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This paper describes an investigation of the infiltration char
acteristics of four soils-a poorly graded medium to fine sand 
(SP), a uniformly graded fine sand (SP), a silt (ML), and a lean 
clay (CL)-in an effort to develop a system of classifying soils 
according to the degree that infiltration through pipe-joint 
openings may be expected to occur. The investigation included 
the design and construction of a model simulating a prototype 
pipe joint, a study of the feasibility of using the model for such 
studies, an investigation of the variables affecting soil infiltra
tion, and an investigation of the infiltration of the four soils 
described. 

•PROBLEMS associated with leaking joints and infiltration of soil into buried drains 
have been recognized for many years in certain regions of the United States. The 
seriousness of leaking joints in storm-drainage lines at airfields was noted in 1951 at 
Hunter Air Force Base (AFB), Savannah, Georgia. Field inspections of the storm
drainage system there revealed that pavements had failed in at least two locations as 
a result of loss of subgrade support due to infiltration of backfill and subgrade soils 
into the underlying storm-drainage pipe. Further inspection indicated that about one
fourth of all pipe joints in the drainage system, both concrete and metal pipe, were 
leaking, and large amounts of sandy subgrade soils had infiltrated the underlying drain
age pipe in numerous places. An investigation by the U. S. Army Engineer District, 
Savannah, was made to obtain basic data for use in improving and revising existing 
Corps of Engineers criteria for design and construction of drainage systems. A re
port (1), published in 1955, included recommended material specifications and con
struction procedures for providing watertight joints in both rigid and flexible drainage 
pipes. 

During 1955, the U. S. Army Engineer Waterways E'xperiment Station (WES) con
ducted a series of field inspections of storm-drainage systems at various military in
stallations in the South Atlantic and Gulf Coast areas (2). Numerous localized pave
ment failures were found which could be traced to loss-of subgrade support due to in
filtration of subgrade soil into both concrete and corrugated-metal drainage pipes. 
Similar serious infiltration was encountered at other locations, particularly at Platts
burgh AFB, New York. Material specifications and construction procedures for water
tight joints were first included in the Corps of Engineers guide specification for storm
drainage systems (3) published in 1958. After the publication of this guide specification, 
requirements for watertight joints were included in all military construction specifica
tions for projects where objectionable infiltration of soil was likely. Because these 
requirements are not economically justified where watertight joints are not actually 
needed, criteria are needed to guide the designer in determining where, if at all, water
tight joints are required at a particular construction site. 
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The purpose of the study was to determine the susceptibility of soils to passing 
through pipe joint or seam openings, with primary emphasis on developing a system 
of classifying soils according to their infiltration probabilities. This was to be ac
complished by developing relations between the occurrence of significant infiltration 
of various soil types and certain variables believed to affect soil infiltration. This 
would provide guidance in determining when watertight joints should be specified in 
particular s oils. The requirement for tight joints is related to the characteristics of 
the surrounding soil, position of the water table, and the hydrostatic pressure tending 
to move the soil particles through the joints. The basic test apparatus used in this 
study was designed to investigate these conditions. Although the test apparatus sim
ulated a joint opening, the results of the tests are applicable to other types of pipe 
openings, such as cracks in rigid pipe. 

The initial tests to determine the suitability of the model for studying soil infiltra
tion through pipe joint or seam openings and to evaluate the effects of some of the more 
important variables believed to control soil infiltration were accomplished by the U. S. 
Army Engineer Ohio River Division Labor atories (ORDL). Subsequently, the principal 
program of tests was accomplished at WES. 

DEFINITIONS 

The following terms pertaining to the model and infiltration are used throughout this 
paper and are defined here for convenience: 

Datum plane. Reference point for all waterhead measurements. The datum plane 
has been taken as the bottom elevation of the soil specimen in the model which coincides 
with the bottom elevation of the simulated pipe-joint opening. 

Waterhead. Total head in feet of water applied to the soil specimen in the infiltra
tion tests. The head was measured either from the datum plane to the top elevation of 
the water above the soil specimen in the case of low heads, or by a pressure gage located 
above the soil specimen, with readings corrected to the datum plane. 

Joint opening. Vertical distance, in inches, between the upper and lower surfaces 
of the s imulated corrugated joints . 

Flow. Quantity of water percolating through the soil mass and dis charging through 
the Tndividual simulated pipe-joint openings, expressed in cubic centimeters per minute. 

Infiltrated mater ial. Soil carried through the simulated joint openings of the model 
by the flow of water. 

Total washout. Infiltration of material to the extent that an open channel developed 
through the s oil specimen. 

Partial washout. Condition in which infiltration of material caused a depression to 
be formed in the surface of the soil specimen; however, no open channel developed and 
no further significant soil infiltration occurred thereafter. 

TEST PROGRAM 

Soils Tested 

Four soils, two sands, a silt, and a lean clay were used in the tests. These soils 
were selected to provide ranges in gradation and plasticity similar to those in the field 
where infiltration problems have been experienced. 

One sand was a medium to fine sand (hereafter termed M-F sand), laboratory blended 
to approximate the gradation of the sands in the area of Plattsburgh AFB, New York, 
where extensive infiltration into drainage pipes has occurred. The other sand was a 
uniform fine sand (hereafter termed uniform sand), a natural material obtained from 
Hurlburt Air Force Auxiliary Airfield, Florida, during a field investigation of soil in
filtration into drainage pipes beneath parking aprons. The silt and lean clay were 
natural materials obtained from the Vicksburg, Mississippi, area. Because of its low 
plasticity, the silt is susceptible to infiltration through small openings; the lean clay 
was selected to represent a borderline material with respect to susceptibility to 
infiltration. 
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TABLE 1 

SUMMARY OF LABORATORY TEST RESULTS 

CE-55 Compaction Atterberg Specific Limits Material Gravity Maxlmwn Optimwn 
(Gs) Dry Density Water LL PL PI (pcf) Content(%) 

Medlwn to fine sand (SP) 2.70 112.8 9. 0 Nonplastic 
Uniform fine sand (SP) 2.70 107.6 14.0 Nonplastic 
Silt (ML) 2·.72 112.9 13.2 31 24 7 
Lean clay (CL) 2.67 116. 3 12.8 36 23 13 

The results of the specific gravity, Atterberg limits, and compaction tests on the 
four soils are summarized in Table 1. The compaction tests were performed using 
the test procedure outlined in MIL-STD-621A, Dec. 22, 1964, Test Method 100, Com
paction Effort Designation CE-55. The CE-55 compaction method is nearly identical 
with the modified AASHO method. In this report, maximum density obtained by the 
CE-55 method is referred to as the CE-55 maximum dry density, and any other density 
is referred to as percent CE-55 maximum dry density. Gradation curves of the soils 
are shown in Figure 1. Compaction curves of the four soils are shown in Figure 2. 
The compacted densities of the infiltration _test specimens are also shown in Figure 2. 

Test Apparatus 

The test apparatus for the infiltration studies was designed and constructed at WES. 
Since a study of infiltration through slotted relief well screens had been made previ
ously at WES (4), it appeared desirable to provide means for comparing infiltration 
characteristics of various soils using both simple slots and simulated externally banded 
corrugated-metal pipe joints. The test apparatus was a 6- by 12- by 26-in. high plastic 
container on a fiber-glass base that modeled two different lengths of corrugated-metal 
pipe joints with provision for varying the joint openings with metal spacers; the base 
also contained a slot, the opening of which could also be varied. Views of the plastic 
container and fiber-glass base are shown in Figures 3 and 4 and a diagram of the ap
paratus used for the tests is shown in Figure 5. 
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Connections for piezometer tubes were 
provided at various vertical heights in one 
side of the plastic box to permit piezo
metric head measurements in the soil 
specimen (Fig. 5). The setup for applica
tion of low heads (less than 4. 26 ft) and 

~ high heads (4. 26 to 23. 79 ft) is shown in 
"' i Figures 6 and 7, respectively. Heads up 
~ t to and including 4. 26 ft were applied and 
.. , maintained at a constant level by means 
.. ~ of overflow outlets located in the sides of 
"~ the model (Fig. 6). The inflow of water 

r to the model was regulated by means of a 
valve to equal the combined flows through 
the specimen and the overflow outlet. For 
waterheads greater than 4. 26 ft, the stand
pipe was removed, and a flat plastic top 
with a rubber gasket was placed on the 
model and bolted to provide an airtight 
seal (Fig. 7 ); the pressure head was then 
applied using water pressure controlled 
by a pressure regulator. Figures 6 and 7 

Figure l. Gradation curves and classification 
data. 

show that pressure measurements were 
taken using piezometer tubes for low heads 
and using pressure gages for high heads. 
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Figure 2. Compaction curves and densities of 
test specimens. 

One of the joints in the base was 4 in. 
long, representing one-half a standard 
joint in which an 8-in. wide connecting 
band is used to join two sections of cor
rugated pipe. The other joint was 6 in. 
long, representing one-half a 12-in. wide 
connecting band. These simulated proto
type joints were formed by casting fiber 
glass on a section of 16-gage, standard 
corrugated-metal culvert-pipe sheet. 
Eachjointwas composed oftwocastings, one 
casting representing the pipe and the other 
representing the connecting band. 

Preparation of Test Specimens 

Soil at optimum water content as deter
mined by the CE- 55 compaction method 
was placed in the test container in layers 
and hand-tamped with a wood rammer to 
the desired density. In the ORDL tests, 
the material was placed in four equal 
layers; in the WES tests, the number of 
layers was increased to six in an attempt 
to obtain a more uniform density through
out the specimen. With several exceptions, 
all specimens were 0. 2 cu ft in volume, 

Figure 3. Assembled test apparatus. 
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Figure 4. Disassembled test apparatus. 

MDT[: A l'IEZ A " £PLAC ED B Y ADJU!T"I L E 
F'L i'.TES FOR !LDT TE !>T 

Figure 5. lnfi ltration apparatus. 

resulting in a specimen with a height of 
approximately 5. 7 5 in. above the datum 
plane (Fig. 5). Immediately following 
compaction, the soil specimen was satu
rated from the bottom upward by placing 
the test container and assembled fiber
glass base in a reservoir of de-aired water 
and subjecting them to a head of approxi
mately 7 in. A surcharge approximately 
equal to the head of water was placed on 
the surface of the soil specimen in the 
model to prevent an increase of volume 
during saturation. The surcharge was 
distributed over the surface of the speci
men by weights placed on the honeycombed 
or perforated plastic insert shown in Fig
ure 6. The specimen was considered 
saturated when the level of water above 
the soil specimen in the model was the 
same as the level of water in the reservoir. 
The time required for saturation varied, 
depending on the soil type and soil density. 

At the end of the saturation period, 
after the joint openings were sealed off, 
the surcharge was removed, and the model 
was removed from the saturation reservoir 
and prepared for application of the desired 
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Figure 6. Setup for application of low waterheads (after test). 

heads. The plastic insert was left in place to protect the surface of the specimen from 
scour during the test. (The surcharge weights had been inadvertently left on the insert 
during the test shown in Figure 6. However, upon disassembly of the apparatus, it was 
found that the insert had become wedged in the apparatus and, consequently, it is not 
believed that the surcharge weights had any measurable effect on the test results.) In 
the ORDL tests, new soil specimens were compacted for each test with a different head 
or joint opening, with only a few exceptions. In the WES tests, the same soil specimen 
was subjected to increasing heads until total washout of material occurred or the max
imum test head (23.8 ft) was reached. In the ORDL tests, de-aired water was used for 
saturating specimens a.I1d in all infiltration tests involving heads less than 5 it; lap 
water was used in all WES tests and in all ORDL tests involving heads higher than 5 ft. 

Figure 7. Setup for application of high waterheads (after test). 
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Test Procedure 

Reference was made to a previous study (5) to obtain general qualitative data on the 
sizes of joint openings which might be expected when sections of corrugated-metal 
pipe are joined with coupling bands in the field. These data were used as a basis for 
selecting joint openings of 0. 007 to 0. 260 in. for the laboratory infiltration tests. 

In the infiltration tests on the corrugated joints, the joint opening was varied by 
using metal spacers of known thickness between the plastic box and fiber-glass base. 
Because of irregularities in the corrugations of the pipe used in casting the model, 
the actual opening in the tests did not correspond to the thickness of the spacer. In 
the ORDL tests, the actual openings were determined by measuring changes in thick
ness of two hollow-core solder wires placed in the corrugations prior to assembling 
the model, and then bolting the model together using a spacer of known thickness. At 
WES, the procedure used was to place liquid body solder in the model joints and as
semble the model using a given spacer. After disassembly of the model, the hardened 
sheet of formed body solder was cut into strips (one strip for each ridge and valley); 
the thickness of the strips was determined with calipers. There was considerable 
variation in joint opening in both longitudinal and transverse directions relative to the 
direction of flow. It is expected that variations of the same order would be found in 
any similar pipe used in construction projects. 

Because the interest of this study is in soil infiltration through the joint and not in 
flow, the size of the joint opening reported in the test results for a given spacer is 
that of the largest opening found in that transverse cross section of the joint which had 
the smallest joint opening in the longitudinal direction. This reported value is con
sidered to be the controlling opening with respect to the maximum-size particle which 
might pass through the joint. 

In the ORDL tests, the desired water head was maintained on the soil specimen for 
3 to 8 hr (except for some special tests). In the WES tests, initial pressure heads 
were maintained about 20 hr, and subsequent heads were maintained at least until flow 
conditions had stabilized. In all tests on the corrugated joints, the water flowing 
through the soil specimen passed simultaneously through both the 4- and 6-in. long 
openings, with the slot opening sealed off. In the WES tests using the slot, the cor
rugated openings were sealed off. 

In the ORDL tests, the discharge from each corrugated opening was passed through 
a 200-mesh screen and filter paper to collect any material discharged for quantity and 
gradation determinations. In the subsequent WES tests, no measurements of infiltrated 
material were made, but visual estimates were made. Flow measurements were made 
periodically by measuring the amount of water discharged through each opening. In 
the ORDL tests, piezometer observations were made on 0.2-cu ft specimens at loca
tions B and C (Fig. 5). In the WES tests, piezometer observations were made at loca
tion A in the base of the model and at location B on the side of the soil specimen (Fig. 5). 

ORDL TESTS 

The first tests with the infiltration model were performed by ORDL using M- F sand 
and silt. Detailed data on the ORDL tests are given in the unpublished ORDL interim 
report on the study (6 ). 

Tests conducted at ORDL can be grouped into three categories (Table 2). Discussion 
of the results of categories A and B tests is included with discussion of results of the 
WES tests. Table 3 summarizes pertinent results of the exploratory infiltration tests 
on medium to fine sand and on silt. The category C tests were performed to make 
limited evaluations of the effects of test duration, specimen height, high heads, density, 
length of joint, and vibration. The following general conclusions were drawn from the 
category C tests1 for guidance in the conduct of subsequent tests: 

11t should be noted here that measurements of simultaneous water flow and infiltration through the two 
joints of different lengths did not provide data amenable to rigorous analysis; this is also true of simi
lar data observed in tests involving different specimens. Local :ionuniformity in density, particularly 
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TABLE 2 

VARIABLES STUDIED IN ORDL TESTS 

Test Category and Soil Type 

Variables A B c 

M-F Sand Silt M-F Sand Silt 

Density,% 
max CE-55 85 85 85 85-90 

Specimen size, 
cu ft 0.2 0.2 o. 2- 0. 5 o. 2-0. 5 

Test heads, ft 1-5 6. 5 1.0-24.6 6. 5- 26. 5 
Corrugated joint 

openings, in. 0.007-0.2 10 0,007-0.158 0. 013- 0. 210 0.007- 0. 105 
Test time, hr To 6.0 To 6.8 1. 5-39 . 5 5. 5-42. 0 
Number of tests 24 6 8 4 
Summary of 

results Table 3 Table 4 Table 5 Table 5 

TABLE 3 

SUMMARY OF ORDL INFILTRATION TESTS 

Avg. Flow Infiltration 

Test 
Joint Water- Test (cc/min) Material (g) 

No. Opening head Period Remarks 
(in.) (ft) (hr) 4-in. 6-in. 4-in. 6-in. 

Joint Joint Joint Joint 

Category A: Medium to Fine Sand at 85% Maximum Density 

la 0.2 10 1,02 2. 5 Total washout 
2a 0.156 1.01 6. 0 63.1 124. 5 305.9 0.02 Partial washout 
3a 0, 158 2.02 0.2 629.9 Total washout 
4a 0.105 1. 01 6. 0 18. 5 61.9 0 0 

0.105 2.01 2.0 138.6 163.9 32.9 36.6 
0.105 3. 01 1. 0 469. 5 274. 7 342.9 105.4 Partial washoutb 
0.105 4.01 6. 0 362.8 454.0 53.0 264. 5 Partial washoutb 
0.053 1.01 6. 5 106.4 151.9 0. 9 0.4 
0.053 2.01 7. 0 454.9 311.6 29.4 10.4 

6 0.053 3. 01 7. 0 393.8 297.6 63.3 19.5 
7a 0.053 4.01 5. 5 565.6 429. 5 35. 5 12. 0 
6 0.026 1.00 5. 5 129. 7 98. l 0.1 0.1 

0.026 2. 00 6. 0 477.0 260.3 7.5 0. 1 
9 0.026 3. 00 o.O 395.2 312. 5 13. 7 1.8 

lOa 0;026 4.00 6. 0 757.8 304.5 10.0 3.0 
11 0.013 1.00 6.5 172.3 76.0 o. 2 0. 1 

0. 013 2.00 7. 0 380.7 249.4 1.5 0.9 
12 0.013 3. 00 7.0 360.3 280.5 3,9 2.6 
13a 0.013 4.00 6. 5 592.4 674.6 1. 9 3.1 
14a 0. 007 1. 00 7.0 88. 5 73.6 0. 1 0. 1 

0.007 2.00 6.0 190.6 208.1 0.3 1,2 
0,007 3. 00 5. 5 248.9 537.1 0.3 2. 5 
0.007 4.00 3. 5 304.3 725.4 0.3 3. 0 
0. 007 5.00 3. 0 309,0 869.0 0.4 3.0 

Category B: Silt at 85% Maximum Density 

15 0.158 6. 50 Tutal WIUlhoul c d 
16 0.105 6. 50 5. 50 1,8 5.4 34.1 110,8 Pnrllal washout 
17 0.053 6. 50 4. 75 7.9 8.9 8.1 8.0 Total washou1° 
18 0.026 6.50 6. 75 5. 2 6, l 731.3 53.8 Partial wnshoutf 
19 0.013 6.50 4. 75 13.0 5.9 Partial washoutg 
20 0.007 6. 50 6. 75 10.4 6. 7 31.0 45.0 

~Dato used in flgure 8. 
Patllol washout occurred soon ofter woterheod was applied. Test continued with only small amount 
of additional infiltration. 

~Total woViovt occurred b~(o~ total walorhood could be opplied, 
Partial was.hoot occurred quickly ofter oppUcation of woloihaad; however, infiltratiCln slowed and 
test was continued for 5.5 hr. 

elotal washout occurred after 4 .75 hr o( test, Flow and infiltrated material values shown were token 
faher 4.25 hr of test, 
Partial washout occurred through 4-in . ioint ofter l.75 hr of test. Values shown ore for total lime of 
le>! (6.75 hr). 

9Porlial washout occurred through both joints ofter 1.75 hr of test, Flow measurement wos made 
immediately prior to partial washout. Infiltration slowed and test was continued For 4.75 hr. 

adjacent to the openings, and channelization of water flow through the soi I specimen were probably 
the variables complicating analysis of the frequently inconsistent results from which, however, signif
icant general trends were indicated. 
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1. Duration of tests: Practically all of the soil infiltration occurred in the early 
stage of each test under a given head. For example, 96 percent of the soil infiltration 
in test 21 (Table 4) occurred in the fir st 6% hr. Generally, 80 to 90 percent occurred 
within a few minutes after starting of the flow. Furthermore, if washouts occurred, 
they did so within the first 5 to 6 hr. Therefore, it was not necessary to continue sub
sequent tests over longer periods of time. 

2. Height of specimen: Comparative tests were performed on specimens having 
heights of 13 in., volume = 0. 5 cu ft, and the normal heights of 5. 7 5 in., volume = 0. 2 
cu ft (Table 4, tests 22, 23, 29, and 30). Under the same head, the shorter specimen 
was, of course, more susceptible to soil infiltration and washout because of the larger 
hydraulic gradient. When the head was increased approximately twofold on the 13-in. 
specimen (test 23), making the hydraulic gradient fairly close to that producing the 
total washout of the 5. 75-in. specimen (test 22), a partial washout occurred. Thus, it 
appeared that the 0. 2-cu ft specimen size was satisfactory for further tests. 

3. High heads: As was true with the infiltration tests using lower heads, the greatest 
proportion of infiltrated material was produced in the early stage of the tests. With 
each increase in head, additional material infiltrated, but unless a partial or total 
washout occurred under the increased head, little more and sometimes less material 
infiltrated than under previous lower heads (test 28, Table 4). 

4. Density: Single comparative tests were performed using silt, with one specimen 
at 85 percent CE-55 maximum dry density and the other at 90 percent (tests 29 and 31, 
Table 4). With all other test conditions constant, considerable infiltration occurred in 
the test on the lower density specimen, while none occurred with the higher density 
specimen. 

5. Length of joint: In the tests on sand specimens, there was a tendency for less 
material to infiltrate through the 6-in. joint than through the 4-in. joint, although the 
reverse sometimes occurred. The 6-in. joint provided more corrugations, and the 
settling out of coarser particles in the valleys of the corrugations formed a filter to 
prevent further infiltration. The amount of infiltration through the two joints in the 
tests of silt specimens apparently was not affected by the joint length. 

6. Vibration: The few observations in which specimens of sand and silt were vibrated 
by various means after the conclusion of the regular tests indicated the importance of 
vibration relative to magnitude of soil infiltration. Some additional sand infiltrated 
each time the model was struck or otherwise vibrated; vibration had a somewhat lesser 
effect on the silt specimen. 

WES TESTS 

The ORDL tests using the infiltration model showed the importance of soil type, 
soil density, head of water, joint opening, and vibration with respect to soil infiltration 
through pipe joints. The WES testing program extended the testing on the two soils 
(M-F sand and silt) tested by ORDL, and included testing of the two additional soils 
(uniform sand and lean clay). 

Each soil specimen was subjected to a series of waterheads, beginning at a rela
tively low head and increasing the head in increments until either a washout occurred 
or a maximum head of 23. 79 ft was attained. The test duration at each head was varied, 
the head being held constant until either a washout occurred or the pressures mea
sured by the piezometer in the base of the model had become relatively stable. In 
some instances, the head was maintained for longer periods of time. 

The investigation of the effect of joint configuration on soil infiltration was confined 
to a comparison of infiltration through the two lengths of corrugated openings with that 
through a simple slot opening. Investigations of the 4- and 6-in. lengths of corrugated 
openings were conducted simultaneously, while investigation of the simple slot opening 
was conducted separately. 

Although piezometer observations and measurements of flow through the openings 
were made in the WES tests, these data are not presented, as all attempts to relate 
these data to size of joint openings or to head of water proved fruitless because of in
consistent variations in the values. The reasons for the variations are not known, but 
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TABLE 4 

SUMMARY OF ORDL INFILTRATION TESTS 

Size Average Flow Infiltrated 

Test of Soll Joint Water head Test (cc/min) Material (g) 

No. Specimen Opening (ft) Period Purpose of Test Remarks 

(cu ft) (in.) (hr) 4-in. 6-ln. 4-ln. 6-ln. 
Joint Joint Joint Joint 

Category C: Medium to Fine Sand at 8 5% Maximum Density 

21 0.2 0.053 4.00 6.50 652 218 54.30 8.1 Investigate time effects Vibrated at end 
4.00 8.00 1,518 173 0.60 0.8 of testa 
4.00 8.00 1,137 115 0.20 0.1 
4.00 8.00 799 66 0.10 0.0 
4.00 8.00 659 57 0.50 0.1 
4.00 ~ 541 48 ~ 0.0 

39.50 55. 70 9.1 

22 0.2 0.210 1.02 2.50 Study effects of soil Total washout 
23 0.5 0.210 1.02 1.50 57 108 <0.10 <0.1 specimen height Partial washout 

2.00 1. 50 121 170 

24 0.2 0.105 24.58 4.00 4,050 1,273 148. 00 126.8 Study effects of very Vibrated at end 
high waterheads of t.estb 

25 0.2 0.053 24. 56 1.00 14,276 1,114 Not measured 
26 0.2 0.026 24.58 6.00 1,435 403 16.70 3.1 
27 0.2 0.013 24. 56 6.00 4,125 532 6.30 0.6 

Category C: Silt at 65% Maximum Density (Except Test 31) 

26 0.2 0.007 6.50 6.00 10 7 31.0 45.0 Study effects of time Vibrated at end 
11.50 6.50 6 6 29.0 68.0 and high head of test0 

16. 50 6.75 10 4 36.0 13.0 
26. 50 6.75 7 15 21.0 10.0 
26. 50 4. 50 14 14 1.0 1.0 
26.50 6.50 14 13 o.o 0.0 
26.50 ~ 16 9 ~ 0.0 

42.00 118.0 137.0 

29 0.2 0.105 6.50 5. 50 34.1 111.0 Study effects of 
30 o. 5 0.105 7.00 6.50 7,4 24.0 specimen height 

29 0,2 0.105 6.50 5. 50 34.1 111.0 Study effects of soil 
density 

31 0.2 0.105 6.50 6.50 4 0.0 0. 0 Test 31 was at 
90% density 

~el wa1 vibrot11d with audio vibrator and by topping with screwdriver. Additional slight infiltration occurred as long as model was vibrated. 
llxat~ by sh llci r\g with screwdrivllr. Additinnol infiltration ob5erved but ceased rapidl)' when tapping wc;s stopp;;-d. 

cMode l woi vibrOJed with mechanical vibrator for 40 min. At beginning of vibration additional infiltration wos observed but it ceased quickly. 

TABLE 5 

INDEX OF WES INFILTRATION TESTS 

M-F Sand Uniform Silt Lean Clay 
Joint Sand 

Qpenlng cJa Slot 
CJ Slot CJ 

(In.) (65%Jb (8~) CJ (85%) (65%) 
Table 7 Table 8 (90%) (85%) (90%) Table 12 Table 13 

Table 9 Table 10 Table 11 

0.013 
0.026 
0.050 16 
0.053 17 
0.054 2, 3 
0.080 le 4, 5, 6 
0.006 7' o, 9 18 
0.105 4, 5 
0.110 10 
0.118 11 
0.124 19 
0.125 12 20 
0.126 3, 4 7, 8 
0.130 
0.150 13 
0.158 7, 8 11 
0.188 21 
0.209 12, 13 
0.210 G 9 1, 2 
0.250 22 
0.260 10 14, 15 

~CJ • corrug<1led 1olnt. 
Pt!rcenl of maximum dry density. 

cT ost n\llmbori. 



are thought to be associated with nonuniformity of soil density within the test 
specimen. 
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Table 5 is an index of the WES tests by test number, indicating soil tested, joint 
openings and type of opening (corrugated joint or slot), together with references to the 
tables summarizing the observational data of the tests (Tables 6-9), 

Thirteen tests were performed using M-F sand specimens compacted to 85 percent 
CE-55 maximum dry density. Of these, 6 were performed with corrugated joint open
ings ranging from 0. 080 to 0. 210 in. and 7 were performed with slot openings ranging 
from 0. 09 5 to 0.150 in. 

Eight tests wer e perform ed on the uniform s and compacted to 90 percent CE-55 
maximum dry density , with corrugated openings ranging from 0.026 to 0.126 in. (It 
was planned to place the sand at a density corresponding to 85 percent of the CE-55 
maximum density. On saturation of the first sample, it was found that the density in
creased to about 90 percent CE-55 maximum dry density, and therefore it was decided 
to test all specimens at that density.) 

Twenty-two tests were performed on the silt, 15 with corrugated joint openings from 
0. 013 to 0. 260 in. and 7 with slot openings from 0. 050 to 0. 250 in. In the tests with 
corrugated openings, 10 specimens were compacted to 85 percent CE-55 maximum dry 
density and 5 specimens to 90 percent CE-55 maximum dry density. The specimens 
for the 7 slot tests were all compacted to 85 percent CE- 55 maximum dry density. 

TABLE 6 

SUMMARY OF Il'IFILTRATION TEST DATA 

Specimen Joint Test Test 
Opening Duration Head Remarks No. (iIL) (hr) (ft) 

Corrugated Joint Opening, Medium to Fine Sand at 85~ Maximum Dry Density 

0. 080 23.0 1.97 A small amount of soil Infiltration generally oc-
23. 5 3,02 curred for a short period of time with each change 
23.5 4.26 in head. No washout occurred 
8.0 5.39 
3. 0 6.54 
4.0 7.69 
4.3 8.84 
3.0 9.99 
4.0 12.29 
3.5 14.59 
1,0 16.89 
3.2 19.19 
3. 2 23.79 

0. 105 22.0 1.97 No infiltration occurred until application of the 4. 26-
24.0 3.02 ft hend, then only a s mall amount for n short period 
24.0 4. 26 of tim e. Plll'tial washouts occurred through the 
7.5 6.54 6-in. joint 5 min after application of 6. 54-ft head 

and then through the 4-ln. joint after 1 hr of testing 
at this head 

0. 126 21.0 1.98 A partial washout occurred through the 6- ln. joint 
23,5 3.01 30 min aflc_r appllcnllon of lhe Initial be nd (1.98 ft). 
23. 7 3. 51 The test was continued A small amount of lnfll-
96. 0 4. 26 tratlon generally occurred for a short period of 

4.0 5.39 time with each change In head. No further wash-
2.2 6.54 outs occurred and teat was stopped at end of work 
8.0 7.69 week 
4.0 8.64 

19.0 9.99 
4.0 12.29 
1. 0 14.5~ 

0.126 71.0 1.98 A moderate amowit of Infiltration occurred through 
23. 5 3.01 the 4-IIL joint at the Initial head (l.98 ft). No 
23 . 5 3.51 further Infiltration occurred until the head was 
23. 5 4.27 being raised from 7.69 ft. A total washout oc-

4,0 5.39 curred through both joints at a head of 9, 50 ft 
3.5 6,54 
2.0 7.69 

9.50 

0.158 21.5 1.05 A total washout occurred through the 4-in. joint at 
1. 58 a head of 1. 58 ft while the head was being raised 

0. 210 1.0 0.67 A total washout occurred through the 4-in. joint 
5.5 1.07 5, 5 hr after application of the 1. 07-ft head 
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TABLE 6 (Continued) 

Specimen 
Joint Test Test 

Opening Duration Head Remarks 
No. (in.) (hr) (ft) 

Simple Slot Opening, Medium to Fine Sand at 85% Maximum Dry Density 

0.095 17.0 1.98 No infiltration occurred. Test was discontinued 
23.5 3.02 after a leak developed In the model 
0,6 4.27 

8 0.095 21.5 1.98 A s mall amount of ln!lltrnUon occurred with appll-
4.2 3.04 cntlon of the Initial bond (1.98 ft). No further In-

18.0 4.26 f!ltrallon occurred and test stopped at head of 
7.0 6.54 14. 59 ft because large flow of water Involved no 
4.0 7.69 Infiltration 
3.0 8.84 
4.6 9.99 
3.2 11.14 
4.6 12.29 
2.8 13.44 
3.0 14.59 

0.095 3.2 1.98 A small nrnounl of infiltration occurred during the 
2.8 3.01 flrsl two heads (1.98 and 3.01 ft). No further in-
4.5 4.26 filtration occurred 
2.8 6.54 
4. 5 7.69 
3.2 8.84 
3.2 9.99 
2.2 12.29 
2.0 14.59 
1.2 16.89 
2.0 19.19 
2.5 21.49 
2.2 23. 79 

10 0.110 3.0 1.98 A small ammmt of infiltration occurred for short 
19.0 3.02 periods of time during each head up to and lnclud-
24.0 4.26 Ing the 9.99-ft head. No further infiltration 
3,2 6.54 occurred 
3.0 7.69 
4.2 8.84 
3.0 9.99 
8.0 12.29 
4.6 14.59 
3.0 16.89 
8.0 19.19 
3.3 21.49 
4.2 23. 79 

11 0.118 22.0 1.08 A small amount of infiltration occurred for short 
3.5 1.98 periods of time during each head up to and Including 

19.0 3.02 the ·5, 54-ft head. No !urth •r infiltration occ11rrod 
4.0 4.26 
3.0 6.54 
4.5 7.69 
3.2 8.84 
4.5 9,99 
3. 0 12.29 
J!.7 14.59 
1.6 16.89 
1.0 19.19 
1.5 21.49 
1.0 23.79 

12 0.125 0.50 A total washout occurred Immediately on application 
of the ln!Ual head (0. 5 ft) 

13 0.150 0.00 A total washout occurred during saturation 
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TABLE 7 

SUMMARY OF INFILTRATION TEST DATA 

(Corrugated Joint Opening, Uniformly Graded Fine Sand at 90 Percent Maximum Dry Density) 

Specimen 
Joint Test Test 

Opening Duration Head Remarks 
No. (In.) (hr) (ft) 

0.026 2.7 1.98 A small amount of infiltration occurred sporadically 
20.0 3.01 during all heads up to and Including that of 12. 29 ft. 
3.0 4.26 No infiltration occurred at subsequent heads 
3.0 5.39 
4.0 6.54 
3.4 7.69 
3.0 9.99 
3. 7 12.29 
4.0 14. 59 
3.5 16.89 
4.0 19.19 
4.0 21.49 
4.0 23.74 

2 0. 054 21.0 1.98 A small amount of infiltration occurred for a short 
3.0 3.01 period on application of the 1.98- and 3.01-ft heads. 

17.5 4.26 A partial washout occurred through both joints 4 hr 
3.0 5.39 after application of the 4. 26-ft head. Test con-
3.5 6.54 tinued with amounts of infiltration occurring 
4.0 7.69 sporadically 
3.7 9.99 
5.0 12.29 
3.0 14.59 
3.0 16.89 
3.5 19.19 
4.0 21.49 
3.5 23.79 

0.054 3.5 0.67 Small to moderate amounts of infiltration occurred 
19.0 1.08 for short periods of time on application of each 
24.0 1.48 head. A partial washout occurred through both 
24.0 1.98 joints 4 hr after application of the 4. 26-ft head. 
23.0 3.01 The test was continued with small amounts of In-
4.0 3.51 filtration occurring for short periods on applica-

19.0 4.26 tion of each subsequent head. Test stopped be-
4.0 5.39 cause of very large flow of water 
3. 7 6.54 
8.0 7.69 

0.080 3.0 0.67 Moderate amounts of infiltration occurred for short 
19.0 1.07 periods of time on application of each head. A 
4.0 1.48 partial washout occurred through both joints 15 min 
0.2 1.98 after application of the 1. 98-ft head. Test stopped 

because of very large flow of water 

0.080 19.0 0.67 Moderate amounts of infiltration occurred for short 
4.0 1.08 periods of time on application of each head. A 

19.0 1.48 total washout occurred through both joints 15 min 
4.0 1.99 after appllcatlo~ of the 3. 01-ft hea~ (<;ounter-
0,4 3.01 weights inadvortently left In place m this one test.) 

0.080 15.5 0.67 Moderate amowits of infiltration occurred for short 
4.0 1.08 periods of time on application of each head. A 

19.0 1.48 total washout occurred through the 4-in. joint at a 
5.5 1.98 head of 2. 91 ft while the head was being raised 

2.91 

0.126 2.5 0.67 Moderate amowits of infiltration occurred for short 
17.0 1.08 periods of time on application of each head. A total 
0.2 1.48 washout occurred through the 4-ln. joint 15 min 

after application of the 1.48-ft head 

0.126 3.2 0.67 Moderate amounts of Infiltration occurred for short. 
19. 0 1.07 periods of time on appUcation of each head. A 

4.0 1.48 total washout occurred through the 4-ln. joint 
1.70 Immediately after application of the 1. 70-ft head 
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TABLE 8 

SUMMARY OF INFILTRATION TEST DATA 

Specimen Joint Test Test 
Opening Duration Head Remarks No. (In.) (hr) (ft) 

Corrugated Joint Opening, Silt at 85% Maximum Dry Density 

0.013 19.5 2.00 A small amount of infiltration occurred for a short 
5.0 4.47 period of time on application of the 6. 54-ft head. 
7.5 6.54 A moderate amount of infiltration occurred for a 
1.0 9.99 short period of time on application of the 14. 59-ft 
1.0 14.59 head. A partial washout occurred through both 
1.0 19.19 joints on application of the 19.19-ft head. Test 
0.5 23. 79 wae continued with no further Infiltration 

2 0.026 2.0 1.97 A small amount of infiltration occurred continuously 
3. 5 4.24 during application of the 9. 99- and 14. 59-ft heads. 
4.0 6.54 No further Infiltration occurred 
3.5 9.99 
3.0 14.59 
3.0 19.19 
5.5 23. 79 

0.054 4.0 1.98 A small amount of infiltration occurred for a short 
5.5 4.24 period of time during application of the 9. 99-ft 
7.5 6.54 head. A partial waehout occurred through both 
7.5 9.99 joints on application of the 14. 59-ft head. The 
4.0 14. 59 test was continued with small amounts of in-
3.0 19.19 filtration occurring sporadically during each 
3.0 23.79 subsequent head 

0.105 4.0 1.97 A partial waehout occurred through the 6-in. joint 
97.5 4.26 8 hr after application of the 4. 26-ft head. Test 
16.0 4.93 continued with only small amounts of Infiltration 
8.0 6.54 occurring sporadically 
8.0 9.99 
1. 5 14.59 
2.0 19.19 
1.0 23. 79 

0.105 19.0 3.01 A partial washout occurred through the 4-in. joint 
25. 5 4.25 on application of the 8. 84-ft head. Test continued 

5.0 6.54 with a total washout occurring through the 4-ln. 
4.5 8.84 corrugation on application of the 19.65-ft head 
2.5 12.29 

19.65 

6 0.130 1.8 4.01 A total waehout occurred through both joints 7 min 
4.0 5.39 after application of the 14. 59-ft head 
7.0 6.54 
5.0 9.99 
0.2 14.59 

7 0.158 19.0 1.99 A total washout occurred through both joints 9 min 
4.26 after application of the 4. 26-ft head 

0.158 1.5 1.99 A total washout occurred through both joints 2 hr 
2.0 3.02 after application of the 3. 02-ft head 

0.210 21. 5 1.98 A total washout occurred through the 4-ln. joint 
3.0 3.02 3 hr after application of the 3.02-ft head 

10 0.260 1.0 1.08 A total washout occurred through both joints 8 min 
20.0 1.98 after application of the 4. 26-ft head 
23.0 3.01 

0.2 4.26 
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TABLE 8 (Continued) 

Specimen Joint Test Test 
Opening Duration Head Remarks No. (In.) (hr) (ft) 

Corrugated Joint Opening, Silt at 90% Maximum Dry Density 

11 0.158 23.2 3.01 A total washout occurred through both joints 3 hr 
24.0 4.26 after application of the 14. 59-ft head 
10.0 5.39 

5. 7 6.54 
8.0 '/.69 
7.7 9.99 
7.7 12.29 
3. 0 14. 59 

12 0.209 21.0 3.02 A total washout occurred through both joints 1 hr 
1.0 4.26 after application of the 4. 26-ft head 

13 0.209 21.0 1.97 A total washout occurred through both joints 2 hr 
5.0 3.01 after application of the 7.69-ft head 

15.7 4.26 
3.5 5.39 
3.5 6.54 
2.0 7.69 

14 0.260 19,0 1.98 A total washout occurred through both joints 3. 5 hr 
23.0 3.01 after application of the 19.19-ft head 
6.5 4.26 

17.0 5.39 
3. 7 6.54 
3.1 7.69 
4,0 8.84 
3. 5 9.99 
1.7 11.14 
5.7 12.29 
4.5 14.59 
3.0 16.89 
3. 5 19.19 

15 0.260 15.7 1,97 A total washout occurred through both joints 1. 0 hr 
71.5 3.01 after application of the 16. 89-ft head 
23.3 4.27 
6.7 5.39 
7.5 6. 54 
8. 0 7.69 
7.5 9.99 
8.0 12.29 
7.7 14.59 
1. 0 16.89 

Sample Slot Opening, Silt at 85% Maximum Dry Density 

16 0.050 5.5 5.39 A smnll amount of lnflllro.tlon occurred continuously 
4,0 6.54 during application of lho 12.29-ft head A total 

19.0 7.69 washout occurred 6 hr after application of the 
4.0 9.99 14. 59-ft head 

23.4 12.29 
19.0 14. 59 

17 0.053 18.5 4.24 A small amount of 1nf1ltration occurred continuously 
4.0 5.39 during application of the 7.69- and 8.84-ft heads, 

17.5 6.54 A total washout occurred during raising of the 
24.0 7.69 head, at 9. 76 ft 

4.0 8.84 
9.76 

18 0.095 18.5 5.39 A total washout occurred 4 hr after application of 
4.0 7.69 the 8.84-ft head 
4. 0 8.84 

19 0.124 21.0 1.98 A small amount of Infiltration occurred for a period 
23.5 3.01 of 40 min on application of the 7. 69-ft head. A 
23. 5 4.26 total washout occurred 5. 2 hr after application of 
23.5 5.39 the 9.99-ft head 

8.0 6.54 
24.0 7.69 

5.2 9.99 

20 0.125 1,0 5.39 A total washout occurred 1 hr after application of 
the head (5. 39 ft) 

21 0.188 22.0 1.97 A total wnshout occurred 6. 3 hr after application of 
23. 5 3.01 the 5. 39-ll head 
23.5 4,25 
6.3 5.39 

22 0.250 1.6 1.97 A moderate amount of Infiltration started 5 min 
after application of the head of 1. 97 ft and con-
tlnued for 1. 6 hr when a total washout occurred 
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Specimen 
No. 

TABLE 9 

SUMMARY OF INFILTRATION TEST DATA 

(Corrugated Joint Opening, Lean Clay at 85 Percent Maximum Dry Density) 

Joint 
Opening 

(in.) 

Test Test 
Duration Head 

(hr) (ft) 
Remarks 

0.210 21.3 3.01 A total washout occurred through both joints lmme-
4. O 4. 26 dlnlaly on application qf lhe 19.19-ft head. No 
3. O 6. 54 lnllltrnUon had occurred prior to the washout 
4.0 7. 69 
3.5 9. 99 
2.0 14.59 

19. 19 

o. 210 5. 4 5. 39 No Infiltration or washout occurred 
4.0 7.69 
3.5 9.99 
4.0 12.29 
3. 5 14.59 
4. 0 16.89 
3. 5 19.19 
4.0 21.49 
4.0 23.74 

0.260 7.0 5. 39 No Infiltration or washout occurred 
4. 0 6.54 
3.0 7.69 
4.0 8.84 
4.0 9.99 
4, 0 12.29 
3. 0 14, 59 
4. 0 16. 89 
3. 5 19. 19 
4. 0 21. 49 
4.0 23.79 

Only 3 tests were performed using lean clay specimens, and they were performed with 
corrugated joint openings of 0. 210 and 0. 260 in. 

DISCUSSION OF TEST RESULTS 

Tests on M- F Sand and Uniform Sand 

Figure 8 shows data from Tables 3, 6, and 7 on joint openings, heads, and occurrence 
of infiltration sufficient to cause total or partial washouts of the sand specimens. Figures 9 
and 10 show a total washout in the M-F sand and uniform sand for the corrugated joint. 

Although both partial and total washouts occurred in the corrugated joint tests using 
the M-F sand, no partial washouts occurred in the simple slot tests. The tortuous flow 
through the corrugated joints allowed a filter to develop within the joint which prevented 
the partial washout condition from developing into a total washout condition. This was 
verified by observing material in the valleys of the corrugations upon disassembly of 
the model after the test. In the simple slot test, this was not possible, and pronounced 
infiltration continued past the partial washout stage into a total washout condition. 

No washout occurred in simple slot tests (9, 10, 11) with M-F sand and slots from 
O. 09 5 to 0. 118 in. wide even under the highest test heads (23. 79 ft), but partial washouts 
occurred under much lower heads (0.198 to 6. 54 ft) in the tests with corrugated joint 
openings of 0.105 to 0.126 in. (WES tests 2 and 3 and ORDL test 4). 

Test data in Figure 8 for the M-F sand (D8s = 0. 035 in.)* compacted to 85 percent 
maximum density indicate that total washouts generally occurred in tests with either 
slots or corrugated openings of 0.125 in. or larger. (The only exceptions were WES 
test 3 with an 0.126-in. opening in which a partial washout occurred under a 1. 98-ft 
head, and ORDL test 2 with an 0.158-in. opening in which a partial washout occurred 
when the test head was only 1. 01 ft.) For uniform sand (D86 = 0. 017 in.) compacted to 
90 percent maximum density, Figure 8 shows that total washout occurred in 4 of 5 tests 
with corrugated openings 0. 080 in.; only one partial washout occurred (in this test, the 
head was subsequently carried to 23. 79 ft without further incident). 

*0
95 

is the d iameter of the maximum particle size fo r 85 percent of the sample. 
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Figure 8. Infiltration through corrugated joint 
and slot openings of various sizes, sands. 

Figure 10. Total washout, WES test, uniform sand 
(counterweights inadvertently left in place in 

this one test, same test as shown in Figure 6). 
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Figure 9. Total washout, ORDL test, M-F sond. 
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Figure 11. lnfi ltration through corrugated joint 
and slot openings of various sizes, silt. 

The critical ratios of the D85 of the sands to the joint openings with respect to in
filtration were: 

0.03 5 
0.

125 
= 0. 28 for the M-F sand 

O. 017 = O. 21 for the uniform fine sand 
0.080 

These ratios are considerably smaller than the 1. 2 ratio previously established in 
WES filter studies with slotted wood well screens (i). The principal reason for the 
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Figure 13. Partial washout, WES test, si It. 
Figure 12. Total washout, ORDL test, silt. 

more restrictive criterion for the slotted well pipe is considered to be that, in the WES 
filter studies, the wells were surged; the surging consisted of rapidly changing the flow 
through the foundation sands, filter gravel, and well by changing the pressure from 
zero head to heads up to 10 ft a number of times in succession. Other contributing 
factors may have been that the filter materials were not compacted in the well screen 
tests as in the soil-infiltration tests, and that there were differences in particle shapes 
and sizes of the materials in the two investigations. 

Tests on Silt 

Figure 11 shows data presented in Table 8 on joint openings, heads, and occurrence 
of infiltration sufficient to cause total or partial washout of the silt specimens. Fig
ures 12 and 13 show a total washout and a partial washout in the silt for the corrugated 
joint. These tests indicated the same results as those of sands in that no partial wash
outs occurred in the tests using slots, only total washouts, while both partial and total 
washouts occurred in the tests simulating corrugated joints. 

In the corrugated joint and simple slot tests where the silt specimens were com
pacted to 85 percent CE-55 maximum dry density, partial washouts occurred in tests 
\Vith corrugated joint openings as small as 0. 013 in.; it was found in the \VES tests that 
for joint openings of 0. 053 in. and less, heads could later be increased to the maximum 
test head (23. 79 ft) with only slight infiltration occurring after the partial washouts. As 
joint openings were increased to 0.105 in. and larger, total washouts occurred at pro
gressively lower heads, with two exceptions: (a) WES test 4 at a joint opening of 
0. 105 in. in which the head was increased to 23. 79 ft following a partial washout at a 
head of 4. 3 ft without further significant infiltration; and (b) ORDL test 16 with a joint 
opening of 0.105 in. in which a partial washout occurred on application of the head of 
6. 5 ft, but without further significant infiltration. On the basis of the corrugated joint 
tests, it appears that total washouts in silt would not occur if the joint openings were 
less than about 0.075 in. All 7 tests with the simple slot resulted in total washouts 
under progressively lower heads as the slot opening was increased. Total washouts 
occurred in 2 tests with 0. 05-in. slot openings (the smallest openings tested), under 
heads of 9.8 and 14.6 ft (tests 16 and 17). 

Five tests with silt specimens compacted to 90 percent maximum density in which 
corrugated joint openings ranged from 0.158 to 0. 260 gave rather erratic results with 
respect to the heads producing total washouts, but the general trend indicated that the 
soil specimens with greater density could withstand much higher heads before total 
washout occurred. 

Tests on Lean Clay 

Only 3 tests were performed with lean clay specimens compacted to 85 percent 
CE-55 maximum dry density (Table 9). In 2 of the tests the corrugated joint opening 
was 0. 210 in., and in the third test the corrugated joint opening was 0. 260 in. In the 
test with the 0. 260-in. opening, the head was raised to 23. 79 ft without any infiltration 
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occurring. This was true also of one of the tests with an 0. 210-in. opening; but in the 
other test, a total washout occurred when a head of 19.19 ft was reached. The reason 
for this washout is not known. The last two increments of head applied were about 
double those used in the other 2 tests, and this may have had some effect in producing 
the washout. These few tests on a lean clay of relatively low plasticity when compared 
to the performance of the silt clearly demonstrate the effect of a comparatively small 
increase in plasticity in lessening the probability of soil infiltration through pipe joints. 

CONCLUSIONS 

The soil infiltration tests reported in this investigation demonstrated that a number 
of factors influence the degree of soil infiltration through pipe-joint openings. The 
most significant factors appeared to be (in addition to the obvious factor of opening 
size): grain size, plasticity, and density of the surrounding soil, and the nature of the 
flow path through the joint opening (i.e., whether tortuous and long as through a cor
rugated joint, or direct and short as through a simple slot). The effects of vibration 
were indicated to be significant, but no quantitative data of use to field application were 
developed from the few incidental and unsophisticated experiments in which various 
types of vibration were applied to the specimen container. 

Measurements of openings between coupling bands and corrugated pipe showed that 
at some locations beneath the band the openings were from 0.18 to 0. 3 5 in., depending 
on the size of the pipes. The infiltration tests showed that total washouts would occur 
with joint openings larger than about 0.125 in. for the M-F sand and larger than about 
0. 080 in. for the uniform sand. For stability, this would mean the ratio of Ds& to joint 
openings should be not less than 0. 28 for the M-F sand and 0. 21 for the uniform sand. 
It is thus indicated that severe infiltration of these materials could occur in portions 
of the corrugated banded joints where such materials were compacted only to 85 or 
90 percent CE-55 maximum dry density. 

Although total washouts generally occurred in the silts compacted to 85 percent 
CE-55 maximum dry density where openings were 0. 105 in. or larger, two exceptions 
at smaller openings indicated that the critical opening was about 0. 07 5 in. The tests 
with the silts at two different densities demonstrated the benefit of greater compaction 
in preventing excessive soil infiltration. It is logical that the same benefit of increased 
density would be gained with the sands which, of course, would be enhanced should the 
sand particles be angular rather than rounded. 

The few tests with the lean clay when compared with those of the silt showed that 
even a relatively small increase in cohesion (plasticity) in a fine-grained soil would 
prevent soil infiltration. It is concluded that fine-grained soils with a plasticity index 
greater than about 12 would not be susceptible to infiltration when compacted at optimum 
water content to 85 percent maximum CE-55 density. 

RECOMMENDATIONS FOR FUTURE RESEARCH 

Further studies are needed on the sizes and extent of joint openings in field installa
tions, and additional laboratory tests are needed to establish grain-size criteria for 
cohesionless backfill. Consideration should be given in any future testing programs 
to developing a simpler test apparatus with flow through the test specimens exiting 
through a single joint opening in the base. The joint opening might have either a cor
rugated or a straight configuration with a length of about 4 in. in the direction of flow. 
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