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R -D . P E E K  D re s ,  I n s t i t u te  f o r  W o o d  B io lo g y  a n d  W o o d  P re s e r v a t io n  o f  t h e  F e d e ra l  R e s e a rc h  C e n t r e  f o r  F o r e s t r y  a n d

H . W IL L E IT N E R  F o r e s t  P r o d u c ts ,  H a m b u r g - R e in b e k ,  G e r m a n y

SYNOPSIS Ti mber  i s one of  t he ol des t  mat er i al s  f or  f oundat i ons .  I nv es t i gat i ons  of  mor e t han
50 pi l i ngs  f r om l oc at i ons  i n Ger many  s howed a s i gni f i c ant  i nf l uenc e of  t he s pec i f i c  s i t e c ondi t i ons  
on t he behav i our  of  t he t i mber .  The mos t  c ommon s pec i es  empl oy ed i n Cent r al  Eur ope ar e oak,  spr uce,  
and s c ot c h pi ne,  t o a l es s er  degr ee f i r  and l ar ch.  Under  sal t  wat er  c ondi t i ons  t he t r opi c al  har d ­
woods  azobe,  gr eenhear t  and angel i que ar e used.  Ti mber  has  good s t r engt h pr oper t i es  and a hi gh dur a ­
b i l i t y  i f  c ons t ant l y  k ept  bel ow gr ound wat er  t abl e.  Under  f r esh wat er  onl y  t he s apwood wi l l  be i n ­
f es t ed by  bac t er i a whi c h l ower  t he s t r engt h pr oper t i es  s l owl y  ov er  decades .  I n s al t  wat er  mar i ne 
bor er s  ac t  as wood des t r oy i ng or gani s ms .  I n gr ound c ont ac t  abov e t he gr ound wat er  t abl e f ungi  wi l l  
heav i l y  at t ac k  t i mber  and l ead t o s ev er e det er i or at i ons  wi t h i n a shor t  t i me.  Ther ef or e l ower i ng of  
t he gr ound wat er  t abl e f or  per i ods  ov er  one mont h mus t  be avoi ded.

INTRODUCTION

Ti mber  i s  one of  t he ol des t  mat er i al s  f or  f oun ­
dat i ons  i n soi l s  of  i ns uf f i c i ent  bear i ng c apa ­
c i t y .  Si nc e anc i ent  t i mes  t i mber  pi l i ngs  wer e 
us ed f or  t he f oundat i ons  of  whol e t owns  and pi l e-  
dwel l i ngs .  Ther e ar e wel l - k nown ex ampl es  f or  t he 
v er y  ear l y  us e of  such t i mber  f oundat i ons  f or  
human s et t l ement s  ( van Gi f f en,  Bohmer s ,  1949;  
Huber ,  J az ewi t c h,  1958) .  Many  ol d bui l di ngs  
dat i ng f r om t he mi ddl e ages  ar e s t i l l  ex i s t i ng 
i nc l udi ng some f amous  monument s  ( Var oss i eau,
1949)  .

Howev er ,  t he s t r engt h of  wooden f oundat i ons  of t en 
i s di mi ni s hed mai nl y  due t o f ungal  at t ack .  Con ­
s equent l y  l ar ge ef f or t s  bec ame nec es s ar y  t o 
pr es er v e bui l di ngs  of  hi s t or i c al  i nt er es t .

Thi s  paper  wi l l  demons t r at e t he s ui t abi l i t y  of  
t i mber  f or  f oundat i ons  and el abor at es  on t he 
r eas ons  f or  an ear l y  br eak down.  The pr es ent at i on 
i s bas ed on t he c ommon k nowl edge of  t he beha ­
v i our  of  t i mber  i n gr ound and i n wat er  c ont ac t  
as wel l  as on t he ex per i enc e of  t he aut hor s ,  
who,  dur i ng t he l as t  15 year s ,  hav e i nv es t i ­
gat ed mor e t han 50 pi l i ngs  of  ov er  20 wooden 
f oundat i ons  f r om 10 di f f er ent  s i t es  i n Ger ­
many  .

I n t he l i t er at ur e onl y  a f ew publ i c at i ons  deal  
wi t h  t hi s  s pec i f i c  pr obl em ( Bout el j e,  Br avor y ,  
1968;  Bout el j e,  Gor ans s on,  1972;  Es l yn,  Cl ar k ,  
1976;  Har msen,  Ni ssen,  1965;  Sc hef f er ,  Duncan,  
Wi l k i ns on,  1969;  Var os s i eau,  1949) .

IN V E S T IG A TIO N S

I nv es t i gat i ons  of  wooden f oundat i ons  ar e r e ­
qui r ed i n par t i c ul ar

as r egar ds  es t i mat es  of  t hei r  r emai ni ng s er ­
v i c e l i f e ( e. g.  Har msen,  Ni s sen,  1965)

t o c hec k  t he c ondi t i ons  of  pi l i ngs  i n ar eas  
wher e ex t ens i v e under gr ound engi neer i ng 
meas ur es  r es ul t ed i n a s i nk i ng gr ound wat er  
t ab l e .
t o f i nd pos s i bl e r eas ons  f or  damages  on 
bu i l d i ngs .

For  t hi s  wor k  mai nl y  t hr ee met hods  ar e c ommonl y  
empl oyed:

t ak i ng bor e- c or es  wi t hout  openi ng t he gr ound.  
Thi s  met hod gi v es  no r el i abl e r es ul t s  bec aus e 
t he bor i ng meet s  t he pi l es  onl y  r andoml y  and 
no c ar ef ul  i nv es t i gat i on of  t he p i l e- head i s 
pos s i b l e .

-  openi ng t he gr ound f or  v i s ual  i ns pec t i on of  
t he pi l e- heads  and mec hani c al  t es t s  wi t h  a 
s har p t oo l .
l abor at or y  i nv es t i gat i ons  of  t he s t r engt h 
pr oper t i es  of  pi l es .  Suc h t es t s  gi v e t he mos t  
r el i abl e r esul t s ,  es pec i al l y  i f  s ev er al  pi l es  
f r om di f f er ent  par t s  of  t he f oundat i on can be 
t ak en .

Labor at or y  t es t s ,  however ,  ar e r ar el y  f eas i bl e 
bec aus e mos t l y  i t  i s i mpos s i bl e t o t ake s ampl es  
of  s uf f i c i ent  s i ze f r om pi l es  s t i l l  i n s er v i c e 
wi t hout  i nf l uenc i ng t he s t andi ng bui l di ng.  Sy s ­
t emat i c  i nv es t i gat i ons  on s er i es  of  pi l i ngs  out  
of  use ( Esl yn,  Cl ar k,  1976)  add t o our  k nowl edge 
on t he behav i our  of  wooden f oundat i ons , t hough 
i t  i s di f f i c ul t ,  t o hav e av ai l abl e r es pec t i v e 
mat er i a l  at  t he s c i ent i f i c  l abor at or i es .

TIMBER SPECIES FOR P IL IN G S

Ti mber  i s a v er y  s ui t abl e mat er i al  f or  pi l i ngs .  
One of  i t s  out s t andi ng qual i t i es  i s t he good 
r el at i on bet ween s t r engt h pr oper t i es  and den ­
s i t y  ( t abl e I ) .  No ot her  s uppor t i ng mat er i al  
such as i r on or  c onc r et e has  a s t r engt h t o den ­
s i t y  r at i o near l y  as f av our abl e as wood.  The 
s hape of  t i mber  i s al s o adv ant ageous  f or  pi l i ngs .
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Dens i t y ,  c ompr es s i on s t r engt h and nat ur al  r es i s t anc e of  s ome t i mber  s pe ­
c i es  us ed f or  p i l i ng ( accor di ng t o DI N 68 364;  c ompr es s i on s t r engt h i n 
moi s t  c ondi t i on ( u>3o%)  ac c or di ng t o Kol l mann,  1951;  t he dat a ar e bas ed 

on s mal l  s ampl es  wi t hout  def ec t s )

TABLE I

Ti mber  s pec i es Dens i t y  

g/ mm̂  

u = 12*

Compr es s i on 

N/ nun2 

u = 12%

s t r engt h 

u > 3o%

Nat ur al  
r es i s t anc e 1 , 
of  hear t wood

Angel i que ( Basr al ocus)  
Di c or y ni a gui anens i s

0. 76 7o v er y  dur abl e

Az obe ( Bongoss i ,  Ekki )  
Lophi r a al at a

1 . 06 95 v er y  dur abl e

Fi r
Abi es  al ba

0. 47 4o 23 non- dur abl e

Gr eenhear t  
Oc ot ea r odi ei

1 . 00 1oo v er y  dur abl e

Lar c h
Lar i x  dec i dua

0. 59 48 25 moder at el y  dur abl e

Oak,  whi t e 
Quer c us  r obur

0. 67 52 35 dur abl e

Pi ne,  Sc ot c h 
Pi nus  s y l v es t r i s

0. 52 45 25 non- dur abl e t o 
moder at el y  dur abl e

Spr uc e 
Pi c ea abi es

0. 47 4o 23 non- dur abl e

1 ) i n gr ound c ont ac t  above wat er  t abl e: v er y  dur abl e /  dur abl e /  
non- dur abl e /  per i s habl e

moder at el y  dur abl e /

Us ed t op- end down t he s ur f ac e f r i c t i on i s 
mar k edl y  i nc r eased.

Fur t her mor e t i mber  shows  c ons i der abl e r es i s ­
t ance agai ns t  or gani c  and i nor gani c  i nf l uenc es  
i f  c ons t ant l y  k ept  be l ow gr ound wat er  t ab l e .

Las t  not  l eas t  t i mber  can eas i l y  be handl ed and 
wor k ed at  t he s i t e.

The mos t  c ommon t i mber  s pec i es  us ed f or  f oun ­
dat i ons  i n Cent r al  Eur ope wer e oak  ( Quer cus  s p . ) f 
spr uc e ( Pi cea abi es)  and s c ot c h pi ne ( Pi nus s y l ­
ves t r i s )  , t o a l es s er  degr ee f i r  ( Abi es al ba)  
and l ar ch ( Lar i x  sp. ) .  Ev en nowaday s  t hese 
spec i es  ar e us ed f or  t i mber  f oundat i ons . At  one 
s i t e ( Hannover )  al so beec h ( Fagus sy l vat i ca)  was  
f ound i n par t s  of  a l ar ge f oundat i on . I n ot her  
r egi ons  s ev er al  l ocal  s pec i es  ar e of  i mpor t ance.  
Under  s al t  wat er  c ondi t i ons  t he t r opi c al  har d ­
woods  Az obe ( Bongoss i ,  Ek k i  = Lophi r a a l a t a ) , 
Gr eenhear t  ( Ocot ea r odi ei )  and Angel i que 
( Basr al ocus  = Di c or y ni a gui anens i s )  ar e pr es ent ­
l y  us ed bec aus e of  t hei r  hi gh r es i s t anc e agai ns t  
mar i ne bo r e r s .

The c r oss  s ec t i ons  of  oak,  pi ne,  l ar c h and of  
t he t hr ee t r opi c al  har dwoods  s how a l i ght er  
col our  i n t he out er  par t  c al l ed sapwood,  t han 
i n t he i nner  one,  c al l ed hear t wood.  Thi s  dar k er  
c ol our ed hear t wood has  a h i gher  r es i s t anc e 
agai ns t  f ungal  at t ac k  and wi l l  not  be c ol oni z ed 
by  bac t er i a.  Cont r ar y ,  s pr uc e and f i r  hav e no 
c ol our ed hear t wood.  Us ual l y  t he Eur opean s pec i es  
ar e us ed as r ound t i mber  i nc l udi ng sapwood,  t he 
t r opi c al  s pec i es  as s awn t i mber  wi t hout  sapwood.

The mai n t i mber  pr oper t i es  r el ev ant  f or  f ounda ­
t i ons  ar e gi v en i n t abl e I . The dat a f or  dens i t y  
and c ompr es s i on s t r engt h ar e al mos t  i dent i c al  
f or  s apwood and hear t wood.  The s apwood of  al l  
s pec i es  i s  s us c ept i bl e t o f ungal  at t ac k  and 
may  be i nf es t ed by  bac t er i a.

As  s een f r om t abl e I  t he pr oper t i es  of  t he 
t i mber  s pec i es  v ar y  t o a l ar ge ex t ent .  The c om­
pr es s i on s t r engt h c l os el y  c or r el at es  t o t he den ­
s i t y  wher eas  no s uc h c or r el at i on ex i s t s  t o t he 
nat ur al  r es i s t anc e.  Thi s  pr oper t y  depends  onl y  
on t he pr es enc e of  c er t ai n ex t r ac t i v es  i n t he 
hear t wood of  t he r es pec t i v e t i mbe r .

The behav i our  of  t he t i mber  i n t he gr ound v ar i es  
bet ween di f f er ent  s pec i es  not  onl y  ac c or di ng t o 
t hei r  nat ur al  r es i s t anc e.  I n addi t i on,  t he s pe ­
c i f i c  c ondi t i ons  of  t he s i t e ar e of  i mpor t anc e.
I n t abl e I I  t he r es i dual  c ompr es s i on s t r engt h 
of  some pi ne pi l es  af t er  d i f f er ent  per i ods  of  
s er v i c e l i f e i s l i s t ed t o demons t r at e t he r ange.

The t es t i ng r es ul t s  f ul l y  c or r es pond t o t hos e of  
v i s ual  obs er v at i ons .  Obv i ous l y  t he t ype of  soi l  
and t he gr ound wat er  c ons i der abl y  i nf l uenc es  a 
pos s i bl e b i o l ogi c al  det er i or at i on.  Thus  at  one 
s i t e f r ames  made f r om beec h -  whi c h i s an ex t r eme ­
l y  s us c ept i bl e s pec i es  -  s howed no bac t er i al  
gr owt h whi l s t  l ower  l y i ng pi ne pi l es  wer e i n ­
f es t ed.  Si mi l ar  v ar i at i ons  wer e r epor t ed by  
Es l y n and Cl ar k  ( 1975,  t abl e I I I ) .
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Res i dual  s t r engt h of  pi ne- pi l i ngs  
f r om di f f er ent  s i t es

TABLE I I

Si t e Ser v i c e St r engt h^   ̂ Remar k  
Pi l e l i f e N/ mm2

hear t  sap

A 1 7o 26 2o . t i dal  zone,  no
2 7o 19 9 mar i ne bor er s

B 8o 16 3 par t l y  above GWT
C 1 2o 19 6 same pi l e as Fi g . 5
D 1 >1 4o 1 3 0

2 »1 4o 27 1 o Fi g.  2,  zone A
2 >1 4o 3o 11 Fi g.  2,  zone B

Av er age c ompr es s i on s t r engt h i n moi s t  
c ondi t i on ac c or di ng t o t es t s  at  t he 
I ns t ,  of  Wood Phy s i c s  and Mec hani c al  
Wood Tec hnol .  of  t he Fed.  Res.  Cent r e 
f or  For es t y  and For .  Pr od. ;  av er age 
v al ue of  s ound s ampl es  ac c or di ng t o

Kol l mann ( 1951) :  16. . . 25. . . 39 N/ mm2 .

2)
Gr ound wat er  t abl e.

TABLE I I I

Var i at i on ( %)  of  av er age c r us hi ng s t r engt h 
i n s pec i mens  f r om pi l es  af t er  85 y ear s  s er ­
v i c e l i f e bel ow wat er  and publ i s hed av er age 
v al ues  f or  t he same s pec i es  ( dat a ac c or di ng 

t o Es l yn,  Cl ar k ,  1976)

Pos i t i on 
of  s ampl es

Pi nus
r es i nos a

Pi nus
s t r obus

Lar i x
l ar i c i na

t op di s c
out er  t hi r d - 54 - 40 - 21
mi ddl e - 26 + 2 -  2
i nner  t hi r d - 36 -  8 - 15

bot t om di sk
out er  t hi r d - 30 - 30 - 28
mi ddl e - 36 + 2 -  4
i nner  t hi r d - 40 - 11 - 20

AGENCI ES OF DETERI ORATI ON

Des pi t e of  t hei r  s ui t abl e pr oper t i es  wooden f oun ­
dat i ons  may  be det er i or at ed by  s ev er al  agenc i es .  
The ef f ec t  of  t he s t r engt h pr oper t i es  r anges  
f r om negl i gi bl e t o t ot al  br eak down dependi ng on 
t he s pec i f i c  gr ound c ondi t i ons  and t he t i mber  
s pec i es  us ed ( see Fi g.  1) .

Mos t  i mpor t ant  i s t he l evel  of  t he gr ound wat er  
t abl e i n r el at i on t o t he pi l i ng.  Al l  par t s  above 
t he wat er  t abl e ar e s ubj ec t  t o s ev er e at t ack  
mai nl y  by  wood des t r oy i ng f ungi .  They  r educ e t he 
t i mber  s t r engt h t o a hi gh ex t ent  wi t hi n a com-

Fi g.  1:  I nf l uenc e of  s i t e c ondi t i ons ,  par t i c u ­
l ar l y  t he gr ound wat er  t abl e,  on wooden 

pi l i ngs

par at i v el y  s hor t  t i me.  Under  ex t r emel y  unf av our ­
abl e c i r c ums t anc es ,  at t ac k ed pi l i ngs  may  l ose 
t hei r  s uppor t i ng f unc t i on ev en wi t h i n  one y e a r .
I t  s houl d be not ed,  howev er ,  t hat  on some s i t es  
i nv es t i gat ed t he bui l di ngs  s howed no ef f ec t  ev en 
af t er  s ev er al  y ear s  of  l ower ed gr ound wat er  t abl e

Ti mber  i n f r esh wat er  or  i n soi l  be l ow gr ound 
wat er  t abl e,  however ,  i s not  at t ac k ed by  f ungi .  
Onl y  bac t er i a wi l l  i nf es t  t he s apwood of  t he 
t i mber  but  nor mal l y  t hey  ar e by  f ar  l ess  har m­
f ul .  I n addi t i on t o bac t er i a c er t ai n aggr es s i v e 
c hemi c al s  d i s s ol v ed i n t he wat er  may  i nf l uenc e 
t he t i mber  t o some ex t ent .  Ti mber  i n s al t  wat er  
may  be at t ac k ed by  mar i ne bor er s  l eadi ng t o s e ­
v er e damage.

Wood des t r oy i ng f ungi

Wood des t r oy i ng f ungi  bel ong t o t he bas i d i omy -  
c e t es , as c omy c et es  or  t o t he f ungi  i mper f ec t i . 
They  i ni t i at e an i nt ens i v e dec ay  r es ul t i ng i n a 
r emar k abl e l oss  of  s t r engt h ev en at  an ear l y  
s t age of  decay .  Fi nal l y  t hi s  l eads  t o a c ompl et e 
det er i or at i on of  t he at t ac k ed par t s  of  t he pi l i ng 
( Fi g.  2 and 3)  due t o t he dec ompos i t i on of  t he 

wooden cel l  wal l  ( Fi g.  4) .

Ac c or di ng t o t he t ype of  dec ay  and t he phys i ol o- '  
gi c al  pr oper t i es  of  t he wood des t r oy i ng f ungi  
t hese can be di v i ded i nt o t wo mai n gr oups :

t he bas i d i omy c et es  whi c h i nc l ude e. g.  br own 
r ot ,  whi t e r ot  and poc k et  r ot  f ungi ,  
t he s of t  r ot  f ungi  ( as comycet es  and f ungi  i m-  
per f ec t i ) , whi c h c aus e a qui t e di f f er ent  t ype 
of  wood det er i or at i on,  c al l ed " sof t  r ot "  due 
t o t he t y pi c al  s moot h s ur f ac e of  t he at t ac k ed 
t i mbe r .

For  t he pur pos e of  t hi s  paper  i t  i s not  nec es s ar y  
t o go i nt o det ai l s  f or  di f f er ent i at i ng t hese t wo 
g r oups .

I n or der  t o at t ac k  t i mber  al l  t ypes  of  
f ungi  r equi r e a c er t ai n moi s t ur e c ont ent  and 
amount  of  ox i gen.  For  s of t  r ot  f ungi  t he humi d i ­
t y  mus t  be h i gher  and t he demand f or  ox i gen i s 
l ower  t han f or  bas i d i omy c et es . Bot h t ypes  ar e 
unabl e t o dev el op i n dr y  t i mber .  Ther ef or e no 
f ungal  at t ac k  oc c ur r es  bel ow s ur f ac e or  gr ound 
wat er  t abl e.  Abov e t hi s  l evel ,  howev er ,  at  l eas t

m e d iu m

a t t a c k
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Fi g.  2:  Pi l i ngs  f r om t he Cat hedr al  of  St .  Mar ­
t i n,  Lands hut ,  af t er  mor e t han 5 50 
y ear s  of  s er v i c e l i f e ( see al s o t he 
c ont r i but i on of  Hi l mer ,  Fi g.  2 and 3)  
Pi l i ng 10/ 13:  good c ondi t i on;  10/ 2 and 
10/ 3:  heav y  det er i or at i on at  t he pi l e-  
head

Fi g.  3:  Pi l i ng wi t h heav y  det er i or at i on at  t he 
head and s ound t i mber  i n l ower  pa r t s .
A and B r ef er  t o t he zones  of  s t r engt h 
t es t s  ( see t abl e I I )

one of  t he gr oups  wi l l  f i nd i deal  l i v i ng c on ­
d i t i ons  ( Fi g.  1) .  On t he ot her  hand t i mber  wi l l  
not  be at t ac k ed i n dr y  condi t i on.

For  mos t  f ungi  t he at t ac k  i s l i mi t ed t o t he sap-  
wood,  but  some wi l l  al s o c ont i nue i nt o t he hear t -  
wood.  The i nt ens i t y  of  hear t wood at t ac k  depends  
on i t s  nat ur al  r es i s t anc e.

Fi g.  4:  Mi c r ogr aph of  heav i l y  det er i or at ed 
t i mber  ( spr uce,  c r oss  sect i on)

Bac t er i a

Cont r ar y  t o f ungi ,  anaer obi c  bac t er i a ar e abl e 
t o s ubs i s t  i n wat er - s at ur at ed t i mber .  They  gr ow 
r at her  s l owl y  and c or r ode t he cel l  wal l  onl y  
s t ep by  s t ep.  As  a r es ul t  l i mi t ed det er i or at i on 
t akes  pl ac e ov er  dec ades . Suc h t i mber  mai nt ai ns  
i t s  or i gi nal  shape i n wet  c ondi t i on.  When dr i ed 
i t  c ol l aps es  t o an ex t ent  c ont r ol l ed by  t he de ­
gr ee of  degr adat i on ( Fi g.  5) .  Ti mber  at t ac k ed 
by  bac t er i a wi l l  s how a s of t  s ur f ac e whi ch,  af t er  
a v er y  l ong t i me i n ser v i ce,  wi l l  a l r eady  y i el d 
t o f i nger  pr ess ur e.

Fi g.  5:  Dr i ed c r oss  s ec t i on of  a pi ne pi l e af t er  
120 y ear s  of  s er v i c e l i f e.  Bac t er i al  
at t ac k  i n t he s apwood

I n gener al  bac t er i a wi l l  mer el y  at t ac k  t he sap-  
wood of  t he pi l es  whi l e t he mor e r es i s t ant  hear t  
wood r emai ns  s ound ( Fi g.  5) .  Sapwood s t r engt h 
pr oper t i es  of  t he t i mber  i n l ong- t i me use wi l l  
be di mi ni s hed ( t abl es I I  and I I I )  . The degr ee 
of  t he l oss i n s t r engt h wi t h i n  a c er t ai n wood 
spec i es  depends  t o a v er y  hi gh ex t ent  on t he 
s pec i f i c  s i t e c ondi t i ons .  Some of  t he pi l es  i n ­
v es t i gat ed by  t he aut hor s  af t er  some 50 y ear s  i n 
t he gr ound s howed a mar k ed weak eni ng of  t he s ur ­
f ace whi l e ot her s  appear ed al mos t  un ­
changed.  Thi s  v ar i at i on c or r es ponds  t o t he di f f er  
ent  s t r engt h pr oper t i es  of  ol d pi l es  r epor t ed i n
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t he l i t er at ur e.

Ter mi t es  and ot her  I nsec t s

Wi t h  r egar d t o pi l i ngs  i n t r opi cal ,  subt r opi c al ,  
and medi t er r anean ar eas  al so t er mi t es  hav e t o be 
t ak en i nt o c ons i der at i on.  Par t s  of  t he t i mber  i n 
t he soi l  abov e gr ound wat er  t abl e may  be at t ac k ed 
by  s ubt er r anean t er mi t es  whi c h c an des t r oy  t he 
wood wi t h i n  a s hor t  t i me.  Ot her  i ns ec t s  ar e of  
r ar e oc c ur r enc e and shal l  be negl ec t ed i n t hi s  
cont ex t .

Mar i ne bor er s

Ti mber  i n s al t  wat er  can be heav i l y  at t ac k ed by  
di f f er ent  mar i ne or gani s ms  i nc l udi ng s pec i al  
mar i ne f ungi .  Mos t  i mpor t ant  ar e s ev er al  gener a 
of  s hi p wor ms  ( Ter edo,  Bank i a,  Mar t es i a)  or  Cr us -  
t ac eae l i ke Li mnor i a.  Shi pwor ms  ar e har dl y  v i ­
s i bl e on t he pi l e s ur f ac e due t o v er y  smal l  en ­
t r anc e hol es  but  t hey  may  badl y  det er i or at e t he 
i nt er i or .  Mar i ne bor er s  need a mi n i mum sal i ni t y ,  
as e. g.  7 o/ oo f or  Ter edo ( Bavendamm,  Schmi dt ,  
1960) .  I n t he f oundat i on of  t he s l ui s e ( see 
Fi g.  6)  whi c h c onnec t s  t he s ea wi t h  a s i de- ar m 
of  a r i ver ,  t he t wo pi l es  near es t  t o t he s ea ­
s i de f l ood gat e s howed a mar k ed at t ac k  of  Ter edo 
nav al i s  whi l e  t he s ubs equent  pi l es  wer e i mpai r ed 
t o a muc h l es s er  degr ee.  I n t he c ent r e of  t he 
s l ui s e onl y  s por adi c  at t ac k  occur r ed.

Chemi c al s

Onl y  l i t t l e i s k nown about  t he i nf l uenc e of  
c hemi c al s  i n t he gr ound wat er  on t he s t r engt h 
pr oper t i es  of  f oundat i ons .  I n gener al  t i mber  i s 
r at her  r es i s t ant  agai ns t  c hemi c al s  i f  t he pH of  
t he c ont ac t  medi um i s about  7 or  s l i ght l y  be ­
l ow.  A hi gh pH- val ue,  howev er ,  mar k edl y  enhanc e 
a r educ t i on i n s t r engt h.  Fr om i nv es t i gat i ons  of  
pi l es  f r om di f f er ent  s i t es  i t  may  be i nf er r ed 
t hat  t i mber ,  af t er  l ong- t i me s er v i c e

Fi g.  6:  Foundat i on of  a s l ui s e

i n t he soi l ,  may  al so be i nf l uenc ed by  chemi c al s .  
I t  i s pr esumed,  t hat  i n gener al  a s i mul t aneous  
at t ac k  by  bac t er i a and c hemi c al s  t akes  pl ace.
Thi s  c oul d ex pl ai n t he di s t i nc t  di f f er enc es  i n 
t he r es i dual  s t r engt h of  pi l es  f r om di f f er ent  
s i t es  af t er  c ompar abl e s er v i c e t i me.

EFFECT OF GROUND WATER LOWERING

As t he gr ound wat er  t abl e ( GWT)  s i nks  bel ow t he 
head of  t he pi l es  or  ot her  par t s  of  t he f ounda ­
t i on t he moi s t ur e c ont ent  wi l l  s l owl y  dec r eas e 
and ox i gen wi l l  bec ome av ai l abl e.  Thus  t he c on ­
di t i ons  ar e s ui t abl e f or  a f ungal  at t ac k  and a 
r api d det er i or at i on may  t ake pl ac e as shown

TABLE IV

I nf l uenc e of  t he dur at i on of  d i f f er ent  gr ound wat er  t abl e 
( GWT)  on t he dur abi l i t y  of  pi l e f oundat i ons

per i ods  f or  f oundat i on wat er  s a t u r a t i on^  
par t s  abov e wat er  t abl e

f ungal  at t ack ef f ec t 2^

none c ompl et e none no

v er y  s hor t  
e. g.  t i dal  zone

c ompl et e none no

week s
al mos t  c ompl et e

s l i ght l y
di mi ni s hed

negl i gi bl e

s t ar t i ng

no

no

mont hs
mar k edl y
di mi ni s hed

di s t i nc t
begi nni ng
det er i or at i on

mor e t han hal f  
a y ear

mar k edl y
di mi ni s hed

heav y det er i or at i on

 ̂  ̂Dependi ng f r om t he s pec i f i c  soi l  c ondi t i ons

^ o n  Eur opean t i mber s pec i es  wi t h l ow or  moder at e nat ur al  r es i s t anc e
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abov e ( see al s o Fi g.  2 and 3 and t abl e I I  s i t e 
B) . The c r i t i c al  t i me l apse bet ween t he l ower i ng 
of  t he GWT and t he s t ar t  of  f ungal  at t ac k  di f f er s  
wi del y  ac c or di ng t o t he s pec i f i c  soi l  condi t i ons ,  
es pec i al l y  i t s  wat er  hol di ng c apac i t y .  The c api ­
l l ar i t y  of  t he t i mber  i s by  no means  s uf f i c i ent  
t o ens ur e wat er  s at ur at i on abov e GWT.  Os c i l l at i ng 
wat er  l evel s  wi l l  r educ e t he danger  of  f ungal  
at t ac k  i f  t he i nt er v al l s  ar e s hor t  enough t o 
mai nt a i n  t he moi s t ur e c ont ent  of  t he t i mber .
Pi l es  r emov ed f r om t he t i dal  zone of  t he har bour  
of  Hambur g,  f or  i ns t ance,  s howed no degr adat i on 
( see al so t abl e I I  s i t e A) .

Tabl e I V r oughl y  s ummar i z es  t he mai n cor r el at i ons .  
As  a r es ul t  al l  meas ur es  l eadi ng t o a l ower ed 
GWT f or  a per i od l onger  t han one mont h c oul d be 
har mf ul  t o wooden f oundat i ons .  A per manent l y  
l ow GWT wi l l  l ead t o a t ot al  det er i or at i on of  
t he f oundat i on due t o f ungal  at t ac k  and t her e ­
f or e has  t o be av oi ded by  al l  me a n s .

Pr es er v at i v e meas ur es  f or  t i mber  i n t he soi l  
abov e GWT ar e di f f i c u l t  t o ac c ompl i s h and of  
l i mi t ed ef f ec t .  Dur i ng s hor t  per i ods  of  l ow 
GWT,  e. g.  due t o engi neer i ng meas ur es ,  t he v i ­
c i ni t y  of  t he pi l es  c oul d be wet t ed.  I n t he case 
of  a per manent l y  l ow GWT onl y  c hemi c al  wood pr e ­
s er v at i v es  wi l l  gi v e s at i s f ac t or y  r esul t s .  But  
t hei r  appl i c at i on i s ex pens i v e as t he t i mber  i t ­
s el f  has  t o be t r eat ed.  Soi l  t r eat ment  i s not  
onl y  i nef f i c i ent ,  but  woul d i n addi t i on c r eat e 
s ev er e pol l ut i on p r ob l ems .

For  r emedi al  t r eat ment  of  pi l es  i n- si t . u s pec i al  
pr es er v at i v es  may  be i nt r oduc ed v i a bor e hol es  
of  a s ui t abl e pat t er n.  Repl ac ement  t i mber  s houl d 
be t r eat ed i n pr es s ur e pl ant s  ac c or di ng t o 
ex i s t i ng s pec i f i c at i ons .  However ,  t he appl i c at i on 
of  wood pr es er v at i v es  r equi r es  muc h ex per i enc e 
and s houl d be done onl y  i n c l os e c ooper at i on wi t h 
s pec i al i s t s .  Al t hough i mpor t ant ,  ques t i ons  r e ­
l at ed t o wood pr es er v at i on go bey ond t he scope 
of  t hi s  c ont r i but i on and t her ef or e wi l l  not  be 
di s c us s ed her ei n.

Wood Sci .  4,  47- 57.

Bout el j e,  J . B. ,  Gor ans s on,  B.  ( 1972) .  Dec ay  
i n wood c ons t r uc t i on bel ow t he gr ound 
wat er  t abl e.  I n:  Bi o- det er i or at i on of  Ma ­
t er i al s ,  Vo l . 2,  ed.  by  A. H.  Wal t er s  and
E, H. Huec k - v an der  Pl as .  Appl .  Sc i . Publ . ,  
311- 318,  London.

Es l yn,  E. ,  Cl ar k ,  J oe W.  ( 1975) .  Appr ai s i ng 
det er i or at i on i n s ubmer ged pi l i ng.  I n:  
Or gani s men und Hol z ,  ed.  by  G.  Bec k er  and 
W.  Li ese.  Bei h.  3 zu Mat .  und Or g.
43- 52.

Van Gi f f en,  A. E. ,  Bohmer s ,  A.  ( 1949) .  Toepas s -  
i ng Van Het  Hout  i n Het  Voor hi s t or i s c he 
Eur opa,  Gedur ende Het  Neol i t hi c um,  De 
Br ons t i j d,  De Oude I j zer t i j d,  De Romei ns e 
En De Vo l k s v er hu i z i ngs t i j d . I n:  Hout  
i n al l e Ti j den,  Par t  1,  ed.  by  W.  Boer hav e 
Bec k mann,  pp.  267- 328.  Devent er :  N. V.  Ui t -  
gev er s  -  Maat s c happ i j , Ae . E.  Kl uwer .

Har msen,  L. ,  Ni ssen,  T. V.  ( 1965) .  Der  Bak t er i er  
angr i f f  auf  Hol z .  Hol z  Roh-  Wer k s t .  23,  
389- 393.

Hi l mer ,  K.  ( i n pr ess ) .  Sav i ng ol d bui l di ngs .
10 t h I nt er n.  Conf er enc e on soi l  Me c h . 
and Found.  Eng.  St oc k hol m 1981.

Huber ,  B. ,  J az ewi t s c h,  W.  v.  ( 1958) .  J ahr r i ng-  
unt er s uc hungen an Pf ahl bauhol z er n.  Fl or a 
146,  445- 471.

Kol l mann,  F.  ( 1951) .  Tec hnol ogi e des  Hol z es  
und der  Hol z wer k s t of f e,  2nd ed.  Par t  1.  
Ber l i n,  GSt t i ngen Hei del ber g:  Spr i nger .

Sc hef f er ,  T. C. ,  Dungan,  C. G. ,  Wi l k i ns on,  T.
( 1969) .  Condi t i on of  pi ne pi l i ng s ub ­
mer ged 62 y ear s  i n r i v er  wat er .  Wood 
Pr es.  News  47,  22- 24.

Var os s i eau,  W. W.  ( 1949) .  Opgegr av en en Aange-  
t as t  Hout  Ui t  Bi o l ogi s c h Oogpunt  Bez i en.
I n:  Hout  i n al l e Ti j den,  Par t  1,  ed.  by  
W.  Boer hav e Beek man.  Dev ent er :  N. V.  
Ui t gev er s  -  Maat s c happ i j , Ae . E.  Kl uwer . ,  
pp.  329- 387.

CONCLUSION

Ti mber  i s a v er y  s ui t abl e mat er i al  f or  f ounda ­
t i ons  whi c h wi l l  l as t  f or  c ent ur i es  when per ­
manent l y  r emai ni ng bel ow t he gr ound wat er  t abl e 
or  s ur f ac e wat er  l evel .  Lower i ng t he gr ound 
wat er  t abl e f or  l ong per i ods  mus t  be avoi ded.
A per manent l y  l ow l evel  wi l l  r es ul t  i n c om­
pl et e det er i or at i on of  al l  wooden par t s  i n t he 
soi l  abov e t hi s  l evel .  Remedi al  pr es er v at i v e 
meas ur es  ar e ex t r emel y  di f f i c u l t  t o accompl i s h.  
For  new wooden f oundat i ons  wi t h unc er t ai n gr ound 
wat er  t abl e ei t her  hi ghl y  r es i s t ent  t r opi c al  
t i mber  s pec i es  or  pr es s ur e- t r eat ed t i mber  s houl d 
be emp l oy ed .
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