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PREFACE 

The mission of AC1 Committee 214,  Evaluation of Results of 
Tests Used to Determine the Strength of Concrete, is to "Analyze 
the variations which occur in the results of tests used to 
evaluate the strength of concrete; present tools of statistics 
which are useful in interpretation of these variations, and 
report on measures of reliability which can be used in establish- 
ing specifications and design criteria for the strength of 
concrete." Within this mission, one of the goals of the commit- 
tee is to write a state-of-the-art report on the use of computers 
(including micro and mini computers) in concrete quality control 
and quality evaluation. 

In 1985, at the AGI annual convention in Denver, Committee 
214 sponsored an international symposium on the Use of Computers 
for Statistical Analysis of Test Data, which brought together 
researchers, producers, and users. Seven papers were presented 
during this symposium, This volume includes six of the seven 
papers that were presented and an additional paper written 
specially for this volume. 

The first paper deals with the analysis of in-place test 
data using spreadsheet software. 
the analysis of pullout test data and cover meter data. 
tests provide an indication of in-place strength and cover meters 
provide data regarding the location of the reinforcement. 
fourth paper presents a computer code to compute the required 
average strength for a specified compressive strength. 
two papers deal with the prediction equations of cylinder 
strengths. 
of concrete data. 

The next two papers deal with 
Pullout 

The 

The next 

The final paper deals with the analysis and plotting 

Thanks are extended to all the authors for their contribu- 
The help of reviewers and the AC1 staff who helped to 

Special. thanks are due to Professor 

tions. 
organize the symposium and prepare this volume are also 
gratefully acknowledged, 
Tarun Naik who organized and chaired the symposium, 
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Analysis of In-Place Test Data 
with Spreadsheet Software 

by N. Carino and W. Stone 

S v n o u :  In-place t e s t i n g  o f f e r s  t he  con t r ac to r  an a l t e r n a t i v e  t o  
t e s t i n g  f i e l d - c u r e d  c y l i n d e r s  f o r  assess ing  concre te  s t r eng th  
during c r i t i c a l  phases of cons t ruc t ion .  A r e l a t i o n s h i p  between 
cy l inde r  compressive s t r eng th  and the  quan t i ty  measured by in-place 
t e s t s  i s  needed i n  o r d e r  t o  use these  methods; t h i s  r equ i r e s  
s t a t i s t i c a l  a n a l y s i s  of t es t  data .  The personal  computer and 
"e l ec t ron ic  spreadsheet" software provide a cos t - e f f ec t ive  means of 
performing such analyses .  Available spreadsheet  sof tware can be  
used t o  pe r fo rm t h e  r e q u i r e d  c a l c u l a t i o n s  au tomat ica l ly ,  thus 
p r o v i d i n g  t h e  u s e r  w i t h  the  b e n e f i t s  of automated computation 
w i t h o u t  r equ i r ing  knowledge of a s c i e n t i f i c  computing language. 
Data.from a study of t h e  pul lout  tes t  method are used t o  i l l u s t r a t e  
the  use  of spreadsheet  software t o  perform l i n e a r  r eg res s ion  and 
determine the  required c o r r e l a t i o n  r e l a t ionsh ip .  I n  add i t ion ,  a 
s impl i f ied  technique i s  proposed f o r  using the  r e s u l t s  of in-place 
tes ts  t o  make a r e l i a b l e  es t imate  of the  c h a r a c t e r i s t i c  s t r eng th  of 
s t r u c t u r a l  concrete .  The in-place c h a r a c t e r i s t i c  s t r eng th  permits 
an eva lua t ion  of s t r u c t u r a l  s a fe ty  during cons t ruc t ion .  

Keywords: compressive strength; computer programs; concrete 
construction; microcomputers; pullout tests; safety; statistical 
analysis 
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2 Carino and Stone 

AC1 Member D r a  Nicholas 3 .  Carino i s  a research  c i v i l  engineer  i n  
the  S t ruc tu res  Div is ion  a t  t he  National Bureau of Standards. H i s  
research  i n t e r e s t s  a r e  i n  nondestruct ive t e s t i n g  of concrete .  H e  
i s  chairman of AC1 Committee 306 and Secretary of A C 1  Committee 
228. D r .  Carino was the  r e c i p i e n t  of t he  1986 Wason Medal f o r  
Mater ia l s  Research. 

AC1 Member D r .  William C. Stone i s  a research s t r u c t u r a l  engineer  
i n  the  S t ruc tu res  Divis ion a t  t he  National Bureau of Standards. 
H i s  research i n t e r e s t s  inc lude  the  siesmic responses of fu l l - s ca l e  
s t r u c t u r e s ,  t h e  a p p l i c a t i o n  of computer graphics  t o  s t r u c t u r a l  
ana lys i s ,  and design of a c t u a t o r s  f o r  dynamic s t r u c t u r a l  cont ro l .  
D r .  Stone i s  the  co-recipient  of t he  1985 ASCE T. Y. Ein  Award. 

INTRODUCTION 

The advent of t he  personal  computer w i l l  probably b e  recorded 
a s  one of the most s i g n i f i c a n t  developments of our time. FOK a 
v e r y  l o w  c o s t ,  a n  e x t r a o r d i n a r y  amount of computing power i s  
r e a d i l y  a v a i l a b l e  f o r  enhancing product iv i ty .  P a r a l l e l i n g  the  
deve lopments  i n  ha rdware  have  been  s i m i l a r  deve lopments  i n  
low-cost, easy t o  uses  y e t  powerful software (programs) f o r  the  
personal  computer. A s  a r e s u l t  one may use the  personal  computer 
f o r  a w i d e  v a r i e t y  of app l i ca t ions  without knowing any of t he  
formal computer languages. This paper d i scusses  how the  personal  
computer and e x i s t i n g  sof tware can be used t o  analyze da t a  from 
in-place t e s t s  f o r  concre te  s t rength .  

I n  concre te  cons t ruc t ion ,  t he  cont rac tor  needs t o  be  ab le  t o  
measure the  in-place concre te  s t r eng th  before  performing c r i t i c a l  
o p e r a t i o n s  s u c h  a s  r e m o v i n g  f o r m s  o r  r e s h o r e s ,  a p p l y i n g  
pos t - t ens ion ing  f o r c e s ,  o r  terminat ing cold weather pro tec t ion .  
H i s t o r i c a l l y ,  t he  recommended p r a c t i c e  has been t o  t e s t  f ield-cured 
c y l i n d r i c a l  specimens a s  spec i f i ed  i n  ASTI4 Method C 31 [ i ] .  This 
approach has i t s  drawbacks: 1) Field-cured cy l inde r s  are  o f t e n  
subjected t o  abuse a t  the  job-s i te  and during t r anspor t  which may 
lead  t o  erroneous tes t  r e s u l t s .  2) There i s  no guarantee t h a t  the  
c u r i n g  h i s t o r y  of t h e  spec imens  i s  i d e n t i c a l  t o  t h a t  of the 
s t ruc tu re .  3) The procedure i s  inconvenient s ince  t h e  specimens 
must usua l ly  be  shipped t o  a t e s t i n g  labora tory ,  and the  con t r ac to r  
must w a i t  f o r  a r e p o r t  of t he  s t r eng th  t e s t  r e s u l t s e  Recognizing 
these  d e f i c i e n c i e s ,  the  l a t e s t  ve r s ion  of t he  AGI Code 121 permits ,  
f o r  t he  f i r s t  time, t h e  use of a l t e r n a t i v e  methods. Paragraph 
6.2.1.1 s ta tes  tha t :  
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The Commentary t o  t h e  Code l i s t s  some of t h e  a l t e r n a t i v e  
p r o c e d u r e s  e 'Ehe Commentary a l s o  s ta tes  t h a t  t h e s e  a l t e r n a t i v e  
methods " r equ i r e  s u f f i c i e n t  d a t a  us ing  job  mater ia ls  t o  demonstrate  
c o r r e l a t i o n  of measu remen t s  OR t h e  s t r u c t u r e  w i t h  compressive 
s t r e n g t h  of molded c y l i n d e r s  o r  d r i l l e d  cores." 

Hence,  i n  o r d e r  t o  u s e  any of t h e  a l t e r n a t i v e  methods, a 
c o r r e l a t i o n  curve must be  developed t o  t r a n s l a t e  t h e  in-place t e s t  
r e s u l t s  t o  compressive s t r e n g t h  va lues .  I n  a d d i t i o n ,  a procedure i s  
needed f o r  analyzing t h e  r e s u l t s  of in-place t es t s  so  t h a t  one can  
estimate the  in-place compressive s t r e n g t h  w i t h  a h igh  degree  of 
confidence.  Both of t h e s e  s teps  r e q u i s e  s t a t i s t i c a l  a n a l y s i s  of 
t e s t  da t a .  The personal  computer provides  a cos t -e f f  i c i e n t  means 
f o r  r o u t i n e l y  performing such ana lyses .  A v a r i e t y  of computer 
programs, known as " e l e c t r o n i c  spreadshee ts" ,  are  a v a i l a b l e  which 
a r e  w e l l  s u i t e d  f o r  doing the  r equ i r ed  c a l c u l a t i o n s .  

This  paper d e s c r i b e s  t h e  e s s e n t i a l  f e a t u r e s  of t h e  spreadshee t  
s o f t w a r e  used t o  perform t h e  d a t a  ana lyses  mentioned above and 
i l l u s t r a t e s  an a p p l i c a t i o n  us ing  t h e  p u l l o u t  t es t  method [31. A 
simple approach is proposed f o r  us ing  the  r e s u l t s  of in-place t es t s  
t o  e s t ima te  t h e  in-place c y l i n d e r  s t r e n g t h o  The s u i t a b i l i t y  of t he  
proposed procedure i s  eva lua ted  by comparing t h e  r e s u l t s  w i t h  a 
more r igo rous  s t a t i s t i c a l  method r e c e n t l y  developed. a t  t h e  Nat iona l  
Bureau of Standards (NBS). 

SPREADSHEET SOFTWARE 

A b r i e f  d e s c r i p t i o n  i s  g i v e n  of  t h e  gene ra l  f e a t u r e s  of 
e l e c t r o n i c  spreadshee t  programs f o r  t he  r e a d e r  who i s  un fami l i a r  
w i t h  t h e  sub jec t .  An e l e c t r o n i c  spreadshee t  i s  a blank page, 
r e s i d i n g  i n  t h e  computer 's  memory, composed of ver t ica l  columns 
( u s u a l l y  i d e n t i f i e d  by l e t t e r s )  and h o r i z o n t a l  rows ( u s u a l l y  
i d e n t i f i e d  by numbers)  much l i k e  t h e  b l a n k  fo rms  used  f o r  
a c c o u n t i n g  p u r p o s e s  o r  f o r  r e c o r d i n g  e n g i n e e r i n g  d a t a o  The 
i n t e r s e c t i o n  of  a column and a r o w  d e f i n e s  a "ce l l "  having a 
s p e c i f i c  i d e n t i f i c a t i o n  name. For  example, " c e l l  C3" i s  t h e  
i n t e r s e c t i o n  of column C and row 3 e  A c e l l  may c o n t a i n  a number, a 
l a b e l  o r  a fo rmulae  I t  i s  t h i s  l a s t  f e a t u r e  t h a t  g i v e s  the  
spreadshee t  program i t s  power, f o r  i t  permi ts  t he  u s e r  t o  perform 
c a l c u l a t i o n s  us ing  t h e  c o n t e n t s  of c e l l s  i n  t h e  spreadshee t .  For 
d a t a  a n a l y s i s ,  t h e  u s e r  must f i r s t  e n t e r  t h e  experimental  d a t a  i n t o  
t h e  appropr i a t e  c e l l s .  Then, by us ing  t h e  formula c a p a b i l i t y ,  t h e  
d a t a  are  reduced and t h e  r e s u l t s  a re  d isp layed .  

F igure  1 i l l u s t r a t e s  how t h e  e l e c t r o n i c  spreadshee t  can be 
used f o r  d a t a  reduct ion .  In  t h i s  example, c y l i n d e r  s t r e n g t h  t es t  
r e c u l t s  a r e  ana lyzed .  Columns B and C c o n t a i n  t h e  v a l u e s  of 
measured u l t i m a t e  loads  f o r  c y l i n d e r  p a i r s .  The u s e r  en tered  t h e s e  
numbers i n t o  the  c e l l s  of columns 93 and C. The remainder of t he  
v a l u e s  shown i n  t h e  s p r e a d  s h e e t  were genera ted  au tomat ica l ly .  
Columns D and E c o n t a i n  t h e  stress v a l u e s  corresponding t o  t h e  
loads .  !!%ese v a l u e s  were obta ined  by e n t e r i n g  formulas  i n t o  c e l l s  : 
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4 Carino and Stone 

"D4" and "E4" f o r  c a l c u l a t i n g  stress from load. The formula 
e n t e r e d  i n t o  c e l l  D4, f o r  example ,  e x p r e s s e s  t h e  f o l l o w i n g  
r e l a t i o n s h i p :  " take  t h e  va lue  i n  t h e  second c e l l  t o  t h e  l e f t  of D 4  
( v a l u e  of u l t i m a t e  load)  and d i v i d e  i t  by 28.29 ( a r e a  of s tandard 
t e s t  c y l i n d e r ) . "  A f t e r  t h e  f o r m u l a  has  been en te red ,  i t  i s  
t r anspa ren t  t o  the  u s e r ;  only t h e  r e s u l t  of t he  c a l c u l a t i o n  i s  
d isp layed ,  t h a t  i s ,  119220/28.27 = 4217 ( s e e  Fig.  1). The formula 
en tered  i n t o  c e l l  D4 was copied i n t o  t h e  remaining c e l l s  of column 
D using t h e  i'copy" f e a t u r e  of t h e  programo A s i m i l a r  procedure was 
used t o  create  t h e  v a l u e s  i n  column E. Column F con ta ins  the  
average s t r e n g t h  of t h e  two cy l inde r s .  The formula en te red  i n t o  
c e l l  1-4 i n s t r u c t e d  t h e  computer t o  add the  v a l u e s  i n  t h e  f i r s t  and 
second ce l l s  t o  t h e  l e f t  of F4 and d i v i d e  t h e  s m  by 2. Again, only 
t h e  r e s u l t  of t h e  c a l c u l a t i o n  i s  d isp layed .  Column G con ta ins  the  
average of t h e  t h r e e  prev ious  tes ts  ( a  tes t  is t h e  average of two 
c y l i n d e r s ) .  The f o r m u l a  e n t e r e d  i n t o  c e l l  G 6  i n s t r u c t e d  the  
computer t o  add t h e  v a l u e s  i n  t h e  f i r s t  c e l l  t o  t h e  l e f t  and i n  the  
two c e l l s  above it  and t o  d i v i d e  the  sum by three .  

The important  p o i n t  i s  t h a t  t o  c r e a t e  t h e  e n t i r e  spreadshee t  
shown i n  Fig.  1 t h e  u s e r  only had t o  e n t e r  t h e  u l t i m a t e  c y l i n d e r  
l oads  and f o u r  formulas. F igu re  1 i s  t h e  a c t u a l  appearance of t h e  
p r i n t e d  copy obtained w i t h  the  program and us ing  a l e t t e r - q u a l i t y  
p r i n t e r .  

The s p r e a d s h e e t  program o f f e r s  g r e a t  a d v a n t a g e s  o v e r  a 
c a l c u l a t o r  for d a t a  ana lys i s .  One h a s  a permanent record  of t h e  
d a t a  and t h e  c a l c u l a t e d  v a l u e s ,  which can b e  incorpora ted  d i r e c t l y  
i n t o  a r e p o r t  f o r  t h e  c l i e n t .  When m u l t i p l e  c a l c u l a t i o n s  must be  
performed w i t h  t h e  same d a t a ,  t he  o r i g i n a l  d a t a  has  t o  b e  en tered  
only once. There are a l s o  c e r t a i n  advantages over w r i t i n g  a n  
ord inary  computer program t o  analyze t h e  da t a .  F i r s t ,  t he  u s e r  
d o e s  n o t  need programming s k i l l s .  The spreadshee t  program i s  
i n t e r a c t i v e ,  t h u s  a l l o w i n g  one  t o  see t h e  r e s u l t s  of  t h e  
c a l c u l a t i o n s  immediately. This  l a t t e r  f e a t u r e  enab le s  t h e  u s e r  t o  
examine e f f  i c i e n t l y  a l t e r n a t i v e  a n a l y s i s  procedures.  Spreadsheet  
programs a r e  a v a i l a b l e  t h a t  have the  f u l l  range  of s c i e n t i f i c  
f u n c t i o n s  commonly found on c a l c u l a t o r s e  T h e r e  a r e  a l s o  
s t a t i s t i c a l  f u n c t i o n s  f o r  comput ing  t h e  average and s tandard 
d e v i a t i o n  of a row o r  a column of numbers. F i n a l l y ,  some programs 
have p l o t t i n g  c a p a b i l i t i e s  t o  permit  a p i c t o r i a l  p r e s e n t a t i o n  sf 
da ta .  F igu re  2 ,  which i s  a p l o t  of t h e  averages i n  column G of 
Fig. 1, i l l u s t r a t e s  t h e  type  of p l o t s  t h a t  can  b e  obtained.  P t  was 
c r e a t e d  wi th  a low-cost, 2-pen p l o t t e r .  

REGRESS I O N  ANALYS IS 

Data from a s t u d y  141 of  t h e  p u l l o u t  t e s t  a r e  used t o  
i l l u s t r a t e  how spreadshee t  sof tware c a n  be  used t o  determine the  
r e l a t i o n s h i p  be tween  c y l i n d e r  s t r e n g t h  and t h e  r e s u l t s  of an 
in-place t e s t s  I n  a d d i t i o n ,  a method i s  proposed foi- p r e d i c t i n g  
in-place c y l i n d e r  s t r e n g t h  based on in-place t e s t  r e s u l t s .  
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Computer Analysis 5 

The a n a l y s i s  p r o c e d u r e  c a r r i e d  o u t  w i t h  t h e  spreadshee t  
program i s  d iv ided  i n t o  t h r e e  s t eps .  

1) Input of t h e  individual.  r e su l t s  from t h e  c o r r e l a t i o n  

2)  Determinat ion of t h e  c o r r e l a t i o n  r e l a t i o n s h i p  by means of 

3) P r e d i c t i o n  of t h e  in-place s t r e n g t h  based on t h e  r e s u l t s  

t e s t i n g  ; 

l i n e a r  r eg res s ion :  and 

of the  in-place tests. 

F i r s t ,  a "template" . spreadshee t  w a s  c r ea t ed  which contained 
b l a n k  c e l l s  for d a t a  i n p u t  and the  formulas  r equ i r ed  f o r  t he  
a n a l y s i s .  The templa te  was s to red  as a f i l e  on a f loppy d i sk .  To 
a n a l y z e  a p a r t i c u l a r  se t  of d a t a ,  t h e  templa te  spreadshee t  was 
r e t r i e v e d ,  the  d a t a  were en te red ,  and t h e  formulas  were evaluated.  
"he fol lowing d i s c u s s i o n  o u t l i n e s  t h e  t a s k s  performed by v a r i o u s  
p o r t i o n s  of t h e  spreadshee t .  

F igure  3 shows t h e  inpu t  p o r t i o n  of t h e  spreadshee t ,  which was 
designed t o  ana lyze  t h e  d a t a  r epor t ed  i n  Reference [41e Eleven 
p u l l o u t  tes ts  and 5 c y l i n d e r  compression tes t s  were performed a t  
each of 8 t es t  ages. (Recommendations f o r  t h e  number of tes ts  t o  
use  i n  a c o r r e l a t i o n  t e s t i n g  program are  g iven  i n  Reference [41.) 
The 8 columns a t  t h e  top  of Fig.  3 c o n t a i n  the  i n d i v i d u a l  va lues  of 
p u l l o u t  load. A t  t h e  bottom of each column are  shown t h e  average 
(AVG) , t h e  sum of squared r e s i d u a l s  (SSR) , t h e  s tandard  d e v i a t i o n  
(S.D.), and t h e  c o e f f i c i e n t  of v a r i a t i o n  (Ceve) expressed as a 
f r a c t i o n .  These  s t a t i s t i c a l  p a r a m e t e r s  w e r e  computed w i t h  
f u n c t i o n s  b u i l t  i n t o  t h e  spreadshee t  programe The bottom p o r t i o n  
of Fig.  3 shows t h e  corresponding v a l u e s  f o r  t h e  c y l i n d e r  s t r e n g t h  
tes ts .  

A t  t h i s  p o i n t ,  t h e  u s u a l  p r o c e d u r e  i s  t o  de t e rmine  the  
c o r r e l a t i o n  be tween  c y l i n d e r  s t r e n g t h  and p u l l o u t  l o a d  by 
performing a l i n e a r  r e g r e s s i o n  us ing  t h e  average v a l u e s  of p u l l o u t  
s t r e n g t h  and c y l i n d e r  s t r eng th .  Routine l i n e a r  r e g r e s s i o n  i s  based 
on two assumptions: 1) t h e  s tandard  d e v i a t i o n  of Y-values ( c y l i n d e r  
s t r e n g t h )  i s  c o n s t a n t  w i t h  inc reas ing  X-vabues ( p u l l o u t  load)  and 
2) t h e  X-values a re  known wi thout  e r r o r .  However, a s tudy [41 of 
the  s tandard d e v i a t i o n s  and c o e f f i c i e n t s  of v a r i a t i o n  of c y l i n d e r  
t es t s  and p u l l o u t  tes ts  showed t h a t  a b e t t e r  d e s c r i p t i o n  of t h e  
d a t a  i s  t h a t  they have c o n s t a n t  c o e f f i c i e n t s  of v a r i a t i o n .  I n  Fig. 
3 ,  t h e  c o e f f i c i e n t s  of v a r i a t i o n  of t h e  d i f f e r e n t  groups of p u l l o u t  
l oads  and c y l i n d e r  s t r e n g t h  a re  n o t  i d e n t i c a l .  However, i t  can be  
shown t h a t  the  d i f f e r e n c e s  are not statistically s i g n i f i c a n t  and 
can  b e  a t t r i b u t e d  t o  random e r r o r .  

It can be shown by propagat ion  of e r r o r  formulas  [51  t h a t  i f  
groups of t es t  d a t a  have a cons t an t  c o e f f i c i e n t  of v a r i a t i o n ,  t he  
s t a n d a r d  d e v i a t i o n s  of t h e  n a t u r a l  logar i thms of t h e  d a t a  a r e  
cons t an t  and approximately equal  t o  t h e  c o e f f i c i e n t  of v a r i a t i o n  of 
t h e  unt ransformécl  d a t a .  F o r  example ,  i f  t h e  c o e f f i c i e n t  of 
v a r i a t i o n  (expressed a s  a f r a c t i o n )  of a d a t a  group equals  O o l O ,  
t h e  s tandard d e v i a t i o n  of t h e  n a t u r a l  logar i thms of t h e  d a t a  i s  ' 
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6 Carino and Stone 

a l s o  equal  t o  about 0.10. Thus, t o  s a t i s f y  t h e  f i r s t  of t h e  above 
a s s u m p t i o n s ,  a b e t t e r  p r o c e d u r e  i s  t o  perform t h e  r e g r e s s i o n  
a n a l y s i s  a f t e r  t ransforming t h e  d a t a  by computing t h e i r  t h e  n a t u r a l  
logar i thms e 

When t h e  X-var iab le  has  a l a r g e  v a r i a b i l i t y ,  as i s  t h e  case 
f o r  p u l l o u t  load ,  a procedure o t h e r  than ord inary  l i n e a r  r e g r e s s i o n  
i s  n e e d e d  t o  compute t h e  b e s t  u n b i a s e d  e s t i m a t o r s  o f  t h e  
c o e f f i c i e n t s  of t h e  l i n e .  The procedures  f o r  such a r igo rous  
a n a l y s i s  are  presented i n  Ref [13Ie However, i t  w a s  found t h a t  the  
d i f  f e r e n c e s  be tween  t h e  c o r r e l a t i o n  c u r v e s  obtained from the  
r igo rous  a n a l y s i s  and t h e  method presented  h e r e  are  n o t  s i g n i f i c a n t  
f o r  t h e  purposes of conc re t e  s t r e n g t h  p red ic t ion .  Hence, f o r  t h i s  
s tudy ,  t h e  d a t a  were analyzed using r o u t i n e  l i n e a r  r e g r e s s i o n  wi th  
the  logar i thms of t he  tes ts  r e s u l t s .  

'Ehe n e x t  s t e p  i n  t h e  procedure i s  t o  compute t h e  n a t u r a l  
logar i thms of t he  i n d i v i d u a l  t es t  r e s u l t s .  F igure  4 shows t h a t  
p o r t i o n  of t h e  spreadshee t  g iv ing  t h e  logar i thms of t h e  tes t  v a l u e s  
p r e v i o u s l y  shown i n  P i g e  3 q  These  v a l u e s  w e r e  g e n e r a t e d  
au tomat ica l ly  using t h e  "log" and llcopyll f u n c t i o n s  of t h e  program9 
It w a s  no t  necessary t o  enter any a d d i t i o n a l  da ta .  Comparing t h e  
s tandard  d e v i a t i o n s  of t h e  transformed d a t a  w i t h  t h e  c o e f f i c i e n t s  
of v a r i a t i o n  of t h e  o r i g i n a l  d a t a ,  one sees t h a t  t h e  v a l u e s  a re  
about  t he  samee A l s o  shown i n  Fig.  4 are  t h e  v a l u e s  of t h e  
"pooled" s tandard d e v i a t i o n s  f o r  t h e  logar i thms of t he  p u l l o u t  and 
c y l i n d e r  tests. These are  ca l cu la t ed  by adding t h e  va lues  of t h e  
sum of squared r e s i d u a l s ,  d iv id ing  by t h e  corresponding degrees  of 
freedom, and tak ing  t h e  square  r o o t  of t h e  quo t i en t .  S ince  t h e  
s tandard d e v i a t i o n  of l1nl1 samples i s  based on "n-1" degrees  of 
f r eedomg t h e  a p p r o p r i a t e  d e g r e e s  o f  f r eedom € o r  t h e  p o o l e d  
estimates are 80 f o r  t h e  p u l l o u t  tests and 32 f o r  t h e  c y l i n d e r  
tests.  These d a t a  suggest  t h a t  €or t h i s  p a r t i c u l a r  conc re t e ,  which 
w a s  made w i t h  r i v e r  g r a v e l  aggrega te ,  t h e  v a r i a b i l i t y  of t he  
p u l l o u t  s t r e n g t h s  is a b o u t  t h r e e  t i m e s  t h a t  of t h e  c y l i n d e r  
s t r e n g  ths .  

. .  . -.i . . -. -. . . 
. .  

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

. .. . -  . .. 
. -  - .  . . .  . . - _ _  . 

: . . . .. . . 
. .  . _. . ..-._. 

-.. . .. .- . .: - . 

The above procedure impl ies  t h a t  t h e  i n d i v i d u a l  t e s t  r e s u l t s  
have a lognormal d i s t r i b u t i o n  r a t h e r  than  a normal d i s t r i b u t i o n  as 
i s  commonly assumed. It i s  f e l t  t h a t  any e r r o r s  introduced by t h i s  
assumption are n o t  s i g n i f i c a n t  as t h e r e  i s  evidence t h a t  conc re t e  
s t r e n g t h  can b e  represented  by a lognormal d i s t r i b u t i o n  [61. 

The a v e r a g e  v a l u e s  of t h e  l o g a r i t h m s  of t h e  p u l l o u t  and 
c y l i n d e r  s t r e n g t h s  a t  e a c h  t e s t  a g e  a r e  used  i n  t h e  l i n e a r  
r e g r e s s i o n  ana lys i s .  The formula f o r  t h e  s t r a i g h t  l i n e  i s  

where ln(C) = average of t h e  n a t u r a l  logar i thms of c y l i n d e r  
s t r e n g t h  ( C) , 

. .  . 
. . .  r ;  

Full document details: ACI SP-101-87

http://www.avadocuments.com/doc/aci-sp-101-87
http://www.avadocuments.com/doc/aci-sp-101-87


. . 

Computer Analysis f 9  

ln (P)  = average of t h e  n a t u r a l  logar i thms of p u l l o u t  
s t r eng  t h  ( P) , 

m = s lope  of t he  l i n e ,  
b = i n t e r c e p t  of t he  l i n e  on the  ln(C)-axis  

By taking the  an t i - logar i thm of Eq. (11, w e  o b t a i n  t h e  fol lowing 
equa t i o n  

b where B = e ,  
e = base  of t h e  n a t u r a l  logar i thm 

Thus p e r f o r m i n g  l i n e a r  r e g r e s s i o n  wi th  t h e  log-values of 
p u l l o u t  and c y l i n d e r  s t r e n g t h s  i s  e q u i v a l e n t  t o  f i n d i n g  the  
c o e f f i c i e n t s  of a power f u n c t i o n  (.ie ( 2 ) ) -  The power f u n c t i o n  
p a s s e s  t h r o u g h  t h e  o r i g i n  and t h e  v a l u e  of t h e  exponent, 
d e t e r m i n e s  the  degree  of non- l inear i ty .  For t h e  cace where  a. 
equals  1,  the  power f u n c t i o n  i s  a s t r a i g h t  l i n e  w i t h  a s lope  equal 
to B -  

!he procedure f o r  performing l i n e a r  r e g r e s s i o n  i s  g iven  i n  
Appendix A. This procedure was adapted from t h a t  g iven  i n  Chapter 
5 of Reference 17'1 which was developed f o r  d a t a  a n a l y s i s  using a 
c a l c u l a t o r .  The b a s i c  s t e p s  of t he  a n a l y s i s  involve f ind ing  the  
sums of va r ious  columns of numbers -- a simple procedure f o r  t he  
s p r e a d s h e e t  program. These  sums a r e  used  t o  c a l c u l a t e  t he  
c o e f f i c i e n t s  of t he  b e s t - f i t  l i n e  and t h e  e s t ima tes  of e r r o r o  

F igure  5 shows the  p o r t i o n  of t h e  spreadshee t  which p e r f o m s  
t h e  r e g r e s s i o n  a n a l y s i s .  The column l abe led  i'X" c o n t a i n s  the  
a v e r a g e  of t h e  logar i thms of t h e  p u l l o u t  loads  and t h e  column 
1 ab e 1 ed "Yr' c o n t a i n s  the  average o% t h e  logar i thms of c y l i n d e r  
s t r e n g t h s o  These v a l u e s  were copied from the  a p p r o p r i a t e  rows of 
t h e  p o r t i o n  of  t h e  s p r e a d s h e e t  shown i n  Fig.  4. The X- and 
Y-values have been arranged i n  inc reas ing  numerical. o rde r  (us ing  
t h e  " s o r t "  f u n c t i o n  of t h e  program) t o  f a c i l i t a t e  subsequent 
p l o t t i n g .  The t o p  h a l f  of F i g .  5 g i v e s  the  r e s u l t s  of t he  
c a l c u l a t i o n s  o u t l i n e d  i n  Appendix A. O f  p a r t i c u l a r  i n t e r e s t  a r e  
t h e  v a l u e s  of t h e  s lope ,  t he  i n t e r c e p t ,  and t h e i r  es t imated e r r o r s e  
The c o r r e l a t i o n  c o e f f i c i e n t ,  which i n  i t s e l f  i s  no t  a very use fu l  
s t a t i s t i c  [81, i s  commonly repor ted  as a q u a l i t a t i v e  i n d i e a t o r  of 
t h e  f i t  of t h e  d a t a  t o  t h e  r e g r e s s i o n  l i n e .  A more u s e f u l  
s t a t i s t i c  i s  t h e  s t a n d a r d  e r r o r  (shown as  "STERROR" on the  
spreadshee t ) ,  which i s  a measure of the  average d e v i a t i o n  of the  
d a t a  p o i n t s  about t h e  f i t t e d  l i n e  and i s  used €o r  determining the  
lower confidence l i m i t  of t he  c o r r e l a t i o n  curveo  

Having e s t a b l i s h e d  t h e  c o r r e l a t i o n  equat ion ,  ome may p l o t  t he  
d a t a  and the  b e s t - f i t  cu rveo  The bottom portiom of Fig.  5 g i v e s  the  
informat ion  f o r  p l o t t i n g  t h e  test  d a t a  and c o r r e l a t i o n  curve i n  
t e r m s  of logari thms o r  r e a l  u n i t s .  The v a l u e s  i n  t h e  columns 
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8 Carino and Stone 

labe led  "Ln(P)" and "En(C)" a r e  copied from t h e  "X" and "Yit columns 
i n  the  top p a r t  of t h i s  p o r t i o n  of t he  spreadsheet .  The va lues  i n  
t h e  column "Ln(C)est" are t h e  logari thms of t h e  est imated average 
c y l i n d e r  s t r e n g t h  f o r  t he  value's  i n  the  "En(P)" column, t h a t  i s ,  
they are va lues  on the  c o r r e l a t i o n  curve. The va lues  i n  t h e  column 
l a b e l e d  "Ln( C) low" d e f i n e  t h e  lower  confidence l i m i t  f o r  t he  
c o r r e l a t i o n  curve and are computed according t o  t h e  equat ion  g iven  
i n  s t e p  11 of Appendix A. Here, t he  lower l i m i t  i s  s e t  a t  the  35% 
confidence l e v e l ,  which means t h a t  f o r  any p u l l o u t  s t r e n g t h  t h e r e  
i s  a 95% p r o b a b i l i t y  t h a t  t h e  t r u e  va lue  of the  average c y l i n d e r  
s t r e n g t h  i s  above t h i s  l i m i t .  The f o u r  o t h e r  columns i n  the  lower 
h a l f  of Fig. 5 a r e  obta ined  by tak ing  the  an t i - logar i thms of the  
va lues  i n  t h e  prev ious  columns. F igure  6 ,  which was generated w$th 
the  p l o t t i n g  c a p a b i l i t i e s  of t he  program, shows the  average va lues  
of t h e  t e s t  r e s u l t s ,  t he  c o r r e l a t i o n  curve and the  lower confidence 
l i m i t .  The v a l u e  of a, equa l s  1.021 f o r  t h i s  p a r t i c u l a r  ca se ,  thus  
t h e  power func t ion  i s  nea r ly  a s t r a i g h t  l i n e .  

PREDICTION OP IN-PLACE STRENGTH 

The c o r r e l a t i o n  e q u a t i o n  may now b e  incorporated i n t o  a 
p rocedure  t o  e s t ima te  in-place c y l i n d e r  s t r e n g t h  based on  the  
r e s u l t s  of in-place t e s t s .  No s tandard prac t i c e  p re sen t ly  e x i s t s  
f o r  making a r e l i a b l e  e s t ima te  of in-place s t rength .  The fol lowing 
paragraphs d i s c u s s  t h e  n a t u r e  of t he  problems a s soc ia t ed  wi th  t h i s  
a spec t  of in-place t e s t i n g .  A simple procedure was developed t o  
address  these  problems and was implemented wi th  t h e  spreadshee t  
prog r am e 

I n  designing a s t r u c t u r e  t o  s a f e l y  r e s i s t  s e r v i c e  l o a d s s  the  
des igne r  uses  the  s p e c i f i e d  compressive s t r e n g t h  of t he  concrete .  
However, t h e  s t r e n g t h  of conc re t e  i n  a s t r u c t u r e  i s  v a r i a b l e  and 
can b e  descr ibed  by some type  of p r o b a b i l i t y  dens i ty  function.-  The 
s p e c i f i e d  s t r e n g t h  used f o r  des ign  i s  gene ra l ly  taken t o  r e p r e s e n t  
t he  s t r e n g t h  t h a t  i s  expected t o  be exceeded wi th  90% p r o b a b i l i t y ,  
t h a t  i s ,  i f  10 random samples were taken, 9 of them would be  
expec ted  t o  exceed t h e  s p e c i f i e d  s t rength .  To ensure t h a t  t h i s  
cond i t ion  i s  achieved, t h e  c o n t r a c t o r  i s  requi red  t o  use a concre te  
m i x t u r e  h a v i n g  a n  a v e r a g e  c y l i n d e r  s t r e n g t h  w e l l  above t h e  
s p e c i f i e d  s t r e n g t h ,  as prescr ibed  i n  Chapter 4 of AC1 318-83 [ a l e  

The o b j e c t i v e  of in-place t e s t i n g  i s  t o  a s su re ,  w i th  a high 
degree of confidence,  t h a t  t he  s t r e n g t h  of concre te  i s  s u f f i c i e n t  
f o r  t he  s t r u c t u r e  t o  s a f e l y  r e s i s t  c o n s t r u c t i o n  loads.  To provide a 
s a f e t y  m a r g i n  d u r i n g  c o n s t r u c t i o n  c o n s i s t e n t  w i th  t h a t  under 
s e r v i c e  cond i t ions ,  one needs t o  know t h e  in-place " c h a r a c t e r i s t i c  
s t rength"  of t he  conc re t e  i n  t h e  s t r u c t u r e ;  t h a t  i s ,  t he  s t r e n g t h  
expected t o  b e  exceeded wi th  90% probab i l i t y .  Using the  r e s u l t s  of 
in-place t e s t s  and t h e  appropr i a t e  c o r r e l a t i o n  curve,  one ob ta ins  
informat ion  about t h e  axexags in-place s t r eng th .  Howevers t h i s  i s  
i n s u f f i c i e n t  f o r  a s a f e t y  eva lua t ion  because one must a l s o  account 
€or t he  v_;if.iatlan of t h e  s t r e n g t h  i n  the  s t r u c t u r e .  P resen t ly ,  no 
s tandard p r a c t i c e  exis ts  f o r  making t h i s  de te rmina t ion  based on 

. .  
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i n - p l a c e  tes t s .  For t h e  case  of p u l l o u t  t e s t i n g ,  a suggested 
a p p r o a c h  [91 assumes t h a t  t h e  c o e f f i c i e n t  of v a r i a t i o n  of t he  
in-place compressive s t r e n g t h  i s  t h e  same as t h e  c o e f f i c i e n t  of 
v a r i a t i o n  of t he  in-place p d l l o u t  tests. Th i s  does not: seem t o  be  
a r e a s o n a b l e  a s s u m p t i o n  b e c a u s e  t h e  r e p o r t e d  r e s u l t s  f rom 
c o r r e l a t i o n  t e s t i n g  programs i n d i c a t e  t h a t  the  w i t h i n - b a t c h  
c o e f f i c i e n t  of v a r i a t i o n  o f  t h e  p u l l o u t  t e s t  i s  g r e a t e r  than  t h a t  
f o r  t h e  compression t e s t  of c y l i n d e r s  ~ 4 , 1 0 , 1 1 ~  e Thus t h e  approach 
i n  Reference [91, which i s  based on computing t h e  lower t o l e r a n c e  
l i m i t ,  overes t imates  t h e  v a r i a b i l i t y  o€ in-place c y l i n d e r  s t r e n g t h  
and g i v e s  overly conse rva t ive  estimates of in-place c h a r a c t e r i s t i c  
s t r e n g t h  141 An a l t e r n a t i v e  approach f o r  e s t ima t ing  in-place 
v a r i a t i o n  of c y l i n d e r  s t r e n g t h  h a s  b e e n  proposed [41 and i s  
d i s c u s  sed below o 

When an estimate of in-place compressive s t r e n g t h  i s  d e s i r e d ,  
one  s h o u l d  p e r f o r m  in-place tests and compute the  average and 
s tandard  d e v i a t i o n  of t h e  t es t  r e s u l t s .  However, because of t h e  
sampling process ,  t h e  sample average based on a f i n i t e  number of 
tests may not  b e  t h e  t r u e  average v a l u e  of t h e  concre te .  Hence, t o  
have a h igh  degree  of confidence i n  t h e  in-place t e s t  r e s u l t s ,  
al lowance must b e  made f o r  t h e  u n c e r t a i n t y  of t h e  sample averageo  

The c o r r e l a t i o n  equa t ion  i s  developed from a f i n i t e  number of 
t e s t s  i n  t h e  c o r r e l a t i o n  t e s t i n g  program. Thus t h e r e  i s  
u n c e r t a i n t y  a s s o c i a t e d  w i t h  t h e  r e l a t i o n s h i p  obta ined  from the  
r e g r e s s i o n  a n a l y s i s .  This unce r t a in ty  must a l s o  be  considered when 
us ing  the  c o r r e l a t i o n  curve  t o  conver t  in-place t es t  r e s u l t s  t o  
c y l i n d e r  s t r eng th .  

Based on t h e  above d i s c u s s i o n  i t  i s  concluded t h a t ,  t o  a s s u r e  
s t r u c t u r a l  s a f e t y  dur ing  c o n s t r u c t i o n ,  i t  i s  i n s u f f i c i e n t  t o  r e l y  
simply upon t h e  c o r r e l a t i o n  curve and t h e  average va lue  of t h e  
i n - p l a c e  t e s t s .  A r i g o r o u s  s t a t i s t i c a l  p r o c e d u r e  h a s  b e e n  
developed t o  e s t i m a t e  t h e  in-place c h a r a c t e r i s t i c  s t r e n g t h  a t  any 
d e s i r e d  confidence level  [131. The procedure,  which i s  r e f e r r e d  t o  
as t h e  "NBS Method", i s  r a t h e r  involved and i s  bes t - su i t ed  f o r  
programming us ing  a computer language such a s  FORTRAN or BASIC, 
Therefore ,  a s impler  a l t e r n a t i v e  procedure w a s  developed which can 
b e  incorpora ted  i n t o  t h e  p re sen t  a n a l y s i s  us ing  t h e  spreadshee t  
program. This s i m p l i f i e d  approach i s  compared w i t h  the  NBS Method 
i n  a subsequent p a r t  of t he  papere  

The s impl i f i ed  procedure i s  s imi la r ,  i n  p r i n c i p l e ,  t o  t h a t  
p r o p o s e d  i n  R e f .  1 1 2 1 ,  a n d  a t t e m p t s  t o  a c c o u n t  € O K  t h e  
u n c e r t a i n t i e s  mentioned i n  t h e  above d i s c u s s i a n ,  The p u l l o u t  t es t  
i s  used as a s p e c i f i c  example t o  i l l u s t r a t e  t he  approach, b u t  t he  
p r o c e d u r e  i s  e q u a l l y  a p p l i c a b l e  t o  o t h e r  methods t h a t  use  a 
c o r r e l a t i o n  equat ion.  

F i g u r e  7 i l l u s t r a t e s  t h e  s t e p s  of t h e  proposed procedure,  
which a re  as f011ows: 
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1) Determine t h e  average, Pa) and t h e  s tandard  dev ia t ion ,  
of t h e  n a t u r a l  logar i thms of t h e  in-place p u l l o u t  Spf,  

tests. 
Compute t h e  90% lower confidence l i m i t ,  Plm, f o r  t h e  
average of t h e  n a t u r a l  logar i thm of t h e  in-place p u l l o u t  
s t r e n g t h  us ing  the  fol lowing equat ion:  

2) 

where t = t h e  Student  t - v a l u e  f o r  ( n  -1) degrees  of Pf freedom a t  the  90% confidence l e v e l  
= number of in-place p u l l o u t  tests 

nPf 

3) Compute t h e  95% lower confidence l i m i t  f o r  t h e  es t imated  
a v e r a g e  of  t h e  l o g a r i t h m  of t h e  i n - p l a c e  c y l i n d e r  
s t r e n g t h ,  (Ca)low, by using t h e  v a l u e  o f ,  Plows and the  
formula i n  s t e p  11 of Appendix A. 

4) Compute t h e  logar i thm of t h e  in-place c h a r a c t e r i s t i c  
c y l i n d e r  s ' t rength,  CS, us ing  the  fol lowing formula 

where Z = 1.282, which i s  t h e  v a l u e  of t h e  s tandard  
n o m a l  v a r i a b l e  f o r  t h e  1 0 t h  p e r c e n t i l e  po in t  
of t h e  normal d i s  t r i b u t  %on 

logar i thm of the  in-place c y l i n d e r  s t r e n g t h  
SCf= t h e  es t imated  s tandard  d e v i a t i o n  of t h e  

It i s  proposed e41 t h a t  Sef can b e  es t imated  by assuming t h a t  
t h e  r a t i o  of t h e  s tandard  d e v i a t i o n  of c y l i n d e r  s t r e n g t h  t o  the 
s tandard  d e v i a t i o n  of p u l l o u t  s t r e n g t h  has  t h e  same v a l u e  i n  the  
f i e l d  a s  in t h e  l a b o r a t o r y  dur ing  t h e  c o r r e l a t i o n  t e s t i n g .  Thus 
Scf i s  obtained as fol lows:  

where Sccf = t h e  pooled s tandard d e v i a t i o n  of t h e  logar i thms of 
c y l i n d e r  s t r e n g t h  from the  l abora to ry  c o r r e l a t i o n  
tests 

S = t h e  pooled s tandard  d e v i a t i o n  of t h e  logar i thms of 
p u l l o u t  s t r e n g t h  from t h e  l a b o r a t o r y  c o r r e l a t i o n  
tes ts  
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The f i n a l  s t e p  i s  t o  t ake  t h e  a n t i - l o g a r i t h n  of t h e  va lue  
obtained i n  Eqo ( 4 ) .  Thus one o b t a i n s  an estimate of t h e  in-place 
c h a r a c t e r i s t i c  s t r e n g t h  which can  b e  compared wi th  t h e  s t r e n g t h  
requi red  t o  s a f e l y  res i s t  c o n s t r u c t i o n  loads .  

F igu re  8 shows t h e  p o r t i o n  of t h e  spreadshee t  which estimates 
t h e  i n - p l a c e  c h a r a c t e r i s t i c  s t r e n g t h  according t o  t h e  proposed 
procedureo For t h e  sake of i l l u s t r a t i o n ,  10 h y p o t h e t i c a l  in-place 
p u l l o u t  s t r e n g t h s  are  shown on t h e  l e f t  s i d e  of t h e  Spreadsheet.  
These va lues  are  en te red  i n t o  t h e  c e l l s  of t h e  spreadshee t  by t h e  
U s e r a  The program computes t h e  logar i thms of t h e  p u l l o u t  v a l u e s  
and computes t h e  average and s tandard  dev ia t ion .  These v a l u e s  are  
au tomat ica l ly  s u b s t i t u t e d  i n t o  t h e  a p p r o p r i a t e  equat ions  which have 
b e e n  e n t e r e d  i n t o  t h e  t e m p l a t e  s p r e a d s h e e t ,  and t h e  in-place 
c h a r a c t e r i s t i c  s t r e n g t h  i s  computed and d isp layed .  F igure  9 shows 
a p o r t i o n  of t h e  c o r r e l a t i o n  c u m e  and i t s  lower conf idence  l i m i t ,  
and i t  i l l u s t r a t e s  t h e  sequence of s t e p s  i n  going from t h e  average 
of t h e  l o g a r i t h m  of  p u l l o u t  s t r e n g t h s  t o  t h e  l o g a r i t h m  o f  
c h a r a c t e r i s t i c  s t r e n g t h .  I f  t h e  number of in-place p u l l o u t  tests 
were n o t  equal t o  10, t h e  u s e r  e n t e r s  i n t o  t h e  a p p r o p r i a t e  c e l l  o€ 
t h e  spreadsheet  t h e  c o r r e c t  t -va lue  f o r  t h e  number of tests. 

I n  t h i s  example t h e  es t imated  c h a r a c t e r i s t i c  s t r e n g t h  (rounded 
o f f  t o  t h e  n e a r e s t  10 p s i )  i s  1650 p s i .  Not ice  i n  Pig,  8 t h a t  t h e  
v a l u e  of average c y l i n d e r  s t r e n g t h ,  Ca, i s  2140 p s i  ( a l s o  rounded 
o f f  t o  n e a r e s t  10 p s i ) .  This  d i f f e r e n c e  of 490 p s i  arases because 
t h e  proposed method accounts  f o r :  1) t h e  v a r i a b i l i t y  of in-place 
c y l i n d e r  s t r eng th ;  2) t he  v a r i a b i l i t y  of in-place p u l l o u t  tes ts ;  
and 3 )  t h e  v a r i a b i l i t y  of t h e  c o r r e l a t i o n  equat ion.  To assess 
s t r u c t u r a l  s a f e t y  d u r i n g  c r i t i c a l  s t a g e s  of c o n s t r u c t i o n ,  t he  
es t imated  c h a r a c t e r i s t i c  s t r e n g t h  of 1650 p s i  would b e  compared 
w i t h  t h e  requi red  s t r eng th .  

The proposed procedure i s  conse rva t ive  as a s s u r e s  w i t h  h igh  
confidence t h a t  t h e  t r u e  in-place c h a r a c t e r i s t k  s t r e n g t h  w i l l  be  
as  l e a s t  a s  l a r g e  as  t h e  e s t i m a t e d  va lue .  The next  s e c t i o n  
compares the  p r e s e n t  procedure w i t h  the  r igo rous  NBS Method. 

CONFIDENCE LEVEL, OF STRENGTH PREDICTION 

The r igo rous  a n a l y s i s  d e t e m i n e s  t h e  va lue  of t h e  in-place 
c h a r a c t e r i s t i c  s t r e n g t h  f o r  any d e s i r e d  conf idence  l e v e l .  For 
e x a m p l e ,  i f  t h e  c o n f i d e n c e  l e v e l  i s  0.95, t h e r e  i s  a 95% 
p r o b a b i l i t y  t h a t  t h e  t r u e  c h a r a c t e r i s t i c  s t r e n g t h  i s  a s  l e a s t  as 
l a r g e  a s  t h e  computed v a l u e .  The d e t a i l s  of t h e  method a r e  
presented  i n  Reference 1131 . The key s t e p  involves  computing the  
v a r i a n c e  of t he  es t imated  in-place c h a r a c t e r i s t i c  s t r eng th .  This 
v a r i a n c e  and t h e  a p p r o p r i a t e  S tudent  t - v a l u e  a re  used t o  c a l c u l a t e  
t h e  lower confidence l i m i t  of t h e  t r u e  C h a r a c t e r i s t i c  s t r eng th .  
The r i g o r o u s  method a c c o u n t s  f o r  t h e  v a r i a b i l i t y  of p u l l o u t  
s t r e n g t h  i n  t h e . r e g r e s s i o n  a n a l y s i s ,  and i t  a l s o  uses  Eq. (5) t o  
c a l c u l a t e  the  s tandard  d e v i a t i o n  of in-place c y l i n d e r  s t r eng ths .  
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The p roposed  s i m p l i f i e d  procedure s imultaneously uses  t h e  
lower 90% confidence l i m i t  of t h e  average in-place p u l l o u t  s t r e n g t h  
and t h e  l o w e r  95% c o n f i d e n c e  l i m i t  of t h e  p red ic t ed  average 
c y l i n d e r  s t r e n g t h .  I n  a d d i t i o n ,  r e g r e s s i o n  a n a l y s i s  does n o t  
account f o r  t h e  u n c e r t a i n t y  i n  t h e  p u l l o u t  s t r eng th .  Thus the  
confidence level  of t h e  computed in-place c h a r a c t e r i s t i c  s t r e n g t h  
i s  no t  e n t i r e l y  c l e a r .  To determine whether t h e  proposed method i s  
r e l i a b l e ,  t h e  c h a r a c t e r i s t i c  s t r e n g t h s  computed by t h i s  method were 
compared w i t h  the  v a l u e s  obtained by t h e  NBS Method. 

For t h i s  comparison, f o u r  d i f f e r e n t  c o r r e l a t i o n  r e l a t i o n s h i p s  
w e r e  used  a long  w i t h  d i f f e r e n t  s imulated in-place p u l l o u t  t e s t  
r e s u l t s .  The f o u r  c o r r e l a t i o n  r e l a t i o n s h i p s  are f o r  t he  tes t  
series descr ibed  i n  Ref. [41. Tes t  series %'O" and "G54" r e f e r  t o  
tes ts  on conc re t e  made w i t h  r iver  g r a v e l  coa r se  aggrega te  and using 
apex ang le s  of 70 and 54 degrees ,  r e spec t ive ly .  T e s t  series "LS" 
and "EW" r e f e r  t o  tests us ing  crushed l imes tone  and l i gh twe igh t  
aggrega te  w i t h  a 70-degree apex angle .  

Table 1 compares t h e  r e s u l t s  of t h e  r e g r e s s i o n  ana lyses  of t h e  
c o r r e l a t i o n  t e s t  d a t a  obtained w i t h  t h e  approximate procedures  
proposed here .  Note t h a t  t h e  b e s t - f i t  l i n e s  have s tandard  e r r o r s  
r a n g i n g  from 0.032 t o  0.093. The r eade r  w i l l  r eca l l  t h a t  t he  
s tandard  e r r o r  i s  a measure of t h e  average d e v i a t i o n  of t h e  d a t a  
p o i n t s  a b o u t  t h e  r e g s e s s i o n  l i n e .  A l s o  n o t e  t h a t  f o r  t h e  
c o r r e l a t i o n  tes ts  w i t h  l i gh twe igh t  aggrega te  conc re t e  t h e  pooled 
s tandard  d e v i a t i o n  of t he  logar i thms of p u l l o u t  s t r e n g t h  w a s  lower 
than  f o r  t h e  conc re t e s  made wi th  g r a v e l  and crushed l imestone.  The 
s i g n i f i c a n c e  of t h i s  f a c t  is discussed  l a t e r .  

T h r e e  nominal levels  of s imulated average in-place p u l l o u t  
s t r e n g t h  were used (3000, 5000, and 8000 l b s )  a long w i t h  two l e v e l s  
of c o e f f i c i e n t  of v a r i a t i o n  (10  % and 20%) I n  a d d i t i o n ,  two cases 
w e r e  s tud ied :  i n  one e a s e  t h e r e  were 10 in-place p u l l o u t  tests, and 
i n  t h e  second c a s e  there were 15 tests. For  t h e  l i gh twe igh t  
conc re t e  t h e  8000-lb p u l l o u t  s t r e n g t h s  were no t  used because they 
are g r e a t e r  than  t h e  maximum p u l l o u t  s t r e n g t h  obta ined  dur ing  t h e  
c o r r e l a t i o n  t e s t i n g ,  A c o r r e l a t i o n  equat ion  should not  be  used f o r  
e x t r a p o l a t i n g  beyond t h e  l i m i t s  of t h e  c o r r e l a t i o n  t e s t i n g  program, 
n e r e f o r e ,  when developing the  c o r r e l a t i o n  curve ,  one should b e  
c e r t a i n  t o  cover  t h e  complete range of s t r e n g t h s  expected a t  the  
job site. 

Table 2 summarizes t h e  r e s u l t s  of t h e  c a l c u l a t i o n s .  Column 5 
g i v e s  t h e  average p red ic t ed  c y l i n d e r  s t r e n g t h  corresponding t o  the  
average p u l l o u t  s t r e n g t h  based on t h e  c o r r e l a t i o n  curve  obta ined  
from t h e  procedure presented  h e r e e  Columns 6 and 7 g i v e  the 
eseimated c h a r a c t e r i s t i c  s t r e n g t h s  based on t h e  NBS Method and OR 

t h e  method proposed here .  m e  c h a r a c t e r i s t i c  s t r e n g t h  f o r  t h e  NBS 
Method r e p r e s e n t s  t h e  lower 95% confidence l i m i t .  The l a s t  column 
in Table 2 shows t h e  pe rcen t  d i f f e r e n c e s  between the  v a l u e s  i n  
columns 7 and 60 The d i f f e r e n c e s  tend t o  b e  smaller when tlie 
p u l l o u t  tests have g r e a t e r  v a r i a b i l i t y .  The average of t h e  percent  
d i f f e r e n c e s  i s  -2,6%, which means t h a t  t h e  proposed method r e s u l t s  
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i n  a c h a r a c t e r i s t i c  s t r e n g t h  which i s ,  on t h e  average, smaller than  
t h e  lower 95% conf idence  l i m i t  of t h e  NBS Method. This d i f f e r e n c e  
i s  on t h e  conse rva t ive  s i d e  and i s  considered t o  b e  accep tab le  f o r  
p r e d i c t i n g  in-place conc re t e  s t r eng th .  

F igure  10 shows t h e  percentage  d i f f e r e n c e s  g iven  i n  Table 2 
p l o t t e d  a s  a f u n c t i o n  of t h e  s tandard  e r r o r  of t h e  c o r r e l a t i o n  
cu rveso  It i s  seen  t h a t  t h e  number of in-place tes ts  does n o t  have 
a s i g n i f i c a n t  e f f e c t  on t h e  d i f f e r e n c e s .  However, t he  s tandard  
e r r o r  o f  t he  c o r r e l a t i o n  c u m e  a f f e c t s  t h e  d i f f e r e n c e  between t h e  
two methods. With inc reas ing  s tandard  e r r o r ,  t h e  proposed method 
tends  t o  be  more conse rva t ive  than  t h e  WBS Method. Note t h a t  t h e  
pe rcen t  d i f f e r e n c e s  €o r  t h e  l i gh twe igh t  conc re t e  series appear t o  
d e v i a t e  from t h e  t r end  of t h e  normalweight concre tes .  This  i s  
probably due t o  t h e  lower c o e f f i c i e n t  of v a r i a t i o n  of t h e  p u l l o u t  
s t r e n g t h s  o b t a i n e d  d u r i n g  t h e  c o r r e l a t i o n  t e s t i n g  w i t h  t h e  
l i gh twe igh t  concre te .  When t h e  same h y p o t h e t i c a l  in-place p u l l o u t  
t e s t  d a t a  a r e  used w i t h  t h e  l i gh twe igh t  conc re t e ,  t he  p red ic t ed  
v a r i a b i l i t y  of t h e  in-place c y l i n d e r  s t r e n g t h  i s  g r e a t e r  t han  w i t h  
t h e  normal weight  conc re t e s  ( s e e  E q .  ( 5 ) ) ,  and t h i s  apparent ly  
reduces the  d i f f e r e n c e  between v a l u e s  obta ined  by the  two methods. 

I n  summarys i t  has  been shown t h a t  t h e  s i m p l i f i e d  method is 
r e l i a b l e  and g i v e s  v a l u e s  of in -p lace  c h a r a c t e r i s t i c  s t r e n g t h  t h a t  
a r e ,  on the  average,  s l i g h t l y  l ess  than  t h e  lower 95% confidence 
l i m i t  o b t a i n e d  f rom t h e  r i g o r o u s  NB§ Method. The degree  of 
c o n s e r v a t i s m  o f  t h e  p r o p o s e d  method i n c r e a s e s  wi th  inc reas ing  
s t a n d a r d  e r r o r  o€ t h e  c o r r e l a t i o n  curve ,  and i t  dec reases  w i t h  
i n c r e a s i n g  v a r i a b i l i t y  of t h e  in-place s t r e n g t h .  ‘Ehe proposed 
method i s  a s i g n i f i c a n t  improvement  over  t h e  t o l e r a n c e  l i m i t  
approach [91,  which has  been shown t o  b e  over ly  conse rva t ive  [4Iœ 

SUMMARY 

The use of in-place t e s t i n g  t o  assess conc re t e  s t r e n g t h  dur ing  
t h e  a p p l i c a t i o n  of  c r i t i c a l  c o n s t r u c t i o n  l o a d s  r e q u i r e s  a 
prev ious ly  e s t a b l i s h e d  r e l a t i o n s h i p  between c y l i n d e r  s t r e n g t h  and 
t h e  q u a n t i t y  measured by t h e  in-place tes t .  I n  a d d i t i o n ,  t he  
in-place t es t  r e s u l t s  need t o  b e  eva lua ted  i n  a manner t h a t  a s s u r e s  
h i g h  c o n f i d e n c e  i n  t h e  estimate of t h e  in-place c h a r a c t e r i s t i c  
s t r eng th .  It i s  proposed t h a t  t h e  e v a l u a t i o n  of in-place t e s t  
r e s u l t s  s h o u l d  a c c o u n t  f o r  t h e  f o l l o w i n g  m a j o r  sources of  
v a r i a b i l i t y  o r  u n c e r t a i n t y :  

1 )  t he  v a r i a b i l i t y  of in-place c o n c r e t e  s t r e n g t h ;  
2) t he  u n c e r t a i n t y  i n  t h e  sample average of t h e  in-place t e s t  

r e s u l t s ;  and 
3)  , t he  u n c e r t a i n t y  i n  t h e  c o r r e l a t i o n  r e l a t i o n s h i p  de r ived  

from a l i m i t e d  set  of l a b o r a t o r y  tests. 
This  paper h a s  desc r ibed  how a personal  computer, combined w i t h  

a v a i l a b l e  s p r e a d s h e e t  s o f t w a r e ,  c a n  b e  used  t o  automate t h e  
computations r equ i r ed  f o r  e s t a b l i s h i n g  t h e  c o r r e l a t i o n  curveo  A : 
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procedure i s  proposed f o r  making s t a t i s t i c a l l y  v a l i d  estimates of 
i n - p l a c e  c h a r a c t e r i s t i c  s t r e n g t h .  The proposed method, wh i l e  
s i m p l e  t o  implement, has  been shown t o  g i v e  s t r e n g t h  estimates 
s i m i l a r  t o  t h o s e  of  a more r i g o r o u s  a n a l y s i s .  The r igo rous  
a n a l y s i s ,  being more involved,  i s  b e t t e r  s u i t e d  f o r  coding w i t h  a 
computer language such as  FORTRAN o r  BASIC.  E f f o r t s  a re  underway te 
p r e p a r e  an i n t e r a c t i v e  computer program' which is based on the  
r igo rous  a n a l y s i s  and which w i l l  ass is t  the u s e r  i n  i n t e r p r e t i n g  
in-place t es t  r e s u l t s .  

To use  a Spreadsheet program f o r  t h e  d a t a  a n a l y s i s  procedure 
descr ibed  i n  t h i s  paper ,  t h e  u s e r  must f i r s t  p repare  a "template" 
spreadshee t  conta in ing  b l ank  c e l l s  f o r  d a t a  inpu t  and formulas f o r  
t he  requi red  computations. A d e t a i l e d  procedure €or  prepar ing  t h e  
template  spreadshee t  u s  d i n  t h i s  study i s  a v a i l a b l e  on r eques t  

spreadshee t  a s  s to red  as a f i l e  on a d i sk .  
f rom t h e  f i r s t  a u t h o r  9 . A f t e r  i t  i s  prepared ,  t h e  templa te  

When a c o r r e l a t i o n  r e l a t i o n s h i p  needs t o  b e  determined, t h e  
t e m p l a t e  s p r e a d s h e e t  i s  r e t r i e v e d  and t h e  t e s t  d a t a  from the  
c o r r e l a t i o n  t e s t i n g  program are en tered  i n t o  t h e  appropr i a t e  blank 
cel ls .  Af t e r  a l l  d a t a  a r e  en te red ,  t h e  formulas a r e  eva lua ted  and 
t h e  r e s u l t s  are d isp layed .  The completed spreadshee t  may b e  s to red  
a s  another  f i l e s  thereby c r e a t i n g  a complete record  of t h e  d a t a  
and t h e  c o r r e l a t i o n  r e l a t i o n s h i p .  The template  spreadshee t  remains 
a v a i l a b l e  f o r  a n a l y s i s  of o t h e r  c o r r e l a t i o n  da ta .  

Af t e r  in-place t e s t s  are performed, t h e  completed spreadshee t ,  
which i s  s to red  on d i s k ,  is r e t r i e v e d  and the  t e s t  r e s u l t s  a r e  
e n t e r e d  i n t o  t h e  a p p r o p r i a t e  cel lso The u s e r  a l s o  e n t e r s  t h e  
S tudent  %-value corresponding t o  t h e  number of tests. The program 
computes  t h e  in -p lace  c h a r a c t e r i s t i c  s t r e n g t h  according t o  t h e  
proposed method. This  v a l u e  can then  b e  compared w i t h  t h e  s t r e n g t h  
r equ i r ed  for s a f e  a p p l i c a t i o n  of c o n s t r u c t i o n  loads.  

By using spreadshee t  sof tware  f o r  this type of d a t a  a n a l y s i s ,  
one may t ake  advantage of t h e  speed and cons is tency  of automated 
computation w i t h  no background i n  computer programming. A f u r t h e r  
b e n e f i t  of automated a n a l y s i s  i s  t h a t  i t  promotes uniform d a t a  
a n a l y s i s  among d i f f e r e n t  organiza t ions .  

' s t o n e ,  W. C. "NBS-INSITü: An I n t e r a c t i v e  Microcomputer 
Program for A n a l y s i s  of  I n - P l a c e  T e s t  Da ta , "  M a n u s c r i p t  i n  
p r e p a r a t i o n  
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T B L E  1 

Comparison of Regression Analyses of Data 
From C o r r e l a t i o n  Tes t ing  Program [41 

es O River  90 0.037 0,112 1.021 0.606 0.0546 
Gravel  

654 River  54 0.037 0.093 1.024 Oe474 0.0931 
Gravel 

LS Crushed 70 0.045 0.096 0.860 2.239 0.8321 
Limestone 
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TABLE 2 
Comparison of In-Place C h a r a c t e r i s t i c  S t r e n g t h s  

Using Proposed Method and NBS Method 1131 

--_-------_----_----_________p__________----------------------------- 

IN-PLACE PULLOUT TESTS CHARACTERISTIC STRENGTH 
PRED NBS METHOD PROPOSED % BIFF 

TEST No PO AVG. LOAD C.V. AVG STR 95% Prob METHOD (7-6)/6 
SERPES TESTS ( I b )  (%I  ( p s i )  ( p s i )  ( p s i )  % 

Pl1  121 131 1 41 151 i 6 1  [SI I: 81 
----------------_--__________________b_C-------------~--------------- 

G7 O 10 3010 10.9 2140 1880 1810 -3.7 
G9 O 10 3030 20.7 2130 1700 1650 -2.9 
G7 O 10 4970 1 1 . 9  3590 3130 3060 -2.2 
G 7  O 10 5060 20.3 3610 2890 2860 -1 .O 
G7 O 10 8120 9.9 5 960 5260 5040 -4.2 
G70 10 8110 21.9 5820 4400 4320 -1.8 
G54 10 3010 10.9 1690 1420 1320 -7 e 0  
G54 10 3030 2007 1680 1300 P 200 -7 07 
G54 10 4970 1 1 0 9  2 860 2450 2330 -4.9 
654 10 5060 20.3 2880 2270 2170 -4.4 
G54 1 0  81 20 9.9 47 90 41 60 3 930 -5.5 
G54 10 8110 2109 46 80 3500 3360 -4.0 

LS 10 3810 10.9 2170 1890 1850 -2.1 
ES 10 3030 20.7 2160 1680 1670 -0.6 
LS 10 4970 11.9 3350 2880 2870 -0.3 
LS 10 5060 20.3 3370 2620 2660 l e 5  
LS 10 8120 9.9 5120 4510 4440 -1 - 6  
LS 10 8110 21.9 5020 3680 3750 1.9 

LW 10 3030 2007 2160 1470 147’0 0.0 
LW 10 4970 11.9 3780 2990 2 970 -0.7 
LW 10 5060 20.3 3810 2590 2640 1.9 

G7 O 15 3070 10.1 2200 1950 1880 -3 * 6  
G 7  O 15 3005 19.6 2120 1760 1690 -4*0 
67 O 15 4970 9.1 3600 3270 3180 -2.8 
G7 O 15 5180 19.8 3690 3030 2980 -1 e7 
G7 O 15 9990 907  5 840 5240 5020 -4.2 
G7 O 15 8430 19.8 6088 4980 4800 -3.6 
G54 15 3070 10.1 1760 1460 1380 -5.5 
G54 15 3005 19.6 1700 1330 1230 -905 
G54 15 4970 9.1 2880 2540 2440 -3 0 9 
G54 15 5180 19.8 2960 23 80 2270 -4.6 
G54 15 7 990 9. 7 46 80 4140 3 910 -5.6 
G54 15 8430 1908 4870 3950 3730 -5.6 
ES 15 3070 10.2 2220 1960 1910 -2e6 
LS 15 3005 19.6 2150 1740 1910 -1 07 
LS 15 4990 9.1 3360 3030 2990 -1 03 
LS 15 5180 19.8 3430 2730 27 50 Oe7 
LS 15 7990 9.7 5040 4510 4430 -1 o 8 
LS 15 8430 19.8 5220 4160 4150 -0.2 
LW 1 5- 3070 10.9. 2230 1840 1800 . -202 
LW 15 3005 19.6 2150 1540 1530 -0 .6  
LW 15 4970 9.1 37 90 3220 3150 -2.2 
LW 15 5180 19.8 3 900 2730 27’50 O. 7 

LTJ 10 3010 10.9 21 80 17 60 1720 -2.3 
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APPENDIX A 

PROCEDURE FOR LINEAR REGRESSION 

Xi = Average of n a t u r a l  logar i thms of Pu l lou t  Load in Group 1. 

'II; = Average of n a t u r a l  logari thms of Cyl inder  S t rength  i n  Group i 

n = Number of d a t a  groups 

1 ,  E i s t  t h e  X-values -and Y-values and compute t h e i r  products.  
Compute t h e  sums of t h e  columns. 

2. Compute t h e  average of X-values and Y-valuesc 
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4. Compute the  s lope  of t h e  l i n e .  

sxx 

5 .  Compute the  i n t e r c e p t  of t h e  f i n e .  

b = Y a  - m X a  

6. Compute t h e  sum of t h e  squares  of t h e  r e s i d u a l s  of Y-values 
from t h e  b e s t - f i t  l i n e .  

7. Compute the  s tandard  e r r o r  of Y-values about t h e  b e s t - f i t  l i n e .  

/ssa 
sEY 

8. Compute the  s tandard  e r r o r  of t h e  s lope.  

- ---e- sEY 

G 
SEm - 

9. Compute the  s tandard  e r r o r  of t h e  i n t e r c e p t .  

PO. Compute the  c o r r e l a t i o n  c o e f f i c i e n t .  

r = m  

11, Compute the  lower confidence l i m i t  (Yiow) f o r  t h e  es t imated  
v a l u e  of Y (Yest> f o r  any new v a l u e  of X e  

where F = v a l u e  from P - d i s t r i b u t i o n  a t  t h e  d e s i r e d  
confidence level  and f o r  (2,n-2) degrees  
of freedom 
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4 1  
5 1  
6 1  
7 1  
8 1  
9 1  

10 I 
11 1 
12 I 
13 I 
14 1 
15 ! 
16 I 
17 I 
1 8  I 
19 I 
20 I 
21 I 
22 I 
23 I 
24 I 
25 I 
26 I 
27 I 
28 I 
29 I 
30 1 
31 I 
32 I 
33 I 

1 I 119220 I 112000 
2 f 119480 ! 138470 
3 I 113910 I 111150 
4 I 103140 I 128090 
5 I 161100 I 110190 
6 I i37740 ! 130730 
7 I 141850 I 132220 
8 1  
9 !  

10 I 
11 1 
12 I 
13 I 
14 ! 
15 1 
16 ! 
17 I 
1 8  ! 
19 1 
20 I 
21 I 
22 I 
23 I 
24 ! 
25 I 
26 I 
27 I 
28 I 
29 I 
30 I 

130530 I 
136620 I 
136870 I 
110800 I 
I50090 ! 
147530 I 
136070 ! 
139570 I 
129300 I 
135060 I 
135290 I 
105380 I 
129980 1 
143500 1 
113403 ! 
138670 1 
118040 I 
129350 I 
141400 I 
130180 I 
127450 I 
140930 I 
133150 ! 

121260 I 
107780 ! 
136720 I 
106140 I 
126900 1 
131250 I 
129450 I 
130920 I 
119730 I 
130611 1 
122850 I 
123250 I 
125620 I 
144900 I 
129660 I 
134550 I 
128850 I 
133621 I 
121600 ! 
129050 I 
124340 1 
128800 I 
121520 I 

.- . - . .  

4217 I 
4226 I 
4029 I 
3648 I 
5699 I 
4872 I 
5018 I 
4617 I 
4833 I 
4842 I 
3919 I 
5309 I 
5219 I 
4813 I 
4937 1 
4574 ! 
4778 I 
4786 I 
3728 I 
4598 I 
5076 I 
4011 I 
4905 ! 
4175 I 
4576 I 
5002 I 
4605 I 
4508 I 
4985 I 
4710 1 

3962 I 

3932 I 
4531 I 
3898 ! 
4624 I 
4677 I 
4289 I 
3813 I 

3755 I 
4489 I 
4643 I 
4579 I 
4631 ! 
4235 I 
4620 I 
4346 I 
4360 ! 
4444 I 
5126 I 
4586 1 
4759 I 
4530 I 
4727 I 
4301 I 
4565 I 
4398 I 
4556 I 
4299 I 

4898 I 

4836 1 

4089 1 
4562 1 
3981 I 
4090 ! 
4798 I 
4748 I 
4849 I 
4453 I 
4323 I 
4839 I 
3837 I 
4899 I 
4931 I 
4694 I 
4784 I 
4404 I 
4699 I 
4566 I 
4044 I 
4521 I 
5101 ! 
4299 I 
4832 I 
4352 1 
4651 ! 
4652 I 
4585 I 
4453 I 
4771 I 
4504 I 

I 
I 

4211 I 
4211 I 
4289 I 
4545 I 
4798 1 
4683 I 
4541 I 
4538 I 
4333 I 
4525 I 
4556 I 
4842 I 
4804 I 
4628 I 
4629 I 
4556 ! 
4436 I 
4397 I 
4555 I 
4640 ! 
4744 I 
4495 I 
4612 I 
4552 I 
4629 I 
4563 I 
4603 I 
4576 I 

.; . . 
. . ._ Fig. 1--Example of spreadsheet used to analyze cylinder test resul ts  

. .  

f. a .  

1.. . . .  - .  .. . 

. .  

. _  
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4.9 
4.8 
4.7 
4.6 
4.5 

c? 4.4 
Q 4.3 
d 4.2 
t- %. 4.1 
%i 4 

84 

w n  

w 9  

+==E 
o 3.9 

v) 5 3.8 
(9 3.9 2 3.6 

3.5 
3.4 
5.3 
3.2 
9.1 

3 
O 4 8 12 16 ao 24 as 

TEST NUMRBrn 

Fig. 2--Example of plot generated by spreadsheet program 

1 

PULLOUT LOAD (lb) 

1 2580 5772 2 892 63 92 3 940 6647 4022 6971 
2 1896 6110 2646 7702 3703 8679 40 93 8177 
3 2124 6387 2728 6705 3632 7385 3566 8820 
4 1988 5227 2754 5388 4685 7351 4178 9027 
5 2309 6341 2717 5904 3282 7530 48% 8983 
6 2164 4621 . 2647 5213 37 27 6498 44 41 541 1 
7 2164 6663 27 83 826 8 421 8 80 57 46 94 8163 
8 207 4 6466 2675 6989 3385 8884 4528 8421 
9 241 5 6179 2970 7683 3706 7989 4828 9091 

10 2481 6830 27 92 7330 3954 7 846 5042 8872 
11 1864 6476 2506 6871 3 837 7493 4379 7064 

n= 11 11 11 11 11 11 11 11 
AVG= 21 85 60 97 2737 6768 3434 7660 4487 80 91 
SSR= 566171 4329075 * 157810 9548259 676403 5246931 2096207 13426171 

S.D.= 23 8 658 126 97 7 260 7 2 4  458 1159 
C . V . =  0.109 0,108 0.046 0.144 0.070 0.095 0.102 0.143 

CYLINDER STRENGTH ( p a i )  

1 1610 4090 21 10 4 5 m  2705 6090 3295 6335 
2 1550 4040 1925 4605 2 850 5490 3355 6040 
3 1495 413 5 21 50 4615 2 540 5530 3270 4370 
4 1430 4330 2020 4560 2660 6120 3335 6375 
5 1460 3 940 2090 4600 2 800 5830 3295 6000 

n= 5 5 5 5 5 5 5 5 
AVG = 1509 4111 2059 4592 2711 5808 3310 6224 
SSR= 20720 80820 31320 1930 , 59120 3 4 4 8 m  4700 140470 

S.D.= 72 142 88 22 122 2 94 34  187 
C.V.=  0.048 0.035 0.043 0.005 06045 OeQ51 0.010 0.030 

Fig. 3--Portion of the spreadsheet used for entering data from 
correlation testing program 
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TRANSFORPIED CORRIZUTION DATA 

NAIQRAL L O G  OB PULLOUT LOAü 

1 7 e 856 8.661 7.970 8.963 8.279 8.802 8.300 8.850 
2 7.537 8.718 7.881 8.949 8.217 9.069 8.317 9.009 
3 7.661 8.762 9.911 8.811 8.198 8.907 8.179 9,085 
4 7.595 8.562 7 921 8.592 t 8.212 8.903 8.338 9.108 
5 7.745 8.755 7.907 8.683 8.096 8.927 

7 7,680 8.804 7 931 9.020 8.347 8.994 8.454 9.007 
8 7.637 8,774 7.892 8.852 8.127 9.083 8.418 9.038 

8.947 8.218 8.9% 8.482 9.115 9 7.789 8.729 9.996 
10 7.816 8.829 7.935 8. 900 8.282 8.968 8.526 9.091 
11 7.530 8.776 7.826 8.835 8.252 8.919 8.472 8.863 

n= 11 11 11 11 11 11 11 11 
AVG= 7.6 84 8.710 7.914 8.810 8.223 8.940 8.404 8.988 
SSR= 0.118 0.135 00021 0.222 0.049 0.091 0.114 0.255 

S.D.= 0.108 0.116 0.046 0.149 Oe070 0.095 0.107 0.160 

8.495 9.103 
8.464 8.596 6 7.680 8.438 7.881 8.559 8.223 8.779 

.......................................................................................... 

P O O L E D  S D =  0.112 

NATURAL LOG OF CYLINDER STRENGTH 

1 7.384 8.316 7.654 8.429 . 7.903 8.711 8.100 8.754 

3 7.310 8.327 7.673 8.437 7.840 8.618 8.093 8.7 59 

5 7.286 8.279 7.645 8.434 7.937 8.671 8.100 8.700 

u= 5 5 5 5 5 5 5 5 
AVG= 7.318 8.321 7.629 8.432 9.904 8.666 8.105 8.736 
SSRæ 0.009 0.005 0.008 0.000 0.008 0.010 0.000 0.004 

S.D.= 0.047 0.034 0.044 O o O O 5  0-045 0.051 0.010 0.030 

2 7.346 8.309 7.563 8.435 7.955 8.611 8.118 8.706 

4 7.265 8.373 7.611 8.425 7.886 8.919 8.112 8.760 

--------_PP---------_----------------------------------------------------------------------- 

P O O L E D  S D =  0.037 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Fig. 4--Portion of the spreadsheet used to calculate the natural 
logarithms of the  test data shown in Fig. 3 
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................................................................ 

L I N E A R  REGRESSIOR ANALYSIS 

Equa t i on : CYL(pei)= 0.606 P O ( l b ) *  1,021 

NE 8 AVGX= 8.459 AVGYm 8.139 
SUMX= 67.672 SUM= 65.111 SUElffpm 552.465 

SiJMX*X= 574.091 SUMï*Y= 531.677 SUW(*Y= 552.465 **************** 
SXY= 1.688 SXX- 1.653 S W =  1.743 ALPHA= 0.10 

SLOPE= 1.021 INTCPTx -0.501 SUH(SR)= 0.018 P( 2 ,N-2) 6 3 e460 
STERROR= 0.055 ERñSLOPa 0.042 ERRINTn 0.360 *.A************* 

CORRCOEF- O. 995 
X Y x*x Y*Y X*Y Y - e s t  Y-low 

.7.684 7.318 59.047 53.558 56.235 7.347 7.247 
7.914 7.629 62.628 58.205 60.376 7.582 7.503 
8.223 7.904 67.616 62.477 64.996 7.898 7.840 
8.404 8.105 70.627 65.686 68.112 8.083 8.032 
8.710 8.321 75.860 69.238 72.474 8.395 8.337 

8.940 8.666 79.917 75.099 77.471 8,630 8.556 

----c_------p---p---------------------------------------------------- 

8.810 8.432 77.617 91.100 74.287 8.497 8.433 

8.988 8.736 80.779 76.314 78.515 8.699 8,601 

* * * ~ + X * ~ * * * - b r * * ~ * * * ~ ~ ~ * * * * * i k  

DATA TO PLOT CORRELATION CURVE AMI LWWER L I M I T  

** 

L n (  P) 

7.684 
7.914 
8.223 
8.404 
8.710 
8.810 
8.940 
8'988 

******** 

7.318 
7.629 
7.904 
8.105 
8.321 
8.432 
8.666 
8.736 

k M *  

Ln( c) L d  C l  e a t  

7.347 
7.582 
7.898 
8.083 
8.395 
8,497 
8.630 
8.679 

*** * 

L n (  e) ïobl 

7.247 
7 e 503 
7.840 
8.032 
8.337 
8.433 
8.556 
8.601 

***** 4. 

P 
lbe 

2174 
2735 
3725 
4465 
6062 
6701 
7629 
8004 - 

C 
p a i  

2057 
2709 
3310 
4109 
4592 
5 802 
6222 

1508 

***MM 

C e s t  
p a i  
1552 
1963 
26 91 
3238 
4425 
4902 
55% 
587 8 

k * 

ClOW 
p a i  
1404 
1814 
2541 
3076 
4176 
45 97 
51 97 
5437 

* k 

Fig. 5--Portion of the spreadsheet used to perform regression 
analysis and provide values for plotting the correlation curve 
and its lower confidence limit . 
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'1 
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a 4 6 8 10 O 
(Wisusands) 

PUUOW LOAD (lb) 

Fig. 6--Plot of data, the correlation curve, and the lower 
confidence limit 

/ 
LOWER 95% UMrr 

Ln PU&OW Lorn 
Fig. '(--Schematic illustration of method for estimating the 
in-place characteristic strength based on pullout tests 
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~ * k * * * * * * * * * * ~ Q P k i t . b r Q * S r k . k - k k . * * *  

INPEACE STRm'ili  PREDICTION 
INPLACE 
PO LOAD LN (PO) 

( l b s )  
1 2830 7.948 STAND. DWIATIOUS OF TRANSFORMED DATA 

3 3460 8.149 SD( Cl) = 0.037 
2 2770 70927 SD(P1)m Oil12 SD(Pf)e O e 2 0 8  

4 2670 7.890 INF'LACE ESTIMTES 
5 2640 7.879 SD(Cf)= 0.069 Z-VA%UE 
6 3 890 8.266 Ln(Ca)= 7.668 **************** 
7 3680 8.211 Cae 2140 p s i  Pa o. 9 
8 2150 7.673 . En(P)lsv= 9.907 z= 1.282 
9 241 O 9 7 89 Ln( C) h w =  7 . 4 %  

10 3 840 8.253 Clm- I800 p s i  t 4 A L U E  

N= 10 10 **-******-********** &pH& 0.1 
AVG = 3034 7 .998  *CñR STR= 1650 p s i  * t(N-1)s 1.383 

-------^-----sp--_--__p_______ Ln( CS) p 7,408 *******Q* 

SD= 628 0.208 -*4****** 

cv= 0.207 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Fig. 8--Portion of the spreadsheet for entering in-place test 
results and computing the in-place characteristic cylinder strength 

4.6 8.2 

Fig. g--Illustration of how characteristic strength in Fig. 8 
was obtained 

. .  
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Fig. 10--Effect of the standard error of the correlation relationship 
on the difference between characteristic strengths computed by the 
proposed and the rigorous methods 
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Analysis of sting Data 

by R. Dilly, V. Beizai, and W. Vogt 

Synopsis: Pullout testing provides a measurement of 
inplace strength of concrete and maturity can be used 
to estimate strength development. Test statistics 
are useful tools for interpreting the significance of  
the data. Maturity may correlate to pullout strength 
by regression analysis. The simplest correlation 
would be linear using the logarithm of maturity. Lin- 
ear relationships may be compared using test statis- 
tics to determine if slopes and/or intercepts are 
significantly different. Statistical analysis tech- 
niques are used to evaluate pullout strength and 
maturity data. Some limitations associated with these 
techniques are discussed. A programmable calculator 
was utilized in developing the programs to illustrate 
the application of these analysis techniques, 

Keywords: 
computer programs; concretes; evaluation; nondestructive tests; 
pullout tests; regression analysis; standard deviation; 
statistical analysis 

age-strength relation; coefficient of variation; 
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. .  
INTRODUCTION 

The pullout test provides a method of determining 
inplace strength of concrete. The maturity method 
can be used to estimate concrete strength develop- 
ment. These methods may be combined and used when 
construction activities require monitoring of 
strength development. Statistical analysis can be 
used to interpret test data acquired with these 
methods and to determine if significant differences 
occur between test ages, test locations, or curing 
regime. 

BACKGROUND 

The maturity concept is reported to have been 
presented by Saul(1) in 1951 as an empirical approach 
for predicting concrete strength development based 
upon time-temprature histories(2). 

The time-temperature curing history of a concrete 
mixture can be used to calculate maturity by: 

M = C(T-To)At .....( 1) 

where M is the maturity of the concrete, T is the 
average concrete temperature where the change occurs 
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at an approximately constant rate for an increment o f  
time, At; and To is the datum temperature at which 
or below concrete ceases to gain strength with time. 

This concept postulates that strengths will be ap- 
proximately equal at the same maturity, However, the 
results of an experimental investigation conducted by 
Carino, Lew, and Volz(3) confirmed that different 
early age temperatures can affect the strength- 
maturity relationship, as recognized earlier by 
McIntosh(4) and Klieger(5). 

The maturity concept has been investigated by a 
number of other researchers. Strength prediction 
equations using the logarithm of maturity for acceler- 
ated curing methods were developed by Ramakrishnan 
and Dietz(6) using a linear form of  an equation orig- 
inally suggested by Plowman(7). Nonlinear regression 
analysis has been used by researchers to develop 
compressive strength relationships with maturity. An 
experimental investigation by Naik(8) has shown that 
a predetermined strength/maturity relationship for a 
concrete mixture can be used with about the same 
degree of accuracy as a core strength. ASTM C 918 is 
a standard method for estimating later-age strengths 
using early-age compression test values with maturity 
caiculations(9). A datum temperature is not used in 
this method, AC1 306 has recognized the use of the 
maturity concept(l0). 

Malhotra(l1) and Richards(l2) undertook many o f  
the initial experimental investigations of pullout 
testing conducted in North America. The pullout test 
is a method of determining the inplace strength of 
concrete. A standard method is provided by ASTM C 
900( 13). Bickley has reported on the use of pullout 
testing to evaluate inplace strength during construc- 
tion( 14) e Vogt, Beizai, and Dilly(l5) reported the 
results of pullout testing conducted on a project in 
which AC1 214(16) statistical methods were used to 
report the data, although these methods were devel- 
oped exclusively for compressive strength evaluation. 

The pullout strength of concrete is determined by 
measuring the force required to extract an embedded 
insert from hardened concrete and dividing by the 
surface area generated from fracturing the concrete. 
Relationships have been developed between pullout 
strength and concrete maturity to evaluate inplace 
concrete strength. Maturity-pullout relationships 
have been reported by Parsons and Naik(lS), and Dilly 
and Ledbetter(l8). 
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APPLICATION OF STATISTICS 
FOR 

INTERPRETATION OF TEST RESULTS 

Single variable tests can be used to estimate if 
significant differences exist between different test 
locations or test ages. Multivariable methods, such 
as linear regression analysis, can be used to esti- 
mate if significant differences exist between differ- 
ent curing regimes. 

Two HP, Hewlett-Packard 4lC/41CV programs were de- 
veloped for statistical analysis of test results, 
Each program utilizes the calculator's statistical 
functions. The first program designated "ST" pro- 
vides an analysis of two test sample means, while the 
second program, "LT" performs a least square regres- 
sion multiple variable analysis o f  slopes and inter- 
cepts of two linear relationships. 'tST" includes a 
test statistics for significant differences between 
sample means, and "LT" includes test statistics for 
significant differences between the slopes and the 
intercepts o £  least square regression relationships. 
Reference 1 9  was used to develop program "ST", and 
references 20 and 21 were used to develop program 
I? LT If Flowcharts, user's manuals, and program 
listings appear in the Appendix. 

Two examples are discussed, illustrating the use 
of  these programs. Table 1 is a summary of test 
statistics used in "ST" , and Table 2 is a summary of 
test statistics used in "LT". The data in the ex- 
amples was the result of an expérimental investi- 
gation reported by references 18 and 22. Both of 
these refer to the same experimental investigation in 
which a hydraulic centerpull ram pullout testing 
apparatus was used to estimate the inplace strength 
of a 6 .0  ft (1.8 m) tall concrete column. Sets of 
inserts were placed at the base and top of the column 
at a vertical spacing of 5.0  ft ( 1 . 5  m). When in- 
serts were extracted, the resulting approximate conic 
frustums had heights of 1.8 in (30 mm) and base dia- 
meters of 2.76 in (70  mm) and 1.8 in (30 mm). The 
apex angle for the assumed conic frustum is 6 7 . 5  
degrees 2resulting in a surface area of 8.79  in 
( 5 6 . 6  cm ) 

The pullout strengths which appear in the first 
example were obtained by dividing the force on the 
ram at failure by the assumed conic frustum area. 
The average pullout strengths which appear in the 
second example were obtained by averaging three 
pullout strengths determined in the same manner. 

i 
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Computer Analysis 3 1 

Example using program "ST" 

At an age of 28 days, the following pullout 
strengths resulted from tests conducted on the 
column: 

fp-Individual pullout strength, psi 

Top of column Base of column 
376 6 8 1  
376 
400 

7 0 4  
6 3 4  

Note: 1 psi = 6 8 9 7  Pa 

Program "ST" performs an analysis of this limited 
data. The input and output shown in Figure 1 indi- 
cate that for set 1 (top o f  column), the average is 
3 8 4  psi, the standard deviation is 1 3 . 9  psi, and the 
coefficient of variation is 3 . 6 % .  For set 2 (base of 
column), the average is 673  psi, the standard devia- 
tion is 36 psi, and the coefficient of variation is 
5.3%. "F" calculated is 6 . 6 3 ,  and "F" tabulated is 
1 9 . 0 0  at the 5% significance level, "F" calculated 
is less than "F" tabulated, s o  the calculated "t" 
test statistics value of 1 3 , 0 8  applies. For this 
example, the two "t" test statistics values are the 
same due to the equal number of observations from 
each set. At a significance level of  5 % ,  "t" tabu- 
lated is 2 . 1 3 ,  thus a significant difference exists 
between top and bottom average pullout strength. 
Refer to reference 1 9  for details on these statis- 
tical testing concepts. 

Example using program "LT" 

At ages 3 ,  7, 1 4 ,  and 28 days, the average pull- 
out strengths shown below resulted from tests 
conducted on a column. The values of logarithm of 
maturity shown on each of the following tesg ages ;as 
calculated using Equation (1)9 where 1 4  F (-10 C) 
was used as the datum temperature,To. 

fp-average of three 
Log pullout strength tests 

Test age of maturity psi 
F-hrs Top of column Base of column O days 

3 3 . 8 1 0 4  2 2 4  4 9 0  
7 4 . 1 6 7 1  

1 4  4 e 4476  
2 9 0  
3 6 1  

548  
575 

28  4 . 7 2 4 9  3 8 4  6 7 3  
Note: L o g  of maturity("F-hrs) = 0 . 2 5 5 3  +- Log of  
maturity(OC-hrs) 
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Program "LT" provides an analysis for this 
limited data. The linear regression expression 
corresponding to the output would have the general 
form: 

fp = a -I- b x Log of maturity ......( 2) 
. *.. i- 

.- . where "a" is the intercept and "b" is the slope. 

The input and output shown in Figure 2 indicate 
/ that for set 1 (top of column), the intercept is -470 

psi, the slope is 183,  the standard error of the esti- 
mate squared is 212, and the coefficient of determina- 
tion is 0.97. For set 2 (base of column), the inter- 

. .  cept is -238 psi, the slope is 189, the standard 
~. error of the estimate squared is 573,  and the coeffi- 

. .  cient of determination is 0.93. "F" calculated is 
2.71 and "FIf tabulated is 19.00 at the 5% signifi- 
cance level. "F" calculated is' less than "F" tabu- 
lated, s o  the test statistics for slope and intercept 

. _  aP-PlY The "t" calculated values are 0.14 for the 
slope, and 1.30 for the intercept. At a significance 
level of 5%, which is generally used, 'It" tabulated 

. .  is 2 . 1 3  suggesting that there is no significant dif- 
. .  ference between the slopes or the intercepts, and the 

* -~ .. data may be pooled. If this pooling was done, the 
. . .  . -.. accuracy of prediction would be expected to decrease. 

If the sample sizes had been larger, significant 
differences may have been more apparent for the 
intercepts. 

. .  
- _  

+ -  

. . .  

. .  . .. . 

. .  
. _ .  

. .  
. .  DISCUSSION AND CONCLUSIONS 

A requirement for the statistics incorporated in 
these programs is for the data to be acquired ran- 
domly. Pullout testing of inplace concrete using 
preplaced inserts may not represent a random sample 
due to factors such as installation constraints. 
Even though this requirement may not be satisfied for 
single variable analysis, two-sample tests of means 
may be used to distinguish whether significant differ- 
ences are apparent between concrete strength at dif- 
ferent locations. Correct interpretation of inplace 
strength differences can influence project safety and 
the construction schedule. These differences may be 
attributed to many factors, and to be properly evalu- 
ated, the influence of top-to-bottom effects may have 
to be considered. 

Linear regression analysis test statistics for 
comparing slopes and intercepts requires assumptions 
in addition to random sampling, These additional 

Full document details: ACI SP-101-87

http://www.avadocuments.com/doc/aci-sp-101-87
http://www.avadocuments.com/doc/aci-sp-101-87


Computer Analysis 33 

assumptions are based upon conditional distributions 
of the dependent variable, Y, on the regression line. 
For pullout strength VS. logarithm of maturity re- 
lationship, these other assumptions as well as the 
assumption of  randomly obtained observations, may not 
b e  satisfied. With an accurate temperature recorder 
for maturity data collection, an additional assump- 
tion that X values are known without error may be 
nearly satisfied. Even though all assumptions may not 
be met, the logarithm o f  maturity may still be used 
in reducing errors of predicting required pullout 
strength and in determining whether significant dif- 
ferences are apparent between slopes and/or inter- 
cepts due to variations in concrete mixture and 
curing conditions. 

The results of the logarithm o f  maturity relation- 
ships established in the second example were not sig- 
nificantly different. However, the resulting general 
trends established with limited observations indicate 
that top and bottom differences are apparent and per- 
haps the vertical locations of embedded inserts 
should be considered in order to reduce variations of  
f about the best fit line established with log- 
a?ithm o f  maturity. 

Although not specifically stated in this paper, 
larger sample sizes improve estimates o €  the mean 
pullout strength and pullout strength vs. logarithm 
of  maturity relationships. Significant differences 
may not be detected unless larger sample sizes are 
used. 

- .  . . -  . .  

. .  . . :.. 
. .  . .  . .  . .  . .  

. .  . - . . .  
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TABLE 1 --SINGLE VARIABLE ANALYSES ( TESTS CONCERNING MEANS I 
Function 

Average of X values 

Standard deviation of X 
values 

Coefficient of variatio 

Sample size 

F test to determine the 
equality of variances 

Tabulated F values 

If F C FT*** 

Student t Distribution 

Degrees of freedom 

If F >FT*** 

Student t Distribution 

Degrees of freedom 
(approximate) 

Standard 
symbol 

X 
- 

sX 

V 

n 

F 

** 
Fmi ,mît r , t. 

t 

d.f. 

t 

d*f-approx, 

Display 
symbol 

* 
M 

* 
SDH 

* w .% 

* 
EM 

F 

FT 

T 

D.F. 

T 

D.F.APRX 

L x  - 100 
X 

S: largest 

5' sicaïlest 

Obtain from F Distribution tables 

n l+nZ-2 

J - 7  

* M reflects the set number 
** ml is the degrees of freedom for the numerator, (nn-i) 

m2 is the degrees of freedom for the denominator, (nd-l) 

r.t. is the right tail of the distribution 
***See text f o r  details 
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TABLE 2--LEAST-SQUARES ANALYSES 
Function 

Slope 

y-intercept 

Variance of X values 

Square of the standard 
error of estimate 

Coefficient of 
determination 

c test for parallelism 

c test Por cömmon 
intercept 

Degrees of freedom 

E test for parallelism 

z test for common 
intercept 

Standard 
symbol 

Display 
symbol 

BH 
4 

SQ SDXM* 

SQ SDYIXM4 

SQ R 

TB 

TA 

D.F, 

ZB 

ZA 

nl+n2-4 

* M reflects the set number 

- NOTE: Tabulated F values are obtained as explained i n  Table 1, except: 
ml = n - 2,  and 
m 2  - nd - 2. 
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Fig. l--Input and output f o r  program 1Y3T11 

Fig .  2--Input and output for  program "LTft 
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