l u e s  of t o t a l  

dimensional change and h igh  va lues  of t h e  i n i t i a l  r a t e  of weight  change. 

The two Type V cements (Nos. 73 and 21) showed no s i g n i f i c a n t  

d i f f e r e n c e  i n  behavior  r e l a t i v e  t o  each o t h e r  over 80 pe rcen t  of t h e  t ime.  

Cement No. 73, however, g e n e r a l l y  showed a  h ighe r  t o t a l  weight  change and r a t e  

of i n i t i a l  weight change and a  lower t o t a l  dimensional  change than  Cement No. 21. 

The g r a p h i c a l  r e p r e s e n t a t i o n  of t h e  d a t a  i n  F igu res  4  through 35 

r e v e a l s  an  i n t e r e s t i n g  behav io ra l  c h a r a c t e r i s t i c  e x h i b i t e d  by a  number of t h e  

cements of a l l  s i x  types .  This  f e a t u r e ,  i l l u s t r a t e d  by Cement No. 3  ( I ) ,  

F igure  6 ,  i s  t h a t  t h e  dimensional  changes e x h i b i t e d  by t h e  p a s t e  dur ing  exposure 

t o  Environment I a r e  n o t  much d i f f e r e n t  from those  a s s o c i a t e d  wi th  Environment 11. 

That is ,  exposure t o  e l eva t ed  tempera tures  (100 F) a t  75 RH d i d  n o t  s i g n i f i c a n t l y  

i n c r e a s e  t h e  shr inkage  of t h e  p a s t e  r e l a t i v e  t o  t h a t  occu r r ing  a t  74 F and 

75 RH. Cements which exh ib i t ed  t h i s  b e h a v i o r a l  p a t t e r n  inc luded  s i x  Type 1's 

(Nos. 3 ,  4 ,  5 ,  9 ,  11, 1 4 ) ,  t h r e e  Type 11's (Nos. 1 2 ,  1 3 ,  1 7 ) ,  one Type I11 

(No. 26 ) ,  one Type I V  (No. 7 0 ) ,  one Type V (No. 73 ) ,  and t h e  o i l  w e l l  cement 

(No. 74) .  
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S e l e c t i o n  of Cements f o r  t h e  Phase B Studv 

The d a t a  presented  i n  t h i s  r e p o r t  e s t a b l i s h  t h a t  s i g n i f i c a n t  d i f f e r e n c e s  

e x i s t  i n  t h e  o v e r a l l  weight and dimensional  change behavior  of t h e  s i x  t ypes  of 

cements which was exh ib i t ed  dur ing  t h e  imposed adsorp t ion-desorp t ion  pe r iods .  

During a  meeting between a B a t t e l l e  r e p r e s e n t a t i v e  and t h e  P o l i c y  Committee 

s i x t e e n  cements were s e l e c t e d  f o r  f u r t h e r  s tudy  i n  Phase B of t h e  program. 

(1) Cement No. 9 ( I )  - This  20-year-old Type I behaved more l i k e  t h e  
Type I1 cements s t u d i e d  and i s  r e p r e s e n t a t i v e  of t h e  group of 
Type I cements e x h i b i t i n g  h igh  v a l u e s  of t o t a l  weight  change and 
i n i t i a l  r a t e  of weight change and low va lues  of t o t a l  dimensional 
change (Cements 9  and 1 8 ) .  

(2)  Cement No. Iff(1) - This  cement i s  r e p r e s e n t a t i v e  of t h e  Type I 
cements e x h i b i t i n g  low v a l u e s  of t o t a l  weight change and i n i t i a l  
r a t e  of weight change and h igh  v a l u e s  of t o t a l  dimensional  change 
(Cements 8-23-14). 

(3) Cement No. 2 ( I )  - This  cement i s  t h e  only  Type I cement which 
e x h i b i t e d  high v a l u e s  f o r  t o t a l  weight and dimensional  change and 
i n i t i a l  r a t e  of weight change. 

(4) Cement No. 4 ( I )  - This  cement i s  r e p r e s e n t a t i v e  of t h e  Type I 
cements e x h i b i t i n g  low v a l u e s  of t o t a l  weight and dimensional  change 
and i n i t i a l  r a t e  of weight change (Cements Nos. 4  and 1 1 ) .  

(5) Cement No. 27 ( I )  - This  Type I cement showed c o n s i s t e n t l y  h igh  
va lues  of t o t a l  dimensional  change ( r e l a t i v e  t o  a l l  cements 
i n v e s t i g a t e d ) .  The t o t a l  weight  l o s s  on i n i t i a l  d e s o r p t i o n  was 
among ' the  h i g h e s t  of a l l  t h e  Type I cements, y e t  t h e  t o t a l  weight 
l o s s  on f i n a l  deso rp t ion  was among t h e  lowest  of a l l  t h e  Type I 
cements . 

(6) Cement No. 23 ( I )  - This  cement e x h i b i t e d  about  t h e  same behavior  
a s  Cement No. 1 4 ( I )  and was s e l e c t e d  f o r  comparative purposes.  

(7)  Cement No. 71 ( I )  - This  cement is  r e p r e s e n t a t i v e  of t h e  Type I 
cements e x h i b i t i n g  in t e rmed ia t e  t o  h igh  v a l u e s  i n  a l l  t h r e e  
p rope r ty  c a t e g o r i e s  (Cements Nos. 1, 3 ,  5,  7 ,  1 6 ,  22, 27 and 71).  

(8) Cement No. 24 ( I )  - This  cement was t h e  only Type I f a l l i n g  i n t o  
t h e  in t e rmed ia t e  t o  low v a l u e  range i n  a l l  t h r e e  p r o p e r t y  c a t e g o r i e s .  

(9 )  Cement No. 1 2 ( I I )  - This  cement was t h e  only  Type I1 which 
exh ib i t ed  high va lues  of t o t a l  weight change and i n i t i a l  r a t e  of 
weight change and low v a l u e s  of t o t a l  dimensional  change. 



(10) Cement No. lO(I1) - This cement was the only ~ ~ i e  I1 which exhibited 
low values of total weight change and initial rate of weight change 
and high values of total dimensional change. 

(11) Cement No. 13(II) - This cement was chosen to represent the two 
Type I1 cements which exhibited intermediate to low values of total 
dimensional and weight change and intermediate to high values of 
initial rate of weight change (Cements Nos. 6 and 13). 

(12) Cement No. 17(II) - This cement was chosen to represent the Type I1 
cements which exhibited intermediate to high values in all three 
property categories (Cements Nos. 15, 17 and 19). 

(13) Cement No. 25(III) - This cement was arbitrarily chosen to represent 
the three Type 111 cements investigated (Cements Nos. 20, 25, and 26). 

(14) Cement No. 70(IV) - This cement was arbitrarily chosen to represent 
the two Type IV cements investigated (Nos. 70 and 72). 

(15) Cement No. 21(V) - This cement was arbitrarily chosen to represent 
the two Type V cements investigated (Nos. 21 and 73). 

(16) Cement No. 74(0il Well) - This cement was chosen because of its 
unique chemical composition (zero C3A content). 

The sixteen cements recommended for further investigation cover the 

the ,range of exhibited behavior of the thirty-two cements subjected to adsorption- 

desorption exposure periods. The moisture migration and freeze-thaw behavior 

of concretes made with these cements will be evaluated in Phase B of the research 

program as outlined in the work plan. 

DRL : dlm 
August, 1972 



TABLE 1. IDENTIFICATION OF CEMENTS 

Cement Code No. Type Source Cement Code No. T v ~ e  Source 

I 
I 
I 
I-L 
I 
I1 
I 
I 
I 
I I 
I 
I1 
I I 
I 
I I 

Iowa 
II 

Kansas 
Kansas 

Missouri  
Kansas 

1 I 

11 

I 
I1 
I 
I I 
I11 
v 
I 
I 
I 
I I1 
I11 
I 
IV 
I 
IV 
v 

Oil Well 

Missour i  
II 

B CL 
BCL 
BCL 

Kansas 
11 

Type I Cements : .17 
. Type I1 Cements: 7 
,' Type I11 Cements: 3 

Type IV Cements: 2 
Type V Cements: 2 
O i l  Well Cement: 1 



TABLE 2. MEAN WEIGHT OF CEMENT PASTE SLAB SPECIMENS 
(1.0  x 5 .0  x 0 . 1  INCH) AFTER DEMOLDING 
AND CUTTING (W/C = 0.45)  

Cement Cement Average S l a b  S t a n d a r d  
Code Number Type w e i g h t  (a) , g D e v i a t i o n ,  g 

1 6  I 17.16 0.12 
1 7  I I 17.08 0.12 
2 0 I11 16.98 0 . 1 1  
2 5 I11 17.20 0.15 
2 1 V 16.59 0 .23 
10R I I 17.16 0.14 

9 I . 16.54 0 .19 
7 4 O i l  Well 17.34 0 .13 
70 I V  16.54 0.09 

6 I I 17.26 0.15 
73 V 16.80 0 .13 
2 6 I11 16.96 0.12 

4 I1 1 7 . 1 1  0.09 
11 I 17 .24  0.15 
1 2  I1 17.07 0.14 
1 3  I I 17.08 0.11 
1 4  I 17.15 0.14 
1 I 17 .09  0.12 
2 I 17.12 0 .18  
3 I 17.07 0.16 
5 I 17 .23  0.32 
7 I 17 .07  0.17 
8 I 17.15 0.13 

1 5  I1 17.18 0.19 
1 8  I 17 .03  0.12 
1 9  I I 1 6 . 8 1  0.22 
22 I 1 7 . 2 1  0.39 
23 I 1 7 . 0 1  0.14 
24 I 17 .06  0.20 
27 I 16 .99  0.15 
7 1  I 17.10 0 .15  
72 I V  17.40 0.16 

( a )  SSD w e i g h t  o b t a i n e d  a f t e r  demolding and  c u t t i n g .  Most of t h e  Type I1 and 
Type I V  cement s l a b s  were  a l lowed  t o  c u r e  i n  l i m e  w a t e r  f o r  2-3 weeks 
p r i o r  t o  c u t t i n g ,  hence t h e  r e p o r t e d  mean w e i g h t  i n c l u d e s  m o i s t u r e  g a i n  
d u r i n g  t h i s  c u r i n g  p e r i o d .  



TABLE 3 .  CHARACTERIZATION OF CEMENT PASTES USED I N  THE STUDY OF 
MOISTURE MIGRATION I N  HARDENEDED CEMRNT PASTES (PHASE A) 

, 

Cement 
Data Obtained a t  Time of T e s t  

.- Matur i t y  Bulk T o t a l  T o t a l  
W 

Code Cement Age, n / c ,  F a c t o r  Dens i ty ,  P o r o s i t y ,  Evaporable  
No. Type days g /g  p e r c e n t  g / c c  p e r c e n t  H20, p e r c e n t  

O.W. 

v 





HOUR ADSORPTION PERIOD AT 100 RH/74 F (INITIAL DESORPTION 75 RH1100 F) 

ENVIRONMENT I 

(a> 
Rate of Weight a n f o r  Ind ica t ed  

T o t a l  Weight Gain , S t r a i n  Ra t io  of Expansion Per iod  Fa f ' g/g /hr  
ement No. Aw/we , gig x 1 0  t o  Weight Gain 0-5 h r  5-10 h r  10-25 h r  25-50 1 

2 3 

2 4 
27 
7 1 

'ype I1 6 
1 0  
12 
1 3  
1 5  
17 
19 

'ype I11 20 
25 
2 6 

Cype I V  7 0 
7 2 

C Y P ~  V 2 1 
7 3 

1.W. 74 

( a )  Average v a l u e  ( 2  specimens f o r  each cement).  



a 
H S  k iii CD? d 

old 

*a 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
O O O O O C O O O O O O O O O O O O O O O O O O O O O O O O O O  



N N N N N m N m N N m  N d N m N d N e m U m N N m d m m m m d  
0 0 0 0 0 0 0 0 0 0 0  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0  O O O O O O O O O O Q O O O O O O O O O  . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . .  I I 

m m b e e b m m , + m a  m m m b m b m ~ m d m e m m d ~ a m ~ m  
d d d d d d d n l d d d  d d d d d N l - i N d N d A l d d d d d N m N  
0 0 0 0 0 0 0 0 0 0 0  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . .  
0 0 0 0 0 0 0 0 0 0 0  O O O O O O O O C O O O O O O O O O O O  



&.N 
Xcd 0 w d 

C 
4.4 X 
cd cd 
4J k 
0 U 
H rn 

~ o o a ~ ~ ~ e ~ m m m m u e ~ ~ ~ ~ \ ~ ) o r ( o ~ ~ m ~ o m ~ m ~  
m ~ m m ~ m m o m m o ~ m ~ o m ~ h ~ ~ m m m m o m ~ e ~ m ~ ~  
m d d 0 d d d d d d d d d d d d d 0 d 0 d d d O d d d d d O O ~  . . . . . . . . . . . . . . . . . . . .  . . . . . . . . .  
O O O O O O O O O d d d O O O O O O O O O O O O O O O O O O O O  



O O C C O O O O O O O O O C O C O O C C C r i C G ~ O C i r i r i L r ~  
O O O O O O O O O O O O G O O O O O O O O O O O O O O O O O O O  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  

rd 
L) 
d 
a k 
C C 
H i  

&I 1 1 4 - 4  o i m  
I * - 

cord 
w 
4 5 

0 
u .d 
C k 
w a ,  
.,-I P4 

w 
0 

01 
u 

2 

ln 
N 

k 
C 

N 
l 
0 
d 

k 
C 

0 
d 
I 
m  

k 
C 

m  





rn 5 
3 
D n N  
Xcd 0 w d 

C 
d .ti X 
cd cd 
4J t-i 
0 4J 
H v3 



~ ~ ~ Q U ~ ~ N ~ b ~ b ~ O N O b b O N ~ ~ b h O N Q d ~ ~ ~ d  
Q m Q m a Q e b Q m a Q Q Q Q Q a m Q a m Q Q b Q m m e m m Q m  
00000000000000000000000000000000 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
O C O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O  

N h b O N a h ~ m h Q O m O b b a d Q m h l Q I O m c g e N  UOcn 
l a Q Q w m m U m h Q m Q b h Q m u m U m m m Q b m m a l m * Q  
I . . . . . . . . . . . . . . . . . . . . . . . . . . . I . . .  
O O O O O O O O O O O O O C O O O O O O O O O O O O O  000 



TABLE 13. IDENTIFICATION OF SIGNIFICANT DIFFERENCES I CEMENT BEHAVIOR BASED 
ON THE METHOD OF SIMULTANEOUS COMPARISONS car 

I 

O R D E R E D  HEANS TOT WGT L O S  P' ENV I ,  I N I T I A L  DES 

CEMENT NO MEAN SP E CS 

SUM = 18~8880000000 
SUM2 = 5~751194tlOOO 
A 4 - - 5e7400370000 
A5 - - 5 s  5743210000 
SS3 = Oe1657160000 
SS = 0~1768730000 
S S 2  = 0~0111570000 
SS3+ = 0.0053456774 
SS2' = 0,0003486562 
SS" - - 0.3028075079 
F R A T I O =  15,3322268630 
CRITICAL OIFF = 0 . 0785598590 
(a) V e r t i c a l  l i n e s  connect cements f o r  which no c la im can be made a s  t o  any 

d i f f e r e n c e  i n  t h e i r  behavior .  



3 u 
TABLE 14. IDENTIFICATION OF SIGNIFICANT DIFFEREN&S(:~ CEMENT BEHAVIOR BASED 

ON T H E  METHOD O F  S I M U L T A N E O U S  C O M P A R I S O N S  

CEMENT N O  MEAN SPECS 

SUM = 120 5 8 8 0 0 0 0 0 0 0  
S U Y 2  = 2 .6287500000  
A4 - - 2 0 6 2 4 7 4 9 0 0 0 0  
A5 .. - 2.4759022500 
S S 3  = 0 * 1 4 8 8 4 6 7 5 0 0  
S S  = Oe1528477500 
SS2 = 0 .0040010000 
S S 3 4  = 0 * 0 0 4 8 0 1 5 0 8 1  
SS2' = 0 .0001250312  
SS' - - 0.0024261548 
FRAT10= 38 .4024539012  
C R I T I C A L  D I F F  = 0 . 0 4 7 0 4 4 7 5 9 7  

(a)  V e r t i c a l  l i n e s  connect cements f o r  which no c la im can be made a s  t o  any 
d i f f e r e n c e  i n  t h e i r  behavior .  

(b) GM/GM. 



TABLE 15. IDENTIFICATION OF SIGNIFICANT DIFFERENCES I CEMENT BEHAVIOR BASED 
ON THE METHOD OF STMULTANEOUS COMPARISONS car 

(a) V e r t i c a l  l i n e s  connect cements f o r  which no claim can be made a s  t o  any 
d i f f e r e n c e  i n  t h e i r  behavior .  

(b) GMIGM. 



32 
TABLE 16.  IDENTIFICATION OF SIGNIFICANT DIFFERENCES I CEMENT BEHAVIOR BASED 

ON THE METHOD OF SIMULTANEOUS COMPARISONS car 

CEMENT NO . MEAN SPECS I 

l O ( I 1 )  
2 6 ( 1 1 1 )  
1 4 ( 1 )  
4 ( I )  
~ ~ ( I I I )  
1 6 ( 1 )  
8 ( I  
1 ( I )  

-25 (111) -  - ..-- 
l l ( 1 )  
3 ( 1 )  
27 ( I  
5 ( I )  
2 3 ( 1 )  

-- - 6 ( I 1 )  - 
2 4 ( 1 )  
7 ( I )  
1 9 ( 1 1 )  
2(1) 
7 0  ( I V )  
7 4  ( O W )  
7 1  ( I )  
2 2 ( 1 )  
9 ( I )  
~ + ? ( I v )  
13(11) 

- l W I )  
1 7 ( I I )  
lS(I1) 
21 ('4, 
7 3 ( J )  
12 (11 )  

- 

SUM t 
SUM2 = 
A4 s 
A5 " .. 
SS3 = 
SS r: 
SS2 = 
SS3" = 
S S 2 9  = 

(a) V e r t i c a l  l i n e s  connect cements f o r  which no c la im can be made a s  t o  any 
d i f f e r e n c e  i n  t h e i r  behavior .  

(b) GM/GM. 



TABLE 1 7 .  IDENTIFICATION OF SIGNIFICANT DIFFERENCES I CEMENT BEHAVlOR BASED 
car 

3 3 
ON THE METHOD OF SIMULTANEOUS COMPARISONS 

SUM = la.463o;oiijoo 
SUMP = 1-791291G609 
A4 - - - 1*7882535600 

_ A S  - I .710537 !156 . 

SS3 = 0 . 0 7 7 7 1 6 4 ~ 4 4  
SS = 0 ,05G5539~44  
ss2 = r),0@28375600 
SS3* = 8.0025; !69834 
S s Z *  = Q.OO90866719 
SS* = 0 . 0 0 1 2 7 8 ~ ~ 3 4 7  . - - - . - .- -- . - . . . - - - 
FHAT10= 28.272587751% 
C R I T I C A L  O lFF  = 6*0396182159 

CEMENT NO M E A N  SPECS 
L 

~ ~ 

(a) V e r t i c a l  l i n e s  connect cements f o r  which no c la im can be made a s  t o  any 
d i f f e r e n c e  i n  t h e i r  behavior .  

l o (11)  n.115 
1 4 ( I )  0.116 

- -- $ ( I )  _- -  o .  123 
8 ( 1 )  0.126 
26(IIl) 0.127 
2 3 ( 1 )  3.127 
1 1 ( I )  0.1ZtJ 
4 ( I )  0.135 
2 0 ( ~ ~ ~ )  $ , I 3 5  
l 6 ( 1 )  0 ,  137 
3 ( f )  3.139 
z 5 ( 1 1 1 )  0,142 
1 ( I )  0.143 
27tI) (1.143 

-- T O  ( I V )  -_ -  f10!51 

(b) GM/GM. 

- - . - 

6 ( 1 1 )  CIo1SY 
1 9 ( I I )  O,lhG 
71(1) 0.163 
24(X) 6.168 
74 (ow) 0.171 
7 ( 1 )  0 ~ 1 . 7 2  

0.178 
2 ( 1 )  (l.l!30 
1 7 ( I I )  0.191 
7 2 ( I v )  9.192 
9 ( I )  0.197 

- 1 3 ( 1 1 )  - -. 0.199 . _  

15(11) 0.202 
l B ( I )  r , , 2~b  
21 ( V )  i j * % I b  
7 3 ( V )  0.234 
12(1r) 0.253 

- .- - - - -- - - - - - - - -- - - 



I'AULI: 18 .  1 l )LN ' lL l~  L C A l  I O N  O F  S L G N l P l C A Y ' I '  I I L F F E K E N C L S  I CEMliN'I' U E k M V I O K  BASLL) 
car 34 ON THE METHOD OF SIMULTANEOUS COMPARISONS 

C R I T I C A L  OTFF = 5.0724i35259 

OROEHEO V E b N S  TOT WGT nnIW(%v I I I e- PDSORp- - - - -  - - 

CEMENT NO M E A N  SPECS 

(a)  V e r t i c a l  l i n e s  connect cements f o r  which no c la im can be made a s  t o  any 
d i f f e r e n c e  i n  t h e i r  behavior .  

' + ( I )  9.538 
1 4 ( 1 )  C;e5/,1 

- - 6(11) 0.5147 
71(1) OeS63 
25(111)  r ! .  5 5 4  
16(I) c • S 6 b  
2 4 ( I )  n.567 
3 ( 1 )  0.564; 

. - ~ J ( I )  0.572 
l W 1 )  3.574 
27(1) 3.577 
72(IV) 2 . 5 7 8  
7 3 ( ~ 1  3.578 
2 ( J )  0 .578 
2f)(x11) ~ ) . S H O  
74(OW) 5 • 580 
I l ( 1 1  0 • 5 ~ 2  
' l ( f )  0.583 
7 ( I )  neSr37 
lS(I1) 0.587 
R ( X )  0 557 
26(II1) 0.530 
~ e c x )  C \ . S Q ~  
22 ( 1 )  0.591 
13(IT) C e 5 C 3 5  
17(11) C. 598  

_ 70 ( I V )  0. bol;  
5 ( 1  O e h O t )  ' 

1 9 ( 1 1 )  0,611 

i 

Y ( I )  0.617 
21  ( V )  0.62(! 
12(11) 0.621 

- - --- - -  



TABLE 19. IDENTIFlCATlON OF SIGNIFICANT DIFFERENCES I CUENT UEHAVIOK EASED 35 

ON THE METHOD OF SIMULTANEOUS COMPARISONS car 

O Q O E R E D  MEANS T O T  WGT LOSS 'bJ NV I F I N A L  OESORP 

CEMENT N O  MEAN SPECS 1 

SUM = 1 1 ~ 5 3 5 0 0 0 0 0 0 0  
SUM2 = 2 .1525330000 
A4 - - 2 ~ 1 5 0 0 0 8 5 0 0 0  
A5 - - 2 .0790035156  
SS3 = 0 .0710069844 
S S  = 0e07352948G4 
S S 2  = 0 .0025245000 
SS3* = G10022904834  
S S 2 "  = 0.00007889Cl6 
S S "  = 0. 0 0 1 1 6 7 1 3 4 7  
FRATLO= 29.0336572557 
CRIT ICAL  D I F F  = 0  . 0 3 7 3 5 9 2 7 4 5  

( a )  V e r t i c a l  l i n e s  connect cements f o r  which no c la im can  be made a s  t o  any 
d i f f e r e n c e  i n  t h e i r  behavior .  

(b) GM/GM. 



L .  " L ..- 
ON THE METHOD OF SIMULTANEOUS COMPL~RISONS'~) 

O R D E R E D  MEANS T O T  WGT LOSS(~C~NV I1 F I N A L  DESOR 

CEMENT NO MEAN SPECS 

SUM = 
SUM2 = 
A4 - .- 
A5 .- - 
S S 3  = 
SS = 
S S 2  = 
SS3' = 
S S 2 +  = 
S S Z  - - 
F R A T I O =  
C R I T I C A L  

9 ~ 7 9 1 0 0 0 0 0 0 0  
1 .5836630000  
1 .5316385000  
1 .4978700156  
0 .0837684844  
0 .0857929844  
0 ~ 0 0 2 0 2 4 5 0 0 0  
0 .0027022092 
0 .0000632656 
0 .0013617954  

42 .7121232654  
D I F F  = 0 .0334646178  

(a)  V e r t i c a l  l i n e s  connect cements f o r  which no claim can be made a s  t o  any 
d i f f e r e n c e  i n  t h e i r  behavior .  

(b) GM/GM. 



TABLE 21. IDENTPFLCATION OF SIGNIFICANT DIFFERENCES I CEMENT BEHAVIOR BASED 
( 8  

3 7 
ON THE METHOD OF SIMULTANEOUS COMPARISONS 

6) 
OgOERED MEANS T O T A L  WGT LOSS ENV 111 FINAL DES 

CEMENT FJO MEAN SPECS I 

SUM = 3 4 * 4 9 6 0 0 0 0 0 0 0  
SUM2 = 1 8 e 5 2 9 9 2 6 0 0 0 0  
A 4 - - 1 8 e 6 2 4 0 1 1 0 0 0 0  
A5 - - 18 .5933440000  
SS3 = 0. 0 3 0 6 6 7 0 0 0 0  
SS  = Ge0365820005  
S S 2  = U ~ 0 0 5 9 1 5 0 0 0 0  
SS3' = 0.00 0 9 8 9 2 5 8 1  
S S 2 "  = 0 ~ 0 0 0 1 8 4 8 4 3 7  
SS" = U.0505806667 
FRATIO= 5 .3518610433  
CRIT ICAL  D IFF  = 0 . 0 5 7 2 0 1 0 9 6 4  

(a )  V e r t i c a l  l i n e s  connect  cements f o r  which no c la im can be made a s  t o  any 
d i f f e r e n c e  i n  t h e i r  behavior .  



TABLE 22. IDENTIFICATION OF SIGNIFICANT DIFFERENCES I CEMENT BEHAVIOR BASED 
(a7 

38 
ON THE METHOD OF SIMLnTANEOUS COMPARISONS 

ORDERED 

EMENT N O  

MEANS T O T  SHR 

MEAN 

I N K A G ~ ~ ~ N  1 I N I T I A L  OESo 

SPECS I 

SUM = 
SUM2 = 
A4 - - 
A 5 - - 
s s 3  = 
SS = 
SS2 = 
S S 3 +  = 
S S 2 "  = 
SS* - - 
F R A T I O =  
C R I T I C A L  D I F F  

a )  V e r t i c a l  l i n e s  connect cements f o r  which no c la im can be made a s  t o  any 
d i f f e r e n c e  i n  t h e i r  behavior .  

b) S t r a i n  x lo2 .  



TABLE 23. IDENTIFICATION OF SIGNIFICANT DIFFERENCES I CEMENT BEHAVIOR BASED 
car  3 9 ON THE METHOD OF SIMULTANEOUS COMPARISONS 

O R D E R E D  M E A N S  T O T  S H H I N K A G  P ' E N V  I 1  INITIAL DES 

C E M E N T  N O  

1 9 ( I I )  
8 ( I )  
72  ( I V )  
1 8 ( I )  
1 5 ( 1 I )  
1 2 ( I I )  
1 3 ( I I )  
2 ( I )  
2 2 ( I )  
73 (V)  
I 7  (11) 
4 ( I )  
14(I) 
70 (IV) 
7 [ I )  
6 ( I I )  
2 1  ( V )  
i I ( 1 )  
74 ( O W )  
2 4 ( I )  
5 ( I )  
2 5 ( I I I )  
3 ( I )  
9 t I )  
2 3 ( 1 )  
i ( I )  
2 0 ( I I I )  
1 6 ( I )  
7 1 ( I )  
2 7 f I )  
1 0  (11) 
26 (111) 

M E A N  

SUM = -  11.7920000000 
SUM2 = 2. 2363900~000 
A4 - - 2.2258720000 
A5 - - 2. 1726760000 
S S 3  = 0 ~ 0 5 4 1 9 6 0 0 0 0  
SS = 0 ~ 0 6 3 7 1 4 0 0 0 0  
S S 2  = 0 ~ 0 0 9 5 1 8 0 0 0 0  
SS3+ 1. U m  OJ174825Yi 
SS2+ = O m  0002974375 
SS" - - 0 .  0010113333 
FRATIO= 5.8777325137 
C R I T I C A L  D I F F  = 0  0725604269 

(a)  V e r t i c a l  l i n e s  connect cements f o r  which no claim can be made a s  t o  any 
d i f f e r e n c e  i n  t h e i r  behavior .  

3) S t r a i n  x l o2 .  



TABLE 24 .  IDENTIFICATION OF SIGNIFICANT DIFFERENCES I CEMENT BEHAVIOR BASED 
car 

4 0 
ON THE METHOD OF SIMULTANEOUS COMPARISONS 

CEMENT NO MEAN SPECS 
I 

SUM = 3 4 ~ 6 5 5 0 0 0 0 0 0 0  
SUH2 = 19 .3547750000  
A4 - 1 9 ~ 3 2 1 1 5 5 5 0 0 0  
A 5 - - 1 8 . 7 6 5 1 4 1 0 1 5 6  
SS3  = 0 .5560144844  
S S  = 0 .5896339844  
S S 2  = 0 * 0 3 3 6 1 9 5 0 0 0  
SS3* = 0 .0179359511  
S S Z *  = 0 . 0 0 1 ~ 5 0 6 0 9 4  
S S +  - - 0 * 0 0 9 3 5 9 2 6 9 6  
FRATIO= 17 .07195C3712  
CRIT ICAL  OIFF = 0 ~ 1 3 6 3 7 1 1 8 1 7  

(a) V e r t i c a l  l i n e s  connect cements f o r  which no claim can be made as t o  any 
d i f f e r e n c e  i n  t h e i r  behavior. 

(b) S t r a i n  x l o2 .  



TABLE 25. IDENTIFICATION OF SIGNIFICANT DIFFERENCES I CEMENT BEHAVIOR BASED 
car 

4 1 
ON THE METHOD OF SIMULTANEOUS COMPARISONS 

(b 
O R D E R E D  MEANS T O T  EXPANSION E N V  I ADSORPTION 

73 (V)  
3  ( I )  
1 2 ( I I )  
9 ( I )  
4 ( I )  
I 7  (11) 
7 0 ( 1 V )  
74 ( O W )  
1 3  (11) 
1 4 ( I )  
2 6 ( I I I )  
5  11 )  
I i t I )  
5 ( I I )  
2 1  ( V )  
7 ( I )  
2 2 ( I )  
72 I IV l  
2 ( I )  
2 4 ( I )  
7 1 ( I )  
I 9 ( I I )  
20 (111) 
8 ( I )  
2 3 ( I )  
2 5 ( I I I )  
1 6 ( I )  
18(11 
2 7 ( I )  
i t 1 1  
1 5 ( 1 1 1  
I 0  (11) 

M E A N  SPECS 

0.052 1 

SUM = 13a7310000000 
SUM2 = 3.5703350000 
A4 - - 3e5559205000 
A5 - - 2.9459431406 
SS3 = 0. 6099773594 
SS = 0.6243918594 
SS2 = Oa0144145000 
S S 3 *  = 0. 0196766890 
S S 2 *  = 0 .  0004504531 
S S Q  = 0 ~ 0 0 9 3 1 0 9 8 1 9  
FilATIO= 43a6819902455 
C R I T I C A L  OIFF = 0  0892949236 

:a) V e r t i c a l  l i n e s  connect cements f o r  which no c la im can be made a s  t o  any 
d i f f e r e n c e  i n  t h e i r  behavior .  

:b) S t r a i n  x lo2 .  



lAbLL 2 6 .  1 1 1 1  1 I 4 0 1 1 1  1 CL.SYlbN1 U b k l A V l O K  UASbL) 
car 4 2 ON THE METHOD OF SIMULTANEOUS COMPARISONS 

ORDERED MEANS T O T  EXPANSION (? NV I 1  ADSORPTION 

CEMENT NO MEAN SPECS 

SUM = 7w9260000000 
SUM2 = 1 .0279620000 
A4 - - 1.02U8160000 
A5 - - 0.9815855625 
SS3 = Ow0392304375 
SS = 0.0463764375 
SS2 = O w  0071460000 
SS3* = 0.0012654980 
SS2' = 0.0302233125 
S S *  - - 0.0007361339 
FRATLO= 5. 6569375153  
CRITICAL OIFF = 0  w 0628721750  

- --- 

:a) V e r t i c a l  l i n e s  connect  cements f o r  which no c la im can  be made as t o  any 
d i f f e r e n c e  i n  t h e i r  behavior .  

2 :b) Strain x 10 . 



TABLE 27. IDENTIFICATION OF SIGNIFICANT DIFFERENCES I CEMENT BEHAVIOR BASED 
(aY 

4 3  
ON THE METHOD OF SIMULTANEOUS COMPARISONS 

CEMENT NO MEAN SPECS I 

6 ( I I )  
9 ( I )  
73 (V)  
1 2 ( I I )  
2 4 ( I )  
1!3(I) 
I S ( I 1 )  
2 1  ( V )  
7 2 ( I V )  
2 2 ( I )  
7 1 ( I )  
? ( I )  
1 9 ( I I )  
20 (111) 
2 7 ( I )  
1 6 ( I )  
I 3 ( I I )  
74 ( O W )  
2 5 ( I I I )  
3 ( I )  
7 0  ( I V )  
& ( I )  
1 7  ( T I )  
5 [ I )  
8 ( I )  
1 ( I )  
2 ( I )  
23  (1) 
l I ( 1 )  
1 4 ( I )  
10 (11) 
2 6 ( I I I )  

SUM = 21e5470000000 
SUM2 = 7e4201390000 
A4 - - 7e4119955000 
A5 - - 7.2542688906 
SS3 = 0.1577266094 
SS = 3e1658701094 
S S 2  = 0.0081435000 
S S 3 "  = 0.0050879551 
S S 2 +  = 0.0002544844 
S S *  - - 0. 0026328589 
FRATIO= 1 9 ~ 9 9 3 1 9 2 6 7 2 1  
C2ITICAL D I F F  = 0 .0671169389  

(a)  V e r t i c a l  l i n e s  connect  cements f o r  which no c la im can  be made a s  t o  any 
d i f f e r e n c e  i n  t h e i r  behavior .  

(b) S t r a i n  x 102, 



TABLE 28. IDENTIFICATION OF SIGNIFICANT DIFFERENCES I CEMENT BEHAVIOR BASED 
(aY 44 ON THE METHOD OF SIMULTANEOUS COMPARISONS 

(b 
O R D E R E D  MEANS T O T  SHRINK ENV I F I N A L  DESORP.  

CEMENT NO MEAN SPECS 
I 

SUM = 6.7510000000 
SUM2 = 0.7414890000 
A4 - - 0.7350725000 
A5 - - 0*7121250156 
SS3 = 0.0229474844 
SS = 0.0293639844 
SS2 = U.0064165000 
SS3+ = 0.0007402414 
SS2 '  = 0.0002005156 
SS' - - 0.0004660950 
F R A T I O =  3.6916895282 
CRITICAL D I F F  = 0 0595766498 

(a)  V e r t i c a l  l i n e s  connect cements f o r  which no claim can be made a s  t o  any 
d i f fe rence  i n  t h e i r  behavior. 

(b) S t r a i n  x l o 2 .  



TABLE 2 9 .  IDENTIFICATlON OF SIGNIFICANT DIFFERENCES I CEMENT BEHAVIOR BASED 
car 

45 
ON THE METHOD OF SIMULTANEOUS COMPARISONS 

O R D E R E D  M E A N S  T O T  S H R I N ~ ~ ~ N V  11 FINAL  GESORP. 

CEMENT NO M E A N  SPECS I 

SUM = 8 ~ 2 R 8 0 0 0 0 0 0 0  
SUM2 = I. 1 0 9 9 7 4 0 0 0 0  
A4 - - 1 ~ 1 0 5 4 9 9 0 0 0 0  
A5 - - 1 .0732960000  
SS3 = 0 ~ 0 3 2 2 0 3 0 0 0 0  
SS = 0 .0366780000  
SS2 = 0 ~ 0 0 4 4 7 5 0 0 0 0  
SS3+ = 0 ~ 0 0 1 0 3 8 8 0 6 5  
SS24. = 0 * 0 0 0 1 3 9 8 4 3 7  
SS' - - 0 * 0 0 0 5 8 2 1 9 0 5  
FRATIO= 7. 4 2 8 3 3 6 6 3 7 3  
C Q I T I C A L  DIFF = 0 0 4 9 7 5 3 4 3 4 1  

a )  V e r t i c a l  l i n e s  connect cements f o r  which no claim can be made a s  t o  any 
d i f f e r e n c e  i n  t h e i r  behavior. 

b)  Strain x lo2 .  



TABLE 30. IDENTIFICATION OF SIGNIFICANT DIFFERENCES I CEMENT BEHAVIOR BASED 
car 

46 
ON THE METHOD OF SIMULTANEOUS COMPARISONS 

O R D E R E O  MEANS T O T  S H R I N K  (b$ - N V  111 F I N A L  OESOKP. 

C E H E N T  N O  M E A N  S P E C S  

SUM T 2 0 ~ 3 6 3 0 0 0 0 0 0 0  
SUM2 = 6 .8712630000  
A 4  = 6 ,8605045000 
A5 - - 6 .4739338906  
fS3 = 0 .3815706094 
S S  = 0.3923291094 
S S 2  = 0 * 0 1 0 7 5 8 5 0 0 0  
SS3' = 0 .0123087293 
SS2' = 0 .0003362031  
S S "  = 0 * 0 0 6 2 2 7 4 4 6 2  
F R A T I O =  36 .6109902609  
C R I T I C A L  OIFF = 0  0 7 7 1 4 4 1 2 2 0  

:a) Ver t ica l  l i n e s  connect cements fo r  which no claim can be made a s  t o  any 
d i f fe rence  i n  t h e i r  behavior. 

:b) Strain x 102. 



TABLE 31. IDENTIFICATION OF SIGNIFICANT DIFFERENCES I CEMENT BEHAVIOR BASED 
ON THE METHOD OF SIMULTANEOUS COMPARISONS car  

0-RDEPED MEANS RATE'VGT LOSS ENV I I N I T I A L  DES.  

CEMENT NO MEAN SPECS 

SUM = 
SUM2 = 
4 4 - - 
AS - - 
SS3 = 
S S  = 
S S 2  = 
S S 3 *  = 
S S Z *  = 
ss* - - 
FI?AT10= 
C ! ? I T I C A L  

:a) V e r t i c a l  l i n e s  connect cements f o r  which no c la im can  be made a s  t o  any 
d i f f e r e n c e  i n  t h e i r  behavior .  

:b) S t r a i n  x lo2 .  
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ON THE METHOD OF SIMULTANEOUS COMPARISONS <a) 48 

(b 
. OROERED MEANS KATE WGT LOSS EN I1 I N I T I A L  D E S .  

CEMENT NO MEAN SPECS 

0.000 
0 .011 
0. O i l  
(1.012 
0.013 
0.013 
I).Cl3 
0.014 
0.015 
0.015 
0.015 
0.015 
0 .016 
0.016 
0.016 
0 .017 
0.017 
0.018 
0.018 
u.018 
0.018 
0.019 
(1.319 
0.019 
0 .021  
0.022 
0.023 
0,023 
0.025 
6.025 
0.027 
0.032 

SUM = 
SUM2 = 
A 4 - - 
A5 - - 
SS3 = 
ss  = 
S S 2  = 
SS3" = 
ssz4 = 
S S *  = 
FRAT10= 
CRIT ICAL  

l ~ l f 3 0 0 0 0 0 0 0  
0 ~ 0 2 1 6 2 5 0 0 0 0  
0 .0215455000 
0 .0193557656 
Oe0021897344  
0 .0022692344 
0 ~ 0 0 0 0 7 9 5 0 0 0  
0 .0000706366  
0 .0000024844  
0 .0000360196  

28 .4323392173  
OIFF = 0 .0066314812  

(a) V e r t i c a l  l i n e s  connect cements f o r  which no claim can be made a s  t o  any 
d i f fe rence  i n  t h e i r  behavior. 

(b) GM/GM/HR. 



TABLE 33 .  IDENTIFICATION OF SIGNIFICANT DIFFERENCES I CEMENT BEHAVIOR BASED 
ON THE METHOD OF SIMULTANEOUS COMPARISONS car 4 9 

' -  

O R D E R E D  M E A N S  GT LOSS EN 111 I N I T I A L  DES 

CEMENT NO MEAN SPECS 1 

SUM = 4 a 3 7 2 0 0 0 0 0 0 0  
SUIY2 = Oa3028640000 
A 4  - - 0.3026140000 
A5 - - 0.2986622500 
S S 3  = 0 ~ 0 0 3 9 5 1 7 5 0 0  
SS = 0 ~ 0 0 4 2 0 1 7 5 0 0  
SS2 = 0 ~ 0 0 0 2 5 0 0 0 0 0  
SS3* = 0. 0 0 0 1 2 7 4 7 5 5  
SSZ* = 0 ~ 0 0 0 0 0 7 8 1 2 5  
SS' - - 0. 0 0 0 0 6 6 6 9 4 4  
FQAT10= 16 .3169032268  
CRITICAL OIFF = 0  a 0 1 1 7 5 9 7 2 0 0  

(a)  V e r t i c a l  l i n e s  connect cements f o r  which no claim can be made a s  t o  any 
d i f fe rence  i n  t h e i r  behavior.- 



rABLE 34. I D E N T I F I C A ' I ' I O N  O F  S lGNL1: l  CAN'I' I ) l F l t ' b l ~ b N C b S  1 CI;ML;u L l3bkiAV 1 O K  UASbL) 
<aY 5 u ON THE METHOD OF SIMULTANEOUS COMPARISONS 

ORDERED HEANS H A T ~ ~ ~ G T  G A I N  E N V  I ADSORPTION 

CEMENT NO MEAN 

0.010 
0.010 
0.011 
0.011 
0.011 
0. Oil 
0. Oil 
0.011 
0.011 
0.012 
0.012 
0.012 
0.012 
0.012 
0. Dl2 
0.012 
Cia 012 
0.012 
0.012 
0.012 
0.012 
0.012 
L ' a  013 
0.013 
0.013 
0.013 
0.013 
0.013 
0.013 
0.014 
0.014 
0.014 

SPECS 

i 

SUM = 0.7590000000 
SUM2 = 0.0090970090 
A4 - - U.0090665000 
4 5  - - 0.0090012656 
SS3 = 0.0000652344 
SS = 0.0000957344 
S S 2  = 0 ~ 0 5 0 0 3 0 5 0 0 0  
S S 3 *  = Oa0000021043 
S S Z 4  = 0 ~ 0 0 0 0 0 0 9 5 3 1  
S S P  - - 0. 0000015196 
FRATIO= 2.2078265469 
C R I T I C A L  OIFF = 0 0041074936 

(a) Vertical lines connect cements for which no claim can be made as to any 
difference in their behavior. 

(b) GM/GM/HR. 



rABLE 35. IDENTIFICATION OF SIGNIFICANT DIFFERENCES I CEMENT BEHAVIOR BASED 
car 

5 1 
ON THE METHOD OF SIMULTANEOUS COMPARISONS 

CEMENT NO MEAN SPECS I 

SUM = 0 ~ 6 1 9 0 0 0 0 0 0 0  
SUM2 = O~OU60830000 
A4 - - 0 ~ 0 0 6 0 5 0 5 0 0 0  
A5 - - 0.0059868906 
SS3 = O.OOdCJ636094 
SS = 0. 0000961094 
SS2 = 0 ~ 0 0 0 0 3 2 5 0 0 0  
SS3' = OeOOOU020519 
S S 2 *  = 0. 0000010156 
ss* - - 0 ~ 0 0 0 0 0 1 5 2 5 5  
FRATIO= 2.0203473946 
CRITICAL OIFF = 0.0042400274 

:a) V e r t i c a l  l i n e s  connect cements f o r  which no claim can be made a s  t o  any 
d i f fe rence  i n  t h e i r  behavior. 



'ABLE 3 6 .  IDENTIFICATION OF SIGNIFICANT DIFFERENCES I CEMENT BEEIAVIOK BASED 
car 

5 2 
ON THE METHOD OF SIMULTANEOUS COMPARISONS 

C E M E N T  NO MEAN SPECS 
1 

SUM = 1~4470000000 
SUM2 = 0. 0336670000 
A4 - - 

- 0~0336145000 
A5 - 0.0327157656 
SS3 = 0.0008987344 
SS = 0.0009512344 
SS2 = 0.0005525000 
SS3* = Oe0000289914 
SS2* = 0~0000016406 

,SS'f = 0~0000150990 
F R A T I O =  17.6709677425 
C R I T I C A L  O I F F  = 0.0053889807 

:a) V e r t i c a l  l i n e s  connect cements f o r  which no claim can be made a s  t o  any 
d i f fe rence  i n  t h e i r  behavior. 



CABLE 3 7 .  I D E N T I F I C A T I O N  O F  S I G N I F I C A N T  D I F F E R E N C E S  I CEMENT BEHAVIOR BASED 
ON THE METHOD O F  SIMULTANEOUS COMPARISONS car 

CEMENT NO MEAN SPECS 
I 

SUM = 1 ~ 5 9 0 0 0 0 0 0 0 0  
SUM2 = 0 ~ 0 4 0 0 8 2 0 0 0 0  
A4 - - 0 0 0 3 9 9 9 6 0 0 0 0  
A5 - - 0.0395015625 
S S 3  = 0 * 0 0 0 4 9 4 4 3 7 5  
SS = Oo0005804375 
SS2 = 0m0000860000 
SS3'  = 0.0000159496 
S S 2 v  = 0 . 0 ~ 0 0 0 2 6 8 7 5  
ss*  - - Ue0000092133 
FRATIO= 5.9347336836 
C R I T I C A L  DIFF = 0 moo68972538 

:a) V e r t i c a l  l i n e s  connect cements f o r  which no c la im can  be made a s  t o  any 
d i f f e r e n c e  i n  t h e i r  behavior .  



PABLE 38. I D E N T I F I C A T l O N  OF S I G N I F I C A N ' I '  L ) IFFERENCES I CEMENT BEHAVIOR BASED 
car 

3 4  
ON THE METHOD OF S m T A N 1 : O U S  COMPARISONS 

0 4 D E R E O  H E A N S  P A T E ( ~ ? ! G T  LOSS C I 4 V  I 1  F I N A L  DCS.  

2 6 i I I I )  
5 ( I )  
R ( I )  
2 3 ( I )  
1 0  (11) 
i l ( 1 )  
7 4  ( O W )  
2 5 ( I I I )  
2 1 ( V )  
2 0  (111) 
1 4 ( I )  
7 ( I )  
4 ( I )  
2 7 ( I )  
1 5 ( I I )  
i ( I )  
1 6 ( I )  
7 2 ( I V )  
3 ( I )  
6 ( I I )  
2 4 ( I )  
1 3 ( I I )  
2 ( I )  
7 0  ( I V I  
1 7 ( I I l  
2 2 4 1 )  
1 9 ( 1 I )  
7 1 ( I )  
9 ( I l  
I B ( 1 )  
7 3  ( V )  
1 2 ( I I )  

M E A N  S F' E I; S 

SUM = 1~22100UOOOO 
SUM2 = U e  0 2 3 0 5 9 0 0 0 0  
A 4 - - 0. d 2 3 3 1 ! 5 0 5 0  
A5 - - O o 0 2 3 2 9 4 3 9 0 6  
S S 3  = O a 0 3 0 5 1 7 1 0 9 4  
SS = U o 0 0 0 5 5 4 6 0 9 4  
SS2 = 0. J 3 5 0 4 7 5 0 0 0  
SS3' = 0 ~ 0 3 ' l 0 1 0 6 8 0 9  
SS2*  = 0 . 0 3 3 3 0 1 4 8 4 4  
S S *  - - C.OOOO03Y621 
F2AT10= 1 1 . 2 3 7 6 9 1 0 0 1 9  
C H I T I C ' L  D I F F  = 0  0 d C i  1259!+31 

:a) V e r t i c a l  l i n e s  connect  cements f o r  which no c la im can  be made a s  t o  any 
d i f f e r e n c e  i n  t h e i r  behavior .  



:ABLE 3 9 .  I D E N T I F I C A T I O N  OF S I G N I F I C A N T  DIFFERENCES(iI. CEMENT BEHAVIOR BASED 5 5 
ON THE METHOD O F  SIMULTANEOUS COMPARISONS 

M E A N  SPECS 
I 

SUM = 3 ~ 8 9 2 0 ~ 0 0 0 0 0  
SUM2 = O n 2 3 8 8 4 8 0 0 0 0  
A 4  - - O n 2 3 8 6 3 9 0 0 0 0  
4 5 - - 0 . 2 3 5 4 6 7 5 6 2 5  
S S 3  = 0 . 0 3 3 1 7 1 4 3 7 5  
S S  = O n  3 0 3 3 8 0 4 3 7 5  
S S 2  = U n  O J 0 2 0 9 0 0 0 0  
S S 3 *  = 0 ~ 0 ~ 0 1 0 2 3 0 4 4  
S S 2 9  = On03 1 5 0 6 5 3 1 2  
S S *  - - G n 0 0 9 0 5 3 6 5 7 7  
F R A T 1 0 =  1 5 n 6 6 3 8 3 7 0 1 2 5  
C R I T I C A L  D I F F  = ,  0  0 1 0  7 5 2 2 6 9 0  

(a)  V e r t i c a l  l i n e s  connect cements f o r  which no claim can be made a s  t o  any 
d i f f e r e n c e  i n  t h e i r  behavior .  







TABLE 41. IDENTIFICATION OF TYPE I1 CEMENTS EXHIBITING THE SAME PE F RMANCE 
CHARACTERISTICS DURING ADSORPTION AND DESORPTION PERIODS ?a? 

CEMENTS 6-10-12-13-15-17-19 I 

nvironmental and 
r e s t  Condit ions 

l i t i a l  Desorpt ion 
lvironment I1 

~ i t i a l  Desorption 
~v i ronmen t  I 

l i t i a l  Desorption 
lvironrnent I11 

Tota l  Weight Change 

12-6-15-17-13-19 
13-19-10 

lsorp t ion  
lvironment I 

T o t a l  Dimensional 
Change 

.na l  Desorp t i o n  15-12-17-13 
~ i r o n r n e n t  I 17-13-19 

I n i t i a l  Rate  of 
Weight Change 

l sorp t ion  
lvironment I1 

lsorp t i o n  
~vironment I11 

n a l  Desorpt ion 12 
vironrnent I1 15-13-17 

17-19 
19-6 
6-10 

12 
15-13-17 
13-17-19-6 
10 

12-19-17-13-15-10 
19-17-13-15-10-6 

I 

) Cements e x h i b i t i n g  no s i g n i f i c a n t  d i f f e r e  
Values of t h e  r e s p e c t i v e  changes decrease  
t h e  rows a l s o  decrease  from top t o  bottom 

n a l  Desorpt ion 
vironment I11 

'19-17-12-15-13-10-6 10 
19-12-13-15 
13-15-12-6 

19-17 
17-15-12-10-6 
12-10-16-13 

c e s  i n  behavior  a r e  l i nked  h o r i z o n t a l l y .  
from l e f t  t o  r i g h t  f o r  t h e  rows. Values of 

i . e . ,  top  row-middle row(s) -bot tom row. 



) Cements e x h i b i t i n g  no s i g n i f i c a n t  d i f f e r e n c e s  i n  behavior  a r e  l i n k e d  h o r i z o n t a l l y .  
Values of t h e  r e s p e c t i v e  changes dec rease  from l e f t  t o  r i g h t  f o r  t h e  rows. Values 
of t h e  rows a l s o  decrease  from top  t o  bottom; i . e . ,  top  row-middle row(s)=-bottom row. 

TABLE 42. IDENTIFICATION OF TYPE I11 CEMENTS EXHIBITING THE SAME P R ORMANCE 
CHARACTERISTICS DURING ADSORPTION AND DESORPTION PERIODS !!a7 

CEMENTS 25-26 

ivironmental  and 
2 s  t Condit ions 

i i t i a l  Desorpt ion 
ivironment I 

i i t i a l  Desorp t i o n  
ivironment I1 

i i t i a l  Desorpt ion 
ivironment I11 

lsorp t i o n  
ivironment I 

lsorp t i o n  
ivironment I1 

lsorp t i o n  
lvironment I11 

.nal  Desorpt ion 
lvironment I 

-- 

.nal  Desorpt ion 
lvironment I1 

- - 

.na l  Desorpt ion 
~vironment  111 

T o t a l  Weight Change 

25-20 
20-26 

25 
20- 2 6 

25-20-26 

25-20-26 

25-20-26 

. - 

26-20-25 

- - 

25-20-26 

- - 

25-20 
26 

- - 

26-20-25 

I 

T o t a l  Dimensional 
Change 

20-25 
26 

26-20-25 

26-20 
20-25 

25-20 
2 6 

26-25 
25-20 

26 
25-20 

26-20-25 

26 
20-25 

26-20 
25 

I n i t i a l  Ra te  of 
Weight Change 

25-20-26 

25-20-26 

- - -  - 

25-20 
20-26 

- - -  - --  

26-20-25 

.- - -  . 

20-26-25 

- -. - - , . 

26-25-20 

25-20-26 

- - - - -  - 

20-25-26 

. -.- - - 

20-26-25 



TABLE 43. IDENTIFICATION OF TYPE I V  AND OIL WELL CEMENTS EXHIBITING THE SAME 
PERFORMANCE CHARACTERISTICS DURING ADSORPTION AND DESORPTION PERIODS(a) 

CEMENTS 70-72-74 I 

a)  Cements exh ib i t ing  no s i g n i f i c a n t  d i f f e r e n c e s  i n  behavior a r e  l inked  h o r i z o n t a l l y .  
Values of the  r e spec t ive  changes decrease  from l e f t  t o  r i g h t  f o r  t h e  rows. Values 
of t h e  rows a l s o  decrease from top t o  bottom; i . e . ,  top row-middle r o w ( s ) r b o t t o m  row. 

lvironmental and 
:st Conditions 

l i t i a l  Desorption 
ivironment I 

~ i t i a l  Desorption 
ivironment I1 

- 

l i t i a l  Desorption 
lvironment 111 

--- - 

isorp t i o n  
lvironment I 

lsorp t i o n  
wironment 11 

lsorp t ion  
lvironment I11 

ina l  Desorption 
~vi ronment  I 

i n a l  Desorption 
lvironment I1 

i n a l  Desorp t i o n  
lvironment I11 

r 

r 

Tota l  Weight Change 

70-74-72 

72-74-70 

70-74-72 

72-74-70 

72-71 
74-70 

70-74-72 

7 2- 70 
70-74 

- 

7 2 
70-71 

72-74-70 

Tota l  Dimensional 
Change 

72 
74-70 

74-70-72 

74-70 
70-72 

72 
74-70 

70-74-72 

70-74-72 

74-70 
70-72 

70-74-72 

74-70-72 

I n i t i a l  Rate of 
Weight Change 

74-72-70 

74-72 
72-70 

70-74 
74-72 

70-74-72 

72-70-74 

70 
74-72 

72-70-74 

70-72-74 

72-74 
74-70 



TABLE 44.  IDENTIFICATION OF TYPE V CEMENTS EXHIBITING 'THE SAME PERF0 
CHARACTERISTICS DURING ADSORPTION AND DEsowTIoN PERIODS ( a Y N C E  

CEMENTS 21-73 

Environmental and 
Tes t  Condit ions 

I n i t i a l  Desorpt ion 
Environment I 

I n i t i a l  Desorp t i o n  
Environment I1 

I n i t i a l  Desorpt ion 
Environment I11 

T o t a l  Weight Change 

73-21 

T o t a l  Dimensional 
Change 

I n i t i a l  Rate  of 
Weight Change 

Adsorption 
Environment I 

Adsorption 
Environment I1 

Adsorption 
Environment I11 

Fina l  Desorpt ion 
Environment I 

Fina l  Desorpt ion 
Environment I1 

(a)  Cements e x h i b i t i n g  no s i g n i f i c a n t  d i f f e r e n c e s  i n  behavior  a r e  l i n k e d  h o r i z o n t a l l y .  
Values of t h e  r e s p e c t i v e  changes dec rease  from l e f t  t o  r i g h t  f o r  t h e  rows. Values 
of t h e  rows a l s o  decrease  from top t o  bottom; i . e . ,  t op  row-middle row(s)=-bottom row. 

Final  Desorpt ion 
Environment I11 

73-21 

73-21 

73-21 

21-73 

21-73 

73-21 

73 
2 1  

21-73 73 
2 1  



TABLE 45.  BEHAVIORAL TRENDS OF THIRTY-TWO CEMENTS INVESTIGATED 
IN PHASE A ADSORPTION-DESORPTION STUDIES (I.D.) 

(a) Values are relative to all thirty-two cements. 

Cement 
Type (No. 
Investi- 
gated) 

Type I 
(17) 

Type I1 
(7) 

Type 111 
(3)  

Type IV 
(2)  

Type V 
(2) 

Oil Well 
(1) 

values (a) of Total 
Weight Change 

Low 

Intermediate to high 

Low 

Intermediate 

High 

Intermediate 

of Total 
Dimensional Change 

Intermediate to high 

Intermediate to low 

Intermediate to high 

Low 

Low 

Intermediate 

of Rate of 
Initial Weight Change 

Intermediate to low 

Intermediate to high 

Intermediate to low 

Intermediate to low 

High 

Intermediate 





FIGURE 2 ,  EXPERIMENT& APPAPATUS USED IN THE MEASWEmWT OF MOISTIR3.E HIGUTION IN 
UKDENED GEPENT BASTES SMBSF.SENG (I) ANALYTICAL BAEAUCE ON MOVABLE PLAT- 
FORM, ( 2 )  OPTICAL EX%ENSQFETFaW ON 130VABLE PLATFORM, ( 3) EHVIBONMEKTAL 
@Pi.AmERS CORTAINING SPECPbENS, (4) OVPNS FOR PWINTATNING CBAHBERS AT 
loo F, (5) ELECTRICAL TIFERS , (6) PURGE GAS TRAIN, ( 7) MONFORE RELATIVE 
EUHIDPTY INDICATOR 
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APPENDIX A 

STATISTICAL ANALYSIS OF PHASE A DATA 
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APPENDIX A 

STATISTICAL ANALYSIS* OF PHASE A DATA 

Data description: One measurement on each of two specimens of 16 different 

types of cement was taken in each of two environments. (see Table A-1). 

The assumption is made that the two measurements on each cement for a given 

environment are statistically independent. The data are given in Table 1 in 

the form of the mean and difference of the two measurements on each cement, 

Analysis: A one-way analysis of variance was performed for each environment 

to determine if there were significant differences in the cement mean. See 

Table A-2. For both environments, the effect of different cements was clearly 

significant with F values of 19.1 and 47.6 respectively for the two environ- 

ments. (For significance at the 1 percent level, the F value must exceed 3.41). 

To determine which cements were significantly different from which, 

the method of simultaneous comparisons (Tukey) was used. In Table A-3 lists 

of the ordered means are given. Along the right of the means, lines are drawn 

to connect those means which cannot be declared significantly different. That 

is, means not flanked by a common line are significantly different at 5 percent 

leve 1. 

A good description of Tukey's method is given in Chapter 9 of 

Contribution to Order Statistics by Sarhan and Greenberg (Wiley, 1962). The 

application of this method to Environment I means follows. 

First we need a definition of the studentized range. Suppose y 
1" 

--, Yk is a random sample of size k from a N(r , 0 ) .  Tukey's method is based 
on the studentized range statistic 

* This exercise was performed when complete data from 16 cements were available. 



TABLE A-1.  TOTAL WEIGHT LOSS ON INITIAL DESORPTION OF 
SIXTEEN CEMENTS EXPOSED TO ENVIRONMENTS I & I1 

ENVIRONMENT I ENVI RONMENT I I 
T o t a l  Weight Loss T o t a l  Weight Loss 

Cement No. Average Di f f e rence  (a) Average Di f f e rence  ( 4  

(a) Dif fe rence  between two specimens. 



TABLE A-2a. ANALYSIS OF VARIANCE TABLE: ENVIRONbIENT I 

Source Sum of Squares  d . f .  Mean Square F 

T o t a l  0.137835 3 1  

Due t o  cements 0.129600 1 5  0.00864 

E r r o r  0.007235 16 0.000452 

TABLE A-2b. ANALYSIS OF VARIANCE TABLE: ENVIRONMENT I1 

Source Sum of Squares  d . f .  Mean Square F 

T o t a l  0.122075 3 1 

Due t o  cements 0.119400 15  0.00796 47.6 

E r r o r  0.0026 75 16  0.00016 7 



TABLE A-3.  S I G N I F I C A N T  DIFFERENCES O F  ORDERED HEANS BY TUKEY 'S ME'RIOD 

ENVIRONMENT I 
Cement N o .  Me an 

(b) 
ENVIRONMENT I1 

Cement No. Me an 



when G~ is an e s t i m a t e  o2 of t h e  usua l  x2 type  wi th  v degrees  of freedom 
Y' Y 

and is- independent of t h e  y 's. The s t u d e n t i z e d  range is simply t h e  sample 
i - - - 

range  5,tandardized i n  t h e  u s u a l  way. Let xl, x 2 ,  ... x16 be  t h e  means of 

t h e  16  cements indexed i n  some convenient  fash ion .  Under t h e  hypo thes i s  of 

no d i f f e r e n c e  i n  t h e  cement means, we have t h a t  

- - 
max x, - min x, 

2 2 
where s i s  an e s t i m a t e  of a , t h e  v a r i a n c e  of a  mean, i s  a s t u d e n t i z e d  

m m 
range. The v a r i a n c e  of each of t h e s e  means i s  

h e r e  u4 i s  t h e  va r i ance  of an i n d i v i d u a l  obse rva t ion .  We have  an e s t i m a t e  
2 

of u from t h e  e r r o r  mean squa re  of t h e  ANOVA given i n  Table A-2a 

Thus an e s t i m a t e  of t h e  v a r i a n c e  of each of t h e  means i s  

Th i s  e s t i m a t e  has  v = 16 degrees  of freedom and i s  independent  of t h e  x 's. 
i 

A s  i n  equat ion  (9.3.5) of Sarhan and Greenberg, we w i l l  d e c l a r e  - 
two meaps, x and x t o  be s i g n i f i c a n t l y  d i f f e r e n t  whenever 

u t 



The m u l t i p l i e r ,  q ,  i s  t h e  upper a pe rcen t  p o i n t  of  t h e  s t u d e n t i z e d  range - 
d e s c r i b e d  above. Such means a r e  s i g n i f i c a n t l y  d i f f e r e n t  because  they a r e  

f u r t h e r  a p a r t  than one e x p e c t s  even t h e  extreme v a l u e s  of a  sample of means 

t o  be. 

For  t h e s e  d a t a ,  v = 1 6 ,  k 1 6 ,  and l e t t i n g  a =.05,  w e  have from 

t h e  t a b l e  of  pe rcen tage  p o i n t s  of t h e  s t u d e n t i z e d  range  (Sarhan and Greenberg, 

p. 114) 

We w i l l  d e c l a r e  means s i g n i f i c a n t l y  d i f f e r e n t  whenever 



Now, o rde r  t h e  means from s m a l l e s t  t o  l a r g e s t  is i n  Table  A-3.  

S t a r t i n g  w i t h  t h e  s m a l l e s t  mean, 0.191 (cement no. 11)  , we can say  t h a t  

any mean l a r g e r  than 0.191 + 0.085 = 0.276 i s  s i g n i f i c a n t l y  d i f f e r e n t .  A 

v e r t i c a l  l i n e  may be drawn from cement no. 11 down t o  cement no. 14 ind i -  

c a t i n g  no d i f f e r e n c e .  The means inbetween a r e  n e c e s s a r i l y  no t  d i f f e r e n t  

from one ano the r ,  bu t  a l l  means p a s t  cement no. 14 a r e  d i f f e r e n t  from t h e  

mean f o r  cement no. 11. 

The second s m a l l e s t  means i s  0.194 f o r  cement no. 26. Any mean 

l a r g e r  than 0.194 + 0.085 = 0.279 i s  d e c l a r e d  d i f f e r e n t .  Here no  l i n e  need 

b e  drawn f o r  cement no. 26 ,  l i k e  cement no. 11, i s  d i f f e r e n t  from cement 

no. 5 b u t  n o t  d i f f e r e n t  from no. 14. 

Trying t h e  t h i r d  cement (no. 4 ) ,  we have a new l i n e  t o  no. 70. 

Th i s  p roces s  i s  repea ted  u n t i l  t h e  l a s t  cement i s  covered by a l i n e .  

The same process  was a p p l i e d  t o  t h e  means f o r  Environment 11, 

bu t  h e r e  t h e  e s t ima te  of t h e  va r i ance  of t h e  means is  

Hence, two means a r e  dec l a red  d i f f e r e n t  whenever 

The corresponding l i n e s  a r e  drawn i n  Table  A-3.  

Both of t h e  above ana lyses  depend on t h e  assumption t h a t  t h e  two 

r e p l i c a t e  measurements on t h e  same cement i n  t h e  same environment a r e  s t a t i s -  

t i c a l l y  independent.  Although t h e  two specimens were exposed i n  s e p a r a t e  

t e s t  chambers, t h e r e  were some elements  i n  common ( t i m e ,  environmental  c o n t r o l s ,  

mixing of cement, and perhaps more).  There e x i s t s  a p o s s i b i l i t y  t h a t  a 

c o r r e l a t i o n  e x i s t s  between t h e  two measurements, The e f f e c t s  of t h i s  probably  

would be t o  underes t imate  t h e  e r r o r  term and hence ove res t ima te  t h e  F v a l u e s .  



A s i m i l a r  e f f e c t  would appear  i n  Tukey's method because  t h e  same e r r o r  term 

was used. The v a l i d i t y  of t h i s  independent  assumption was checked by r e p l i c a t e  

measurements (cement no ,  16) .  The q u e s t i o n  of  t h e  e x i s t e n c e  of  l a r g e r  

v a r i a n c e s  between occas ions  t han  w i t h i n  occas ions  was add re s sed .  

Cement no. 16 (I) was measured under  t h e  same c o n d i t i o n s  b u t  on 

two d i f f e r e n t  occas ions  ( J u l y ,  1971, December, 1971).  Le t  

yij = e +  ai + e 
i J  

t h  
b e  t h e  measurement on t h e  i occas ion  ( i  = 1, 2) and j th r e p l i c a t i o n  ( j  = 1, 2). 

Here, 

1-1 = unde r ly ing  " t r u e  va lue"  
t h  

a, = e r r o r  due t o  t h e  i occas ion ,  b u t  common t o  a11  
.L 

r e p l i c a t i o n s  t aken  on t h e  occas ion  
t h  

e = e r r o r  s p e c i f i c  t o  j th  r e p l i c a t i o n  of  i occas ion .  
i j 

We assume 

w i t h  a l l  a .  I s ,  e  's independent .  Thus a2 is  t h e  "within"  occas ion  v a r i a n c e .  
1 i j  e 

The v a r i a n c e  of y is  now 
i j 

The q u e s t i o n  i s  whether  o2 i s  much d i f f e r e n t  from z e r o ,  o r  i n  o t h e r  terms, 
a 

whether  t h e  p r ev ious  a n a l y s i s  is  v a l i d  s i n c e  i t  was performed under  t h e  
2 

assumption t h a t  a = 0. a 



1 
Let yie = $yil + yi2). 

Then 

- 1- 
We have an e s t i m a t e  of u2 a v a i l a b l e  from every p a i r ,  yl .  and y of means y i  ' 2' ' 
of measurements on two d i f f e r e n t  occas ions  

2 
-2 - - u - 1 2 z (yi* y i .  2-1 i=1 - Y 1 2  = T ( ~ l .  - Y ~ . )  

The d a t a  f o r  t h e s e  t h r e e  p a i r s  are 

A s imple  average of t h i s  y i e l d s  

A 2 u = 227 x ( 3  deg. freedom) . 
Yi * 

Thus from t h i s  sou rce  w e  have 
r) 

Whereas, from t h e  p rev ious  a n a l y s i s ,  we have an e s t i m a t e  of u2 formed by 
e 

pool ing  t h e  e r r o r  e s t i m a t e  from Table  A-2a and A-2b 

i2 = 452 + 167 x = 310 x (32 deg. freedom) e 2 

Thus 

is n o t  s i g n i f i c a n t l y  l a r g e ,  i n d i c a t i n g  t h a t  u2 i s  probably  sma l l .  
a 



It should be  noted t h a t  even i f  w e  d i d  accep t  t h e  somewhat h i g h e r  

e s t i m a t e  of e r r o r  

i n s t e a d  of t h e  va lues  used i n  Tables  A-2a and A-2b t h e  F ' s  f o r  cement would 

s t i l l  be  q u i t e  high.  

I n  any event  t h e r e  i s  no ev idence  i n  t h e  r e p l i c a t e  d a t a  t o  suppose 

t h a t  t h e  between occas ion  e r r o r  is any l a r g e r  than t h e  w i t h i n  occas ion  e r r o r  

used i n  t h e  ana lyses .  


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



