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Approximate Conversions to  Metric Measures 

Symbol When You Know Multiply by To Find Symbol - 
LENGTH 

in inches '2.5 centimeters cm 
f t  feet 30 centimeters cm 
yd yards 0.9 meters m 
mi miles 1.6 kilometers km 

AREA - 
in2 square inches 6.5 square centimeters cm2 
ft square feet 0.09 square meters m2 
yd2 square yards 0.8 square meters m2 
mi2 square miles 2.6 square kilometers km2 

acres 0.4 hectares ha 

MASS (weight) 

ounces 28 grams 9 
pounds 0.45 kilograms kg 
short tons 0.9 tonnes t 

(2.000 Ib) 

VOLUME 

tsP teaspoons 5 milliliters ml 
Tbsp tablespoons 15 milliliters ml 
f l  oz fluid ounces 30 milliliters ml 
c CUPS 0.24 liters I 
Pt pints 0.47 liters I 
St quarts 0.95 liters I 

gallons 3.8 liters I 
f t  cubicfeet 0.03 cubic meters m3 
yd3 cubic yards 0.76 cubic meters m3 

TEMPERATURE (exact) 

OF Fahrenheit 519 (after Celsius OC 

temperature subtracting temperature 
32) 

-1  in = 2.54 (exactlyl. For other exact conversions and more detailed tables. see NBS 

Misc. Publ. 286. Units of Weights and Measures, Price $2.25, SD Catalog No. C13.10:286. 

'RIC CONVERSION FACTORS 

Symbol 

Approximate Conversions from Metric Measures 

When You Know Multiply by 

LENGTH 

millimeters 0.04 
centimeters 0.4 
meters 3.3 
meters 1.1 
kilometers 0.6 

AREA - 
square centimeters 0.16 
square meters 1.2 
square kilometers 0.4 
hectares (10,000 m21 2.5 

MASS (weight) 

grams 0.035 
kilograms 2.2 
tonnes (1.000 kg) 1.1 

VOLUME 

milliliters 0.03 
liters 2.1 
liters 1.06 
liters 0.26 
cubic meters 35 
cubic meters 1.3 

TEMPERATURE (exact) 

Celsius 915 (then 
temperature add 32) 

To Find 

inches 
inches 
feet 
yards 
miles 

square inches 
square yards 
square miles 
acres 

ounces 
pounds 
short tons 

fluid ounces 
pints 
quarts 
gallons 
cubic feet 
cubic vards 

Fahrenheit 
temperature 

Symbol 
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INTRODUCTION 

Navy exper ience w i t h  l a rge ,  truck-mounted crane o u t r i g g e r  loads  on 
p i e r  decks has demonstrated t h a t  c u r r e n t  American Assoc ia t i on  o f  S ta te  
Highway and T ranspo r ta t i on  O f f i c i a l s  (AASHTO) wheel l o a d  d i s t r i b u t i o n  
formulas a p p l i e d  t o  t h e  case o f  pa tch  loads  on r e i n f o r c e d  concre te  s labs  
a r e  ve ry  conserva t i ve .  An i n i t i a l  numerical  parameter s tudy of f l a t  
p l a t e s  sub jec ted  t o  concentrated loads  showed t h a t  l a t e r a l  l oad  d i s t r i -  
b u t i o n  i s  more s i g n i f i c a n t  than  a l lowed by AASHTO. An e x i s t i n g  p i e r  was 
t e s t e d  c o n c u r r e n t l y  t o  v e r i f y  t h e  parameter study. 

Two p ro to t ype  r e i n f o r c e d  concre te  p i e r  decks were designed: t h e  
f i r s t  one f o l l o w i n g  AASHTO1s formula,  t h e  second assuming a  more e f f i -  
c i e n t  l a t e r a l  l oad  d i s t r i b u t i o n  as determined i n  t h e  parameter study. 
The second des ign represented l a r g e  savings i n  m a t e r i a l s  and l abo r .  A  
one - th i r d  sca le  model o f  t h e  l a t t e r  des ign was cons t ruc ted  and t e s t e d  a t  
t h e  Naval C i v i  1  Engineer ing Laboratory  (NCEL). 

The o b j e c t i v e s  o f  t h e  s tudy were t o :  

1. V e r i f y  t h e  soundness and s a f e t y  o f  a  more economical p i e r  
design. 

2. Measure t h e  l a t e r a l  d i s t r i b u t i o n  o f  pa t ch  loads  i n  t h e  sca le  
model . 

3 .  E s t a b l i s h  expe r imen ta l l y  t h e  l o a d  capac i t y  and mode o f  f a i l u r e  
o f  t h e  sca le  model. 

4. Obta in  t h e  l a t e r a l  d i s t r i b u t i o n  by us ing  a  f i n i t e  element 
model . 

5. Determine t h e  l a t e r a l  d i s t r i b u t i o n  a n a l y t i c a l l y  by  us ing  
i n f l u e n c e  sur faces  based on c l a s s i c a l  p l a t e  theory .  

6. Der ive  simple,  e m p i r i c a l  des ign c r i t e r i a  f o r  o u t r i g g e r  l oad  
d i  s t r i  b u t i o n  t h a t  would p rov ide  a  more accura te  a1 t e r n a t i v e  t o  
c u r r e n t  des igns.  

" D i s t r i b u t i o n  o f  Crane Loads and Concrete P i e r  Deck Design," i s  a  
Naval F a c i l i t i e s  Engineer ing Command (NAVFAC) sponsored p r o j e c t  i n  t he  
Operat ions and Maintenance, Navy (O&MN) funded Engineer ing I n v e s t i g a t i o n  
( E l )  Program. 



BACKGROUND 

Navy exper ience us i ng  p o r t a b l e  t r u c k  cranes on r e i n f o r c e d  p i e r  
decks s t r o n g l y  suggests t h a t  AASHTO wheel l oad  d i s t r i b u t i o n  formulas 
(Ref 1) a r e  ve r y  conse rva t i ve .  Tes ts  on f u l l - s c a l e  i s o t r o p i c  b r i d g e  
decks have shown u l t i m a t e  c a p a c i t i e s  f a r  i n  excess o f  t h e  a l l owab le  (Ref 
2). The c u r r e n t  O n t a r i o  (Canada) B r i dge  Design Code (Ref 3) a l l o w s  a  
r e d u c t i o n  i n  f l e x u r a l  r e i n f o r c i n g  s t e e l  i n  concre te  decks on l a t e r a l l y  
r e s t r a i n e d  suppor ts .  An a n a l y t i c a l  and exper imenta l  s tudy  on l o a d  d i s -  
t r i b u t i o n  f o r  haunched deck pane ls  (Ref 4) concluded t h a t  AASHTO l o a d  
d i s t r i b u t i o n  des ign  a l l owab les  c o u l d  be inc reased  up t o  45 pe rcen t  f o r  
20 - foo t  spans. 

The AASHTO approach (Ref 5) i s  t o  c a l c u l a t e  an " e f f e c t i v e "  w id th ,  
E, over  which t h e  concen t ra ted  wheel l o a d  i s  assumed t o  be u n i f o r m l y  
d i s t r i b u t e d :  

E = 4 . 0 + 0 . 0 6 S  ( f e e t )  

where S i s  t h e  span l eng th .  A  l a r g e r  va lue  o f  E equates t o  more e f f i -  
c i e n t  ( e f f e c t i v e )  d i s t r i b u t i o n  o f  load.  F l e x u r a l  re in fo rcement  i s  then 
determined from an e q u i v a l e n t  s t r i p  o f  w id th ,  E, c a r r y i n g  t h e  t o t a l  
load.  The- maximum va lue  o f  E  i s  l i m i t e d  t o  7 f e e t .  AASHTO does n o t  
address shear d i s t r i b u t i o n ,  change i n  moment d i s t r i b u t i o n  away f rom t h e  
p o i n t  o f  load,  o r  change i n  moment d i s t r i b u t i o n  due t o  l o a d  p o s i t i o n  
(near  suppor t  o r  edge). 

Navy p i e r  decks a r e  sub jec ted  t o  l a r g e  pa tch  loads  f rom mob i le  
t r u c k  crane o u t r i g g e r  pads. Maximum loads  a r e  on t h e  o rde r  o f  140 k i p s  
(90-ton crane)  and a r e  appl  i e d  th rough  square o u t r i g g e r  pads. Cu r ren t  
des ign loads  f o r  Navy p i e r  decks a l s o  i n c l u d e  concen t ra ted  wheel loads  
o f  f o r k l i f t s ,  t r u c k s ,  and mob i le  cranes. It i s  c u r r e n t  p r a c t i c e  t o  
t r e a t  mob i l e  crane o u t r i g g e r  loads  t h e  same as wheel loads  and app l y  
AASHTO d i s t r i b u t i o n  formulas.  S ince o u t r i g g e r  loads  a r e  much l a r g e r  
than  v e h i c u l a r  wheel loads,  t h e y  o f t e n  a r e  t h e  c r i t i c a l  l i v e  loads  f o r  
Navy p i e r  decks. 

PARAMETER STUDY 

The i n i t i a l  f i n i t e  element parameter s tudy  examined one-way s labs  
w i t h  span l eng ths  r ang ing  f rom 14 f e e t  t o  24 f e e t  and p i e r  w id ths  f rom 
50 f e e t  t o  150 f e e t .  Loads were a p p l i e d  over  a  2 - f oo t  square area. The 
f i n i t e  element d i s c r e t i z a t i o n  used I - f o o t  square p l a t e  elements. Two 
types  o f  elements were examined: a  3-node d i s c r e t e  K i r c h h o f f  formula-  
t i o n  p l a t e  element and a  9-node Mind l in /Re issner  f o r m u l a t i o n  s h e l l  
element. The computer code ADINA was used (Ref 6). 

E a r l y  observa t ions  r evea led  t h a t  concen t ra ted  l o a d  d i s t r i b u t i o n  d i d  
n o t  change f o r  w i d t h s  beyond 40 f e e t  f o r  t h e  range o f  spans cons idered.  
The e f f e c t  o f  shear de fo rmat ion  was determined n e g l i g i b l e  and t h e  sim- 
p l i f i e d  3-node p l a t e  element was more e f f e c t i v e .  Support  c o n d i t i o n s  
were v a r i e d  f rom p inned  t o  f u l l y  f i x e d .  

I n  a d d i t i o n  t o  l o a d  a p p l i c a t i o n  a t  midspan, t h e  e f f e c t  on d i s t r i b u -  
t i o n  o f  moving t h e  l o a d  toward a  suppor t  as w e l l  as toward a  f r e e  edge 
was q u a n t i f i e d .  The e f f e c t  o f  load-pad-size-to-span- length r a t i o  was 
a l s o  i n v e s t i g a t e d .  



FIELD TESTS ON PIER 5002 

Load t e s t s  were conducted on an i n s e r v i c e  p i e r  ( P i e r  5002) a t  t h e  
Navy Submarine Base, San Diego. S i n g l e  pa t ch  loads  were a p p l i e d  a t  
midspan and quar terspan.  P i e r  5002 was se lec ted  because i t s  deck was 
newly cons t ruc ted  and u n c l u t t e r e d  w i t h  des ign  f ea tu res  such as trenches, 
d u c t  banks, manholes o r  curbs,  which d e t r a c t  f rom pure  s l a b  behavior .  
The t e s t  area i s  shown i n  F igu re  1. The cen te r  o f  t h e  t e s t  span (F igu re  
2) was 80 f e e t  f rom t h e  end o f  t h e  p i e r  and 20 f e e t  f rom the  p i e r  cen- 
t e r l  i ne .  The deck cons i s ted  o f  a  l a y e r  o f  cas t - in -p lace  concre te  over  
p recas t ,  p res t ressed  p lanks.  The t o t a l  deck t h i ckness  was 18 inches. 

F i f t e e n ,  paper-backed w i re ,  SR-4 s t r a i n  gages w i t h  6- inch gage 
l e n g t h  were mounted a t  t h e  l o c a t i o n s  shown i n  F igu re  3. The gages were 
cemented t o  t h e  deck sur face  one day p r i o r  t o  t e s t i n g .  The gages were 
a l i g n e d  l o n g i t u d i n a l l y  w i t h  t h e  p i e r  except  f o r  gage 5  ( a t  midspan) 
which was s e t  t r ansve rse l y .  

Load was a p p l i e d  by s tack ing  two crane c a l i b r a t i o n  weights .  A  
38-kip and a  42-kip we igh t  were used. They were p o s i t i o n e d  over  a  
2- foot  square, 3 /4 - inch- th ick  plywood pad us ing  a  mob i le  t r u c k  crane. 
Four l o a d  t e s t s  were conducted a t  l o c a t i o n s  shown i n  F igu re  3: (1) l o a d  
a p p l i e d  a t  midspan over  gages 4  and 5, (2)  l o a d  a t  quar terspan over  gage 
12, (3)  l o a d  a t  midspan over  gage 6, and (4) a  r epea t  t e s t  w i t h  t h e  l o a d  
over  gages 4  and 5. 

n PROTOTYPE DESIGN CHANGES 

For a  t y p i c a l  Navy p i e r  span o f  18 f e e t ,  AASHTO's e f f e c t i v e  w i d t h  
i s  5.08 f e e t .  A  r e i n f o r c e d  concre te  deck des ign  r e s u l t i n g  from AASHTO 
l o a d  d i s t r i b u t i o n  f o r  an 18- foo t  span i s  d e t a i l e d  i n  F igu re  4. However, 
t h e  f i n i t e  element parameter s tudy  and exper imenta l  work on P i e r  5002 
revea led  t h a t  ac tua l  l a t e r a l  d i s t r i b u t i o n  would correspond t o  e f f e c t i v e  
w i d t h  va lues i n  excess o f  10 f e e t .  I n  v iew o f  t h i s  more e f f i c i e n t  l o a d  
d i s t r i b u t i o n ,  a  p ro to t ype  p i e r  deck o f  equal span was a l s o  designed 
based on an e f f e c t i v e  w i d t h  va lue  o f  10 f e e t .  T h i s  p ro to t ype  des ign i s  
shown i n  F igu re  5. 

SCALE MODEL 

F i e l d  t e s t i n g  on P i e r  5002 sus ta ined  h i g h  no ise- to -s igna l  r a t i o s  
and ambient v i b r a t i o n s  f rom waves and opera t ions .  I n  c o n t r a s t ,  labora-  
t o r y  t e s t s  o f  a  p i e r  deck model would a l l o w  f o r  p roper  c o n t r o l  o f  t h e  
environment and enhanced mon i t o r i ng  o f  l oad ing  and response. A  one- 
t h i r d  sca le  model o f  t h e  p ro to t ype  des ign shown i n  F igu re  5  was con- 
s t r u c t e d  a t  NCEL f o r  l a b o r a t o r y  t e s t i n g .  The model s i z e  was manageable 
i n  a  l a b o r a t o r y  and s t i l l  l a r g e  enough t o  p rec lude  spec ia l  s i m i l i t u d e  
c o n d i t i o n s  assoc ia ted  w i t h  t h e  nonhomogeneous na tu re  o f  r e i n f o r c e d  con- 
c r e t e .  The deck cons i s ted  o f  a  f l a t  s l a b  supported on r e c t a n g u l a r  p i l e  
cap beams. 

n 



The model s t r u c t u r a l  drawings appear i n  F igure  6. F igure  7 shows 
t h e  t e s t  model d u r i n g  t h e  c o n s t r u c t i o n  phase and F igure  8  shows t he  
completed s t r u c t u r e .  It inc luded  f i v e  spans w i t h  p i l e  ben t  spacing o f  6 
fee t .  The p ro to t ype  has a  16- inch- th ick  deck w i t h  15- foot  c l e a r  spans 
(18 f e e t  cen te r - to -cen te r )  between p i  1  e  cap supports.  P r i n c i p a l  r e i n -  
f o r c i n g  of  t h e  p ro to t ype  i nc l uded  No. 6 and No. 9, grade 60, deformed 
bars  w i t h  end spans hav ing heav ie r  re in fo rcement  than i n te rmed ia te  
spans. M a t e r i a l  p r o p e r t i e s  o f  t he  model were i d e n t i c a l  t o  t h e  p ro to -  
type,  b u t  dimensions and b a r  s i zes  were scaled. I n  t h e  model D5 
deformed w i r e  ( e q u i v a l e n t  t o  a  No. 2  deformed, grade 60 ba r )  and No. 3  
deformed, grade 60 ba rs  were used w i t h  4,000-psi concrete (des ign com- 
p ress ion  s t r eng th ) .  The model c l e a r  span was 5  f e e t  and t h e  s l a b  
t h i ckness  was 5-3/8 inches. Re in fo r c i ng  c l e a r  cover was one - th i r d  o f  
t h e  p r o t o t y p e ' s  (1 i n c h  on t h e  bot tom and 5/8 i n c h  on top) .  Model 
dimensional  and re in fo rcement  placement t o l e rances  were reduced th ree-  
f o l d .  

Since m a t e r i a l  d e n s i t i e s  a r e  t h e  same f o r  b o t h  p ro to t ype  and model, 
dead we igh t  o f  t h e  model was o n e - t h i r d  o f  t h e  r e q u i r e d  we igh t  f o r  d i r e c t  
s i m i l i t u d e .  Dead we igh t  c o n t r i b u t e s  moments o f  about 7  percen t  o f  those 
produced by l i v e  se rv i ce  loads  a t  t h e  cen te r  o f  t h e  model. T h i s  d i s -  
crepancy does n o t  a f f e c t  t h e  de te rm ina t i on  o f  l a t e r a l  l o a d  d i s t r i b u t i o n ,  
and i s  acceptable i n  de te rmin ing  u l t i m a t e  f a i l u r e .  

The model suppor ts  were designed t o  match t h e  t o r s i o n a l  r i g i d i t y  of  
t he  p ro to t ype  p i l e  and cap beams suppor t  system such t h a t  t h e r e  was no 
impact on t h e  l oad  d i s t r i b u t i o n  i n t o  t h e  deck. F i n i t e  element analyses 
showed t h a t  t h e  p i l e  r o t a t i o n a l  r i g i d i t y  i s  smal l  compared t o  t h e  f l e x -  
u r a l  r i g i d i t y  o f  t h e  deck and t h e  t o r s i o n a l  r i g i d i t y  o f  t h e  p i l e  cap. 
The cap beams were then  p rov ided  o n l y  w i t h  un i f o rm  v e r t i c a l  suppor t  and 
r e s t e d  on t h e  f l o o r  o f  t h e  t e s t  b u i l d i n g .  

The model concre te  mix i s  i n d i c a t e d  i n  Table 1. The maximum aggre- 
ga te  s i z e  was sca led down t o  3/8 inch .  A  h i ghe r  r e l a t i v e  con ten t  of 
f i n e  aggregate and t h e  use o f  a  high-range, water- reduc ing admixture 
( s u p e r p l a s t i c i z e r )  a l lowed t h e  concre te  t o  be pumped. The model was 
c a s t  f rom t h r e e  concre te  t r u c k s .  The concre te  from t h e  f i r s t  l oad  was 
pumped i n t o  t h e  suppor ts  up t o  near t h e  deck l e v e l ,  t h e  second t r u c k l o a d  
completed t h e  suppor ts  p l u s  spans 2, 3, 4, and 5, w h i l e  t h e  f i n a l  l oad  
went i n t o  span 1 and complet ion o f  span 2. Concrete c y l i n d e r  t e s t s  i n  
accordance w i t h  ASTM C-469 p rov ided  concre te  s t reng ths .  The concre te  
mix des ign was cons tan t  b u t  t h e  c y l i n d e r  s t r e n g t h  was 5,000 p s i  f o r  span 
1, and 7,500 p s i  f o r  spans 2, 3, 4, and 5. The measured modulus o f  
e l a s t i c i t y  f o r  t h e  c e n t r a l  spans was 4,000 k s i  and t h e  measured Poisson 
r a t i o  was 0.15. 

Coupon t e s t s  o f  t h e  r e i n f o r c i n g  i n  t h e  loaded areas were conducted 
i n  accordance w i t h  ASTM €8-87. The No. 2  ba rs  had a  y i e l d  s t r e n g t h  of 
81,000 p s i  and an u l t i m a t e  s t r e n g t h  o f  85,000 p s i ,  w h i l e  t h e  No. 3  ba rs  
had a  y i e l d  s t r e n g t h  o f  69,000 p s i  and u l t i m a t e  s t r e n g t h  o f  109,000 p s i .  

SCOPE OF MODEL TESTS 

The l o a d  t e s t s  were l i m i t e d  t o  s t a t i c  loads a p p l i e d  over  a  one- 
t h i r d  sca le  s i m u l a t i o n  o f  a  crane o u t r i g g e r  pad f o o t p r i n t .  P o i n t s  were 
loaded i n d i v i d u a l l y .  Load p o i n t s  were moved from midspan t o  near 



suppor ts  and from s t r u c t u r e  c e n t e r l i n e  t o  f r e e  edge p r o v i d i n g  a range of 
p o s i t i o n s  and f lexure /shear  combinat ions. Continuous mon i t o r i ng  of 
sensors p rov ided  a f u l l  l o a d  range response. 

C y c l i c  loads were a p p l i e d  i n  t h e  s e r v i c e  s t r e s s  range o f  t h e  con- 
c r e t e  and re in fo rcement  (concre te  s t resses  remained l e s s  than 45 percen t  
o f  t he  28-day c y l i n d e r  s t r e n g t h  and s t e e l  s t resses  remained l e s s  than 
one-hal f  o f  i t s  y i e l d  s t reng th ) .  Loads were a p p l i e d  smoothly and w i t h -  
o u t  impact o r  dynamic e f f e c t .  

A f t e r  complet ion o f  t h e  se rv i ce  l o a d  t e s t s ,  s t a t i c ,  monotonic loads 
t o  f a i l u r e  were app l ied .  F a i l u r e  was def ined as exceeding u l t i m a t e  ca- 
p a c i t y  w i t h  s u f f i c i e n t  displacement where t h e  f a i l u r e  mode and 
crack/deformat ion p a t t e r n  was v i s i b l y  ev iden t .  

Test Setup 

The p i e r  deck model was cons t ruc ted  on t h e  r a i l - r e i n f o r c e d  concre te  
f l o o r  o f  NCEL B u i l d i n g  570. F i gu re  9 i s  a  schematic o f  t h e  t e s t  setup 
and l oad ing  f i x t u r e s .  Loads were appl  i e d  us ing  a 100-ton, h o l  low-ram, 
h y d r a u l i c  j a c k  bea r i ng  on an 8- inch by 8 - inch  s t e e l  p l a t e .  The j a c k  
p u l l e d  a h i gh -s t reng th  s t e e l  r o d  anchored t o  t h e  r a i l  system b u i l t  i n t o  
t h e  f l o o r  o f  B u i l d i n g  570. The bea r i ng  pad cons i s ted  o f  a  1-1/2-inch 
s t e e l  p l a t e  w i t h  a  rec tangu la r  8- inch by 8 - inch  " r i m "  model i ng 90-ton 
crane o u t r i g g e r  supports.  A f l a t  p l a t e  and c i r c u l a r  shaped r i m  were 
a l s o  t e s t e d  as bea r i ng  pads w i t h  comparable, b u t  b e t t e r ,  l o a d  d i s t r i -  
b u t i o n  r e s u l t s .  n Load l o c a t i o n s  a re  i n d i c a t e d  i n  F igure  10. Load t e s t i n g  concen- 
t r a t e d  i n  t h r e e  general  areas f o r  each span: (1) i n  t h e  cen te r  o f  t h e  
span (D15, D l ,  D4), (2 )  a t  t h e  f r e e  edge (D5, D17), and (3) near t h e  
suppor t  edge (D18, D3). 

Instrumentation 

The i ns t rumen ta t i on  l a y o u t  focused on p r o v i d i n g  t h e  load-  
de fo rmat ion  ( s t r a i n  and d e f l e c t i o n )  response over  a  g r i d  around t h e  
loaded areas and a t  d i s c r e t e  p o i n t s  i n  ne ighbor ing  spans. Typ i ca l  
s t r a i n  gage, locat ions a re  shown i n  F igu re  11. A photograph o f  concre te  
s t r a i n  gage l a y o u t  f o r  span 3 i s  p rov ided  i n  F igu re  12. D e f l e c t i o n  
gages were p o s i t i o n e d  l a t e r a l l y  t o  t h e  l o a d  po in t s ,  as shown i n  F igu re  
13. The f o l l o w i n g  sensors were employed: 

1. Concrete S t r a i n  Gages - 4- inch gage leng th ,  350-ohm, 
paper-backed, SR-4 r e s i s t a n c e  w i r e  gages. 

2. S tee l  S t r a i n  Gages - HITEC he rme t i ca l l y - sea led  weldable s t r a i n  
gage, 350-ohm res i s tance ,  7/8- inch gage l eng th .  

3. Def 1  e c t i o n  Gages - Temposoni cs  L i nea r  D i  splacement Transducer 
(LDT) ( w i t h  analog ou tpu t )  senses p o s i t i o n  o f  an ex te rna l  r e f -  
erence (magnet t a r g e t ) .  t o  measure d i f f e r e n t i a l  d i  sp l  acement 
between t he  t a r g e t  and LDT. 

4. Load C e l l  - Fabr ica ted  by s t r a i n  gaging t h e  h i gh -s t reng th  
r e a c t i o n  r o d  and c a l i b r a t i n g  i t  t o  a known t e n s i l e  load.  



Concrete s t r a i n  gages were epoxied t o  t h e  compression face  o f  t h e  
deck s lab.  Weldable s t r a i n  gages were a t tached  t o  t h e  t ens ion  r e i n -  
forcement oppos i te  t h e  compression gages. Tandem s t r a i n  gages a t  each 
p o i n t  p rov ided  a  measure o f  r e s i s t a n t  f l e x u r a l  d i s t r i b u t i o n  away from 
t h e  l o a d  p o i n t s .  The l oad  c e l l  on t h e  h i gh -s t reng th  r o d  measured l o a d  
a p p l i e d  by t h e  h y d r a u l i c  ram. 

Test Procedure 

Two types o f  l o a d  t e s t s  were conducted on t h e  s t r u c t u r a l  model: 
se rv i ce  l oad ing  and l o a d  t o  f a i l u r e .  Load t e s t i n g  was conducted a t  a l l  
l o a d  p o i n t s  w i t h i n  t h e  t h r e e  genera l  l o a d  areas i d e n t i f i e d  p r e v i o u s l y  
(seven i n d i v i d u a l  l oad  p o i n t s  shown i n  F igu re  10). 

Serv ice  l o a d  t e s t s  cons i s ted  o f  t h e  f o l l o w i n g  l o a d  c y c l e s  a t  each 
l o c a t i o n :  

1. 0 t o  10 k i p s  ( p r i o r  t o  f l e x u r a l  c rack ing)  f o r  15 cyc les  

2. 0 t o  30 k i p s  f o r  15 cyc les  

3 .  0 t o  60 k i p s  f o r  15 cyc les  

4.  0  t o  90 k i p s  f o r  20 cyc les  

The loads were cyc led  a t  each l o a d  l e v e l  u n t i l  t h e  c rack  growth 
ceased and t h e  measured s t r a i n  va lues s t a b i l i z e d .  A model l o a d  o f  30 
k i p s  on an 8- inch by 8- inch pad i s  equ i va len t  t o  a  p ro to t ype  l o a d  o f  270 
k i p s  a p p l i e d  by a  2 - f oo t  by 2 - f oo t  o u t r i g g e r  pad. Thus, t h e  "model ser- 
v i c e  load"  c y c l e s  l i s t e d  above f a r  exceed des ign o u t r i g g e r  loads  f o r  a  
90-ton crane. 

Loads t o  f a i l u r e  a t  each l o a d  p o i n t  f o l l owed  t h e  c y c l i c  l o a d  t e s t s  
a t  a l l  l o c a t i o n s .  Dur ing  t e s t s  t o  f a i l u r e ,  t h e  h y d r a u l i c  ram ope ra to r  
a p p l i e d  l o a d  monoton ica l l y  u n t i l  u l t i m a t e  res i s tance  was exceeded, a  
f a i l u r e  p a t t e r n  was w e l l  de f ined ,  and t h e  s t r e n g t h  o f  t h e  s l ab  had been 
spent. 

ANALYTICAL MODELING 

Influence Surfaces 

I n f l u e n c e  sur faces f o r  t h e  bending moment a t  t he  cen te r  and edge o f  
r ec tangu la r  p l a t e s  w i t h  va ry i ng  edge c o n d i t i o n s  have been developed by 
A. Pucher (Ref 7).  These i n f l u e n c e  sur faces have been ob ta ined  f o r  
e l a s t i c ,  homogeneous, i s o t r o p i c  m a t e r i a l  p r o p e r t i e s .  For uncracked con- 
c re te ,  t h i s  model i s  accurate b u t  some d e v i a t i o n  i s  expected i n  t h e  pos t  
c rack ing  range where o r t h o t r o p i c  sec t i on  p r o p e r t i e s  corresponding t o  
d i f f e r e n t  or thogonal  s t e e l  percentages a r e  p resen t .  

S o l u t i o n s  f o r  i n f i n i t e  s t r i p s  w i t h  two edges r e s t r a i n e d  o r  one edge 
r e s t r a i n e d  and one s imp ly  supported a re  g iven  f o r  t h e  case o f  p l a t e s  
w i t h  l a r g e  r a t i o s  o f  w id th - to - leng th .  These two cases approximate an 
i n t e r i o r  and an e x t e r i o r  span, r e s p e c t i v e l y .  App ly ing  Maxwel l 's  r e c i -  
p r o c i t y  law, t h e  moment a t  a  p o i n t  away from t h e  cen te r  due t o  a  cen te r  



patch  l o a d  i s  equal t o  t h e  moment i n  t h e  cen te r  due t o  a  pa t ch  l oad  a t  
t h a t  p o i n t .  The moment a long  . the c e n t e r l i n e  due t o  a  cen te r  pa t ch  l oad  
can thus  be determined d i r e c t l y .  

Refined Orthotropic F i n i t e  Element Analysis 

The i n i t i a l  f i n i t e  element model used i n  t h e  parameter s tudy was 
r e f i n e d  w i t h  o r t h o t r o p i c  s h e l l  elements. Using t h e  ADINA f i n i t e  element 
code and an o r t h o t r o p i c  m a t e r i a l  model a l l ows  f o r  cons ide ra t i on  o f  
o r t ho t rophy  caused by  c rack ing  and or thogonal  s t e e l  percentage d i f f e r -  
ence. Two m a t e r i a l  p r o p e r t i e s  were then implemented: an i s o t r o p i c  
uncracked concre te  m a t e r i a l  i n  t h e  l oad  range be fo re  f l e x u r a l  c rack ing ,  
and an o r t h o t r o p i c  cracked r e i n f o r c e d  concre te  m a t e r i a l  a t  s e r v i c e  loads 
a f t e r  c rack ing .  The m a t e r i a l s  a re  cons idered l i n e a r l y  e l a s t i c  and 
d e f  1  e c t i o n s  a re  smal l  compared t o  p l a t e  th ickness .  Because concre te  i s 
non l i nea r  a t  h i ghe r  loads, these assumptions a re  l i m i t e d  t o  t he  se rv i ce  
l o a d  range. 

A f i n i t e  element mesh o f  t h e  sca le  model- employing ADINA's s h e l l  
and three-dimensional  (3-D) elements i s  shown i n  F igure  14. A f i n e r  
mesh was always used f o r  t h e  span i n  which t h e  l oad  was app l ied .  

RESULTS OF THE PARAMETER STUDY 

The parameter s tudy y i e l d e d  t h e  f o l l o w i n g  q u a n t i t a t i v e  r e s u l t s  f o r  
n t y p i c a l  ranges o f  depth, span, and w id ths  f o r  Navy p i e r s :  

N e g l i g i b l e  d i s t r i b u t i o n  v a r i a t i o n  occurs due t o  change o f  t h e  
width-to-span r a t i o .  

N e g l i g i b l e  v a r i a t i o n  occurs due t o  e f f e c t  o f  s l a b  depth.  

More e f f e c t i v e  d i s t r i b u t i o n  r e s u l t s  f o r  midspan loads than 
loads near a  support .  

Less e f f e c t i v e  d i s t r i b u t i o n  r e s u l t s  as l oad  i s  moved toward a 
f r e e  edge. 

Enhanced d i s t r i b u t i o n  r e s u l t s  f o r  i nc reas ing  span l eng th .  

The paramet r i c  s tudy a l s o  i n d i c a t e d  t h a t  t h e  l a t e r a l  d i s t r i b u t i o n  
o f  t h e  2 - f oo t  pa tch  l oad  i s  more ex tens ive  than a1 lowed by  AASHTO's 
formula.  For midspan a p p l i e d  loads an e f f e c t i v e  w i d t h  i n  excess o f  10 
f e e t  was c o n s i s t e n t l y  obta ined.  

F igure  15 shows t h e  e f f e c t  on l oad  d i s t r i b u t i o n  ( e f f e c t i v e  w id th )  
o f  moving t h e  pa tch  l oad  f rom t h e  cen te r  toward t h e  support .  The 
l a t e r a l  d i s t r i b u t i o n  i s  shown t o  be l e s s  e f f e c t i v e  near t h e  support .  
AASHTO's e f f e c t i v e  w i d t h  f o r  an 18- foo t  span i s  i n d i c a t e d .  As t h e  l oad  
i s  a p p l i e d  near t h e  f r e e  edge, t h e  d i s t r i b u t i o n  i s  l e s s  e f f e c t i v e ,  as 
shown on F igure  16. I t  should be noted t h a t  an edge beam i s  t y p i c a l l y  

n r e q u i r e d  which would c o n t r i b u t e  t o  l oad  c a r r y i n g  and d i s t r i b u t i o n .  The 
increase i n  e f f e c t i v e  w i d t h  w i t h  i nc reas ing  span l e n g t h  f o r  a  2 - f oo t  pad 
i s  shown i n  F igu re  17. 



FIELD TEST RESULTS 

For each l o c a t i o n  s t r a i n  was p l o t t e d  versus t ime  f o r  15 minutes 
p r i o r  t o  load ing ,  then f o r  15 minutes a f t e r  app l y i ng  an 80-k ip  load.  
Averaged s t r a i n  d i f f e r e n t i a l  s  were ob ta ined  f o r  comparison w i t h  numer- 
i c a l  va lues.  

F igures  18 through 21  a re  examples o f  s t r a i n  versus t ime  f o r  t h e  
unloaded and loaded s ta tes .  F igures  18 and 21  a r e  t y p i c a l  p l o t s ,  F i gu re  
19 shows a maximum d i f f e r e n t i a l ,  and F igure  20 i s  i n d i c a t i v e  o f  loca-  
t i o n s  away f rom t h e  l oad  where random o s c i l l a t i o n s  dominate t h e  s t r a i n  
gage ou tpu t .  The random o s c i l l a t i o n s  were due t o  ope ra t i ona l  a c t i v i t y  
on t he  p i e r ,  sea ac t i on ,  mooring reac t i ons ,  wind load ing ,  and tempera- 
t u r e  changes. 

F igures  22 through 24 a re  comparisons o f  measured and f i n i t e  
element model s t r a i n  d i f f e r e n t i a l s ,  by l o c a t i o n .  The s t r a i n  d i f f e r -  
e n t i a l  va lues were normal ized. Discrepancies a r e  due t o  random o s c i  l- 
l a t i o n s  and d i f f e r e n t  suppor t  c o n d i t i o n s  between t h e  ac tua l  and f i n i t e  
element model. 

SCALE MODEL TEST RESULTS 

Service Load Response 

Load-de f lec t ion  response e x h i b i t e d  a p o s i t i v e  non l i nea r  s lope which 
decreased as t h e  l o a d  increased. Load-de f lec t ion  curves f o r  a  l oad  
a p p l i e d  i n  t h e  cen te r  o f  a  span a r e  shown i n  F igures  25 through 27. 
Load-de f lec t ion  curves f o r  loads a t  t h e  f r e e  edge a re  shown i n  F igures  
28 and 29, and f o r  loads near t he  suppor t  edges i n  F igures  30 and 31. 
L a t e r a l  d e f l e c t i o n  d i s t r i b u t i o n  about a  cen te r  l o a d  p o i n t  i s  dep i c ted  i n  
F igu re  32. S t r a i n  readings recorded on bo th  s ides  o f  t h e  l o a d  p o i n t  
p rov ided  a d i r e c t  measurement o f  moment d i s t r i b u t i o n .  The l a t e r a l  
v a r i a t i o n  o f  t h e  p r i n c i p a l  bending moment i s  shown i n  F igu re  33 f o r  a  
cen te r  load .  Moment magnitude e x h i b i t e d  a sharp decay away from t h e  
l o a d  l o c a t i o n .  A more d e t a i l e d  normal ized l a t e r a l  l o a d  d i s t r i b u t i o n  
from two t e s t  l o a d  l e v e l s ,  f i n i t e  element model r e s u l t s  and Pucher 's  
approach (Ref 7), i s  p rov ided  i n  F igu re  34 f o r  a  cen te r  pa tch  l o a d  on 
span 2. I f  Hooke's Law a p p l i e s  and s t resses  and moments a re  l i n e a r l y  
r e l a t e d ,  then t h e  normal ized l a t e r a l  d i s t r i b u t i o n s  o f  s t r a i n ,  moment, 
and i n f l u e n c e  f a c t o r s  should co inc ide .  S i m i l a r  d i s t r i b u t i o n  curves were 
d e r i v e d  f o r  a  l o a d  a t  cen te r  o f  spans 3 and 5 (F igures  35 and 36), and 
f o r  loads a t  t h e  edge o f  spans 3 and 5 (F igures  37 and 38). Measured 
d i s t r i b u t i o n  f o r  loads a t  suppor t  edges a re  repo r ted  i n  F igures  39 and 
40. 

Fai lure  Modes 

The f a i l u r e  mode i n  a l l  l oad  l o c a t i o n s  was punching shear, comple- 
mented by d iagonal  c rack ing  near t h e  suppor ts  f o r  t h e  l o a d  p o i n t s  near 
t h e  f r e e  edge o f  t h e  s lab.  Midspan u l t i m a t e  loads were i n  excess o f  120 
k i p s .  For an e f f e c t i v e  s l a b  depth,  d, equal t o  4-3/16 inches, t h i s  



t r a n s l a t e s  t o  an u l t i m a t e  shear s t r e s s  o f  6.8 t o  7.6 t imes  fl f o r  an 
8 - inch  by 8 - inch  pa tch  l o a d  p r i n t ,  away from t h e  s l a b  edges. t l t i m a t e  
loads (and u l t i m a t e  shear s t resses)  were: 

127 k i p s  (7 .2  Jf) f o r  span 2 a t  midspan (D15) 

121 k i p s  (6 .8  JfZ) f o r  span 3 a t  midspan (D l )  

130 k i p s  (7 .3  q) f o r  span 5 a t  midspan (04) 

110 k i p s  (7 .6  JfI) f o r  span 1 a t  edge o f  suppor t  (D18) 

el21 k i p s  (6.8 q) f o r  span 4 a t  edge o f  suppor t  (03) 

69 k i p s  (3.9 JfS) f o r  span 3 a t  edge o f  span (D5) 

70' k i p s  (4 .0  q) f o r  span 5 a t  edge o f  span (017) 

A c l o s e  view o f  t h e  punching shear f a i l u r e  f o r  t h e  cen te r  o f  span 5 
(D4) i s  shown i n  F igures  41  and 42. The punching shear c rack  on t h e  t o p  
sur face  matched t h e  f o o t p r i n t  o f  t h e  square steel-plywood pad and con i -  
c a l l y  propagated i n t o  t h e  s l a b  a t  an angle o f  approx imate ly  45 degrees. 
F igure  43 i s  a  t y p i c a l  v iew o f  t h e  c rack  p a t t e r n  on t h e  deck bottom. 
F a i l u r e  a t  t h e  edge o f  span 5 (017) w i t h  d iagonal  t ens ion  c racks  near 
t h e  suppor ts  i s  dep i c ted  i n  F igure  44. 

n Concrete s t r a i n  f a i l u r e  d i d  n o t  exceed 2,400 m i c r o s t r a i n  and s t e e l  
s t r a i n  d i d  n o t  exceed 1,800. F a i l u r e  d e f l e c t i o n s  were l e s s  than  0.38 
inches a t  t h e  p o i n t  o f  load.  

S t r a i n  gage read ings  were l e s s  than  5 pe rcen t  e r r o r .  LDT e r r o r  was 
l e s s  than 2 percent .  E r r o r s  i n  t h e  l o a d  measurements were l e s s  than 5 
percent .  

Ef fec t ive  Width Calculation 

A l o a d  d i s t r i b u t i o n  f a c t o r  may be c a l c u l a t e d  f rom t h e  d i s t r i b u t i o n  
o f  i n t e r n a l  moments determined from t h e  t e s t s ,  f i n i t e  element analyses, 
and i n f l u e n c e  sur faces  o f  Reference 7. The sum o f  t h e  i n t e r n a l  moments 
o r  t h e  t o t a l  area under t h e  i n t e r n a l  moment d i s t r i b u t i o n  curve i s  equiv-  
a l e n t  t o  t h e  e x t e r n a l l y  a p p l i e d  moment due t o  t h e  concent ra ted  load.  
Assuming t h e  p l a t e  m a t e r i a l  i s  i s o t r o p i c  and homogeneous and f o l l o w s  
Hooke's law, t h e  i n t e r n a l  moments a re  p r o p o r t i o n a l  t o  t h e  i n t e r n a l  
s t r a i n s .  Thus, t h e  e f f e c t i v e  w id th ,  E, i s  equal t o  t h e  r a t i o  o f  t h e  
t o t a l  area under t h e  i n t e r n a l  f o r c e  curve t o  t h e  maximum i n t e r n a l  f o r ce ,  
t h e  i n t e r n a l  f o r c e  be ing  moment, s t r a i n ,  o r  i n f l u e n c e  f a c t o r .  The d i s -  
t r i b u t i o n  f a c t o r  i s  t h e  r e c i p r o c a l  o f  t h e  e f f e c t i v e  w id th .  

App l y i ng  laws o f  s i m i l i t u d e ,  t h e  e f f e c t i v e  w id ths  corresponding t o  
t h e  p r o t o t y p e  w i l l  be t h r e e f o l d  o f  those found f o r  t h e  model. S i m i -  
l a r l y ,  f o r  any o t h e r  span s ize ,  i f  a l l  dimensions ( i n c l u d i n g  pa t ch  s i ze )  
inc rease  s imul taneously ,  E w i  11 inc rease  p r o p o r t i o n a l  l y .  Hence a p l o t  
o f  E versus c l e a r  span would y i e l d  a  s t r a i g h t  l i n e  th rough t h e  o r i g i n .  

n T h i s  i s  shown i n  F igures  45 t o  48. On t h e  o t h e r  hand, i f  t h e  pa t ch  l oad  
s i z e  i s  kep t  constant ,  and a l l  o t h e r  dimensions a r e  v a r i e d  p ropo r t i on -  
a l l y ,  t h e  r e s u l t i n g  curve  would o r i g i n a t e  w i t h  an e f f e c t i v e  w i d t h  equal 



t o  t h e  pa tch  s i z e  and extend l i n e a r l y  toward t h e  va lue  o f  E f o r  a  p o i n t  
l o a d  case o f  an i n f i n i t e l y  l a r g e  span. Th i s  i n d i c a t e s  t h e  importance o f  
cons ide r i ng  p o i n t  loads  i n  t h e  ana l ys i s .  

The e f f e c t i v e  w i d t h  r e l a t i o n s h i p  f o r  midspan pa tch  loads (e.g., on 
spans 2, 3  and 5) i s  shown i n  F igures  45 and 46 as a  f u n c t i o n  o f  c l e a r  
span w id th .  E f f e c t i v e  w id ths  were ob ta i ned  f o r  t e s t  values, f o r  
Pucher 's  approach, and f o r  t h e  f i n i t e  element analyses. Since p o i n t  
1  oads would y i e l d  1  ower, more conserva t i ve  e f f e c t i v e  w id ths ,  t hey  were 
a l s o  cons idered whenever poss ib l e .  I n  t h e  numer ica l  analyses t h e  use o f  
uncracked sec t i on  p r o p e r t i e s  a l s o  y i e l d e d  more conse rva t i ve  e f f e c t i v e  
w id ths .  

E f f e c t i v e  w id ths  were a l s o  c a l c u l a t e d  a t  t h e  midspan edge: i n t e r i o r  
span (F igu re  47) and e x t e r i o r  span (F igu re  48). Resu l ts  f rom a l l  t h r e e  
approaches a r e  d isp layed .  

Crack Patterns 

Cracks on t h e  deck t o p  sur face  f o r  a  midspan l o a d  formed a lmost  
concen t r i c  c i r c l e s  around t h e  l o a d  p o i n t  (F i gu re  49). On t h e  deck bo t -  
tom sur face,  a l l  c racks  r a d i a t e d  from t h e  l o a d  p o i n t  except f o r  those 
formed on t h e  l a s t  cyc le ,  which corresponded t o  t h e  i n t e r s e c t i o n  o f  t h e  
con i ca l  punching shear sur face  w i t h  t h e  deck bot tom sur face  (F igu re  50). 
These c rack  p a t t e r n s  c l o s e l y  match t h e  ones r e p o r t e d  i n  Reference 3. 

DISCUSSION OF SCALE MODEL RESULTS 

Load-Deflection Curves 

For  a  g i ven  l o a d  range and p o i n t  o f  a p p l i c a t i o n ,  t h e  load-  
d e f l e c t i o n  curves a re  very  s i m i l a r  r ega rd less  o f  span. For  example, 
midspan l o a d - d e f l e c t i o n  p l o t s  a t  D l ,  D4 and D l 5  (spans 3, 5, and 2, 
r e s p e c t i v e l y )  cou ld  n o t  be d i f f e r e n t i a t e d  i f  t hey  were superimposed 
(F igures  25, 26, 27). T h i s  inc reases  t h e  conf idence i n  t h e  exper imenta l  
data,  and i n d i c a t e s  t h a t  endspan e f f e c t s  on d e f l e c t i o n  magnitude and 
d i s t r i b u t i o n  a re  sma l l .  Load d e f l e c t i o n s  a t  t h e  f r e e  edge o f  i n t e r i o r  
and e x t e r i o r  spans (F igures  28 and 29) a re  a l s o  s i m i l a r  w h i l e  those f o r  
near suppor t  l oad ing  (F igures  30 and 31) c o i n c i d e  up t o  100 k i ps .  

Service Load Response 

For  midspan loads  f i r s t  f l e x u r a l  c rack ing  was expected around 7  
k i p s  and y i e l d i n g  o f  t h e  bottom f l e x u r a l  r e i n f o r c i n g  a t  midspan was 
expected around 55 k i p s .  F i r s t  f l e x u r a l  c r a c k i n g  occur red  between 10 
and 15 k i ps .  The l o a d  response o f  t h e  deck upon r e l o a d i n g  was l i n e a r  up 
t o  a t  l e a s t  60 k i p s  f o r  cen te red  loads  ( e q u i v a l e n t  t o  540 k i p s  i n  p ro to -  
t ype)  which would represen t  conserva t i ve  1  i m i  t s  on s e r v i c e  l o a d i n g  
(F igures  25 t o  27). 

For t h e  cases o f  midspan l oad  on cen te r  span (F igures  34, 35, 36) 
and l oad  on f r e e  edge (F igures  37 and 38), t h e  normal ized l a t e r a l  d i s -  
t r i b u t i o n s  o f  s t r a i n ,  moment, and i n f l u e n c e  f a c t o r s  co inc ided .  I n  a1 1  
cases t h e  f i n i t e  element model w i t h  uncracked and cracked p r o p e r t i e s  



p rov ided  a  lower  and upper bound, r e s p e c t i v e l y ,  t o  t h e  exper imenta l  
d i s t r i b u t i o n .  Pucher' s  i n f l u e n c e  sur face  method a1 so y i e l d e d  very  c l ose  
agreement. 

Due t o  decreased s t i f f n e s s ,  1  oad r e s i s t a n c e  decreased whi l e  
d e f l e c t i o n  increased f o r  loads  a p p l i e d  near t h e  s l a b  f r e e  edge. Loads 
c l ose  t o  t h e  edge d i sp layed  l e s s  l a t e r a l  d i s t r i b u t i o n  r e s u l t i n g  i n  
l a r g e r  moments under t h e  l o a d  p o i n t .  The l o a d  response a t  t h e  edge o f  
t h e  s l a b  was l i n e a r  up t o  45 k i p s  (405 k i p s  i n  p ro to t ype ) .  There was no 
p e r c e p t i b l e  d i f f e r e n c e  i n  l o a d  d i s t r i b u t i o n  i n t o  t h e  e x t e r i o r  span (span 
5) and i n t o  t h e  midd le  span (span 3). 

Fai 1 ure Modes 

Due t o  supe r i o r  l oad  d i s t r i b u t i o n ,  n e i t h e r  f l e x u r a l  y i e l d  mech- 
anisms i n  t h e  span no r  y i e l d i n g  a long  t h e  suppor ts  occur red  as was 
expected ( a t  about 109 k i ps ) .  Ins tead ,  a l l  f a i l u r e s  occurred from 
punching shear. Th i s  i s  c o n s i s t e n t  w i t h  exper imenta l  observa t ions  from 
Reference 3  and i s  a  r e s u l t  o f  t h e  a r ch ing  mechanism o f  t h e  s h o r t  span- 
to-depth o f  t h e  s lab .  

For t e s t s  away f rom t h e  s l a b  edges t h e  exper imenta l  u l t i m a t e  shear 
s t r e s s  o f  6.8 t o  7.6 t imes  JfS i s  i n  excess o f  t h e  des ign va lue  o f  4 
fl a1 lowed by t h e  American Concrete I n s t i t u t e  (ACI) (Ref 8). 

C For t e s t s  a t  s l a b  f r e e  edges i t  should be no ted  t h a t  t h e  t e s t  model 
d i d  n o t  have an edge beam which would have s i g n i f i c a n t l y  increased shear 
and moment c a p a c i t i e s .  n A d i s t u r b i n g  r e s u l t  o f  t h e  t e s t s  i s  t h e  u l t i m a t e  f a i l u r e  mode. A  
punching shear f a i l u r e  occurs w i t h o u t  warning, w i t h o u t  l a r g e  d e f l e c -  
t i o n s ,  and w i t h o u t  r e d i s t r i b u t i o n  o r  redundancy. Even though t h e  
f a i l u r e  loads  a re  f a r  above t h e  expected range, shear f a i l u r e  i s  ve ry  
undes i rab le .  An inc rease  i n  deck depth w i t h o u t  a  commensurate inc rease  
i n  f l e x u r a l  c a p a c i t y  w i l l  lessen t h e  l i k e l i h o o d  o f  a  shear f a i l u r e  re -  
s u l t i n g  i n  a  more redundant and d e s i r a b l e  f l e x u r a l  f a i l u r e  mode. 

Analytical Model Factors Affecting Ef fect ive  Width 

The f o l l o w i n g  parameter e f f e c t s  a re  noted i n  t h e  a n a l y t i c a l  
r e s u l t s :  

1. E f f e c t  o f  Load Type - P o i n t  loads represen t  t h e  most con- 
s e r v a t i v e  case i n  a n a l y t i c a l  model ing i n  terms o f  l a t e r a l  d i s t r i b u t i o n .  

2. 
r e l a t i v e  
r e s u l t e d  

E f f e c t  o f  F l exu ra l  Crack ing and Or tho t ropy  - The corresponding 
l y  h i g h  s t i f f n e s s  corresponding t o  uncracked concre te  p r o p e r t i e s  

i n  much lower  l a t e r a l  d i s t r i b u t i o n .  T h i s  p rov ided  a  conserva- 
t i v e  lower  bound f o r  t h e  e f f e c t i v e  w i d t h  s ince  se rv i ce  loads should 
always induce c rack ing .  E f f e c t i v e  w i d t h  va lues w i t h  uncracked proper-  
t i e s  were c o n s i s t e n t l y  20 percen t  lower  than f o r  cracked p r o p e r t i e s .  

3. E f f ec t  o f  Boundary Cond i t ions  ( p i l e  supports) - P i l e  cap 
bottoms a r e  r e s t r a i n e d  by t h e  bending s t i f f n e s s  o f  t h e  p i l e s  which i s  

rn r e l a t i v e l y  smal l  compared t o  t h e  deck. I f  t h e  p i l e  caps were a l lowed t o  
d i s p l a c e  l a t e r a l l y  a l l  e f f e c t i v e  w i d t h  va lues  would inc rease  by 20 per-  
cen t .  



4. E f f e c t  of  Transverse Reinforcement - I n  o rde r  t o  o b t a i n  p roper  
l a t e r a l  d i s t r i b u t i o n ,  a  minimum amount o f  t r ansve rse  s t e e l  must be pro- 
v ided.  AASHTO p rov ides  requi rements f o r  t ransverse  s t e e l  under 1.3.2(E) 
D i s t r i b u t i o n  Reinforcement. For main re in fo rcement  p a r a l l e l  t o  t r a f f i c ,  , 
t h e  amount i s  t h e  percentage o f  t h e  main re in fo rcement  r e q u i r e d  f o r  
p o s i t i v e  moment g i ven  by: 

Percentage = 1 0 0 / c  (maximum 50 percent ,  w i t h  S i n  fee t ) .  

I n  o r d e r  t o  eva lua te  t h e  d i r e c t  e f f e c t  on e f f e c t i v e  w id th ,  a  cen te r  
pa tch  l o a d  was a p p l i e d  on span 3 f o r  t h r e e  d i f f e r e n t  amounts o f  t r ans -  
verse re in fo rcement  o f  t h e  f i n i t e  element model: (a) 50 percent ,  
r ep resen t i ng  t h e  maximum al lowed, and t h e  amount used i n  t h e  t e s t ,  (b) 
25 percent ,  r ep resen t i ng  t h e  r e q u i r e d  amount f o r  a  15- foo t  c l e a r  span, 
and ( c )  7 percent ,  r ep resen t i ng  t h e  minimum a1 lowed by temperature and 
shr inkage cons idera t ions .  The e f f e c t i v e  w i d t h  o n l y  decreased f rom 51 
inches i n  case (a) t o  50 inches i n  case (c ) .  The r e q u i r e d  amount o f  
t ransverse  s t e e l  t h e r e f o r e  appears conserva t i ve  a t  f i r s t ,  b u t  f u r t h e r  
i n v e s t i g a t i o n  i s  r e q u i r e d  t o  observe t h e  e f f e c t s  on u l t i m a t e  capac i t y .  

Effect ive  Width and Slab Design 

E f f e c t i v e  w id ths  were c a l c u l a t e d  f o r  t h e  va lues  ob ta ined  f rom 
t e s t s ,  Pucher' s  approach, and f i n i t e  element analyses. A1 1 sources 
i n d i c a t e  t h e  c u r r e n t  p r a c t i c e  o f  us i ng  AASHTO procedures i s  ve ry  con- 
s e r v a t i v e  f o r  pa t ch  loads  on Navy p i e r s .  More e f f i c i e n t  l o a d  d i s t r i -  
b u t i o n  and t h e  h i g h  p r o b a b i l i t y  o f  shear f a i l u r e  mode suggests a  more 
l i b e r a l  des ign r e l a t i o n s h i p  f o r  e f f e c t i v e  w i d t h  should be employed f o r  
decks sub jec ted  t o  pa tch  loads,  such as: 

E = 0.5 S E < 10 f e e t .  

which i s  about two t imes more l i b e r a l  t h a t  AASHTO b u t  s t i l l  conserva t i ve  
compared t o  a n a l y t i c a l  and exper imenta l  r e l a t i o n s h i p s .  

For loads away from t h e  edges, t h e  more 1 i b e r a l  va lue  matches t h e  
most conse rva t i ve  case o f  p o i n t  load, uncracked p r o p e r t i e s ,  and res-  
t r a i n e d  p i l e  caps. The l i m i t  o f  10 f e e t  r e f l e c t s  a  sa fe  e f f e c t i v e  w i d t h  
f o r  t h e  Navy p i e r  p ro to t ype  modeled i n  t h i s  s tudy accord ing t o  b o t h  
t e s t s  and t h e  i n i t i a l  numerical  parameter study. The above r e l a t i o n s h i p  
p rov ides  up t o  100 percen t  b e t t e r  d i s t r i b u t i o n  than a l lowed by AASHTO 
w h i l e  be ing  50 pe rcen t  lower  than t h e  pa t ch  l o a d  t e s t  r e s u l t s .  

For a  l oad  a t  t h e  edge o f  a  support ,  exper imenta l  e f f e c t i v e  w i d t h  
va lues a r e  more conserva t i ve  than t h e  above r e l a t i o n s h i p .  Fur ther ,  
these l o a d  p o i n t s  (D l8  and D3) a re  near t h e  i n f l e c t i o n  p o i n t s  and do n o t  
have much moment t o  d i s t r i b u t e .  

For an edge l o a d  case, o n l y  t h e  f i n i t e  element a n a l y s i s  w i t h  
uncracked p r o p e r t i e s  i s  n o t  conse rva t i ve  w i t h  r espec t  t o  t h e  above r e l a -  
t i o n s h i p .  However, edge beams a re  r e q u i r e d  by AASHTO 1.3.2(D), which 
should be ab le  t o  c a r r y  a  moment o f  0.08 P.S f o r  cont inuous spans (0.1 
PeS f o r  s imple span) where P i s  t h e  a p p l i e d  concent ra ted  fo rce .  An edge 
beam w i l l  then c a r r y  a lmost  h a l f  t h e  t o t a l  moment due t o  P which i s  0.17 
P - S  f o r  cont inuous spans. 



Deck parameters can be op t im i zed  t o  t ake  advantage o f  t h e  inc rease  
i n  e f f e c t i v e  w id th .  The f o l l o w i n g  two o p t i o n s  should be considered: 

1. The span l e n g t h  may be inc reased  w h i l e  ma in ta i n i ng  cross-  
sec t i ona l  p r o p e r t i e s  s i m i l a r  t o  c u r r e n t  designs. As a consequence, t h e  
number o f  p i l e s  can be reduced w i t h  cons iderab le  savings. 

2. The moment c a p a c i t y  of  t h e  s e c t i o n  may be reduced by  reduc ing  
t h e  s t e e l  area w h i l e  ma in ta i n i ng  depths and span l eng ths  s i m i l a r  t o  cur -  
r e n t  des igns.  The sav ings i n  s t e e l  we igh t  and placement w i l l  a l s o  be 
s u b s t a n t i a l .  D e f l e c t i o n s  due t o  moment w i l l  increase.  

CONCLUSIONS 

Parameter Study-and Field Tests 

For t y p i c a l  Navy p i e r s ,  w i t h  spans rang ing  f rom 14 f e e t  t o  24 f e e t :  

1. An e f f e c t i v e  w i d t h  i n  excess o f  10 f e e t  was determined. 

2. E f f e c t i v e  w i d t h  inc reases  w j t h  i n c r e a s i n g  span. 

3. Moving t h e  pa tch  l o a d  toward a suppor t  o r  a  f r e e  edge 
decreases t h e  e f f e c t i v e  w id th .  

Pier Deck Model 

Model t e s t s  and analyses o f  a  p ro to t ype  p i e r  deck des ign revealed:  

1. C y c l i c  t e s t i n g  a t  severa l  l o a d  l e v e l s  produced no s igns  o f  
d e t e r i o r a t i o n  a t  work ing l o a d  l e v e l s .  

2. F i n i t e  element p r e d i c t i o n s  o f  d e f l e c t i o n  and moment d i s t r i b u -  
t i o n  c l o s e l y  reproduced exper imenta l  data.  

3. F i n i t e  element analyses, experiments, and i n f l u e n c e  sur face  
analyses y i e l d e d  a lmost  i d e n t i c a l  l a t e r a l  l o a d  d i s t r i b u t i o n  
p a t t e r n s  and ve ry  s i m i l a r  e f f e c t i v e  w id ths  va lues.  

4. An e f f e c t i v e  w i d t h  r e l a t i o n s h i p ,  E = 0.05 S ( E  < 10 f e e t ) ,  i s  
up t o  two t imes  more 1 i b e r a l  than  AASHTO b u t  s t i l l  conserva- 
t i v e  w i t h  r espec t  t o  a l l  a n a l y t i c a l  models and exper imenta l  
va lues.  

5. For l o c a t i o n s  away from t h e  s l a b  edges, punching shear s t r e s s  
c a p a c i t i e s  were a l l  above 6.8 PC. 
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Table  1. Concrete Mix 

Const i tuent  Amount 

Type I Cement 658 1b/yd3 

F l y  Ash 100 1b/yd3 

Water 350 1b/yd3 

3/8-Inch Gravel  1 ,080 1b/yd3 

Sand 1 ,740 1b/yd3 

Water Reducing 
Admixture ( S i  kament 
86)  Per Manufacturer 
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Figure 2.  Test  area a t  the end o f  P i e r  5002. 



F igu re  3. S t a i n  gage l o c a t i o n s  a t  t e s t  s i t e  on P i e r  5002. 
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Figure 5 .  Prototype p i e r  deck - 10-foot e f f e c t i v e  width design. 
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F i g u r e  7. P i e r  deck  model - r e i n f o r c i n g  cage and formwork. 

F i g u r e  8. Completed p i e r  deck  s c a l e  model. 

n 
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Figure  9 .  Schematic o f  load ing  apparatus.  
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SPAN 1 SPAN 2 SPAN 3 SPAN 4 SPAN 5 

Figure  10. P i e r  deck model - load  p o i n t  l o c a t i o n s .  
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Figure  11. P i e r  deck model - t y p i c a l  s t r a i n  gage l o c a t i o n s .  

, . 
F i g u r e  12. S t r a i n  gage l o c a t i o n s  f o r  l o a d  p o i n t  Dl, span 3. 



PIER C,L. SUPPORT EDGE (TYP) 

LOAD POINT (TYP) 

SLAB EDGE 

+ 
) = DEFLECTION GAGE LOCATIONS 

Figure 13. P i e r  deck model - t y p i c a l  displacement gage l o c a t i o n s .  

REINFORCED CONCRETE x Y 

PIER DECK MODEL 

OEFORMEO SHAPE 

CRACKED PROPERTIES 

Figure 14. P i e r  deck model - deformed f i n i t e  element mesh. 



LOAD DISTRIBUTION CLOSE TO SUPPORT 
FOR 2 FT PATCH LOAD ON A 20 FT SPAN 

EFFECTIVE WIDTH (FT) 

Positive Moment 

Negative Moment - AASHTO 
0 ' I I I 

0.1 0.2 0.3 0.4 0.5 

RELATIVE DISTANCE FROM SUPPORT (X /L )  

F i g u r e  15. E f f e c t  o f  l o a d  p o g i t i o n  on load '  d i s t r i b u t i o n .  



LOAD DISTRIBUTION CLOSE TO FREE EDGE 
FOR 2 FT PATCH LOAD ON A 20 FT SPAN 

EFFECTIVE WIDTH (FT) 

-+- Positive Moment 

Negative Moment 

-----.6-- AASHTO 

DISTANCE FROM FREE EDGE (FT) 

Figure 16. Free edge e f f e c t  on load  d i s t r i b u t i o n .  



LOAD DISTRIBUTION FOR INCREASING SPAN 
FOR 2 FT PATCH LOAD 

EFFECTIVE WIDTH (FT) 

- Positive Moment 

Negative Moment 

10 15 20 25 
SPAN (FT) 

F igure  17. Span l e n g t h  e f f e c t  on l o a d  d i s t r i b u t i o n .  
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F igu re  22. L a t e r a l  s t r a i n  d i s t r i b u t i o n  o f  midspan load.  
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F igu re  23. Long i t ud ina l  s t r a i n  d i s t r i b u t i o n  o f  midspan load.  



Long i t ud ina l  D i  stance 

F igure  24. Long i t ud ina l  s t r a i n  d i  s t r i  b u t i o n  o f  quar terspan load. 













LOAD-DEFLECTION MEASUREMENTS 
LOAD AT D18, SPAN 1 

LOAD (KIPS) 
140  1 

50 100 150 200 

DEFLECTION (MILS) 

+- First cycle to 30 k 

- First cycle to 90 k 

+ First cycle to 60 k - Cycle to failure 

Figure 30. Experimental load-deflection at span 1, D18. 









LATERAL LOAD DISTRIBUTION 
PATCH LOAD AT Dl, SPAN 3 

NORMALIZED STRAIN/MOMENT/INFL. -- FACTOR 
1.2 /- pp 

r 1 1 
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Pucher ,  res t ra ined:  E 4 5 '  
Exper imenta l :  E = 46 '  
F E M  uncracked/cracked:  E = 4lW/51' 

Figure 34. Normalized lateral distribution at span 3, D l  





LATERAL LOAD DISTRIBUTION 
PATCH LOAD AT D4, SPAN 5 

NORMALIZED STRAIN/MOMENT/INFL. FACTOR 
1.2 
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Experimental: E = 5 0 '  
FEM uncracked/cracked: E 41'/51D 

Figure 36. Normalized lateral distribution at span 5, D4. 



LATERAL -LOAD DISTRIBUTION 
PATCH LOAD AT D5, SPAN 3 

NORMALIZED STRAIN/MOMENT/INFL. FACTOR 
1.1 

1 Last Cycle to 60 k 

0.9 -+ First Cycle to 30 k 

0.8 FEM Uncracked 
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Pucher not available 
Experimental: E = 36 '  
FEM uncracked/cracked: E 3 0 a / 3 5 '  

Figure 37. Normalized lateral distribution at span 3, D5. 



LATERAL LOAD DISTRIBUTION 
PATCH LOAD AT D17, SPAN 5 

NORMALIZED STRAIN/MOMENT/INFL. FACTOR 

0 10 20 30 40 50 60 70 80 90 100 
DISTANCE FROM LOAD CENTER (IN) 

Pucher not available 
Experimental:  E 31' ( two gages los t )  
F E M  uncracked/cracked: E - 3 C " / 3 8 '  

F igure  38. Normalized l a t e r a l  d i s t r i b u t i o n  a t  span 5 ,  D17. 



LATERAL LOAD DISTRIBUTION 
PATCH LOAD AT D18, SPAN 1 

NORMALIZED STRAIN 

First Cycle to 30 k 

+ First Cycle to 60 k 

9- 

-0.1 , I I I I I I I I I 
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DISTANCE FROM LOAD CENTER (IN) 

Experimental:  E - 33' 
Figure 39. Normalized lateral distribution at span 1, 018. 



LATERAL LOAD DISTRIBUTION 
PATCH LOAD.AT D3, SPAN 4 

NORMALIZED STRAIN 

First Cycle to 30 k 

+ First Cycle to 60 k 

- - 
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DISTANCE FROM LOAD CENTER (IN) 

Experimental:  E 40' 

Figure 40. Normalized lateral distribution at span 4, D3. 



Figure 41. Punching shear f a i l u r e  a t  span 5, 04. 



Figure  42.  Top view o f  punching shear c rack  a t  span 5, D4. 



F i g u r e  43. Bot tom v i e w  o f  punch ing shear  c r a c k  a t  span 5, D4.  

F i g u r e  4 4 .  Punching shear f a i l u r e  a t  f r e e  edge o f  span 5, D17. 
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LATERAL LOAD DISTRIBUTION 
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F i g u r e  4 5 .  E f f e c t i v e  w id th  versus span, i n t e r i o r  midspan 1 oad.  



LATERAL LOAD DISTRIBUTION 
EXTERIOR MIDSPAN 
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F i g u r e  46. E f f e c t i v e  w i d t h  versus span, e x t e r i o r  midspan load .  



LATERAL LOAD DISTRIBUTION 
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F i g u r e  47. E f f e c t i v e  w i d t h  v e r s u s  span, i n t e r i o r  midspan edge l o a d .  



LATERAL LOAD DISTRIBUTION 
EXTERIOR MIDSPAN EDGE 

CRACKED/UNCRACKED CONCRETE PROPERTIES 
SIMPLY SUPPORTED HALF STRIP (PUCHER) 
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F i g u r e  48. E f f e c t i v e  w i d t h  v e r s u s  span, e x t e r i o r  midspan edge l o a d .  
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SUPPORT EDGE 

J 

F i g u r e  49. Crack p a t t e r n s  on deck t o p  s u r f a c e ,  span 3, Dl. 

SUPPORT EDGE 

SPAN 3 - BOTTOM - CYCLE 15, 30 KIPS 

- CYCLE 1, 90 KIPS 

- CYCLE 20, 90 KIPS 

- FAILURE 

F i g u r e  50. Crack  p a t t e r n s  on deck bo t tom sur face,  span 3, Dl. 
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