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S u m m a ry

A s p a rt o f a p ro g ram  to determ ine the n atu re  o f track  substructure  
problem s and to recom m end the best re m ed ia l action, the  
A ssociation  o f A m erican  R ailroads has developed  an on-track  
veh ic le  w h ic h  houses a ra p id , n o n -d estru ctive  subgrade test 
apparatus kn o w n  as a cone penetrom eter. A lth o u g h  s till in  the  
p la n n in g  stage, another ra p id , n o n -d estru ctive  d iagnostic too l being  
developed  is a m o vin g  vehicle w h ich  continuously  m easures track  
deflections u n d er load.

T he cone penetrom eter test (C P T ) veh ic le  has been used to  
investigate  the cause o f excessive m aintenance requirem ents on 
th ree  m em ber ra ilro ad s. The data ob ta in ed  is being  used to  
d eterm in e  the strength  o f the subgrade, the  adequacy o f the g ran u lar 
la y e r thickness over it , and the exten t o f w e ak  soil deposits u n d er 
and along the track. C P T  data can be used as a g u id e  to select the  
m ost ap p ro p ria te  m aintenance rem ed y. T h is  is  one of the tools th a t 
can be used to  asses the p o ten tia l benefits  o f ad d in g  m ore ballast, 
m o d ify in g  the soil in  p lace, rem o vin g  and  rep lac in g  the subgrade 
w ith  b etter m a te ria l, o r add ing  h o t-m ix  asphalt over the w eaker 
laye r.

D eflec tio n  data can determ ine w h e th e r the p ro b lem  resides in  
the b a llas t/su b b a llas t (g ran u lar laye r) o r in  the subgrade. The  
ru n n in g  d eflectio n  m easurem ents can firs t be used over long  track  
distances to id e n tify  w hether the p rob lem s are g ran u la r or subgrade  
re la ted . Th en , fo r locations w ith  ap p aren t subgrade problem s, the 
C P T  can be called  in  fo r a m ore d e ta iled  assessm ent. The deflection  
and C P T  d ata  are also used to decide w h e n  and  w h e th er m ore  
in tru s iv e  techniques (such as cross-trenching) are needed to fu rth e r 
id e n tify  the problem .



INTRODUCTION AND CONCLUSIONS
A s  p a rt o f a p ro g ram  to  determ ine the  n atu re  
o f trac k  substructure problem s and  
recom m end the best rem ed ia l action, the  
A A R  has developed  an on-track vehicle  
w h ic h  houses a ra p id , nondestructive  
subgrade test apparatus kn o w n  as a cone 
p en etro m eter. W o rk  is also progressing on a 
veh ic le  designed to  determ ine track  
m ain tenance needs b y  m easuring vertica l 
track  d eflectio n .

Because the  source o f track roughness is 
u s u a lly  n o t app aren t fro m  the track surface, 
th e  eng ineer needs a fast and re liab le  
diagnostic  too l to  determ ine the cause o f the  
roughness and  to m ake the best m aintenance  
choice. W h ile  the cone penetrom eter test 
(C P T ) veh ic le  p ro vides such a too l m a in ly  fo r 
the  subgrade, the track deflection-m easuring  
veh ic le  w ill fu rth e r assist the engineer to  
d is tin g u ish  betw een  b a llas t/su b b a llas t, and  
subgrade fa ilu re . W ith  these results, the m ost 
a p p ro p ria te  m aintenance technique can be  
selected w h ic h  n o t o n ly  addresses the  
sym ptom s o f track  roughness, b u t also the  
cause.

CONE PENETROMETER TESTING
T h e source o f the p ro b lem  is n o t alw ays  
addressed if  tam p in g  is ro u tin e ly  prescribed  
as a catch -a ll response to  rough track. 
H o w e v e r, repeated  tam p in g  (especially  in  
locations w h ere  it  p rovides o n ly  short-term  
im p ro vem en ts ) drives up  m aintenance costs 
as tonnage levels  increase and track capacity  
shrinks. A  lo w e r life  cycle cost, w h ich  
req u ires  in fo rm atio n  on the substructure, can 
o ften  be achieved b y  addressing the 
u n d e rly in g  cause.

W ith  the track-m o b ile  C P T vehicle (F ig ure  
1), the  ra ilro ad s  n o w  have a m eans to  
d ete rm in e  the d ep th  and  lo n g itu d in a l exten t 
o f the p ro b lem  soil, its  strength, the  
adequacy o f the g ran u la r laye r thickness 
above it , and  the effectiveness o f a g iven  
so lu tio n . Subgrade is evaluated  by  
m easu rin g  the pressure o r resistance against

a cone th a t is pushed  th ro u g h  the track  
substructure in  the zones show n. The veh icle  
w eig h t, a p p ro x im a te ly  30,000 pounds, is used  
as the reaction  m ass w h ile  the cone is 
advanced using a  h y d ra u lic  push fram e  
m ounted in s id e  the veh ic le . The fram e can be  
m oved la te ra lly  to  p o s itio n  the cone betw een  
the ra ils .

Figure 1. CPT Vehicle and Probing Locations

Figure  2 offers an  exam ple o f how  the C P T  
results can p ro v id e  a u n iq u e  in s ig h t in to  the  
cause o f track in s ta b ility . A lth o u g h  the track  
surface w as ro u g h , the cause o f the in s tab ility  
w as n o t ap p aren t fro m  o u tw ard  appearance. 
The b allast surface w as clean and  seem ed to  
be re la tiv e ly  th ick . H o w e v e r, the tip  
resistance m easurem ents illu s tra te  that the  
clean b allas t la ye r is v e ry  th in  w ith  a soft 
layer ju s t u n d er the  ties. Excavations in  the  
track revealed  th a t the c lay  had  pu m p ed  up  
fro m  the subgrade, m ig ra ted  through  the 
ballast vo ids, and  m ixed  w ith  the b allast just 
under the ties.

C PT data can be used to  determ ine the  
like lih o o d  o f the  tw o  m ost p reva len t soft 
subgrade fa ilu re  m odes o f progressive shear 
and excessive p lastic  d efo rm ation . 
Progressive shear is show n in  F igure 3a 
w here the soil is squeezed o u t under the ties. 
The resu ltin g  subgrade p ro file  often has the  
largest depression ju s t u n d er the tie  ends

154



w h ere  th e  shearing  stresses are u su a lly  the  
largest. F o r th is  subgrade fa ilu re  m ode, the  
subgrade stren g th  ju s t u n d er the g ranu lar 
la y e r is  o f p rim a ry  concern.

CPT DATA

T ip  R e s is t a n c e  (psl)

Figure 2. CPT Profile Over Weak Track

(B) ONSET OP tN3TA»tUTY (O) SURFACE MANIFESTATION OF KEAV6

3a. Progressive Shear Failure

3b. "Excessive Plastic Deformation

Figure 3a and 3b. “Soft” Subgrade 
Failure Modes

W hereas progressive shear is concentrated  
in  the u p p er few  fee t o f subgrade, excessive 
plastic d efo rm ation  (F ig ure  3b) can resu lt 
from  soil s tra in  o ver a considerable depth . 
A nalyses w ith  the G E O T R A C K  m odel, a 
three-d im ensional, m u lti-la y e r m odel to  
p red ict the elastic response o f the track  
structure, have show n th a t s ig n ifican t elastic 
and p erm anent subgrade s tra in  can develop  
over as m uch as 25 feet. To  assess the  
p o ten tia l o f th is  fa ilu re  m ode, the C P T should  
be able to penetrate  to  th is d ep th . I t  is no t 
necessary to d eterm in e  i f  the  soft subgrade 
extends beyond  th is  d ep th  or if  a h ard er la y e r 
is just beyond, because n e ith e r res ilien t or 
perm anent s tra in  are s ig n ifican tly  affected.

A n oth er use o f C P T  data  is to p red ic t track  
stiffness o r m o d u lu s. T he m odu lus o f the  
subgrade la rg e ly  controls th a t o f the track. 
Research b y  Ebersohn and  S elig  has show n  
th a t tip  resistance o ften  correlates w e ll w ith  
subgrade m o d u lu s, as show n in  F ig u re  4.
This re latio n sh ip  w as d eterm in ed  fro m  fo u r 
investigations w ith  w id e ly  v a ry in g  track  
super- and substructure conditions. W ith  an  
estim ate o f subgrade m o d u lu s  fro m  this  
correlation , m odels such as G E O T R A C K  can  
be used to estim ate the track  deflection  and  
m odulus.
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Figure 4. Tip Resistance and Resilient 
Modulus Relationship
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P lacing  h o t m ix  asphalt (H M A ) betw een  
the b a llas t and  subgrade is som etim es used to  
reduce the  stresses on the u n d erly in g  w eaker 
m ateria ls . H o w e v e r, research has show n  
H M A  to  be o f little  b en efit in  reducing  
stresses i f  th e  w e ak er la ye r is m ore than  
about 3 fee t u n d er the subgrade. The C P T  
m ay be used to  firs t determ ine if  such a 
w eaker la y e r is present and w ith in  this  
distance.

MAKING THE RIGHT TRACK 
MAINTENANCE CHOICE

Distinguishing Between Ballast 
and Subgrade Failure

seating loads (varia tio n s  in  tie-ballast 
support) and n o t fro m  the contact deflection. 
D ata  indicates th a t the contact load  
deflection , w h ich  is p rim a rily  in d icative  o f 
subgrade conditions, w as fa ir ly  firm  and o n ly  
g rad u a lly  v a ry in g  a t th is  site.

O n  the o ther h an d , because the track in  
F igure 5b had  re la tiv e ly  la rg e  varia tions in  
contact lo ad  deflections, subgrade strength  
v aria tio n  is the forem ost p ro b lem  to be 
addressed. V a ria tio n s  in  seating and to ta l 
load deflections resu lted  p rim a rily  fro m  no n - 
u n ifo rm  subgrade sup p o rt, and w ere  n o t due  
to  the ballast. Th is  w as confirm ed  by  
excavations w h ic h  show ed th a t the subgrade 
w as fa ilin g  a t d iffe re n t rates a t various  
locations due to  strength  v a ria b ility .

T rack  d e flec tio n  u n d er lo ad  is a good  
in d ic a to r o f substructure support and h o w  it  
changes a lo n g  the  track. F igures 5a and 5b 
shows the  deflections fro m  bo th  a sm all 
seating  lo ad  used to  close the vo ids betw een  
the tie  b o tto m  and  the  b allast, and a la rg er 
" to ta l"  lo a d . T h e  d ifference betw een  these 
tw o  deflections is called  the contact deflection  
because th e  tie  is assum ed to be in  fu ll contact 
w ith  the b a llas t. T h is  contact deflection  is 
p rim a rily  the  elastic deflection  o f the  
substructure layers , and  therefore indicates  
the  su p p o rt stiffness and  its  variance along  
the track.

In  F igures 5a and  5b, the track, w h ich , in  
bo th  exam ples, is ro u g h  and in  need of 
m ain tenance, show s considerable v a ria tio n  in  
su p p o rt co n d itio n s. W h a t is n o t im m ed ia te ly  
clear is the  exten t to  w h ic h  the p rob lem  is in  
the b a llas t o r the  subgrade. A s a la te r 
in ves tig a tio n  w o u ld  show , the m aintenance  
prob lem s a t these tw o  sites are fro m  tw o  
d is tin c t fa ilu re  conditions (in  the b allast and  
in  the subgrade respectively) and  require  
v ery  d iffe re n t m aintenance rem edies. 
H o w e v e r, th is  cou ld  have been determ ined  
b y re v ie w in g  the  d eflectio n  data  in  the  
m an ner sho w n  b e lo w .

T he track  fa ilu re  in  F ig u re  5a is caused b y  a 
h e a v ily  fo u led  ballas t. A s the p lots suggest, 
changing deflections are due m a in ly  to  
varia tio n s  in  vo id s  u n d er the tie  w ith  the tie
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Figure 5. Determining Maintenance Needs 
From Track Deflection Data

To Tamp, or Not to Tamp

Raising the track and tam p in g  m ore ballast 
under the ties is o ften  used as a m eans to 
increase the d ep th  o f b a llas t betw een  the tie  
and the w eaker u n d e rly in g  layer. H o w ever, 
it  is not clear h o w  m u ch  the  tam p in g  cycle 
w ill be im p ro ved  b y  the added  ballast and  
reduced stresses on the  subgrade. In  an
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a ttem p t to  q u a n tify  th is  im p ro vem en t, C PT  
d ata  and a g ra n u la r d ep th  design m odel b y  L i 
and Selig  w e re  used to  o b ta in  the re lationship  
show n in  F ig u re  6.

To  d efin e  the  re la tio n sh ip  and obtain  the 
curves show n, the  g ra n u la r design m odel w as  
used to  d e te rm in e  the  b a llas t depth  required  
fo r v a ry in g  subgrade strength  values. C erta in  
com binations o f b a llas t d ep th  and subgrade 
strength  gave the  sam e am o un t o f p redicted  
subgrade s tra in . T h is  eq u iva len t stra in  is 
in te rp re ted  as e q u iv a len t tam p in g  cycles and  
p ro vides  the con to u r lines show n in  F igure 6.

A s m ore fie ld  d ata  is collected fro m  C PT  
w o rk , th is  re la tio n sh ip  w ill be re fined  and  
m o d ified . F o r n o w , h o w ever, it  is o ffered as a 
m ethod  to  d e te rm in e  the  p o ten tia l b en efit o f 
tam p in g , o r to  show  th a t another 
m aintenance technique m ay  be m ore  
econom ical th an  con tin u ed  tam ping .

Figure 6. CPT Data Used to Predict 
Maintenance Frequency

I
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