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Performance of Concrete Pavements 
on Granular Subbase 
W. E. OiASTAIN, SR., Engineer of Physical Research, and JOHN E. BURKE, 
Assistant £hgineer of Physical Research, Bureau of Research and Planning, 
Illinois Division of Highways 

• DURING and since World War I I , I l l i n o i s 
has been placing a l l new concrete pavement 
on granular subbase ^e re the natural so i l 
i s fine-grained and heavy truck t r a f f i c i s 
expected. Both trenched and shoulder-to-
shoulder subbases have been used. The 
trenched subbases, however, have been used 
much more frequently than have those which 
have been extended through the shoulders. 
They have usually been b u i l t with f a i r l y 
well-gtaded and po ten t ia l ly high-density 
materials i n which void space can be re
duced to a minimum. Drainage has not been 
provided with the trenched subbases except 
under unusual conditions or at infrequent 
intervals . Drainage has usually been pro
vided where s o i l surveys show important 
concentrations of ground water. Most of 
the subbases have been b u i l t 6 i n . i n com
pacted thickness, although 4- in . subbases 
and subbases greater than 6 i n . thick have 
also been used. Several miles of 4 - i n . 
subbase placed under a concrete pavement 
carrying very heavy truck t r a f f i c have beai 
in service for seven years without evidence 
of pumping. This pavement i s being kept 
under close observation. Subbases thicker 
than the generally spec i f ied 6 i n . have 
usually been used where soil studies i n d i 
cate the l ike l ihood of detrimental f r o s t 
action or very low load carrying capacity 
of the existing s o i l . 

The much lower cost of constructing the 
trenched, undrained subbase has been a de
ciding factor i n the preference which has 
been thus far shown for this type of subbase-
Fai r ly well-graded materials which do not 
respond well to drainage are generally much 
more readily available in I l l i n o i s than are 
opoi-graded, easily drained materials. Also, 
the substantial economy to be gained by 
omit t ing drainage f a c i l i t i e s has made i t 
very desirable that the undrained subbase 

be tested thoroughly before adopting a more 
expensive design requiring drainage. The 
trenched subbases appear to he performing 
sat is factor i ly , but observations of their 
performance are continuing. 

A speci f ica t ion governing a gradation 
for subbase materials was f i r s t included in 
the I l l i n o i s standard specifications i n 
1942. I t was at that time that i t became 
apparent that concrete pavements required 
protection against contact with fine-grained 
so i l s where they were expected to carry 
concentrations of heavy comnercial t r a f f i c . 
The standard spec i f i c a t i ons which were 
issued i n 1942 prescribed the fo l lowing 
gradation l i m i t s for granular subbase ma
ter ia ls : 

Passing 3-in. sieve - 100 percent 
Passing No. 4 sieve- Not less than 35 

nor more than 65 percent 
Passing No. 50 sieve -Not more than 

20 percent 
Total clay and s i l t not to exceed 

10 percent. 
These speci f ica t ions were adjusted i n 

many instances to f i t locally available ma
ter ia l s . The local materials were usually 
somewhat f i n e r than permitted under the 
standard spec i f i ca t ions but appeared to 
have granular contents s u f f i c i e n t to pre
vent pumping, or at least to hold i t within 
a negligible l i m i t . The standard spec i f i 
cations were changed i n 1947 to increase 
the l ikel ihood of obtaining re la t ive ly im
pervious materials. The new specifications, 
i n which separate requirements were pre
scribed for gravels and crushed stones, 
were as follows: 

Passing Gravel 
Percent 

3-in. sieve 100 
No. 4 sieve 45 to 90 

Crushed Stone 
Percent 

100 
20 to 60 
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No. 50 sieve 
No. 200 sieve 

5 to 25 
3 to 10 

5 to 25 
3 to 15 

The lower l i m i t for the No. 200 sieve 
was raised from 3 to 5 percent i n 1951. 

A compaction to at least 90 percent of 
the maximinn wet density, as determined by 
standard AASIO tes t ing procedure, i s re
quired for enbanlanent construction i n I I l i -
no is . I n a d d i t i o n , no mater ia l may be 
placed when the moisture content exceeds 
120 percent o f net optimum. 

GENERAL PEBFX)RMANCE 

Pumping - The granular subbases which have 
been placed i n I l l i n o i s appear to be aiding 
materially i n the control of pumping. A l 
though pumping has not been completely 
eliminated, i t s control i s not a major main
tenance problem where subbases have been 
used. Only isolated ejections of granular 
material have been noted, and so far as i s 
known, such ejections have been mostly con
fined to US 66, the main highway between 
Qiicago and St. Louis, carrying some of the 
heaviest truck t r a f f i c m the state. 

Shoulder Holes - Holes i n the shoulders at 
the pavement edges and i n the v i c i n i t y of 
transverse j o i n t s and cracks, s imilar to 
those found in connection with punping but 
with no s i ^ i of ejected material, have been 
found on numerous occasions where the pave
ments i n I l l i n o i s l i e on granular subbases 
and carry heavy t r a f f i c . These holes have 
also been found i n some instances where 
granular subbases have not been used. In 
this report such holes w i l l be referred to 
as "shoulder holes" where no ejected ma
t e r i a l , either granular or fine-grained, i s 
found i n connection with them. Wiere either 
granular or fine-grained material i s found 
to have been ejected, the term "pumping" 
i s applied. 

Shoulder holes were probably f i r s ' t ob
served i n I l l i n o i s on US 66 soon a f t e r 
some pavement placed between I\>ntiac and 
Dwight during the war was opened to t r a f f i c . 
This pavement i s 10 i n . thick and 24 f t . 
wide, and placed on a 6 - i n . trenched and 
undrained subbase b u i l t 2 f t . wider than 
the pavement. Bituminous f iber expansion 
jo in t s were placed at 120-ft., intervals i n 

the pavement and intermediate weakened-
plane contraction j o i n t s at 20 - f t . in ter 
vals. No load-transfer devices were used'. 
I n addi t ion to the shoulder holes and a 
few isolated spots of pumping, th is pave
ment has developed s l igh t fau l t ing at most 
of the jo in t s . 

The shoulder holes irfiich have been seen 
i n I l l i n o i s are usually found within a few 
fee t o f a transverse j o i n t or crack and 
generally ahead o f the j o i n t or crack i n 
the d i r ec t i on o f t r a f f i c . They vary i n 
size from perhaps the diameter of a poic i l 
to an eroded hole 1 to IK i n . long and 3 or 
4 m . wide. The holes i n most instances 
appear to extend to the bottom of the pave
ment. Holes o f the larger size mentioned 
are not ooitinon. 

The performance of the pavement between 
Pontiac and Dvig^t, and o f other pavements 
o f the same and o f d i f f e r i n g designs, was 
studied i n I l l i n o i s i n 1946 during a survey 
o f pumping made i n cooperation with the 
Portland Cement Associat ion. The study 
showed the shoulder holes to be not un-
connon i n connection with pavements placed 
on granular subbases and carrying heavy 
t r a f f i c . However, no pumping was found at 
that time in connection with granular sub-
bases. 

Several subbase densi ty tes t s made 
through core holes in the pavements during 
the Portland Cement Association study i n d i 
cated that the subbases geterally had den
s i t i e s somewhat less than the maximum dry 
density as determined by standard AASHO 
methods. An average dry density o f about 
94 percent was indicated. 

The subbase materials which have usually 
been used in this state, and in connection 
with which shoulder holes have usually been 
found, are generally f a i r l y well graded and 
have from perhaps 4 to 17 percent passing 
the No. 200 sieve. 

BOUTE 66 STUDY 

The I l l i n o i s Division o f Highways i s at 
the present time engaged ^n making a com-
prdiensive study of the performance of the 
entire length of US 66 between Springfield 
and Oiicago. Although the performance o f 
the granular subbases i s being observed in 
d e t a i l , the study i s not l imi t ed to sub-
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bases bwt includes detailed observations of 
over-al l road performance. The study was 
i n i t i a t e d i n 1949 and the preliminary con-
diuon survey and sketching of the pavement 
completed in 1951. About 180 mi. of pave
ment, both with and without subbase, have 
been included i n the study. Ihe present 
plan i s to continue the study from year to 
year, noting the effects on performance of 
such Items as design, materials, t r a f f i c , 
and climate. The i n i t i a l f i e l d work has 
consisted o f noting and mapping a l l f a i l 
ures and unusual condi t ions , i nc lud ing 
cracks, pumping at jo in t s and cracks, shoul
der holes, faul t ing, spalling, corner breaks, 
scaling, D-cracking, and raveling. Subgrade 
soils and subbase materials, and the condi
tions o f subgrades and subbases, including 
their densities, permeabilities, and mois
ture contoits are to be studied i n de ta i l , 
but no work has yet been done on these 
features. 

The pavement included i n the study car
ries one of the highest volumes of t r a f f i c 
of any rural pavement i n the state, aver
aging about 5,000 vehicles per day during 
1950. Vehicle counts made near Dwight, 
which i s immediately north of most of the 
subbase sections, indicated an annual daily 
average o f 1,530 comnercial vehicles, i n 
cluding 1,150 send-trailers and f u l l t r a i l 
ers. Counts made near Sherman, which i s 
immediately south o f the subbase sections, 
showed an annual d a i l y average o f 1,640 
conmercial vehicles, including 1,050 semi
t r a i l e r s and f u l l t r a i l e r s . The legal 
axle-load l i m i t i n I l l i n o i s i s 18,000 l b . 
for single axles, and 16,000 l b . for each 
tandem axle. I h t i l a concerted e f f o r t was 
recently made to enforce these restrictions, 
violations were numerous. 

A total of 84.8 mi. of concrete pavement 
placed on granular subbase has been ex
amined during the course of the condition 
survey. The subbases include the trenched 
type and some which have been extended 
through the shoulders (see Fig. 1). Drain
age was provided with the trenched type at 
only isolated locations. A l l pumping and 
shoulder hole locations visible at the time 
of the survey were noted. 

A l imited amount of pumping and nunerous 
shoulder holes were observed i n connection 
with the granular subbases during the sur

vey. Not much difference was noted between 
the performance of trenched and shoulder-
to-shoulder subbases where the pavement de-
s i ^ s were the same. However, no e f f o r t i s 
being made to compare the performance o f 
the trenched subbases and o f those which 
have been brought through the shoulders un
t i l addi t ional informat ion i s avai lable 
concerning their densities, permeabilities, 
and material characteristics. 

The pavements on granular subbase i n 
cluded i n the survey are of two general de
signs (see Fig. 2 ) , but a l l have the same 
thickness and width: 10 i n . by 24 f t . 
Those b u i l t during the war years oontain no 
re inforc ing, have bituminous-fiber expan
sion j o in t s at 120-ft. intervals and inter
mediate weakened-plane contraction j o i n t s 
at 20- f t . intervals . No load-transfer de
vices have been provided . The postwar 
pavements included i n the study contain 
mesh reinforcement weighing 78 l b . per 100 
sq f t . , and have bituminous fiber e^ansicn 
j o i n t s at 100-ft . intervals . Round dowels 
%-in. by 18-in., are placed at 13Ji-in. cen
ters for load t ransfer at the expansion 
j o i n t s . There are no intermediate con
traction jo in t s . 

Pumping - A l imi ted amount o f pumping was 
found to be taking place on granular sub-
base i n connection with both pavement de
signs (see Table 1) . For the wartime de
sign, the l i k e l y effectiveness o f the sub-
base m control ' l ing pumping may be meas
ured by comparing the pumping found on 
granular subbase with that found for the 
same design of pavement placed on the nat
ural fine-grained subgrade. A total of 20.2 
mi . o f t h i s type o f pavement placed on 
granular subbase showed 2.4 pumping loca
tions per mile, while 18.1 mi. of similar 
pavement placed on a fine-grained subgrade 
showed 79.4 such locations per mile at the 
time o f the survey. A l l of th is pavement 
replaced a severely damaged exis t ing con
crete slab of thinner section which showed 
excessive punpingon fine-grained subgrades. 
Pumping of the new ( b u i l t 1943) pavemeit on 
the natural so i l had become s u f f i c i e n t l y 
advanced by 1951 that the entire length was 
undersealed with bituminous material. 

A similar comparison cannot be made for 
the postwar pavements, since the en t i re 
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Figure 1. 

SUBBASE THROUGH SHOULDERS 

Cross sections showing design of granular subbases in general use on Route 
US 66 in I l l i n o i s . 

mileage examined dur ing the survey was 
placed on granular subbase. However, the 
pavement o f t h i s design, which also re
placed badly damaged pavement showing ex
cessive pumping on fine-grained subgrades, 
showed only 1.2 pumping locations per mile 
for the 64.6 mi. included in the survey. 

A few excavations were made where ev i 
dence of pumped granular material was found 
on the surface. In each case a snail tun
nel was found in the shoulder at the pave
ment edge near the bottom of the slab. The 
tunnel was connected with the surface by 
one or more holes through which granular 
material had been ejected, and was found to 
be p a r t i a l l y f i l l e d with loose, granular 
material washed clean o f f ines . Excava
tions some distance away from the j o i n t s 
near which the pumping was found showed the 
tunnels to be l im i t ed i n extent. An i n 
vestigation of the subbase at the pavement 
edge at the a f fec ted locations revealed 
that i t was not i n f u l l contact with the 
bottom of the slab. A layer of loose, gran
ular material washed of fines and about ^ -
i n . thick was found underneath the slab. A 
screwdriver with a shank about J^-in. i n 
diameter could be easily inserted between 
pavement and subbase for the entire length 
o f the 6- in . shank. Immediately below was 
a ^ to %-\n. zone i n which the subbase ap

peared to be discolored with shoulder ma
t e r i a l . Tliis, and the undisturbed subbase 
below, appeared to be quite dense and con
tained no free water. In a few instances 
the space between the bottom of the slab 
and the subbase was found to contain a 
small amount of free water at the time the 
e x c a v a t i o n s were made. 

Where granular material w as found ejected 
to the surface, the largest-sized particles 
ranged up to somewhat over 1/8 i n . in size, 
grading down to minus No. 200 material vis
i b l e only as a stain on the pavemoit. 

Shoulder Holes - Shoulder holes were found 
with botli pavement designs, but were seen 
to occur much more frequently with the war
time desi^i . The 20.2 mi. of wartime-desi^ 
pavement showed an average of 209.4 shoulder 
holes per mile while the 64.6 mi. of post
war pavement showed an average of only 14.8 
per mile. Tlie number o f shoulder holes for 
the individual construction sections are 
tabulated i n Table 1. 

Excavations at a number o f locat ions 
where shoulder holes were found showed that 
the holes extended to the bottom o f the 
pavement. In many instances the pavement 
did not appear to be i n good contact with 
the subgrade in the v i c i n i t y of the holes, 
and sometimes the discoloration and charac-
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Figure 2. Design of pavements on granular subbases on route US 66 in I l l i n o i s . 



PUMPING AND SHOULDER HOLE DATA FOR THE PAVEMENTS OF US ROUTE 66 PLACED ON QIANULAR SUBBASE BBnEEN QIICAOO AND SPRINGFIELD. ILLINOIS 

Y e . r 
Sec t ion B u i l t 

Yaar 
Exuaiaed 

Length 
M i l e s 

6H-7R 1942-43 19S0 
SR 1943-44 1950 
9R 1943-44 1950 
lOR 1943-44 1950 
PsTeaent Design ( s ) 

T o t s l l e n g t h , n i l e s 
J o i n t s end cracks per 
J o i n t s and cracks per 

5 52 
3 53 
5 77 
5 35 

Peremcat 

Design 

( s ) 

\:\ 
( a ) 

Snbbsse 
2 

Design 

Gradat ion Range o f Subbase 
U s t e r i s l s as I n d i c a t e d 

by M a t e r i a l Reporta 
Per Cent Pa s s in -

No 4 No 50 No 200 

(b) 
( a ) 
(b ) 
(h) 

99- 100 
100 
100 
100 

95-65 
99 

43-63 
43-63 
35-65 
51-59 

12-16 
14-111 

B i l e ahoaing pumping 
n i l e showing shoulder boles 

20 2 
2 4 

209 4 

29R 1945 1949 1 48 
114R 1944 1949 0 78 
7X-2 1946 1950 4. 24 
l l X - 1 1945 1950 3 81 
12R-2 1947 1951 0 67 
12R-1 1944-45 1951 5 55 
13R 1945 1951 7.99 
14R 1945 1951 7 71 
15 R 1945 1951 5 24 
16R 1945 19S1 6.40 
H R - l 1946 1951 1 23 
17 R 1945 1951 3 90 
18R 1946 1951 5 16 
20R 1946 1951 3 37 
21R 1946 1951 7 10 
PsTenent Design (h ) 

a 
c 
a 
a 
b 
a 
c 
c 
e 
c 
a 
c 
a 
a 
a 

100 
85-100 

100 
Cruabed 

100 
100 
100 

100 
100 
100 
100 
100 

62- 100 45-79 40-47 
63- 92 47-78 40-61 

100 81 
61-69 

5a*enent n t h a g r i c u l t u r a l 
5-100 87-93 

93-100 
100 

85-96 
96-100 
96-100 

82-95 

72-84 
82-91 
82-91 

74-86 
57-84 
80-88 
51-68 
60-74 
60-74 

78 
58 
80 

T o t a l l e n g t h , n i l e a 
J o i n t a ana cracks per 
J o i n t s snd c rscks per 

64 6 
1 2 

14 8 
n i l e showing punplog 
m i l e showing ahouldar ho] 

1 Paveoant Design 
Design (e ) - Wartime PaTements 

P C Concrete 10- inch u n i f o r m x 24 f e e t 
EKpanaion j o i n t s spaced a t 120 f e e t 
C o n t r a c t i o n j o i n t s spaced at 20 f e e t 
No load t r a n a f a r de r i ce s 
No r e in fo rcemen t 

2 Subbsse Dtasign 

Design ( a ) 

6-9 
6-10 

13-23 
17-21 

7 
9-21 

18 
7- 9 

l imes tone 
8- 13 

12-28 
4-19 

4-15 

28 
11 
13 

6 inches x 26 f e e t 
No dra inage 

Design (b ) 

6 inches a 26 f e e t 
Sca t t e red drainage 

5 
8- 11 

9 
6-10 

5-9 
9- 19 
2-7 
4-5 
1- 8 
2- 4 
2-4 

17 
6 
4 

Pumping 
Number o f 

J o i n t a and 
Cracks A f f e c t e d 

(Lane I i d t h ) 

0 
33 
12 

4 

0 
0 

18 
0 
0 
0 

13 
0 
1 
5 

19 
2 

16 
5 
0 

Shoulder Holes 
Number o f 

J o i n t a and 
Cracks A f f e c t e d 

(Lane Width) 

1095 
1344 
1029 
756 

19 
64 

0 
45 

251 
102 

37 
8 
7 

13 
120 
67 
70 

Twelve inches o f snbbsse 
Twelve inches o f subbaae 
Twelve inchea o f aubbase 

few cu ts 
few cu ts 
few cu ts 

P o r t i o n s o f subbaae d ra ined w i t h p ipe 

Inc ludea 200 f e e t o f p i p e underd ra in 
Inc ludes about 200 f e e t o f t w e l v e - i n c h subbase 
Inc ludes s smsl l smount o f p ipe underdrs inage 
Inc ludea a smal l amount o f p ipe underdrainage 
Inc ludea a email anouot o f p i p e underdrainage 

Inc ludes s sms l l amount o f p ipe underdrainage 

I n c l u d e s a few hundred f e e t o f t w e l v e - i n c h aubbase 
Inc ludes a few hundred f e e t o f t w e l v e - i n c h subbase 

Design (b) - Post-war Psvements 
P C Concrete 10-incb u n i f o r m a 24 f e e t 
Expanaion j o i n t a apaced at 100 f e e t 
No c o n t r a c t i o n j o i n t a 
3 /4 - i nc h a 18- inch dowels a t 13X-ineh c t r » 
Meah r e ln fo r cenmnt 78 pounds per 100 sq f t 

Design ( c ) 

6 inches t h i c k 
Extended through shoulders 
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ter of the material immediately underneath 
the slab suggested that shoulder material 
had actually washed in between the pavement 
and subbase. 

SUMMAW 

The results of the studies made in I l l i 
nois indicate that granular subbases have 
been e f fec t ive i n the control o f pumping. 
Although some punping has occurred on gran

ular subbase mater ia ls , the problem has 
not become one o f importance. Slioulder 
holes were found to be f a i r l y common, thou^ 
no pavement failures could be attributed to 
their presence and no direct connection be
tween them and pumping has been de f in i t e ly 
established. I t appears, however, that 
f i l l i n g the shoulder holes and shaping the 
shoulders to lines and grades that prevent 
the entrapment o f water adjacent to the 
pavement edges w i l l be a profi tably expend
ed maintenance e f f o r t . 

D I S C U S S I O N 
M. P. BFOKAW, ifegionaZ Highway Engineer. 
Portland Cement Association - In addition 
to the surveys made by the I l l i n o i s D i v i 
sion of Highways on Boute 66, the Portland 
Cem«it Association in 1950 resurveyed 10 of 
the projects or iginal ly covered in the 1946 
I l l i n o i s Pumping Survey. Table A i s a sum
mary of the data on shoulder holes collected 
i n 1946 and 1950. 

As noted by Chastain, the original pump
ing survey disclosed presence o f shoulder 
holes without evidence of pumping, as de
fined. The PCA resurvey in 1950 indicated 
l i t t l e change of s ignif icance during the 
four-year interim. I t should be enphasized, 
however, that the presence and appearance 
of shoulder holes w i l l vary with the amount 

o f r a i n f a l l , the period o f time elapsing 
between the observation and las t prec ip i 
t a t i on , and the amount o f shoulder main
tenance performed. 

As a resul t o f the PCA resurvey, which 
was made i n some de ta i l to detect i n f l u -
ences o f shoulder construction, a l i^ment 
and gradient, and a study o f the data ob
ta ined i n the o r i g i n a l pumping survey, 
some tot tat ive conclusions and observations 
can be made i n regard to subbase perfor
mance: 

1. Shoulder holes were observed where 
truck semitrailer counts exceeded about 400 
per day. 

2. Shoulder holes ejected only water. 
3. Shoulder holes were observed mostly 

TABLE A 

SUMMARY OF FIELD OBSERVATIONS COMPARING 1950 
SURVEY WITH 1946 ILLINOIS PUMPING REPORT 

1946 SURVEY 1950 SURVEY 
ROUTE SECTION COUNTY LENGTH SHOULDER PUMPING SHOULDER PUMPING 

Ml . HOLES LOCATIONS HOLES LOCATIONS 

US 14 29R McHenry 5. 14 175 0 110 0 
111. 131 UR Lake 1.39 0 0 0 0 
US 30 116R-1 DeKalb 2.67 178 0 31 0 
I I I . 55 57- 59 - 60 Dupage 

Kane 
11.04 0 0 0 0 

US 66 29R W i l l 1.60 2 0 97 0 
US 66 114-Rl W i l l 0.78 8 0 47 0 
111. 4A OR-CR W i l l 3.82 261 0 0 0 
US 66A 2R W i l l 4.52 0 0 0 0 
US 30 13R W i l l 0.54 11 0 8 0 
US 30 12R-1 W i l l 1. 10 1 0 0 0 
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on steep grades and on the low side o f 
superelevated curves, o'r where shoulders 
were low, ru t ted and poorly maintained. 

4. S tab i l i zed or granular shoulders 
were p r a c t i c a l l y unaffected by shoulder 
holes, while sodded or high-shrink shoulders 
were part icularly vulnerable. 

5. Shoulder holes were never observed 
where concrete side gutters were attached 
to the pavement. This was found to be true 
even i n projects where shoulder holes were 
otherwise numerous and the t r a f f i c was the 
heaviest. 

6. Subbases under pavements carrying 
l i ^ t t r a f f i c and which were without shoul
der holes had an average re la t ive density 
of 87 percent as compared to 94 percent for 
subbase with shoulder holes. This would 
indicate that heavy loads, which always 
accompanied the presence of shoulder holes, 
had caused consolidation of those subbases 
whicli were placed at densities substantially 

less tlian about 94 percent of maximum. 
7. There was no pavement distress which 

could be attributed to shoulder holes. 
Our findings and conclusions arem close 

agreement with those of Oiastain and Burke. 
There seems to be l i t t l e reason to abandon 
the use o f impermeable, trenched-in sub-
bases where they are substantially economi
cal . Likewise there appears to be l i t t l e 
doubt̂  that performance could be improved 
by adopting standards requir ing at least 
95 percent of maximum density (AASIO T99-49) 
for both subbase and shoulder construction. 
\Aihere ix>ssible, shoulder embankment should 
be selected for low-shrink characteristics. 

Greater emphasis should be placed on 
shoulder maintenance. In those locations 
where pavement run-off tends to create un
satisfactory and dangerous shoulder condi
tions, the use of attached gutters may be 
j u s t i f i e d for maintenance r e l i e f . 




