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L o a d S t u d y o f F l e x i b l e P i p e s u n d e r H i g h F i l l s 

JOHN H. TIMMERS, Research Engineer 
Armco Research Laboratories, Middletown, Ohio 

Earth load tests were conducted on three 7-foot-diameter corrugated-metal 
pipes under 137 feet of f i l l . Each pipe was 512 feet long on a grade of 2. 5 
percent with 6 inches of parabolic camber at the center. Pipes were filled 
strutted to 3 percent elliptical cross-section with long axis vertical. 

The f i l l to a height of 3 feet above the pipe was composed of a granular 
material of 100 percent Proctor density. At a f i l l height of 10 feet, a 7-
foot-wide and 7-foot-deep trench was cut over each pipe and backfilled with 
loose uncompacted material before proceeding with normal f i l l operations. 
The remainder of the f i l l was placed in 3-foot lifts compacted by sheepsfoot 
rollers. 

Loads were determined using load cells placed between the sil ls and the 
struts, and by attaching SR-4 strain gages to the pipe on the neutral axes of 
the corrugations. Deflection and subsidence measurements were also made. 

Strain-gage data revealed that each increment of f i l l added its load in
crement in direct proportion. Deflection and subsidence of the pipe were 
within design limits. 

• WITH the vast improvements in earth-moving equipment and the high cost of labor in 
construction and maintenance of bridge structures, the use of flexible metal pipe under 
high f i l ls exceeding 100 feet has become competitive with bridges. While sufficient in
formation has been available to apply corrugated metal pipe safely under high f i l ls , it 
was recognized that field test data would aid in making such installations more effective. 

Load tests were conducted on an installation of three parallel, 84-inch-diameter, 
Multiplate pipes under 137 feet of embankment which carries US 31 across Hurricane 
Creek in Cullman County, Alabama. The depth and span of the gorge as well as the vol
ume of the flow in the creek ordinarily would have called for a bridge. 

CONSTRUCTION 

A section through the center pipe and f i l l is shown in Figure 1. 
The pipes are 512 feet long, laid on a grade of 2. 5 percent, and spaced 20 feet, cen

ter to center. The pipes were parabolically cambered 6 inches higher at the midpoint 
than a straight line joining the ends. Pipes were field-strutted to an essentially ellip
tical cross-section using 8-by-8-inch oak struts and 2-by-8-inch pine compression caps 
(Figure 2). This caused the vertical axis of the cross-section to be 3 percent greater 
than original diameter. The struts were placed at 3-foot centers in the middle half of 
the pipe length and at 6-foot centers at the ends. The pipe was fabricated from 1-gage 
(0. 281-in.) plates at the center, stepping down to 3- to 5- to 8-gage (0.172-in.) at the 
ends. 

After diverting the stream the pipe lines were laid on a 2-foot uniform bed of creek-
bed sand. F i l l material beneath, between, and to a depth of 3 feet over the pipes was 
selected granular material compacted to a 100-percent Proctor density value. Springs 
encountered in preparing the bed were handled with 6-inch corrugated-metal underdrains. 

Prior to backfilling, the outside of each pipe was sprayed with an asphalt-base pro
tective coating. Bolts were tightened with pneumatic impact wrenches and checked with 
a torque wrench to insure a screw-up torque of not less than 150 ft. -lb. 

In the imperfect trench method of construction, the conduit is first installed as a 
positive projecting conduit. Then a f i l l is constructed over it up to an elevation which 
is 1 to iVa times the width of the conduit (Figure 3). The f i l l is well compacted during 
construction, and then a trench as wide as the conduit width is dug in the compacted f i l l 
directly over the conduit down to its top. The trench is then refilled with loose backfill 
material to the original level and the embankment continued in conventional manner. 

The purpose of the imperfect trench method is to allow the interior prism of f i l l ma
terial to settle downward relative to the exterior prisms so that the settlement will 
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generate shearing forces which are directed upward, reducing the load that the pipe must 
support. 

In this particular installation at a f i l l height (above the top of the pipe) of 10 feet, a 
7-foot-wide and 7-foot-deep trench was. cut over each pipe and backfilled with loose ma
terial before proceeding with normal f i l l operations. 

The f i l l was placed in layers of 3-foot maximum depth. For the first 10-foot depth of 
cover, rock was kept away from the area directly over the pipes to keep from disturbing 
the banks when the imperfect trench was excavated. 

The f i l l was mainly a crumbly sandstone and rock for the first 25 feet. Choking was 
accomplished by alternately placing layers of rock and earth, except for the first 10 feet 
immediately over the pipes. The lower f i l l was handled with Euclid wagons over steep 
haul roads, however as the f i l l progressed it was largely built using self-loading scra
pers. Compaction was accomplished by dual-tandem sheepsfoot rollers. 

Upon completion of the f i l l the slopes were dressed, apron beddings cleared, and the 
struts pulled from the structure. The aprons and boulder deflector were constructed and 
the toe of the slopes paved with grouted riprap. The invert of the pipe was paved for a 

third of the circumference with bituminous 
concrete. 

T E S T MEASUREMENTS 

Plate stresses, vertical and horizontal 
deflections, invert elevation and side shift, 
compression-cap deformation, and strut 
loads were measured at various intervals 
during the grading operation. The height 
of the f i l l at the time of the test measure
ments is shown by the f i l l cross-sections 
of Figure 4. Location of various test e-
quipment and reference points are shown 
in Figure 1. 

Strain gages were applied on the inside 
of the pipe at the neutral axis of the cor
rugation at vertical and horizontal diam
eters. The gages were located at the cen
ter of Rings 31, 32, and 33 under the cen
ter of the f i l l and at the center of Rings 9, 

Figure 2. Schematic diagram showing3% ver
t i c a l elongation of pipe by use of timber 

struts . 



TOP OF EMBANKMENT 
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— 

Figure 3. Diagrani showing imperfect trench 
construction and subsequent settlement of 
inter ior prism with result ing upward shear 

forces. 

15, and 22, which are 65 feet, 113 
feet, and 173 feet from the upstream 
end of the pipe. 

Readings of vertical and hori
zontal deflection were made at ev
ery third plate (24 feet) and at ev
ery strain-gage location. Vertical 
deflections were made on a chord 
parallel to the vertical diameter 
12 inches to one side of the vertical 
diameter. Vertical, horizontal, 
and also 45-deg. deflection read
ings were made at the strain-gage 
stations. 

Invert settlement readii^s and 
side-shift readings were made ev
ery 24 feet along the complete 
length of the pipe by means of level 
measurements. 

The deformation of the four 2-
by-8-inch pine compression caps was measured to a nail point on the oak strut 4 inches 
below the top of the strut A set of these pine compression caps was calibrated under 
similar loading conditions in a universal testing machine. 

Two strut load cells were placed between the struts and compression caps at the cen
ter of the pipe under the maximum fi l l height. These load cells were constructed from 
6-inch steel pipe each of a different wall thickness to insure that the load range would be 
covered by a cell of suitable sensitivity. Wire strain gages were installed on the inside 
of the load cells before top and bottom bearing plates were assembled. Extreme care 
was taken to waterproof al l strain gage installations. These load dynamometers were 
calibrated in a universal testing machine. 

Test measurements were made at f i l l heights (above the top of the pipes) of 3 feet, 10 
feet, (before and after trenching), 25 feet, 45 feet, 60 feet, 100 feet, and 137 feet (before 
and after removing struts). 

T E S T RESULTS 

The maximum vertical deflection upon removal of the struts was 1. 84 inches or ap
proximately 2 percent of the original diameter. This occurred at the strain-gage loca
tion at Plate 15 (Figure 5). The deflection measurements made on the vertical chords 
at every third circumferential seam indicate a maximum deflection of about 1. 2 inches 
at Plate 15 (Figure 6). This point of measurement is located approximately 4 feet from 
the aforementioned strain-gage location. In no case did the pipe return to its original 
round shape. The pipe remains from % to percent vertically elongated. 

The deflection, in general, followed the pattern that would be expected by examining 
the f i l l cross-section, with the exception that, at Plate 15 (about 117 feet from the inlet 
end), the pipe deflection was slightly greater than the deflection under the full height of 
the f i l l . While the reason for this cannot be conclusively established, certain factors 
which could have contributed to this 
result can be identified. First , the 
strut spacing at this point changed 
from 6 feet to 3 feet, and the plate 
changed from 3-gage to 1-gage ma
terial. Second, this part of the pipe 
was continually under the haul road, 
until about 80 feet of f i l l had been 
placed. This, of course, meant that 
the f i l l and pipe under this ramp were 
being continually subjected to the 

MARCH 
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Figure 4. F i l l cross-section. 
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compaction of heavy construction e-
quipment. Thirdly, since all struts 
and sil ls were only approximately 
the same length, a shorter strut 
(smaller installation strut load) could 
have resulted in a greater deflection. 

Since the increase in horizontal 
diameter is practically the same as 
the decrease in vertical diameter, 
the graphs of horizontal deflection 
have been omitted. The average di
ameter of the pipe appears to remain 
practically a constant. This illus
trates the complementary effect of 
changes in horizontal and vertical 
diameters. 

The invert settlement, as shown 
in Figure 7, indicates a maximum 
settlement of 4.44 inches. As orig
inally installed, the pipe had 6 inches 
of camber at the center. From the 
invert settlement curve as shown in 
Figure 7, the average settlement at 
the ends was approximately 2 inches. 
Deducting this from the invert set-

I M I \ , U I I l i i T l F T i I M I M M I I •••g^^aBBBBBMrnagggaga 
flSa^ ^BB^'^BBBBIB 

Figure 5. V e r t i c a l d e f l e c t i o n at s t r a i n 
gage positions. 

tlement at the center of the pipe, it appears that about 2% inches of camber were lost 
(about 3% inches of camber retained.) 

The settlement curve approximates the f i l l weight distribution. To a certain extent 
the deflection and invert settlement measurements are complementary. That is, posi
tions that show relatively higher deflections tend to show relatively less invert settle
ment, and conversely. This probably means that where the invert f i l l was well com
pacted greater pipe deflections resulted than where the invert f i l l was softer. This, of 
course, assumes that the side f i l l material was tamped to a similar degree of compaction. 

One of the design criteria for cor- 2 0 i 
ri^ated-metal structures is the bolt 
load at the longitudinal seam. Thrust 
determinations based on plate loads 
developed by a unit length of plate 
lead to evaluation of joint load. For 
ease of computation, all strut load 
and plate stress measurements were 
converted to load per foot of seam. 

The strut load per foot of pipe 
per side is shown in Tables 1 and 2 
and Figures 8 and 9. The strut load 
as obtained by measuring compres
sion of the compression caps is 
shown in Table 1 and Figure 8. A l 
though the points obtained from read
ings of the strut load cells at 137 
feet were unstable, from the curve 
in Figure 9, it is evident that the 
strut load increased proportionately 
to the f i l l height up to approximately 
60 feet. Above this fUl height there 3 6 
is evidence that the strut load in
creased at a slower rate. 

A comparison of the strut load 
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with the load carried by the plate on 
the basis of 1 foot of seam length in
dicates that at low f i l l heights (low 
loads) the struts carried an appreci
able amount of the total load, while at 
high f i l l heights (higher loads) the struts 
carried a decreasing proportion of the 
total load (F^ure 10), less than 20 
percent of total load at final grade. 

The plate loads as measured by the 
strain gages are shown in Table 3. 
These results were taken from the 
readings of the gages on the north and 
south side only. This practice was 
followed because the bottom gages. 

T A B L E 1 

STRUT LOAD P E R FOOT BASED ON 
STRUT LOAD C E L L S 

Load Load per Ft. per Side 
F i l l Large Small Large Small 

Height Cell Cel l Cel l Cel l Ave. 
ft. lb. lb. lb. lb. 
12 7,000 8,000 1,400 1,600 1,500 
25 12,000 16,000 2,400 3,200 2,800 
45 22,000 27,000 4,400 5,400 4,900 
60 30,000 34,000 6,000 6,800 6,400 

100 40,000 44,000 8,000 8, 800 8,400 
137 52,000 39,500 10,400 7,900 9,150 

160 P 

10 FT 

6 9 12 IS 18 21 24 27 303336394245 4851 54 57 6063 
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Figure 7. Invert settlement. 

in the test with the theoretical total 
load per foot of seam appears in T a 
ble 4. The theoretical seam load is 
based on a projected column of earth 
above the pipe with a density of 118 
pcf. as averaged from the dry weight 
per cubic foot of embankment as de
termined by the State Highway Depart
ment of Alabama. 

Figure 12 shows a plot of the total 
seam load per foot versus f i l l height 
based on the test results and on the 
weight of the projected column of earth. 
This plot indicates the agreement of 
the test results with the design calcu
lations and shows that each increment 
of f i l l added its load in almost direct 
proportion to f i l l height. 

The test results are of the same 
order of magnitude as the theoretical, 
except in the case of Plate 15 (which 
was under the haul road) where the 

which were subjected to water and de
bris continually after installation, 
gave inaccurate readings shortly after 
installation. While the top gages were 
operative throughout the tests, some 
high strains were noted, particularly 
at the higher fills. It is believed that 
this was due to the fact that local 
bending of the plate occurred over the 
top s i lL 

The total load per foot of seam was 
computed as the sum of the strut load 
per foot per side plus the seam load 
as determined by strain gages (see 
appendix). The results of these cal
culations are shown in Figure 11 and 
Table 4. A comparison of the total 
load per foot of seam as determined 
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Figure 8. Strut load per foot of pipe. 
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test results appear over 100 percent high
er than the theoretical. While this rela
tively high load cannot be wholly explained, 
the high deflection and strut load at this 
location coupled with the low invert settle
ment partially substantiate the higher load. 
At Plate 32 the agreement of the test re
sults with the theoretical are satisfactory, 
having a maximum disagreement of approx
imately 18 percent, with most values fal l 
ing within 10 percent. 

The pipe showed a maximum horizontal 
shift of about 0. 8 inch from a base line es
tablished when the pipe was covered with 
3 feet of f i l l . 

T A B L E a 

STRUT LOAD P E R FOOT P E R SIDE BASED ON 
COMPRESSION CAP D E F L E C T I O N 

Plate 
Position 25 Feet 45 Feet 60 Feet 100 Feet 137 Feet 

3-4 0 0 0 0 0 
6-7 0 1667 1667 1667 2917 
9-10 0 1667 1667 2917 2917 

12-13 4250 5170 5250 5520 5625 
15-16 5170 5250 5520 6333 6625 
18-19 9000 9666 10500 11833 12500 

21-22 7500 7500 7500 9667 10666 
24-25 3333 7500 9083 10667 11833 
27-28 3333 5833 8500 10333 11250 

30-31 0 3333 5833 7500 10333 
33-34 5833 5833 7500 10333 11250 
36-37 7500 8500 9083 10667 11833 

39-40 0 0 3333 5833 8500 
42-43 3333 5833 7500 9083 11250 
45-46 3333 5833 7500 8500 9667 

48-49 2915 7500 4250 4833 10333 
51-52 3750 42S0 4530 5000 5250 
54-55 3750 4250 4530 5000 5250 

57-S8 2915 3750 3750 3750 4250 
60-61 2915 3750 3750 3750 ^ 5 0 
63-64 2915 3750 4250 4530 4530 
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Figure 10. Comparison of s t r u t load and 
plate load versus f i l l height for Plate 32 

under center of f i l l . 
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Figure 11. Total load per foot based on 
strut load plus seam load as determined by 

s tra in gages. 

The deflection measurements showed 
little change before and after trenching at 
the 10-foot level, as did the load measure
ments. The deflection measurements upon 
removal of the struts at the completion of 
the fi l l showed practically no change, the 
maximum being 0. 05 inch. The load in the 
plate, however, did show a considerable 
increase, as would be expected, since the 
struts had been carrying part of the load. 

Deflection and invert elevation readii^s 



were made two years after comple
tion of the fi l l . The vertical deflec
tion has increased an average of 0. 2 
to 0. 3 inch, resulting in a maximum 
deflection of about 2.14 inches as 
compared with 2. 5 inches of origi
nal vertical elongation as strutted. 
The increased invert settlement has 
been insignificant, generally less 
than 0. 2 inch. The upstream end of 
the pipe actually indicated a rise of « 
0.4 to 0. 6 inch. |^ 

The loads, as aetermined by the ^' 
strain gages applied to the plate cor- g i 
rugations, are a direct measure of 
the load imposed on the plates by the 
weight of the fi l l . However, the f i 
nal plate stresses cannot be deter
mined, because the original tensile 
stresses due to strutting were not 
predetermined. Strutting caused the 
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SEAM LOAD PER FOOT BASED ON STRAIN GAGE DATA 
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Figure 12. Comparison 
calculated under 

F I L L HEWHT I I I FEET 

of measured loads 
center of f i l l . 

and 

Height 
Load in Pounds per Foot at Plant Number" 

No. 15 No. 22 No. Slfa No. 32 No. 33 

12 +545 +3,040 -3,000 -3,000 -2,400 
-3,790 +2,720 -1,800 -3,000 -3,000 

31 -14,350 +900 -6,000 -6,400 
-13,500 

-4,800 
-4,800 43 -23,560 -2,390 -6,600 

-6,400 
-13,500 

-4,800 
-4,800 

61 -36,200 -11,960 -11,400 
-19,800 

-23,100 -5,700 
-14,400 98 -41,100 -20,960 

-22,750» 
-39,500a 

-11,400 
-19,800 -34,800 

-5,700 
-14,400 

137 «-56 ,250 
" -68,750 

-20,960 
-22,750» 
-39,500a 

-11,400 
-19,800 

-49,800 
-63,900 

| | Based on reading of N side only 
^ Based on reading of S side only 
'Before strut removal 
"After strut removal 

joints and plates to be placed under ten
sion at an unknown tensile stress level. 
This was the condition of the pipe at the 
time the strain gages were installed and 
base readings made. 

Vertical and horizontal diameter meas
urements made at every third circumfer
ential seam on the other two pipes in the 
f i l l indicate that these pipes also retained 
some of their original vertical elongation, 
except at one location in the south pipe 
where diameters were approximately e-
qual. 

TABLE 4 
TOTAL LOAD PER FOOT OF SEAM CALCULATED VERSUS MEASURED 

Total Load per Foot of Seam in Pounds at Plate Number 
22— 15 "52- -53-

Height Calc. Meas. Calc. Meas. Calc. Meas. Calc. Meas. Calc. Meas. 
12 -4950 +545* -4950 -f3040 -4950 -3000 -4950 -4500 -4950 -2400 

-3790b +2720 -1800 -4500 -3000 
25 -10330 -19520 -10330 -4270 10330 -6000 -10330 -9200 -10330 -10633 
45 18600 -28810 -18600 -9890 -18600 -9933 -18600 -18400 -18600 -10633 
60 24800 -41720 -24800 -19460 -24800 -17233 -24800 -29500 -24800 -13200 

100 27150 -47433 -41300 -30627 -41300 -27300 -41300 -43200 -41300 -24733 
137 27150 -62875 -43300 -33416 -56600 -56600 -58950 -56600 

^Before trenching 
'After trenching 

CONCLUSIONS 
1. The vertical load on the pipe, as shown by strain readings, agrees substantially 

with the weight of the vertical column of f i l l immediately above the pipe. This is the 
weight ordinarily used to design culverts under high fil ls. 

2. Lack of knowledge of the stresses imposed by the strutting operation prevented 
complete measurement of the stress on the pipe. 
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3. Part of the elongation of the vertical diameter still remained in the structure after 
completion of the f i l l and removal of the struts. This shows that the amount of elonga
tion by strutting the strength of the pipe, compaction of the f i l l and the spacing of the 
struts had all been given proper consideration in the design. 

4. The invert camber of 6 inches above straight grade, as originally established by 
foundation analysis, proved adequate, as about 3 inches of this camber remained after 
completion of the f i l l . 

5. Analysis of the observed load distribution on the pipe shows that the methods used 
to construct a f i l l can affect the amount of load transmitted to the structure. In the con
struction of this f i l l , the material was repeatedly brought in over the pipe at one place. 
Greater loads were measured at this point than the weight of the vertical column imme
diately above the structure, because of this "hard spot" in the f i l l . In constructing such 
large fi l ls , it would appear desirable to place the material in relatively thin horizontal 
layers and compact them uniformly so as to transmit the load to the original ground and 
to the structure in a uniform manner. 

6. Data taken on strut cells and pipe wall strain gages at successive stages of f i l l 
height show that each increment of f i l l added its increment of load in almost direct pro
portion. 

7. In this installation the use of the "imperfect-trench method" to reduce the loads 
on the structure was of only temporary value, as the load transmitted to the pipe sub
stantially equaled the weight of the vertical column immediately above the pipe when the 
f i l l was completed. 

The many factors involved in the construction of a f i l l of such proportions make it 
difficult to draw conclusions of other than a general nature. Such conclusions as are 
made can be specifically applied only to this test. However, general trends can be pre
dicted. The indications are that flexible pipe under reasonably high fills can have the 
vertical diameter timber strutted in the field and the backfill around the pipe can be so 
compacted that little or no change in the pipe diameter will occur during the building and 
consolidation of the f iU. 
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Appendix 
Calculations that were used in processing the data appear below: 
1. Strut load per foot per side. . . , . 

Strut load per foot per side = g,;; ^ g 

At Plate 15 for 137-ft. f i l l height 
Compression-cap deformation - 1%6 in. 
Strut load - 79,500 lb. 
Strut spacing - 6-ft. 

79 500 
Strut load per foot per side = g'^^ = »̂ ^^ 

2. Plate load based on strain-gage readings. 



Horizontal 
Gage Position 

Strain in Micro-inches 

North 
South 

365 
675 

Stress for north gage = 30 x 10' x 365 = 10,950 psi. 
Stress for south gage = 30 x 10* x 675 = 20,250 psi. 

Cross-sectional area of one foot of plate = Formed length x 1. 21 x thickness 
Cross-sectional area of one foot of plate = 12 x 1. 21 x . 249 = 3. 61 sq. in. 
Average load per foot of plate = Average stress x cross-sectional area 

= ^ ° ' « 5 ° ; ^ Q ' ^ S ° x 3.61 = 56,250 1b. 
3. Total load per foot of seam. 
T ^ + o i i « o ^ r^^-^ *„«f Seam load per foot . Strut load per 
Total load per foot = ^^^^ strain gages ^ foot per side 
Total load per foot of seam _ ocn ^ R ROK. - R9 H7«; I H 
for Plate 15 at 137 feet f i l l " ^ ^' - 62,875 lb. 

4. Load per foot of pipe based on theoretical weight of f i l l . 
(a) W = Wi + Wi + Wg 
where W = load per lineal ft. of pipe 

Wi = load per lineal ft. per side 
a + T M i f I n a / ) n o r l i n o a l f + naif 

Wi 
Ws 
T ~ 

(b) W 
where D 

h 
c 

Strut load per lineal ft. per side 

D X h X c 
' pipe diameter (ft.) 
•• f i l l height (ft.) 
: unit weight of f i l l (density) 

(a) W 
W 

Wi + Wi + Ws 
2Wi + Wg 

when struts are removed Wg 

then W 
W D X h X c 

2 

0 

2Wi 

(b) Wi 

Wi D X h X c where D 
h 
c 

Wi 

Wi 

7 ft. 
65. 6 ft. 
118 pcf. 
7 x 6 5 . 5 X 118 

2 
27,150 lb. for f i l l height of 65. 6 f t 

i 

Discussion 
M. G. SPANGLER, Department of Civil Engineering, Engineering Experiment Station, 
Iowa State College — Timmers' paper marks a significant milestone in the advance of 
our knowledge relative to the loads imposed upon culverts under earth fi l ls . His obser
vations show conclusively that the load on the structure increased with every increment 
of height of f i l l up to the maximum of 137 feet which prevailed on this job. This fact is 
definitely in harmony with the results indicated by Marston's "Theory of Loads on Con
duits. " 

In the experimental research which accompanied the development of Marston's theory, 
the maximum height of f i l l employed was about 21 feet. In some concurrent experiments 
of a similar nature conducted by the University of North Carolina, the maximum height 
of f i l l used was about 12 feet. The American Railway Engineering Association, in 1926, 
published results of some field measurements of loads on pipe culverts under a railway 
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embankment near Farina, Illinois, in which the height of f i l l was 35 feet. Still later, 
in 1947, Wilson V. Dinger, of the U. S. Corps of Engineers, described measurements 
of load on a concrete box culvert m Panama under 51 feet of f i l l . In all of these load 
measuring projects, the principle of linear relationship between load and height of f i l l 
above the plane of equal settlement was demonstrated. 

Furthermore, in the North Carolina project, reported at the 1955 Annual Meeting 
of the Highway Research Board, by Costes and Proudley, preliminary indications are 
that this same principle held in the case of a culvert under 168 feet of f i l l , although 
final digest of the data on this job is not complete. 

These qualitative checks on the validity of the Marston theory are of extreme im
portance at this time, because the requirements of modern highway transportation will 
undoubtedly result in the need for much higher fills as the highway program goes for
ward. 

The writer would like to comment relative to Timmers' Conclusions 1 and 7, in 
which it is stated that the vertical load on the pipe was substantially equal to the weight 
of the prism of soil directly above the pipe and, therefore, that the imperfect-ditch 
method of construction was of only temporary value as a procedure for reducing load. 
If we limit consideration of measured loads to Sections 31, 32, and 33, which were 
under the roadway portion of the embankment and were not influenced by haul roads or 
by the side slopes of the embankment, it is seen that the average load on the culvert 
was only 75 percent of the weight of soil above 100 feet of fil l (see Figure 12 and Table 
4). The next load measurements were made at 137 feet of f i l l , when it is noted that no 
data were obtained for Sections 31 and 33. The only load measurement at this height 
of f i l l was on Section 32, which had consistently indicated a load approximately a third 
greater than the average of these three sections throughout the period of observation. 
A study of the data given in Figure 12 and Table 4 leads this writer to conclude that the 
average load on Sections 31, 32, and 33 was about 75 percent of the weight of the prism 
of soil directly above the pipe. Therefore, it is also concluded that the imperfect-
ditch method of construction was effective to a substantial degree in accomplishing a 
reduction in load on the culvert. 

As a further comment, although Timmers' paper does not state specifically, it is 
the writer's understanding that the backfill material in the imperfect trench consisted 
of the same crumbly, friable, sandstone soil which was removed during construction 
of the trench. Although this material was replaced in the trench in a loose state with
out compaction, from the description of the soil, it is probable that it was not very -
compressible material. 

Most effective results of the imperfect-ditch method of construction are obtained 
when the trench backfill is a highly compressible material. A s a matter of fact, when 
Marston invented this method of construction, he recommended that, m some cases, 
high compressibility of the backfill material might be achieved by filling the trench 
part way with straw, hay, cornstalks, or brush to obtain the desired result. The writ
er does not know of an instance where this recommendation has been followed in actual 
construction, but it serves to emphasize the desirability of exerting special effort to 
achieve high compressibility of the trench backfill, which will result in greater reduc
tion in load on the structure. 

JOHN H. TIMMERS, Closure — Spangler's comment that the author's paper marks a 
significant milestone in the advance of knowledge relative to loads imposed upon cul
verts under earth fills is much appreciated. The author would like to thank him for 
pointing out that the test observations show results in agreeance with Marston's theory. 

The marshalling of substantiating evidence from past tests as stated in Spangler's 
discussion adds considerably to the value of the author's report. 

In discussing the comments relative to Conclusions 1 and 7, the author has no wish 
to refute Spangler's interpretation of the data. He would like, however, to present his 
reasons for his interpretation of the data. In regard to Conclusion 1 of the report, in 
which it is stated that vertical load on the pipe was substantially equal to the weight of 
the prism of the soil directly above the pipe, the author would like to say that this con
clusion was drawn largely from the readings taken on Section 32, which had consistently 
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indicated more reliable action of the strain gages than any of the other sections. 
Since this was the initial use of electrical strain gages in an installation subject to 

inundation of the gages, no precedent existed for waterproofing the gages. Several dif
ferent methods of waterproofing and protecting against physical damage from water-
borne rocks, etc., were made up in sample form and tested in the laboratory. Of these 
methods, the most promising were selected for use in the test; of these, the gages in 
Section 32 proved the most reliable. Several of the other gages displayed instability in 
readings and some became inoperative — among these were the gages of Sections 31 
and 33, which had shown sluggish responses as compared to gages of Section 32 and 
could not be read for the final 137 feet of f i l l . It should be noted that the test structure 
had flowed full several times during the construction of the f i l l . 

Hence, from actual close personal contact with the gage readings as the work pro
gressed the author believed the data from Section 32 to be the most reliable and indica
tive of the loads on the structure. When the weight of the vertical column above the 
structure was compared to the loads computed from the strain gages of Section 32, the 
magnitudes were the same and since there was no change m the slope of the curve as 
the fi l l height increased the author could see no permanent reduction of load from the 
imperfect trench construction. 

Thus the author arrived at what he considered the best and most-logical interpre
tation of the data. However, knowing that other interpretations were possible and 
plausible, the entire data was published. 

There could even be ar^ment as to the exact weight of the vertical column of earth 
above the pipe. The author chose to use the dry density of 118 pcf. , as determined 
from samples taken adjacent to the structure itself. Although the moisture content was 
10 percent, it was believed that the dry density of the thin layers well compacted near 
the structure, most closely approximated the moist weight of the material placed in 
3-foot lifts above the structure. Hence, the value of 118 pcf. was used, since no other 
data was available on the precise weight of the material above the structure. 

In concluding the author would like to point out that Spangler's interpretation based 
on averages of readings is just and plausible and can be as nearly correct as that of 
the author based on the most-severe readings from the gages considered most reliable. 
Both interpretations do not differ in magnitude but in detail and both confirm that pres
ent design practice is conservative. 



Factors Affecting Vertical Loads on 
Underground Ducts Due to Arching 
NICHOLAS C. COSTES, Materials Engineer 
North Carolina State Highway and Public Works Commission ^ 

A theory of earth pressure on underground conduits is presented. E:q>res-
sions f o r the general case of an s = c -i- a- tan^ material have been derived. 
E:q)ressions relating to s = <rtan<^ and s = c so i l types appear as special 
cases of the general case. 

I t is shown that the pressure on top of both covered-up and mined-in con
duits is governed by the same mathematical relations. However, the values 
of the physical factors appearing in the theoretical expressions depend on the 
geometry and nature of installation, the physical properties, and the in i t i a l 
state of the materials, as wel l as on the construction methods and workman
ship employed. 

Curves f o r the evaluation of the load on top of covered-up conduits i n 
stalled under an s = v tan^ material have been constructed. Under certain 
conditions the same curves can also be used f o r the general case of an s = 
c + <r tan^ material . 

The load on covered-up conduits becomes a minimum i f the conduit side 
supporting material is thoroughly compacted, the ditch directly above the 
conduit is made as high as economically feasible, and the ditch is f i l l e d with 
a compressible, loose material . 

• T H I S paper was intended originally to be the theoretical part of a report on a three-year 
research project directed by the North Carolina State Highway and Public Works Commis
sion. The project involved the study of the performance of a 66-in. f lexible , metal-pipe 
culvert installed under a 170-ft. earth embankment that was constructed by end-dumping. 

Existing earth pressure theories on underground conduits are applicable to low or 
medium height embankments consisting of perfectly granular material . Because of the 
unusual f i l l height and the construction methods employed in this project i t was consi
dered desirable to review and extend these theories, and revise them i f necessary, in 
order to make them applicable to the above conditions. 

In the process of extending these theories i t was noticed that the mathematical 
expressions that govern the loading action of a f i l l placed on top of a conduit also 
govern the loading action of a natural earth deposit on a conduit that has been i n 
stalled by a tunneling process. The geometrical s imi la r i ty existing among various types 
of conduits covered by an earth f i l l and a conduit installed by a mining process is shown 
in Figure 1. 

A l l underground conduits are either covered with an earth embankment after they 
have been assembled In place or are mined-in through a natural earth deposit. There
fore , an earth pressure theory that is applicable to these two main categories is gener
ally applicable to a l l types of underground conduits. 

Because of these considerations the general theoretical treatment is presented here 
as a separate study. The e^er imenta l part of the same project appears as a separate 
report by the North Carolina State Highway and Public Works Commission (Costes and 
Proudley, 1955). In the latter report appropriate mathematical esqpressions were de
rived f r o m the general theory to make a speculative analysis of the earth pressure ex
isting on top of the particular culvert under study. 

Definitions 
In this paper, an underground conduit is defined as a hollow prismatic structure that 

is installed with its longitudinal axis substantially horizontal under either a man-made 
earthen embankment or a natural earthen deposit. 

'Presently, with Snow, Ice and Permafrost Research Establishment, Corps of Engi
neers, U. S. Army . 
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Underground conduits can be used f o r a mult ipl ici ty of purposes; they can be used as 
aquaducts, drainage structures, sewers, viaducts, runways f o r conductors or cables, 
gas mains, etc. 

If a conduit is installed f i r s t , and then an earth embankment is constucted above i t , 
the conduit is definedas a "covered-up conduit. " I f the conduit is installed through a nat
ural earthen deposit by means of a mining process, the conduit is defined as a "mined-in 
conduit." 

If judged according to their relative stiffness, underground conduits may be classified 
as " r i g i d conduits" or as "f lexible conduits." The demarcation line between these two 
classes is not defined clearly. 

Problems Relating to Underground Conduit Design 

When designing an underground conduit, the engineer faces a variety of problems 
whose relative influence on the f ina l design of the conduit depends on the purpose f o r 

Top of Fill Tbprt Fll l Top of Fill Top (rf Fil l Top of Fill 

Not Gd 

Not Gd 
100% 

Projection 

n . 
Not Gd. 
Positive 

Projecting 
Conduit 

Not Gd 

TJ 
0% 

Projection 
Negative 
Projecting 

Conduit 

Not Gd 

Ditcti 
Conduit 

o 
Mined-In 
Conduit 

Figure 1. Geometrical relationship among underground conduits, 
which the conduit is installed, the desired l i f e e:Q)ectancy of the conduit, and the size of 
the earth mass that the conduit w i l l sustain. Some of these problems relate to: (1) dur
abil i ty; (2) hydraulic factors in case the conduit is installed as an aquaduct; (3) t r a f f i c 
considerations in case the conduit is installed as a viaduct; (4) adequate space in case a 
close inspection of the conduit is desired; and (5) structural capacity. 

If the conduit is treated f r o m the structural point of view the designer is mainly con
cerned with: (1) choosing the right conduit material and employing the right construction 
methods in order that the load on the conduit w i l l be a minimum; (2) providing f o r ade
quate side support so that the conduit w i l l not f a i l by excessive la teral bulging; (3) se
lecting the proper bedding material and deciding on the proper camber so that the con
duit w i l l not go out of alignment as the foundation settles; and (4) designing properly the 
thickness and the structural connections of the conduit so that i t w i l l withstand the inter
nal stresses that are generated in its structure by the external pressures, namely, the 
top load, the lateral pressures exerted by the side supporting material , and the bottom 
reaction f r o m the bedding material . 

I f the earth mass above the conduit is not too high, then, in addition to the dead load 
due to the earth mass, the influence of live loads that may exist on the surface of the 
mass must be considered also. * I f the earth mass, however, is sufficiently high and 
pressure waves due to l ive loads are dissipated before reaching the conduit, the main 
load on the conduit w i l l be due to the pressure of the earth that i t sustains. 

Scope of Paper 

The purpose of this paper is to (1) present a general, uniplanar, theoretical study of 

' F o r such treatment see References, Spangler and Hennessy (1946). 
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the factors influencing the pressure that is developed on top of both covered-up and 
mined-in conduits due to the earth mass alone; (2) apply the general study to special 
cases; (3) examine the physical meaning of the derived mathematical expressions; (4) 
draw conclusions in connection with the implications that certain installations may have 
on the conduit load; (5) construct curves f r o m which the load on top of a conduit can 
be obtained f o r as many cases as possible; (6) suggest the main principles that should 
guide the engineer's judgment when designing an underground conduit; and (7) make rec
ommendations relating to future research efforts in connection with this f i e l d of e i ^ i -
neering. 

This study makes no differentiation between " r i g i d " or "f lexible" conduits. The 
shape of the conduit is also considered not to be a variable. 

The mathematical treatment deals with the pressures acting in the plane perpendicu
lar to the longitudinal axis of the conduit. The study of the development of earth pres
sures above the conduit and in the direction paral lel to its longitudinal axis is beyond 
the scope of this paper. 

REVIEW OF PREVIOUS RELATED STUDIES 

A l l earth pressure theories relating to underground conduits have been based on one 
of the most universal phenomena encountered in soils, both in the laboratory and in the 
f i e l d , the so-called "arching effect. " The a r c h i i ^ effect as defined by Terzaghi (1943a) 
is a transfer of pressure f r o m a yielding mass of soil onto adjoining relatively station
ary parts. This pressure transfer takes place through a mobilization of the shearing 
resistance of the material which tends to oppose the relative movement within the soi l 
mass. 

Most of the existing theories on arching deal wi th the pressure of dry sand on y ie ld
ing horizontal strips. Terzaghi (1943a) divides these theories into three groups: 

1. In the f i r s t group only the conditions f o r the equil ibrium of the sand Immediately 
above the loaded s tr ip have been considered. No attempt has been made to investigate 
whether or not the results of the computations have been compatible with the conditions 
f o r the equilibrium of the sand at a greater distance f r o m the s t r ip . 

2. The theories of the second group have been based on the unjustified assumption 
that the entire mass of sand located above the yielding str ip is in a state of plastic e-
qui l ibr ium. 

3. In the th i rd group the assumption has been made that the ver t ical sections through 
the outer edges of the yielding s t r ip represent surfaces of sliding and that the pressure 
on the yielding str ip is equal to the difference between the weight of the sand located a-
bove the s t r ip and the f u l l f r i c t iona l resistance along the ver t ica l sections. 

No attempt w i l l be made in this paper to describe each one of the above groups in any 
fur ther de t a i l . ' 

As f a r as studies of pressures on underground conduits are concerned, one may go 
as f a r back as the year 1882 when Forchheimer (1882) studied the development of earth 
pressures on the roof of a tunnel. This study was related to the studies by Janssen and 
A i r y on the development of pressures observed in bins and grain elevators (Janssen, 
1895), (Ketchum, 1913). As a matter of reference, the t e rm, "bin e f fec t , " may be 
found in place of the t e rm , "arching e f fec t , " i n some publications. 

Dean Anson Marston, Professor M . G. Spai^ler, and their associates of Iowa State 
College, deserve great credit f o r advancing the knowledge of loads developed on under
ground conduits. Under their direction, an extensive program of research, starting in 
1908, has been carr ied out. Their main aim was to develop a rational method f o r de
termining the loads on covered-up conduits. The result of their work has been the 
"Marston Theory of Loads on Underground Conduits." This theory has been applied 
extensively in this country in the design of covered-up conduits. The theory is applicable 

^ For a comprehensive summary of each theory, see K. Terzaghi, Theoretical Soil Me
chanics (New York: John Wiley & Sons, 1943), pp. 69-74. Detailed information on the 
same subject may be obtained f r o m the following References: Engesser (1882), Kdtter 
(1899), Janssen (1895), Koenen (1896), Bierbaumer (1913), Caquot (1934), Terzaghi 
(1936),Vbllmy (1937) and Ohde (1938). 
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mainly to embankments constructed of perfectly granular materials (Marston, 1913, 
1930), (Spangler, 1950a, 1950b). 

In addition to the work conducted by Marston in the Iowa Engineering Experiment 
Station, several other extensive studies concerning earth pressures on underground 
conduits have been carr ied out both in the United States and in other countries. 

These studies include the following: 
1. Experiments were conducted at the University of North Carolina in 1927 in which 

the top ver t ica l pressure, radial pressures, and the decrease in the conduit ver t ica l 
diameter were measured in pipes of various diameters and materials, installed as pos
itive projecting conduits (Braune, Cain and Janda, 1929). 

2. Pressure tests were conducted on corrugated metal, concrete, and cast i ron pipe 
culverts by the American Railway Engineering Association at Farma, I l l inois , during 
the period 1923-1926 (Area, 1928). 

3. During the construction of liner-plate and shield tunnels installed in the Chicago, 
I l l ino is , subway, an extensive research on earth pressures developed in mined-in con
duits due to plastic clay, as wel l as on the deformations of the conduit structures, was 
conducted and reported by Terzaghi (1942-1943) and Peck (1943). 

4. Similar tests on earth pressure on tunnels installed in plastic clay were conducted 
and reported by Housel (1943) in Detroit , Michigan. 

5. Strain gage and load cel l pressure measurements, as wel l as data f r o m deforma
tions and settlements, were obtained by the Alabama State Highway Department and 
Armco engineers f r o m corrugated metal culvert pipe installations under 137 f t . of em
bankment (Timmers, 1953). 

6. Similar tests were conducted by the North Carolina State Highway and Public 
Works Commission on a Mult i-Plate culvert pipe installed under 170 feet of embank
ment. An attempt to develop a technique to measure directly the earth pressures exert
ed on the culvert under study is discussed also (Costes and Proudley, 1955). 

7. In the laboratories of the Zurich Technical University, Switzerland, Vbllmy (1936, 
1937) conducted a series of tests on sand located above a yielding support to prove his 
assumption that the potential sliding surfaces are oblique planes. 

8. Experiments on pipe models by using centrifuges to generate forces s imi la r to 
these acting on the pipes in ditch conduit installations were conducted in the Moscow 
Municipal Academy (Pokrowski, 1937). * 

9. A series of art icles on culvert pipe analysis has been published in France by the 
Hungarian engineer Bela (1937), and by Guerrin (1938). 

10. Information of culvert pipe analysis may also be found in the catalogues and pub
lications of pipe manufacturers. * 

THEORETICAL STUDY 

Method of Analysis 

The theoretical concepts and the resulting relations of this paper are presented as 
follows: (1) the basic assumptions are stated and discussed; (2) the fundamental d i f f e r 
ential equation describing the loading action of an earth mass on top of an underground 
conduit is derived; (3) the general load equation f o r an s = c + vtan^ material is derived; 
(4) Case I is defined and discussed; (5) Case I I is defined and discussed; (6) factor u = 
(2Ketan<|>e)He/Bd is evaluated and discussed f o r Case I I existing in covered-up and 
mined-in conduits; (7) the analysis of the general case is applied to an s = <rtan<|> mate
r i a l ; (8) the analysis of the general case is applied to an s = c material ; and (9) famil ies 
of curves are constructed f o r which the load by an s = o- tan^ material on a covered-up 
conduit can be obtained. Conditions are stated under which the same curves can be 
used f o r the evaluation of the conduit load when the loading agent is an s = c + o- tarn^ 
material . 

* For a brief summary of the findings and conclusions of the experiments mentioned in 
items (7) and (8), see D. P. Krynine, "Design of Pipe Lines f r o m Standpoint of Soil Me
chanics," Proceedings of the Highway Research Board, XX (1940), 726-727. 
'see References. 
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Analysis 
Statement of Assumptions. The following basic assumptions are made in the evalua

tion of the theoretical relations governing the loading action of masses on top of under
ground conduits: 

1. The loading agent is an ideal, homogeneous, isotropic material whose shearing 
resistance, s, per unit of area can be represented by the empir ical equation: s = c + 
atan+where o- is a force per unit area, normal on a section through a mass. The sym
bol c represents the cohesion, which is equal to the shearing resistance per unit area if 
<r = 0. The symbol «t» represents the angle of internal f r i c t i o n of the materiaL 

2. Because of the fact that the foundation, which supports the material directly above 
the conduit, does not yield the same amount as the foundation, which supports the ma
te r ia l adjacent to the middle mass, the fo rmer subsides more or less than the adjacent 
material dependii^ upon the relative yielding of their respective supports. The relative 
subsidence takes place along ver t ica l plane surfaces extending f r o m the top of the con
duit to some horizontal plane above the conduit designated as, "plane of equal settlement." 
Above the plane of equal settlement no relative subsidence takes place and a l l parts of 
the f i l l material settle the same amount due to the consolidation of the f i l L Henceforth, 
the mass directly above the conduit w i l l be referred to as the " in ter ior p r i sm. " During 
the subsidence of the interior p r i sm , horizontal layers remain horizontaL 

3. The side supporting material has not been compressed excessively so as to cause 
the structure to f a i l by excessive horizontal bulgir^. 

4. The internal stresses generated in the conduit structure on account of the exter
nal pressures have not exceeded the c r i t i ca l buckling load of the structure. 

5. The unit weight of the material , Y, is constant throughout the f i l l height. 
6. The angle of internal f r i c t i o n of the material , 4>, is constant along the potential 

sliding planes. 
7. The cohesion of the material , c, is constant along the potential sliding planes. 
8. The ratio of the horizontal principal stress component within an element of the 

f i l l material to the ver t ical pr incipal stress acting on the same element, Ke, is constant 
along the potential sliding planes. The ratio may be called, therefore, "hydrostatic 
pressure r a t i o . " 

Discussion of Assumptions. Every stress theory is based on the assumption that the 
material subject to stress is either homogeneous and isotropic or that the departure 
f r o m these ideal conditions can be described by simple equations. I f the material is 
also assumed s t r ic t ly to follow Hooke's law, then the t e rm "homogeneity" denotes iden
t ica l elastic properties at every point of the material in identical directions whereas the 
t e rm "isotropy" involves identical elastic properties throughout the material and in ev
ery direction at any point of i t . When the material under study is soi l not subject to 
strat if ication, then both assumptions may be understood to have a statistical average 
value. 

Assumption 2 that the potential surfaces of s l i d i i ^ are ver t ical planes, is unlikely 
to occur in the actual case and i t is made only to s impl i fy the mathematical computations. 
Actually, as Terzaghi (1943a) points out, the real surfaces of sliding are curved and at 
the top of the f i l l their spacing is considerably greater than the width of the conduit. 
From this, i t follows that along the assumed ver t ica l , potential sliding surfaces the i n 
ternal f r i c t i o n of the material w i l l never be f u l l y mobilized and, thus, plastic equilibrium 
conditions are not realized. The e r ro r due to ignoring this fact is on the unsafe side. 

Also, during the relative subsidence of the material above the conduit, horizontal 
layers within the inter ior p r i sm do not remain horizontal, but they become either con
cave or convex curved surfaces depending on whether or not the inter ior p r i sm subsides 
more or less than the adjacent masses. Therefore, the surfaces of equal, normal pres
sure are not plane but are curved, l ike arches. 

The existence of the "plane of equal settlement" was discovered on purely mathema
t ica l grounds by Marston (1922). The actual existence of such a plane has been demon
strated by laboratory models, and by measurements of the settlements of the soi l both 
over and adjacent to some e;q)erimental conduits (Spangler, 1950a, 1950b). 

Assumptions 3 and 4 must be f u l f i l l e d in order that the analysis made in this paper 
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has a meaning. The problems of insuring adequate side support to the conduit as wel l 
as designing the conduit structure to withstand the internal stresses that are generated 
due to the external pressures are beyond the scope of this paper. 

Assumption 5 requires that an overal l average value of the unit weight of the material 
be used. Actually, everything else remaining constant the unit weight of the material 
w i l l vary with the f i l l height wi th higher values at the bottom of the f U l . The method of 
f i l l construction and the water content are major factors influencing Y. 

Assumptions 6 and 7 pertain to the values of the angle of internal f r i c t i o n and cohesion 
that are actually mobilized along the potential sliding planes. Because of the reasoning 
applied in discussing Assumption 2 , both values w i l l generally be smaller than the la
boratory values of ^ and c exhibited by a series of tests f r o m samples of the same ma
ter ia l . Therefore, in the subsequent theoretical treatment of the problem the values of 
^ and c that are used w i l l denote the amount of both properties that are actually mobi
lized. They w i l l be designated as and ce respectively. These values depend not only 
on the nature of the so i l and i ts in i t i a l state, but also on the rate of stress application, 
the permeability of the material , the deformation characteristics, and the size of the 
mass. 

The last assumption, that the ratio of the horizontal principal stress to the ver t ica l 
pr incipal stress acting on an element within the mass of the material is constant along 
the potential sliding planes, is at great variance with real i ty. Everything else remain
ing constant this ratio depends on the nature, in i t i a l state, and s train characteristics of 
the material . 

U the material i s a solid block, then the rat io is equal to zero. I f the material be
haves like a l iquid then the ratio is equal to one. 

For a semiinfini te , sedimentary deposit of cohesionless material , i t has been found 
experimentally that this ratio varies between 0.45 and 0. 55 depending on the geologic 
history of the deposit and i t is approximately the same f o r every point of the mass. In 
this particular case, the ratio is called the coefficient of earth pressure at rest, or co
efficient of natural earth pressure and i t is denoted by K Q . The range of values of KQ 
f o r clays in their natural state is not yet known. 

If a homogeneous, semiinfinite mass bounded by a horizontal plane and extending to 
infini ty downward and in every horizontal direction is given an opportunity f o r lateral 
expansion to a very great depth, z, insuchamanner that the lateral strain remains constant 
with depth, then the mass passes f r o m an in i t i a l state of elastic equilibrium to an active 
state of plastic equil ibrium. In this condition the internal resistance of the material is 
fu l ly mobilized and conditions of incipient shear fai lure exist along two sets of surfaces 
of sliding that are symmetrical to each other with respect to a ver t ical axis and inclined 
at an angle of wi th the ver t ical . Under such conditions the la teral intensity of 
pressure decreases to the smallest value compatible with equilibrium. Such a condition 
i s called an active earth pressure condition. The value of the lateral earth pressure is 
designated OA and the ratio K is equal to 

K A = tan"" (45"- - | £ tan{45°- •/a) (1) 

f o r an s = c + o-tan^ material. 
For an s = <rtan4> material 

KA = tan"(45''-+/2). (2) 
For a perfectly cohesive material ; that i s , f o r an s = c material 

K A = 1 - | ^ . (3) 

If the same semiinfinite mass is compressed laterally to a great depth, z, insucha 
manner that the la teral compressive s train remains constant, then the mass reaches a 
passive state of plastic equilibrium. In this state the internal resistance of the material 
is fu l ly mobilized and conditions f o r incipient shear fa i lure exist along two sets of sliding 
surfaces, symmetrical to each other with respect to a ver t ical axis and inclined at an 
angle equal to 45° + with the ver t ica l . Under such conditions the lateral intensity of 
pressure increases to the largest value compatible with equilibrium. Such a condition 
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is called a state of passive earth pressure. The corresponding lateral pressure is de
signated (Tp and the ratio K is equal to 

K p = tan^ (45" + ^h) +1̂  tan (45" + •/a) (4) 

f o r an s = c + or tan<i) material. 
For a cohesionless material ; that i s , f o r an s = <rtan<|) material 

K p = tan' (45" + ^h). 
For a perfectly cohesive material ; that i s , f o r an s = c material 

KP = 1 ^ | | . 

(5) 

(6) 

In the actual case, the lateral expansion or compression which cohesive soils must 

Ground Surface Ground Surface 
/ / / / \.WM/f/f VW.'^'.W^^M.W. 

Ground Surface 

Plan« of Equal Senl#ment Plane Qfjqval Settlemlint Plane of Equal Settle 

n 
(a) Case I ( b ) Case n (c) Neg. Pro). Conduit 

Figure 2. Variation of oĵ  and K with f i l l height. 
undergo in order that they reach active or passive states of plastic equilibrium is much 
greater than any allowable movement within the engineering structures which they bear 
contact wi th and, therefore, the ratio K w i l l always l ie between the l imi t ing values 
and K p . 

With cohesionless soils such as dry clean sand, a very smal l la teral stretching is 
sufficient to insure active state conditions, whereas a considerable compressive move
ment must precede passive state conditions. 

However, even if the least trace of moisture is present in a cohesionless mass, the 
material w i l l exhibit a property known as "apparent cohesion" and i t w i l l behave like a 
cohesive material (Terzaghi 1943a). Since in engineering practice water is almost a l 
ways present in a soi l mass, even a granular mass must be stretched laterally a con
siderable amount before an active state of plastic equilibrium is reached and before K 
assumes the l imi t ing value K;^. 

From Equations 1 and 3 i t can be seen that f o r cohesive materials in an active state 
of plastic equilibrium K depends mathematically on the f i l l height and f o r small values 
of the f i l l height i t may assume even negative values. 

The above discussion on the ratio K was made in reference to constant s train condi
tions f o r various materials. If the lateral strain within the mass varies with depth then 
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Figure 3. Force diagram for an underground 
conduit. 

the inter ior p r i s m may settle more than the adjacent 

K must be expected to vary also. 
In the case of an underground conduit, 

as the middle p r i s m slides along the ver
t ical planes, the lateral strain along 
these planes may be visualized to vary as 
follows: Along the ver t ical extensions of 
the sliding planes f r o m the top of the 
embankment to the plane of equal settle
ment, the lateral s t rain within the mass 
is zero because the settlement is uniform 
at a l l parts of the mass. Therefore, K 
may be e^qiected to be constant within 
this region. I f the conduit is mined in a 
sedimentary deposit of granular material 
the value of K w i l l be K Q . If the conduit 
is installed under a man-made granular 
embankment the value of K w i l l be Ks. 
Ks w i l l be dependent on the nature and 
condition of the material , the methods of 
compaction, the degree of compaction 
and the height of the f i l l . 

In the region between the plane of e-
qual settlement two cases may develop: 
(1) the adjacent mass may settle more 
then the interior p r i s m and (2) 
mass. 

In the f i r s t case the lateral strain changes f r o m zero at the plane of equal set
tlement and becomes compressive gradually increasing to a maximum at the top of 
the conduit. Accordingly, K should be expected to increase f r o m the value Ko or 
Ks at the plane of equal settlement to a maximum value in the vicini ty of the top of 
the conduit (Figure 2a). 

In the second case the lateral strain changes f r o m zero at the plane of equal set
tlement and becomes tensile gradually increasing to a maximum at the yielding sup
port of the conduit. Accordingly, K should be expected to decrease f r o m the values 
KQ or Kg at the plane of equal settlement to a smaller value approaching K A i n the 
vicini ty of the yielding support of the middle p r i sm (Figure 2b). 

Since the object of the subsequent mathematical treatment is to develc^ a relation 
f o r the load on top of the conduit upon which the integrated influence of K is r e 
flected, the diagram of the variation of K wi th f i l l height may be substituted with an 
equivalent diagram in which K is constant and has a value equal to the mean abscis
sa, Ke of the diagrams of Figure 2. Thus, the mathematical computations w i l l be 
s impl i f ied appreciably without altering the resulting load expression. Adequate ex
perimentation w i l l give values of Ke f o r various types of installations and earthen 
materials. 

In Figure 2 the lateral principal stress diagrams o-hg» o'h > ^"^d <^hg» corresponding 

to K = K Q , K = K , and K = Ke respectively, are also shown f o r the two cases. From 
these diagrams i t can be seen that the ordinates of the equivalent hydrostatic stress dia
gram, (Thg, are larger or smaller in magnitude than the ordinates of the lateral stress 
at rest diagram, o-ho, depending on whether the inter ior p r i s m subsides less or more 
than the adjacent mass. 

c + o- tan«t) Mater ia l on Top Different ia l Equation Describing the Loading Action of an s 
01 underground conduits 

Let Figure 3 represent the installation conditions and the force diagram f o r an under
ground conduit of external diameter BQ installed under an embankment composed of an 
s = c + V tan^ material . 
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Let: 
H = height of embankment measured f r o m the top of the conduit, f t . 
He = height of the potential sl iding planes f r o m the top of the conduit to the plane of 

equal settlement. Henceforth, this height w i l l be refer red to as "height of arching," 
f t . 

z = distance f r o m the plane of equal settlement down to any horizontal plane, f t . 
Be = width of conduit, f t . 
Bd = effective width of the inter ior p r i sm, f t . 
7 = unit weight of the material on top of the conduit, pcf. 
4e = portion of the angle of internal f r i c t i o n of the material that is mobilized along the 

potential sliding planes. 
Ce = portion of the cohesion of the material that is mobilized along the potential sliding 

planes, psf. 
9y = ver t ica l pr incipal stress acting on an element of the material along the sliding 

planes at a distance z f r o m the plane of equal settlement, psf. 
= horizontal principal stress acting on an element of the material along the sliding 

planes at a distance z below the plane of equal settlement, psf. 
Ke ~ equivalent hydrostatic pressure ratio along the sliding planes. 

Vz = <ryBd = resultant ver t ical pressure acting on a horizontal layer in the in ter ior 
p r i sm at a distance z f r o m the plane of equal settlement, lb. per l l n . f t . of length. 

Wc = ver t ica l load on top of the conduit due to overburden material , lb. per l i n . f t . of 
length. 

W = VBdH = weight of the earth column on top of the conduit, lb. per l i n . f t . of length. 
The weight of the thin slice of the interior p r i sm with a thickness dz at a depth z be

low the plane of equal settlement is 'YBddz per unit of length perpendicular to the plane 
of the drawing. The slice is acted upon by the forces indicated in the f igure . The con
dition that the sum of the ver t ica l components that act on the slice must equal to zero 
can be expressed by the equation 

KBddz + Vz - dVz - Vz ± 2 (cg + Ke ^ tan+e) dz = 0, (7) 

- ± 2Ke tan+e ± 2ce +TfBd = 0. (8) 

Equation 8 is the fundamental different ial equation describing the conditions of equi
l ib r ium during the loading action of an s = c + cr tan^ material acting on top of an under
ground conduit. The plus or minus signs represent the case in which the inter ior p r i s m 
subsides less or more than the adjacent masses respectively. 

Evaluation of the General Load Expression f o r an s = c -t- g tan^ Mater ia l 

Equation 8 is a linear differential equation of f i r s t order. 
Integrating and considering the l imi t s 

V = (H-He)"VBd f o r z = 0 

V = Vz f o r z = z 

one obtains after rearranging terms 

»*™ ^ . He V» - We. 
Substituting in Equation 9 one obtains 

' - o - f e j e ± < » « ' « ^ e ) t [ , « e . a . W ( i ^ , i a i ^ ^ ) ] ; a i i ^ ) [ . (.0, 
Equation 10 is the general load expression f o r an s = c + v tan^ material . The plus 

or minus signs represent respectively the cases In which the inter ior p r i sm subsides 



21 

less or more than the adjacent masses. 
Equation 10 may be wri t ten also 

Wc =KBd(Bd/2Ketan+e)C, ( H ) 

C = e i ( 2 K e t a n + e ) | ^ | - ( 2 K e t a n M ^ ) i ( l - , ^ ) ] ^ (12) 

Henceforth, factor C w i l l be called the "load factor. " 

Letting (Bd/2Ketan<|.e)C = Heff (13) 
and substituting in Equation 11 one obtains 

Wc = TfBdHeff. (14) 
Factor Heff may be thought of as an effective height along which no relative subsidence 

occurs between the material directly above the conduit and the adjacent material . In 
such case neither mass would tend to brace itself against the adjacent one, no sliding 
surfaces would tend to f o r m , and the load on top of the conduit per unit length would be 
equal to the f u l l we^ht of the column of the material directly above i t . 

By inspection of Equation 12 , and since: 

C = [(2Ketan.^e)/Bd] H - CQ, 
Heff = H, 

^"'^ W c = V B d H - W , (15) 
when Hg = 0, 

i t can be seen that i f the inter ior p r i s m subsides less than the adjacent masses, in which 
case the shearing resistance of the material mobilized along the sliding planes have the 
same direction and sense as the weight of any thin slice within the inter ior p r i sm, the 
positive signs are used in Equations 7 through 12, 

Cp = Load factor with positive signs > Co , 

H e f f > H , 

Wc > W. 

Similar ly , i f the inter ior p r i s m subsides more than the adjacent masses, in which 
case the shearing resistance of the material mobilized along the sliding planes has the 
same direction but opposite sense than the weight of any thin slice within the inter ior 
p r i sm, the negative signs are used in Equations 7 through 12, 

Cn = load factor with negative signs < C Q , 
Heff < H, 

'' '"^ W c < W . 

In the subsequent analysis the above two cases w i l l be studied separately. However, 
every engineer dealing with underground conduits should direct a l l his effor ts toward 
creating the proper environmental conditions during the construction of such structures 
in order that conditions corresponding to the second case w i l l be realized. 

Case I . The Interior P r i sm Subsides Less Than the Adjacent Masses 

This case may develop as a result of the following two environmental conditions i n the 
construction of a conduit. 

1. In the case of a covered-up conduit, the conduit is installed by means of the so-
called "positive projection" method (Spangler 1946). According to this method the con
duit is installed with its top projecting some distance above the natural ground surface. 
Then, the f i l l material is placed around and on top of the conduit. No special e f for t is 
made to compact the side material to a higher degree of compaction than the rest of the 
f i l l material (Figure 4). 
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Assuming that the natural ground sur
face settles by the same amount every
where, let us compare the ver t ica l defor
mation of the interior p r i s m with the de
formation of the two adjacent masses ex
tending f r o m the natural ground surface to 
the plane of equal settlement and having a 
width equal to the width of the inter ior 
p r i sm which in this case is equal to the 
width of the conduit. Henceforth, these 
two masses w i l l be called "exterior pr isms. 

A l l three prisms are loaded with the 
same overburden weight equal to (H-Hg) 
•YBd- Therefore, any relative different ial 
deformation existing among them would be 
a function of the weight of each p r i s m 
which, accordingly, is a function of its 
height as we l l as the characteristics of the 
material . Hence, if no contact existed 
among these prisms and each one were 
allowed to deform f ree ly , the summation 
of deformations f r o m the bottom upward 
would normally be at a greater rate in the 
high pr isms than in the lower ones. 

and 

Figure 4. Installation diagram for 
tive-projecting conduit. 

Since the two exterior pr isms are higher than the interior p r i sm by an amount Hm> 
since the material within this region is compacted by the same amount as any other part of the 
f i l l , the exterior pr isms w i l l tend to settle at a greater rate than the interior p r i sm. However, 
in the actual case a l l three pr isms are in contact wi th each other and, consequently, the ex
t e r io r pr i sms transfer part of their ver t ical pressures to the inter ior p r i sm. The result is 
that, because of this stress transfer, the rate of summation of ver t ical deformations w i l l be 
reduced in the exterior prisms and increased in the inter ior pr i sm. The total summation of 
deformations in the interior p r i s m w i l l approach that in the exterior pr isms, and the height 
at which the deformations become equal is the height of equal settlement (Marston 1922). 

2. In the case of a mined-in conduit, the conduit is installed in a bed of a very soft 
compressible material , and the conduit is too r ig id to "give in" under the influence of 
the top ver t ica l load. Under such conditions i t is conceivable that the material adjacent 
to the conduit w i l l have the tendency to settle more than the material on top of i t . There
fo re , as in the case of "positive projecting conduits," the exterior prisms w i l l tend to 
brace themselves against the inter ior p r i sm and in doing so they w i l l t ransfer part of 
their ver t ica l pressures on to the interior p r i sm. 

F rom the above discussion and f o r reasons which were discussed, one should use the 
positive signs in the general load expression when the conditions insuring the existence 
of Case I have been realized. 

Hence, Equation 10 becomes 
Ho 

W, •YB'd 
2Ketan(|.e 

f r o m which 

^ +(2Ketan+e) 

Cp = e ^ ( 2 K e t a n * 3 ) ( | j [ ( 2 K e t a n + e ) & ) . d . | ^ ) ] - d 

[(2Ketan^>e)(?^) . d ^ | ^ ) ] - d - | ^ , ) [ « d^ ) 

•VBd' 
(17) 

A quick inspection of Equations 16 and 17 w i l l show that in this case the shearing re 
sistance of the material on top of the conduit works against the engineer; the more re 
sistant to shear the material is and the larger the portion of its shear components that 
is mobilized along the sliding planes, the greater w i l l be the load on top of the conduit. 

Furthermore, f r o m Figure 2b, i t was shown that in Case I the equivalent hydrostatic 
pressure ratio Kg w i l l generally be larger in magnitude than the coefficients of earth 
pressure at rest, K Q , or Kg. By inspecting Equations 16 and 17 again, one can also see 
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that the larger the value of Ke the larger w i l l be the load. 
Now let us examine what other serious implications Case I might have on the load ex

pression. 
Equations 16 and 17 contain the ascending e^onential function e", where u = (2Ketan^e) 

Hg/Bd^O, multiplied by a positive sum. The ascending exponential function is equal to 
1 f o r u = 0, and increases very rapidly with increasing values of u. For example: 

i f u = 1, e" » 2 . 7; if u = 2, e" « 7. 4; 
i f u = 4, eu a=54; i f u = 8, eu « 2 9 8 0 , etc. 

Therefore, i f the over-a l l height of the material on top of the conduit is in the region of 
100 f t . or more, which with modern construction equipment has come within the realm 
of engineering endeavor, the load on top of the conduit, Wc, w i l l be many times greater 
than the weight of the column of the material , W. Consequently, even i f the side-sup
porting material is able to mobilize sufficient reactive pressure to equalize the top pres
sure before the structure bulges out excessively, the r ing stresses that are generated in 
the conduit structure w i l l exceed the c r i t i ca l buckling load of the conduit and the results 
w i l l be catastrophic. 

To i l lustrate the above, let H = 100 f t . 
Bd = 5.0 f t . 
Ke = 1. 0 
•e = 10° 
ce = 200 psf. 
7 = 120 pcf. 

The weight of the column of the material above the conduit i s , therefore, W = VBdH = 
60,000 lb. per l i n . f t . 

Substituting the above data in Equations 16 and 17 and solving f o r Hg = 0, He = 10 f t . , 
He = 20 f t . , and He = 50 f t . one obtains respectively: 

He Cp Heff H e f f / H Wc/W 

0 7.1 100 1.0 1.0 
10 f t . 14,6 207 f t . 2 . 1 2. 1 
20 f t . 28.3 401 f t . 4 .0 4.0 
50 f t . 176 2495 f t . 25.0 25.0 

In other words, i f the height of arching is one-half the f i l l height, the load on a 5.0 f t . 
diameter conduit due to a 100 f t . f i l l w i l l be almost twenty-five times the weight of the 
column of the material on top of i t ; i . e., Wj. = 1,320,000 lb. per l i n . f t . No conceivable 
factor of safety employed in the design of the conduit w i l l provide f o r such a possibility 
and stay within reasonable economical l imi t s . 

From the above, one may conclude that conditions f o r Case I are very undesirable 
f r o m the engineering standpoint and, therefore, every ef for t should be made to avoid 
them in the f ie ld . 

If a conduit is installed by the "positive projection" method, the material immediately 
adjacent to the conduit should be thoroughly compacted to a much higher degree than the 
remainder of the f i l l material. I f such a procedure is followed, the stiffness of the 
mass within the height Hm w i l l be much greater than that of the material within the rest 
of the exterior p r i sm. Consequently, the effective height of the exterior p r i s m w i l l be 
decreased to a value approaching the height of the interior p r i sm. Furthermore, i f the 
conduit is sufficiently f lexible , the support furnished by the stiffened mass to the short
ened exterior p r i sm , w i l l y ie ld much less than the support under the inter ior p r i sm. 
Therefore, the reverse action w i l l take place; the interior p r i sm w i l l tend to brace itself 
against the exterior pr isms thereby reducing the load on top of the conduit. 

In the case of a mined-in conduit within a bed of soft compressible material , i f the 
conduit is made sufficiently f lexible so as to adjust its shape to any external different ia l 
pressure, then, even i f the top load is originally greater in magnitude than the weight of 
the column of the material , a subsequent change in the conduit shape w i l l result in a re 
distribution of the external pressures. Further chaises in the conduit shape w i l l result 
in fur ther redistribution of the external pressures and this process w i l l continue unti l 
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a l l different ial moments that are generated within the conduit structure are elimmated 
and only axial r ing stresses w i l l exist. Hence, i f the conduit is designed to withstand 
these stresses, no fa i lure w i l l occur and the conduit w i l l function satisfactorily. 

Case I I . The Inter ior P r i sm Subsides More Than the Adjacent Masses 

This case w i l l be discussed in detail, because i t is most likely to occur in the f i e ld . 
I t may be present even in positive projecting conduits, provided their side supporting 
material has been compacted very thoroughly. The engineer should always be able to 
visualize the action which takes place in this case and to know what to expect in terms 
of load ranges f r o m various construction methods and materials. 

The existence of Case n is insured by the following construction methods and condi
tions: 

1. Covered-up conduits are installed by the following three methods: 
(a) The Ditch Conduit Method. According to this method (Spangler, 1946) the conduit 

is placed in a ditch not wider than two or three times its outside width and i t is covered 
up with backf i l l material that is in a relatively loose condition as compared to the natural 
ground in which the ditch is dug. (Figure 5a). 

Top of Embankment 

— ™ 

Loose 
iMotenol 

Top of Embonkment 

Fi l l Material 

Top of Embankment 

Fil l Material 

Plane of Equal Settlement Plane of Equal ̂ efljement 

Natural Ground 
• Loose, Compressible 

Material 

Loose 
iMoteriol 

. Natural Ground 

(o) Ditcti Conduit 

Tlwroughly Compacted 

(b) Negative Projecting 
Conduit 

(c) Imperfect Ditcli 
conduit 

Figure 5. Covered-up conduits. 
In a ditch conduit the potential sliding planes w i l l be the walls of the ditch. The back

f i l l material has the tendency to settle downward. In doing so i t tends to brace itself 
against the sides of the ditch t ransferr ing part of its weight onto the natural ground. 
Thus, the load on top of the conduit is reduced by an equal amount. 

(b) The Negative Projecting Conduit Method. Conduits fa l l ing within this category 
are placed in shallow ditches of such depths that the top of the conduit is below the adja
cent natural ground surface that is covered by an embankment as shown in Figure 5b 
(Spangler, 1946). 

(c) The Imperfect Ditch Conduit Method. In this method of construction the conduit is 
originally installed as a positive projecting conduit (Spangler, 1946). The so i l on both 
sides and above the conduit f o r some distance above its top is thoroughly compacted. 
Then a ditch is dug in this compacted f i l l by removing the p r i s m of material directly 
over the conduit. The ditch is r e f i l l ed with very loose compressible material , af ter 
which the embankment is compacted above i t (Figure 5c). 

In the last two cases the potential sliding planes are assumed to be the ver t ical ex
tensions of the sides of the ditch on top of the conduit. These planes w i l l extend as f a r 
as the plane of equal settlement. In both cases the material on top of the ditch w i l l sub
side more than the adjacent masses. The loose material in the ditch furnishes a support 
that yields much more than the adjacent natural ground in the case of a negative project
ing conduit or more than the very wel l compacted material in the case of an imperfect 
ditch conduit. 
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2. In the case of a mined-in conduit that is f lexible enough so that i ts roof w i l l give 
in sufficiently to act as a yielding support to the material above, three cases (Terzaghi, 
1942-1943, 1943a, 1943b) are of interest: 

(a) The conduit is installed through cohesive material and its lower part is located 
within an exceptionally s t i f f layer of clay between soft layers (Figure 6a). The sliding 
planes w i l l extend through the edges of the bottom of the conduit (Terzaghi, 1942-1943). 

(b) I f the cohesive material on both sides of the conduit is not exceptionally s t i f f 
(Figure 6b), the width of the interior p r i sm is approximately Bd = Be -•- 2Hm (Terzaghi, 
1942-1943). 

(c) The conduit is installed through cohesionless granular material (Figure 6c). In 
this case, because of the yield of the t imbering and the imperfection of the joints on the 
sides of the conduit, the granular material adjoining these sides subsides to the same 
extent as the subsiding material on top of the conduit on account of the yie ld of its roof. 
This lateral yield may cause the granular mass to come to an active state of plastic e-
qui l ibr ium. In such case the boundaries of the zone of subsidence w i l l r ise at the bottom 
of the conduit at an angle 45° - t / 2 with respect to the ver t ical and gradually the boun
daries w i l l become ver t ical at the plane of equal settlement. The width of the in ter ior 
p r i sm w i l l , therefore, be equal to: 

and 
Be + 2Hi tan(45" - */2) = Bd on top of the conduit 

B(i at the plane of equal settlement where Bj i > Bd-

Ground Surface 

Plane of Equal^ Settlement 

1 
1 

1 1 
1 1 

1 1 

r -st i f f 
\ Layer 

Hfn 

(0) 

Ground Surface Ground Surface 

Plane of Equal Settlement 
^_ 

B'd-
Plane of Equal Settlement 
" T T - ^ 1 - I -

1 
J 

Hm 
* N 

/ 
f 

U H J k B c - J 

(b) 
Bc + 2H, t an (45 ' -» /2 ) 

( 0 

Figure 6. Mined-in conduits. 

In order that the mathematical computations be s impl i f ied, i t i s assumed that the ef
fective width of the inter ior p r i sm is equal to Bd throughout the height f r o m the top of 
the conduit to the plane of equal settlement (Terzaghi, 1943a). 

From the above discussion and f o r reasons that were discussed previously one should 
use the negative signs in the general load expression when the conditions insuring the 
existence of Case n have been realized. 

Hence, Equation 10 becomes 

_ TfB'd j„ - (2Ke tan< | . e )5® \ i f y tmilr w"' "e^ ^1 ^ c e x l . „ 2c. - 2Ketan+e ® « Bd L(2Ketan<t.e)(—g^) - ( 1 - ^ ) J 

f r o m which 

^^^^ - (2Ke tan4 , e )H | . [ ^ ^ K e t a n ^ ^ ) - d - ^ ) ] ^ ^ - ^ ) - (^9) 

A quick inspection of Equations 18 and 19 w i l l show that the shearing resistance of 
the material on top of the conduit works to the engineer's advantage. The more resistant 

(18) 
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to shear the material is and the larger the portion of its shear components that is mo
bilized along the sliding planes, the lower will be the load on top of the conduit. 

The above discussion may be expressed in mathematical form as follows: 

llmWc = 0, (20) 

«l'e-90'' 

limWg = - 0 0 . (21) 

C e - " 

Equation 21 has mathematical meaning only. Physically, it may mean that for a cer
tain installation, if the material is able to mobilize a sufficient amount of cohesion and 
if the deformation characteristics within the mass are such that such an amount is mo
bilized along the sliding planes, the load on top of the conduit will be a minimum ap
proaching zero. 

Let us see now what other implications some other conditions may bring on the load 
expression. 

Equations 18 and 19 contain the descending exponential function e'*̂  where u = 
(2Ketan<t>e) He/Bd » 0. This function is equal to 1 for u = 0 and decreases very rapidly 
with increasing positive values of u, and approaches zero. For example: 

if u = 1, e-u * 0. 3679; if u = 2, e""- 0.1353; 
if u = 4, e-u »* 0. 0183; and, if u = 8, e"" ^O. 003, etc. 

From the above it can be seen that if u » l the first part of Equation 19 will become 
negligible and P -. 

C n * l - L ^ C e A B d J , (22) 
from which 

^c-5Klibi;;(^-|?d>- (23) 
Hence, if the material is potentially able to mobilize along the sliding planes an a-

mount of cohesion equal to Cg = YBd the load on top of the conduit will be: 
Wc * 0. (24) 

The above expression is at variance with reality because the general load expression 
was evaluated on the assumption that the normal stresses in the interior prism are the 
same everywhere on a horizontal layer. Actually, the surfaces of equal normal stress
es will be curved like arches. If the conduit has a flat roof, then the region within the 
surface of zero pressure and the roof of the conduit will be in a state of tension. Con
sequently, the material within this planoconvex region will have the tendency to drop out 
of the roof. As Terzaghi points out, "in order to prevent such an accident, an unsup
ported roof in a tunnel through cohesive earth should always be given the shape of an 
arch. "* 

In the case of either a covered-up or a mined-in conduit whose top is curved, such as 
in the case of circular, eliptical, or oval shaped conduits. Equation 24 may describe 
conditions very close to reality if the proper deformation conditions are insured within 
the mass and if the material is able to mobilize a sufficient amount of cohesion along the 
slidmg planes. 

From the above discussion, it was shown that if the factor u = (2Kgtani)ig) Hg/Bd is 
made sufficiently large, the load factor C Q and, accordingly, the load Wj, will become 
minimum on top of the conduit. Therefore, an understanding of the behavior of the fac
tor u for various physical conditions is considered to be an indispensable guide in direct
ing the engineer's judgment when dealing with underground conduit design. 

In the following chapter, a study of the factors governing the behavior of u will be made 
for covered-up as well as for mined-in conduits. 

e K. Terzaghi, Theoretical Soil Mechanics (New York: John Wiley & Sons, 1943), p. 199. 
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Evaluation of the General Expression Gov
erning the Behavior of Factor u = (2Ketan<fre) 
Hfi /Bd f o r Case I I 

1. Evaluation of u f o r Covered-Up Con
duits. In this treatment a negative p ro 
jecting conduit represents the general case. 
An imperfect ditch conduit as wel l as a 
ditch conduit can be deduced as special 
cases. 

Let Figure 7 represent a negative ditch 
conduit installation in which the previous 
notation is employed wit l i the addition of 
the following: 

Hd = height of ditch above the top of the 
conduit, f t . 

H' = H - Hd = height of f i l l above the top 
of the compacted material , f t . 

Hfe = He - Hd = height of the plane of 
equal settlement above the surface of the 
compacted material , f t . 

sf = settlement of the conduit foundation, 
f t . 

dg = shortening of the ver t ical dimen
sion of the conduit, f t . 

Top of Embankment 

Plane of Equal Settlement 
T - - - I r -

- ^ d V l 

" T 

| ( C e 4 - K e ^ t a n W d z ^ 

dz-

vi+dvi 

sf - f de 
Loose Material 

Before Settlement 
After Settlement 

Sd = compression of the loose material 
in the ditch within the distance Hd, f t . 

Sf + dc + Sd 

for a covered- up 

Sff = 

r sd 

E F 

Figure 7. Force diagram 
conduit. 

settlement of the surface of the loose material , f t . 
settlement of the surface of the compacted material , f t . 
settlement ratio = [ sg - (sd + dg + S f ) ] / s d 
resultant ver t ica l pressure acting on a horizontal layer of width Bd in 
the exterior p r i s m at a distance z f r o m the plane of equal settlement, 
lb . per l i n . f t . of length. 
compression of the inter ior p r i s m between the surface of the compact
ed material and the plane of equal settlement due to the ver t ica l pres
sure within the f i l l height H ' , f t . 
compression of the exterior prisms between the surface of the com
pacted material and the plane of equal settlement due to the ver t ica l 
pressure within the f i l l height H ' , f t . 
modulus of deformation of a l l f i l l material except the loose mass in the 
ditch within the distance Hd, lb. per f t . per f t . 

E L = modulus of deformation of the loose mass in the ditch within the dis
tance Hd) lb. per f t . per f t . 

a' = E L / E F -

The following assumptions must be made in addition to the previously stated basic 
assumptions: 

(a) The average behavior of both the compacted and the loose f i l l materials is such 
that these materials may be considered to obey Hooke's law when subjected to comyires-
sion. Their respective moduli Ep and E^* therefore, are assumed to be constant w i th 
in any region of the f i l l . 

(b) The settlement ratio r^^ is considered to be constant throughout the l i fe of the 
conduit. 

(c) The internal f r i c t i o n of the f i l l materials distributes the infinitely small decrements 
of pressure f r o m shear into the interior p r i s m below the plane of equal settlement in 
such a manner that the effect on settlement is substantially the same as f o r un i form ve r 
t ica l pressure (Spangler, 1950a). 

(d) The internal f r i c t i o n in the f i l l materials distributes the infinitely smal l incre
ments of pressure f r o m shear onto each of the exterior pr isms below the plane of equal 
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settlement in such a manner that the effect on settlement is substantially the same as 
though the pressure were distributed uniformly over a width of prism equal to the width 
of the interior prism, Bd (Spangler, 1950a). 

(e) With the exception of the moduli of deformation both the compacted and the loose 
masses exhibit the same physical properties. 

Assumptions (a) through (e) are made in order that the subsequent mathematical 
treatment wi l l be simplified. Their variance with reality depends upon the nature of the 
materials used, the method of construction, and the magnitude of the quantities involved. 
The engineer's judgment, based on previous experience, wi l l determine how large the 
involved error is and what allowances should be made in each individual case. 

To evaluate factor u one must consider the deformation characteristics of the interior 
and exterior prisms. 

The over-all settlement of the interior prism at the plane of equal settlement must 
equal the over-all settlement of the exterior prism at the same plane. 

X'i + sd + dc + Sf = Xfe + sg (25) 

°^ Xi = + Sg - (Sd + d̂ . + Sf). (26) 
Since _ _ 

Tgd = [Sg - (Sd + dc + Sg)J /Sd, 
Equation 26 may be written 

^ = ^e + '̂ sdSd• (27) 
Since the material within the interior and exterior prisms is assumed to obey Hooke's 

law, the vertical compression of a thin horizontal slice of the interior prism with thick
ness dz at a depth z below the plane of equal settlement must equal 

dXi = (Vz/BdEp) dz. (28) 
Similarly, the vertical compression of a thin horizontal slice of the exterior prism 

with thickness dz at a depth z below the plane of equal settlement must equal 
dXe = (V^/BdEp) dz. (29) 

Substituting in Equation 28 the value of V 2 from Equation 9, in which the negative 
s^ns have been employed, and Integrating between the limits 

Xi = 0 for z = 0 
Xi = X̂  for z = 

one obtains after rearranging terms 

>. - ^ B ' ^ 1 -(2Ketan<t.e)-^ 2c£^x tmA " H • 
M - E f (ZKetan+e)' ^ ^ ^ Bd - ^ ) - 2Ketan+e ( Bd ' J * 

[2Ketan4,e ( ^ ^ ^ ) + d - ^^){(^«e^^*e)(^)- l ) ] • 

To evaluate the conditions of static equilibrium are considered for a thin slice of 
the exterior prism with a thickness dz at a depth z below the plane of equal settlement 
(Figure 7). The conditions that the sum of the vertical forces that act on the slice must 
equal zero can be expressed by the equation 

TfBddz + (Cg + Ke | | - tan+g) dz + - - dV^ = 0, (31) 
or 

dVjj = (7Bd + Cg + Kg tan+g) dz. (32) 

Substituting in Equation 32 the value from Equation 9 and integrating between the 
limits 

= (H - Hg) 7Bd for z = 0 
V i . = V ^ for z = z 

(30) 
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or, since H - He = H' - H^, between the limits 
= (H' - Hfe) YBd for z = 0 

V i = V ^ for z = z 

or 

one obtains after rearranging terms 

V z = ^ ^ ^ j | . ( 2 K e t a n * e ) ( ^ . 5 ^ ) 

. 1 [ e - ( 2 K e t a n , e ) ^ { ( . K e t a n ^ e K ? ^ ) - d - . d - ^ ) ] . 

= 1 5 f ^ , [ § ( 2 K e t a n + e ) ( « : ^ ^ ^ ) ] " 5 V,- (33) 

Substituting in Equation 29 the value V 2 f rom Equation 33 one obtains 

or, f rom Equation 28, 

Integrating between the limits 
Xe = 0 ^ i = 0 for z = 0 
Xg = Xfe Xj = XJ for z = 

one obtains after rearranging terms (35) 

(2KeL^e)^ ^ [ ( 2 K e t a n + e ) ( ^ ^ ) 4 (2Ketan+e)^ ] | (2Ketan+e) ̂  - ^ J -

Since the loose material in the ditch is considered to obey Hooke's law, the vertical 
compression of the prism within the distance Hd due to the vertical pressure V 2 = H ' s 
on top of the ditch is 

«d = ^ ^ g p p - • Hd- (36) 

Substituting z = in Equation 9 and since H - He = H* - one obtains 
H I , 

Hence, Equation 36 becomes 

(38) 

Substituting the values of X ,̂ X^, and s^ from Equations 30, 35, and 38 in Equation 27 
and letting 

v- = (2Ketan+e) ̂  , (39) 

u- = (2Ketan+e) ̂  , (40) 

w ' = (2Ketan+e)^ . (41) 
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one obtains after collecting terms 

.3 uM- + £ s a S l ) n . 2£e w / 3 rgjjwlw , . i . 2ce_x 
^, J ? " r^^^' ^i*^:^'^^ yBd'^'z*^^'^'^ *^ IB^'^ . (42) 

( 3 , I ^ ) e - ' 4 ( u . - l ) 

Equation 42 governs the behavior of u' for a given installation and material. Since 
He = Hd + H^, it follows that u = u' + w'. Therefore, Equation 42 governs the behavior 
of factor u as well. A l l other quantities are independent variables in Equation 42. 

Factor u' can be obtained from the above equation implicitly. This, however, would 
be a cumbersome and time consuming operation for design purposes. Since v' is a single 
valued function of u ' , one may solve Equation 39 for v' and construct curves from which 
u' can be obtained in a reverse manner for a given installation and material. 

An inspection of Equation 42 wi l l show that if the denominator 

( 3 , £ ^ ) e - ' 4 ( u . - l ) 
approaches zero, v' increases without l imit . 

The physical significance of the above is that for a given material and conduit width, 
if the f i l l is made very high, factor u' and, accordingly, the height of arching, Hg, does 
not depend on the cohesion and the unit weight of the material. 

Hence, no matter what the values of cohesion or the unit weight of the material are, 
for infinitely high f i l l s , the height of arching Is governed by the equation 

( | + £ s d w : ) e - " ' + | ( u ' - l ) = 0. (43) 

It should be noted that in Equation 42 u* can be larger in magnitude than v' for certain 
conditions. However, physically, u' is limited in the region 0 < u' < v ' because the 
height of arching. He, can vary only in the region Hd < He < H. 

If u' is mathematically larger than v ' , the plane of equal settlement becomes imaginary. 
In such case, a trough-like depression appears at the surface of the embankment directly 
above the conduit. 

If u' is mathematically smaller than v ' , then the arching effect does not extend along 
the whole f i l l height. Consequently, the plane of equal settlement wi l l be below the top 
of the embankment, and no settlement wi l l be noticeable at the surface. 

The above discussion holds for both imperfect ditch and negative projecting conduits 
because no differentiation was made between the stiffness of the thoroughly compacted 
material and the stiffness of the natural ground in the above theoretical treatment. 

In the case of a ditch conduit: 
Hd = He = H. (44) 

Substituting Equation 44 in Equation 18 one obtains as the load expression for a ditch 
conduit and an s = c + a- tan^ material 

^ VB^ / I 2ce 
c*2Ketan4.e ^ ^ ' m 
n 23. 

_ = v, and substituting in 

If H » l 

(45) 

which is identical to Equation 23. 
Letting (2Ketan<|)e) H/Bd = v, and substituting in Equation 45 one obtains 
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from which „ 
Cn = ( l - e " ^ ) . (48) 

The method of utilizing dlmenslonless factors reduces the number of Independent var
iables in any problem and facilitates the mathematical computations considerably. There
fore, in the subsequent analysis their use wi l l be extensive. 

Since u = w' + u' and H - He = H' - Hfe in imperfect ditch and negative projecting con
duits, by substituting the dimensionless factors of Equations 39, 40, and 41 in Equations 
18 and 19 one obtains, respectively 

* C - 5 K & i [ ( ' • - « ' ) - » - , ^ ) ] * < ' - , ^ ) j (49, 

C . . e - « V » - [ „ . - u . , - , . - ? ^ , ] . a - , ^ , . ,50, 

As has been discussed previously, if either of the two exponents w' and u' in Equation 
50 are large enough, Cn wi l l approach the value 1 - (2ceABd). 

Factor u' is governed by Equation 42 in which many independent variables must be 
determined in order that this factor can be evaluated. 

Factor w', however, is an independent variable in Equation 42 and depends only on the 
properties of the material, the width of the conduit, and the height of the ditch on top of 
the conduit. Therefore, for a given material and width of conduit, if the height of ditch 
is made large enough so that w' 3>1 then the load on top of the conduit wi l l be 

^ c - , i S i ^ ( l - , ^ ) . (51) 

which is identical to Equations 23 and 46. 
Again, if the cohesion of the material that is mobilized along the sliding planes is 

equal to Ce =JVBd theoretically there should be no load on top of the conduit. 

Equation 42 may be written also (52) 
(3 ,lsmlni . e - ' ) - I u. =2B4 ( ( | . M : ) [ l . ( V - u - - l ) e - " ' ] - | u - - . H | v (u' - 1) 

* ( Ce 
If Ce is allowed to increase without limit, the left hand member of Equation 52 wi l l 

approach zero. Hence in the limit one obtains 
{ | . ^ ' ) ( l . e - " ) - | u ' = 0 . (53) 

Equation 53 may also be written 3 , 

e = 1 - a • (54) 

From Equation 53 or 54 it can be seen that for all real values of the parameter rsdW'A'. 
the only solution of Equation 54 is u' = 0. 

One may conclude, therefore, that 

l im u' = 

In a similar manner it can be shown that 

(55) 

I—» 00 
and 

lim u' = 00 , (56) 
rsdw'l 

l im u' = 0 (57) 
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The physical significance of Equations 55, 56, and 57 is as follows: 
(a) The higher the amount of cohesion that is mobilized along the sliding planes, the 

lower wi l l be the height of arching. However, in such case the quantity 1 - (2ce/'VBd) 
becomes the predominant factor in the general load equation. Therefore, although in the 
same equation the descendii^ exponential e""̂  w i l l become maximum for an infinite a-
mount of cohesion, the load on top of the conduit, as it has been discussed in the previous 
section wi l l vanish. 

(b) . For a given Installation and material, the height of arching He varies directly 
with the settlement ratio rg^, the height of the "ditch on top of the conduit, Hd, and the 
relative stiffness between the compacted f i l l material and the loose material in the ditch, 
which is expressed by the ratio 1/a'. Therefore, the larger the above quantities are, 
the higher wi l l be the height of arching and, consequently, the lower wi l l be the load on 
the conduit. 

From the above discussion it can be seen that if w' is made large enough, not only 
w i l l the exponential e-W decrease, but the exponential e-u' wi l l also decrease. 

As it was pointed out previously, from a physical standpoint, u' cannot be larger than 
v' even if the quantity rg^w ' / i ' increases without limit. Therefore, for a given installa
tion and material, u' is bounded by the condition u' = v ' . 

Substituting the above in Equation 42, one obtains for a given installation and mate
rials the maximum f i l l height for which the material on top of the conduit wi l l brace i t 
self against the adjacent mass along the whole f i l l height in a similar manner as in a 
ditch conduit. 

Hence, for u' = v' 

( § * ^ , e - ' ' * | ( V - l , 

or, after collecting terms 

| v ' ^ - | v ( l - ^ „ ^ ) g-v ^4 2 TfBd_ ^ 1 (58) 
(1 2ce w3 rsdw'v 

7Bd 
from which v' may be obtained by successive trials. 

(c) If the ditch material, the conduit, and the conduit foundation have an over-all stiff
ness that is equal to the stiffness of the adjacent masses, the middle prism wi l l settle 
the same amount as these masses. Consequently, there wi l l be no arching effect. 

Since the material in the ditch behaves like the adjacent masses, no distinction can 
be made between the two materials; consequently, w' = 0 and u' = u = 0. 

Substituting the above in Equation 18 and since v' - u' = v - u and v = (2Ketan<t>e) H/Bd 
one obtains 

Wc = "VBdH = W when rgdw'/a' = 0, (59) 
which is identical to Equation 15. 

Evaluation of u for Mined-In Conduits 
In this treatment case (a) of Figure 6 wi l l be considered to be the general case. Cases 

(b) and (c) can be treated in a similar manner if the quantities involved in the expressions 
derived for case (a) are modified accordingly. 

Let Figure 8 represent a mined-in conduit installed through cohesive material with its 
lower part located within an exceptionally stiff layer of clay between soft layers. The 
same notation is employed as in previous sections with the addition of the following: 

H Q I = thickness of the stiff layer on either side of the conduit, f t . 
Xj = compression of the interior prism between the top of the conduit and the plane 

of equal settlement, f t . 
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stiff Layer 

-Before Settlement 
-After Settlement 

compression of the exterior prism 
between the top of the conduit and 
the plane of equal settlement, f t . 
compression of the stiff mass on 
either side of the conduit within 
the distance Hm, ft-
settlement of the foundation sup
porting the stiff layer, f t . 
settlement of the mass supporting 
the exterior prisms, f t . 
settlement of the mass support
ing the interior prism, f t . 
settlement ratio = [(sm + si)-
(dc + Sf)]/sni. 
modulus of deformation of al l 
other material on top of the con
duit except the stiff layer on its 
sides, lb. per f t . per f t . 
modulus of deformation of the 
stiff mass within the distance H I Q , 
lb. per f t . per f t . 

a = Em/Ef. 
The assumptions made in the case of 

covered-iqi conduits are modified in order 
that the subsequent analysis can be made. 
Thus: 

Sm + SI 

dc + sf 

'sm 

E, 

E m 

Figure 8. Force diagram for a mined-in 
conduit. 

(a) The average behavior of the material surrounding the conduit is such that it may 
be considered to obey Hooke's law when subjected to compression. Thus, the moduli Ef 
and Em are assumed constant within any region occupied by their respective materials. 

Co) The settlement ratio rgjQ is considered constant throughout the life of the conduit. 
Assumptions (c), (d), and (e) are the same as in the case of covered-up conduits. 

Assumption (e), however, should be modified to include the stiff mass on the sides of the 
conduit instead of the loose mass within the ditch on top of a covered-iq) conduit. 

In addition to the above: 
(f) In setting up the expression for Sm> the friction between the sides of the conduit 

and the stiff layer is neglected to simplify the mathematical computations (Spangler, 
1950b). 

As in the previous case, for the evaluation of u one considers the relative deformation 
of the interior and exterior prisms. The over-all settlement of the interior prism at the 
plane of equal settlement must equal the over-all settlement of the exterior prism at the 
same plane. Hence 

Xi + dc + sf = Xe + Sm + SI 
or 

Since 

Equation 60 may be written 

Xi = Xe + Sm + SI - (dc + Sf). 

rsm = [(sm + si) - (dg + Sf)] /sm. 

(60) 

(61) ^ i = ̂ e + Tsm • Sm-
To evaluate Xi one substitutes in Equation 28 the value of from Equation 9 employ

ing the negative signs, and integrates between the limits 
Xj = 0 for z = 0, 

Xi = Xi for z = He • 
Rearranging terms and letting 

(2Ketan+e) H/Bd = v, (62) 
(2Ketan+e) He/B,, = u, (63) 
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(2Ketan<|.e) Bm/B^ = (64) 
one obtains 

= ^ - 7 % ) - - ")] ^ - V % ) ( " - 1) - (V - u ) ] j . (65) 

Similarly, by substituting Equation 33 in Equation 29 and integrating between the l im-
Xg = 0 Xi = 0 for z = 0 
Xg = Xg Xj = Xj for z = Hg 

one obtains in terms of the dimensionless factors v and u defined from Equations 63 and 

^ e = ^ f 2 K ^ , . j | ( v - ^ u ) u } - ^ X i . (66) 
Since the stiff mass within the distance Hm is considered to obey Hooke's law, the 

vertical compression of the prism of width Bd and height Hm, due to the vertical pres
sure Vz = He ° " °^ layer, is 

Sm = (V'z = Hg/BdEm) Hm • (67) 
Substituting z = Hg in Equation 33 and since H' - H^ = H - He, one obtains in terms 

of the dimensionless factors v and u 

V z . H e = , a ^ j ^ - ^ - ' ' { [ ( v - u ) , .8 , 

Substituting in Equation 67 the value for V z = Hg ^^oi" Equation 68 and, since Em = <iEf 
and 2Ketan<|>g = w one obtains 

^ M - ^ i a t i ? ) - 1 l l ' - 5 { ' " " [ " - " ' - » - v T | ' ] * < ' - f e ' } S -
Substituting in Equation 61 the values X ,̂ Xg, and Sm fi'om Equations 65, 66, and 69, 

respectively, one obtains after rearranging terms 
^ . ' I ° ' - (3 - ^ X . W 3 - )(u . . • ^ ) 

( 3 - £ 5 1 I l E ) e - ° * 3 ( u - l t - I S f f i ? ) a a 

Equation 70 governs the behavior of u for a given installation and material in the case 
of a mined-in conduit. The same equation may be used in the case of positive projecting 
conduits if their side supporting material has been thoroughly compacted. 

As in the case of covered-up conduits, u may be obtained from curves that have been 
constructed by solving Equation 63 for v. 

It can be seen for this case that again, for infinitely high f i l l s u does not depend on 
the cohesion and the unit weight of the material but is governed by the equation 

( 3 - £ s i s W ) e - " + 3(u_ i+£aiaW) = 0. (71) a a 

By following the same method of approach applied to covered-up conduits, it can be 
shown also that 

l i m u = 0 
Ce -* CO 

a 

('*) 
a 

Again, physically, u is bounded by the condition u = v. 
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Substituting u = v in Equation 70 one obtains 

(3 - ^ ^ V) - (3 - £ ^ ) ( 1 - ^ ^ ) . (3 - £ ^ ) ( v . 1 -^^e) e-v 

( 3 - £ ^ ) e - ^ + 3(v- l + I ^ ) 

- v _ ^ v J^H^ yS^I — 5 — J + 1 . ( 7 5 ) 

( l - ^ ^ « ) ( 3 - ^ ) 

From Equation 75 one may obtain for an s = c + o- tan<fr material, the maximum height 
of the mass on top of a mined-in conduit for which the arching effect wi l l extend as far 
as the ground surface thereby causing a trough-like depression to appear at the surface 
directly above the conduit. 

From Relation 74 and Equation 18 one may see that, as in the case of a covered-up 
conduit, if the over-all stiffness of the body furnishing support to the middle prism e-
quals the stiffness of the mass supporting the exterior prisms above a mined-in conduit, 
there wi l l be no relative settlement between the interior and exterior prisms and, con
sequently, there wi l l be no arching effect. Consequently u = 0 and the load on top of the 
conduit wi l l be 

Wc = "VBdH = W when rsm^/a = 0, (76) 
which is identical to Equations 59 and 15. 

In both cases of covered-up and mined-in conduits the corresponding settlement ra
tios rgd and rgjQ are empirical quantities and must be determined by direct measure
ment. Since in either case the interior prism subsides a greater amount than the ex
terior prism, both quantities are negative. 

A positive settlement ratio would indicate that the reverse action has taken place in 
the relative subsidence of the masses on the top of the conduit. Under such circum
stances, conditions corresponding to Case I would be present, which, as it has been 
discussed previously, is very undesirable because of its detrimental influence on the 
conduit. Therefore, every effort must be made in the design and construction of an un
derground conduit in order that the settlement ratio of the masses above it remains 
negative at al l times. 

Both settlement ratios were defined originally by Dean Anson Marston (1922) and 
Professor Spai^ler (1950b) of Iowa State College in their theoretical treatment of covered-
up positive and negative projecting conduits Installed in a granular material. To avoid 
confusion, the writer has adopted the same definitions in his treatment of the general 
case. However, he believes that if both ratios had a common denominator, say d .̂, 
which would always be a positive quantity, then the two cases could have been united into 
one general treatment. Furthermore, if both ratios were defined in such a manner that 
they would be positive quantities, the mathematical treatment and the resulting expres
sions for all cases would have been much less complicated. 

The employment of the shortening of the vertical dimension of the conduit, dc, as a 
denominator in the expressions for settlement ratios would also tie in the height of arch
ing and, consequently, the load expression, with the stiffness of the conduit and the dis
tribution of external pressure on its sides and bottom. Consequently, the resulting load 
expression would have been also a function of the support which the side material can 
furnish to the conduit, as well as of the stiffness of the conduit. Such treatment, how
ever, is beyond the scope of this paper. 

The Analysis of the General Case as Applied to an s = o- tan<t) Material 
The theoretical relations describing the loading action of a perfectly cohesionless 

material on top of undergroimd conduits can be deduced from the expressions derived 
for the general case in which the loading agent is an s = c + <r tan<t> material, by taking 
the limits of these expressions when Ce is allowed to approach zero. Thus: 

1. From Equation 10 the general load expression for an s = o- tan«t> material wi l l 
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become 

from which „ 
C = e-(2Ketan+e) f j - [ ( 2 K e t a n * e ) ( S ^ ) ^ 1 ] ; 1 . ' (78) 

In terms of the dimensionless factors v and u, the above equations may be written 
respectively ^ 

J c J = , K ^ | e - [ ( v - u ) t l ] ; i [ (79) 

C = e " [ ( v - u ) ^ i j + 1 . (80) 
In the event that the interior prism subsides less than the exterior prisms, which 

was defined previously as Case I , the positive signs should be used in Equations 77 
through 80. Hence, in terms of the dimensionless factors v and u, one obtains 

Wc = ^ J ^ j e - ( v - u . l ) - l [ (81) 

Cp = e*"(v - u +1) - 1 . (82) 
From the above equations one may conclude that Case I wi l l be just as detrimental to 

an underground conduit installed under an s = r tan^ material. 
In the event that the interior prism subsides more than the exterior prisms, which 

case was previously defined as Case I I , the negative signs should be used in Equations 
79 and 80. Hence, in terms of the dimensionless factors v and u, one obtains, respec
tively 

Cn = e " (v - u - 1) + 1 . (84) 
K u » 1 , e wi l l become negligible. Hence; 

Cn* 1 
and 

^ . (85) . ^ C Q « 2Ketan+, 

Equation 85 is identical to the expression derived Terzaghi for the pressure on 
top of deep tunnels through dry sand, i . e., for Case c of Figure 6. ' 

For a ditch conduit, Hd = He = H. Hence, u = v and Equation 83 becomes 

W S „ - a & <•-"''• <«' 
As in the case of an s = c + n tan<̂  material, if the height of the f i l l is large enough 

so that v = (2Ketan<^e) H/Bd ^ ' ^ becomes negligible and the load on top of the con
duit approaches the value 

Ce = 0 
given by Equation 85. 

For either a negative or an imperfect ditch conduit, since u = w' + u' and H - He = H' 
^Equations 77 and 78 are identical to Equations 11 and 12 obtained by gpangler. See 
References, Spangler (1950b), p. 24. 
'Terzaghi, op. c i t . , p. 196. 
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Equations 83 and 84 may be written, respectively, as 
and 

Cn = e'^'e""' (v* - u' - 1) + 1 . (88) 
Because of the descending exponential functions e'^ and e"" , if either w' or u' is 

large enough, Cn wi l l approach one and the load on top of the conduit wi l l be given by 
Equation 85. 

Since w' = (2Ketan<|)e) Hd/Bd, i t follows that for a given material and width of ditch, 
if the height of ditch is made large enough so that w' » 1 , the conduit load wil l be 

2. The equation governing the behavior of u' for a covered-up conduit may be obtained 
by taking the limit of Equation 42 when Ce is allowed to approach zero. Thus 

, | . - - ( | . £ g g ) . ( | . r g g l ) ( u w i ) e - " ' . , 3 , , 

Similarly, the equation governing the behavior of u in the case of a mined-in conduit 
may be obtained by taking the limit of Equation 70 when Cg is allowed to approach zero. 
Thus 

3 , . . ( 3 - £ s ^ ) . ( 3 - ^ ) ( u . l ) e - « (90) 
l im V = 

C e - 0 ( 3 - I § m W ) e - " + 3 ( u - 1 + J M ' ) 

By inspection it can be seen that if the denominator of the right hand member of the 
above equations approaches zero, factors v' and v wi l l increase without limit. 

Hence, for a given material, if the mass on top of a conduit is infinitely high, u' and 
u wi l l be governed by the equations 

( | + £ ^ ) e - " ' + | ( u ' - l ) = 0 (91) 

and 
(3 .ISS^) e"" + 3(u - 1 ) = 0 (92) a a 

respectively. 
Equations 91 and 92 are respectively identical with Equations 43 and 71 which had been 

derived for infinitely high masses consisting of s = c + o- tan+ material. One may con
clude, therefore, that for very high earth masses on top of either covered-up or mined-
in conduits, the influence of the cohesion of the material on the height of arching is negli
gible and an s = c + o- tan<̂  material wi l l behave like a perfectly granular material. Since 
the general load equation depends primarily on the height of arching it follows that for 
very high masses consisting of s = c + o-tan )̂ material, the conduit load may be computed 
as for an s = o- tan<̂  material. The error due to neglecting the cohesion, besides being on 
the safe side, wi l l be negligible. 

What constitutes a very high earth mass wi l l depend not only on the height, H, but on 
the factors 2Ketan<|ig and Bd as well, because v = (2Ketan<|>e) H/Bd-

3. As in the general case of an s = c + o- tan<̂  material the following relations can be 
established for an s = o- tan<|> material: 

(a) l im Wc = 0. 
ce= 0 (93) 

^ 9 0 -
"Equations 89 and 90 are respectively identical to Equations 18 (Spangler, 1950a, p. 158), 
and 18 (Spangler, 1950b, p. 28). 
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(b) In the case of a covered-up conduit: 
l im u' 

I rsdW • 
I * 
lim u' = 0, 

(95) 
rsdW _ 0 

a 
(c) In the case of a mined-in conduit: 

l im u = 00 , 

l im u = 0. 
r w (̂ "̂ ^ 

a 

As in the general case u' and u are physically bounded by the conditions u' = v ' , and 
u = V respectively. 

The maximum height of a mass of a perfectly granular material above an underground 
conduit for which the arching effect wi l l extend as far as the surface of the mass causing 
a trough-like depression to appear on the surface may be obtained by substituting u' = v' 
and u = v in Equations 89 and 90 respectively. 

Thus, for a covered-up conduit one obtains after rearranging terms 
3 , 2 3 , 

e"^ =^ ^ + 1 . (98) 

For a mined-in conduit „ 
, 3 v [ l ^ - l ] 

g-v = l _ l _ i Z E I _ i _ + 1 - (99) 
3 _ rsmw 

a 
From relations 95 and 97 and by applying the same reasoning as in the general case 

it can be shown also that 
l i m Wc = VBdH = W, (100) 

ce= 0 

a' 

hm Wc ="YBdH = W. (101) 
ce= 0 

a 

The Analysis of the General Case as Applied to an s = c Material 
As m the previous section, the theoretical relations describing the loading action of 

a perfectly cohesive material on top of underground conduits may be deduced from the 
general case liy taking the limits of the expressions derived from an s = c + <r tan<|) ma
terial when i)>e is allowed to approach zero. Thus: 

1. From Equation 10, the general load expression for an s = c material wi l l become 
equal to 

lim Wc _ ^ r , 2 ^ j / H - J k . ^ 4 . n + 2ce V He /,02^ 
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c = ( i m ^ ) . ( i t | ^ ^ ) i ^ . (103) 

H/Bd = vo, H'/Bd = v'o, 
He/Bd = U Q , H'e/Bd = U ' Q , 
Hm/Bd = Wo, Hd/Bd = W ' Q , 

Substituting in Equations 102 and 103 one obtains 

W c = T f B | j ( v o - U o ) + ( l i „ ^ ) u o , (104) 
and 

C = (vo-Uo) + ( l i | ^ ) u o (105) 

respectively. 
In the above equations the positive signs should be used in the event that the interior 

prism subsides less than the exterior prisms, and the negative signs in case the reverse 
action takes place. 

Hence, if Case I obtains 

and 

If Case I I obtains 

Wc = YB d̂ j (vo - uo) + (1 + Y % ) "o j (106) 

Cp = j (vo-uo) + ( l + ^ ) u o j . (107) 

Wc = >B*d j (Vo - vio) + (1 - ) "o I (108) 

n = j(vo-Uo) + ( l - . ^ ) u o [ . (109) 

From the above equations, it can be seen that the conditions for Case I are just as 
undesirable for an s = c material as for an s = c + crtan<̂  or for an s = o- tan<|) material. 

For a ditch conduit, since Hd = He = H, 

Wc.= ^ B ^ d ( l - | ^ J ^ . (110) 

*e 
and 

ê 
or 

^"i=0 TfBd'Bd 

Hence, if ce , 
Wc = 0. (112) 

Equation 112 is similar to Equation 24. 
For a negative or an imperfect ditch conduit, smce He = Hd + H'e and H - He = H' - H'e, 

Equation 102 may be written 

Wc = -yB'd i ( ^ ^ T ^ ) + (1 - 1^ )("V "'^ ) ! ' ("3) <|)=n ^ d ^Bd Bd 

or 

W c = T ( B * d ( l - f e ) v o . ( I l l ) 
V O "VBd 

^„c^ r Bd ' • 7Bd' 

Wc = yB'd (Vo - u'o) + (1 - ) ( " o + w'o) j . (114) 
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in terms of the dimensionless factors v'o, U ' Q , and W ' Q . 
2. The equation governmg the behavior of U'Q in the case of a covered-up conduit may 

be obtained f rom the general case as follows: 
Equation 42 may be written also 

/3 ,a 3 c e „ , V /3 rgdw'w, 2cex . /3 rg j jw 'w . -u' 

Applying L'Hospital's rule twice on Equation 115 and letting approach zero one 
tains o ^ 

3 „ , 2 TsdW 
l im v'o _ 2ce 1 ° a' 
<t>e-»0 ~ " -YBd rsdw'o 
l i m v ' o _ 2 c e (116) 

a 
from which 

Isdwij. 1 t V i T ^ r f w ' ! ^ 2ce j . (117) 
TfBrf 

, 2 
u'o = 7 

3 a , 
Similarly the equation governing the behavior of U Q in the case of a mined-in conduit 

if Equation 70 is written in the form 

H 1 . ( | u - - | ^ u ) - ( 3 - £ ^ ) ( l - ^ ^ ) . ( 3 - I s m W ) ( u . l - | g ^ ) e - " 

Bd 2Ketan+e (3 - I s m ^ j e - " + 3(u . i + £ s i i } W j ( n g j 
<L a 

If L'Hospital's rule is applied twice on Equation 118 and <t>e is allowed to approach 
zero one obtains 

2ce l "o4 l imvo = - ^ ^ " t ' (119) 

from which , I 12vo 
"o = I ^ ^ S ! E Q j . 1 t V 1 - rsmwo • 2ce . (120) 

By inspection of Equations 117 and 120 and by noting that Tgj and rgm are negative 
quantities the physical meaning of these equations can be interpreted if written as follows 

u'o = I M i l j 1 - J l - r s d w ^ ° 2 c i - j (121) 
* a' - ^ B H 3v'o 

for all values of rsdw'p 2ce ' 
^Bd 

a "VBd 

for 

and 

for 

12vo 
rsmWp 2ce" 

a 7Bd 
^ 0 , 

Up = 0 
12vo 

rsmwo 2ce 
a 7Bd 

(123) 
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3 . From the above equations the following relations can be established for an s = c 
material: 

(a) l im Wc = - oo . ( 1 2 4 ) 

«l»g=0 
Cg-« <D 

(b) In the case of a covered-up conduit: 
l im u'o = 0 , ( 1 2 5 ) 

Cg-» 00 

l im u'o = " , ( 1 2 6 ) 

rsdw'o 
a' 

l im u'o = 0 . ( 1 2 7 ) 

rsdw'o _ 0 
0.' 

(c) In the case of a mined-in conduit: 
l im Uo = 0 , ( 1 2 8 ) 

Cg-, 00 

l im U Q = 00 , ( 1 2 9 ) 

r s m W o U ^ 
a 

l im Uo = 0 . ( 1 3 0 ) 

a 
As in the cases of s = c + <r tan+ material and s = a tan<̂  material, U ' Q and U Q are 

bounded by the conditions u'o = V ' Q and U Q = Vo, respectively. 
The maximum height of a mass of s = c material above an underground conduit for 

which the arching effect wi l l extend as far as the surface of the mass causing a trough
like depression to appear on the surface may be obtained by substituting U'Q = V ' Q and 
U Q = V Q in Equations 1 1 6 and 1 1 9 , respectively. 

Thus for a covered-up conduit one obtains after rearranging terms: 

For a mined-in conduit: 

From Relations 1 2 7 and 1 3 0 and by applying the same reasoning as in the general 
case, it can be shown also that 

l im Wc = "VBd H = W, ( 1 3 4 ) 

V O 
^Sd '̂o -> 0 

a 
l im Wc = "»Bd H = W. 

• e = 0 
Issa^ 0 ( 1 3 5 ) 

From Equations 1 0 2 , 1 1 7 , and 1 2 0 , it can be seen that the load on top of underground 
conduits installed under a purely cohesive material is independent of the pressure ratio 
K. 
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Construction of Load Curves for a Covered-Up Conduit Installed Under an s = o- tan<̂  
Material 

The purpose of the construction of the following families of curves is to facilitate the 
computation of load on top of covered-up conduits if the loading agent is an s = a tan<t) 
material. Curves to estimate the earth load on top of mined-in conduits can be con
structed in a similar manner. 

The presentation of these curves wi l l follow the same sequence as the order in which 
they would be used by a designer to make a load estimate for a given installation and 
material. 

1. Factor Ktan<^ has been plotted against the angle of internal friction <|) for various 
values of the equivalent hydrostatic pressure ratio K = KQ. (Table A and Figure A in the 
Appendix). 

The upper boundary of this family of curves is the curve Kptan<t> which is obtained if 
K assumes the upper limiting value, Kp = tan* (45° + <|)/2) for a passive state of plastic 
equilibrium. 

The lower boundary of the same family of curves is the curve Kŷ tan(|> which is ob
tained if K assumes the lower limiting value, K A = tan*(45° - +72) for an active state of 
plastic equilibrium. 

Kg can be obtained by constructing an equivalent pressure ratio diagram similar to 
F^ure la. The value may be considered to be a fraction of the maximum value of the 
angle of internal friction of the material. This fraction wi l l depend on the desired factor 
of safety for the particular project. 

2. By solving Equation 89 for v' , curves were prepared showing the relation v' versus 
u' for various values of rgdw'/o'. From these curves, which are not presented in this 
paper, u' was plotted against rgdw'/a' for various values of v' . (Table B and Figure B 
in the Appendix). 

The upper boundary of this family of curves is the curve for which u' = v' and it is 
obtained by solving Equation 98. 

The lower boundary of the same family of curves is the curve for which v' = oo, and 
it is obtained by solving Equations 43 or 91. 

From the given data of the project and the value Ketan<t>e obtained in Step 1, the values 
v' = (2Ketan«t)e) H'/Bd and w' = (2Ketan<|>e) Hd/Bd can be computed. 

From available records of previous installations, the settlement ratio rgd as well as 
the stiffness ratio a' = E L / E P can be estimated for a given installation and material. 
Hence, the quantity rgd w'/a' can be computed. Accordingly, u' can be obtained from 
the above family of curves. 

By substituting the obtained values of v ' , u ' , w' and 2Ketan<̂ e> in Equation 87, the 
load Wc can be computed. 

From the above curves i t can be seen that for a given finite value of rgdw'/a', as v' 
increases, u' decreases from a maximum value u' = v'max to a lower limiting finite 
value u'v' = <» • For values of v' less than v'max> ^' Is larger than v' in magnitude and, 
therefore, it becomes imaginary from a physical standpoint. 

From the above, the nature and extent of arching for a given material and ditch width 
can be visualized as follows: 

If the yield of the loose mass in the ditch induces a constant relative movement within 
the f i l l material above the top of the ditch, the shearing resistance of the material wi l l 
be mobilized along the whole f i l l height and wi l l oppose this movement. This action is 
called the "arching effect." During this action a visible, trough-like depression wil l 
exist on the surface of the f i l l directly above the conduit. 

If the f i l l height exceeds a maximum value Hmax> the arching effect wi l l extend up
ward to the surface below the top of the f i l l which is called, "the plane of equal settle
ment. " Above this plane no relative movement exists within the soil mass, therefore, 
no depression wi l l appear on the surface of the f i l l directly above the conduit. 

If the f i l l height increases without l imit , the height of arching wi l l approach a lower 
limiting finite value. 

3. To facilitate the computational part of the above described procedure, two other 
families of curves have been plotted as follows: 
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The load factor Cn may be written also: 

where 
Cn = 1 + e"* Cm (136) 

Cm = e""'(v' - u- - 1). (137) 
By substituting in Equation 137 the values for v' and u' from the family of curves 

presented in Step 2, Cm has been plotted versus v' for different values of rgdW/a' 
(Table C and Figures C and CI in the Appendix). 

The above family of curves makes possible the evaluation of the conduit load Wc 
without computing u' f i rs t . 

The upper boundary of these curves isthecurveforwhichrsdw'/a' =0. From Relation 95 
and the discussion involved in evaluating the general expression governing the behavior of 
factoru, it was shown that under such conditions, u' =Oandw' =0. Hence, v' =vandtheupper 
boundary wi l l be the curve Cm = V - 1 = v - 1. (138) 

Since u' is physically bounded by the condition u' = v' the above curves wi l l be bound
ed by the same condition. 

Letting u' = v' in Equation 137 one obtains 

Cm = -e'' ' ' (139) 
which, as it can be seen from Equation 86 is the corresponding Cm factor for a ditch 
conduit. Hence, the locus of the lower points of the above curves, is the Cm curve ob
tained for a ditch conduit. 

Since Equations 137 and 139 have obviously the same derivative with respect to v' at 
the point v* = u' , i t follows that the ditch conduit Cm curve is tangent to each one of the 
curves of the above family. Hence, at their respective v' = u* points, each one of these 
curves merges with the ditch conduit curve. 

From the above it follows that the process of arching as visualized in Step 3 is also 
mathematically continuous. 

It can be shown also that for a fixed value of rgdW/a' 

llmCm = » . (140) 
V ' 00 

whereas 
limCm = 0. (141) 
^sdW ^ „ 

CI 

4. By solving Equation 136, Cn has been plotted versus Cm different values of 
w' (Table D and Figure D). 

The upper boundary of this family of curves is the curve obtained for w' = 0. As it 
was previously shown, under such conditions 

M l = 0 and 

Therefore, 

Since 

a 

'm V - 1 and Cn 

V = (2Ketan<t.e) H/Bd, 

= 2Ketê n.fre * ^^^etan+e) H/Bd = TfBdH = W. 

The lower boundary of the same family of curves is the curve for which w' = o o . Un
der such conditions the second member of Equation 136 vanishes. Cm becomes equal to 
one, and the load assumes the value 

2Ketan4.e " 
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From the last family of curves one can see that the load on top of the conduit is great
ly influenced by the factor w' = (2Ketan<|>e) Hd/Bd-

Recapitulating, one can compute the load on top of covered-up underground conduits 
installed under a cohesionless material as follows: 

Given the material and the dimensions H, H^, and B^: 
(a) Estimate Ke, <)>e> rsd> and a'. 
(b) From Table A or Figure A obtain the value 2Ketan<t)e. 
(c) Compute factors, v' = (2Ketan<|>e) H'/Bd, W = (2Ketan<|)e) Hd/Bd, and rgdW/a'-
(d) From Table C or Figures C or CI determine the value of Cm corresponding to v' 

and rsdW/o-' computed in Step c. 
(e) From Table D or Figure D determine the value of C„ corresponding to the values 

of Cjn obtained In Step d, and w' computed in Step c. . ^ ^ 2 
(f) Substitute the value of Cn and 2Ketan<t>e in the equation Wc = Cn and 

compute the load. ® 
Althoi^h the above procedure utilizes three different charts for the load evaluation 

instead of one utilized in other publications, i t has the over-all advantage over the latter 
in that the same charts can be used for any kind of covered-up conduit installation. Load 
factor charts in other publications can be used for only one value of the quantities Ktani^, 
and Hd/Bd-

In previous sections it was shown that if factor v' = (2Kgtan<j)e) H'/Bd increases 
without l imit , u' = (2Ketan4>e) H'e/Bd is governed by Equations 43 or 91, 

( | , £ ^ ) e - " \ | ( u ' - 1 ) = 0, 

regardless of whether the material is an s = c + <r tan^ type or an s = o- tan<t) material. 
Hence, if factor 2Ketan^e is made large enough by proper construction methods and if the 
ratio H/Bd of the f i l l height to the width of the ditch is also large enough, the use of E-
quation 43 instead of Equation 42, for determining factor u' for an s = c + o- tan^ material, 
wi l l not result in a serious error. 

Under the above conditions, one may solve the load Equation 49 for an s = c + o- tan<̂  
material, by substituting the value of u' obtained from Equation 43. 

It can also be shown by numerical examples that under the same conditions, for the 
values of cohesion Ce up to Ce = 'YBd/2, an s = c + a- tan<̂  material may be assumed to be 
cohesionless and the error, besides being on the safe side, wi l l not be appreciable e-
nough to affect economy. Therefore, in such cases the above constructed charts may be 
used also for evaluating the conduit load for an s = c + o- tan^ material. 

If the construction of a high ditch with very loose material on top of the conduit is 
economically feasible, then factor w' =(2Ketan<|ie)Hd/Bd wi l l be large enough and, con
sequently, the exponential function e~n approach zero and the f i r s t part of the load 
factor Cn wi l l become negligible. Hence, under these conditions the load becomes inde
pendent of factor u' and it may be obtained either from Equation 23 or from Equation 85. 
However, U the construction conditions are such that w' is not large enough to make the 
f i r s t part of the load factor Cn negligible, the load must be computed by means of the 
appropriate equations. 

SUMMARY AND CONCLUSIONS 
I . From the construction point of view, underground conduits may be classified into two 
main categories: 

A. Covered-Up Conduits. 
Conduits belonging in this category are installed under artificial earth embank
ments that are constructed after the conduits have been assembled in place. 

B. Mined-In Conduits. 
Conduits of this category are installed by a mining process through natural earthen 
deposits. 

n . Mathematical relations have been derived, describing the loading action on top of an 
underground conduit of a material whose shearing resistance can be represented by the 
general Coulomb equation s = c + or tan^. 
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m . Theoretical relations governing the loading action of a perfectly cohesionless or a 
perfectly cohesive material have been obtained by taking the limits of the expressions 
derived for the general case when c or ^ are allowed to approach zero, respectively. 
IV. From the mathematical stanc^oint the earth load on tc^ of either covered-up or 
mined-in conduits can be evaluated by means of the same general expression 

Wc =^BdHeff 
•where: 

Wg = vertical load on top of conduit, lb. per lin. f t . 
y = unit weight of the material, pcf. 

Bd = effective width of the earth column above the conduit, f t . 
Heff = effective height of the earth column above the conduit, f t . 

V. The effective height Heff is a fictitious quantity and is a measure of the arching ef
fect that takes place within the earth mass above the conduit. Generally: 

A. If the mass directly above the conduit subsides less than the adjacent masses, the 
effective height, Heff, is greater in magnitude than the actual height of the mass, H. 
Accordingly, the conduit load wi l l be greater than the weight of the earth column di 
rectly above the conduit. This possibility has been defined as Case I . 
B. If the reverse action takes place, Heff is smaller in magnitude than H, and, con
sequently, the conduit load wi l l be less than the weight of the earth column above the 
conduit. This possibility has been defined as Case n. 
C. If no relative movement takes place within the earth mass above the conduit, Heff 
wi l l equal H and, consequantly, the weight on top of the conduit wi l l be equal to the 
weight of the earth column directly above it . 

VI . Case I has been shown to have detrimental effects on underground conduits regard
less of the type of overlying soil. Therefore, this condition should always be avoided by 
proper methods of design and construction. 

Case n with possibility C as a limiting condition is very advantageous and, conse
quently, the conditions for this case must always be sought by proper methods of design 
and construction. The theoretical analysis presented in this paper has dealt mainly with 
the factors influencing the conduit load when the conditions insuring the existence of Case 
I I have been realized. 

VII . From the analysis for Case U one may conclude that the effective height is the prod
uct of the effective width of the column of earth directly above the conduit multiplied by 
a function of dimensionless factors that depend: 

A. Directly: 
1. On the geometry of the installation. 
2. On the initial state and physical properties of the loading agent. 
3. On the he^ht of arching. He-

B. Indirectly: 
1. On the relative movement that takes place within the soil mass directly above 
the conduit. 
2. On the relative stiffness between the body supporting the soil prism directly 
above the conduit defined as the "interior pr ism," and the body supporting the soil 
prisms adjacent to the interior prism, defined as "exterior prisms. " 
3. On the construction methods and workmanship employed. 

Vm. Elaborating on Item VII , the following may be deduced from the mathematical anal
ysis for Case n: 

A. The higher the factor v = (2Ketan<|)e) H/B^, the higher wi l l be the effective height. 
B. The higher the factors 2Ketan<|)e, 2ce/'VB<i and u = (2Ketan<|>e) He/Bd, the lower 
wUl be the effective height. 
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C. For given values of v and 2ceABd, factor u varies directly with: 
1. Factor rgdw'/*' = rsd{EF/EL)(2Ketan<|)e) Hd/Bd for covered-up conduits. 
2. Factor rsmw/a = rsin(Ef/Eni)(2Ketan<|>e) Hm/Bd for mined-in conduits, or 
positive projecting conduits with their side supporting material compacted very 
thoroughly. 

Factors rgdW/a' or rgmw/a are measures of the relative yielding and the rela
tive stiffness between the supports of the interior and the exterior prisms in cov
ered-up or mined-in conduits respectively. Therefore, the larger in magnitude of 
these quantities, the higher wi l l be the factor u, or, for a given installation, the 
higher wi l l be the height of arching, Hg-

D. For fixed values of 2ce/'VBd, and given values of rgdw'/a' or rgmw/a, if V or v 
are allowed to increase without l imit , u' or u decrease respectively from maximum 
values u' = v'max or u = Vmax to limiting finite values u' = u'y' = a>oru = U y - a , , 
that are independent of the cohesion Ce. 

For values of v' or v smaller in magnitude than v'max °^ vmax> factors u' or u 
are respectively greater in magnitude than v' or v and, therefore, they do not have a 
physical meaning dimensionwise. 
E. For given values of v' and rsdW/a', or v and rgmw/a, if 2ceABd is allowed to 
increase without l imit, u' or u wi l l approach zero. Under the same conditions the 
effective height wi l l approach the value - «>. However, physically, the above height 
can approach only the value zero. Consequently, the load on top of the conduit wi l l 
vanish. 

IX. From a knowledge of the behavior of the physical factors that are involved in the 
aforementioned mathematical analysis, the following conclusions may be drawn relative 
to the development of earth pressure on top of underground conduits: 

A. The unit weight Y, the angle of internal friction <|> and the cohesion c of the load
ing agent are understood to have a statistical average value meaning. Local devia
tions from this value depend: 

1. In the case of covered-up conduits on the type of earthen material, the method 
of f i l l construction, and the water content of the f i l l material. 
2. In the case of mined-in conduits on the geologic history, the initial state, and 
the water content of the overlying natural earth deposit. 

B. Inasmuch as the potential sliding surfaces are not vertical planes but are in real
ity curved surfaces whose spacing is considerably greater at the top of the mass than 
it is at the top of the conduit, the shearing resistance of the soil is only partially mo
bilized along the assumed vertical planes in order to oppose any relative movement 
within the soil mass above the conduit. Consequently: 

1. Only a portion of the maximum value of the angle of internal friction of the soil 
is mobilized along the vertical planes. 
2. Only a portion of the maximum value of the cohesion of the material is mobi
lized along the vertical planes. 
3. The earth pressure ratio, K , wi l l never assume the extreme values K A and 
Kp that are realized respectively for active and passive states of plastic equili
brium, but i t wi l l vary between these two limiting values. 

To simplify the theoretical treatment of the problem, the above factors are as
sumed constant along the vertical planes and equal to ^Q, CQ, and Kg, respectively. 

C. The values of ^Q, CQ, and Ke depend on the type, the initial state, the permea
bility, and the strain characteristics of the soil as well as on the size of the mass 
and the rate of application of stress to it . 

From the foregoing it may be concluded that for a given installation and soil type, 
the construction methods and the workmanship employed, as well as time are major 
factors influencing 4>e, Ce, and Kg. 
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D. The strain characteristics of the material as well as the stress application men
tioned in Item C, depend on the settlement ratio defined as rgd for covered-up con
duits, and rgm for mined-in conduits. This ratio, which is a measure of the rela
tive yield between the support of the interior prism and the support of the exterior 
prisms, depends on time and varies directly with the relative stiffness between sup
ports. 
E. For a given installation and soil type, the greater the magnitude of the settle
ment ratio, the higher wi l l be the height of arching, He. 

Physically, Hg can be only as high as the height of the mass above the conduit, H. 
If numerically. He is greater in magnitude than H, a trough-like depression wil l ap
pear at the top of the mass directly above the conduit. This indicates that the soil 
mass along the sliding planes is being subjected to a greater amount of strain. 

If the above conditions are realized, the effective values <|>e and ce that are mobi
lized along the vertical planes wi l l approach the limiting values of ̂  and c and K wi l l 
approach the limiting value at the top of the mass. 
F. The maximum f i l l height up to which the surface of the f i l l may be expected to 
settle directly above an installed conduit can be obtained from Equation 58. 
G. Everything else remaining the same, as the f i l l height mcreases the height of 
arching decreases and a greater portion of the mass acts directly on the conduit. 
H. For very high f i l l s the influence of the cohesion of the material becomes negli
gible and the material acts as if it were perfectly granular. 

X. From the discussion of Item DC one may conclude that: 
A. In a Covered-Up Conduit: 

1. The better the gradation of the f i l l material and the more uniformly it is com
pacted, the greater wi l l be the values, "V , <l>, and c. 
2. The greater the relative stiffness between the support of the interior prism 
and the support of the exterior prisms, the greater wi l l be the relative movement 
within the soil above the conduit. Consequently, the greater wi l l be the amount 
of <|> and c that is mobilized along the vertical planes. If such conditions are re
alized, a greater portion of the load wil l be sustained by the shearing resistance 
of the material; hence, the pressure on top of the conduit wi l l be reduced. 
3. Since in the discussion of Item 2 it was indicated that the governing factor in 
the development of pressure on top of the conduit is the relative stiffness between 
the supports of the interior and exterior prisms and not the individual stiffness of 
each constituent part of these supports, i t follows that the more rigid the conduit 
is: 

a. The stiffer should be the side supporting material. 
b. The looser and the more compressible should be the material in the ditch 
directly above the conduit. 
c. The more yielding should be the foundation. 

4. The higher the ditch and the more compressible the material in i t , the higher 
wi l l be the equivalent earth pressure ratio Ke-

Since the shortening of the vertical diameter of the conduit is very small as 
compared with the compression of the material in the ditch, it follows that as this 
material is compacted due to the weight of the f i l l it subjects the side masses to 
compression. Consequently, K increases gradually from the minimum value it 
attains at the top of the ditch, to a maximum value at the top of the conduit. Thus, 
the value of the equivalent hydrostatic pressure ratio, Ke is increased also (Fig
ure 2c). 
5. From the mathematical analysis and the discussion of Item 4 it follows that 
the higher the ditch above the conduit and the more compressible the material in 
i t , the greater wi l l be the factor w' = (2Ketan<|)e) Hd/Bd and, consequently, the 
lower wi l l be the conduit load. 
6. The effective width Bd may be considered to be equal to the mean width of the 
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ditch above the conduit. 
7. The settlement ratio rgd can be determined by measuring directly the subsi
dence of the parts constituting the supports of the interior and exterior prisms. 
8. It may be concluded that: 

a. The side supporting material of a covered-up conduit should consist of 
thoroughly compacted, well- graded, granular material. 
b. The ditch material should be of a compressible type and it should be placed 
in such a way that i t wi l l be in the loosest possible state. 
c. The ditch should be made as high as economically feasible. In order that 
a sheeting and bracing operation be avoided during the construction of a high 
ditch, the following method may be adopted: 

The heavy equq>ment, which is compacting the material adjacent to the 
ditch, may follow a course perpendicular to the longitudinal axis of the con
duit. Each pass should end at lines pre-staked along the conduit axis and on 
both sides of the ditch. When the ditch sides become sufficiently high, the 
compressible material may be end-dumpedf rom the heavy equipment into the ditch. 

By the above method the ditch can be filled up with compressible material 
at the same time it is constructed. Therefore, i t can reach any desirable 
height with its sides remaining vertical. 
d. If Items a, b and c are fulfilled and should other considerations mdicate 
that they wi l l be more economical to use than flexible conduits, rigid conduits 
may also be installed safely under high f i l l s . 

B. In a Mined-In Conduit: 
1. The values <fr and c of a natural earth deposit wi l l generally be greater than 
the same values of an identical material that has been remolded and used as a 
f i l l material on top of a covered-up conduit. 
2. The greater the relative stiffness between the supports of the interior and 
exterior prisms, the greater wi l l be the corresponding settlement ratio; accord
ingly, the greater wi l l be the height of arching and the portions of ^ and c that 
are mobilized along the sliding planes. Consequently, the load wi l l be lower. 

The softer the layer of the soil adjacent to the conduit, the more flexible should 
the conduit be made so that it wi l l adjust its shape and thereby minimize the de
velopment of nonuniform external pressures. 
3. The effective width of the earth column on top of the conduit, Bdi depends on 
the relative stiffness between the material adjacent to the conduit and the remain
der of the mass above it. 
4. The load on top of mined-in conduits that are installed under a deep natural 
earth deposit consisting of as s = c + a- tan ̂  material becomes independent of the 
cohesion and may be evaluated by means of Equation 85. 
5. The maximum height of the mass up to which the surface of the mass should 
be expected to settle assuming a trough-like shape directly above an installed 
conduit can be obtained from Equation 75. 
6. In mined-in conduits the settlement ratio r g ^ can be determined only indi
rectly. In positive projecting conduits, however, it can be obtained by direct 
measurements. 

C. Generally: 
A good knowledge of the physical properties of the soils that are involved in a 

project is always necessary. Therefore, a good soil exploration of the site where 
the conduit is to be installed is imperative. 

The factor of safety can be applied to the values <t>e> and ce that are considered 
to be the developed fractions of the maximum values of the angle of internal friction 
and cohesion of the material. 

The value Kg wi l l vary with the method of installation and with the soil type. 
Tentatively, i t is suggested that for smaU depths of overburden its value be chosen 
between 0. 5 and K ^ ; for high depths its value be chosen between 0. 5 and 1.0 

The relative stiffness between the supports of the interior and exterior prisms 
should be made as high as possible. 
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Xn. Families of curves have been constructed from which the conduit load due to an 
s = c tan^ material can be computed. Under certain conditions these curves can be used 
to evaluate the conduit load due to an s = c + o- tamji soil type. 
XIII . In this investigation consideration has been given to pressures that act in the 
plane of a right, cross-section of the conduit with no allowance for variations caused 
by arching along the longitudinal axis of the conduit nor to tangential forces that act a-
long this axis. 

Since an underground conduit has the tendency to settle more in the middle than at 
its ends, the earth mass, which is above its middle portion, wi l l tend to brace itself 
against the end masses thereby increasing the normal pressure and the longitudinal 
strains at the ends and decreasing the pressure at the middle. The effects of such 
arching action wi l l be especially significant in the case of long conduits installed under 
high f i l l s . 

RECOMMENDATIONS FOR FUTURE STUDY 
In order to obtain a better understanding of earth pressures on underground conduits, 

the author believes that future efforts should be concerned mainly with the development 
of techniques by means of which the earth pressure exerted around the circumference 
of an underground conduit can be measured directly. From such information one wi l l 
be able to gather substantial information to: 

I . Evaluate the values (|>e, ce, and Ke for given installation conditions, 
n. Determine the magnitude of the lateral pressure that a precon:q)acted side s\xp-

porting material is potentially able to mobilize per unit of lateral bulging of the conduit. 
i n . Determine by rational means the type, the size, and the degree of precompaction 

of the side supporting material in order that a given conduit may not bulge excessively. 
IV. Develop a theory expressing the vertical load on top of the conduit as a function 

of the lateral pressures exerted by the side supporting material as well as the bottom 
reaction of the bedding material. 

V. Understand the arching effect on the earth mass above and along the conduit axis. 
VI . Obtain information on settlement ratios especially for mined-in conduits. 

v n . Permit the use of a substantially smaller factor of safety and thereby achieve a 
more economical design. 

In conjunction with the above discussion the reader is referred to a report prepared 
by the research department of the North Carolina State Highway and Public Wc" ks Com
mission (Costes and Proudley, 1955) in which an attempt to develop a technique for the 
direct measurement of the lateral earth pressures acting on a flexible culvert pipe in
stalled under a high f i l l is outlined. 
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Appendix 

Figure A. 
5* W 

T A B L E A 
V A L U E S O F Ktan+ FOR GIVEN V A L U E S O F K AND • 

5° 10° 15° 20° 25° 30° 35° 
• 

40° 45° 50° 55° 60° 65° 70° 75° 

0 158 0 178 0 189 0 192 0 190 0.182 0 171 0.159 0 141 0 125 0. 105 0. 085 0 063 158 
0.093 

0 107 0.137 0.187 
0.130 0.161 0.206 0. 280 

0. 143 0 173 0 215 0 275 0.373 
0 179 0.214 0. 260 0 322 0.412 0 560 

0 200 0. 238 0 286 0 346 0. 429 0 550 0 746 

0 210 0 252 0 300 0. 358 0.428 0 520 0 644 0 824 1.120 
0 231 0 280 0 336 0 400 0 477 0. 571 0.693 0.858 1 099 1 493 

0 182 0. 233 0 289 0 350 0.420 0 500 0. 596 0 714 0.866 1 073 1 374 1 866 
0 161 0 218 0 280 0 346 0 420 0.503 0 600 0. 715 0.857 1.039 1 287 1 649 2. 239 
0 214 0 291 0. 373 0 462 0 560 0 671 0 800 0 954 1 142 1 386 1 716 2 198 2 986 
0 268 0 364 0 466 0 577 0 700 0 839 1 000 1 192 1 428 1 732 2 145 2 748 3 732 

0 402 0 546 0 699 0 866 1 050 1.259 1 500 1 788 2 142 2 598 3 218 4 122 5 598 402 
0 728 0 932 1 154 1 400 1.678 2 000 2 384 2 856 3 464 4 290 5 496 7 464 

1 731 2 100 2 517 3 000 3 576 4 284 5 196 6 435 8 244 11 196* 1 
3 356 4 000 4 768 5 712 6 928 8 580 10 992 a 14 928a 

5 000 5 960 7 140 8.660 10 725* 13 740a 18 6603 
7.152 8 568 10. 392 = 12 870" 16.482 a 22.392 a 

0 455 0 742 1 147 1 731 2 583 3.860 5 827 8 995 14. 3693 24 123 a 43 649 a 88 378 a 215 333 a 

KA 
0 025 
0 050 
0 075 
0 100 
0 150 
0.200 

0 300 
0 400 
0 500 
0 600 
0 800 
1 000 
1 500 
2 000 
3 000 
4 000 
5 000 
6 000 
K p _ 

0 073 0 125 

0 087 
0 142 
0 177 

0 104 0 252 
Values of Ktanc^ beyond plotting range of Figure A 
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a 50 

v ' « ( 2 K e t a n « e ) H ' / B h 

U-:>(2Ketan«e) H l / B d 

W ' ( 2 K e » a n « e ) H d / B d 

rsd'Setti Ratio 

V'» I 00 

Figure B. 

60 rsdW 

T A B L E B 

V A L U E S O F u' FOR GIVEN V A L U E S O F V AND rsdw'/o' 

V' 0.0 -0 s -1 0 -1 5 -2 0 -3 0 -4.0 -5 0 -7.5 -10 -20 -30 40 _ 50 60 -70 
0.0 0 000 0 000 0 000 0.000 0 000 0 000 0 000 0.000 0 000 0 000 0 000 0 000 0. 000 0. 000 0.000 0.000 

v' = u' 0 000 1 234 1 680 2.000 2 260 2 693 3.043 3.343 3.975 4 495 6 058 7 243 8 200 9. 100 9. 888 10. 595 
1 0 0 000 . a - - - - - - _ _ _ _ _ _ _ _ 
2 0 0 000 0 794 1.210 2 000 - - - _ _ _ _ _ _ _ _ 
3 0 0 000 0 732 1.025 1.270 1.495 2 000 - - - - - - - - - -
4.0 0 000 0.708 0.970 1.170 1 347 1 658 1.960 2 265 3. 625 _ _ _ _ _ _ 
5 0 0 000 0 695 0.941 1 125 1 281 1 546 1 775 1.990 2 575 3 19 _ _ - _ 
6 0 0 000 0 687 0.925 1 100 1 245 1.483 1 688 1 875 2 280 2 69 - _ - _ _ 
7 0 0 000 0.682 0.915 1 085 1. 222 1 445 1 637 1. 799 2 163 2.49 3 95 _ _ _ _ 
8.0 0 000 0.677 0.907 1.070 1 205 1. 420 1 598 1 745 2 077 2 37 3 45 4.90 - - - -
9 0 0 000 0 674 0.90O 1 063 1.193 1 401 1 572 1 720 2 040 2.29 3 21 4 21 5 70 _ _ _ 

10 0 0 000 0 672 0 897 1 056 1.185 1 389 1. 550 1 680 1 978 2.23 3 04 3 85 4 80 6. 19 8 50 _ 

12 5 0.000 0 668 0.889 1.044 1 168 1 362 1 518 1.649 1 920 2 18 2 81 3.40 3 95 4 62 5 38 6 22 
IS 0 0.000 0 666 0 883 1.035 1.158 1.348 1 493 1 625 1. 875 2 08 2 69 3 18 3 62 4 04 4. 51 5 07 
20.0 0.000 0.663 0.877 1.026 1.145 1 327 1 475 1 589 1 831 2. 03 2.56 2 96 3 30 3 62 3 93 4 24 

30 0 0 000 0.660 0.870 1.016 1 133 1 309 1 456 1.565 1 778 1 97 2 45 2 78 3 05 3 29 3 51 3 71 
40.0 0 000 0 658 0 867 1.012 1.128 1. 301 1.441 1 545 1.765 1 94 2.40 2. 71 2 95 3 16 3 34 3 51 
50 0 0 000 0 657 0.866 1 010 1 124 1 298 1 437 1.535 1 750 1 93 2 37 2 66 2 90 3. 09 3 26 3.41 

100 0 0.000 0 655 0 861 1.005 1 117 1 283 1 419 1 525 1 728 1 92 2 32 2.59 2 79 2 96 3 11 3. 25 
m 0 000 0.653 0.859 1.000 1 110 1 278 1 408 1 514 1 718 1. 872 2.271 2.524 2.701 2 845 2 980 3. 065 

^ For these values of v' and rsdw'A' > u' is equal to v' physically 



TABLE C 
VALUES OF Cm FOR GIVEN VALUES OF v' AND rgdW/a' 

0.0 1.0 Z.O 3.0 4.0 ^ 5.0 6 0 7.0 8.0 9.0 10 

0.00 -1.000 0.000 1.000 2.000 3.000 4.000 5.000 6.000 7 000 8.000 9.000 
0.01 -1.000 -0.110 0.799 1.700 2.580 3.480 4.390 5.280 6.14 7.04 7.90 
0.05 -1.000 -0.200 0.586 1.370 2.180 2.950 3.720 4.500 5.30 6.11 6.90 
0.10 -1.000 -0.265 0.464 1.175 1.910 2.620 3.340 4.050 4.77 5.51 6.25 
0.20 -1.000 -0.325 0.314 0.959 1.600 2.230 2.850 3.490 4.13 4.77 5.40 
0.40 -1.000 -0.368* 0.155 0.704 1.230 1.800 2.350 2.900 3.45 4.00 4.48 
0.60 -LOOO -0.368 0.054 0.548 1.020 1.550 2.040 2.520 3.02 3.52 4.00 
0.80 -1.000 -0.368 -0.010 0.440 0.880 1.350 1.800 2.250 2.68 3.13 3.58 
1.00 -1.000 -0.368 -0.059 0.352 0.777 1.190 1.610 2.020 2.43 2.85 3.26 
1.50 -1.000 -0.368 -0.132 0.211 0.572 0.932 1.300 1.680 2.04 2.40 2.75 
2.00 -1.000 -0.368 -0.135^ 0.119 0.440 0.760 1.070 1.400 1.76 2.05 2.40 
3.00 -1.000 -0.368 -0.135 0.000 0.262 0.530 0.800 1.080 L 37 1.62 1.90 
4.00 -1.000 -0.368 -0.135 -0.049 0.150 0.380 0.617 0.858 1.13 1.35 1.59 
5.00 -1.000 -0.368 -0.135 -O.OSO!> 0.078 0.280 0.488 0.701 0.93 1.13 1.35 
6.00 -1.000 -0.368 -0.135 -0.050 0.028 0.201 0.386 0.580 0.80 0.98 1.17 
8.00 -1.000 -0.368 -0.135 -0.050 -0.017 0.100 0.249 0.410 0.59 0.75 0.92 

10.00 -1.000 -0.368 -0.135 -0.050 -0.018* 0.035 0.155 0.293 0.44 0.58 0.73 
15.00 -1.000 -0.368 -0.135 -0.050 -0.018 -0.007 a 0.034 0.123 0.23 0.33 0.45 
20.00 -1.000 -0.368 -0.135 -0.050 -0.018 -0.007 -0.0038 0.035 0.11 0.20 0.29 

CD 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

* For values of v' and rsdw'/»' below marked horizontal lines, u' is equal to v' physically and Cm = -e"'' (Ditch Condition). 
rsdw' 
a' IS 20 30 40 50 

v' 
60 70 80 90 ioo CD 

0.00 14.000 19.000 29.000 39. 000 49.000 59.000 69.000 79.000 89.000 99.000 OD 

0.01 12.4 16.8 25.8 34.7 43.8 52.5 61.0 70.8 80.0 88.5 OD 

0.05 10.8 14.7 22.6 30.5 38.5 46.3 54.2 62.1 70.5 78.0 OD 

0.10 9.85 13.4 20.5 27.9 35.2 42.6 49. 8 57.0 64.0 71.5 00 

0.20 8.62 11.8 18.2 24.6 31.0 37.5 44.0 50.2 57.0 63.0 00 

0.40 7.35 10.1 15.6 21.0 26.5 32.1 37.5 43.1 48.9 54.0 00 

0.60 6.48 8.95 13.8 18.8 23. 8 28.7 33.6 38.7 43.8 48.6 m 
0.80 5.87 8.10 12.7 17.3 21.9 26.5 31.0 35.5 40.3 44.8 00 

1.00 5.40 7.50 11.7 16.0 20.2 24.5 28.7 33.0 37.3 41.5 CO 

1.50 4. 59 6.40 10.1 13.8 17.5 21.1 24.8 28.4 32.0 35.9 OD 

2.00 4.04 5. 66 8.98 12.3 15.6 18.8 22.1 25.3 28.7 32.0 00 

3.00 3.28 4.65 7.48 10.2 13.0 15.7 18.5 21.4 24.2 27.0 OD 

4.00 2. 78 4.00 6.45 8.90 11.3 13.8 16.2 18.7 21.2 23.5 OD 

5.00 2.46 3. 56 5.75 8.00 10.2 12.4 14.6 16.8 19.0 21.2 CD 

6.00 2.18 3.17 5.20 7.20 9.20 11.2 13.3 15.3 17.4 19.4 00 

8.00 1.75 2.61 4.35 6.10 7.82 9. 59 11.3 13.1 14.8 16.5 00 

10.00 1.50 2.24 3.75 4.09 6.85 8.39 9.90 11.5 13.0 14.5 00 

IS. 00 1.02 1.64 2. 86 4.04 5.30 6. 50 7.75 9.00 10.2 11.5 CO 

20.00 0.77 1.27 2.28 3.30 4.30 5.35 6.40 7.43 8. SO 9.55 OD 

CD 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0 
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Cm - - e ~ * (Ditch Condition) 

(2Kfltan • a ) H ' / B H 

U » ( 2 K e t a n # e ) H e / B d 

W'= ( 2 K e t a n « e ) H d / B ( , 

rsd' Sett l . Ratio 

a;= E L / E F 

Figure C. 



(2Ketan^e) H /Bd 

(2Ketan(».)He/Bd 
M i l l 

(2Ketan ^e^Hd^Bd 

Settl. Ratio 

Figure CI 

TABLE o 

VALUES OF Cn FOR GIVEN VALUES OF Cm AND W 

0 0 0 S 1 0 1.5 2 0 2.5 3.0 3.5 4.0 4.5 5.0 6 0 7.0 8.0 

0 1 
0.2 
0.4 
0.5 
0.6 

0 8 
1 0 
2.0 
4.0 
5.0 

6 0 
8.0 

10.0 
20.0 
40.0 

50.0 
60 0 
80.0 

100.0 

1.10 
1 20 
1 40 
1.50 
1.60 

1.80 
2.00 
3.00 
5.00 
6.00 

7.00 
9.00 

11.00 
21 00 
41.00 

51 00 
61.00 
81 00 

101 00 

1.06 
1.12 
1.24 
1. 30 
1. 36 

1 49 
1.61 
2 21 
3.43 
4 03 

4.64 
5.85 
7.07 

13.13 
25.26 

31.33 
37 39 
49.52 
61. 65 

1.04 
1.07 
1.11 
1.18 
1.22 

1.29 
1 37 
1.74 
2 47 
2 84 

3. 21 
3.94 
4 68 
8.36 

15.72 

19.39 
23.07 
30.43 
37.79 

1 02 
1 04 
1.09 
1.11 
1.13 

1.18 
1 22 
1.45 
1.89 
2 12 

2 34 
2.79 
3.23 
5 46 
9.93 

12 16 
14 39 
18.85 
23.31 

1.01 
1.03 
1 05 
1 07 
1.08 

1.11 
1.14 
1 27 
1.54 
1.68 

1. 81 
2.08 
2. 35 
3. 71 
6.41 

7.77 
9.12 

11.83 
14. 53 

1 01 
1.02 
1.03 
1.04 
1 05 

07 
08 
16 
33 

1.41 

1.49 
1.66 
1 82 
2.64 
4.28 

5.11 
5.93 
7. 57 
9.21 

1.00 
1 01 
1.02 
1 02 
1.03 

1.04 
I 05 
1.11 
1 20 
1.25 

1.30 
1.40 
1.50 
2.00 
2.99 

3.49 
3 99 
4.98 
5.98 

1.00 
1 01 
1 01 
1.02 
1.02 

1 02 
1 03 
1.06 
1.12 
1 15 

1 18 
1 24 
1.30 
1 60 
2. 21 

2.51 
2. 81 
3.42 
4 02 

1.00 
1.00 
1.01 
1.01 
1.01 

1.01 
1 02 
1.04 

1.73 

1 92 
2.10 
2 47 
2.83 

1.00 
1 00 
1.00 
1.01 
1. 01 

1.01 
1. 01 
1.02 
1 04 
1.06 

1.07 
1. 09 
1.11 
1 22 
1.44 

1. 56 
1 67 
1.89 
2.11 

1 00 
1.00 
1.00 
1.00 
1.00 

1.01 
1 01 
1 01 
1.03 
1.03 

1.04 
1.05 
1.07 
1. 13 
1. 27 

1 34 
1.40 
1.54 
1. 67 

1 00 
1 00 
1 00 
1 00 
1 00 

1.00 

1 01 
1. 02 
1 02 
1 05 
1.10 

1.12 
1 15 
1 20 
1 25 

1.00 
1.00 
1.00 
1.00 
1.00 

1.00 
1.00 
1.00 
1.00 
1.00 

1.00 
1.00 
1.01 
1.02 
1.04 

1.05 
1.05 
1 07 
1.09 

1 00 
1 00 
1.00 
1.00 
1.00 

1.00 
1.00 
1.00 
1. 00 
1.00 

1 00 

1.03 

1.00 
1.00 
1.00 
1.00 
1.00 

1.00 
1.00 
1.00 
1.00 
1.00 

1.00 
1.00 
1.00 
1.00 
1.00 

1.00 
1.00 
1.00 
1.00 
1.00 
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Performance Study of Multi-Plate Corrugated-
Metal-Pipe Culvert under Embankment -
North Carolina 
NICHOLAS C. COSTES, Materials Engineer, and 
CHARLES E. PROUDLEY, Chief Materials Engineer 
North Carolina State Highway and Public Works Commission 
# THIS paper consists of a performance study of one of the major drainage structures 
of North Carolina Project 8521. The project comprises the relocation of a section of 
US 70 in the western part of North Carolina. It starts at a point on US 70 in Ridge-
crest, Buncombe County, N. C. and, following the eastern slope of the Blue Ridge 
Mountains, extends eastward for a distance of approximately 6.15 miles to a point on 
US 70 in Old Fort, McDowell County, N. C. (Figure 1). 

The North Carolina State Highway and Public Works Commission deemed the above 
relocation necessary for the alleviation of a serious bottleneck existing in the main 
east-west artery between North Carolina and Tennessee through the Smokies. This 
bottleneck resulted from the 30-year old, obsolete, two-lane section that had accumu
lated a bad accident record. 

The old road was 8 miles long, consisted of 98 curves including many "hairpins," 
and rose vertically approximately a quarter-mile between the two terminal towns. The 
new route consists of 19 easy, spiraled curves. It has a continuous climb of 1,326 
feet, in 5. 32 miles with a steady grade varying between 1. 905 percent and 6. 000 per
cent with no adverse grades, to the summit near Ridgecrest. 

The location of the new section was the result of many months of field and office 
work. Reconnaissance surveys were made, soundings with 25 feet maximum depth of 
penetration were taken, topographical and air maps were studied, and the best align
ment was selected among several proposed routes. The new location has a four-lane 
pavement; i t ramps down along the southern slope of Young's Ridge, and cuts cross-
drainage all the way. Consequently, the grading pattern is one of fi l l ing deep up-valley 
ravines and cutting down steep intervening knolls or shoulders. Some cuts are over 
150 feet deep and some f i l l s are over 200 feet high (Figure 2). 

The location cuts through geological formations which are considerably decomposed. 
The rock formation is rather complex and structurally folded and faulted. However, 
there is a thin layer of highly weathered igneous material on top with some semi-
weathered pockets on the bottom. Chlorite schist, slate, weathered sandstone, and 
clay minerals are scattered through the area. 

The main factors that decided upon the selected location were safe line and grade, 
distance between terminal towns, and cost. The principal cost factor was considered 
to be excavation. About 3,000,000 cu. yd. of unclassified excavation was required to 
complete the project with f i l l s consisting of as much as 800,000 cu. yd. of earthen 
material, and cuts to match involving as much as 330,000 cu. yd. of excavation. The 
contract was awarded to W. E. Graham and Sons of Cleveland, N. C. on September 21, 
1951 with a bid of $2,301,000 including 2,787,500 cu. yd. of unclassified excavation 
at 70 cents per cubic yard. 

The project was financed entirely by state funds and did not have to conform with 
Federal-aid standards. This fact enabled the State Highway Commission to insert in 
the special provisions of the contract the clause that no rolling of f i l l s would be re
quired. End-dumping or other methods of construction requiring different types of 
machinery could be used. It was believed that on account of the above provision, a 
considerable saving in the cost of f i l l construction would result. Furthermore, it was 
believed that the nature of soils and rock encountered in this project would not impose 
serious consolidation or slope stability problems. At any rate i t was held that the 
cost of maintenance and repair of f i l l s in the event of slides, non-uniform settlement, 
and similar problems, would have been less than the extra cost resulting from a lay
ered and rolled f i l l construction that would compel the contractor to deliver material 
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by scraper and other equipment down steep haul roads each time. The soundness of 
this judgment st i l l remains to be proved but at the present time (after two years) ap
pears to be justified. 

The construction of earth f i l l s instead of bridges in order to bridge the valleys en
countered was favored by financial considerations. With the exception of a reinforced 
concrete bridge over Mi l l Creek at Old Fort, and a pedestrian underpass near Ridge-
crest, all structures were earth f i l l s whose drainage was provided corrugated metal 
culvert pipe. The pipes ranged in sizes from 6-inch diameter for subdrainage through 
54-inch diameter and Multi-Plate pipes 60 inches and 66 inches in diameter. 

A l l pipes up to 54 inches in diameter were riveted and bituminous coated in their 
lower half portion. Pipes between 48 inches and 54 inches in diameter that were in
stalled under high f i l l s were elongated vertically five percent by the manufacturer. To 
perform this operation, V2-inch rods were factory mounted along the horizontal pipe 
diameters. Each set of rods was provided with turnbuckles in order that the initial 
vertical elongation could be released gradually after construction of the f i l l . Upon 
completion of the construction of the f i l l s these rods were removed. 

Larger culvert sizes up to 66-inch maximums were of field-bolted Multi-Plate type. 
The installation procedures for such pipes wi l l be discussed in detail in subsequent 
sections of this paper. 

Provisions for Construction of Special Pipe Lines 
The special provisions of the contract called for a special installation procedure on 

ten of the culvert lines through the highest f i l l s (see, typical cross section at Ring 31, 
Figure 46). The specified pipes were to be installed in trenches cut in the natural 
ground to the required section, wherever practical, before any f i l l was placed. When 
rock, or other conditions made this impractical, excavation was to be larger than the 
required trench section, the f i l l placed and thoroughly compacted up to at least two feet 
above elevation before installation of the pipe; then the trench was cut through the com
pacted f i l l and the pipe was installed m the trench. The sides of the trench were to be 
as nearly vertical as possible and its maximum permissible width was to be 2. 5 feet 
from the sides of the pipe on the larger structural plate pipes and less on smaller size, 
riveted pipes. The depth of trench was specified to be two feet below the pipe invert 
unless otherwise specified. 

Where pipes were located on f i l l sections, any unsuitable material found beneath the 
pipe location was to be removed for a minimum width of one diameter of the pipe on 
each side of the pipe before the pipe was placed. 

Selected backfill material consisting of crusher-run stone ranging in size from 3 
inches down was specified to be used for bedding beneath each pipe, and for backfill in 
the trench around the pipe up to the top of the trench. The foundation material was to 
be of as nearly uniform density as possible throughout the length of each pipe. 

The material for a depth of two feet below the pipe, and upward to a height of about 
three quarters of the pipe diameter, was specified to be brought up uniformly in layers 
not to exceed 6 inches in depth, and each layer to be compacted thoroughly by pneu
matic tampers. 

The material between the top of the compacted section and the top of the trench was 
to be placed as loosely as possible. Above the top of the trench, the f i l l material was 
to be placed and compacted in accordance with the general specification with the ex
ception that no large rocks should be placed above the pipes for a height equal to two 
diameters of each pipe. 

At the upstream end of the f i l l s , adequate provisions were made to prevent water 
from entering the bedding and backfill material around the pipe. Headwalls were to be 
constructed as soon as practical after the f i l l s had been brought up to a reasonable 
height above the top of the headwall elevation. 

The foundation for each culvert was graded with a minimum camber of % percent of 
the pipe length to provide for differential settlement on account of the f i l l overburden. 
Research Pro]ect of Station 298+33 

The Research Section of the Division of Materials of the North Carolina State High-
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way Commiss ion considered project 8521 one of those infrequent opportunities to se 
cure some valuable data f rom the performance of flexible culvert pipes installed under 
high f i l l s . The unorthodox method of f i l l construction by end dumping was an additional 
feature which would be of much interest to such investigation. T h i s method had never 
been attempted before under s i m i l a r conditions and, therefore, its effect upon the p e r 
formance of the structures would be worth studying. 

To decide upon and plan the procedures and apparatus to be used in connection with 
this investigation two meetings were held under the sponsorship of the Divis ion of M a 
ter ia l s . In both meetings, representatives of N. C . State Highway and Public Works 
Commiss ion , N. C . State College, the Bureau of Publ ic Roads, and representatives of 
metal and concrete pipe manufacturers were present to discuss the various r e s e a r c h 
techniques to be followed in connection with this investigation. M. G. Spangler of Iowa 
State College was retained by the N. C . State Highway and Public Works Commiss ion 
as consultant for the general r e s e a r c h procedures and installations, and Committee D-4 
on Culverts and Culvert Pipe of the Highway Research Board sponsored the presentation 
and publishing the results of the investigation in the form of r e s e a r c h papers. 

During the f i r s t meeting, held in Washington, D. C , January 1952, it was decided 
that only the performance of the 66-inch Mult i -Plate culvert installed at Station 298+33 
under approximately 170 feet of earth f i l l would be studied in detail (Figure 3). It was 
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also decided that two methods of trenching would be used above and below the center 
line of the roadway in order that the loading effect and the performance of two sepa
rate culvert installations could be investigated and compared. 

During the second meeting, held in Ashevi l le , N. C . March 1952, the general outline 
of methods and apparatus discussed in the f i r s t meeting were put into a specif ic and 
detailed f o r m . ' Also , to save in man-hours and equipment, it was decided that only one 
type of trenching would be used and this would be the "imperfect ditch" method (Spang-
l e r , 1946) since the culvert was located on f i l l section. 

During these meetings the importance of placing the f i l l symmetr ica l ly around and 
over the pipes during construction was s tressed severa l t imes. A l l recommendations 
regarding construction procedures to be followed for the culvert under study and, gen
eral ly , for a l l culverts under high f i l l s were made with the understanding that the f i l l 
material would be placed above the culverts in approximately horizontal layers in such 
a manner that the weight of the f i l l mater ia l would be transmitted to the pipes in a v e r 
t ica l direction at a l l t imes. ^ 

'See , Culvert Investigation. 
^In a memorandum submitted to the State Highway Engineer at a later date, the Chief 
Mater ia ls Engineer urged again the adoption of layered f i l l construction for at least the 
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if Profit* at on« of Urgttt cull and daepast fills 

Figure 2. 

The importance of measuring the ex
ternal earth p r e s s u r e s around the pipe by 
direct methods was also s tressed at the 
above meetings. However, no definite 
method to obtain such information was 
adopted. ^ Instead, it was decided to eva l 
uate these loads by means of "Marston 
Theory on Loads on Underground Con
duits ," and from strain measurements 
obtained at var ious points of the pipe 
structure by means of S R - 4 Baldwin strain 
gages. Such technique, as discussed lat
er in this paper, proved to be very un
satisfactory for this installation. * 

In addition to the above recommenda
tions, the State Highway Engineer suggest
ed repeatedly that the so i l conditions be
neath the bedding materia l of the pipe 

Figure 3. Completed f i l l covering culvert 
pipe used for experiment. 

culvert under study. He recommended as minimum requirements for securing rel iable 
test data, layered and rol led f i l l construction for a width of at least 50 feet on each side 
of the pipe center line until the elevation above the pipe line was at least 100 feet. How
ever , the f i l l was finally constructed by unbalanced end-dumping as described in this 
paper. 

In this paper a testing procedure is proposed for the direct measurement of the p r e s 
s u r e s exerted by the side supporting mater ia l on the sides of the conduit. See, R e c 
ommendations. . . . j 
*See, Analys i s of Data. 
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should be identified by whatever method 
seemed to be most approximate, and if any 
unsuitable mater ia l were found it should 
be removed immediately and be replaced 
according to the specifications. L a c k of 
such information together with the adop
tion of unbalanced end-dumping as the f i l l 
construction method, resulted in an earth 
slide which created a very embarrass ing 
and hazardous situation on the project. ° 

Pipe Installation and F i l l Construction at 
Figure 4. Special bundling of plates on Station 298+33 

which SR-4 s t ra in gages are attached. 
E a r t h Slide. The location of the culvert 

at Station 298+33 with respect to the s tream bed that it c r o s s e s is shown on Figure 20. 
The pipe follows a north-south direction; it slopes down from the inlet with a 4. 5 p e r 
cent grade. The f i l l over the pipe at the center line of the roadway including the tem
porary bituminous surface-treated gravel s u r f a c e is approximately 170 feet high. 

The culvert i s a 66-inch Mult i -Plate pipe with 6- by 2-inch corrugations, and con
s i s t s of 72 rings each 8 feet long having an overal l length of 576 feet. It i s made of 
s tructural steel plate of variable gage. Thus ly , 248 feet are made of No. 1 gage, 128 
feet of No. 3 gage, and 210 feet of No. 8 gage metal. The No. 1 gage plates have 6 bolts 
per foot of longitudinal joint, whereas the rest are bolted by the standard 4 bolts per 
foot of longitudinal joint. No bituminous coating has been applied on the inner surface 
of the structure because no ser ious corros ion problems were anticipated on account of 
the purity of the surrounding water basin. 

The pipe plates, stacked and strapped in bundles were shipped by train f rom Middle-
town, Ohio to Old F o r t , North Carol ina . T h e r e , they were picked up by trucks and 
were c a r r i e d to the job to be assembled according to A r m c o standard procedures (see 
F igures 4 through 6). 

The pipe after assembly was elongated vert ical ly three percent by f ie ld strutting. 
The struts were 6-inch by 4-foot oak posts set ver t i ca l on 3-foot centers for about 345 
feet of the central part of the pipe and increasing to 6-foot centers near each end. To 
distribute the strut load and to minimize any "barn roof" s t re s se s in the structure, 6-
by 6-inch oak s i l l s , extending along the whole length of the culvert were placed between 
the struts and the pipe inner surface: two at the top, and one at the bottom. F u r t h e r 
more, between the struts and the top s i l l s , 6- by 6- by 18-inch compressible pine caps 
were placed with their side grain in compression and at right angles to the s i l l s ( F i g 
ures 7 and 46). 

The unit pr ice of pipe including cost of shipment, assembly, ver t i ca l elongation by 
f ie ld strutting, placing and compacting of bedding mater ia l , tamping of side supporting 
mater ia l , and construction of the imperfect ditch was set as follows: 

$58. 00 per l in. ft. for No. 1 gage metal. 
$55. 00 per l in. ft. for No. 3 gage metal. 
$45. 00 per l in. ft. for No. 8 gage metal. 

Despite a l l previous recommendations, the method of f i l l construction that was f o l 
lowed after the assembly of the pipe, was very unorthodox although it was not in v io la 
tion of the specia l provisions of the contract. Therefore , a detailed description of the 
various phases of this construction i s considered important in order that the reader 
may appreciate adequately the data from the performance of this culvert , and explain 
certain deviations f rom the anticipated results which, otherwise, might have been con
s idered entirely absurd. 

The trenching operations for the installation of the pipe and the subsequent backf i l l 
ing complied with the specia l provisions of the contract. The pipe was to be installed 

*See, Earth Slide. 
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on a f i l l section. Accordingly, as a f i r s t operation, the contractor, by means of a 
bulldozer, excavated a 12-foot trench along the proposed culvert site and 2 feet below 
the invert elevation of the pipe as shown in the plans. No borings were taken to inves
tigate the nature of the natural ground underneath to determine whether it would be 
necessary to remove any unsuitable foundation materia l as recommended by the specia l 
provisions and later by the State Highway Engineer. The trench was ref i l led with se 
lected backfi l l bedding materia l consisting of local so i l which came from trenching op- c 

Figure 5. Plate stacking at culvert s i t e . End-dumping operations 
on western slope are shown in background. 

erations on the western mountain slope adjacent and para l l e l to the pipe line. T h i s 
mater ia l appeared to be clayey in nature, fa ir ly consistent throughout the trench length, 
and free from 6-inch or larger rock fragments. It was placed and compacted by means 
of a D - 8 bulldozer in layers not exceeding one foot in depth. 

A s soon as the trench was ref i l led, a f i l l was constructed in a like manner and with 
mater ia l from the same source. T h i s f i l l was brought up 7 feet above the elevation 
for the pipe invert and extended about 30 feet on each side of the center line of the pipe. 
Henceforth, the above f i l l w i l l be re f erred to as the "init ial f i l l . " 
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Figure 6. Standard plate overlapping for 
Multi-Plate culvert pipe. 

Figure 7. Pipe s t ru t t ing . E l e c t r i c l ine 
shown i s for i l luminat ing pipe inter ior . 

Figure 8. End-dumped material. Toe of western slope. 

Upon the completion of the initial f i l l , a trench was cut according to the spec i f i ca 
tions, and the contractor started assembling the pipe plates on May 28, 1952. In the 
meantime, he began to push and end-dump dirt from the western mountain slope using 
12-yard pans as soon as operating room was available (Figure 8). T h i s operation, 
however, caused a load concentration along the slipping planes of an old geological 
slide. A s a result of this load concentration the whole deposit of natural and end-
dumped mater ia l on the western slope started moving down toward the unfinished pipe
line (Figure 9). On or about June 18, 1952, this movement became noticeable from 
ruptures and c r a c k s formed on each side of the embankment. However, end-dumping 
on the western slope continued without any balancing operation on the eastern side of 
the culvert , contrary to a l l recommendations made in the Ashevi l le meeting and there
after. Consequently the load on the western slope increased resulting in acceleration 
of the sl ide. By that time (June 18) it was noticed that the pipe, which had already 
been assembled, was slowly rais ing upward and away from the slide along Rings 36-
56 the maximum distortion being at Ring 48 (see Figure 45 L a t e r a l Prof i l e of Pipe A x i s . 
A l so , F i g u r e s 10-12). 
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Investigations and tests began immediately to determine the scope and the speed 
of the movement. Soundings and borings taken immediately adjacent and 50 feet away 
from the pipe revealed a very wet and unstable condition existing underneath the initial 
f i l l between the culvert line and the western slope along the path of the slide. A blue-
gray plastic clayey materia l c lass i f i ed as an A - 7 - 6 materia l in the Highway Commis 
sion's soi ls laboratory was found predominant in that area. It was decided that this 
area should be excavated, drained, and backfi l led with suitable mater ia l , and an appro
priate drainage system should be installed with which to intercept the underground 
water. 

The backfi l l mater ia l was brought from the slope where it had caused the slide and 
was placed in comparatively thin layers by means of tractors and pans. No extra com
pacting equipment was used. The backfil l ing operation continued until the elevations 

I 

Figure 9. Beginning of s l i d e . Arrow points at trace of fai lure 
surface shown clearly on picture. 

of the initial f i l l were reached again and the embankment was as close to the pipe as 
feasible without interfering with the compaction operations of the side supporting m a 
ter ia l . 

Two 6-inch perforated, corrugated metal pipe drains , extending f rom Rings 35 
through 72, were installed to intercept the 
underground water and to prevent the back
f i l l material from being saturated. One 
was placed adjacent to the pipe, and the 
other 6 feet below the pipe invert elevation 
and 40 feet west of the pipe center line. 
These drains were covered with 8-inch to 
12-inch concrete sand before backfil l ing 
and functioned as planned. 

The materia l that was removed from 
the western slope in order to rel ieve it of 
the excessive surcharge was deposited on 
the opposite side of the pipe (Figure 13). 
By this means the initial f i l l was widened 
on the eastern side of the pipe and suf f i 
cient res is tance was built up to counteract 
the action of the slide. The pipe itself was 

Figure 10. Upward displacement of culvert 
due to s l ide action. Facing south. 
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Figure 11. Lateral displacement of culvert 
due to s l ide action. Facing north. 

Figure 12. Measuring extent of cu lver t 
d i s tor t ion due to s l i d e act ion . Facing 

north. 

brought to its original horizontal alignment 
by means of hydraulic jacks (Figure 14). 

The space between the sides of the pipe 
and the initial f i l l was backfi l led with se 
lected materia l compacted in 6-inch layers 
by pneumatic tamping up to a height equal 

1 

Figure 13. Removing s l ide material from immediate v ic in i ty of cul -
vert. Facing north. 

to ^/i of the pipe diameter. F r o m this point up to 2-foot elevation above the pipe back
fi l l ing was done by means of a motor grader blade running para l le l to the center line 
of the pipe and depositing material from the western slope in a rather loose condition. 
The remaining part of the trench was backfil led with pans and tractors depositing m a 
ter ia l in 1-foot l i f ts . (See T y p i c a l C r o s s Section, Figure 46). The f i l l was then brought 
up uniformly to about 8 feet above the top of structure. 
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Figure 14. Culvert realignment < 
moval of s l ide materia l . 

f t er 

The next operation was to cut the " i m 
perfect ditch" section above the top of the 
pipe. T h i s was performed by means of a 
dragline moving along the center line of 
the pipe and depositing the excavated m a 
ter ia l on the sides of the ditch (Figure 15). 
No ditched section was dug between Rings 
60 and 72. After the settlement ce l l s were 
installed, (see Apparatus and Experimental 
Procedure) , the imperfect ditch was back
f i l led by means of a dragline bucket drag
ging the excavated mater ia l slowly and 
loosely back into the ditch until it was com
pletely f i l led (Figure 16). T h i s method 
was followed along Rings 29 through 49. 
Other sections of the imperfect ditch were 
backfi l led immediately after the ditch was 
dug by redepositing the excavated materia l 
as loosely as possible. Upon completion 
of the "imperfect ditch, " the whole f i l l area 
was dressed by means of a No. 12 motor 
grader care being taken not to compact the 
area immediately over the pipe (see F i g 
ure 45, F i l l Pro f i l e s 7-11-54). 

Concurrently with the above mentioned 
operations the contractor continued end-
dumping f i l l mater ia l f rom the western 
slope concentrating his efforts away f r o m 

Figure 15. Cutt ing the imperfect d i tch sec t ion on top of pipe. 
Facing north. 

the sl ide area and toward the upstream sections of the pipe. He also began to deposit 
f i l l mater ia l f rom the east with the intention of building a ramp over the pipe so that he 
would not have to reverse the hauling equipment after dumping (Figure 17). The con
struction of a ramp would also result in a more balanced distribution of the load on the 
pipe because the end-dumped materia l would not be deposited on the sides of the pipe 
but along a direction para l l e l to the pipe axis . There fore , the resultant force on top of 
the pipe would also l ie on a plane para l l e l to the pipe axis and even if it were not v e r t i 
c a l it would not throw the culvert out of alignment as previously happened with the sl ide. 

The f i r s t lift of 18 feet was brought in f r o m the east between Rings 15 and 37 and 
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extending over and 30 feet beyond the culvert line. T h i s operation was completed by 
August 1, 1952. In the meantime another 12-foot lift began and advanced from the east 
and in the approximate path of the previous lift. T h i s lift was c a r r i e d over to Station 
297+90 (43 feet beyond the pipe line) and extended from Rings 14 through 16 (see F igure 
45, F i l l P r o f i l e s , 8-7-52). 

Figure 16. R e f i l l i n g the imperfect ditch section with loose mate
r i a l . Facing north. 

Figure 17. Construction of ramp by end-dumping from both eastern 
and western slopes. Facing west. 

After the second lift had reached a height of approximately 50 feet above the top of 
the structure between Rings 12 and 32, bulldozers were used to push and end-dump ma
ter ia l f rom this newly constructed embankment on to the western slope until the ramp 
between the eastern and western slopes was completed (see F igure 45, F i l l P r o f i l e s , 
8-14-52). At this point it was decided that the load on the pipe was again being uneven
ly distributed because in the construction of the ramp, the f i r s t half of the culvert was 
supporting approximately 50 feet of dirt whereas the second half had only the original 
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Figure 18. Approaching completion of second ramp. Mater ia l i s 
being end-dumped from a l l sides of f i l l . Facing east . 

8 feet of embankment that was deposited during the construction of the imperfect ditch. 
Therefore , a 21-foot lift approximately 60 feet wide was next centered over the pipe 
beginning at Ring 32 and end-dumping f rom the sides of the ramp and at a direction 
para l l e l to the pipe axis as far as Ring 64. Gradually, the western toe of this lift and 
the toe of the end-dumped embankment at the western slope met and overlapped each 
other in success ions until the southern slope of the ramp was approached. 

The above operation was completed about August 24, 1952. In the meantime a 25-
foot lift had already begun from the east and was wel l under way when the 8-28-52 data 
were taken (see F igure 45, F i l l Pro f i l e s ) . A s soon as this section was completed so 
as to allow two-way traf f i c , a new 22-foot lift was started, extending from roadway 
Stations 298+00 to 298+60 over Rings 12 to 60 (see F igure 45, F i l l P r o f i l e s , 9-16-52). 
The materia l for this section came from cuts on both ends of the f i l l . At this stage of 
construction the method of load application was considered not to have any serious ef
fect on the culvert structure. However, one more lift forming a sort of new ramp was 
brought f rom the west ( F igure 18, see 
also F igure 45, F i l l P r o f i l e s , 10-21-52). 

F r o m the above point until the comple
tion of the f i l l , mater ia l was deposited on 
top of the f i l l and, subsequently, was be
ing end-dumped over the f i l l s ides in what
ever manner was considered most appro
priate to facilitate the work (Figure 19). 
Most of this f i l l mater ia l came from the 
west by means of 18 cu. yd. Euc l ids or 
side dump trucks , and it was pushed over 
into place by bulldozers and gravity. 

The f i l l reached its highest portion 
during the latter part of March , 1953. On 
A p r i l 10, 1953 the struts were removed 
by means of a wire rope looped around a 
group of struts each time and then puUing Figure 19. Final stages of end-dumped f i l l 
the rope with a bulldozer equipped with a construct ion. Dressing of f i l l slopes, 
winch. The pipe did not deform apprec i - Facing west. , 
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ably upon the removal of struts (see Obtained Data, Figures 53-57). 

CULVERT INVESTIGATION 
Object of Investigation 

The experimental procedure adopted at the Asheville, N. C. meeting sought the fol
lowing objectives: 

A. To study the performance of the culvert from a structural capacity point of view. 
To achieve this purpose three main categories of data were to be collected, namely: 

1. Data from the environmental conditions under which the pipe was installed. 
These conditions included the nature and compaction of the earthen material employed 
and the methods of pipe installation and fill construction. 

2. Data from the settlement and deformations of the bolted structure. Such data 
would be collected along directions parallel and perpendicular to the longitudinal axis 
of the pipe as well as in a radial manner. 

3. Data from the external pressures generated around the pipe structure durmg 
and after the construction of the fill. 

B. To ascertain the validity of "Marston Theory on Loads on Underground Conduits," 
as well as Spangler's "Iowa Formula" for lateral deflection of flexible culvert pipes if 
applied on high fill installations and under conditions similar to those encountered on 
Project 8521. 

C. To draw conclusions relative to the adequacy and economy of the design of the 
culvert under study, and to make recommendations for future installations under simi
lar conditions. 

D. To make recommendations for future research procedures aiming to further the 
present knowledge on underground conduits. 

Apparatus and Experimental Procedure 
To obtain the objective outlined under Object of Investigation, it was decided that m 

general: 
Data from the nature and condition of the soil surrounding the pipe would be obtained 

from as many points as necessary to form a clear overall picture of the encountered 
earth mass. 

Measurements from the settlement and deformations of the pipe would be taken at 
the center of every fourth ring, or every 32 feet. 

Strain measurements would be obtained by means of stram gages at Rings 31, 37 
and 55 (Figures 20 and 21). The first two rings are located under and on either side of 
the centerline of the roadway, which is above Ring 34, and, consequently, they are 
situated under the heaviest portion of the fill. Ring 54 is about midway from the road
way centerline to the downstream toe of the fill and under approximately 84 feet of fill. 

Settlement cells to measure the relative settlement of the loose to the compacted 
mass above the pipe would be installed on both sides of the roadway centerline, i. e., 
at Rings 30, 31, 32 and 36, 37, 38 (Figures 20 and 21). 

In order that the various measurements could be obtained, the pipe interior was i l -
lummated by electric lights strung on an electric line run along the whole length of the 
pipe. Telephone communication was also established by a similar telephone line. The 
power was provided by a gasoline driven portable generator placed outside the pipe. 

To obtain data from the environmental conditions under which the pipe was installed, 
the following operations were performed: 

1. Four permanent bench marks were set on the longitudinal centerline, extended, 
of the culvert; one 10 feet and another 150 feet upstream from the inlet and the same 
downstream from the outlet. The monuments at 10 feet were set with their tops at 
about the elevation of the flow line of the pipe extended. These monuments were made 
of concrete posts 6-inch by 6-inch at the top and 8-inch by 8-inch at the bottom. They 
were tied in both laterally and vertically with other bench marks and reference points 
located a considerable distance from the toe of the slope. The distances between the 
monuments were accurately measured after the culvert trench was excavated and before 
the pipe was erected. 
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2. Longitudinal profile was run along the centerline of the culvert on the natural 
ground before any excavation began. Transverse cross sections were taken from the 
profile line and were extended about 50 feet on each side. These sections were taken 
at the ends of the culvert and at the center of Rings 30, 31, 32 and 36, 37, 38 where 
settlement observations were to be made. Additional profiles and cross sections were 
obtained at the same stations after benching of the side hill, placement of the initial 
fill, excavation of the culvert trench, after refilling of the bedding material, at mter-
vals during the construction of the fill, before and after removal of struts, and at time 
intervals increasing geometrically thereafter. 

End - Dumped F i l l 

Common Overflow Pipe> ^Imperfect Ditch 

-3 r-2-

\\ I I Loose 
\M :Material 

, 1 . II:/ Inlet Pipe 

Compacted 

Bedding Material 

Settlement Cell 

Multi-Plate CM. Pipe 
'SR-4 Strain Gages 

Side Supporting 
Material 

Figure 21. Schematic diagram through Section C-C of Figure 3 show
ing settlement ce l l and strain gage ins ta l la t ion a f ter the removal 

of s truts . 

3. A complete photographic record of all phases of the project was made. Two 
16mm color films have been made also by the Photographic Section of the Division of 
Materials. The first film gives an account of the pipe installation, the fill construction, 
and the various testing procedures with the apparatus used. The second film shows 
the complete operation of obtaining soil samples from the material furnishing side sup
port to the pipe a year and a half after the completion of the fill. 

4. Copious notes were kept of any unusual developments. As it was not possible to 
anticipate what might happen, field parties made frequent inspections of the pipe to ob
serve any phenomena as soon after they occurred as possible. 

5. Soil identification and density tests were made of the soil bedding material, the 
initial fill material, the loose material placed in the "imperfect ditch" and the pneu
matically tamped material on each side of the pipe (see Data, Figure 47). A standard 
field density apparatus was used employing the "balloon" method of volume determina
tion. No densi^ tests were made of the fill material, therefore its unit weight for the 
subsequent computations had to be guessed from previous experience and from the gen
eral nature of the material encountered. 

6. Data from the present condition of the side supporting material. A year and a 
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y 
Figure 22. Forcing the sampling device into the side supporting 

material by means of a mechanical jack . 

F 
Figure 23. The sampling device forced into the side supporting ma

t e r i a l to obtain the second s o i l sample from this opening. 
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half after the completion of the f i l l the R e s e a r c h Section of the Divis ion of Mater ia ls 
decided to conduct a new s e r i e s of tests on the pipe which had not been discussed at 
the Ashevi l le meeting. The purpose of these tests was to ascerta in the current condi
tion and physical properties of the side supporting material . F o r this purpose 8- by 
8-inch square sections were removed from the inner surface of the structure at a l t er 
nate s ides of Rings 8, 16, 24, 34, 44, 45, 56 and 64 (see Data, F igure 48). To r e 
move these sections, an e lectr ical ly driven d r i l l and a power saw were used. Through 
these openings, a sampling device special ly designed in the r e s e a r c h laboratories of 

Figure 24. Space l e f t upon the removal of second sample. At a 
later date these spaces were f i l l e d with s o i l and grout. Opening 

in pipe was made by an e l e c t r i c d r i l l and a power saw. 

the N. C . State Highway Commiss ion , was forced into the so i l mass abutting the pipe 
by means of a mechanical jack (see Experimental Setup, F igures 22-24). The samp
ling device consisted of three steel cy l indr ica l compartments threaded onto each other: 
the cutting part, the main chamber, and the tai l compartment (Figure 25). The device 
was designed in such a way that each time it was forced into the soi l mass an undis
turbed^ sample with dimensions identical to those of a standard Proctor mold was s e 
cured. To obtain a sample the device was forced carefully into the soi l mass until the 
in-coming soi l core was wel l inside the ta i l compartment. The device was then pulled 
back, the cutting and the tai l parts removed from the main chamber and the protrud
ing parts of the so i l core were tr immed down to the edges of the main chamber by means 
of a wire saw and a spatula (Figures 26 and 27). Thus , the soi l sample in the main 
chamber assumed the dimensions of a standard Proctor mold. The samples were 
weighed in situ, their wet density in pcf. was determined and after copious notes were 
recorded pertaining to their general appearance, they were placed in containers and 
c a r r i e d to the soi l laboratories of the State Highway Commiss ion where they were 

' T h e t erm "undisturbed" here denotes undisturbed from the in situ conditions. 
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analyzed and c lass i f i ed (see Data, Table 
4). By obtaining as many samples as 
possible f r o m each position, the v a r i a 
tions in density, moisture, and phys ical 
properties of the side supporting mater ia l 
were obtained along directions perpen
dicular to the longitudinal axis of the pipe. 
Samples were obtained f rom positions ex
tending as f a r as 5 feet f r o m either side 
of the structure (see Data, F igure 48). 
These tests were run for later c o r r e l a 
tion with another s e r i e s of tests designed 
by the R e s e a r c h Section to ascerta in the 
existing lateral p r e s s u r e s mobilized 
against the pipe by the side supporting 
mater ia l . The latter tests have not been 
run yet but the proposed procedure and 
apparatus a r e presented below in this 
paper (see Recommendations). 

To collect data f r o m the settlements 
and deformation of the bolted-plate s t r u c 
ture, the following operations were p e r 
formed: 

1. Settlement of the pipe invert was 
measured by running flow line prof i les 
at periodic intervals (see Data, F igure 
28, also F igure 52). In order that these 
readings be made before the removal of 
s truts , a short rod with goose neck off-

Figure 25. Sampling device. get at bottom and equ^)ped with leveling 
rods and a target was used. Readings were made to 0.01 foot. 

2. Changes in the pipe diameter were measured by means of an extensometer ( F i g 
ure 29). T h i s apparatus cons is ts of a calibrated cy l indr ica l s tee l rod with conical 
shaped ends; its length was adjustable in a telescopic manner. Measurements of dia
meters were taken at prespeci f ied intervals at the middle of each selected ring (see 
Data, F igure 53). To measure the ver t i ca l d iameters , the extensometer was mounted 

Toil 
Comportment 

-Welded Collar 

Pipe Section 

MECHANICAL ANALYSIS AND PHYSICAL CHARACTERISTICS OF MATERIAL PASSING NO. 40 SIEVE OF 
BEDDING, BACKFILL, AND "IMPERFECT DITCH" MATERIAL 

Particles less than 2mm (percent by vt ) 
Ring No Indicating Particles Soil Morta r - 100% 
Locations Represented larger uoarse Sand Fme Sand Silt Clay 
m Composite Sample ttian 2.0 to 0.25 to 0.05 to Smaller than Passing Passing 

Tpr 
Soil 

Posi from Respective 2 0mm 0 25mm 0.05mm 0 OOSmm 0,005mm No 200 No 40 L L PI 0 M C Tpr "s Classi
tion Position Ret. #10 Ret #60 Ret. #270 Passing#270 Sieve Sieve % pcf fication 

8,12,24,32 8 22 18 31 29 65 85 39 13 16 1 113.0 2 63 A-6(7) 
1 16,20,28,31 9 23 20 29 28 63 84 36 10 15 7 114 0 2 63 A-4(6) 

36,38,48,52 1 25 20 29 28 61 84 38 9 16 6 112 0 2 64 A-4(6) 
2 24.26.J1.36,3S,4S,S2 0 24 23 31 22 S9 85 28 N P 14 8 115 0 - A-4(5) 

20,32,33,55 1 23 20 29 28 61 85 38 13 12.5 117 3 - A-6(6) 
1 &2 37,40 3 29 20 27 24 67 78 36 9 13 6 113 6 - A-4(4) 

56,60,68 3 26 21 30 23 59 82 39 10 15 4 111 8 - A-4(5) 
56,60,64,66 4 25 20 28 27 60 84 37 9 16 6 112 2 2 64 A-4(5) 
6,12,16 2 23 17 32 26 64 84 42 14 15 5 113 7 _ A-7-6(8) 
20,24,28,30,32 3 23 17 31 29 64 84 40 15 - A-6(8) 

3 36,37,38,40,44 4 21 16 33 30 67 85 41 15 IS 2 111 4 - A-7-6(9) 
48,52,55,56,60,64,68 3 21 16 31 32 67 85 46 17 110 4 17 4 - A-7-6(10) 

58 2 27 16 30 27 61 81 39 12 - - - A-6(6) 
24,28,30,31 2 25 22 28 25 59 83 26 N P _ A-4(5) 

4 32,36,37,38 2 26 26 30 18 54 83 30 N P - A-4(4) 
40,44,48,52,60 3 25 24 33 18 56 84 28 N P - A-4(4) 
24,28,30,31,32 4 24 23 30 23 59 85 28 N P _ A-4(5) 

5 36,37,38,40,56 2 24 27 31 18 54 66 28 N P 15 3 110 7 - A-4(4) 
44,48,52,55,60 5 26 25 30 19 55 86 29 N P - A-4(4) 
30,31,32,36,37 4 26 26 29 19 53 84 29 N P - A-4(4) 

0 20,38,44,48,55 5 28 24 28 20 53 82 28 N P - A-4(4) 
7 30,31,32,36,37,38 5 26 22 31 21 47 83 36 7 - A-4(2) 



77 

Figure 26. Sampling device with c o i l sample j u s t removed from 
jacking apparatus. 

T A B L E 2 

COMPACTION CHARACTERISTICS O F BEDDING, B A C K F I L L , AND M P E B F E C T D I T C H M A T E R I A L D D R I N O C U L V E R T I N O T A L L A T I O N 
t Position 1 Posi t ion 2 i^osi t ion 3 

Ring 
No. 

Tm w To 0. M . C. KPr . e w 0. M . C. % \ m 1o 0. M . C TPr. % Ring 
No. pcf. % pcf. % pcf. Compact. pcf. % pcf. % pcf. Compact. pcf. % pcf. % pcf. Compact. 
8 

12 
16 
20 

139.2 
132. 7 
139.5 
141. 5 

11.7 
14.6 
10.4 
14. 0 

124.6 
115. 8 
126.4 
124. 1 

12.5 
12.5 
12.5 
14. 8 

117.3 
117.3 
117. 3 
115.0 

106.2 
98.7 

107.8 
107.9 

0. 320 
0. 421 
0. 301 
0. 326 130.3 13. 75 114. 5 12.5 117.3 97.6 0. 437 

109. 8 
122. 8 
123.4 
121. 2 

17, 16 
16. 95 
17. 0 
16. 2 

93. 72 
105.0 
105.5 
104. 3 

15.5 
15. 5 
15. 5 
15. 5 

113. 7 
113.7 
113. 7 
113. 7 

82.4 
93.2 
92. 8 
91, 7 
96. 1 

0. 755 
0. 567 
0. 559 
0.577 
0. 505 24 137. 5 14. 8 119. 8 14. 8 115.0 104.2 0.373 129.5 13.2 114.4 14.8 115.0 99.5 0. 438 128.0 17. 15 109. 3 15. 5 113.7 

82.4 
93.2 
92. 8 
91, 7 
96. 1 

0. 755 
0. 567 
0. 559 
0.577 
0. 505 

28 
30 
31 

130.6 13. 95 114. 6 14.8 115.0 99.7 0. 435 125. 1 I I . 8 111.9 14.8 115.0 97.3 0. 470 125. 8 15. 05 109.3 15.5 113. 7 96. 1 0. 505 
28 
30 
31 132. 0 13. 7 116. 1 12.5 117. 3 99.0 0.417 129. 8 14. 8 115. 0 

- 120.3 17. 40 102.5 15. 5 113. 7 90. 1 0. 605 

32 124. 8 15. 95 107. 6 12.5 117.3 91.7 0. 529 134.7 13. 7 118. 5 12.5 117.3 101.0 0. 388 123.9 16. 8 106. 1 15. 5 113. 7 93.3 0. 550 
33 119. 2 14. 6 104.0 12.5 117. 3 88.7 0. 581 124.4 15.4 107. 8 12.5 117. 3 91.9 0. 525 -

106. 1 15. 5 113. 7 93.3 0. 550 

36 125.7 
14.7 111.9 

14.8 115.0 121. 8 12. 1 108. 7 14.8 115.0 94.5 0. 513 138. 1 16.2 
18. 3 

118. 8 15. 2 111. 4 106. 6 0. 385 
0. 683 37 128. 4 14.7 111.9 14.8 115.0 97.3 0.470 125.3 12.7 111.2 14.8 115.0 96. 7 0.479 115.6 

16.2 
18. 3 97. 72 15. 2 111.4 87. 7 

0. 385 
0. 683 

38 131. 4 12. 75 116. 5 16.6 112. 2 103. 8 0.412 114. 7 12.7 101. 8 14.8 115.0 88.5 0. 616 102. 2 17. 70 86. 83 15.2 111. 4 77.9 
82. 1 

0. 385 
0. 683 

40 
44 

133.3 
125.0 

15.0 115.9 16.6 112.2 103.3 0.419 126. 8 17.0 108.4 16. 6 112.2 96.6 0. 518 107. 1 17. 15 91.42 15. 2 111.4 
77.9 
82. 1 0. 799 

0. 614 
0. 625 

40 
44 

133.3 
125.0 15. 5 108. 2 - 127.1 16.6 109.0 16. 6 112. 2 97. 1 0. 509 121. 1 18. 8 101.9 15. 2 H I . 4 91. 5 

91. 7 

0. 799 
0. 614 
0. 625 48 127.4 13, 3 112.4 16.6 112.2 100.2 0. 464 122.4 - 14. 8 115.0 - 120.4 19.0 101.2 17.4 no. 4 

91. 5 
91. 7 

0. 799 
0. 614 
0. 625 

52 131. 5 12.4 117.0 14.8 115.0 101.7 0.406 115.2 14.8 I I S . O 123. 2 19.4 103. 2 17.4 110.4 93. 5 0. 593 
0. 801 
0. 670 

55 126. 8 14. 5 no. 7 12.5 117.3 94.4 0.486 115. 8 13.3 102. 2 12.5 117. 3 87. 1 0. 610 109.6 20.0 91. 33 17.4 110.4 82, 7 
0. 593 
0. 801 
0. 670 56 130. 0 15. 0 113, 0 16. 6 112.2 100. 7 0. 456 120. 8 16. 9 103.3 16. 6 112. 2 92. 1 0. 592 117. 5 19.3 98. 49 17.4 110.4 89. 2 

0. 593 
0. 801 
0. 670 

60 
54 

133. 8 15.3 116. 0 16.6 112. 2 103.4 0.418 {159. 0) 14.5 (138. 9) 16. 6 112.2 {123. 8) {0. 184) 121.0 18. 35 102. 2 17.4 110.4 92.6 0. 610 60 
54 127. 5 15. 2 no. 7 16.6 112. 2 98.7 0.486 125.2 16.9 107.1 16.6 112. 2 95.5 0. 536 117. 8 17.05 100. 6 

98.68 
17.4 110.4 91. 1 0. 635 

0. 667 68 122. 3 15. 9 105.5 16.6 112.2 94.0 0.559 113.8 19.3 95. 39 16. 6 112.2 85.0 0. 724 116.0 17. 55 
100. 6 
98.68 17.4 110.4 89.4 

0. 635 
0. 667 

97.4 
116.3 
113.2 
104. 1 
111.3 
110.4 
108. 1 
114.8 
110.4 
111.4 

93.4 

10,7 
13.4 
12.0 
10. 55 
10. I 
10. 75 
13,85 
11.2 
12. 15 
11.75 

87. 99 
102.6 
101. 1 
94.17 

101. 1 

99. 68 
94.95 

103.2 
98, 44 

6 . M . C . 

% 
VPr. % " 

Compact. 

91,3 
85.1 
91.3 

90.1 

74.3 

0. 870 
0. 603 
0. 627 
0. 747 
0. 627 
0. 650 
0. 732 
0. 594 
0. 671 
0, 650 

105.0 
100.0 
91.3 

101.3 
104.3 

112.5 
89.9 

109.4 
112.4 
110. 8 

11.05 
11,90 
9. 90 

10.5 
11.4 
11.35 
11.5 
12. 65 

94. 90 

101.8 
80.70 
98. 25 

100.8 
98, 36 

91. 1 

0. 806 
0. 814 
1. 00 
0.817 
0. 733 

0.616 
1.04 
0. 674 
0. 632 
0. 672 

pcf-

113.5 
109, 7 
109.4 
104. I 
102.9 

107.5 
117.9 
111.5 
110.8 
118.0 

97,0 

102.8 
117.3 
119. 9 

11, 15 
13.65 
11.8 
10.2 
11.15 

11.75 
11.45 
11.4 
11. 05 
12. 30 

12.0 
12.70 
11.15 
12. 65 
12.80 

_ p c f . 

102. 1 
96. 52 
97.85 
94.46 
92. 58 

96. 20 
105. S 
100.1 

99. 77 
105.1 

O . M . C . 
% Compact. 

94.9 

78.2 
79. 8 
83.6 
94.0 
96,0 

11.95 
12.15 
11,60 
11.95 

12.55 
13,25 

Sample No. 7 

i: Ss = ̂ e c i f i c gravi ty of so l ids . ' 
^ m = Wet unit weight in lb . per cu. f t . 
To = Dry unit weight i n lb . per cu. f t . 

Tw = Unit weight of water = 62. 4 !b. per cu, f t , 
^ P r . = Max. d ry unit weight, obtained f r o m Standard P r o c t o r Compaction Teat. 

47.7 
57,5 

w " Water Content, % 
O. M . C. - Op t imum Mois tu re Content 

e = V o i d Ratio 

0.611 
0. 704 
0. 681 
0.741 
0. 777 
0. 710 
0. 555 
0. 643 
0. 649 
0.565 
0. 899 
0.861 
0. 779 
0.580 
0.548 ; 

1.06 
1.48 
1. 13 
1. 18 
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34 

44 

45 

56 

T A B L E 3 

MECHANICAL ANALYSIS O F SIDE-SUPPORTING B A C K F I L L MATERIAL 

9 
15 
21 
28 
34 
41 
48 
56 
62 

100 
100 
100 
100 
100 
100 
100 
100 
100 

87 
81 
84 
88 

70 
74 
71 
66 
69 
74 
71 
77 
76 

45 
47 
47 
44 
48 
49 
47 
50 
49 

30 
26 
27 
27 
26 
25 
29 
26 
24 

96 75 

6 
15 
24 

100 
100 

96 
94 

100 

94 
88 
97 

90 
82 
92 

77 
69 
75 

52 
46 
51 

23 
25 
27 

15 
100 
100 

96 
96 

72 
67 

49 
43 

26 
30 

9 
18 
27 

Overall 

100 
97 

100 

96 
95 
97 

90 
89 
92 

76 
76 
72 
83 

54 
52 
48 
58 

23 
23 
30 
25 

23 
26 
25 
22 
21 
25 
24 
23 
25 

25 

23 
23 
22 
24 
26 

22 
23 
21 
22 

Total Total Total Total Total Total Soil Mortar - 100% 
Passing Passing Passing Passing Passing Passing Coarse Fine Silt Clay 

Depth 1 in. 
% 

Va in. 
% 

No. 4 No. 10 No. 40 No. 200 Sand Sand 
ning 
No. Side in. 

1 in. 
% 

Va in. 
% % % % % Ret. #60 Ret. #270 Passing No. 270 

6 100 97 84 60 23 21 32 24 

8 E 15 100 94 86 62 21 21 33 25 
24 100 93 82 60 24 21 32 23 

6 100 83 84 59 22 23 34 21 

16 W 15 100 86 84 60 23 22 34 21 16 W 
24 100 96 82 58 25 23 34 18 

9 100 96 91 86 72 55 23 16 36 25 
15 100 98 93 79. 5 68 53 21 17 37 25 
21 100 97 93 88 74 58 21 17 35 27 

24 E 28 100 99 95 88 77 58. 5 19 19 38 24 24 
34 100 99 96 84 72 54 21 20 32 27 
42 100 99. 5 97. 5 89 75 57 24 17 34 25 
50 100 97 94 86 71 54 22 18 33 27 

Overall 100 84 64 
32 
33 
32 
35 
35 
35 
31 
34 
35 

37 
35 
34 

33 
28 

35 
35 
32 
36 

15 
15 
16 
16 
18 
15 
16 
17 
16 

17 
17 
17 

17 
16 

20 
19 
17 
17 

Figure 27. Trimming ends of s o i l sample trapped inside the main 
chamber of the sampling device. Shown on the l e f t s ideof picutre: 
scales for density determination of samples, so i l core extracting 
apparatus, and moisture cans by means of which samples were taken 

to the N.C. State Highway Laboratories to be analyzed. 
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!»»• 

Figure 28. Obtaining p r o f i l e of culvert 
flow l i n e . Instrument man was able to 
communicate with rodman through a two-way 

telephone l ine . 

Figure 29. Measuring horizontal diameter 
of culvert with an extensometer. 

on Phi l l ips head s c r e w s attached at the 
cres t of the corrugation of the inner s u r 
face of the pipe. These screws made the measurements possible under water. The 
ends of the horizontal diameters were marked by punch-marks in the inner surface of 
the pipe structure. A l l subsequent measurements were made at these points which 
marked the initial ver t i ca l and horizontal diameters of each ring; therefore, in the e-
vent that the structure rotated about its longitudinal ax i s , these readings would be cal led 
erroneously "the ver t i ca l" and "horizontal" diameters of the pipe respectively. R e a d 
ings were made to 0. 001 foot but due to the adverse conditions under which these r e a d -

T A B L E 4 

COMPACTION CHARACTERISTICS AND PHYSICAL PROPERTIES O F SIDE SUPPORTING MATERIAL 
TWO YEARS A F T E R C U L V E R T INSTALLATION 

Ring 
No. 

Side Depth 
in. 

Ym 
pcf. 

w 
% 

Yo 
pcf. 

O. M. C. 
% 

YPr. 
pcf. Comp. 

Ss e L L PI Soil 
Classif. 

8 E 
6 

15 
24 

120. 2 
123. 8 
125.4 

23. 2 
22. 1 
21.3 

97. 56 
101.4 
103.4 

15. 1 111.2 
87. 7 
91.2 
93. D 

2. 63 
2. 63 
2. 64 

0. 682 
0. 618 
0. 593 

34 
33 
35 

7 
7 
9 

A-4(5) 
A-4(5) 
A-4(5) 

16 W 
6 

15 
24 

130.0 
125. 6 

(114.0)^ 

16. 8 
20. 7 
22. 1 

111. 3 
104. 1 
{93. 37) 

15. 1 111. 9 
99. 5 
93. 0 

(83. 4) 

2. 64 
2. 63 
2. 64 

0. 480 
0. 576 

(0. 764) 

33 
34 
34 

6 
6 
5 

A-4(5) 
A-4{5) 
A-4(5) 

15 
21 
28 
34 
42 
50 

Overall 

130.0 
131.0 
132.2 
128.2 
129.4 
131.2 
128.7 

18. 0 
18.9 
18.4 
17.5 
19.6 
19.7 
18.7 

110.2 
110.2 
111. 7 
109. 1 
108.2 
109.6 
108.4 

16. 8 

15.6 , 

98.4 
98.4 
99.7 

112.0 97.4 
96.6 
97.9 
96. 8 2. 62 

2. 65 

0. 489 
0. 484 
0. 469 
0. 510 
0. 511 
0. 492 
0. 508 

36 
37 
34 
35 
38 
41 
39 
39 

14 
13 
10 
11 
13 
17 
13 
15 

A-6(7) 
A-6(7) 
A-4(6) 
A-6(7) 
A-6(7) 
A-7-6(9) 
A-6(7) 
A-6(8) 

34 w 

9 
15 
21 
28 
34 
41 
48 
56 
62 

126.7 
125.1 
123.6 
124.8 
126.5 
127.3 
125.6 
126.3 
123.2 

19.0 
21.0 
21.0 
20. 7 
18.6 
20.0 
19.5 
21.7 i 
22.9 i 

106.5 
103.4 
102.1 
103.4 
106.7 
106. 1 
105. 1 
103.8 
100.2 

111.4 

95.6 
92. 8 
91.7 
92. 8 
95.8 
95.2 
94.3 
93.2 
89.9 

2. 64 
2.64 

0. 547 
0. 599 
0. 620 
0. 599 
0. 544 
0. 559 
0.573 
0. 587 
0.644 

44 E 

29 
28 
28 
29 
28 
29 
29 
30 
31 

N. P. 
N. P.! 
N.P.; 
N. P., 
N. P.' 
N. P. I 
N. P.^ 
N. P.l 
N. P.! 

A-4(3) 
A-4(4) 
A-4(4) 
A-4(4) 
A-4(4) 
A-4(4) 
A-4(4) 
A-4(4) 
A-4(4) 

9 
18 

126.1 
126.9 

17.3 
19. 8 

107.5 
105.9 

114. 5 93.9 
92.5 

0. 509 
0. 532 

A-4(4) 

45 W 15 
24 

128.2 
125.1 

16.7 
18.3 
18.9 , 

108.4 
105.2 

13.4 ' 114. 8 94.4 
91.6 

2. 63 
2.64 
2.64 

0. 520 
0. 566 

34 
35 
36 

A-4(5) 
A-4(4) 
A-4(4) 

15 
125.5 

(126. 8)" 
20. 2 
17. 1 

104.4 
(108. 2) 

110.3 94.7 
(98. 1) 

2. 63 
2. 64 

0.572 
(0. 523) 

34 
34 

A-4(4) 
A-4(3) 

9 
18 
27 

Overall 

123.6 
125.1 
123.7 

21.2 
23.0 
23.7 

102.0 
101.7 
100.0 

15.5 

15.9 

112.6 

110.2 

90.6 
90.3 
18.8 

2.64 
2. 62 
2.64 
2. 615 

0.615 37 
0. 608 35 
0.647 36 

37 

A-4(5) 
A-4(5) 
A-4(4) 
A-4(5) 

Sample was sheared in the main chamber of the sampling device and reassembled. Value of w reliable. 
"Modified density apparatus was used unsuccessfully to obtain Ym. Only w value reliable. 
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Figure 30. Plumb bob, dropped from top of 
pipe to ascerta in whether s tructure has 

rotated about i t s horizontal ax is . 

ings were obtained, one is not justif ied to 
c a r r y them c loser than 0. 01 foot. These 
adverse conditions were caused by: (a) i n 
adequate and poor illumination of the pipe 
interior (because of burnt-out or grounded 
light bulbs), (b) inadequate working space 
because of the presence of struts , pine 
caps, top and bottom s i l l s , etc. F u r t h e r 
more, the f ield personnel had to be con
stantly in a bending position because of the 
pipe opening. 

3. T o ascertain any rotation of the 
^^—g, ^^^^^^^m^^^^^^^m s tructure about its horizontal axis , a 
^ H R > ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ H r ^ B plumb-bob was dropped from the Phi l l ips 

' ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ™ screw head at the top part of the ver t i ca l 
diameter of the pipe (see Provis ions for 
Construction of Special Pipe L i n e s ) , and 
the distance from the plumb-bob to the 
original invert of the pipe (bottom Phi l l ips 
screw head) was measured in inches ( F i g 
ure 30). The direction was recorded as 
" E " or "W" (east or west respectively) 
and, looking upstream, it indicated r e 

spectively a clockwise or a counter-clockwise rotation of the pipe. The readings were 
c a r r i e d to 0. 1 inch but for reasons stated in Provis ions for Construction of Special 
Pipe L i n e s plus the fact that the bob was never s t i l l due to continuous draft and the 
water flow through the pipe, these readings should be c a r r i e d only to the nearest 0. 05 
foot (Table 5). 

4. To detect any movement of the centerline of the pipe, lateral profi les (Figure 
54) were run as follows: The init ial centerline, considered to be the datum line, had 
been established by means of the two permanent monuments installed 10 feet f rom the 
upstream and downstream ends of the pipe. F r o m this l ine, horizontal deviations of 
the middle of the horizontal diameters of the centers of the prespectfied rings were ob
tained by: (a) setting a level at the upstream monument and sighting at the downstream 
monument, and (b) attaching the extensometer at the horizontal diameter marks of each 
corresponding ring and measuring the distance between the middle of the horizontal 
diameter and the point where the line of sight intersected the extensometer. 

5. Radial deformations of the pipe c ircumference at the middle of Rings 31, 37 and 
55 were measured by means of a device called the pipe protractor. T h i s device con
s i s t s of a c i r c u l a r steel plate about one foot in diameter and scr ibed every 10 degrees 
around the c ircumference (Figure 31). 

The protractor was rigidly mounted at the top and bottom Phi l l ips s crews of the 
corresponding rings. A movable a r m of known length, which could be clamped at any 
angle of the protractor , was mounted at the center. By setting the a r m at 10 degree 
angle intervals , the top of the ver t i ca l diameter being the zero reading, and measuring 
the distance f rom the end of the a r m to the pipe wal l , a record of the pipe shape was 
made. 

The center of the protractor was always kept at a constant distance from the bottom 
Phi l l ips head screw. Consequently, the position of the protractor center relative to the 
pipe c ircumference was not kept fixed as it depended on the relative movement of the 
bottom point. Therefore , the readings on subsequent dates did not yield the actual r a 
dial deflection of each init ial point of the c ircumference from this center. Neverthe
l e s s , one could plot the overal l shape of the ring on a given date regardless of its r e l a 
tive position to previous dates. 

The distance between the a r m and the pipe wal l was measured by an ordinary ruler 
and the reading was c a r r i e d to the nearest 0. 001 foot. However, because of the a l 
ready mentioned adverse environmental conditions encountered on this project , plus 
the fact that overlapping of the plate sections at four points on the c ircumference do not 
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T A B L E 5 

P I P E ROTATION DATA* 

Aing July 9,19S2 Aug S,lSS2 Aug 14,lSSS Aug.28,1952 Sep.17,1SS2 Oct 21,1952 Nov 13,195! Dec 8,1952 Jan.( i , 1953 
No. East West East West East West East West East West East West East West East West East West 

1 0 5 0 5 1.5 1 5 2 0 1.5 1 5 1.5 1 5 
4 0 8 0.8 1 2 1 0 1 0 1.0 1 0 1.0 1 0 
8 0 5 0.5 1 5 1 5 1 5 2 0 1 5 1 5 1 5 

12 0 3 0 5 1 8 2 0 1 5 1 5 1 0 1 5 1 5 
16 1 5 1 5 3 5 3.4 3 0 3 5 3 0 2.5 2.5 
20 0.3 0 5 1 5 1 5 1 0 1.0 0 5 0.5 0 5 
24 0 0 0 0 0.5 1.0 0 0 0 0 0 0 0.5 0.5 
28 1.0 1.0 0 5 0 5 0 0 0 0 0 0 0 0 0 0 
30 0.8 1.0 0 5 0 5 0 0 0 0 0 0 0 0 0 0 
31 1 0 1 0 0.5 0 0 0 0 0 0 0.5 1 0 1 0 
32 1 2 1.0 1.5 1 5 0 5 1.0 1 0 0.5 0 5 
36 1 2 1 5 1.5 1 5 0 5 0.5 0 5 0 0 0 0 
37 0.5 0.5 0 0 0 3 1.0 1 0 1.0 1 0 1 0 
38 0 6 0.6 0 0 0 0 0 5 1.0 1 5 1. 5 1 5 
40 1 1 1.0 0 5 0 5 0 5 1 5 1 5 1 5 1.5 
44 0 0 0 0 0 4 0 5 1 0 1 0 1.5 2.0 2.0 
48 1 0 1 0 1 0 0 5 0 0 1.0 0 0 0 0 0 5 
52 1 0 1 0 1.0 1 0 0 0 1 0 0.5 0 5 1.0 
55 0.8 1.0 1.2 0 5 0 0 0.5 0.5 1 0 1 0 
56 2 0 1 8 2 0 1 0 0 5 0 0 0 0 0 0 0 0 
60 0 8 0.8 1 3 0 5 0 0 0 0 0 0 0 0 0 0 
64 0 7 0.7 1 5 1 0 1 0 0.5 0.5 0.5 1.0 
68 0.9 0.9 1.5 1 5 1 5 0.5 0.5 0.5 0 5 
72 1 0 1 0 1.5 1 5 1 0 1.0 1.0 1 0 0 S 
Ring Jan 2t i, 1953 Feb. 25,1953 Mar 8,1953 Mar. 14,1953 May 2 6,1953 June 16,1953 Aug 5,1953 Nov 24,1953 Mar 29,1954 
No. East West East West East West East West East West East West East msi East West East West 
1 
4 

b 
1.0 1.0 1.0 1 0 1 0 1.0 1 0 1.0 1.0 

8 1 5 1.5 1.5 1 5 1 5 1.5 1.5 1.5 1 5 
12 1 5 1.5 1 5 1 5 1.5 1.5 1.5 1.5 1 S 
16 2 5 2.5 2.5 2 5 2 5 2.5 2 5 2 5 2.5 
20 0.5 0 5 0.5 0 5 0 5 0 5 0 5 0.5 0.5 
24 0.5 0 5 0.5 0 5 0.5 0 5 0.5 0 5 0 5 
28 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
30 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
31 1 0 1 0 1.0 1 0 1.0 1 0 1 0 1 0 1.0 
32 0.5 0 5 0.5 0 5 0 5 0 5 0 5 0 5 0.5 
36 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
37 1 0 1 0 1 0 1 0 1.0 1 0 1.0 1.0 1.0 
38 1 5 1 5 1 5 1 5 1 5 1 5 1.5 1 5 1 5 
40 1.5 1.5 1 5 1 5 1 5 1 5 1 5 1 5 1 5 
44 2 0 2 0 2 0 2 0 2 0 2 0 2 0 2 0 2 0 
48 0 5 0 5 0 5 0 5 0 5 0 5 0.5 0 5 O.S 
52 0 5 0 5 0 5 0 5 0.5 0 5 0.5 0 5 0 5 
55 1 0 1 0 1 0 1.0 1.0 1.0 1 0 1 0 1 0 
56 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
60 
64 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 60 
64 0 5 0.5 0.5 0 5 0 5 0.5 0 5 0 5 0 5 
68 0.5 0 5 0 5 0 5 0 5 0.5 0 5 0.5 0.5 
72 0.5 0 5 0.5 0 5 0 5 0 5 0 5 0 5 0.5 
^Distance measured in inches, measured from the tip of a plumb bob hanging from the top of pipe to the original pipe invert 
^Ring deformed excessively by fallen boulder 

permit securing a truly representative picture of the pipe c ircumference , it i s felt that 
the experimental e r r o r involved cannot be l e s s than ±0 . 025 foot. 

To determine the external p r e s s u r e s generated against the pipe s tructure , no direct 
measurements were proposed at the Ashevi l le meeting. Instead, either the total de
formation or the s tra in at various points of the structure was measured by various 
means and conclusions concerning the loads which caused those deformations were 
drawn by using suitable load-deformation or s t r e s s - s t r a i n diagrams. Such data were 
collected by: 

Strain Gages. T h i r t y - s i x type A - 1 S R - 4 s tra in gages were installed on Rings 31, 
37, and 55 by the A r m c o R e s e a r c h Laborator ies (Figure 32, a lso see F i g u r e s 20 and 21). 
Special care was taken to waterproof these gages and to provide them with mechanical 
as wel l as chemical protection (F igures 33-37). The method of insulation was s i m i l a r 
to the one followed at another Mult i -Plate pipe installation in Cu l lman , Alabama ( T i m -
m e r s , 1953). 

Gages were installed on each of the above mentioned rings. One group was installed 
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on the ver t i ca l plane of the corrugation immediately downstream f r o m the inside c r e s t 
at the center of the ring. T h e other two groups were placed two feet on each side of 
the center group. E a c h group consists of four gages placed at the top, bottom, east, 
and west s ides of the pipe c ircumference and as c lose to the geometrical neutral ax is 
of the corrugated pipe surface a s the laboratory fac i l i t ies rendered possible. The lead 
w i r e s f rom the top and bottom gages were protected in pipe conduits attached to the 
corrugated plates in inside val leys to points 6 inches f r o m the edge of the plates. 

Strain measurements were recorded in micro- inches per inch by means of a B a l d -

.Top Phillips Haad Screw 

Pipe Inside Surface 

d° Measured 
Distance to Crest 
of Inside Corrugati 

Graduations Indicating 
Angles in Degrees 

I Oft Diam 
Circular Steel Plate 

Adjustable 
Length 

^"Oiam Pipe 

Movable Arm 

Bottom Phillips Head Screw 

Fxgure 31. Pipe Protractor. 

win Type L portable s tra in mdicator (Figure 38). The measured s tra in was converted 
to s t r e s s by means of a s t r e s s - s t r a i n diagram obtained f r o m a s e r i e s of conventional 
tensile tests performed at the A r m c o R e s e a r c h Laborator ies on standard V2 inch wide 
para l l e l section by 2-inch gage length sheet tensile samples with a type A - 1 S R - 4 s tra in 
gage centered in the para l l e l section (see Appendix). The thrust per foot of longi
tudinal seam was computed by multiplying the s t r e s s by the c r o s s sectional area of the 
corrugated surface per foot of longitudinal seam. 

Strut Load C e l l s . T h e i r purpose was to measure the s tra in and accordingly the load 
c a r r i e d by the struts supporting the pipe. F r o m these data, and the strut spacing, the 
load per l ineal foot of pipe c a r r i e d by the struts alone could be computed for the ring. 
Strut load ce l l s were placed on two struts at Ring 31 between the oak strut and the pine 
compression cap. These ce l l s were designed also by the A r m c o R e s e a r c h Labora tor 
ies and they had been used previously in the Cul lman, Alabama installation ( T i m m e r s , 
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R U B B E R PAD COVERED WtTH PLASTIC 
F O R M E C H A N I C A L P R O T E C T I O N 

Figure 35. 

Figure 32. Insta l lat ion of A-1 SR-4 strain 
gages on culvert plates (Ring 55, bottom) 

at the Armco Research Laboratories . 

Figure 33. 

3 ^ 4 ' 5 ' 6 ' 7 6 9 10 II G 
A R M C O R E S E A R C H L A B O R A T O R I E S 

I N S T A L L A T I O N C O V E R E D W I T H 

P E T R O L A T U M - F I L L E D l/lt" S H E E T 

R U B B E R E N V E L O P E : F O R F I N A L 

W A T E R P R O O F I N G T R E A T M E N T 

M E T A L C L I P U S E D T O K E E P L E A D 

W I R E F R O M P U L L I N G O U T 

I RM E O ^ S E W H tisolATlRIEk" " 

Figure 36. 

P R O T t C T l V C . PAD AND P E T R O L A T U M 

W E L l - C E M E N T E D W I T H ANCHOR-TAK 

FROM 

Figure 34. 

Figure 37. Gages ins ta l led on culvert plate 
(Ring 31, EJottom) and covered with metal 

plate for mechanical protection. 

1953). They were constructed f rom 6-
inch steel pipe, 7 inches high with a 1-by-
8-inch steel plate on each end (Figures 
39 and 40). They contain nine permanent
ly installed A X - 5 type S R - 4 s train gages 
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and a temperature compensator. Readings were made with the same type L portable 
s tra in indicator used in recording the s train from the s train gages of item (a). The 
s tra in was converted to load in pounds by means of load-strain calibration diagrams. 
These diagrams were prepared at the r e s e a r c h laboratories of N. C . State Highway and 
Public Works Commiss ion from s e r i e s of compress ive tests run on each ce l l by using 
a Baldwin-Southwark Testing Machine with loads up to 2 0 0 , 0 0 0 lb. , at 2 0 , 0 0 0 lb. i n 
crements (see Appendix). 

Maasuring the V e r t i c a l Deflection of the Pine Caps . A tack was driven into the oak 
strut at a point one foot f rom the pine cap. At later dates the distance between the tack 
and the top of the pine c^p was again recorded and subtracted f r o m the init ial reading. 
Thus , the compression in the pine cap was obtained. The readings were c a r r i e d to 
the nearest 0 . 01 foot. The loads which caused these deflections were determined by 

V . 

Figure 38. Recording strains on culvert insid 
a Baldwin Type L portable s train 

using a load-deflection diagram construct- ' 
ed in the State Highway Laborator ies f rom 
a s e r i e s of nine tests run on s i m i l a r oak -
pine specimens and under conditions s i m 
ulating those encountered in the f ield (see 
Appendix). F r o m the above data and 
the strut spacing the load per l ineal foot 
that was c a r r i e d by the struts alone could 
be computed along the whole pipe. 

To estimate the ver t i ca l load on top of 
the conduit by means of the Marston-
Spangler theory, the following data must 
be secured: (1 ) height of f i l l , H , in feet; 
(2 ) conduit diameter, B Q , in feet; (3 ) 
height of imperfect ditch, Hd, in feet; ( 4 ) 
effective width of imperfect ditch, Bd, in 
feet; ( 5 ) average unit weight of f i l l mate-

surface by 
indicator. 

of 

Figure 39. Strut load c e l l . 



85 

Top Sills 

4 i 

Joints Sealed 
with Permotex 

Pine Compression 
Cop 

8 8 
0> 

Strut 
Load Cell 

6.283 

6.625" 

k - 342" 

Bottom Sill 

Pipe 
Circumference 

FRONT VIEW 
AX-5 Type-SR4 Stain 
Gages. 3 Gages Wired 
in Series. 3 Groups 
Wired In Parallel 

Cylinder Filled 
with Melted 
Petrolatum 

Lead Outlet 
IMode from 5/8' 
Copper Tubing 

TOP VIEW 
Figure 40. Strut Load C e l l . 

r i a l , y, in p c f . ; (6) effective angle of internal fr ict ion of f i l l mater ia l , C )̂ equiva
lent "hydrostatic earth p r e s s u r e ra t io ," Ke- ' T h i s ratio i s assumed to be identically 
equal to the coefficient of active earth p r e s s u r e , K A > * (8) Moduli rat io , a ; (9) sett le
ment ratio, rgd-

Items ( l ) - (4) a r e measured quantities. Values for i tems (5)-{8) a r e estimated f r o m 
the nature of f i l l mater ia l and the methods of f i l l construction. The cohesion in the a -
bove theory i s either neglected or accounted for by an equivalent angle of internal f r i c 
tion (see Ana lys i s of Data). 

The settlement ratio, rg^ , for an in^jerfect ditch installation (Spangler, 1946) i s 

'See, References , Costes , 1955, p. 22. 

K A = tan' (45° - ^ / t ) 
V + 1 + | i 

where |i. = tan«|.. (gpangler, 1951, p. 411) 
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defined as: 
where: fsd = So - (sd + dc + sf) / sd = (sc - si) / sd 

SI = S(j + dc + sf = Settlement of the surface of the loose mater ia l , placed in the 
imperfect ditch, feet. 

S(. = Settlement of the compacted mater ia l , placed adjacent to the imperfect 
ditch, feet. 

S(j = Compress ion of the loose materia l in the imperfect ditch within the ditch 
height Hd, feet. 

dp = Shortening of the ver t i ca l diameter of the conduit, feet, obtained by means 
of the extensometer (see Apparatus). 

Sf = Settlement of the conduit foundation, measured by running flow line p r o 
f i l e s as described previously. 

Figure 41. Ins ta l la t ion of Ames settlement c e l l s on the compacted 
f i l l mass adjacent to the top of the imperfect ditch. 

To measure the settlements of the loose and the compacted soi l masses directly a -
bove and adjacent to the pipe, 36 Ames Settlement C e l l s were installed under the direct 
supervis ion of M . G. Spangler on positions approximately 8 feet above the pipe and over 
the centers of Rings 30, 31, 32 and 36, 37, 38 (Figure 41). These ce l l s were installed 
in groups of s ix and they were assigned identification numbers 1 - 6 . C e l l s 1 , 2 , 5 and 
6 were placed upon compacted f i l l ; ce l l s 3 and 4 were placed at the top of the imper 
fect ditch section which was ref i l l ed with loose mater ia l (F igures 20 and 21). 

The principle of the A m e s Settlement C e l l i s shown on the diagram of F igure 42. 
Readings were made by means of a mercury manometer special ly designed by ^ a n g l e r 
(F igures 43 and 44). To obtain a reading the following procedure was followed: 

1. The manometer board was fastened securely at the top and bottom Phi l l ips head 
s c r e w s , which marked the ver t i ca l diameter of the correspondi i^ r ing, by tightening 
the nut against the end of the supporting pipe. 

2. With mercury in manometer, the upper leg was f i l led with water through the 
pinch clamp and the a i r was worked out! of the manometer. 

3. The inlet pipe of the settlement ce l l was connected. 
4. The force pump was connected and with valve (a) open, water was pumped slow

ly into the settlement ce l l . When inlet pipe and ce l l were fu l l , water spi l led out of the 
outlet or overflow pipe. 

5. While gradually pumping water into c e l l without surge, valve (a) was closed and 
the water column was allowed to come to rest . 



87 

6. The v e r t i c a l distance f r o m meniscus (e) to meniscus (f) multiplied by 13. 6 (the 
specif ic gravity of mercury) represented the ver t i ca l distance f r o m point (e) to the ov
erflow or i f ice in the settlement ce l l . T h i s distance was added to the measured l e i ^ h 
(c) - (e), to obtain the ver t i ca l distance f r o m the invert of the pipe to the settlement 
ce l l . Having obtained the elevation of the pipe invert f r o m the flow line prof i les the 
elevation of the settlement c e l l could thus be determined also. In addition to the gen
e r a l adverse conditions encountered in the pipe interior the very nature of this experi 
mental setup c a r r i e s inherent sources of experimental e r r o r . These sources w i l l be 
discussed in detail in the chapter Analys i s of Data. 

To make a prediction a s to what the horizontal diameter of the conduit would be un
der var ious f i l l heights, the following items a r e employed in Spangler's "Iowa F o r m u l a . 

1. V e r t i c a l load on top of pipe, Wc , in lb. per l in . i n . , estimated by means of the 
Marston-Spangler theory. 

2. Bedding angle of pipe installation, o, estimated f r o m cross - sec t ions along the 
culvert line. 

3. Mean radius of pipe, r , in inches. 
4. The product of modulus of elasticity t imes the moment of inert ia of field-bolted 

ZiBro mark on 

Note Crushed rock piled over cell belbre 
fill IS MM/I to permit otr cmrulalion 
and prevent aiphonic action 

izya'nA'pi 
i l i ^ n f / x l e s 

in gage 

threaded into pble 
Ceto txittt ends 

Flemble ttose. 
connections 

Figure 42. Diagram showing principle of Ames Settlement C e l l (af ter 
M.G. Spangler). 

Mult i -Plate r ing , E I , in lb. - i n . " per inch. 
5. The modulus of pass ive res i s tance of side supporting mater ia l , e, in p s i . per 

in. e i s assumed to be a constant quantity depending on the conduit installation and the 
nature of the side supporting mater ia l . 

6. The deflection "lag fac tor ," Dg. 
F o r a strutted pipe the following quantities a r e employed in addition to those men

tioned above: 
7. Effect ive length of strut, Ls> in inches. 
8. C r o s s sectional area of strut , Ag , in in .* . 

See Ana lys i s of Data. A l s o , References , Spangler, 1946, 1955. 
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Top of Pipe 

Connect to Inlet 
Pipe of Settlement 
Cell 

Connect to 
Force Pump 

I " Threaded Rod 

Rubber Tube and Pinch Clamp (b) 

| " x 3 2 " x 3 6 " Plywood Board 
Fastened Rigidly to 

J " Pipe 

Valve (a) 
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b 
i 
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T . - . o . , / x x x t (d f )s in l0» (cm) + 76.7{cm)-(ed)(cm)] l3.6*{ce)(cm) 
Elev. of Cell (ft) = + 

30 .48 cm/ft 

Elev. of Invert ( f t ) . 

Figure 43. Diagram showing detai ls of mercury manometer device by 
means of which elevations of settlement ce l l s were obtained. (After 

M.G. Spangler.) 

9. Longitudinal spacing of s truts , Ss-
10. Equivalent modulus of compression of the strut, E s . in p s i . 

T o determine item (4) two different test r ings of No. 12 gage metal were used, one 
of which had been annealed, the other a s received. The rings were loaded on diamet
r i c a l l y opposed edges. Horizontal and ver t i ca l deflection measurements were read on 
four corrugations for load increments. Load-deflection curves were plotted and load-
deflection values taken f r o m the slope of the straight line portion of the curves . These 
values were substituted in formulas for computing deflections in c i r c u l a r r ings and the 
E I product was evaluated (see Appendix). These resul ts show the effective E I prod
uct to be approximately 60 percent of the theoretical value for Mult i -Plate rings with-



Figure 44. Manometer board with mercury 
manometer by means of which settlement 

readings were obtained. 
curve of E g versus f i l l height, H, could be constructed 
appear in the section, Ana lys i s of Data of this paper 

out bolted joints. T h i s difference is con
s idered to be mainly on account of a hinge 
action at the bolted seams. 

To obtain direct information regarding 
the nature of the modulus of pass ive r e 
sistance and the magnitude of the deflec
tion lag factor for this installation, an ex
perimental procedure i s outlined in later 
sections of this paper (see Recommenda
tions). 

In order that the equivalent modulus of 
compression of the strut be estimated, it 
was suggested that the entire deflection of 
the strut system be assumed to occur in 
the pine compression cap. The load per 
strut v e r s u s f i l l height could be plotted 
f r o m the pine compression measurements 
and the strut load ce l l readings recorded 
at various stages of the f i l l height (see 
Data, F igure 59). The effective strut 
length and c r o s s sectional area could be 
determined by direct measurements. A c 
cordingly, approximate values of E s could 
be estimated for various f i l l heights and a 

Objections to such prodecure 

O B T A I N E D D A T A 

Data f rom the Environmental Conditions of Pipe Installation 

Figure 45 shows a cross - sec t iona l view of the f i l l on top of the pipe line. On the 
same figure the various stages of construction, as wel l as the f inal settlement of the 
flow line, as indicated by the shaded portion, have been plotted f rom profi le data. 

The "imperfect ditch" method that was employed in the installation of the culvert i s 
shown in Figure 46. T h i s figure is a typical cross - sec t iona l view of the pipe that was 
obtained at Ring 31. 

In F igure 47, the marked positions (1) - (7) indicate the locations along the pipe line 
where density tests were performed. 

9 Position of Settlement C e l l s 
• Position of Strain Gages 

3 - 3 0 - 5 4 
3 - 3 0 - 5 3 

I- 2 7 - 5 3 1 - 2 7 - 5 3 

16 2 0 2 4 2 8 31 3 4 37 40 
Ring No. 

Figure 45. F i l l prof i les and culvert settlement. 
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I 
End-Dumped Material 
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EI.I875 
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Loose, Compress 
Materia 

6x6x1-6 Pme Compression Cap 
Plate 

iongated 

Top Oak Sil l 

oturo 
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I 1 A -4 Material Compacted in 6in. Layers by Pneumatic Tamping 

I I 11 Slightly Compacted F i l l Material 

IXXI F i l l Compacted by Hauling of Heavy Earth-Moving Equipment 

Figure 46. Typical cross section showing culvert ins ta l la t ion . Ob
tained at Ring 31. Looking downstream. 

Inasmuch as the amount of so i l obtained f r o m each position for the density tests was 
not sufficient for grain s ize analys i s , Atterbergl imit determination and standard P r o c 
tor compaction tests , composite samples were made f r o m mater ia l of identical positions 
along the pipe l ine. The resul ts of tests that were performed on the above composite 
samples appear in Tables 1 and 2. In the same tables the dry unit weight of the mate
r i a l , ^ 0 > the percent compaction based on the maximum dry unit weight, y p r . , of the 
corresponding standard Proc tor compaction test and the void ratio, e, of each position 
have also been calculated. 

Data f r o m the compaction character i s t i c s and the nature of the side supporting m a 
ter ia l that were obtained two y e a r s after the installation of the pipe (see Apparatus and 
E3q)erimental Procedure) appear in Tables 3 and 4. The variation of the dry unit weight, 
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West- - > East 

End-Dumped Material 

Ls) 
Compacted F i l l 

Imperfect Oitcti 

Loose Motenal 

•VQ , water content, w, and void rat io , e, 
with la tera l depth for each position i s shown 
graphically in F igure 48. F r o m v i sua l and 
manual inspection, the side supporting m a 
ter ia l was described generally as: T a n -
i sh-gray , highly micaceous, non-plastic, 
c layey-sandy-s i l t with a f a i r percentage of 
weathered rock fragments of coarse sand 
part ic le s i ze . Occasional ly , a few stones 
of gravel s ize and s m a l l pockets of low 
plasticity clay are present. Parent rock 
was generally gneiss or schist . The mois 
ture content was generally above optimum. 

Results f r o m "quick consolidated" t r i -
axia l tests performed on the same samples 
appear in F igures 49 and 50 (also see A p 
pendix). 

The init ial values of the dry unit weight, 
•VQ J of the side supporting mater ia l , as 
we l l as those obtained two y e a r s later have 
been plotted against the respective r ing 
number in F igure 51. The mean init ial 
values of 'YQ have also been plotted in the 
same figure giving a picture of the average init ial compaction conditions of the side sup
porting materia l . 

strutted Pipe 

ni t ia l 

Support 

Bedding Mater iol 

Figure 47. Schematic diagram of pipe i n 
s t a l l a t i o n indicat ing density tes t posi 

tions. 

Data f r o m Settlements and Deformations of Bolted-Plate Structure 

Settlement prof i les of the pipe invert for various heights are shown in F igure 52. The 
datum line of these curves i s the init ial profi le of the pipe invert, obtained July 9, 1952. 
The settlement of the flow line on a given date was calculated by subtracting the e leva
tions obtained at that date f r o m the corresponding init ial elevations of the datum line. 

C u r v e s showing the shorteni i^ of the ver t i ca l diameters and the elongation of the hor 
izontal diameter of the pipe for various f i l l heights have been plotted in F igure 53. E a c h 
set of the above two fami l ies of curves i s r e f e r r e d to the corresponding init ial set of 
readings, obtained July 9, 1952. 

Data f r o m the rotation of the pipe structure, as obtained f r o m the plumb-bob meas 
urements, are presented in Table 5. 

L a t e r a l prof i les of the pipe center line for various f i l l heights have been plotted in 
Figure 54. The base line of those prof i les i s the init ial culvert alignment established by 
the pavement bench marks (see Experimental Procedure) . 

F igures 55, 56, and 57 show schematic diagrams of the pipe c r o s s section at Rings 
31, 37, and 55. These diagrams have been plotted f r o m the Pipe Protrac tor data. The 
scale of deviations f rom the 66- in. diameter c i r c u l a r c ircumference that s e r v e s as the 
datum line has been increased f ive t imes that of the c ircumference . Thus> an exagger
ated but, nevertheless , a c l ear picture of the load effect on the pipe shape i s given. 

Data Evaluated f r o m Recorded Strains and Deformations of the Pipe Structure 

Graphs showing the magnitude of ver t i ca l p r e s s u r e s at Rings 31, 37, and 55, evaluated 
f rom s tra in gage readings at var ious stages of the f i l l construction are shown in F igure 
58. 

The load c a r r i e d by the strut at Ring 31, as determined from the large load c e l l 
readings, has been plotted v e r s u s f i l l height in F igure 59. F o r comparison purposes 
the same load, as obtained f r o m the pine cap compression measurements on R i i ^ 31, 
has been plotted also on the same figure. See Appendix, for load c e l l calibration 
curve. No data have been used f r o m the s m a l l c e l l as it was inoperative f rom the be
ginning. 

In F igure 60, the strut load along the pipe length evaluated f r o m the pine cap c o m -
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Figure 48. Data from physical properties of side supporting mate
r i a l . Obtained August, 1954, two years after the installation of 

the culvert. 
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S pee I mens 6in by 2 8 in dmm cylinders I I 
Tests were performed with a stroin-controlled opporotus 
Average rote of vertical deformation 00026m/min | 
Mohr diagrams based on ' ^ 

" 20% Strain Failure 
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\ • , . = 34»-0' 

40 90 
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Figure 49. Results from quick consolidated triaxial tests on sam
ples from side supporting material. Representative low compaction 

conditions during pipe installation. 

—1 1 
Average Compaction 
Conditions of Specimens 
Before Testing 

T,» 110 pcf 
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Average rats of vertical deformation 0 0026 in/mm 
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_C|o-94psi >l354psf 
c„ ° 8 4 psi ' 1210 psf 
C|o=7 4psi ' 1066psf 

40 50 60 
Normal Unit Pressures, a, in psi 

Figure 50. Results from quick consolidated triaxial tests on sam
ples from side supporting material. Representative high compac

tion conditions two years after pipe installation. 

pression measurements has been plotted for various f i l l heights. From these plottii^s 
a qualitative picture of the load distribution along the conduit length may be drawn. How
ever, as wi l l be discussed in the Analysis of Data, no conclusions with respect to the 
actual magnitudes of these loads may be drawn from the above data because of non-elas
tic conditions and the time element involved in the pine cap compression measurements. 
The load-deflection curve that was used to determine the above loads appears in Appen
dix. 

A l l the above mentioned data have been employed to compute the vertical and lateral 
external loads in order that one may be able to evaluate the overall significance of such 
measurements. The results of these calculations appear in Table 6 and in Figures 61, 
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62, and 63. For comparison purposes, the overburden pressure, i . e., the weight per 
lineal foot of the earth column on top of the conduit, has also been plotted versus time 
on the same figures. Again, from the discussion appearing in the Analysis of Data, it 
wi l l be seen that only qualitative conclusions may, possibly, be drawn from all these 
measurements. 
Data Obtained from Settlement Cells 

Figures 64 to 69, inclusive, contain settlement data computed from settlement cell 
readings. To compute these settlements the initial set of readings obtained on July 9, 
1952 as soon as the cells had been installed, was used as the zero settlement. 

The experimental error involved in these readings has not been determined as there 
was only one reading obtained from each cell each time. Nevertheless, to give an idea 
of the magnitude of deviation that can be expected in each manometer-operated cell read
ing from the same reading obtained by Wye level, Table 7 Is prepared showing the ini 
tial cell elevations obtained by both the manometer procedure and by the level. 

ANALYSIS OF DATA 
Differences Between Construction Projects and Research Setups 

To organize and carry out a research project, one is confronted with the following 
problems: (1) how to plan a program for obtaining data so that reliable conclusions can 
be made from the data so obtained; (2) how to analyze the data obtained; (3) what valid 
conclusions can be drawn properly from the data; (4) to what extent are the conclusions 
reliable; (5) what lessons can be learned from the experience of the present project so 
that proper recommendations for improvements on future Installations can be made. 

o. 90 

A East side 

Data obtained July 195 • West side 

O Mean value 

• East side 

West side 
Data obtained August 1954 

35 40 
Ring No 

Figure 51. Compaction data from the side supporting material in 
the immediate vicinity of the culvert. 



T A B L E 6 

E V A L U A T I O N O F V E R T I C A L L O A D , Wy I N L B . P E R L I N . F T O F F O R M E D L E N G T H O F P I P E F R O M 
S T R A I N G A G E A N D " S T R U T L O A D C E L L R E A D I N G S - R I N G 31 

Date 
1 

East Str. Gages 

2 3 
Mean Rdg 

i n . x l O " % n . 
Stress 

ps i . 
W E 

lb / f t 

West Str. Ga 

1 2 

ge 3 

3 
Mean Rdg 

in . X 10""/in. 
Stress 

ps i . 
WW 

lb. / f t . 

Strut Load 
Ce l l Rdg 

m. X 10"%n 
Ws 

lb / f t . 
Wy = W E + W w + Wg 

lb . / f t 

7- 9-1952 + 80 • + 75 + 55 + 70 + 2,100 + 8,610 + 60 + 65 + 50 + 58 + 1,800 + 7,380 10,635 1,167 + 17,157 
8- 5-1952 + 180 + 190 + 155 + 175 + 5,500 + 22,500 + 150 + 135 + 120 + 135 + 4,300 + 17,630 10,635 1,167 + 41,347 
8-14-1952 + 200 + 230 + 135 + 188 + 5,900 + 24,190 + 195 + 170 + 140 + 168 + 5,300 + 21,730 10,610 2,833 + 48,753 
8-28-1952 + 280 + 385 + 90 + 252 + 7,900 + 32,390 + 270 + 205 + 165 + 213 + 6, 700 + 27,470 10,630 1,500 + 61,360 
9-16-1952 + 875 + 1000 + 590 + 822 +24,700 +101,270 + 605 + 555 + 470 + 543 +20,100 + 82,410 10,600 3,500 +187,180 

10-21-1952 +1875 + 2440 + 1545 +1953 +33,300 +136,530 + 870 + 800 + 650 + 773 +23,500 + 96,350 10,570 5,300 +238,180 

11-13-1952 +2790 + 3690 + 2565 +3015 +34,800 +142,680 +1120 + 975 + 750 + 948 +28,500 +116,850 10,540 7,833 +267,363 
12- 8-1952 +3260 + 4320 + 3375 +3652 +35,300 +144,730 +1300 + 1105 + 795 +1067 +28, 700 +117,670 10,535 8,167 +270,567 

1- 6-1953 +3895 + 4935 + 4085 +4305 +35,500 +145,550 +1500 + 1275 + 900 +1225 +30,200 +123,820 10,400 17,667 +287,037 
1-29-1953 +4190 + 5420 + 4725 +4778 +35,700 +146,370 +1705 + 1415 + 1085 +1402 +31,400 +128,740 10,335 22,167 +297,277 
2-24-1953 +4390 + 5185 + 4605 +4727 +35,600 +146,165 +1650 + 1415 + 1010 +1358 +31.100 +127,510 10,490 11,333 +285,008 
4- 8-1953'- +4815 + 5460 + 5515 +5263 +35,900 +147,190 +1885 + 1615 + 1220 +1573 +32,200 +132,020 10,695 0 +279,210 

4-14-1953' ' +4855 + 6030 + 5485 +5457 +35,900 +147,190 +2220 + 1875 + 1485 +1860 +33,100 +135,710 0 +282,900 
5-26-1953 +3305 + 3940 + 4395 +3880 +35,400 +145,140 +1495 + 1315 + 1010 +1273 +30,600 +125,460 _ 0 +270,600 
6-16-1953 +2070 + 3620 + 3875 +3188 +35,000 +143,500 +1080 + 2635 a + 1585 +1767 +32, 800 +134,480 _ 0 +277,980 
8- 3-1953 +1355 + 20 a + 745 +1050 +28,400 +116,440 - 940 - 2115* _ 3160 -2115 -33,500 -137,350 _ 0 Not Determined 

11-23-1953 -5810 - 5375 a . b -5593 -35,900 -147,190 -3165 - 5985 a 6660 -5270 -35,800 -146, 780 _ 0 Not Determined 
3-29-1954 -9905 -18050 a . b -9905 Beyond - -3800 - 9445 a -10190 -7812 Beyond - - 0 Not Determined 

Range Range 

E V A L U A T I O N O F L A T E R A L L O A D , W L I N L B . P E R L I N F T . O F F O R M E D L E N G T H O F P I P E F R O M 
S T R A I N G A G E R E A D I N G S - R I N G 31 

Date Top Str. Gages 
2 

Mean Rdg 
in x l O " ' / i n 

Stress 
ps i 

Bottom Str. Gages 
2 3 

Mean Rdg. 
in . X10" / ' i n . 

Stress 
ps i . 

Wbot 
lb . / f t . 

W L = W T + W B 
lb / f t 

7- 9-1952 
8- 5-1952 
8-14-1952 
8- 28-1952 
9- 16-1952 

10- 21-1952 

11- 13-1952 
12- 8-1952 

1- 6-1953 
1- 29-1953 
2- 24-1953 
4- 8-1953c 

4- 14-1953 
5- 26-1953 
6- 16-1953 
8- 3-1953 

11-23-1953 
3- 29-1954 

+ 135 
+ 115 
+ 65 
+ 280 
+ 385 

+ 505 
+ 585 
+ 690 
+ 810 
+ 775 
+ 990 

+1285 
+ 825 
+ 430 
-2525 a 
-7950 a 
-8675 a 

+ 65 
+ 110 
+ 85 
+ 150 
+ 435 
+ 680 

+ 765 
+ 815 
+ 875 
+ 930 
+ 955 
+ 1160 

+ 1305 
+ 1085 
+ 1085 
+ 115a 
- 7965 a 
- 8640 a 

+ 95 
+ 145 
+ 110 
+ 175 
+ 470 
+ 690 

+ 760 
+ 800 
+ 1020 
+ 1140 
+ 950 
+ 1150 

+ 1370 
+ 1135 
+ 520 
- 1195 a 
-10550 a 
-16560 a 

+ 80 
+ 130 
+ 103 
+ 163 
+ 395 
+ 585 

+ 676 
t 733 
+ 862 
+ 960 
+ 893 
+ 1100 

+ 1320 
+ 1015 
+ 678 
- 1202 a 
- 8821 a 
-11291 a 

+ 2,500 
+ 4,100 
+ 3,200 
+ 5,200 
+12,500 
+18,400 

+21,100 
+22,500 
+25,500 
+27,200 
+25,100 
+29,100 

+30,900 
+27,900 
+21,200 
-30,000 
-37,000 
-37,500 

+ 10,250 
+ 16,810 
+ 13,120 
+ 21,320 
+ 51,250 
+ 75,440 

+ 86,510 
+ 92,250 
+104,550 
+111,520 
+102,910 
+119,310 

+126,690 
+114,390 
+ 86,920 
-123,000 
-151,700 
-153,750 

- 50 
-6480 a 

. b 

+ 50 
+ 125 
+ 220 a 
+ 890» 
+ 520 a 
+ 985 a 

+1560a 
+1510a 
+1420 a 
+1360 a 
+1520 a 
+2065 a 

+1900 a 
+2200a 
+1870a 
- 775 a 
+2360a 
+4420 a 

+ 35 
+ 160 a 
+ 160 a 
+ 360 a 
+ 570 a 
+1060 a 

+1485* 
+1955 a 
+2365* 
+2655* 
+2810 a 
+3090 a 

+3250 a 
+3570 a 
+8250 a 
+4435* 
+9200* 
+5420* 

+ 43 
+ 143 
+ 192 
+ 360 
+ 545 
+1023 

+1523 
+1733 
+1893 
+2008 
+2165 
+2578 

+2575 
+2885 

Unreliable 
Unreliable 
Unreliable 
Unreliable 

+ 1,300 
+ 4,600 
+ 6,100 
+11,500 
+17,200 
+28,100 

+32,000 
+32,000 
+33,200 
+33,400 
+33,600 
+34,3u0 

+34,300 
+34,700 

+ 5,330 
+ 18,860 
+ 25,010 
+ 47,150 
+ 70,520 
+115,210 

+131,200 
+131,200 
+136,120 
+136,940 
+137,760 
+140,630 

+140,630 
+142,270 

+ 15,580 
+ 35,670 
+ 38,130 
+ 68,470 
+121,770 
+190,650 

+217,710 
+223,450 
+240,670 
+248,460 
+240,670 
+259,940 

+267,320 
+256,660 

Not Determined 

(Continued on next page) 
CO 
at 



T A B L E 6 (Continued) 

EVALUATION OF V E R T I C A L LOAD, Wv Df L B . PER L I N . FT . OF FORMED LENGTH OF PIPE FROM 
STRAIN GAGE READINGS AND PINE CAP COMPRESSION MEASUREMENTS - RING 37 

Date East Str. Gages Mean Rdg. Stress W E 
West Str. Gages Mean Rdg. 

m . x l O " ' / l n . 
Stress W w 

Pine Cap 
Compres. Ws Wv = W E + W w + Ws 

1 2 3 m . x l O ' V l n . ps l . lb . / f t . 1 2 3 
Mean Rdg. 
m . x l O " ' / l n . ps i . lb . / f t . i n . lb . / f t . lb . / f t . 

7- 9-1952 + 50 + 70 + 35 + 52 + 1,500 
8- 5-1952 + 160 + 175 + 135 + 157 + 5,000 
8-14-1952 + 195 + 160 + 75 + 178 + 5,600 
8-28-1952 + 340 + 305 + 55 + 323 +10,500 
9-16-1952 + 775 + 685 + 205 + 555 +17,300 

10-21-1952 +1255 + 1040 + 365 +1147 +28,500 

11-13-1952 +2020 + 1750 + l lOS +1625 +32,400 
12- 8-1952 +2430 + 2280 + 1845 +2185 +33,700 

1- 6-1953 +3085 + 291S + 2400 +2798 +34,600 
1-29-1953 +3365 + 3260 + 2685 +3103 +34,900 
2-24-1953 +3715 + 3810 + 3170 +3565 +35,300 
4 - 8-1953 +3470 + 4000 + 3325 +3598 +35,300 

4-14-1953 <> +4620 + 3055 + 3525 +3733 +35,300 
5-26-1053 +4440 + 3590 + 1735 +3255 +35,100 
6-16-1953 +4390 + 3410 + 7055 a +3900 +35,400 
8- 3-1953 +2670 + 3590 _ 4200 a 

+35,400 

11-23-1953 +3470 + 660 - b 
3-29-1954 +2975 a - 8660 - 4 3 2 5 ' 

+ 6,150 
+ 20,500 
+ 22,960 
+ 43,050 
+ 70,930 
+116,850 

+132,840 
+138,170 
+141,860 
+143,090 
+144,730 
+144,730 

+144,730 
+143,910 
+145,140 

+ 50 
+ 190 
+ 175 
+ 300 
+ 675 
+ 985 

+1415 
+1705 
+1760 
+1855 
+2860 
+3100 

+3320 
+3290 
+3200 
+2700 
+ 560 
- 960 

+ 45 
+ 185 
+ 165 
+ 280 
+ 670 
+ 945 

+ 1425 
+ 1685 
+ 2045 
+ 2300 
+ 2405 
+ 2770 

+3315 
+2745 
+2380 
- 335 
-8470 

45 
155 
150 
255 
565 
630 

1010 
1360 
1610 
1830 
2170 
2555 

2840 
2155 
1505 
435 

7070 
4105 

+ 47 
+ 177 
+ 163 
+ 278 
+ 643 
+ 853 

+1283 
+1583 
+1805 
+1995 
+2478 
+2808 

+3158 
+2730 
+2362 

+ 1,400 
+ 5,500 
+ 5,200 
+ 8,900 
+20,300 
+25,200 

+30,600 
+32,200 
+32,900 
+33,400 
+34,200 
+34,600 

+35,000 
+34,500 
+34,000 

+ 5,740 
+ 22,550 
+ 21,320 
+ 36,490 
+ 83,230 
+103,320 

+125,460 
+132,020 
+134,890 
+136,940 
+140,220 
+141,860 

+143,500 
+141,450 
+139,400 

12 

0 
0 
0 
0 
0. 
0.36 

0.36 
0.48 
0.48 
0.60 
0.60 
0.72 

(1167) 
(1167) 
(2833) 
(1500) 
4533 
7133 

7133 
7933 
7933 
8532 
8532 
8999 

0 
0 
0 
0 
0 
0 

+ (13,067) 
+ (44,217) 
+ (47,113) 
+ (81,040) 
+158,693 
+227,303 

+265,433 
+278,123 
+284,683 
+288,562 
+293,482 
+295,589 

+288,230 
+285,360 
+284,540 

Not D e t e r m u e d 
Not Determined 
Not Determined 

E V A L U A T I O N O F L A T E R A L L O A D , W L I N L B . P E R L I N . F T . O F F O R M E D L E N G T H O F P I P E F R O M 
S T R A I N G A G E R E A D I N G S - R I N G 37 

Date Top Str. Gage 
1 2 

s 
3 

Mean Rdg. 
m . X 10""/ln 

7- 9-1952 +1050 a + 30 + 50 + 40 
8- 5-1952 +1125 a + 95 + 130 + 113 
8-14-1952 +1115 a + 100 + 135 + 118 
8-28-1952 +1240 a + 155 + 200 + 178 
9-16-1952 +1510 a + 400 + 460 + 430 

10-21-1952 +1700a + 560 + 600 + 580 

11-13-1952 +1850 a + 700 + 680 • 690 
12- 8-1952 +1950 a + 780 + 720 + 750 

1 - 6-1953 +1975* + 890 + 770 + 830 
1-20-1953 +2005 a + 1025 + 825 + 925 
2-24-1953 +2180 a + 1080 + 940 + 1010 
4- 8-1953c +2480 a + 1160 + 1070 + 1115 
4-14-1953*' +2420 a + 820 + 1220 + 1020 
5-26-1953 +2375 a - 1480 a + 990 + 990 a 
6-16-1953 +2250 a _ 2695 a + 770 + 770 a 
8- 3-1953 +2120 a -15870 a _ 910 _ 910 a 

11-23-1953 - b . b _ 4020 _ 4 0 2 0 ' 
3-29-1954 . b . b - 4320 - 4320 a 

Stress 
_ P M . 

Bottom Str. Gages 
2 3 

Mean Rdg. 
I n . x l 0 ' * / l n . 

Stress 
PSl Ib. / f t . 

W L = W T + W B 
lb . / f t . 

+ 1,200 
+ 3,500 
+ 3,600 
+ 5,600 
+13,600 
+18,200 

+21,500 
+23,300 
+24,900 
+26,600 
+27,900 
+29,200 

+28,200 
+27,500 
+23,500 
-26,300 
-35,400 

+ 4,920 
+ 14,350 
+ 14,760 
+ 27,060 
+ 55,760 
+ 74,620 

+ 88,150 
+ 95,530 
+102,090 
+109,060 
+114,390 
+119,720 

+115,620 
+112,750 
+ 96,350 
-107, 830 
-145,140 
-145,960 

+ 140" 
+ 30 
+ 165 
+ 260 
+ 585 
+ 600 

- 3 1 0 » 
+ 780a 
+1000 a 
+1175 a 
+1300 a 
+1280a 

+1520 a 
+1260 a 
+1260 a 
+1260 a 
+1120 a 
+ 930 a 

0 
+ 220 
+ 170 a 
+ 690 a 
+1430 a 
+2110 

+2520a 
+3345 a 
+3550 a 
+3730 a 
+3770 ' 
+4040a 

. b 
b 

. b 

. b 
- b 
. b 

0 
- 140 a 
+ 225 a 
-1000 a 
- 250 a 
- 185 a 

- 2 8 5 ' 
+ 35» 
+ 3 5 5 ' 
+ 550 a 
+1555 ' 
+1680 a 

+1585 ' 
+1520a 
+2110a 
+1820 a 
+4220 a 
+4475 a 

0 
+ 125 
+ 168 
+ 260 
+ 585 
+ 600 

Not Reliable 
+ 780 
+1000 
+1175 
+1428 
+1430 

+1553 
+1390 
+1685 
+1540 
+2670 
+2703 

0 
+ 3,900 
+ 5,300 
+ 8,200 
+18,400 
+18,900 

+23,800 
+27,800 
+29,800 
+31,500 
+31,500 

+32,100 
+29,300 
+32,600 
+32,000 
+34,400 
•35,500 

0 
+ 15,990 
+ 21,730 
+ 33,620 
+ 75,440 
+ 77,490 

+ 97,580 
+113,980 
+122,180 
+129,150 
+129,150 

+131,610 
+120,130 
+133,660 
+131,200 
+141,040 
•145,550 

• 4,920 a 
• 30,340 
+ 36,490 
+ 60,680 
+131,200 
+152,110 

+193,110 
+216,070 
+231,240 
•243,540 
+248,870 

+247,230 
+232, 880 
+230,010 

Not Determined 
Not Determmed 
Not Determined 



T A B L E 6 (continued) 

E V A L U A T I O N O F V E R T I C A L L O A D , Wv I N L B . P E R L I N . F T . O F F O R M E D L E N G T H O F P I P E F R O M 
S T R A I N G A G E R E A D I N G S A N D P I N E C A P C O M P R E S S I O N M E A S U R E M E N T S - R I N G 55 

Date 
East Str. Gages Mean Rdg. 

i n . x l O " " / m . 
Stress W E 

West Str Gages Mean Rdg. 
m.xlO''/m. 

Stress W w 
Pine Cap 
Compres. Ws Wv = W E + W w + Ws 

1 2 3 
Mean Rdg. 

i n . x l O " " / m . ps i . lb . / f t . 1 2 3 
Mean Rdg. 
m.xlO''/m. ps i . l b . / f t . i n . lb . / f t lb . / f t . 

7- 9-1952 
8- 5-1952 
8-14-1952 
8- 28-1952 
9- 16-1952 

10- 21-1952 

1 1 - 13-1952 
12- 8- 1952 

1- 6-1953 
1- 29-1953 
2- 24-1953 
4- 8-1953c 

4- 14-1953 «• 
5- 26-1953 
6- 16-1953 
8- 3-1953 

11-23-1953 
3- 29-1954 

+ 60 
+ 15 

0 
+ 175 
+ 325 
+ 440 

+ 540 
+ 580 
+ 675 
+ 760 
+1105 
+1275 

+ 405 
+1375 
+1500 
+1355 a 
+1010 
-1450 a 

+ 15 
+ 20 
+ 20 
+ 205 
+ 485 
+ 635 

+ 805 
+ 875 
+ 980 
+ 1030 
+ 1600 
+ 1765 

+ 2070 
+ 2200 
+ 2010 
- 5160 
-13145" 
-15895* 

+ 45 
+ 35 
+ 20 
+ 175 
+ 485 
+ 625 

+ 805 
+ 920 
+ 1120 
+ 1100 
+ 1875 
+ 2045 

+ 2385 
+ 1715 
+ 825 
- 2565 
- 5295 a 
-11935 a 

+ 40 
+ 23 
+ 20 
+ 185 
+ 432 
+ 567 

+ 717 
+ 792 
+ 925 
+ 963 
+1527 
+1695 

+1620 
+1763 
+1445 

+ 1,100 
+ 700 
+ 600 
+ 5,800 
+14,100 
+18,500 

+23,200 
+25,700 
+29,300 
+30,300 
+38,600 
+39,800 

+39,300 
+40,200 
+37,800 

+ 4,380 
+ 2,550 
+ 2,190 
+ 21,170 
+ 51,465 
+ 67,525 

+ 84,680 
+ 93,805 
+106,945 
+110,595 
+140,890 
+145,270 

+143,445 
+146,730 
+137,970 

+ 40 
+ 40 
+ 30 
+ 90 
+ 320 
+ 340 

+ 490 
+ 580 
+ 710 
+ 810 
+1310 
+2250 

+1550 
+1480 
-1065 
-2440 
-8470 = 

55 
50 
45 

175 
425 
540 

+ 715 
+ 805 
+ 900 
+ 995 
+ 1105 
- 275 

- 1075 
- 785 
- 1745 
- 4550 
-21090 a 
-23115 a 

+ 30 
+ 40 
+ 35 
+ 13S 
+ 480 
+ 490 

+ 630 
+ 800 
+ 765 
+ 80S 
+ 1140 
+ 1250 

+ 1240 
+ 1135 
+ 890 
- 8350 
-14455a 

+ 42 
+ 43 
+ 37 
+ 133 
+ 408 
+ 457 

+ 612 
+ 728 
+ 792 
+ 870 
+1185 
+1750 

+1395 
+1308 

+ 1,150 
+ 1,200 
+ 1,000 
+ 4,200 
+13,300 
+14,700 

+19,900 
+24,700 
+25,700 
+27,900 
+34,400 
+40,100 

+37,300 
+36,100 

+ 5,110 
+ 4,380 
+ 3,650 
+ 15,330 
+ 48,545 
+ 53,655 

+ 72,635 
+ 90,155 
+ 93,805 
+101,835 
+125,560 
+146,365 

+136,145 
+131,765 

0 
0 
0 
0.24 
0. 36 
0. 36 

0.60 
0 72 
0. 72 
0.84 
0.96 
0.96 

(1167) 
(1167) 
(1167) 
6267 
7133 
7133 

8532 
9000 
9000 
9500 
9833 
9833 

0 
0 
0 
0 
0 
0 

+ (10,657) 
+ (8,097) 
+ (7,007) 
+ 42,767 
+107,143 
+128,313 

+165,847 
+192,960 
+209,750 
+221,930 
+276,283 
+301,468 

+279,590 
+278,495 

Not Determined 
Not Determined 
Not Determined 
Not Determined 

E V A L U A T I O N O F L A T E R A L L O A D , W L I N L B . P E R L I N . F T . O F F O R M E D L E N G T H O F P I P E F R O M 
S T R A I N G A G E R E A D I N G S - R I N G 55 

Date 1 
Top Str. Gag 

2 
es 

3 
Mean Rdg 
m. X l O ' V i n . 

Stress 
ps i . 

Wton 
I b . ^ . 1 

Bottom Str. Gages 
2 3 

Mean Rdg. 
i n . X 1 0 ' ' / m . 

Stress 
ps i . 

Wbot. 
l b . / f t . 

W L = WT + WB 
l b . / f t 

7- 9-1952 + 10 + 30 + 25 + 21 + 600 + 2,190 0 + 5 - 10 + 5 + 100 + 365 + 2,555 
8- 5-1952 + 30 + 30 + 15 + 25 + 700 + 2,555 0 + 5 - 10 + 5 + 100 + 365 + 2,920 
8-14-1952 - 5 - 5 - 30 + 13 + 300 + 1,095 - 35 + 35 - 30 + 35 + 900 + 3,285 + 4,380 
8-28-1952 + 20 _ 35 + 15 + 17 + 400 + 1,460 + 95 + 405 a + 330 a + 95 + 3,000 +10,950 + 12,410 
9-16-1952 + 195 + 135 + 280 + 203 + 6,400 +23,360 + 280 + 575 a + 650 a + 280 + 9,000 +32,850 + 56,210 

10-21-1952 + 260 + 75 + 365 + 233 + 7,400 +27,010 + 320 + 915 a + 950 a + 320 +10,300 +37,595 + 64,605 

11-13-1952 + 355 + 110 + 445 + 303 + 9,700 +35,405 + 310 +1530 a +2015 a + 310 +10,100 +36,865 + 72,270 
12- 8-1952 + 390 + 105 + 465 + 320 +10,300 +37,595 + 245 +4855 a +1070* + 245 + 7,800 +28,470 + 66,065 

1- 6-1953 + 435 + 115 + 505 + 352 +11,400 +41,610 + 205 +1265 a +2410a + 205 + 6,500 +23,725 + 65,335 
1-29-1953 + 470 + 125 + 540 + 378 +12,100 +44,165 + 175 +2520 a +2770 a + 175 + 5,500 +20,075 + 64,240 
2-24-1953 + 630 + 335 + 755 + 573 +19,700 +71,905 + 425 +1185a +1550 a + 425 +13,700 +50,005 +121,910 
4- 8-1953c + 690 + 355 + 825 + 623 +20,300 +74,095 + 325 +1080 a - 275 a + 325 +10,300 +37,595 +111,690 

4-14-1953 <1 + 730 + 310 + 860 + 633 +20,700 +75,555 + 270 +1055" +2885 a + 270 + 8,700 +31,755 +107,310 
5-26-1953 + 220 _ 225 + 855 + 283 + 9,200 +33,580 - 245 +1125a +3180" - 245 - 7,700 -28,105 Not D e t e r m u e d 
6-16-1953 + 520 - 815 + 645 + 117 + 3,500 +12,775 - 705 +1035 a +4590 a - 705 -22,900 -83,585 Not Determined 
8- 3-1953 -1000 - 5165 - 1750 - 1375 -37,000 -135,050 -1125a -4305 a -9835" -1125" -33,400 -121,910 Not Determined 

11-23-1953 -6545 -12805 - 4215 - 5380 -45,600 -166,440 + 715 a +4305 a -4040 a Not Reliable - - Not Determined 
3-29-1954 -7880 -13685 - 4175 - 8579 Beyond - -1465 a -7775 a -4430 a Not Reliable - - Not Determined 

Range 

"Grounded 
"inoperat ive 
^Before Removal of Struts 
" A f t e r Removal of Struts 

+ Sign denotes compression 
- Sign denotes tension 
Length per foot of f o rmed length: 1 24 ft / f t of f o rmed length 
Thickness: 0.2451 i n . 
Area per ft of f o rmed length: 3.65 i n ' / f t . of f o rmed length 

CO 
-a 
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These comments are especially true in the case of projects whose frequency of occur
rence is veiy low because of their nature, magnitude, and cost involved, such as North 
Carolina Highway Project 8521. 

To tackle the above problems successfully, in addition to having adequate engineering 
and physical knowledge of the structures and the materials mvolved, a statistical out
look must govern the planning of the various experimental procedures and setups. 

It is unfortunate to note that in many research projects ejcperimenters tend to con-

- - 8 / I 4 / 5 Z 8/5 /5Z 

9/16/52 

110/21/52 

11/13/52 ElOO 

12/8/52 
1/29/53 

50^— 4 /8 /53 Befor* removol 
of struts 

3730754 4/14/53 After removal of struts 
12 48 72 24 36 

Ring No 
Figure 52. Profiles of pipe invert and overlying earth mass at var
ious stages of f i l l construction. Datum profiles obtained July 9, 

1952. 
fuse the two general types of engineering endeavor: (1) projects which are designed 
primarily to serve an engineering purpose and (2) projects which are set up for research 
purposes. 

In the f i rs t type of projects, the main emphasis is given to the overall satisfactory 
performance and cost of the designed structure. Only that amount of care that can be 
justified economically is exercised to identify the environmental conditions under which 
the particular structure wi l l be constructed. To compensate for any uncertainties with 
respect to the true nature of these conditions, and to account for any future contingen
cies that are humanly impossible to predict, a factor of safety is always employed in 
the design of these structures. 

The above procedure although necessary for design and safety purposes, renders the 
task of isolating and controlling various factors influencing the behavior of these struc-
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TABLE 7 
COMPAfflSON BETWEEN LEVEL AND MANOMETER - OBTAINED ELEVATION 

READINGS OF SETTLEMENT CELLS 
Elevation by Elevation by Difference 

Ring No. Cell No. Level - f t . Manometer - f t . f t . 
1 1888.61 1888. 58 +0. 03 
2 1888. 62 1888. 66 -0.04 

30 3 1887. 75 1887.51 +0. 24 
4 1887.14 1886. 81 +0. 33 
5 1887. 81 1887.51 +0. 30 
6 1888.08 1887. 52 +0. 56 
1 1888. 29 1887. 23 +1.06 
2 1888. 15 1888.18 -0. 03 

31 3 1887.42 1888. 22 -0. 80 
4 1887. 24 1886.90 +0.34 
5 1887.17 1887.09 +0. 08 
6 1887. 33 1887.18 +0.15 
1 1888. 25 1886.61 +1.64 
2 1888.17 1888.68 -0.51 

32 3 1887.11 1888. 53 -1.42 
4 1886. 83 1886. 65 +0.18 
5 1886.90 1887. 02 -0.12 
6 1887.13 1887. 29 -0.16 
1 1886. 20 1886.48 -0. 28 
2 1886.10 1886.71 -0.61 

36 3 1885. 58 1886.11 -0. 53 
4 1885. 75 1885. 88 -0.13 
5 1886.11 1886.12 -0. 01 
6 1886.17 _ a -
1 1886. 29 1886.18 +0. 11 
2 1886. 09 1886. 22 -0.13 

37 3 1885. 84 1885. 80 +0.04 
4 1886. 01 1885. 86 +0.15 
5 1886. 29 1886. 24 +0. 05 
6 1886.48 1886. 38 +0.10 
1 1886. 20 1886.25 -0. 05 
2 1886. 17 1886. 25 -0.08 

38 3 1886.16 1885. 98 +0.18 
4 1885. 83 1885. 74 +0.09 
5 1886.17 1886. 20 -0. 03 
6 1886. 21 1886.15 +0. 06 

a Cell inoperative. 

tures extremely complicated, if not impossible. Furthermore, the introduction of a fac
tor of safety sometimes results in altering the original nature of the environmental con
ditions thus making the research problem even more complicated. Consequently, in such 
types of projects, only general conclusions may be drawn regarding the factors influenc
ing the performance of the various structures. 

In the second type of projects, no factor of safety is employed in the structural de-
s^n. Instead, extreme care is taken to isolate, control and study all possible factors 
that are believed to exercise a decisive influence on the behavior of the structure in 
question. Particular efforts are made to determine the conditions of ultimate failure. 

With such setups one can draw definite conclusions regarding the effect of various 
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factors upon the performance of a given structure. Furthermore, if a multitude of 
projects of this type are set up under identical conditions, one may be able to use sta
tistical methods to ascertain: 

1. Whether the behavior of an actual material under given conditions may be pre
dicted by mathematical equations that are based on the laws of pure mechanics and that 
describe the behavior of ideal materials. 

2. Whether the physical properties of the materials involved may be accounted for 

0 2 0 
0 10 

0 

O 2 0 
0 10 

0 

0 2 0 
0 1 0 

0 

- £ 0 2 0 
iolO 
f 0 
o 
s 

o 
J 0 2 0 
° 0 I 0 
•2 0 
o 

o 

n I 1 
Change in length of horizontal diameter 

Change in length of vertical diameter ~ 

Ear th Slide Action 8 / 1 4 / 5 2 

8 / 2 6 / 5 2 

9 / 1 6 / 5 2 

L l O / 2 1 / 5 2 . 

11/13/52 

0 30 
0 2 0 
0 1 0 

0 

0 4 0 
0 3 0 
0 2 0 
010 

0 

- 1 / 2 9 / 5 3 . 

12/18/52 

• 4 / 8 / 5 3 Before removal of struts 
4 / 1 4 / 5 3 After removal of ! 

Ring No 

Figure 53. Elongation and shortening of horizontal and vertical 
pipe diameters at various stages of f i l l construction. Datum: 

readings obtained July 9, 1952. 
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in the above equations by assuming equivalent physical constants as working hypotheses. 
3. The ranges of the equivalent physical constants that may be expected for given 

materials and installation conditions. 
Only under the above conditions can a set of mathematical equations be considered to 

Pipe Outlet 

Ring Na 

I I 
July 10.1952 
Aug. 7. 1952 
Aug. 14,1952 
Aug. 28,1952 
Mar. 30,1954 
Dec. 9, 1952 

X 6 

Region of 
S ide Action 

Region of 
Ramp Construction 

July 10.1952 
Aug. 7, 1952-1 
Aug. 14,1952 
Aug. 28.1952 -| 
Mar. 30.1954 
Dec. 9.1952 . 

0.6 0.4 0 2 0 0.2 0 4 0 6 0 8 1.0 1.2 
Lateral Displacement In ft 

Pipe Inlet 
Figure 54. Lateral profiles of pipe center line at various stages 

f i l l construction. Datum original center line, established 
by surveying equipment. 

of 

constitute the "theory" of a corresponding cause-effect proposition. 
Unfortunately, as mentioned previously, some theorists confuse the nature of the 

setup that may actually exist in a given project. In doing so, they may obtain certain 
entirely uncontrolled, raw data from an installation that is not primarily set up for re
search purposes, substitute these data into their mathematical equations that have been 
derived for ideal conditions, and by adjusting conveniently the physical constants of 
these equations, they may arrive at results agreeing with the ones that their theories 
predict. Thus, they develop a false sense of satisfaction. The above comments are 
particularly true in problems dealing with the behavior of soil masses. 



102 

^ For Radius of Cireular Cireumftranca 
Rlr Rodiol Otflntioiii frani Circular Circumhrniei 

July 9. 1992 
Apr e 1953 - Brtir t Rtinovol 0( Struts 

• Apr M, 1953 - After Removal of Struts 
Mor 30.1954 

North Carolina Project 8521 belongs to 
the f i rs t of the above described cases. The 
culvert with the overlying f i l l was primar
ily designed to serve an engineering pur
pose, 1. e., to bridge a valley so that a 
highway could pass through. Nevertheless, 
it was later called upon to serve as an ex
perimental setup for the study of a two
fold problem, the phases of which are close
ly interrelate* (1) the behavior of a high 
earth f i l l supported by a foundation, a s t r^ 
of which (the culvert installation) yields 
more than the adjacent parts and (2) the 
behavior of a flexible conduit under the ac
tion of external pressures exerted by the 
surrounding earth mass. 

Therefore, in the light of the previous 
discussion, before any conclusions are 
drawn from the experimental findings and 
before any generalizations are made rela
tive to other projects of similar nature, 
the conditions under which this investigation 
was carried out must be examined closely. 
Accordingly, the following facts should be 
emphasized once again before any attempt 

is made to analyze the obtained data item for item: 
1. The earth f i l l was constructed with some of the most unorthodox procedures. Not 

only was the f i l l material end-dumped, a procedure which by itself defies good construc
tion practice, but i t was deposited on top of the pipe in an unbalanced and almost hap
hazard way. The best that can be said for such procedure from a construction point of 
view is that all chances of reasonable analysis and rational e^qpectations are mmimized 
and the future of the culvert structure is thrown on the capricious mercy of sheer luck.'" 

2. The f i l l material ranged from rock fragments with largest dimension of about 6 
feet to highly micaceous sandy-clayey-

Circular Pipe 

Nominal Oiam 

conter 
Prat rector 

Figure 55. Schematic diagram of pipe cross 
section at Ring 31. Obtained by pipe pro
tractor measurements. Looking upstream. 

silty fines. This material was not placed 
in layers but was compacted by the pass-

^°0n account of the same construction 
methods, another Multi-Plate, corrugat
ed metal pipe of the same project, 568 
feet long, 60 inches in diameter, installed 
at Station 245+69 under 136 feet of f i l l , 
deformed appreciably on one side indicat
ing that the resultant force f rom the f i l l 
overburden had been transmitted to the 
structure at an angle of about 30 to 40 
degrees with the vertical. Although the 
culvert did not collapse and st i l l functions 
satisfactorily, shear ruptures 3 inches 
long and open about Vs inch appeared at 
the bolted connections along Rings 21-27. 
The situation was alleviated by interrupt
ing the one-sided, unbalanced, end-dump
ing operation and by placing 6-inch by 6-
inch timber struts diagonally on the 
shortest diameter of the deformed pipe 
at approximately 2 foot centers and wedged 
as t^ht as possible along Rings 21-28. 

| . — . j For Rodius of Circulor Circumference 
For Rodiol Detlectans from Circulor Crcumferance 

July 9. 1952 
Apr 8.1953 - Before Removol of Struts 
Apr 14,1953-After Removol of Struts 
Mar 30, 1954 

Nomine I Onm 

Protroctor 

Figure 56. Schematic diagram of pipe cross 
section at Ring 37. Obtained by pipe pro
tractor measurements. Looking upstream. 
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H For Radius of Circular Circumfaronci 
l£Jit| FOr Rodial Dalloctioin Irom Circular Circomtaranco 

July 9, 1952 
Apr 8, 1953 - Balore Removal of Struts 
Apr 14,1953- After Rtmcvol of Strut! 
Mar 30.1954 

Circular Pipo 
Cireumferanco 
Nominal Diom. 66in 

Center 
1/Protractor Plate 

age of end-dumping equipment, and by its 
own weight. As is expected from such 
methods of compaction, normal segregation 
processes caused the coarser fragments 
of this material to pile up toward the edges 
of the f i l l leaving the core with more or 
less finer parts. Therefore, it can hard
ly be said that the f i l l constitutes an over
all homogeneous earth mass with statis
tical average physical properties such as 
unit weight, internal friction, cohesion, 
etc. 

3. The pipe was designed with a factor 
of safety of 4 which is a standard flexible 
pipe design. Such design made the sup
posedly yielding foundation of the f i l l over
burden four times as rigid as required for 
the anticipated vertical load. As the load 
is a function of the rigidity of the conduit 
it can be e^qjected to alter also. Further
more, the stiffness of the conduit varied 
along its length. In the middle section, 
the structural plates were made of No. 1 
gage metal, they were bolted by 6 bolts 
per foot of longitudinal joint, and they were 
further stiffened by struts spaced at 3 foot centers. Toward the ends, the gage of the 
plate was reduced to No. 8, the bolt spacing was 4 bolts per foot of longitudinal joint and 
strut spacing was increased to 6 foot centers. Therefore, if the conduit structure de
formed a greater amount at some points one cannot ascertain whether the excessive de
formations were caused by a greater amount of external earth pressure or from a lack 
of inherent resistance to deformation of the conduit structure at the respective points. 

4. To add to the confused conditions, an earth slide occurred during the installation 
of the culvert throwing the pipe out of alignment and introducing a multitude of addition
al stresses of diversified nature in the structure. The action of the slide continued well 
beyond the date on which the pipe was realigned. Therefore, i t would be rather absurd 
for one to attempt a stress analysis on this structure from the deformations and strains 
obtained. 

From the above discussion i t is evident that only general conclusions may be drawn 
from the data obtained. The best way for one to utilize these data is to attempt to ac
count for all possible factors that may have influenced the performance of the conduit 
without trying to pin down the amount of influence exercised by each individual factor. 
Generalizations cannot be drawn from such installation. Only recommendations can be 
made with the hope that in the future, job construction procedures unfavorable to re
search, such as the one followed in this installation, wi l l not be repeated. 

Figure 57. Schematic diagram of pipe cross 
section at Ring 55. Obtained by pipe pro
tractor measurements. Looking upstream. 

Analysis of Data from the Deformations of the Culvert 
In the light of the discussion in the previous section one intuitively develops a sense 

of the degree of refinement that he Is justified to use in analyzing the experimental data 
collected from this project. Accordingly, as a f i r s t comment concerning the perform
ance of the pipe line one may quote a humorous remark made by a member of the en
gineering personnel of the N. C. State Highway and Public Works Commission: "As long 
as I can st i l l see through the pipe and as long as water st i l l gets through i t , the pipe 
holds goodl" 

Probably the above comments are the only factual conclusions that one is justified to 
draw regarding the performance of the culvert under study. However; as a second 
thought one may ask himself: "Well, what makes it hold 'good' ? And what makes it 
maintain an almost cylindrical shape as shown in Figure 70?" Then he begins to specu-
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Aug 5. 195 fllLAug 14.1952 

Aug 28,1952 

Sept 16, 1952 

Oct 21, 1952 

Q 00 

Nov 13, 1952 

Dec 8,1952 O Jdn 29,1953 

May 26,1953 J 

Feb 24, 5 3 ^ Apr. 8, 53 Before Removal of Struts 

Ring No 
Figure 58. Vertical load in lb. per l in . ft . at various stages of 

f i l l construction. Obtained from strain gage measurements. 

late and feel a certain sense of mechanical equilibrium that must exist between the pipe 
structure and the surrounding earth mass in order that the pipe may st i l l maintain its 
shape. If the distribution of external pressures around the pipe structure were not sub
stantially uniform, the pipe, whose rigidity is negligible when related to the overburden 
pressures exerted by a 170 foot high earth mass, would have collapsed by excessive de
formation under differential pressures of appreciable amount. 
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Furthermore, if the external pressures had induced circumferential stresses ex
ceeding the critical buckling load of the structure or the shearing strength of the bolts 
by means of which the corrugated plates are connected, the pipe would have failed either 
by local buckling or by shearing of the plates. No such indication has been observed in 
the numerous inspections made of the job. Therefore, the following two speculative 
conclusions may be drawn with regard to the external pressures generated against the 
pipe structure: 

1. The external pressures around the culvert must be substantially uniform. 
2. The magnitude of these pressures is such that the circumferential stresses in

duced in the pipe structure have not exceeded the critical bulking load of the culvert nor 

\ >—From strut loa< coll readings 

\ r—From pin 
\ \ meosure 

• cop compression 
Tients 

y 
1 ' > 
/ 

ifore removol of struts 

— '"• ' /•" — /y / 
/ 

/ — ! 200 
Time in Doyi 

Figure 59. Strut load in 1000 lb. vs. time in days at Ring 31. 
the shearing strength of the seam bolts. 

As a second step in the process of examining the data obtained, one would be inter
ested in gathering some information regarding the effect of the various phases of the 
f i l l construction on the settlements of the masses surrounding the pipe as well as on the 
deformations that the pipe itself underwent. Data giving such information have been 
gathered by level, extensometer, plumb bob and pipe protractor. The degree of ac
curacy of such information depends on the instruments themselves, their precision, and 
also on the conditions under which the technician was obtaining the data. Nevertheless, 
these data represent actual direct measurements and, therefore, the picture given by 
them should be considered factual. One, therefore, may make the following comments 
regarding these data. 

From the invert profile curves of Figure 52 it can be seen that: 
1. The flow line of the culvert settled in such a manner that its profile was almost 

a reflection of the image of the cross section of the overlying f i l l at every stage of the 
f i l l construction. 

2. For every f i l l increment there was a settlement increment. 
3. The settlement of the flow line for all practical purposes ceased upon the com

pletion of the f i l l , increasing only a minute amount in the following year. 
4. The maximum measured differential settlement was 1. 59 feet. The pipe was in

stalled with a camber of % percent of the pipe length, L e., the maximum ordinate from 
the straight line base, was 1.44 feet. Therefore, it seems that the actual differential 
settlement exceeded the anticipated one by 0.15 foot. 

5. The influence of the slide on the pipe flow line may be seen in the data of August 
14, 1952 in which an upward movement is indicated along Rings 37-48. 
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The data from the measurements of the vertical and horizontal diameter of the cul
vert (Figure 53) indicate that: 

1. For every f i l l increment there was a corresponding change in the length of the 
vertical and horizontal diameter of the pipe. 

2. The pipe bulged out laterally an amount equal to its vertical shortening. The 
corresponding curves are the image of each other. 
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Figure 60. Strut load at various stages of f i l l construction. Ob
tained from pine compression cap measurements. 

72 
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Figure 61. Vertical and lateral conduit earth loads vs. time, eval
uated from strain gage, strut load ce l l , and pine compression cap 

measurements. Ring 31. 

3. At the point of maximum-deformation, i . e., at Ring 20, the pipe deformed 1.4 
times the amount recorded on the date the f i l l was completed. This indicates a maximum 
deflection lag factor of 1.4. 

4. The maximum measured shortening of the vertical diameter occurred at Ring 20 
and it was found to be 0.40 foot. At the same point the initial vertical diameter was 5. 58 
feet, i . e., the pipe had been elongated vertically 1.45 percent by field strutting. There
fore, the overall vertical shortening, based on the nominal circular pipe diameter of 
5.5 feet, was 5. 82 percent. This Is well below the 20 percent deflection considered to 
be a failure condition by the design specifications. However, considering the fact that 
a factor of safety of 4 has been used in the design of the structural plates, the actual de
flection exceeded by 0. 82 percent the one that was anticipated with the assumed loading 
conditions. 

5. The pipe deflected more at the quarter points than at the middle section. This 
could be due to the following reasons: (a) load transfer from the middle section of the 
f i l l toward the quarter points as a result of arching action in the soil mass occurring in 
a longitudinal direction; (b) the fact that the side supporting material at these sections 
had not been precompacted as much as at the middle section. Although no information 
exists from the f i r s t nineteen rings, the data from the initial compaction of the side sup
porting material indicate that, generally, this material had been compacted to a higher 
degree at the middle section of the pipe line than at the quarter points or the end sec
tions (Figure 51). (c) The structural plates at the quarter points and the end sections of 
the pipe line were made of No. 3 and 8 gages, whereas the plates of the middle section 

Ŝee References, Costes, 1955, p. 100. 
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were made of No. 1 gage metal. Therefore, the conduit exhibited a lower inherent re
sistance to deformation at the quarter points and the end sections than at the middle 
section, (d) A greater strut spacing at the quarter points and at the end sections of the 
pipe line provided less resistance to vertical deflection than at the middle section of the 
conduit (e) A combination of the above reasons discussed in parts (a) - (d). 

6. The influence of the slide can be seen by the f i r s t two sets of data of Figure 53. 
Under the pressure exerted by the sliding material in the region between Rings 36 and 
56, the sides of the pipe were squeezed-in while the structure bulged out vertically, 
despite the fact that the initial compaction of the side supporting material at the same 
region and especially in the vicinity of Ring 48 (Figure 51) was considerably lower. At 
later dates, however, when sufficient overburden had been accumulated on top of the 
pipe the structure started deforming as afaticipated. 

7. The influence of the removal of the struts is shown by the data of April 14, 1953 
in which sudden jumps can be detected in the vertical and lateral deformations of the 
pipe (Figure 53). Such behavior indicates that the material surroundii^ the pipe is high
ly elastic as was esqiected from its description and its physical characteristics (Tables 
1-4). 

The data from the lateral profile of the pipe axis indicate (Figure 54) that the action 
induced by the sliding material did not stop after the pipe was realigned. Instead, i t 
continued being active until the f i l l had been raised to approximately 150 feet in the mid
dle section as shown in the data of December 9, 1952. From then on, however, no ap
preciable deformation occurred and the last set of data obtained about two years and 
four months later indicate slight movement in a reverse manner. 

The above lateral profiles Indicate also that the construction of the f i l l ramp on top 

Vertical Load, Wy 

A End of construction 

O Before removal of struts 

After removal of struts 

X From tills dote ages 
became inoperative Lateral Load, Wi 

•a 100 

Weight of Earth Column, Wei 

Ring 3 7 

200 
Time in Days 

Figure 62. V e r t i c a l and l a t e r a l conduit earth loads vs. time, eval
uated from s t r a i n gage, s t r u t load c e l l , and pine compression cap 

measurements. Ring 37. 

400 
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• End of construction 

O Before removal of struts 

• After removol of struts 

X From tills dots goges 
became Inoperative 

Lateral Load, W .̂ 

Weight of Eorth Column, Wc 

Ring 55 

200 
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Figure 63. V e r t i c a l and l a t e r a l conduit e a r t h loads, evaluated 
from s t r a i n gage, s t r u t load c e l l , and pine compression cap meas

urements. Ring 55. 
of the culvert" had a considerable Influence on the p^e line. As the ramp material 
was hauled and end-dumped from the east it caused the p^e to be displaced westwardly 
along the region where the ramp was constructed (Figure 54). 

From the above discussion one may speculate on the two main lateral movements ob
served in the pipe line and arrive at the conclusion that bending stresses have been in 
duced on the sides of the culvert in addition to any other existing stresses. These 
stresses must attain maximum values at or about Rings 20 and 48, whereas they must 
tend to vanish toward the middle section of the pipe line. The latter section, therefore, 
could be considered to be, after a fashion, a point or a region of contraflexure where no 
lateral bending stresses exist and the curvature of the analogous pipe-beam reverses 
its sign. 

The diagrams of the pipe cross sections plotted in Figures 55, 56, and 57 f rom the 
pipe protractor data indicate that: 

1. In the middle section of the pipe line where Rings 31 and 37 are located, the load 
was more or less vertical causing the pipe to bulge out laterally with a corresponding 
shortening of its vertical diameter. However, at Ring 55 there is a strong indication 
that the load came at an angle and from the west. This confirms the indication of pre
viously mentioned data that the action of the slide continued in a latent manner a long 
time after the pipe had been relatively realigned and the sliding material immediately 
adjacent to the culvert had been removed. 

2. The removal of the struts, for all practical purposes, did not affect the shape of the 
pipe structure. Only small deformations have been recorded givingf urther indication that 
the material surrounding the pipe reacted in an elastic manner following the strut removal. 

See Construction Procedure. 
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3. The pipe for all practical purposes ceased to deform upon the completion of the 
f i l l . However, data obtained at intermediate stages of the f i l l construction that have 
not been plotted on Figures 55, 56, and 57 indicate that for every f i l l increment there 

was a corresponding change in the shape of 
the pipe which, no matter how small in 
magnitude, was detected by the apparatus 
employed. 1 
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Figure 64. Settlement c e l l data at Ring 30. 
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Figure 66. Settlement ce l l data at Ring 32. 
Looking downstream. 
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Figure 65. Settlement c e l l data at Ring 31. 
Looking downstream. 
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Looking downstream. 
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Figure 68. Settlement c e l l data at Ring 37. 
Looking downstream. 

Figure 69. Settlement c e l l data at Ring 38. 
Looking downstream. 

4. The pipe rotated a small amount about its flow line toward the east at Rings 31 
and 55. Such action is expected to have introduced tangential circumferencial stresses 
in the pipe structure. 

5. No further refinement of the analysis of the above data is justified. However, if 
the deformations of the pipe circumference were measured as radial deflections from a 
reference center that could always be kept fixed with respect to the initial shape of the 
circumference, one could utilize the principles of strain energy and Castigliano's the
orem to make an extensive analysis of the data, and to determine the distribution of the 
external pressures that caused these deformations. 

If the pq>e deformations were measured from a fixed center, then, a rough estimate 
could be drawn with respect to the distribution of bendii^ moments around the pipe ci r 
cumference. In such case the initial shape of the ring could be considered as a funicu
lar curve for the external pressure and the areas enclosed by the initial shape and the 
deflected shape could be considered to be bending moment diagrams drawn to some 
scale (Timoshenko, 1936). 

Discussion of the Behavior and Data Obtained from the Side Supporting Material of the 
Culvert 

Since the early stages of the f i l l construction, the authors of this paper have been 
deeply concerned with the physical properties and the behavior of the material that was 
placed by pneumatic tamping to furnish side support to the culvert under study. It was 
realized that side supporting materials in general play a very important role in the 
structural behavior of underground conduits. If these materials are properly selected 
and compacted, they mobilize and exert against the conduit sides lateral pressures that 
tend to balance the loading action of the overburden pressures existing on top of the 
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F i g u r e 70. P i p e i n t e r i o r two y e a r s a f t e r i n s t a l l a t i o n . 

conduits. Through this action a mechanical equilibrium is established in the conduit-
earth mass systems and the conduit structures cease to deform under the pressure of 
the top earth loads. It follows then that through side supporting materials underground 
conduits gain additional structural strength on account of which even conduits of low in
herent rigidity are able to sustain relatively enormous overburden pressures and to 
function satisfactorily without failing either in shear, or by excessive deformation, or 
in buckling. 

From a general knowledge of the behavior of earth masses, one realizes that the 
sides of a conduit are subjected to lateral earth pressures of a two-fold nature: (1) lat
eral pressures that are mobilized by the side supporting material as a result of lateral 
bulging of the conduit that subjects the earth mass to compression, and (2) lateral pres
sures that are exerted by the side supporting material on account of its own weight and 
that of the portion of the effective fill surcharge that it sustains. 

The first type of lateral pressures depends on the nature, size and compaction of the 
side supporting material, the area of contact between the conduit side surface and the 
side supporting material, the shape of the conduit, the permeability of the side support
ing material, the rate of stress application, and the total amount of lateral movement 
taking place on account of the lateral bulging of the conduit. Spangler assumes that the 
above pressures have a parabolic distribution and that they are directly proportional to 
the lateral deflection of the conduit. The constant of proportionality, e, is termed 
"modulus of passive resistance;" it is expressed in psi. per in. of lateral pipe deflec
tion, and it is assumed to be a constant physical property of the side supporting mate
rial depending on the nature and the compaction characteristics of this material 
(Spangler 1937, 1946, 1948, 1951-1952). 
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The second type of lateral pressures depend on the nature, extent and compaction of 
the side supporting material as well as on the vertical pressures generated within the 
side earth mass due to the weight of the mass and the surchai^e that i t sustains. For 
a homogeneous earthen material that has been contacted uniformly the above lateral 
pressures have a more or less hydrostatic distribution being directly proportional to 
the corresponding vertical pressure existing in the same earth mass. The constant of 
proportionality is generally designated by the symbol "K. " Under the above conditions, 
and if no deformations take place in the side supporting material, K varies between the 
limits zero, in which case the side supporting material would exhibit properties of an 
infinitely stiff, r ^ d block, and unity, in which case the same material would behave 
like a liquid. ^ From the above it follows that K depends on the nature and compaction 
of the side supporting material and on the surcharge that this material sustains. Gen
erally, the higher the compaction of the side supporting material and the higher the 
magnitude of the vertical pressure within this material, the higher wi l l be K and, ac
cordingly, the higher wi l l be the lateral pressures exerted against the sides of the con
duit. 

Conduit theories have neglected so far the presence of this latter kind of lateral 
earth pressures. These theories assume that the only lateral pressures existing at 
the sides of a conduit are those mobilized by the compressive action of the conduit bulg
ing (Spangler, 1937, 1946, 1948, 1952). Such assumption is on the safe side and suffi
cient to calculate conduit deflections for low or medium height f i l l s . However, when 
an earth f i l l is made as high as the one under stu^y one cannot neglect the second type 
of lateral earth pressures without being at considerable variance with reality. 

To illustrate the above consider the following example: 
Effective f iU height including effect of arching stresses, Heff = 170 f t . 
Average unit weight of f i l l material, = 120 pcf. 
Coefficient of hydrostatic earth pressure, K = 0.5. 

Then, the intensity of the hydrostatic lateral earth pressures, Ph, exerted by the 
side supporting material against the conduit sides wi l l be: 

Ph = K 7 H = (0. 5) (120) (170) = 10,200 psf. (1) 
Now assume that the maximum lateral deformation of the conduit is 2 inches on each 

side and that the modulus of passive resistance, e, is 30 psi. per inch of deformation. 
This value represents an average value for normal compaction efforts. 

Then, the maximum intensity of the reactive lateral pressures, P n , mobilized by 
the side stq)porting material against the sides of the conduit wi l l be: 

P n = = (2) (30) = 60 psi. = 8,640 psf. (2) 
If e were equal to 40 psi. per in. of lateral deflection, then the corresponding pra 

would have been: 
Pr2 = (2)-(40) = 80 psi. = 11,520 psf. (3) 

Compare the last two values of p^ with the above value of ph (Equation 1) to see the 
relative magnitude of the two kinds of lateral pressure components. If the overall lat
eral pressure, piat. , were measured directly, one would have obtained respectively: 

Plat. 1 = P n + Ph = 18, 840 psf. (4) 
and 

Plat. 2 = Pra + Ph = 21,720 psf. (5) 

^^For natural granular earth deposits, K has been found e^erimentally to vary between 
0.45 and 0. 55. In such cases it is called, "coefficient of earth pressure at rest" and 
it is designated as K q . The value of K q for cohesive materials is not known yet. 
"ver t ica l pressures within the side supporting material are induced by the weight of 
the material, by the f i l l surcharge that it sustains, and by stresses due to arching phe-
nomenon that wi l l be discussed In detail in the next part of this section. The latter 
stresses may be thought of as an additional surcharge on top of the side supporting material. 
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Accordingly, if the above overall lateral pressures were assumed to be purely re
active pressures, Pp, mobilized by the side supporting material on acc~ount of the over
all 4-inch lateral deformation of the conduit, the corresponding equivalent values of e 
for the aboVe earth mass would have been respectively: 

ejjq^ 1 = = 65 psi. per inch of lateral deflection, (6) 

21 720 

egq. 2 = i^i^^ = "̂ 2 psi. per inch of lateral deflection. (7) 
In other words the equivalent values of e would have been approximately twice as high 

as the actual values of e of the same side supporting material. 
The above discussion may give some clues for certain unusually high values of e re

ported from conduit installations under high f i l l s (Spangler and Phillips, 1955). It is 
suspected that one of the main reasons for such high values is the fact that these quan
tities have been computed on the assumption that only reactive lateral pressures have 
been mobilized against the sides of these conduits whereas the presence of hydrostatic 
lateral pressures due to the f i l l surcharge on top of the side supporting material and 
the arching stresses has been entirely neglected. 

By considering the above hydrostatic lateral pressures one may also explain ration
ally the reason for the successful installation and satisfactory performance of rigid con
duits under high f i l l s . It would seem impossible for these structures to deform later
ally an amount sufficient to mobilize reactive" lateral pressures balancing the tremen
dous overburden loads without cracking seriously. Therefore, had it not been for hy
drostatic lateral pressures built gradually on the sides of these conduits for each f i l l 
increment, the above structures would have collapsed by shear failure on account of 
large unbalanced differential pressures concentrated at their top and bottom sections. 

From the above discussion it follows that the less compressible is a side supporting 
material and the higher the degree of its initial compaction, the greater wi l l be: (1) the 
magnitude of the lateral reactive earth pressures mobilized by the side supporting ma
terial on account of the lateral bulging of the conduit; and (2) the magnitude of the lat
eral pressures exerted by the side supporting material on account of its own weight, 
and the vertical pressures induced in its mass by the effective surcharge that it sus
tains. 

From the analytical evaluation of the earth load on top of the conduit ( see page 127) 
it wi l l also be seen that the stiffer is the side supporting material, the greater wi l l be 
the tendency of the soil mass directly above the conduit to arch over the adjacent bodies, 
thus relieving the top of the structure from part of its overburden pressure and increas
ing the lateral pressures on its sides through the surcharge action of the arching stress
es. 

As a result of the above discussion one can see clearly that there is a definite need, 
especially for high f i l l conduit installations for the development of rational methods 
through which specifications can be written regarding: (1) the nature of the side sup
porting material to be used for a given installation; (2) the method of placing and the 
minimum degree of initial compaction of the side supporting material for the satisfac
tory performance of a given installation; and (3) the size of the surrounding supporting 
mass for a given installation. 

The above specifications are necessary because it is realized that certain earthen 
materials, even though compacted to the optimum amount by the available method of 
compaction, are not capable of mobilizing sufficient reactive lateral pressures because 
they fa i l in shear. Accordingly, on account of plastic flow conditions, the above ma
terials wi l l yield by an amount exceeding the maximum allowable lateral deformation 
of the given conduit. It is also realized that even if a material meets the f i rs t specifi
cation i t st i l l may not develop the required lateral pressures unless it is compacted by 
the proper method and to a necessary optimum degree of compaction. Furthermore, if 
the size of the abutting mass does not meet a required minimum, the side supporting 
material may act as an integral part of a conduit structure (made of thick walls) and 
push into the adjoining f i l l mass without developing the required pressures. Such action 
wi l l s t i l l result in the failure of the conduit as if there were no side supporting material 
on its sides at all. 
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Such specifications can only result from an abundance of data obtained from various 
installations, successful or not. The conditions under which this culvert was installed 
and the methods by which the f i l l was constructed have already been described. Never
theless, f rom the shape and present condition of the pipe, one may conclude that despite 
this unorthodox installation the nature, size, and compaction of the side supporting ma
terial were sufficient for this material to mobilize the necessary lateral pressures for 
a satisfactory performance of the conduit. Therefore, the data from this installation 
may be used for an overall compilation of data on successful installations. 

The nature and precompaction of this material have already been presented in Tables 
1 and 2, and in Figure 51. The approximate size of this mass may be deduced from the 
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Small numbers indicate feet of fill above top 
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Figure 71. Progressive elongation of horizontal diameter versus 
percent compaction of side supporting material. Rings 28-40. 
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Figure 72. F i l l height and elongation of horizontal diameter of 
pipe versus time. 

typical cross-section of the pipe installation on Ring 31 drawn on Figure 46. Further
more, data from the properties and the compaction condition of the same mass one and 
one-half years after the completion of the f i l l are shown in Tables 3 and 4 and in Figures 
48 and 51. 

The data plotted in Figure 51, indicate that regardless of the varying degree of initial 
precompaction, the dry density of the side supporting material increased to an average 
value of 105 pcf. one and one-half years after the completion of the f i l l . In Figure 48 it 
wi l l be seen that although sufficient points were not obtained from Rings 44, 45, and 56 
to form a good trend, the dry density appeared to decrease with lateral depth at Rings 
16, 44, 45, and 64, while i t indicated an opposite trend at Rings 8 and 56, and remained 
more or less constant with an ultimate tendency to decrease with depth at Rings 24 and 
34. The water content and the void ratio, as expected, varied in an opposite manner to 
that of the dry density. 

The general tendency of the dry density to decrease with lateral depth may be explained 
from the fact that the influence of both the lateral deformation of the conduit as well as 
the arching stresses in consolidating further the side supporting mass is dissipated be
yond the immediate vicinity of the conduit. Consequently, for greater lateral depth the 
soil mass consolidates only as a result of the f i l l overburden. 

To show the influence of the degree of initial compaction of the side supporting ma
terial on the lateral deformation of the conduit, a family of curves has been plotted In 
Figure 71. These curves show progressive elongation of the horizontal diameter of the 
conduit, versus average percent compaction of the side supporting material regardless 
of ring position, based on the maximum dry density from standard Proctor compaction 
tests performed on the same material. 

Only data from Rings 28 to 40 have been used in these graphs. Since the f i l l height, 
the strut spacing, the gage of structural plate, and the stages of f i l l construction were 
the same on these rings, and since for all practical purposes the side supporting mate
r ia l was uniform in nature along these positions, it would appear logical to assume that 
the only independent variable influencing the lateral bulging of the structure as measured 
by the elongation of the horizontal diameter is indeed the initial compaction of the side 
support. 
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The trend of the above curves indicates that the higher the initial precompaction of 
the side supporting matel-ial, the lower wi l l be the lateral bulging of the conduit. The 
peak values at Rings 28 and 30 may be due to either: (1) erroneous data on the initial 
compaction of the side support, (2) a local pocket of dense soil, or (3) the lateral dis
placement of the culvert, if the structure is considered to deform like a cylindrical 
beam whose action has been discussed previously and illustrated in Figure 54. 

Another set of graphs has been plotted in Figure 72 showing f i l l construction progress 
and lateral elongation of the horizontal diameters versus time, on Rings 36, 44, and 60. 
The initial compaction of the side supporting material at the same locations is indicated 
also. From these graphs the following comments may be made: 

The time-elongation of horizontal diameter curves, which might also be thought of as 
time-lateral settlement curves, from the side supporting material have the same trend. 
This fact suggests that the side supporting material is more or less of the same nature 
at Rings 36, 44, and 60. 

For a f i l l increment there was a corresponding increment in the horizontal diameter 
of the pipe. 

When the f i l l construction was completed on top of these rings, the structure ceased 
to deform laterally. The latter action indicates that the side support acted in an elastic 
manner. 

The influence of the slide is indicated clearly on Ring 44 where during the f i rs t 70 
days of the f i l l construction the pipe was squeezed in instead of bulging out. However, 
when sufficient f i l l overburden had been deposited on top of the culvert, the structure 
began deforming as originally anticipated. 

Further indication of the elastic nature of the side is given by the sudden increase in 
the horizontal diameter upon removal of the struts. 

From the tabulated data on the initial compaction of the side supporting material and 
since the gage of structural plate as well as the strut spacing were the same at Rings 36 
and 44, it appears that lateral bulging of the culvert at those positions may have been in
fluenced by: (1) the f i l l overburden, (2) the fact that the side supporting material was 
initially compacted to a greater degree at Ring 44 than at Ring 36, and (3) the initial 
squeeze-in effect of the slide action. 

Although Ring 64 supported considerably less overburden than Rings 36 and 44, the 
culvert at this point bulged out considerably more than it did at Rings 36 or 44. Although 
not experimentally proven, this action is attributed to: (1) very low initial compaction 
of the side supporting material on the west side of Ring 64, (2) thinner gage of the struc
tural plate at Ring 64, (3) less amount of struts per lineal foot of pipe at Ring 60 than at 
Rings 36 or 44, and (4) load transfer within the soil mass from the middle section of the 
pipe to the quarter points on account or arching along the longitudinal axis of the conduit. 

Discussion of the Data Obtained from Strain Gages, Strut Load Cells, and Compression 
Pine Caps 

By merely looking at the values of vertical and lateral pressures evaluated from the 
strain gage data and comparii^ them with the we^ht of earth column on top of the con
duit (Figures 61-63) one can see that these values cannot have any quantitative signifi
cance. To make the above statement more comprehensible, the same data have been 
used to draw the following figures: (1) Figure 73, in which the indicated vertical load, 
Wv> has been plotted against f i l l height, H, for Rings 31, 37, and 55. For comparison 
purposes the overburden pressure or the earth column weight, W, has also been plotted 
versus f i l l height on the same figure. (2) Figure 74, in which the ratios of the vertical 
load, Wv, to the weight of the earth column, W, and to the lateral load, W l , have been 
plotted against time. 

From the above figures as well as from Tables 6 and 8 it can be seen that: 
1. The maximum vertical load as evaluated from strain gages, strut load cells, and 

pine compression caps was in the vicinity of 300,000 lb. per lin. f t . of pipe for all three 
rings. The maximum lateral load was about 270,000 lb. per lin. f t . at Ring 31; 250,000 
lb. per lin. f t . at Ring 37; and 120,000 lb. per lin. f t . at Ring 55. 
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T A B L E 8 

Date 
F i l l Height on Top of Conduit 

H - ft 
Weight of Earth Column, Wcl 

lb. /ft. Wv/Wci W V / W l 

Ring 31 Ring 37 Ring 55 Ring 31 Ring 37 Ring 55 Ring 31 Ring 37 Ring 55 Ring 31 Ring 37 Ring SS 

7- 9-195Z 
8- 5-1952 
8-14-1952 
8- 28-1952 
9- 16-1952 

10-21-1952 

9.1 
28.1 
44.5 
47.2 
73.1 

105 

7.4 
27.7 
27.7 
i2 .4 
69.8 

105 

9.7 
9.1 
9.1 

32.1 
55.6 
bS.9 

6,010 
18,500 
29,400 
31,100 
48,200 
69,300 

4,880 
18,300 
18, 300 
28,000 
46,100 
69,100 

6,400 
6,010 
6,010 

21,200 
36,700 
36,900 

2.86 
2.23 
1.66 
1. 97 
3.88 
3.44 

2.43 
2.36 
2.42 
2.84 
3.45 
3.29 

1.66 
1. 35 
1. 17 
2.02 
2.92 
3. 47 

1 10 
1.16 
1. 28 
0 90 
1.54 
1. 21 

2.42 
1.42 
1. 21 
1.31 
1.21 
1.50 

4.17 
2.77 
1. 60 
3.45 
1.91 
1. 99 

11- 13-1952 
12- 8-1952 
1- 6-1953 
1- 29-1953 
2- 24-1953 
4- 8-1953c 

126 
145 
146 
147 
165 
165 

128 
144 
147 
148 
165 
165 

67.3 
74.9 
76.1 
79.2 
82.2 
82.2 

83,000 
95,900 
96,400 
97,000 

109,000 
109,000 

84,600 
95,300 
97,000 
97,500 

109,000 
109,000 

44,400 
49,400 
50, 200 
52,300 
54,300 
54,500 

3.23 
2. 83 
2.93 
3.07 
2.61 
2.56 

3.14 
2.92 
2.90 
2.96 
2.69 
2.70 

3. 73 
3.91 
4 18 
4.24 
5.10 
5 23 

1. 23 
1 21 
1 19 
1.20 
1 19 
1 07 

1.44 
1.32 
1.25 
1. 21 
1.19 

2.29 
2.92 
3.22 
3.46 
2.27 
2.70 

4- 14-1953 <> 
5- 26-1953 
6- 16-1953 
8- 3-1953 

11-23-1953 
3-29-1954 

165 
165 
166 
166 
166 
167 

165 
165 
166 
166 
166 
166 

82.2 
82. 2 
83.7 
83. 7 
83.7 
83.7 

109,000 
109,000 
110,000 
110,000 
110,000 
110,000 

109,000 
109,000 
110,000 
110,000 
110,000 
110,000 

54,500 
54,500 
55,200 
55,200 
55,200 
55,200 

2.59 
2.48 
2.54 

. b 

2.64 
2.61 
2.60 

. b 

5. 13 
_b 

1.06 
1. 06 

. b 

1.17 
1. 23 
1.24 

. b 

2.60 
. b 

^ W l not obtained. 
b From this date strain gages became inoperative, 
c Before removal of struts, 
d After removal of struts. 
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2. The vertical load, Wy, increased rapidly during the f i rs t 120 days of the f i l l con
struction. Then it increased at a decreasing rate and upon the completion of the f i l l it 
reached an-average value of approximately three times as great as the weight of the 
earth column above the conduit, assuming that the average unit weight of the f i l l mate
r ia l was 120 pcf. 

6.0 

Ring 31 

Ring 37 

Ring 55 

200 
Time in Days 

Ring 31 

Ring 37 

Ring 55 

200 
Time in Days 

Figure 74. Ratios of ver t i ca l earth load to weight of earth column 
* v / * c l . ' ° l a t e r a l earth load \ / \ acting against the pipe 

versus time. 



120 

3. At Rii^s 31 and 37 the above recorded vertical load was about 1. 3 times the lat
eral load, W l , as evaluated from data obtained by the same apparatus. At Ring 55, the 
ratio of Wy to W l did not have an approximate constant value but varied with time in a 
wave-like manner. Maximum values of this ratio were recorded eight days after the be
ginning of f i l l construction and at the end of the construction, i . e., 214 days later, these 
values were 4. 2 and 3. 5 respectively. The minimum value was 1. 3 and it was recorded 
46 days after the beginning of f i l l construction. 

From the above numerical results it follows that the evaluated pressure values can
not have any significance because: (1) If the external pressures had attained such great 
values, the structural connections of the plates would have failed in shear especially in 
Ring 55 where the bolt spacing and plate gage had been designed for 84 feet of vertical 
f i l l height or 46,200 lb. per lin. f t . overburden pressure, the design value of the aver
age unit weight of the f i l l material having been 100 pcf. Even if a factor of safety of 
four is applied, the resulting design load wi l l be 184, 800 lb. per lin. f t . , i . e., about 
half the value recorded. Not a single sign of bolt shearing has been observed in any 
ring of the culvert. (2) The inherent rigidity of the flexible culvert would not be able to 
withstand differential pressures resulting from the uneven distribution of external pres
sures as mentioned in item 3 . Therefore, the culvert would have collapsed by exces
sive deformation at least at the rings where the above data have been obtained. How
ever, the pipe shape at the same rings, as shown by the protractor data on Figures 55, 
56 and 57 and generally in Figure 70, is for all practical purposes circular in shape and 
does not reveal any signs of excessive deformation at any point. 

The experimental error involved in strain gage measurements has not been deter
mined; however, the following factors are considered to have possibly contributed to the 
above unreasonable results. 

1. The bottom strain gages of all three rings although insulated and waterproofed 
were grounded most of the time due to the flowing water (see Table 6), therefore, er
roneous readings must be ejqjected. However, the gages that were installed on the sides 
and at the top of all three rings were all operative except the No. 1 top gage at Ring 37. 
Since the results obtained from the latter gages were just as unreasonable as those ob
tained from the bottom gages, grounding is considered one possibility but not one of the 
main reasons for obtaining data that are beyond any reasonable expectations. 

2. The structural plates due to local stress concentration may have buckled locally, 
thus indicating excessive strain. Such action is actually accompanied by a partial relief 
of stresses. However, if one examines the data from each side of each ring, obtained 
by three gages installed 2 feet apart from each other, he wil l notice that the readings are 
of the same order of magnitude. Furthermore, there is a reasonable agreement among 
the data from the same side of all three rings at the same date. Also data from oppo
site sides of the same ring are reasonably uniform. Therefore, how local the local 
bucklii^ is is questionable. With lack of knowledge concerning the experimental error 
involved, one cannot draw definite conclusions regarding this possibility. 

3. The strain at each point of the pipe surface was measured by one strain gage ele
ment. This element recorded uniaxial circumferential strain in the metal. The nature 
of stresses that caused such strains is Impossible to determine because a multitude of 
additional stresses may have been introduced at the point where the gage elements were 
installed. These stresses could have been of the same direction and sense as the pure 
axial circumferential thrust that it was desired to measure. As was mentioned before, 
the pipe was subjected to various other actions in addition to being loaded by the top over
burden pressures. Lateral displacements of the pipe-beam structure were observed, 
tendencies to rotate about the flow line axis were recorded, and a very definite loading 
action was detected as a result of the continued drive of the slide. 

4. The strain gage elements were supposedly installed at the neutral axis of the pipe 
corrugations. Thus, it was hoped that the recorded strain would be only due to axial 
thrust. If , however, these elements were installed just a minute amount off the neutral 
axis of the corrugation, bending stresses would also be introduced on account of the 
curved beam action of the corrugation. Furthermore, even if these elements were in
stalled exactly on the geometrical neutral axis of each corrugation, the above neutral 
axis may or may not have coincided with the actual physical neutral axis of the corruga-



121 

tion. The position of the physical neutral axis is a function not only of the shape of the 
corrugation but also of the homogeneity of the material itself. Any small misplacement 
of the gage elements from the actual neutral axis would have introduced the same bend
ing stresses as discussed above. On the other hand such stresses, although they may 
have been undetectable by any other measuring device, would have been recorded by the 
strain gage indicator whose precision is one millionth of an inch per inch. 

5. The strain gage readings as well as the compression measurements from the pine 
caps indicated that both the steel plates and the pine caps had been stressed beyond their 
respective elastic ranges. Under such conditions no conversion from strain to stress 
can be made by means of stress-strain and load-deformation diagrams obtained from 
laboratory tests on similar specimens. It is known, that when a material is loaded be
yond its elastic range, and conditions for plastic flow exist, the rate of load application 
as well as the total time that each load increment has been allowed to act on the speci
mens are factors of primary importance. For varying rate of load application the stress-
strain or load-deflection curve of the same specimen wi l l have a different configuration 
on the plastic range. If the total time that a load increment has been allowed to act on 
the specimens varies, the ultimate deformation that the specimen w i l l undergo on ac
count of this increment wi l l vary also. 

6. Even if the conduit material were stressed below its elastic limit it would be ab
surd to attempt to evaluate the state of stress at a point from a single, unidirectional 
strain measurement, by applying a simple, directly proportional relationship between 
stress and strain. Only in the special case of uniaxial stress and along the direction of 
the stress may such relationship be applied. In every other case, the total strain meas
ured in any direction consists of three separate parts (1) the strain due to temperature 
change, (2) the strain due to the Poisson effect, and (3) the primary strain that is directly 
related to Hooke's law if the material is stressed below its elastic l imit . 

The f i rs t part of the above total strain is eliminated by a suitable temperature com
pensator attached on the strain gage indicator. The second part," however, which is un
accompanied by stress, cannot be determined from a single strain measurement ob
tained by one gage element oriented in one direction. ̂ ' For plane or two-dimensional 
stress conditions, strain gage theory shows that the minimum number of strain meas
urements that must be obtained at a single point in order that the state of strain and, 
accordingly, the state of stress be defined completely on all planes perpendicular to the 
plane of stress that pass through the same point, is three measurements, obtained from 
three different directions passing through the point. In addition to the above measure
ments the Poisson ratio for the respective material must be known also (Koch and others, 
1952; Perry and Lissner, 1955). 

From the above discussion and especially from item 6 , it follows that the magnitude 
of the vertical and lateral external loads cannot be determined from the available strain 
gage and compression pine cap data. However, since each set of data was obtained at 
the same time, and since there is a reasonable agreement among the data obtained on 
the same date, qualitative conclusions may be drawn regarding the build-up of these 
loads. Specifically: 

1. For a f i l l increment, there was a corresponding load increment both in the plates 
and the struts. 

^"While strut-compression cap specimens were tested in the N. C. State Highway Lab
oratory in order to obtain the strut load-deflection diagram presented in Appendix, 
the deformation due to the highest applied load increment was recorded instantaneously, 
5 minutes later, and 10 minutes later. It was found that on the average the specimens 
deformed 4. 7, and 7.9 percent in excess of the instantaneous reading during the last 
two time intervals respectively. Furthermore, the load was applied at the rate of 0. 05 
inch per minute and can hardly be said to simulate static field conditions. 
^'When a primary strain is produced in the x direction of a structural element by a 
force in that direction, secondary or Poisson strains are simultaneously produced in the 
y and z directions normal to the primary strains. These Poisson strains are, however, 
unaccompanied by stresses in the y and z directions. This point is frequently overlooked 
in strain measurements. 
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Figure 75. Settlement of various component parts of earth-conduit 
structure versus tin.e. Ring 30. 

2. The load increased at an increasing rate at the earlier stages of the f i l l construc
tion. Later, however, it increased at a decreasing rate, and, upon the completion of 
the f i l l , it remained substantially constant. 

3. The removal of the struts affected the load on the plates. 
4. The data from the pine compression caps indicate that there was more load con

centration at the quarter points than at the middle section of the pipe (Figure 60). The 
same fact is indicated by the strain gage measurements at R i i ^ 55 (Figure 58). How
ever, as these load values were evaluated from deformations and strains that occurred 
in the plastic region of these materials, and since the strut spacing, plate gage, and 
initial compaction of the side supporting material provided less resistance to deforma
tion at the quarter points than at the middle section, one cannot conclude with certainty 
that such a load distribution came mainly as a result of arching action of the overlying 
soil mass- in a longitudinal way. Instead, it would be more compatible with the actual 
conditions to conclude that all the above factors, combined together, may have influ
enced such behavior. 

Analysis of Data from Settlement Cells - Evaluation of Settlement Ratio 
As mentioned previously, the experimental error from the settlement computations 

cannot be estimated by means of the available data. However, Table 7 gives a general 
idea of the magnitude of the discrepancies that may be expected between readings ob
tained by the settlement cells and readings obtained by leveL These discrepancies are 
not systematic errors, but they result from a multitude of environmental conditions. 
The most influencial source of error is believed to be the "kinking" of the rubber hose 
connecting each cell buried in the f i l l with the manometer board located in the pipe line. 
Such action was caused by the squeeze-in effect of the earth mass above the conduit and 
progressed with time until, finally, it rendered the cells inoperative. On account of 
this, the initial discrepancies are believed to have increased considerably at later dates. 
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Therefore, the settlement coiiq)utations that were made by taking the difference between 
the initial readings and readings obtained at later dates wi l l also be In error. In addi
tion to the above: 

1. Due to invert flow line grade, and rotation of pipe about its longitudinal axis, the 
manometer was not vertical when fitted to th6 Phillips head screw permanent reference 
points. Therefore, the recorded vertical distance between the invert elevation and the 
lower mercury meniscus (distance e - c of Figure 43) was not the true distance. 

2. Bulkiness of the manometer board; poor illumination. Ineffective valve arrange
ment on the manometer that resulted several times in losing the mercury while attempt
ing to take a reading; inadequate pumping apparatus that did not secure a slow smooth 
stroke while pumping water through the cell hose and, therefore, it may have hastened 
impending hose kinking, rendered each individual reading very questionable from a sta
tistical point of view. 

In spite of the above discussion, the plotting of settlement data against time indicate 
very definite trends that are within a reasonable degree of agreement with the anticipat
ed settlements of the respective soil mass conqionents. Therefore, as a crude method 
of analysis, the arithmetic mean of a set of readings that were obtained on the same date 
from the compacted and loose earth masses on top of the same ring, were considered 
to represent the average settlement conditions for the above masses on that date. 

From the points where the cells became imperative the mean curves were extrapo
lated in such a manner that their trend was the same as that of data obtained from indi
vidual cells of the same group that were s t i l l in operation. The extrapolated portions 
were considered to represent the average settlement conditions for the same masses at 
later dates (Figures 75-80 and Table 9). 

The above data together with the data from the settlement of the flow line and the 
shortening of vertical diameter at the same points, (Figures 52 and 53) were used to 
cooqpute the settlement ratio as defined previously (see Apparatus and Experimental 
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Procedure). The results of these computations have been plotted against t ime in F ig 
ures 81 and 82. On the same curves the ratio of the void ratio of the loose mass, e l , 
to the void ratio of the compacted mass, , above the respective rings is indicated 
also. 

From the above two figures i t can be seen that: 
1. During the f i r s t 100 days of f i l l construction the settlement rat io decreased stead-
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+ 1 . 5 8 + 1 48 + 1 . 6 2 4 0 . 3 8 0 . 0 0 0 4 1 . 1 3 - 0 . 2 9 3 
+ 1 56 + 1 78 + 1 . 6 6 4 0 37 0 0 0 0 4 1 20 - 0 . 3 0 2 
+ 2 13 + 2 . 1 6 + 2 . 1 4 4O 66 4O.OIO + 1 57 - 0 299 
+2 6 8 + 2 . 5 3 + 3 6 1 + 0 . 8 7 4 0 . 0 3 5 + 1 . 7 0 - 0 247 
+3 0 1 +2 8 7 + 2 09 4 1 . 0 8 + 0 . 0 5 5 + 1 . 8 8 - 0 . 1 9 7 
+ 2 6 7 a + 3 . 0 4 (+3 17) + 1 . 2 2 4O 085 ( + 1 . 8 6 ) ( - 0 . 2 1 0 ) 

+2 8 1 +3 32 ( + 3 . 3 6 ) + 1 26 4O . I I O ( + 1 . 8 8 ) ( - 0 237) 

- - ( + 3 . 5 1 ) + 1 52 4O.I35 ( + 1 . 8 6 ) ( - 0 . 2 8 1 ) 
_ ( 4 3 . 8 3 ) + 1 . 4 8 4 0 . 1 4 5 ( + 1 . 8 8 ) ( - 0 . 2 7 8 ) 

- ( + 3 . 7 4 ) + 1 . 6 4 +0 150 ( + 2 . 0 5 ) ( - 0 . 2 9 8 ) , 
_ - (+3.02) + 1 65 + 0 . 1 7 0 (+3 10) ( - 0 310) 

- - ( + 3 . 9 4 ) + 1 53 + 0 . 1 8 5 (+2 22) ( - 0 306) 

_ _ (+4 07) + 1 . 6 8 + 0 2 0 0 ( + 2 . 3 9 ) ( - 0 . 3 1 8 ) 
_ - (+4 16) + 1 . 6 2 40 2 1 0 ( + 2 . 3 3 ) ( - 0 . 3 3 0 ) 

- (+4 23) + 1 . 6 4 4O 2 1 0 (+2 38) ( - 0 . 3 2 4 ) 

- - (44.34) + 1 . 6 6 4 0 . 2 1 5 ( + 2 . 4 6 ) ( - 0 . 3 1 3 ) 

- - ( + 4 . 3 8 ) + 1 7 1 4 0 . 2 2 0 ( + 2 . 4 5 ) ( - 0 . 3 0 8 ) / 

• F r o m t i l l s da t e c e U l i e c a m e i n o p e r a t j r e . 
• • B e f o r e r e m o r a l o f s t m t s , 
c A f t e r r e m o v a l o f s t r u t s . 
V a l u e s I n p a r e n t h e s e s lunre b e e n o b t a i n e d b y e a t r a p o l a t l n g m e a n c u r v e s . 
N o t e : A l l da t a a r e I n r e f e r e n c e t o t h e I n i t i a l s e t o f r e a d i n g s o b t a i n e d l u l r 9 , 1953. 

+ S i g n deno te s d o w n w a r d s u b s i d e n c e 
M ' S e t t l e m e n t o f f l o w b n e . 
dc = S l i o r t e n i n g o f v e r t i c a l d i a m e t e r 
Sd ° C o m p r e s s i o n o f l o o s e m a t e r i a l v l t l i l n d i t c h 
Of • I n i t i a l v o i d r a t i o o f c o m p a c t e d m a t e r l a L 
e i • I n i t i a l v o i d r a t i o c f l o o s e m a t e r l a L 
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T A B L E 9 ( C o n t i n u e d ) 

E V A L U A T I O N O F S E T T L E M E M T R A T I O , r m - R D K I 37 

S e t t l e m e n t o f C o m p a c t e d M a t e r i a l , Sc S e t t l e m e n t o f L o o a e M a t e r i a l Bd = B l - ( 8 f 4 d c ) 
D a t a f t . f t a f \ 

C e l l N o . 1 C e U N o 2 C e l l N o 5 C e U N o 6 M e a n C e U N o . 3 C e U N o . 4 M e a n f t f t I t Bd • c 

8 - 5 -1152 « 0 34 4 0 . 5 2 4 0 . 9 2 4 0 . 9 0 4 a 87 4 0 75 4 1 . 0 6 4 0 . 9 1 4 a 3 1 40 005 4 a 50 - 0 407 3 . 4 4 
g - 1 4 - i a 5 ! ' f 0 ; 3 5 4 0 . 5 5 4 0 89 4 0 88 4 0 67 4 0 . 7 4 4 1 . 0 5 4 a 0 0 4 0 . 3 1 40 0 2 0 4 a 57 - 0 404 
8 - 2 5 - 1 9 5 2 *o.m 4-1.08 4 1 . 4 0 4 1 . 3 6 4 l 17 4 1 . 1 8 4 1 . 5 0 4 1 . 4 4 4 a 5 1 4 0 . 0 3 0 4 a 0 0 - 0 . 3 0 0 
9 - 1 8 - 1 9 5 2 + 1 . 4 8 4 1 . 7 1 4 2 . 1 8 4 3 . 0 4 4 l 85 4 1 . 0 0 42 20 4 2 . 1 0 4 a 83 4 « 055 4 l . 1 1 - 0 . 2 0 7 

1 0 - 2 1 - 1 9 5 2 4.1.72 4 2 . 0 0 _ a 4 2 . 2 8 4 l 99 4 2 . 1 6 4 2 . 7 3 4 2 . 4 6 4 l 0 1 40" 085 4 l 3 8 • a 3 4 1 
1 1 - 1 3 - 1 9 5 2 _ a _ a - _ a ( 4 1 . 1 8 ) 4 1 . 4 7 _ a ( 4 2 . 7 6 ) 4 l 19 4 0 . 1 0 5 ( 4 l 4 6 ) ( - a 411) 

1 2 - 8 -1952 - - - - ( 4 2 . 3 4 ) 4 l 7 1 - (43 13) 4 1 . 3 6 4 0 . 1 1 0 ( 4 l . 65) ( - a 473) 
1 - 8 -1953 - - - - ( 4 2 . 5 2 ) 43 14 - ( 4 3 . 4 3 ) 4 1 . 5 4 40 130 ( 4 1 . 7 6 ) ( - 0 . 5 1 7 ) 
1 .29 -1953 - - - - ( 4 1 . 6 4 ) 4 3 . 3 3 - ( 4 3 . 5 8 ) 4 1 . 5 1 4 0 . 1 3 5 ( 4 l 83) ( - 0 4 8 7 ) 
2 - 2 4 - 1 9 5 3 - - - - ( 4 2 . 7 6 ) . a - (43 71) 4 1 . 5 4 4 0 . 1 3 5 ( 4 X 0 3 ) ( - 0 488) 
4 - 8-1953 - - - - ( 4 2 . 9 1 ) - - ( 4 3 . 8 5 ) 4 1 . 6 8 4 a 160 ( 4 1 . 0 1 ) ( - 0 . 4 8 8 ) 
4 - 1 4 - 1 9 5 3 - - - - ( 4 1 . 9 1 ) - - ( 4 3 . 8 7 ) 4 l S3 4 0 . 1 6 0 ( 4 2 . 1 8 ) ( - a 438) 

5 - 2 8 - 1 9 5 3 - - - - ( 4 1 . 9 9 ) - - ( 4 3 . 9 7 ) 4 l 5 8 4 0 . 1 7 5 ( 4 2 . 2 1 ) ( - a 443) i - - 0 4460 
6 - 1 8 - 1 9 5 3 - - - - ( 4 3 . 0 3 ) - - ( 4 4 . 0 2 ) 4 1 . 6 1 4 a 175 (42 22) ( - a 446) 
8 - 5 -1053 - - - - ( 4 3 . 0 8 ) - - (44 07) 4 1 . 6 5 4 0 . 1 8 0 ( 4 2 14) ( - a 442) 

1 1 - 2 3 - 1 9 5 3 - - - - ( 4 3 . 1 5 ) - - ( 4 4 . 1 5 ) 4 l 68 4 0 . 1 8 0 ( 4 1 . 3 1 ) ( - 0 . 4 3 3 ) 
3 - 3 0 - 1 9 3 4 - - - - ( 4 3 . 1 8 ) - - ( 4 4 . 1 8 ) 4 l . 7 ! 4 a 180 ( 4 1 . 2 8 ) ( - a 439) 

M e a n 
( 4 4 . 1 8 ) ( 4 1 . 2 8 ) ( - a 439) 

R I N O 3 8 

8 - 5 -1952 > a . 5 8 441.83 40 85 4 0 86 4 0 . 7 3 40L57 4 1 . 1 0 40 84 4 a 32 4 0 . 0 0 5 4 a 5 1 - 0 . 2 1 6 1 .52 
8 - 1 4 - 1 9 5 2 + 0 34 4 0 4 4 4 0 . 8 4 4 0 63 4 0 . 5 6 4 0 5 1 4 0 . 8 6 4 a 69 4 0 29 4 a 005 40 I S - 0 . 3 3 3 
8 - 2 8 - 1 9 5 2 4 0 84 4 0 84 4 1 . 1 7 4 1 . 5 0 4 1 1 1 4 1 0 1 4 l 4 5 4 l 14 4 a S3 4 a 0 1 0 4 0 . 7 0 - 0 186 
9 - 1 6 - 1 9 5 2 tl 57 4 1 . 8 7 4 2 10 4 2 . 1 4 4 1 . 8 7 4 l 4 0 42 4 1 4 1 . 9 5 4 0 OS 4 0 . 0 1 5 4 1 . 0 7 - 0 076 

1 0 - 2 1 - 1 9 5 2 _ a 4 l 94 4 2 . 4 7 4 2 . 4 2 4 1 . 2 8 42 1 1 4 3 . 6 6 4 2 . 3 0 4 l 04 4 0 . 0 3 5 4 1 . 3 1 - 0 . 0 8 4 
1 1 - 1 3 - 1 9 5 2 - _ a . a 4 2 . 0 3 ( 4 1 . 5 1 ) - a _ a ( 4 l 81) 4 t 24 4 0 . 0 6 0 ( 4 l S I ) ( - 0 . 1 9 2 ) 

1 1 - 8 -1952 - - - 43 18 ( 4 2 . 8 3 ) - ( 4 3 . 1 7 ) 4 1 . 3 8 4 0 . 1 0 0 ( 4 l 69) ( - 0 . 2 0 1 ) 
1 - 8 -1053 - - - _ a ( 4 1 . 9 8 ) - - ( 4 3 . 4 4 ) 41 .SS 4 0 . 1 1 0 ( 4 1 . 7 4 ) ( - 0 284) 
1 -29-1053 - - - - ( 4 3 . 0 8 ) - - ( 4 3 . 5 7 ) 4 I . S 8 4 a 110 ( 4 1 . 8 7 ) ( - 0 . 2 8 2 ) 
3 - 2 4 - 1 0 5 3 - - - - (43 15) - - ( 4 3 . 6 0 ) 4 1 . 6 2 4 0 . 1 3 0 ( 4 1 . 9 3 ) ( - a 2 7 5 ) \ 
4 - 8 -1053 - - - - ( 4 3 . 1 6 ) - - ( 4 3 . 8 3 ) 4 L 7 2 4 a 140 ( 4 1 . 9 7 ) ( - a 280) 
4 - 1 4 - l O S S - - - - ( 4 3 . 2 7 ) - - (43 84) 4 1 . 6 0 4 0 . 1 4 5 ( 4 2 . 0 0 ) ( - 0 . 2 7 3 ) 

B-26-19S3 - - - - ( 4 3 . 3 2 ) - - ( 4 3 . 0 1 ) 4 1 . 6 5 4 0 . 1 8 5 ( 4 l 10) ( - a 288) X = a 2846 
6 - 1 6 - 1 9 5 3 - - - - (43 37) - - (43 98) 4 1 60 40 185 ( 4 1 . 1 1 ) ( - a 288) 
8 - 5 -1953 - - - - (43 4 0 ) - - (44 04) 4 1 . 7 0 4 0 . 1 7 0 ( 4 2 . 1 7 ) ( - a 205) 

1 1 - 2 3 - 1 9 5 3 - - - - (43 49) - ( 4 4 . 1 4 ) 4 l 73 4 0 . 1 7 0 ( 4 1 . 2 4 ) ( - a 290) 
3 - 2 0 - 1 9 5 4 - - - - (43 58) - - ( 4 4 . 1 0 ) 4 1 . 7 6 4 0 . 1 7 0 ( 4 2 . 2 4 ) ( - 0 281) 

M e a n 
( 4 2 . 2 4 ) ( - 0 281) 

a F r o m t h i s da te c e U b e c a m e I n o p e r a t l r o . 
° B e f o n r e m o v a l o f a t r u t s . 
G A f t e r r e m o r a l o f a t r u t a 
V a l n e a I n p a r e n t h e a e s l u v e b e e n o b t a i n e d b y e x t r a p o l a t l i w m i 
N o l K A l l d a t a a r e I n r e f e r e n c e t o t h e I n i t i a l s e t o f r e a d l n g a o b t a i n e d l u l y 0 , 1052 

4 S i g n deno te s d o w n w a r d s u b s i d e n c e . 
SI - S e t t l e m e n t o f f l o w U n e . 
dc • S h o r t e n i n g o f v e r t i c a l d i a m e t e r . 
Sd - C o m p r e s s i o n o f l o o s e m a t e r i a l w i t h i n d i t c h 
ec - I n i t i a l v o i d r a t i o o f c o m p a c t e d m a t e r i a l . 
e i = i n i t i a l T O M r a t i o o f l o o s e m a t e r i a l 

i l y . At later dates, however, i t increased slightly at Rings 30, 31 and 32 assuming av
erage constant values upon the completion of the f i l l after small fluctuations. At Rings 
36, 37 and 38 the same ratio increased almost at the same rate i t had previously de
creased and near the completion of the f i l l i t assumed values that remained constant 
with respect to t ime. 

2. The higher was the ratio e i /ec the higher was the settlement ratio. 
3. The removal of the struts caused a sudden increase in the settlement ratio at 

each position. 
4. Analytically i t has been shown that the ver t ical earth load on top of the conduit 

varies directly as the settlement ratio (Costes, 1951). Accordingly, the following spec
ulative comments can be made regarding the ver t ical earth load above each ring: (1) The 
top overburden pressure increased during the f i r s t 100 days of the f i l l construction. At 
later dates i t decreased, and f inal ly i t came to rest upon the completion of the f i l l . Such 
indication together with the previous analysis of the data f r o m the deformations and set
tlements of the pipe structure, suggests that mechanical equilibrium between the exter
nal earth pressures and the internal resistance of the structure was established upon the 
completion of the f i l l . (2) The higher the difference between the in i t ia l compaction of the 
loose material in the imperfect ditch and that of the adjacent mass, as expressed by the 
ratio e i /ec , the greater appears to be the settlement rat io, and, therefore, the lower 
w i l l be the ver t ical load on top of the conduit. 

Analytical Evaluation of the Ver t ica l Earth Load on Top of the Conduit 

In an imperfect ditch installation, i f the overal l settlement of the bedding material , 
the ver t ica l dimension of the culvert and the loose, compressible material in the imper
fect ditch is greater than the overall settlement of the adjacent, relatively s t i f f , f i l l 
masses, the top of the imperfect ditch may be visualized as part of a foundation support-
lag the overlying f i l l mass that yields a greater amount than the adjacent, relatively 
stationary parts. On account of this yielding the overlying mass has the tendency to slip 
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Figure 81. Settlement rat io , r ^ j , versus time. Rings 30-32. 
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Figure 82. Settleirent rat io , r ^ j , versus time. Rings 36-38. 
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by the adjacent earth bodies that rest on the relatively stationary supports. Such ten
dency is opposed by the shearing resistance of the f i l l material that is mobilized along 
the potential surfaces of sliding. " 

As a result of the above shear mobilization, the overlying middle mass braces itself 
agamst the adjacent masses, thereby t ransferr ing part of its dead weight on these bod
ies and relieving the top of the conduit by an equal amount of overburden pressure. Such 
action constitutes the commonly known "arching phenomenon" of soil masses. 

The mechanics of the above action have been studied by many authors. The most 
generally accepted theory in this country has been the so called "Marston Theory on 
Loads on Underground Conduits," set fo r th by the late Dean Anson Marston and expand
ed by Professor M . G. Spangler both of Iowa State College (Marston 1913, 1930; Spang-
ler , 1950a, 1950b). 

The above theory deals with the special case of cohesionless earth masses on top of 
covered-up conduits ," f o r small or medium height f i l l s , and employs the following bas
ic assumptions: (1) The potential sliding surfaces are ver t ical planes extending f r o m the 
sides of the imperfect ditch to some horizontal plane through the f i l l mass called the 
"plane of equal settlement." (2) Along the ver t ical sliding planes, the shearing resis
tance of the f i l l material has been fu l ly mobilized, and the earth mass behaves as if i t 
were in an active state of plastic equilibrium. 

Recently, the junior author of this paper in an e f for t to ascertain whether the Mar -
ston-Spangler expressions are applicable to high f i l l installations, developed the general 
case f r o m the fundamental principles of the Marston theory (Costes, 1955). The gener
al expressions include the cohesion as a shearing strength component of a f i l l mass, and 
may also be modified to describe the action of earth masses on top of mined-in conduits.^" 

In the above general theory, the special cases of a perfectly cohesionless or an s = 
(T tan^ material , and a purely cohesive or an s = c material , appear as l imi t ing condi
tions of the general expressions. An extensive mathematical analysis is included also 
in the same paper studying the influence of f i l l height and various other factors that have 
been assumed to affect arching. 

Although the above treatment is generally based upon the fundamental principles of 
the Marston theory, i t postulates only par t ia l mobilization of the shearing strength of 
the f i l l material along the ver t ica l sliding planes. Such postulate is made because i t is 
realized that the Marston assumption that the f i l l mass is in an active state of plastic 
equilibrium along the above planes, is incompatible with the deformation characteristics 
and the size of the same mass. 

A l l the above mentioned theories are sound f r o m a mathematical point of view and 
have been based on the laws of pure mechanics. However, as i s the case wi th most 
theories that have been developed with the aid of theoretical soi l mechanics, the nature 
of the various physical constants that are involved in the mathematical expressions is 
very complicated and very d i f f icu l t to evaluate. Therefore, unless adequate experimen
tation indicates that the mi t i a l assumptions are valid or at least acceptable, and unless 
the various physical constants that may be expected f r o m various installations and f r o m 
actual and not ideal materials, are pinned down within reasonable design l imi t s , the 
above theories cannot go beyond the realm of pure academic interest and cannot serve 
any other purpose except to supply the engineer with general qualitative information. 

In this project the adverse conditions under which the experimental study was carr ied 
out have been mentioned. Furthermore, as no quantitative information can be obtained 
f r o m the strain gages and the pine compression caps, no means are available to ascer
tain whether the top load as predicted the above theories agrees with the actual con
ditions. To substitute the theoretical load in Spangler's "Iowa Formula" f o r lateral 

"see References, Costes (1955) pp. 12,14. 
" For an extensive analytical treatment as wel l as a complete bibliography on the sub
ject, see References, Costes (1955). 
®̂A "covered-up" conduit is defined here as an underground conduit installed under an 

a r t i f i c i a l earth embankment that i s constructed after the conduit has been assembled in place. 
^ A "mined-in" conduit is defined here as an underground conduit installed by a mining 
process through a natural earth deposit. 
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note 1 
' ^ W e i g h t of earth colu 

55,200 lb per I in f t 
u = OI3 
. Hd • I 5 

Bd 

• 29 

above the conduit 

Data H= 168 f t 
Hd= 8 f t 
Bd= 5 5f t 

rsd = - 0 35 
Assumed- Y = 120 pcf -

s ° c+ otanf 

0 4 0 5 
Ketan»e 

F i g u r e 83. Computed e a r t h load on top of conduit, •sauming an s = 
c * o t a n ^ f i l l Mterial . 

Ke = KA = tan«{45»-*/2) 
We' max 

Marston Load - 55,200 Ibi per Im f t 
Assuming Ku=OI3 

Weight of earth column 
above the conduit 

Ke = Kp=tan«(45« + t /2 )_ 
We • mm 

Data H ° l 6 8 f t 
Hd=8ft _ 
Bd° 5 5 f t 

rsd • - 0 35 
Assumed Y ' I20pcf ' 

Ce ' 0 

10 

Figure 84. Computed earth load on top of conduit, assuming an s = 
crtan<^ f i l l material. 

deflection of f lexible culverts, and compare the theoretical deflection with the directly 
measured elongation of the horizontal pipe diameters, would not prove an3^ing, because: 
(1) the "Iowa Formula" w i l l have to be assumed to be val id f o r this installation, (2) the 
modulus of passive resistance of the side support i i^ material , employed in the "Iowa 
Formula ," is a f ic t i t ious physical constant that has not been measured directly but w i l l 
have to be assumed also, and (3) the modulus of deformation of the struts, i f obtained 
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by the method proposed in the E^qperimental Procedure, w i l l y ie ld misleading informa
tion because of plastic flow conditions that have been discussed in previous sections of 
this paper. 

One, therefore, cannot assume that two out of three interrelated propositions are 
val id, and then adjust the various physical constants of his mathematical expressions in 
order to prove the validity of the th i rd proposition. Such analysis would lead to a false 
sense of satisfaction f r o m a research view point. In this project, in order to obtain 
some substantial evidence as to whether the above propositions may be accepted as 
working hypotheses, at least the top, bottom, and lateral earth pressures that act a-
gainst the conduit must be measured by direct means. 

To show how fut i le i t is to attempt to evaluate the earth load on top of a conduit by 
means of mathematical expressions without having any information regarding the physi
cal properties of the materials involved as we l l as the environmental conditions of the 
given installation, the data f r o m this project were substituted in the load equations de
rived by Costes. Accordingly, famil ies of load curves were obtained f o r the general 

Weight of earth column above the conduit 

\ Data H ° I6{ 
, 1 . _ n X 

5ft 
* 

" U • • 

Bd = 5 5 f t 
r j d » n w 

Assumed. Y - 120 pcf 
=0 

, " 7 0 

I 60 

•S 40 

S20 

S 10 

1000 2000 
Cohesion, c, in psf 

3000 4000 

Figure 85. Computed earth load on top of conduit, assuming an s = 
c f i l l material. 

case of an s = c + o- tan<|> f i l l material , as we l l as fo r the special cases of a perfectly 
granular or an s = o- tan«^ material , and a purely cohesive or an s = c material. These 
curves appear in Figures 83, 84 and 85 respectively. 

To compute the above curves the following data were employed: Height of f i l l on top 
of the conduit, H = 168 feet; height of imperfect ditch, Hd = 8 feet; average width of the 
conduit. Be = 5. 5 feet; average width of the imperfect ditch, Bd = 5. 5 feet; average 
settlement rat io, r sd = -0. 35; average unit weight of f i l l material , 1 = 120 pcf . ; ratio 
of the moduli of deformation of the loose and compacted masses, a = 1. 

The top earth load was considered to be a function of the following independently vary
ing physical factors: (1) The effective angle of internal f r i c t i o n of the f i l l material , <|>e, 
that is assumed to be mobilized along the ver t ical sliding planes. (2) The effective co
hesion of the f i l l material , Ce, that is assumed to be mobilized along the ver t ica l s l i d 
ing planes. (3) The equivalent hydrostatic earth pressure ratio, Ke, that is assumed to 
relate the lateral and ver t ica l earth pressures acting on any element of the earth mass, 
along the ver t ical sliding planes. 

See Appendix. 
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Data H= 168ft 
Hd= 8 f t 
Bd° 5 5 f t 

rsd ' 0 35 
I I ' H=OD 

Assumed' Y ' iZOpef 
s = 04 a font 

0 1 02 0 3 
Height of Imperfect Ditch, Hd 

0 8 0 9 
Ketante 

Figure 86. Variation of height of arching, Hg, for the culvert i n 
s ta l lat ion under study, with factors c^ and K^tam^^. 

In addition to the load curves, the same data have been employed to compute another 
family of curves plotted in Figure 86. These curves show the height of arching, or 
height to the plane of equal settlement. He, ^ as a function of the same independent var
iables, <|>e, ce, and Ke. In the mathematical equations f o r the load expression, He ap
pears as an independent variable, but actually, f o r a given installation, i t is a function 
of the above physical factors, and, therefore, has to be determined before the load is 
obtained (See Appendix). 

For comparison purposes. He has been computed also on the assumption that the f i l l 
i s Infinitely high, and these results have been plotted also in Figure 86. I t has been 
shown that, mathematically, the height of arching f o r infinitely high f i l l s is independent 
of the cohesion and the unit weight of the f i l l material , and that i t can be computed by 
less tedious equations (Costes, 1955, pp. 52 and 64; also see Appendix). 

Finally, the same data f r o m this project have been employed to demonstrate the i n 
fluence of the height of the imperfect ditch, Hd, on the earth load on top of the conduit 
of this installation. For this purpose, the Marston Load has been assumed to represent 
100 percent the present value of the top earth load. Then, by employing the Marston-
Spangler assumptions, that c = 0, and tan<^ = 0.13, the earth load has been computed 
as a function of Hd, and the resulting curve has been plotted in Figure 87. 

From Figures 83-87, the following comments can be made regarding the conduit 
load, the height of arching, and the height of imperfect ditch of this installation as de
rived f r o m the general mathematical treatment on arching: 

" Height of arching. He is defined as the ver t ica l distance between the top of the conduit 
and the plane of equal settlement. Within this region an effective mobilization of the 
shearing resistance of the f i l l material takes place in order that the tendency f o r rela
tive subsidence of the mass directly above the conduit be opposed. However, above this 
height, no arching takes place in the earth mass because the f i l l material settles uni
fo rmly (Marston, 1922; Spangler, 1950a, 1950b). 
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Weight of earth column above the conduit 

Assumed 100% of present value 3 60 

89 7% of present value 

Data H= 168 f t 
Hd = 8f1 -
Bd = 5 5 f t 
rsd = 0 35 
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Ketanfe =0.13 

Ce = 0 
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= 13,960 lb per lin ft for Hd =oo 
2Ketan»e | 
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j£ volue 

31 5% of present value • 

I 
U -^80 f t » 
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Height of Imperfect Ditch, Hd, m f t 

50 

Hd of installation under study 

Figure 87 
as 

Variation of earth load on top of culvert under study, 
a function of the height of imperfect ditch, n^. 

1. For an s = c + or tan<t> material the combined factor K tan+ is very influential on 
the load. For the range 04 Ktan<|> ̂  1. 0, which corresponds to 0 $ K 4 1 , and 0 ^ i|> 45° 
the load, starting f r o m a maximum value, diminishes rapidly f o r a l l values of the co
hesion c. 

2. The cohesion of the f i l l material up to 250 psf. does not affect the conduit appre
ciably and, therefore, may be neglected. From the mathematical analysis on the con
duit load i t has been indicated that if Ce $ Y Bd/2 where: 

Ce = Effective amount of cohesion mobilized along ver t ical sliding 
planes, psf. 

V = Average unit weight of f i l l material , pcf. 
Bd = Effective width of imperfect ditch, f t . , 

the load is p r imar i ly a function of the factor Ke tan+g, and i t w i l l not vanish f o r f in i te 
values of Ketan<t»c (Costes, 1955). 

I f , however, the amount of cohesion mobilized along the potential sliding planes is 
ce> Bd/2 the conduit load, as indicated by Figure 83, w i l l vanish rapidly f o r f in i te 
value;3 of-factor Ketan+e that l ie within a physically possible range. For this project 
the c i ' i t ical value of cohesion Ce should be : 

Ce 
120 x 5. 5 

2 330 psf. 

This indicates that in this installation, even f o r a f a i r l y soft f i l l material , the cohesion 
becomes influential on the load. 

In the above mentioned analysis (Costes, 1955) i t was also pointed out that the actual 
surfaces of equal pressure above the conduit are not plane as assumed in the mathe
matical treatment, but they are curved like arches. Therefore, if the conduit has a 
f l a t roof, such as a box culvert, the region within the surface of zero pressure and the 
roof of the conduit w i l l be in a state of tension and, therefore, the material in this r e 
gion w i l l have the tendency to drop out. For this same reason, Terzaghi, in his t reat
ment on tunnels, suggests that, " i n order to prevent such an accident, an unsupported 
roof in a tunnel through cohesive earth should always be given the shape of an arch. " " 
" " K . Terzaghi, Theoretical Soil Mechanics (New York - John Wiley and Sons) p. 199. 



134 

In the case of a conduit with a curved roof, such as the culvert under study, i f the 
amount of cohesion mobilized by the f i l l material along the potential sliding surfaces is 
greater than the value "Y Bd/2, then the possibility of having no load on top of the conduit 
l ies within the realm of physical reali ty provided the overlying earth mass behaves in 
an elastic manner. At any rate, even i f the load does not vanish completely, i t w i l l at 
least become minimum; thus, a less amount of lateral pressures, mobilized by the side 
supporting material against the sides of the conduit, w i l l be required to restore mechan
ical equilibrium in the system. 

3. The load curves obtained f o r a perfectly granular material have been extended 
mathematically to include values of 4> that w i l l never be realized in an earthen material. 
Nevertheless, the purpose of these curves is to show the analytical relationship between 
the assumed independent variables and the ver t ica l earth load on top of the conduit. 

The same graphs have been bounded by l imi t ing curves that have been obtained when 
the corresponding earth pressure ratio, K, reaches the l imi t ing values K A = tan*(45'*-
• / 2 ) , and K p = tan*(45° + <|>/2). Under such conditions K is called respectively, "coef
f ic ient of active earth pressure," and "coefficient of passive earth pressure. " 

The above l imi t ing cases cannot be realized physically unless conditions of incipient 
shear fa i lure exist in a homogeneous, semi-infini te , cohesionless earth mass that has 
reached a state of plastic equilibrium by the following two ways respectively: (1) i t has 
been stretched laterally to a very great depth in such a manner that the lateral strain 
remained constant with depth; (2) i t has been compressed laterally to a very great depth 
in such a manner that the lateral compressive strain remained constant with depth. 

4. On the f i r s t two sets of load curves (Figures 83 and 84) the "Marston Load" is 
Indicated. One can see that this value is neither the maximum nor the minimum value 
of either load range. The same value was obtained by employing the following Marston-
l^angler assumptions (Spangler, 1950a): 

a. C e = 0. Such assumption implies that either the f i l l material is cohesionless, 
or that no cohesion has been mobilized along the ver t ica l sliding planes. 

b. The equivalent earth pressure rat io, Ke, assumes the l imi t ing value = 
tan*(45° - 4/2) that was previously d e s ^ a t e d as "coefficient of active earth pressure. "** 

c. The value K|i. = tan<|) = tan (45* - <l>/2)tan+ is equal to 0.13. Such value 
corresponds to <t>» 10°. 

The above assumptions are unrealistic because: 
a. From experience i t is known that even i f the least trace of moisture is present 

in a cohesionless mass, the material w i l l exhibit a property known as "apparent cohe
sion" and i t w i l l behave like a cohesive materiaL 

b. As mentioned before, the assumption of existence of an active state of plastic 
equil ibrium in the f i l l mass is incompatible with the deformation characteristics and 
the size of the same mass. 

c. An angle of internal f r i c t i o n equal to 10 degrees, as implied by the value 
tan<^ = 0.13, does not represent average conditions f o r cohesionless masses. From 

experience, the angle of internal f r i c t i on f o r cohesionless materials range between 15 
and 45 degrees. 

The above three assumptions can also imply that: " In the 'Marston Load' the influence 
of cohesion and that of the combined factor Ketan^e have been taken into account by as
suming a f ic t i t ious , semi-infini te , cohesionless mass in an active state of plastic equi
l i b r i um that has an equivalent angle of internal f r i c t i on , •equiv. > of approximately 10 
degrees." Such postulate, however, is entirely arbi t rary . Therefore, its validity as 
a working hypothesis must be proven by adequate experimentation with direct pressure 
measurements on a wide variety of installations and materials. F rom an analytical 
point of view, however, i t should be pointed out that, with the exception of only one 
point, the e;q)ression f o r a f ic t i t ious cohesionless mass with an equivalent angle of i n 
ternal f r i c t i o n , ^g , cannot define the shearing strength characteristics of an s = c + 
ff tan<^ material (Figure 88). 

From the above discussion i t is fe l t that in the conduit design of an installation such 

The same coefficient is called also Rankine coefficient. 
"Te rzagh i , op. c i t . , pp. 10, 194. 
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as this no particular advantage is gained by adopting a load value that: (1) has been de
rived by assuming f ic t i t ious and unrealistic physical conditions; (2) is not necessarily 
the maximum value of the whole range of possible loads existing on top of the conduit. 

Furthermore, i t is feared that the blind use of "handbook constants" that are mean
ingless unless supplied by a special knowledge of the physical properties and the behav
ior of the earth masses involved, may induce the average engineer, designer or con
struction man, to make serious blunders either f r o m a safety or f r o m an economy point 
of view. 

5. For a perfectly cohesionless or an s = o- tan^ material , the assumption that K ^ 
K A = tan ' (45° - ^/2) yields maximum load values f o r any value of the effective angle of 
internal f r i c t i o n , ^e- Therefore, such assumption is on the safe side f o r design pur-

Only at point A con the effective sliearing 
strengtti, Sei of a given s ° c + (rtont 
material be represented by a fict i t ious 
seq ° (Ttanfequiv material. 

Normal Unit Pressure, a 

Figure 88. 
TABLE 10 

•e 0» 5» 10« 15° 20° 30* 40» 50« 
WCmax.l^ Kg = K A 111,000 69,600 55,900 48,700 44,900 42,700 44,900 49,100 

WCred.it = 1 111,000 65,100 45,100 33,200 23,900 12,400 6,170 2,810 

% Reduction 0 6.5 19.3 31.9 46.7 70.9 86.3 94.3 

poses, although incompatible with the deformation characteristics of the f i l l mass on top 
of the conduit. However, in Figure 84 i t is also shown that K is allowed to vary wi th 
in the range K^^^ 1 f o r a given ^^e top load decreases f r o m a maximum value 
Wcmax' ^° ^ reduced value W C f e ^ , and the percent reduction f r o m the corresponding 
Wcmax value varies directly with 4>. The results f r o m the above calculations are pre
sented in a tabulated f o r m in Table 10. 

The angle of internal f r i c t i o n , ^, f o r a sand, as Terzaghi points out, is at least e-
qual to 30°. Furthermore, experimental investigations conducted by the same author 
to determine the state of stress in sand located above a yielding s t r ip have shown that 
the value K increases f r o m unity immediately above the center line of the yielding s t r ip 
to a maximum of about 1. 5 at an elevation above the center line approximately equal to 
the width of the s t r ip , Bd. At elevations of more than about 2.5 Bd above the center 
line the lowering of the s t r ip seems to have no effect at a l l on the state of stress in the 
sand (Terzaghi, 1936a). Accordingly, if the f i l l material of this project is assumed to 
be perfectly cohesionless and if one adopts the values of + and K reported by Terzaghi, 
the calculated load w i l l be 70.9 percent less than the corresponding maximum value f o r 
the same <̂  and f o r K = K A = tan (45° - V2). Even if one assumes that only one half of 

*Terzaghi, op. c i t . , 196. 
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the maximum value of obtained in the laboratory, is actually mobilized along the ver
t ica l sliding planes on account of the deformation characteristics of the f i l l mass, i . e., 
that <t>e = 15°, the corresponding reduction f r o m the maximum value w i l l be 31. 9 percent. 

From the above discussion i t can be seen that the assumption K = K ^ , although on 
the safe side f r o m a design view point, may affect economy. 

6. From Figures 83 , 84 and 85 i t can be seen that with a settlement ratio equal to 
-0. 35 the top ver t ica l conduit load, WQ! is less than the weight of earth column above 
the culvert, W, f o r a l l realistic values of <)> and c. As has been indicated in the analy
t i ca l treatment of this subject (Costes, 1955), i f the earth mass directly above the con
duit subsides more than the adjacent masses, in which case the settlement ratio is a 
negative quantity, Wc < W. " 

The above figures indicate also that under the same settlement conditions, in order 
that Wc be equal to the we^ht of earth column, the following two conditions must exist 
simultaneously: <|> = 0, c = 0. 

However, such assumption is incompatible with the physical characteristics of earth 
masses. If the f i l l material did not have any shearing resistance i t would have acted 
like a l iquid. Since a l iquid cannot stand on a slope, the earth mass would have sloughed 
off seeking a horizontal surface throughout the f i l l site in which case there would not be 
a f i l l . 

7. From the discussions of items 3 - 5 one can see that in order that a t ru ly ra 
tional and economical design may be applied to underground conduits, i t is absolutely 
imperative to develop a technique by means of which ce, <̂ e> ^nd Ke can be determined 
f o r given installations and materials. The following example f r o m the culvert under 
study w i l l give a more v iv id picture of such need. 

If one employs the same data f r o m the installation, and assumes that Y = 120 pcf . , 
Ke = l , c = 0 , <t> = 30°, and «t>e = 15°, then, f r o m Table 10, the maximum ver t ica l load 
obtained f r o m the arching theories and assumed to be the actual load, w i l l be Wc = 
33,200 lb . per l i n . f t . of pipe. 

The structural design of the culvert was based on the assumption that the load is e-
qual to the dead weight of the earth column above the conduit. Given, Y = 120 pcf . , Bd = 
66 in . = 5. 5 f t . , and H f 168 f t . , one obtains W = YBdH = 111, 000 lb . per l i n . f t . of 
pipe. 

Since i t is common practice to employ a factor of safety of 4 in the structural design 
of f lexible culverts, i t follows that the design load, W Q was W Q = 4 x W = 444, 000 lb. 
per l i n . f t . of pipe. 

If the design load is compared with the actual maximum load developed on top of the 
conduit, i t can be seen that W Q / Wg = 14.3. Therefore, i f the arching theory is val id , 
the actual factor of safety employed in the above design was 14. 3 and not 4. Further
more, i t must be pointed out that the above calculations were made on the assumption 
that the f i l l material is perfectly cohesionless. However, f r o m quick-consolidated t r i -
axial tests, performed in the state highway laboratory (see Obtained Data and Appendix) 
as wel l as f r o m information obtained f r o m other sources (Sowers, 1954), i t is est i 
mated that the cohesion mobilized by the highly micaceous sandy si l ty soils of the re 
gion where the pipe is located, may be as high as 1,500 psf. Also, the angle of inter
nal f r i c t i on of the same material ranges between 28° and 38°. If one assumes that only 
one th i rd of the laboratory value of cohesion is actually mobilized by the f i l l mass along 
the ver t ica l sliding planes, i . e., that Co = 1500 = 500 psf . , and also that <t>e = 15°, and 

Kg = 1, then f r o m Figure 83 one obtains Wg = 26,000 lb. per l i n . f t . of pipe. 
Therefore, i f one takes into account the cohesion mobilized by the f i l l material , the 

factor of safety employed in the design of the conduit w i l l be: 

In the same analysis i t is shown that i f the middle mass settles the same amount as 
the adjoining masses, which case corresponds to zero settlement rat io, Wc w i l l be e-
qual to W regardless of the magnitude of the shearing components, <t>, and, c, of the f i l l 
material . If the settlement ratio is a positive quantity, in which case the middle mass 
subsides less than the adjacent bodies, then, mathematically, Wg > W by an amount de
pendent on the amount of <̂  and c mobilized along the sliding planes. 
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F. S. = W D / W C = 4 4 4 , 0 0 0 / 2 6 , 0 0 0 = 1 7 . 1 . 

A structural design based on a factor of safety of either 1 7 . 1 or 14. 3 is , indeed, 
very uneconomical and unjustified, even if the relative cost of the structure involved is 
only a f ract ion of the overall cost of the project. I f , however, the structure itself con
stitutes the whole project, as is the case of a tunnel, then ultra-conservative "guess
work" due to lack of knowledge of the physical properties and the behavior of the ma
terials involved, may result in a serious financial waste. 

8. F rom Figure 8 6 , one observes the following: 
a. For the installation under study, the height of arching, Hg, may be computed 

on the assumption that the f i l l is infinitely high. Under such conditions. He becomes 
mathematically independent of the cohesion and the unit weight of the f i l l material , and 

Top of F i l l 

Infinitely Stiff Moterial 

Reactive Pressure 

Loose, 
Compressible 

Material 
He= Hd 

Vwc<: Y . Bd Hd 
Bd 

T| = Average unit weight of loose, 
compressible material in the 
imperfect ditch 

Figure 89. 
i t can be computed by a much simpler formula. As can be seen f r o m Figure 5 0 , wi th 
the previous assumptions that <|>e = 15° , Ke = 1 , hence, Ketanc^e = 0 . 2 7 , and ce = 5 0 0 
psf . , one obtains He = 12 . 5 0 feet. For an infinitely high f i l l and the same Ketan<^e 
value, He = 12 . 5 8 feet or 0 . 6 percent higher than the actual value. The difference is 
negligible. 

b. F rom the same f igure i t can be seen that the greater the amount of shearing 
strength components C e and <)>e, mobilized by the f i l l material along the ver t ica l sliding 
planes, the less w i l l be the height of a r ch i l ^ . Hence, by observing the load equation,*" 
one may arr ive at the paradoxical conclusion that the greater in magnitude the quanti
ties C e , and <̂ e ^^^> greater w i l l be the load on top of the conduit. However, i t has 
been shown mathematically that even though He varies inversely with ce and ^e> the 
greater are the magnitudes of the above shearing strength components, mobilized by 
the f i l l material , the lower w i l l be the load on top of the conduit. 

c. I f the cohesion and the factor Ketan<t>g are allowed to increase without l i m i t , 
the height of arching w i l l approach the height of the imperfect ditch. This indicates 
that if the conduit is installed by the imperfect ditch method and the mass inside the 
ditch is looser and more compressible than the adjoining sides, no matter how st i f f the 
overlying material i s , there is always g o i i ^ to be an arching effect within the earth 
mass above the conduit. 

Under the above l imi t ing conditions the overlying material may be visualized as re 
sembling a masonry arch constructed on top of the imperfect ditch and bridging over 
i ts sides (Figure 8 9 ) . Accordingly, although the height of arching w i l l not extend high
er than the top of the imperfect ditch, the greatest part of the top ver t ica l pressure w i l l 
be transmitted on the side masses and the load on top of the conduit w i l l be equal or less 

See Appendix. 
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than the dead weight of the loose material in the imperfect ditch. 
From the above discussion i t follows that, i f the arching theory is val id , in an i m 

perfect ditch installation, the top conduit load must always be less than the weight of 
earth column above i t provided the f i l l mass behaves in an elastic manner. 

9. F rom Figure 87, i t can be seen that f o r a given installation and material the top 
conduit load varies directly with the height of imperfect ditch, Hd- I t should also be 
pointed out that the graph plotted in Figure 87 has been computed on the assumption that 
both the settlement ratio and the factor K tan<^ remains constant as H ^ increases. How
ever, in the actual case, the higher the imperfect ditch is , the greater w i l l be the re la
tive settlement of the middle mass; therefore, the greater w i l l be the amount of the 
shearing component factor K tani^ mobilized by the f i l l material in order to oppose such 
settlement. Hence, since the settlement ratio and K tan<|> w i l l increase with an increase 
of Hd> the ver t ica l load w i l l decrease by a greater amount than the values shown f o r 
each corresponding value of H^ . 

From the same f igure one notices also that f o r each installation and material , there 
is an optimum imperfect ditch height that w i l l y ie ld best results. For values of Hd ex
ceeding the optimum value, the load w i l l not decrease appreciably and, therefore, such 
imperfect ditch construction w i l l be economically unjustified. In this installation, tf 
the Marston Load is assumed to be the actual load existing at the top of the conduit at 
the present t ime, and i f the settlement ratio and factor K tan<^ are assumed to remain 
constant with an increase of H ^ , f r o m Figure 87, i t is indicated that the optimum height 
of the imperfect ditch would have been 40 feet. For such height the top load would have 
been only 36.1 percent of the Marston Load assumed to exist at the present t ime. 

Analytically, i t has been shown that i f the imperfect ditch is made high enough so 
that factor w' = 2Ketan<^e H ^ ; ^ 1, the conduit load can be e^^ressed by the equation 

= " t ^ ^ (Costes, 1955) (8) 

From the above expression i t can be seen that under such conditions the load w i l l be 
independent of the f i l l height; i t w i l l be a function of only the effective width of the i m 
perfect ditch and of the unit weight as wel l as of the mobilized shearing strength of the 
f i l l materiaL 

From the same expression i t can be seen also that mathematically: (1) f o r CQ'^yB^2 
the load vanishes; (2) the greater the factor Ketan<t>, the lower w i l l be the load; (3) i f 
ce = 0 the load expression becomes: 

Equation 9 is identical to the expression derived by Terzaghi f o r the top load on deep 
tunnels through dry sand. ' ° 

F rom the above discussion i t is f e l t that current conduit installation practices f a i l to 
exploit f u l l y the advantages that a sufficiently high imperfect ditch may offer to the en
gineer. At present the general tendency is to construct imperfect ditches that are too 
low f o r the corresponding installation. Various recommendations specify arbi t rary i m 
perfect ditch heights without realizing what favorable environmental conditions may be 
created by an optimum Hd, that would just i fy the extra cost of a higher imperfect ditch 
cons t ruc t ion ." 

I t is hoped that one of the aims of future research efforts on underground conduits 
w i l l be toward the creation of a rational method by means of which the height of an i m 
perfect ditch f o r a given installation and material can be designed to yie ld maximum 
benefits to the engineer. Such efforts w i l l really do justice to this ii^eneous scheme 
that was initiated and advocated by the late Dean Anson Marston and by Professor M . G. 
Slangier. 

" K . Terzaghi, Theoretical Soil Mechanics (New York - John Wiley and Sons) p. 196. 
See References, Costes (1955) f o r a proposed method by means of which a high i m 

perfect ditch can be constructed without bracing or sheeting operations. 
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In the foregoing analysis an attempt was made to apply the arching theories on the 
culvert under study. Load curves were drawn wi th the data supplied, and a special ef
f o r t was made to use physical constants that are as realistic and as compatible with the 
environmental conditions of this project as such "guesswork" would permit . Qualitative 
conclusions were, thus, drawn relative to the various features of the installation and 
comments were made with respect to current conduit design practices. However, i t 
should be emphasized once again that the whole discussion was based on theories that 
deal with ideal materials and with the geometry and static equilibrium of the culvert i n 
stallation. The actual properties of the various materials constituting the composite 
condui t - f i l l structure have been accounted f o r by using f ict i t ious equivalent physical 
constants. Accordingly, i t must always be kept i n mind that such theories when applied 
to earth masses, are handicapped by definite l imitations. 

To construct an earth structure, so i l cannot be used in the same sense as a steel 
bar, or a prefabricated concrete beam, or a wooden block is used respectively to build 
a steel f r ame , or a concrete bridge, or a wooden pedestal. The physical properties of 
each structural component of the latter structures can be determined closely by means 
of routine laboratory tests and, therefore, one is in a position to predict wi th a reason
able degree of certainty the overall behavior of the respective integrated structures. 
An earthen material i s f a r f r o m being a homogeneous engineering mater ia l and many of 
its physical characteristics are developed while the mass is being constructed either by 
natural or by a r t i f i c i a l processes. Consequently, such properties cannot be predicted 
with a great degree of accuracy f r o m laboratory tests. Only by a "learn as you go" 
method w i l l the engineer be able to ascertain their true nature and to cope successfully 
with each circumstance. 

The properties and the behavior of a so i l mass generally depend not only on the na
ture, size, and the in i t i a l state of the mass, but also on the rate of stress application, 
on the permeability of the material , and on its s train characteristics. The latter char
acteristics, except f o r l imi t ing conditions that may be realized in the laboratory but in 
an ordinary engineering structure w i l l never be allowed to materialize, are of a highly 
indeterminate nature. Furthermore, due to seasonal variationsj capillary phenomena, 
and various physical processes such as consolidation, dessication and others, the i n i 
t i a l state of a soi l mass w i l l not remain constant but w i l l vary with t ime. Consequently, 
a great deal more experimentation is required before a reliable mathematical theory is 
established to predict the behavior of an earth mass on top of an underground conduit 
under given installation conditions. 

As mentioned previously, e}q)erimentation on underground conduits must be organ
ized and based on statistical principles and methods and i t must consist of as many d i 
rect measurements that are not functions of each other as possible. Only under such 
conditions w i l l one be able to ascertain the validity of the assumptions employed in his 
theories and to estimate by rational means the proper factor of safety to be used f o r 
each design so that optimum results can be achieved f r o m a safety and an economy 
point of view. 

SUMMARY AND CONCLUSIONS 
E ^ e r i m e n t a l Data 

Installation and Environmental Conditions. The culvert under study was a 66-inch 
Mult i-Plate corrugated metal pipe, 576 feet long, consisting of No. 1, No. 3 and No. 8 
gage metal. I t was in i t ia l ly elongated three percent vert ical ly by f i e l d strutting, the 
strut spacing varying f r o m 3 foot centers to 6 foot centers. The structural plates were 
bolted with %-inch bolts the spacing of which varied f r o m 6 bolts per foot of l o i ^ i t u d i -
nal joint f o r the No. 1 gage metal, to 4 bolts per foot of longitudinal joint f o r the other 
two gages. 

The culvert was installed by the imperfect ditch method and i t was covered by an 
earth f i l l the height of which was approximately 170 feet at the roadway center line. To 
account f o r different ia l settlement, the pipeline was placed wi th percent camber. 

The f i l l material ranged f r o m rock fragments of approximately 6 feet in largest d i 
mension to a tannish-gray, highly micaceous, non-plastic, clayey-sandy-silt. 
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The f i l l mater ia l was not deposited and compacted in layers a s it had been repeatedly 
recommended by key personnel members of the N. C . State Highway and Publ ic Works 
Commiss ion and by experts on underground conduit installations, but it was end-dumped 
f r o m either s ide of the culvert in an unbalanced way. A s a resu l t of such construction 
methods an earth slide occurred on the western mountain slope. On account of the a c 
tion of the s l i d i i ^ mater ia l the pipe was thrown out of alignment, and, although, it was 
realigned, it continued to deform and be displaced lateral ly for at least the ensuing 150 
days of construction. 

To insure a somewhat more balanced distribution of load on the pipe a ramp was con
structed a c r o s s the pipe at a later date. Thenceforth, f i l l mater ia l was end-dumped 
along the longitudinal axis of the culvert f r o m the ramp instead of being dumped against 
one of its s ides without depositing a counter balancing earth quantity on the other side. 
However, the construction of the ramp was accomplished by uneven end-dumping also 
and, consequently, the culvert was displaced lateral ly , although to a s m a l l e r extent. 

Table 11 contains in a summarized f o r m the ranges of phys ica l propert ies , compac
tion character i s t i c s and so i l c lass i f icat ion of the side supporting mater ia l , the bedding 
mater ia l , and the loose mater ia l placed in the imperfect ditch. 

TABLE 11 

Liquid Limit Plastic. Index Water Content Dry Unit Weight Void Ratio Soil 
L L - % P.I. • % w - % Vo- pcf. ein. Class. 

Range Avg. Range Avg. Range Avg. Range Avg. Range Avg. 
Side Support 26-30 28 NP-NP NP 10.1-13.9 11. 88 77. 8-106 96.70 0 55-1.1 0.699 A-4(4) 
Bedding Mat. 39-46 41.7 12-17 14.6 15 1-20.0 17.63 86. 8-109 100. S 0.51-0.90 0 630 A-7-6( 
Imp. Ditch Mat. _a 36 _a 7 11.6-13.3 12.24 S2. 8-79.! ) 69.18 1.1 -2.1 1 42 A-4(2) 
^Only one composite sample was tested. 

Ring No. e i / e c 

30 1. 30 
31 1.48 
32 1.38 
36 1.61 
37 3.44 
38 1.52 

The side supporting mater ia l was more or l e s s uniform throughout the pipe length 
and it was compacted in 6-inch layers by pneumatic tamping. 

T h e ratio of the void ratio of the loose mater ia l in the imperfect ditch, e i , to the 
void ratio of the adjacent compacted m a s s , ec , at identical positions along the pipe line 
was a s follows: 

T A B L E 12 Settlement and Deformations. By means 
of a leve l , an extensometer, a pipe p r o 
tractor , and a plumb bob, the following 
measurements were taken f r o m the deform
ing culvert at var ious time intervals: (1) 
settlement of the flow l ine; (2) shortening 
of the v e r t i c a l diameter; (3) elongation of 
the horizontal diameter; (4) rotation about 
the longitudinal ax i s ; (5) la tera l displace
ment of the longitudinal ax is ; and (6) pipe 

cross - sec t ions showing deformed shape of s tructure. 
F r o m the above measurements the following may be deduced: (1) for every f i l l i n c r e 

ment there was a corresponding increment in the settlement, in the shortening of the 
v e r t i c a l diameter, and in the elongation of the horizontal diameter of the pipe s tructure. 
(2) Upon the completion of the f i l l the deformations mentioned in item 1 came substan
tial ly to rest . However, s m a l l deformations were recorded and, as far as the la tera l 
bulging i s concerned, the deflection factor was estimated to 1.4. (3) The settlement p r o 
f i l e s of the flow line were substantially the images of the f i l l c r o s s section at every 
stage of the f i l l construction. (4) Although the actual differential settlement of the flow 
line exceeded the anticipated one by 0.15 foot, the amount of camber employed in this 
installation was considered adequate. (5) The pipe bulged out an amount approximately 
equal to its ver t i ca l shortening for every stage of f i l l construction. (6) The maximum 
shortening of the v e r t i c a l diameter was 5. 82 percent of the nominal c i r c u l a r pipe dia
meter. Such amount i s we l l below the 20 percent deflection considered to represent 
fa i lure conditions. (7) The removal of the struts had a definite influence on the deforma
tions and settlement of the culvert as indicated by corresponding sudden jumps in the 
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time-deformation and time-settlement curves of the structure. T h i s influence, however, 
was not enough to create any hazardous conditions. (8) The culvert deformed a greater 
amount at the quarter points than at the middle section. Although not proven experimen 
tally, it i s possible that the following factors may have influenced the above action: (a) 
Load t rans fer at the quarter points resulting f r o m arching action occurring along the 
longitudinal axis of the pipe, (b) Low degree of precompaction of the side supporting 
mater ia l that was placed at the quarter points, (c) L e s s inherent res is tance to defor 
mation exhibited by the pipe structure on the quarter points on account of thinner metal 
gage, l arger strut spacing, and l e s s amount of bolts per longitudinal s eam of s tructural 
plate, (d) A combination of a l l factors mentioned in items a - c. (9) A strong indica ~ 
tion exists that unbalanced forces , generated by the earth slide and by one-sided end-
dumping, caused la tera l displacements in the pipe line oriented away from the direction 
of these forces . The pattern of the same displacements indicate that the influence of 
the above forces continued for at least 150 days after the completion of the culvert i n 
stallation. In addition to the above, there i s a further mdication that the conduit was 
also displaced in an upward direction. Fur thermore , during the init ial stages of f i l l 
construction, the structure was squeezed-in by the sliding mater ia l with a subsequent 
ver t i ca l bulging; however, when sufficient overburden was on top of the culvert , the 
structure began settling and deforming in a manner s i m i l a r to the other regions where 
the slide was not influential. (10) The culvert rotated but a minute amount about its 
longitudinal ax is . 

P h y s i c a l Propert ie s and Compaction C h a r a c t e r i s t i c s of Side Supporting Mater ia l . 
The mater ia l furnishing side support to an underground conduit has been recognized to 
constitute one of the most important parts of a culvert installation especial ly under a 
high f i l l . T h i s mater ia l , if properly chosen and properly compacted, w i l l moblized 
la tera l p r e s s u r e s against the sides of the conduit that w i l l balance the top p r e s s u r e s ex
erted by the f i l l overburden. T h u s , even if the inherent strength of the conduit i s not 
appreciable, the structure w i l l be able to withstand external p r e s s u r e s of great amount 
without fai l ing in shear or by excess ive deformation. 

The side supporting mater ia l of this installation was considered to furnish adequate 
la tera l support to the culvert under study. Therefore , for reference purposes, it was 
considered desirable to ascerta in the phys ical properties and the compaction charac 
t er i s t i c s of the side supporting mater iaL Such data could be correlated with the d irec t 
ly measured la tera l p r e s s u r e s , mobilized by the same mater ia l , and at a later date the 
same information could be compared with identical data f r o m other satisfactory ins ta l 
lations. 

To obtain the data mentioned above, openings were made on the s ides of the pipe 
structure by means of an e lectr ica l ly driven d r i l l and a power saw. Through these 
openings a special ly designed sampling device was forced into the soi l mass by means 
of a mechanical jack. Thus , so i l samples were obtained along lateral depths perpen
dicular to the longitudinal axis of the pipe line. T h i s operation was performed approx
imately two y e a r s after the culvert was installed and about a year and a half after the 
completion of the f i l l construction. 

F r o m the various tests made on the above specimens the following are indicated: (1) 
The side supporting mater ia l was mostly an A - 4 mater ia l with a group index varying 
between 3 and 5. The only exception was encountered on the eastern side of Ring 24, 
located near the middle section of the pipe l ine, where the side support was c las s i f i ed 
as an A-6(7) mater iaL (2) The dry unit weight, ^ 0 , the water content, w, and the void 
ratio, e, ranged as follows: (a) y^, f r o m 98 pcf. to 111 pcf. with an average value of 
105 pcf. (b) w, f r o m 17 percent to 24 percent with an average value of 19. 9 percent, 
(c) e, f r o m 0.48 to 0. 65 with an average value of 0. 566. (3) With the exception of e r • 
rat ic variations the dry unit weight increased to the above average value of 105 pcf. r e 
gardless of the degree of init ial compaction shown on Tables 2 and 11. (4) The dry unit 
weight has the tendencyto decrease with la tera l depth. Such tendency may be construed 
as follows: At the Immediate vicinity of the conduit the la tera l bulging of the sti-ucture, 
and s t r e s s e s generated in the so i l m a s s on account of the arching phenomenon tend to 
consolidate the side supporting mater ia l a greater amount than that caused by the f i l l 
overburden. However, at greater la tera l depths the influence of the above two factors 
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i s dissipated and the so i l m a s s consolidates mainly on account of the f i l l overburden. 
(5) The water content and the void ratio of side supporting mater ia l , as expected, gen
era l ly increased with la tera l depth. (6) The same mater ia l exhibited a greater amount 
of plast ic i ty than the samples obtained during the installation of the pipe (Tables 1 and 
11). The init ial data were obtained f r o m s ix composite samples , whereas the above 
data were gathered f r o m 32 individual specimens obtained by the sample device f r o m 
eight different openings, made on the s ides of the culvert , and f r o m additional mater ia l 
f r o m the same openings brought to the state laboratories in cloth bags. There fore , it 
i s felt that the later date more nearly represent the phys ical character i s t i c s of the side 
supporting mater ia l . (7) Resul ts f rom "quick-consolidated" t r iax ia l tests , performed 
on the same specimens, indicate that the angle of Internal fr ict ion, and the cohesion, 
c , of the side supporting mater ia l var i ed as follows: 

10% Strain F a i l u r e 15% Strain F a i l u r e 20% Strain F a i l u r e 

Ss = 2.64 

w = 11. 2% 

«!» 

c 

26° - 30' 

649 psf. 

34° - 0' 

432 psf. 

3 8 ° - 30' 

274 psf. 

Ss = 2. 64 
F o r ^ 0 = l l O p c f . 

e = 0.50 
w = 17. 6% c 

22° - 15' 

1354 psf. 

2 7 ° - 30' 

1210 psf. 

31° - 30' 

1066 psf. 

F o r the same f i l l height, plate gage, strut spacing, and number of bolts per foot of 
longitudinal joint, the la tera l bulging of the conduit structure var i ed directly with the 
degree of ini t ia l compaction of the side supporting mater ia l . 

T o achieve a more economical conduit design in the future, r e s e a r c h efforts must be 
directed toward the creation of specifications that, for a given conduit type and s i ze , 
and for 'a given f i l l height and f i l l mater ia l , would specify: (1) the nature of side support
ing mater ia l ; (2) the s i ze of the side supporting m a s s ; and (3) the method of placing and 
the minimum degree of init ial compaction that the side supporting mater ia l must have 
for satisfactory performance. 

Under the conditions stated in the previous paragraph prestrutting may be rendered 
an uneconomical and use less operation and, therefore, it may be omitted f r o m future 
installations. 

Data f r o m Strain Gages, Strut L o a d C e l l s , and P ine Compress ion Caps . S t r e s s -
s t ra in diagrams and load-deformation curves were employed to evaluate data f r o m ; (1) 
unidirectional s tra in measurements at var ious points of Rings 31, 37 and 55 obtained by 
Baldwin - Southwark S R - 4 , Type A - 1 s t ra in gages (Figure 58); (2) v e r t i c a l s tra ins at 
two struts of Ring 31 recorded by strut load ce l l s containing nine permanently installed 
S R - 4 , Type A X - 5 s t ra in gages (Figure 59); (3) ver t i ca l deflection measurements obtained 
f r o m the pine compress ion caps along the strutted structure (Figure 60). 

The computed loads were excessively large in magnitude and exceeded the s tructura l 
capacity of the culvert by enormous amounts. Fur thermore , f r o m the same computa
tions the ratio of the v e r t i c a l load to the horizontal load var i ed f r o m 1. 3 at the middle 
section of the culvert to approximately 4. 2 at Ring 55. Such values indicate differential 
p r e s s u r e s which the flexible culvert under study would never have been able to withstand. 
Consequently, had these loads existed in reality the pipe would have collapsed long ago, 
either by excess ive deformation, or in shear , or by buckling. Nevertheless , f r o m nu
merous inspections made of the job the structure appears to maintain an approximately 
cy l indr ica l shape and not a single sign of shear fa i lure i s discernable at the bolted con
nections. 

F r o m a further analys is of the evaluated data it i s rea l i zed that in addition to being 
incompatible with the actually observed conditions of the pipe, the above computations 
do not have any quantitative significance for the following possible reasons: 

1. T h e recorded s tra ins and deformations indicated that shortly after the beginning 
of f i l l construction both the s tructural plates and the pine compression caps had been 
s t r e s s e d beyond their respective e last ic l imits and, therefore, p last ic flow conditions 
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0 
Figure 90. Experimental setup for direct determination of la tera l 
earth pressures against the sides of a f lex ible conduit. For dem
onstration purposes c i rcu lar section cut from the pipe surface by 

means of a flame torch i s shown at right foreground. 

had been rea l ized on both materials during the whole test period. Hence, as no records 
are available from either the actual rate of load application or the total length of time 
that each load increment was allowed to act on the pipe structure, no intelligent inter
pretation of the data can be made by using laboratory s t r e s s - s t r a i n or load-deformation 
diagrams. 

2. E v e n if the mater ia ls were s tressed within their respective elastic ranges, the 
state of s tra in and, subsequently, the state of s t re s s at a point of the structure cannot 
be defined by a single s train measurement oriented along one direction. F r o m s tra in 
gage theory it follows that, with the exception of uniaxial s t re s s application and along 
the direction of the s t r e s s , one cannot apply a s imple, directly proportional relationship 
between s t r e s s and s tra in to evaluate s t r e s s e s f rom stra in measurements. In order 
that such evaluation be possible at a single point, at least three s tra in measurements 
must be obtained, each along a different direction through the point. A l so , the Poisson 
ratio for the mater ia l being measured must be known. 

3. It was endeavored to place each s tra in gage as close to the geometrical neutral 
axis of the pipe corrugations as the installation fac i l i t ies of the A r m c o laboratories 
would permit . However, even if such installation was perfect no assurance can be given 
that the geometrical neutral axis would coincide with the physical neutral axis of each 
corrugation. On the other hand the sensitivity of the s tra in gage apparatus is such that 
it would record even minute bending s tra ins that would be introduced by the curved beam 
action of the corrugation had not the s tra in gage element been placed exactly on the actual 
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neutral axis of the corrugation. 
4. Recorded high s tra ins may have resulted f rom local buckl ir^ in the s tructura l 

plates due to local s t r e s s concentration. Such s tra ins instead of being indicative of high 
s t r e s s e s , are accompanied actually by a part ia l s t r e s s rel ief due to yielding. 

5. In addition to the ver t i ca l loading action of the f i l l overburden, the culvert may 
have been subjected to s e v e r a l other actions that cannot be determined within narrow 
l imits . Such actions were due to: (1) arching effect along the longitudinal axis of the 
conduit; (2) the continued drive of the earth sl ide; (3) la tera l displacements of the pipe 
structure and local s t r e s s concentration due to unbalanced end-dumping; and (4) ten
dency of the structure to rotate about its longitudinal axis . 

Therefore , even if the state of s t r e s s at various points of the pipe were completely 
determined, it would be absurd for one to attempt an external earth pres sure evaluation 
f rom a combination of s t r e s s e s of d ivers i f ied and indeterminate nature. 

6. Despite waterproofing most of the bottom s tra in gages were grounded and, there
fore, the validity of the readings is highly questionable. 

Although the above readings are of no quantitative significance, the uniformity that 
was observed among them at identical dates and the pattern of the calculated load curves 
may y ie ld the following qualitative information: (1) F o r each f i l l increment there was a 
corresponding load increment both in the plates and in the struts . (2) Upon the comple
tion of the f i l l the load pract ica l ly ceased to exist. Smal l increments are attributed to 
deformation due to plast ic conditions rather than to actual load increments. (3) The 
load increased at an increasing rate during the early stages of f i l l construction. At 
later dates, however, its rate of i n c r e a s e decreased until it stopped upon the comple
tion of the f i l l . (4) The removal of struts affected the load on the plates. (5) A greater 
amount of load was indicated at Ring 55 than at Rings 31 and 37. However, as this load 
was evaluated f rom stra ins and deformations, and s ince the rigidity of the pipe v a r i e d 
f r o m Rings 31, and 37 to Ring 55, one cannot ascerta in whether these values resulted 
f r o m actual high earth p r e s s u r e s or f rom low res is tance to deformation exibited by the 
pipe structure at Ring 55. 

Date f rom Settlement C e l l s . F r o m settlement c e l l readings, extensometer meas 
urements, and prof i les of the pipe flow line an overal l value for the settlement ratio of 
this installation was estimated to be -0 . 35. 

The above value was obtained by taking the arithmetic mean of the constant portion 
of the settlement rat io-t ime curves constructed for a l l s ix positions where settlement 
ce l l s were installed (Figures 81 and 82). 

To compute each value of the above curves mean time-settlement curves , constructed 
f r o m individual settlement c e l l data, were employed. These curves were extrapolated 
when the ce l l s became inoperative. 

No stat is t ical analys is has been made in connection with the measurements obtained 
f r o m each individual c e l l because only one r e a d i i ^ was taken each time a new set of 
readings was obtained. Accordingly, the experimental e r r o r associated with those 
readings has not been determined. Kinking of the rubber hoses connecting each c e l l 
with the pipe interior is believed to have been the greatest source of e r r o r . 

F r o m the above it follows that the validity of the overa l l value of the settlement ratio 
mentioned above i s very questionable. However, this value has been employed as quasi -
factual data to make an analytical evaluation of the v e r t i c a l load on top of the conduit with 
the aid of arching theories. Qualitative conclusions f rom this evaluation appear below. 

Although quantitatively the settlement rat io-t ime curves are very questionable, one 
may draw the following qualitative conclusions f r o m the general trend of the above curves: 

1. During the early stages of f i l l construction the settlement ratio decreased rapidly 
in absolute value. At later dates the same ratio had the tendency to increase back to its 
init ial values , however, the patterns of a l l s ix curves are of a damped oscil lating nature. 

2. The above curves stopped fluctuating approximately at the end of f i l l construction. 
F r o m then on the settlement ratio of each position remained substantially constant with 
t ime, having the slight tendency to decrease in magnitude. 

3. F r o m the curves of both ring groups it i s indicated that the settlement ratio v a r 
ied directly with the ratio of the init ial void ratios of the loose mater ia l in the imperfect 
ditch to the adjacent compacted masses , e i / e c (Table 12). There fore , s ince analyt ic-
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ally the v e r t i c a l load on top of the conduit v a r i e s inversely with increas ing negative 
values of the settlement rat io , one may speculate that the greater the difference in com
paction between the loose mater ia l in the ditch and the adjacent compacted masses , the 
l e s s w i l l be the top v e r t i c a l load. Such speculation, however, has to be proved by a c 
tual direct measurements of the top earth p r e s s u r e s . 

4. The removal of the struts affected the settlement ratio by a s m a l l , nevertheless , 
noticeable amount. F r o m this action as wel l as f rom the conclusion of item 2 it i s i n 
dicated that the var ious components of the composite conduit-surrounding f i l l m a s s 
structure behaved in a more or l e s s e last ic manner. 

Evaluation of Top E a r t h Load by Means of Arching Theor ies 

The data f r o m the geometrical features of the conduit installation were employed to 
compute the ver t i ca l earth load on top of the conduit as a function of the effective values 
of the cohesion and the angle of internal fr ict ion of the f i l l mater ia l , ce and <̂ e) and the 
equivalent hydrostatic earth p r e s s u r e rat io , K e (F igures 83-85). T h e above var iab les 
are assumed to act along ver t i ca l potential sl iding planes, extending f r o m the s ides of 
the imperfect ditch to some horizontal plane through the f i l l mass cal led, "the plane of 
equal settlement. " Above this plane no relative settlement occurs within the f i l l mass . 
In the same computations the average unit weight of the f i l l mater ia l , Y, was assumed 
to be equal to 120 p c f . , and as an overal l value for the settlement ratio of this ins ta l 
lation, the previously mentioned quasi-factual value r g j = -0 . 35 was adopted. These 
curves , supplemented by the general analytical treatment on arching indicate the follow
ing: 

1. A l l other factors remaining constant the top load i s influenced to a great extent 
by s m a l l variat ions of a l l three of the above independent var iables Ce, <i>e> and K e that 
express the strength character i s t i c s of f i l l mater ia l s . There fore , it i s pointed out that 
the use of mathematical equations to predict the conduit load without ascertaining within 
narrow l imits the phys ica l character i s t i c s of the mater ia l s involved i s a meaningless 
and perhaps dangerous operation f r o m a design point of view. 

2. F o r a negative settlement rat io , rgd = -0 . 35 for this installation, the theoretical 
maximum load value i s equal to the weight of the earth column on top of the conduit. 
However, such value i s obtained by assuming that the f i l l mater ia l does not exhibit any 
shearing strength L e . , that Ce = 0 and = 0 (F igures 83 , 84 and 85). A s such assump
tion i s incompatible with the phys ica l character i s t i c s of earth masses , it follows that 
for a negative settlement ratio, the conduit load as evaluated by the arching theories 
w i l l always be l e s s than the weight of earth columns. 

3. F o r values of Ce up to = 330 p s f . , where i s the effective width of the 
imperfect d i t c h " and "V = 120 pcf. i s the average unit weight of the f i l l mater ia l , the 
load value is influenced p r i m a r i l y by the combined factor Ketan<|>e and vanishes only if , 
mathematically, Ketan<^e is allowed to approach infinity. However, for ce greater than 
•YBd/2, the load decreases rapidly and vanishes for finite values of Ketan<)>e that l ie with
in the rea l i s t i c phys ica l ranges, 0 $ K e ^ 1 and 0 $ <|>e $ 45° (Figure 83). 

4. F o r each value of +e greater than zero , the maximum load values are obtained 
by assuming the K = K A = tan^(45'' - <l>/2) (Figure 84). However, if K i s allowed to vary 
between the l imits K A and K p = tan*(45' + <l>/2), the load value decreases , and the p e r 
cent reduction f r o m the corresponding maximum value v a r i e s directly with ^Q. Table 
10 gives the computed load values for the installation under study and the corresponding 
percent reductions for values of <|>e ranging between zero and 50 degrees and for values 
of K equal to K A and unity. The latter value has been reported by T e r z a g h i f r o m ex
perimental investigations on the state of s t r e s s in sand located above a yielding s tr ip . 

5. Postulating Cg = 500 p s f . , «t>e = 15°, K e = 1, and "V = 120 p c f . , the top load value 
for this installation, as computed by the general arching theory i s equal to Wc = 26,000 
lb. per l in. ft. (Figure 83). The design load, employed in the s tructural design of the 
conduit, i s 17.1 t imes greater than the above load value. T h i s design load has been ob-

^^In this installation, B d has been assumed to be equal to the conduit diameter, L e . , 
B d = 5. 5 feet. 
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tained by assuming that the conduit sustains the fu l l weight of earth column on top of it, 
and by employing a factor of safety equal to four. Hence, if the above postulates and 
the arching theory are val id , the actual factor of safety, employed in this conduit de
sign, i s 17.1 instead of 4. 0 

6. F r o m the discuss ion of item 5 it follows that at the present t ime further r e s e a r c h 
on underground conduits should be aimed toward the development of a technique by means 
of which the phys ica l character i s t i c s of a given f i l l mater ia l for a given installation may 
be determined within narrow l imi ts . B y such a method the engineer w i l l be able to get 
away f r o m the mercy of "stat ist ical average f ie ld conditions" and he w i l l be able to cope 
with each situation more intelligently achieving, thus, a truly rational and economical 
design. 

7. The calculated Marston load was found to be neither the maximum nor the m i n i 
mum possible load value for this installation. Fur thermore , it i s indicated that the 
above value has been derived f r o m assumptions that are incompatible with the phys ica l 
and the deformation charac ter i s t i c s of a f i l l mass . There fore , it i s feared that the 
blind use of such value by the average engineer may be conducive to ser ious blunders 
f r o m a safety and economy point of view. 

T h e same data as in the previous item were employed to compute the height of a r c h 
ing, He> of this installation as a function of the same independent var iab les , ce , <l>e> 
and K g (Figure 86). He was also computed on the assumption that the f i l l i s infinitely 
high. Under the latter l imiting conditions it has been shown analytically that He be
comes independent of the unit we^ht and the cohesion of the f i l l mater ia l and can be 
computed by a much s impler equation. F r o m this family of curves the foUowmg a r e 
indicated: 

1. F o r this installation He may be computed on the assumption that the f i l l i s i n 
finitely high. The resul ts f r o m such calculations differ by negligible amounts f r o m 
s i m i l a r calculations based on finite f i l l heights. 

2. He v a r i e s inversely with ce and "fre- Hence, s ince the top load in an imperfect 
ditch installation v a r i e s directly with He one would a r r i v e at the erroneous and p a r a 
doxical conclusion that the greater is the effective shearing res is tance of the f i l l mate
r i a l , mobilized along the v e r t i c a l sliding planes, the greater w i l l be the load. However, 
it i s also pointed out that the net effect of an increase of ce and <̂ e on the load express ion, 
i s the decrease in magnitude of the same expression. 

3. If factors ce and Ketan<^e allowed to increase without l imit the height of a r c h 
ing approaches in magnitude the height of imperfect ditch, H^. Hence, in the l imit one 
obtains Hg = Hd. T h i s indicates that even if the mater ia l i s infinitely stiff it w i l l a r c h 
over the imperfect ditch of such installation in the same manner a s a masonry a r c h 
supported 1^ the compacted masse s adjacent to the imperfect ditch. Such concept may 
also be applied in the case of a mined-in conduit through hard rock or other very stiff 
mater ia l . 

The influence of the height of imperfect ditch, Hd, on the top conduit load was studied 
by plotting a curve in which the conduit load appears as a function of Hd only (Figure 87). 
T o compute this graph the Marston-Spangler assumptions were employed together with 
the data f r o m the geometry and the settlement character i s t i c s of the installation. F r o m 
the above figure it can be seen that: 

1. T h e load decreases rapidly with increas ing values of Hd, and approaches a s y m p 
totically a finite value. F r o m the general analytical treatment it i s indicated that for 
an s = c + <rtan<l> mater ia l , if Hd i s large enough so that factor w' = 2Ketan(|)e H d / B d can 
b e c o m e ^ 1, and if Ce ^ Y B d / 2 , the load on top of the conduit w i l l become negligible. 
If the mater ia l i s perfectly granular the load w i l l approach the value Wc = "YBI ob
tained by T e r z a g h i for deep tunnels through dry sand. "^K^fan?^ 

2. F o r each conduit installation and f i l l mater ia l there i s an optimum imperfect 
ditch height for construction economy as we l l as s tructura l design. 

3. An imperfect ditch i s considered to be a very important feature of a conduit i n 
stallation, especial ly during the ear ly stages of f i l l construction. During this period 
the side supporting mater ia l i s s t i l l in a transient condition f r o m a compaction point of 
view and, therefore, it cannot mobilize the ful l amount of la tera l p r e s s u r e s against the 
s ides of the s tructure . There fore , if a sudden Increase in the top load due to construe-
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tion progress i s not checked by arching action induced by the Imperfect ditch it w i l l r e 
sult in excess ive la tera l bulging of the structure with possible unfortunate consequences. 

General Conclusions 

F r o m a performance point of view the conduit i s functioning very sat isfactori ly . 
The structure has assumed for a l l prac t i ca l purposes a cy l indr ica l shape. T h i s i n 

dicates that the external earth p r e s s u r e must be substantially uniform around the c u l 
vert otherwise the f lexible structure would have been collapsed by excess ive deflection. 

The top earth load cannot be excess ive ly h ^ h . H that were the case the conduit 
would have bulged out lateral ly a much greater amount on account of the rubber b a l l a c 
tion of the highly micaceous side supporting mater ia l that had not been precompacted 
to optimum amounts. 

On account of the unique environmental and construction conditions under which this 
installation was completed, no generalizations can be made relative to the performance 
of future high f i l l installations. 

L a c k of s tat is t ical planning in organizing the r e s e a r c h work on the above installation 
prohibits one f r o m forming a f i r m opinion relative to the experimental e r r o r involved 
in the various measurements. Consequently, only general conclusions have been drawn 
f r o m the graphical representation of the data obtained. 

Unless the external earth p r e s s u r e s a r e measured by d irect means no conclusive 
evidence can be gathered relative to the validity of the arching theories as we l l as the 
Iowa F o r m u l a for deflections in flexible conduits as applied in the installation under 
study. 

R E C O M M E N D A T I O N S 

In future construction operations it i s strongly recommended that in the event end-
dumpmg i s considered to be the only feasible method to build an earth f i l l under which 
a drainage culvert has been instal led, such end-dumping should be c a r r i e d out in a 
balanced way so that the resultant force exerted on the conduit structure w i l l be a s 
nearly v e r t i c a l at a l l t imes as possible. End-dumping along the longitudinal ax is of the 
pipe f r o m ramps constructed over s y m m e t r i c a l regions of the conduit appears to be a 
l e s s hazardous operation than one-sided end-dumping. 

In high f i l l installations, before a conduit structure i s installed at a given s i te , it i s 
imperative that a thorough so i l exploration of the site be performed and any unsuitable 
foundation mater ia l be removed. A few extra borings may save a lot of headaches in 
the future caused by earth s l ides , differential settlement, slope instability, etc. 

To conduct experimental work in future installations of s i m i l a r nature a s tat is t ical 
outlook is absolutely necessary in planning the various r e s e a r c h procedure and appara
tus. In order that an intelligent analysis of the data obtained by made, the experimental 
e r r o r involved in each measurement must be ascertained. Accordingly, the number of 
readings to be obtained at each position and the optimum spacing of positions f r o m which 
data are to be secured on each date must be predetermined through designed experiment 
planning. 

Unless different installation methods are adopted, earth pres sure determination 
f r o m s tra in gage measurements is Impossible for this type of s tructure. E v e n if the 
mater ia ls involved are s t re s sed below their e last ic l imi t s , to determine the state of 
s tra in and, subsequently, the state of s t r e s s at a single point of a pipe structure at least 
three s t ra in measurements must be obtained along three different directions through 
the point. F u r t h e r m o r e , the Poisson ratio of the conduit mater ia l must be known. A c 
cordingly, it is recommended that in future installation the determination of external 
earth p r e s s u r e s must be sought by direct means. 

If a conduit under a high f i l l i s to be used for experimental studies yielding valuable 
information for the future, it w i l l be desirable to design the same conduit with a more 
adequate working space so that the r e s e a r c h personnel may accomplish their d ivers i f ied 
and prec i s e tasks with a minimum amount of experimental e r r o r that are unavoidable 
under adverse space conditions. 

Future r e s e a r c h efforts should be directed toward the creation of a rational method 
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by means of which the following may be accomplished for a given conduit installation: 
1. Specifications may be drawn relative to: (1) the type of side supporting mater ia l ; 

(2) the minimum s ize of the side supporting mass ; and (3) the minimum degree and the 
method of compaction of the side supporting mater ia l . 

2. An optimum imperfect ditch height may be designed, and the loose, compres s 
ible mater ia l in the ditch may be specif ied to produce best resul ts . 

3. Means by which the amount of effective shearing components ce and ^e, mobi
l ized by the f i l l mater ia l along the v e r t i c a l sl iding planes during the arching action, 
may be determined within narrow l imits . 

4. A procedure by which more substantial information on the equivalent hydrostatic 
earth p r e s s u r e , K e , as we l l as on the settlement ratio, rgd. may be obtained. 

In the event that the features d iscussed in items 1 - 3 , have been given the proper 
attention, it i s felt that prestrutting a culvert , in addition to causing "barn-roof" s t r e s s 
concentration on the s tructure , i s a use less and an uneconomical operation and, there
fore , such operation can be omitted. 

In the event that no conclusive information exists relat ive to the phys ical charac ter 
i s t i c s of a f i l l it i s recommended that: 

1. The side supporting mater ia l consists of granular mater ia l compacted to the 
highest possible degree by the available means. 

2. The imperfect ditch be made as high as economically feasible. 
3. The compressibi l i ty of the imperfect ditch mater ia l be much higher than that of 

the adjacent compacted mass . The same mater ia l should also be in the loosest possible 
state when placed in the Imperfect ditch. 

4. The conduit structure be designed on the assumption that the fu l l weight of earth 
column i s acting against its top, nevertheless , a considerably lower factor of safety 
could be used than the one employed by current pract ices . The intuition and experience 
of the engineer should decide by how much the above factor should be reduced; however, 
it should be pointed out that f r o m theoretical considerations the assumption of the fu l l 
earth column weight as a maximum load value represents a l imiting condition unlikely 
to occur in the actual case . Consequently, an inherent factor of safety is incorporated 
with the above assumption and the use of an ultra-conservat ive s tructura l design may 
affect economy appreciably. 

T o obtain substantial experimental information relative to the discussion of the last 
three items mentioned, it i s imperative that a technique be developed by means of which 
the earth p r e s s u r e s acting against a conduit structure may be determined by direct 
means. 

The following method has been conceived by the r e s e a r c h section of the North C a r o 
lina State Highway Divis ion of Mater ia l s to determine the la tera l p r e s s u r e s mobilized 
by the side supporting mater ia l at various points of the conduit s tructure . 

Apparatus. The main parts of the apparatus, shown in F igure 90, are: (1) conven
tional c i r c u l a r bearing plate attached with a swive l head connection to a pipe extention; 
(2) an S 80-50 ton Porto -Power portable hydraulic jack with a pres sure gage of 400 
graduations, a capacity of 24,000 lb. and a least reading of 50 lb. The jack is connected 
at one end to the pipe extention of the bearing plate and at the other end to another pipe 
extention. The latter extention abuts against the flange of an I -beam placed horizontally 
along the pipe axis and against the inner surface of the structure. (3) The whole setup 
res t s level on r o l l e r s that have been placed on top of a metal l ic table with adjustable 
legs. (4) A metal f r a m e attached to anchoring angle rods that have been embedded into 
the side supporting mater ia l through openings in the pipe structure by means of a power 
saw or a f lame torch. On this f rame four A m e s dials are attached by means of two c o l 
l a r s , each supporting two dials . The purpose of these dials i s to detect any horizontal 
movement in the bearing plate during the performance of the test. (5) High-early strength 
cement to f i l l in the inside val leys of the corrugations abutting the bearing plate so that 
the bearing plate w i l l be in contact with a f lat surface during the performance of the test. 
(6) A f lame torch with an or i f ice so designed that the f lame jet would be of the highest 
possible burning intensity concentrated in the smal les t possible a r e a ; (7)a d r i l l and a 
power saw, e lec tr ica l ly driven, to be used to cut openings in the pipe s ides to anchor 
the metal f r a m e discussed in item 4. The f lame torch can be used also for the same 
operation. 
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Exper imenta l Procedure . On the side of the inner surface of the pipe structure mark 
off a c i r c u l a r area approximately equal to the a r e a of the flat surface of the bearing 
plate. F i l l up the inside val leys of the corrugations, included in the above c i r c l e , with 
high ear ly strength cement until a smooth v e r t i c a l plane contact surface i s formed. 

Insta l l the metal f r a m e where the Ames dials a r e attached. It i s recommended that 
the anchoring rods of the above f rame should be embedded into the side supporting m a 
t e r i a l symmetr ica l ly about the c i r c u l a r a r e a , mentioned in the previous paragraph. It 
i s also recommended that the same rods be approximately eight plate diameters apart 
so that hammering w i l l not disturb the so i l conditions at the a r e a where the p r e s s u r e 
test i s to be performed. 

Set up the apparatus as shown in the i l lustration and apply a s m a l l amount of p r e s 
sure on the jack until a f i r m contact between the bearing plate and the c i r c u l a r plane 
surface , described previously, i s secured. 

Leave the whole apparatus as i s for a sufficient period of t ime, say overnight, to be 
sure that the high-early cement used to f i l l - i n the corrugation va l leys has set. 

Immediately p r i o r to the performance of the test, zero a l l Ames dials in such a man
ner that any forward or backward movement on the bearing plate can be detected during 
the performance of the test. 

With the f lame torch start burning and cutting through the metal surface of the pipe 
around the c i r c u l a r a r e a of contact between the bearing plate and the plane surface . Be 
sure to start cuts f r o m s y m m e t r i c a l points around the c i r c u l a r a r e a to prevent any 
tilting of the bearing plate. The power saw cannot be used for such operation because 
it generates an objectionable amount of vibrations in the pipe structure that render the 
dial readings ineffectual. 

While cutting around the bearing surface keep a l l Ames dials at the init ial zero r e a d 
ing by increasing the pres sure on the hydraulic jack gradually. Record the p r e s s u r e 
as it builds up. 

A s soon as the c i r c u l a r section has been completely severed f r o m the res t of the 
pipe structure record the corresponding pres sure required to keep the plate stationary. 
Since no movement was allowed in the bearing plate and, accordingly, in the so i l mass 
during the process of cutting, the recorded p r e s s u r e must be the p r e s s u r e exerted by 
the side supporting mater ia l against this part icular region of the conduit pr ior to cutting 
the corresponding c i r c u l a r section. 

Divide the recorded pres sure by the a r e a of the bearing plate to determine the c o r 
responding s t r e s s in ps i . 

Gradually re lease the p r e s s u r e in the jack and record the outward movement of the 
plate by the Ames dials . 

Gradually build-up again the pres sure in the jack to the value recorded and note 
whether the dials indicate the init ial zero readings. If not, record the actual deforma
tion. 

Gradually build-up the p r e s s u r e in the jack to higher values than that observed upon 
the movement of the bearing plate as indicated by the A m e s dials . 

Release gradually the p r e s s u r e again and record the corresponding la tera l movement. 
Remove the whole apparatus and repeat the same experiment at other points of the 

pipe structure. 
Data pertaining to the e last ic behavior in situ of the side supporting mater ia l can also 

be obtained. There fore , if the resul ts f r o m a thoroi^h so i l analys is and c lass i f icat ion 
as wel l as a record of the init ial s ize and compaction of the side supporting mater ia l 
are added to the data obtained by the above tests , a complete picture of the properties 
of the side supporting mater ia l of a given installation w i l l be obtained. 

The above described procedure i s rather unique in nature as it does not enqiloy any 
conventional pre s sure measuring devices such as Goldbeck ce l l s or other gages for 
which var ious objections have been ra i sed in the past. The same procedure has the 
following advantages over other methods: (1) The earth pres sure is measured direct ly 
under zero s tra in conditions and, therefore, the readings obtained are not influenced 
by the deformation character i s t i c s of the abutting earth mass . (2) The contact surface 
of the apparatus, bearing directly against the so i l m a s s , i s the actual corrugated s u r 
face of the culvert s tructure . There fore , no questions can be ra i sed regarding the 



150 

relative st iffness of sa id apparatus to the so i l mass as i s the case with Goldbeck ce l l s 
or other devices. (3) The s t ra in readings a r e obtained f rom a reference f rame that has 
been anchored into the s o i l mass having no contact with the re s t of the pipe s tructure , 
therefore, its position w i l l always be stationary regardless of any deformations or d i s 
placements taking place in the metal s tructure. (4) Only one movable apparatus i s e m 
ployed in the above procedure and, therefore, it may be more economical to use. (5) 
A s no init ial readings are required for the pres sure determination, the lateral p r e s 
s u r e s can be determined at any date during the l ife of a culvert. There fore , with the 
proper improvements made in the design of the apparatus, one can use the same p r o 
cedure to determine the la tera l earth p r e s s u r e s existing against f lexible conduits that 
have been in s e r v i c e for a good many y e a r s . 

Along with the above discuss ion, however, it should be emphasized also that the pro
posed procedure is s t i l l in a pioneering and exploratory stage and, therefore, many i m 
provements could be made in the design of the apparatus as wel l as the experimental 
procedure itself. At the present time the authors of this paper are concerned mainly 
with the following improvements: (1) the determination of the best method for cutting 
the c i r c u l a r section in a s y m m e t r i c a l way so that no hinge action or tilting of the s e c 
tion w i l l result . If a f lame torch is used, provis ions must be made so that the section 
i s cut off without being heated excess ively throughout its surface . Overheating may r e 
sult in altering the charac ter i s t i c s of both the metal structure and the abutting earth 
m a s s . (2) The installation of an automatic device by means of which the p r e s s u r e in 
the jack can be increased or decreased in such a manner that the test w i l l be performed 
in its whole duration under zero s t ra in conditions. It i s humanly impossible to avoid 
la tera l earth s tra ins if the p r e s s u r e in the jack is secured by a manual operation. 

It i s f i r m l y believed that the above described procedure for the direct determination 
in s itu of la tera l earth p r e s s u r e s exerted against a f lexible underground conduit can 
y ie ld a v e r y substantial addition to the fund of information regarding the behavior of 
these s tructures as we l l as that of the surrounding earth masses for given conditions. 
Accordingly, it i s also believed that with the same tests it would be possible for one to 
ascer ta in the validity of var ious theories on the mechanical and phys ica l actions i n 
volved in high f i l l conduit installations, and to gather v e r y valuable information regard
ing the phys ica l properties of various conduit mater ia ls as wel l as earth ma sse s under 
given installation conditions. 
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Appendix 
A N A L Y T I C A L E X P R E S S I O N S R E L A T I N G T O V E R T I C A L E A R T H L O A D S ON T O P 

O F I M P E R F E C T D I T C H U N D E R G R O U N D C O N D U I T S 

Referr ing to F igure 91 let: 
H = Height of f i l l above top of conduit, ft. 

He = Height of "Plane of Equa l Settlement" above top of conduit (height of arching), ft. 
Hd = Height of imperfect ditch, ft. 
H' = H - Hd 

H'e = He - Hd 

z = V e r t i c a l distance f rom Plane of E q u a l Settlement down to any horizontal plane, ft. 

Top of Embankment 

Plane of Equal Settlement 
1-

z 

± 
^^>i=.Assumed Vertical Potential 

i ! i 1 t U j r - ^ B d d z Sliding Planes 

qTov+dffv • .^Cr i t ica l Plane 

Hd 

Imperfect Ditch 
F i l led with Loose, 
Compressible 
Material. 

-Compacted F i l l Material 

.Very Well Compacted 
Material, Furnishing Side 
Support to the Conduit 

Bedding Mater ia l ' 
Figure 91. Imperfect ditch ins ta l la t ion . 

1 = Average unit weight of f i l l mater ia l , pcf. 
<|>e = Effect ive angle of internal fr ict ion of f i l l mater ia l , mobilized along v e r t i c a l 

sl iding planes. 
Ce = Ef fect ive cohesion of f i l l mater ia l , mobilized along v e r t i c a l sl iding planes. 
C y = V e r t i c a l unit s t r e s s on a horizontal section at a depth of z below Plane of E q u a l 

Settlement, psf. 
'̂ h = Horizontal unit s t r e s s on a ver t i ca l section at a depth z below Plane of E q u a l 

Settlement, psf. 
K e Equivalent hydrostatic earth p r e s s u r e rat io , assumed to be constant along 

v e r t i c a l sl iding planes. 
Wc = V e r t i c a l earth load on top of conduit, lb. per l in . ft. 

Differential Equation Descr ibing Loading Action for an s = c +o-tan«|> Mater ia l 

0 (a) dVz . Yz 

where V z = <^vBd-

^ + 2 K e - ^ tan+e + 2ce - Y B d 

L i m i t s : V z = (H - He) Y B d for z = 0, 
V z = V z for z = z , 
V z = Wc for z = He. 
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L o a d E x p r e s s i o n s 

F o r the general case or for an s = c + <r tan + mater ia l . 

Wc j e - < ^ ^ « ' - * e ) H e - ( ^ e t a n * e ) ^ [ ( ,Ketan*e)(^4^) - d -

Letting: 2̂̂ ^^ ^ ^ ^ . / ^ ^ ^ ^, 

(2Ketan<t.e) H ' e / B d = u' (d) 

(2Ke tan ̂ e) H d / B d = w' (e) 

and substituting in Equation b, one obtains: 

(f) W c = ^ j e - e - [ ( v . - u ' ) - ( l - | | | ) ] . ( l - | ^ ^ ) . 

It can be shown that, mathematically: 

l i m Wc = 0, (g) 
- 90° 

l i m Wc = - 00. (h) 
Ce -» <» 

F r o m Equation b, e, and f it can be seen that if the height of the imperfeqt ditch, Hd, 
i s made high enough, factor . - K tanA ) ^ w' 

e ^ ® B d = e approaches zero; hence, the 

f i r s t part of the express ion inside the bracket in Equations b or f approaches zero also, 
and the load express ion approaches asymptotically the value 

that i s independent of the f i l l height, H , or the height of arching, Hg. 
Under the above l imiting conditions, if > "YBd 32 

c e ^ - f > 

Wc = 0. (j) 

L o a d E x p r e s s i o n for a Perfect ly Granular or an s = <rtan + Mater ia l . 

Wc = l i m Wc = j e - ( 2 K e t a n + e > | ^ , - (2Ketan*e) [(2Ketan,e)( « l ^ ) . l , 
Ce = 0 ce 

or , „ , _ 7B* 

if the proper substitutions f r o m Equations c - e are made. 
Equations k or 1 are identical with the Marston-Spai^ ler load expression (Spangler, 

1950a, p. 157), except that K A = tan''(45° - «t>/2) must be substituted for K g . 

Again, if Hd i s made high enough, factor e'^^-^^^^^^^^^Bd ~ ^ approaches zero 
and the load express ion approaches asymptotically the value 

W c = ^ c ^ - M 
Equation m i s identical with the one derived by T e r z a g h i for earth p r e s s u r e on top of 

' F o r this installation, = 330 p s i . 
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deep tunnels through dry sand (Terzaghi , 1943a, p. 196). 
L o a d E j ^ r e s s i o n for a Pure ly Cohesive or an s = c Mater ia l . 

re 
L e t t i i ^ . 

Wc = l i m We = VB*d + d - | ? ! • W 
<|>e = 0 + e - 0 

| - ^ = v . o , (o) 

= U ' o , (P) 

(q) 

B d 

B j 

and substituting in Equation n one obtains: 

Wc = ^B»d (v'o - u'o) + (1 - ^ )(u'o + ''•o) I. (r ) 
+6 = 0 " ' a 

Wc ^yB'd (v'o - u'o). (s) 
• e = 0 

E x p r e s s i o n to Determine the Magnitude of the Height of Arch ing , He 

Let : Tsd = (Sc - si)/S(i = settlement ratio 
where: 

Sc = Subsidence of the c r i t i c a l plane (Figure 91) on top of the compacted f i l l mate
r i a l , ft. 

SI = Subsidence of the c r i t i c a l plane on top of the loose, conqiress iMe mater ia l , 
placed in the imperfect ditch, ft. 

S(i = V e r t i c a l compress ion of loose mater ia l in the imperfect ditch, f t 
^, _ Modulus of deformation of loose mater ia l 

E f ~ Modulus of deformation of compacted f i l l mater ia l 

Then, Hg can be determined inq>licitly f r o m the following expressions in which the 
substitutions f r o m Equations c - e and o - q have been utilized: 

F o r the general case of for an s = c + o- tan^ mater ia l , 

, ( | u - - j^ .̂.) • ( | . y ) ( . - ^ ) . ( | . lyix.. . 1 - ^ ) . (.) 

An inspection of Equations t and c - e w i l l show that if the f i l l height, H , and hence, 
factor v' increases without l imit , the height of arching He i s governed by the equation 

( | + £ ^ ) e - " ' 4 ( u ' - l ) = 0. (u) 
It follows then, that for infinitely high f i l l s the height of arching i s independent of the 

unit weight, Y , and the effective cohesion, Ce> of the f i l l mater iaL 
F o r a Perfect ly Granular or an s = v tan^ Mater ia l . 

- J u - - ( | . y , . ( | . y K u . . . ) e -

Equation v i s identical with the e:q>ression developed by Spangler for negative project
ing conduits (3pangler 1950B, p. 158), except that K A = tan''(45'' - ^/2) should be subst i 
tuted for K e . 
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Again, i t can be seen that f o r infinitely high f i l l s , the height of arching, He, is gov
erned by the equation 

( 3 + M : l ) e - " ' + | ( u ' - l ) = 0 (w) 

which is identical wi th Equation s f o r the general case. 
Hence, one may conclude that f o r infinitely h ^ h f i l l s the influence of cohesion on the 

height of arching becomes negligible and the f i l l material behaves l ike a granular mate
r i a l . 

For a Purely Cohesive or an s = c Mater ia l . 
F rom Equations c and o i t follows that 

' ' ' o ^ S ^ ^ S K e t a n + e - "̂"̂  
Substituting in Equation x the value of v ' f r o m Equation t and taking its l i m i t when 

is allowed to approach zero, one obtains in terms of the dimensionless factors v 'o , u'q, 
and w'o: 

3 „, a rsdw'o , 

v 'o = l i m v 'o = i . (y) 

I f the height of imperfect ditch, H^ , increases without l i m i t , °_ n approaches the 
, _ 2ce , "Pe - " 

value " yBd " ° as a l imi t ing condition. 

Hence, under the above l imi t ing conditions, i f Ce ^ , 

V ' o ^ U ' o . 
"Pe 

I t follows then f r o m e}q>ression s that i f the height of imperfect ditch is made large 
enough and the effective amount of cohesion, Cg, mobilized by the f i l l material along the 
ver t ica l sliding planes, is equal at least t o J f E ^ (330 installation), the top 

conduit load, as in the general case of an s = c + <rtan«|> material , w i l l approach the value 
zero, L e. 

W c - 0. 
•e = 0 

From Equations t , v , and y the following l imi t s can be established. 
For an s = c + o-tan^ material: 

(A) 

l i m u ' = 0, (B) 

l i m u ' = 0 0 . 

IM^ - a. 
(C) 

For an s = irtan<^ material: 
l i m u ' = 0, (D) 

l i m u ' = 0 0 , 
(E) 

For an s = c material: l i m u'q = 0, (F) 

l a d l ^ l - . 0 
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l i m u'o = » . /Qx 
a' 

F rom the above items, and by inspecting the respective load e}q)ressions one may 
conclude that: 

1. If no imperfect ditch is constructed on top of the conduit, in which case Tg^ = 0, 
•w' = 0, w'o = 0, and a' = 1, regardless of the shearing strength characteristics of the 
overlying f i l l material , no arching w i l l occur within the earth mass above the conduit, 
and the top load w i l l be equal to the weight of the earth column sustained by the conduit 
structure, i . e. 

Wc = "VBdH. (H) 

2. The higher is the imperfect ditch and the greater is the difference between the 
overall stiffness of (a) the loose compressible material in the imperfect ditch, the con
duit structure and the bedding material , and (b) the stiffness of the adjacent compacted 
masses, the higher w i l l be the height of arching. He, and the load on top of the conduit 
w i l l approach the values: 

Wc = ^ B d ( , j ^ ) - 2 c e ( ^ j ^ ^ ) (I) 

f o r an s = c -H v tan^ material , 

f o r an s - <rtan^ material , and 

W c ; J B d ( 2 i ^ ) (J) 

Wc = "VBdH - 2ceH (K) 
+6 = 0 

f o r an s => c material . 
The above expressions suggest that i f the height of arching is large enough, the con

duit load w i l l simply be the weight of an equivalent earth column minus the cohesive 
shearing strength of the f i l l material that is mobilized along the corresponding equiva
lent f i l l height. Accordingly, the equivalent f i l l height f o r either an s = c + «rtan4>or f o r 
an s = a tan* material is equal to Hequiv. = ̂ ^ J f ^ , whereas f o r a purely cohesive 

material the equivalent height is the actual height of the f i l l above the top of the conduit, 
i . e. Hequiv. ~ H. 

DETERMINATION OF LOAD-DEFORMATION CHARACTERISTICS OF M U L T I - P L A T E 
CORRUGATED M E T A L PIPE SECTIONS 

Determination of Modulus of Elasticity-Moment of Inertia Product (EI) f o r a Bolted 
Multi-Plate Ring, by ARMCO Research Laboratories, Middletown, Ohio 

In connection with the tests on the 66-inch Multi-Plate pipe installation near Ashe-
v i l l e , N . C . , A. D. and M . P. has requested the experimental determination of the modu
lus elasticity-moment of inertia product (EI) f o r a bolted Multi-Plate r ing. This value 
can be compared to the calculated value f o r flexure of hypothetical r ing of Mult i-Plate 
without bolted joints. 

This determination was carr ied out on two different test rings, one of which had been 
annealed, the other as received. The dimensions of these rings as used in the computa-

'^Physically, the height of arching, Hg, cannot be higher than the height of f i l l , H. How
ever, i f such is the case mathematically, a trough-like depression appears at the top of 
the f i l l , and the effective values of the cohesion, Ce, and the angle of internal f r i c t i o n î e> 
mobilized by the f i l l material along the ver t ical sliding planes, approach the l imi t ing 
values c and <̂  that the f i l l material can exhibit. Similar ly, Ke approaches the l imi t ing 
value K a = tan*(45' - t / Z ) at the top of the mass. 
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tions are as follows: 
Multi-Plate Rings (12 Gage) 

Not Annealed Annealed 
Metal Thickness .1095" . 1087" 
Actual Plate Width 28. 06" 27. 84" 
Developed Plate Width 32.62" 32. 97" 
Median Diameter 61. 54" 61. 33" 
Depth of Corrugation 1. 67" 1. 72" 
Tangent Angle 41. 5 deg. 44.4 deg. 
Pitch / V 
Moment of Inertia 

6.17" 6. 08" Pitch / V 
Moment of Inertia 1.245 in .* 1. 328 in 
Modulus of Elasticity 30 X 10" psi . 30 X 10' p 

The rings were loaded on diametrically opposed edges. Horizontal and ver t ical de
flect ion measurements were read on four corrugations f o r load increments. Load-de
flect ion curves were plotted and load-deflection values taken f r o m the slope of the ' 
straight line portion of the curves (Figures 92 and 93). These values were substituted 
in formulas f o r computing deflections in c i rcular rings (2) and the (£1) products were 
evaluated. The formulas used are as follows: 

(1) Dx = +. 137 WR' 
E I 

(2)Dy = -.149|p' 
W = applied load in pounds 
R = radius in inches 
E = modulus of elasticity (30 x 10 'ps i . ) 
I = moment of inertia (in. ) 

Dx = horizontal deflection in inches 
Dy = ver t ica l deflection in inches 

Solving these equations f o r EI f o r the annealed and unannealed rings and comparing 
with the E I product computed f r o m conventional modulus of elasticity and moment of in 
ert ia the following results were obtained: 

E I (psi.) Based on 

Horizontal 
Deflection 

Vert ical 
Deflection 

Average 
Deflection 

Conventional 
Calculations 

Ratio of 
Average to 

Conventional 

Un-Annealed 20.6 x 10* 22. 2 x 10* 21.4 x 10' 37.4 x l O ' . 572 
Ring 

Annealed Ring 23.4 x lO ' 24. 0 x 10' 23. 7 x 10' 39. 8 x 10' . 595 

These results show the effective £1 product to be approximately 60 percent of the 
theoretical value f o r Multi-Plate rings without bolted joints. 

A complete summary of these tests w i l l be included in A. I . 76-3-1 entitled M u l t i -
Plate Pipe - Laboratory Study to Develop Thrust and Strain Relations. 

Results f r o m Tensile Tests on Structural Steel Specimens 

These tests were performed in the ARMCO Laboratories in order to construct stress-
strain diagrams by means of which the data f r o m the strain gages could be evaluated. 

The tensile tests were made on standard % inch wide parallel section by 2 inch gage 
l e i ^ t h sheet tensile samples with a Type A - 1 SR-4 strain gage centered in the parallel 
section (Figure 94). 

From the above tests two stress-strain diagrams were plotted that are shown on F ig 
ure 95. 

To calculate the strain f r o m each strain f r o m the strain indicator readings the fo l low-
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Results 

The results f r o m the above described 
load cel l calibration tests appear on Table 
13, and the calibration curves f o r both 
cells on Figure 96. 

LOAD TESTS ON PINE COMPRESSION 
CAPS 

The purpose of these tests was to con
struct load-deflection calibration diagrams 
by means of which one could estimate the 
load carr ied by the struts in the pipe f r o m 
the measured ver t ical deflection in the pine 
compression caps (See Apparatus and Ex
perimental Procedure). Nine individual 
tests were run f o r this purpose in the N. C. 
Laboratory and a mean load-deflection 
curve was constructed (Figure 97). 

The e^qoerimental setup is shown in 

ing formula was used: 

« = (T2 - Ti ) 1000 D2 - D i 

where: 

« = Strain in micro-incher per inch 
T2 = Final thousands step No. 
T i = In i t i a l thousands step No. 
D2 = Final Dial Reading 
Di = In i t i a l Dia l Readii^ 

CALIBRATION OF STRUT LOAD CELLS 

Calibration Procedure 

1. Cells were placed between the com
pression head of testing machine and were 
loaded to maximum capacity three times. 
The large load cel l was loaded up to 200^000 
lb. The small load ce l l was loaded up to 
120,000 lb. Both cells were subjected to 
cycle loading. 

2. The strain recorder was connected 
and the in i t i a l readii^s were obtained. 

3. Strain readii^s were recorded at 
10,000 lb. load increments f o r the smal l 
cel l and at 20,000 lb. load increments f o r 
the large cel l . 

4. For each cel l three sets of data were 
obtained. 

5. For each cell the results were av
eraged after determining total amount of 
micro-inches per inch f o r each load incre
ment. 

6. The applied load in 1,000 lb. was 
plotted versus average strain f o r each cel l . 

|L-Gage " l " or " 3 " 

Strain Gage 
Element Centered 
Along P a r a l l e l 
Section 

F i g u r e 9 4 . S c h e m a t i c d i a g r a m o f t e n s i l e 
samples . 
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A - 1 s t r a i n gages . 

Figures 98 and 99. The load was applied with a strain controlled Baldwin compression 
apparatus; the operator recorded the deflection corresponding to 2,000 lb. load incre
ments. Care was exercised to simulate the f i e l d conditions as close as possible. Thus-
ly , samples f r o m the same t imber area were tested and the strut-compression cap-si l l 
systems had the same cross-sectional areas and the same compression cap length as in 

the f i e ld . Also, to obtain compression 
measurements, the same method was a-
dopted. However, the rate of load appli
cation as wel l as the total t ime that each 
load increment was allowed to act on the 
systems were f a r f r o m bearing any s i m i 
lar i ty to the actual f i e l d conditions. There
fore , i t is f e l t that only qualitative conclus
ions may be drawn f r o m the analysis of 
this data (See Analysis of Data). 

The results f r o m these tests appear on 
Table 14, and the average load deflection 
calibration curve on Figure 97. The re 
sults f r o m the individual tests show rea
sonably close agreement with each other. 
Assuming that each system had identical 
l i f e history and that i t had been exposed to 
the same physical conditions, a statistical 
analysis was also carr ied out in which the 
standard deviation, s, the coefficient of 
variation, v , and the confidence l i m i t s , C. 
L . , with confidence coefficient P = 0.95 
were computed f o r each deflection corres
ponding to each load increment. 

/ 
/ 
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cu rves f o r 



161 

TABLE 13 
CAUBRATION CHART FOR STRUT LOAD CELLS 

Large Load Cell 
Load Total Strain (micro-in./in.) Avg. Strain 
(lb.) Test No. 1 Test No. 2 Test No. 3 (Micro-in./in.) 

0 0 0 0 0 
20,000 95 95 95 95 
40,000 190 195 190 192 
60,000 285 300 285 290 
80,000 380 385 425 397 

100,000 470 475 470 472 
120,000 560 565 560 562 
140,000 645 665 655 655 
160,000 750 760 755 755 
180,000 850 855 845 850 
200,000 965 955 945 955 

Small Load Cell 
Load Total Strain (micro-in./in.) Avg. Strain 
(lb.) Test No. 1 Test No. 2 Test No. 3 (Micro-in./in.) 

0 0 0 0 0 
10,000 70 70 70 70 
20,000 145 145 140 143 
30,000 220 215 215 217 
40,000 300 285 285 290 
50,000 360 360 355 358 
60,000 435 435 430 433 
70,000 505 505 505 505 
80,000 580 580 575 578 
90,000 650 655 650 652 

100,000 720 720 720 720 
110,000 790 795 795 793 
120,000 860 865 865 863 
Recorder-Property of NCSH and PWC. 
Data Obtained by J. R. Brandon, NCSH and PWC. 
Note: It should be noted that two different recorders were used in calibration of the cells, 
one the property of ARMCO Research Laboratories, the other the property of the NCSH 
and PWC Laboratory. The latter was used to obtain all field data. It is obvious by com
parison of the calibration data with the field data that the small load cell is inoperative. The 
data have been plotted on Figure 96. 

QUICK-CONSOUDATED TRIAXIAL COMPRESSION TESTS ON SOIL SAMPLES 
FROM THE SIDE SUPPORTING MATERIAL 

The purpose of these tests was to obtain some idea of the ranges of cohesion, c, and 
the angle of internal friction, exhibited by the fill material under laboratory testing 
conditions. With such information in hand reasonable deductions could be made relative 
to the actual magnitudes of c and mobilized by the same fill material under field con
ditions. 

The test specimens were made out of soil samples obtained from the side supporting 
material of the culvert, approximately two years after the p^e installation (See Appara
tus and Experimental Procedure). All specimens consisted of material passing the No. 
4 sieve. 

The above soil samples were thoroughly mixed and were tested under two compaction 
conditions: 
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•o o o 

Confidence Interval with 
Confidence Coefficient 0 0 95 
Population Assumed IMormal 

2 - 6 X 6"x I'-O Oak 

ne Specimen 

6 x6"x 1-6" Oak 
Rigid IVIetal Plate 

Speed of Load Application 
0 .05 in per min 

Deflection in Incties 
F i g u r e 9 7 . Mean l o a d - d e f l e c t i o n c a l i b r a t i o n c u r v e f o r p m e com

p r e s s i o n caps . 

Condition A: = 110 pcf. Condit ions: "V = 90 pcf. 
w = 18% w = 11% 
e = 0. 50 e = 0. 80 

Sg = 2. 64 Sg = 2.64 

From in situ density tests and soil analyses performed in the laboratory (See Obtained 
Data), Condition A was considered to represent high state of compaction in the f i l l mate
r i a l two years after the pipe installation. Similar ly, condition B was considered to rep
resent low state of compaction of the same material during the installation of the culvert. 
Accordingly, f r o m the test results i t was expected to obtain some feeling regarding the 
variation of c and <̂  under the above compaction l imi t s . The erroneous but, nevertheless, 
safe assumption was made that the interlock between soil particles larger in size than 
those passing the No. 4 sieve has no effect on the shearing strength characteristics of the 
f i l l mass. 

A l l test specimens were cylindrical in shape, 6 inches by 2. 8 inches in diameter 
(Figure 100). Given the total volume of the soi l specimen, V, and the water content of 
the respective so i l mixture, w, and having determined the specific gravity of the solids, 
Sg, f r o m previous tests, i t was possible to determine the wet weight, W, of each speci
men in order that the compaction requirements f o r conditions A or B be satisfied re 
spectively. Accordingly, the proper amount of moist soi l was placed in a cyl indrical 
mold whose inside diameter was 2. 8 inches. 

The soi l was compacted in three, approximately equal layers by means of a steel rod. 
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F i g u r e 9 8 . P i n e compress ion cap c a i i b r a t i o n t e s t s . E x p e r i m e n t a l 
s e t u p . 

F i g u r e 99 . P i n e compress ion cap specimen a t f a i l u r e . 
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T A B L E 14 

RESULTS FROM LOAD-DEFLECTION TESTS ON PINE COMPRESSION CAP SPECIMENS 

Deflections - inches (Load in 1, OOP l b . ; 
Test 
No. 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 

1 0. 0234 0. 0313 0. 0625 0. 0625 0. 0703 0. 0781 0. 0938 0. 1016 0. 1250 0. 1484 0. 2031 0. 2969 0.4219 0. 6094 0. 8438 
2 0. 0078 0. 0234 0. 0391 0. 0547 0. 0703 0, 0859 0. 1172 0. 1953 0. 3047 0. 4141 0. 5469 0. 7031 0. 8984 1. 0938 1. 3203 
3 0. 0234 0, 0391 0. 0469 0. 0703 0. 0781 0. 1016 0. 1641 0. 2500 0. 3750 0. 5391 0. 6875 0. 8359 0.9688 1. 0938 1. 3359 
4 0. 0156 0. 0313 0. 0391 0. 0703 0. 0859 0. 1093 0. 1328 0. 2266 0.3125 0. 4453 0.5938 0. 7031 0. 8516 1. 0469 1. 2422 
5 0.0156 0. 0313 0. 0469 0. 0547 0. 0703 0. 0859 0.0981 0. 1016 0. 1172 fl. 1406 0. 1484 0. 1953 0. 2422 0.2969 0. 4063 
6 0. 0234 0. 0391 0, 0469 0. 0625 0. 0781 0. 0938 0. 1094 0. 1250 0. 1641 0. 2109 0. 2969 0. 5547 0. 8438 1. 2656 1. 7969 
7 0. 0234 0. 0391 0. 0703 0.0859 0. 0938 0. 1016 0.1172 0.1406 0.1641 0.1875 0. 2109 0.2578 0. 3047 0. 3750 0. 4453 
e 0. 0000 0. 0156 0.0391 0. 0547 0.0859 0. 0938 0. 1172 0. 1328 0. 1641 0. 2031 0. 2500 0. 3125 0. 3906 0. 4844 0. 6563 
9 0. 0313 0.469 0, 547 0. 0781 0.1016 0. 1172 0.1406 0.1797 0.2500 0. 3281 0.4297 0. 5703 0. 6953 0. 9297 1. 0703 

s 0.0182 0. 0330 0.0495 0. 0660 0.0816 0. 0964 0. 1212 0. 1615 0. 2071 0. 2908 0. 3741 0. 4922 0. 6241 0. 7995 1. 0130 

s 0. 00958 0. 00943 0.01103 0. 01099 0. 01109 0. 01217 0. 02172 0. 05393 0. 12129 0. 14563 0.19613 0. 23188 0. 28343 0. 36001 0, 46308 
s 

V = J 
0. 526 0. 286 0. 223 0. 167 0. 136 0. 126 0. 179 0.334 0.586 0. 501 0.524 0.471 0.454 0.450 0.457 

C. L . to. 00781 *0. 00769 iO. 00896 *0. 00896 to. 00904 to.00992 *0. 01771 to. 04397 *0. 09889 »0. 11873 ±0. 15990 *0. 189052*0. 23108 to. 29352 to.37755 

Deflections - inches (Load in , 000 l b . ) 
Test 
No. 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 

1 1. 1953 1 5938 1. 9766 2. 2500 2.4219 2.4922 2. 6563 2. 7188 2. 7734 2. 8672 2.9063 2 9844 3 0625 3 1172 3 4531 
2 1. 5313 1 7344 1. 9141 2. 1094 2.2266 2.4375 2. 5625 2. 7031 2. 7969 2. 9063 2.9531 3 0078 3 0625 3 1172 3 1797 
3 1.4844 1 6094 1. 7422 1. 8359 1. 9531 2. 0703 2. 2031 2. 3438 2.4688 2. 5781 2.6484 2 7266 2 8203 2 8906 2 9609 
4 1.4297 1 6172 1. 8125 1. 9688 2. 1328 2.4375 2. 5703 2. 6719 2. 7656 2. 8672 2. 9()63 2 9766 3 0469 3 0938 3 1328 
5 0. 5469 0 7969 1. 1172 1. 3438 1. 5781 1. 6406 1. 7656 1.9141 _ a . . - - -
6 2. 1250 2 3438 2. 5625 2, 6719 2. 7813 2. 8594 2. 9219 3. 0000 3. 0469 3.09381 3. 1484 - - - -
7 0. 5547 0 6953 0. 8281 0. 9766 1, 2344 1. 8359 _ a - _ . _ _ _ 
8 0. 8125 0 9531 1. 0938 1. 2188 1. 3438 1.4922 1. 6875 1. 8359 1. 9922 2. 2734 2.4141 2 5625 2 7031 2 7969 2 8750 
9 1.2578 1 5547 1. 9766 2. 3125 2. 5156 2.6484 2. 7422 2. 8594 2. 9531 3. 0000 _a - - - -
X 1. 2153 1 4332 1. 6693 1. 8542 2. 0208 2. 2127 2. 3887 2. 5059 2. 6853 2.7980 2. 8294 2 8516 2 9391 3 0031 3 1203 

s 0.51153 0 52499 0. 54953 0. 56438 0.53818 0. 47372 0.45638 0.43190 0. 35493 0.28082 0.25872 0 19785 0 16681 0 15003 0 22362 
s 

V = -
0.421 0 366 0. 304 0.304 0. 266 0.214 0.191 0. 172 0. 132 0. 100 0.091 0 069 0 057 0 050 0 072 

C . L . iO.41705 *0 42802 ±0.44803 to. 46014 ±0.43878 to. 38622 to. 40794 ±0. 38606 to.35457 to. 28053 to. 29747 to 27462 to 23153 to 20824 0̂ 31038 
aspecimen reached ultimate failure. = sample mean 

= sample standard deviation 
= coefficient of variation 
= confidence limits with coefficient of confidence p = 0. 95 

Two floating plungers, applied on both ends of the mold, were used to compress each 
specimen to the prespecified length. These plungers were applied very slowly so that 
their compressive action would not subject the specimen to cfynamic loading conditions. 
To avoid shearing of the specimens during the removal of the mold, the mold was thor
oughly greased on the inside surface and i t was removed carefully f r o m the enclosed 
cyl indrical sample. 

Upon removal of the mold, each specimen was weighed and its mean diameter and 
height were obtained. Thereupon, i t was placed in a moisture container and was allowed 
to "cure" in a moisture room f o r at least four days before testing. This period was con
sidered sufficient to cause a relief in any internal stresses that might have been set up 
in the specimen structure by the above described compaction method. 

The experimental setup is shown in Figure 101. The t r iax ia l apparatus is a Soiltest, 
Type 114, electrically driven, strain controlled apparatus. During the performance of 
a l l tests a two-way ver t ical drainage was allowed in the specimens through two porous 
stones placed at the top and the bottom of the specimens with the corresponding top and 

bottom drainage valves open. 
Each of the above mentioned two com

paction conditions A and B was divided into 
three groups, each group consisting of four 
specimens. These groups were tested re
spectively under confining unit pressures 
of 5 psi. , 15 p s i . , and 20 psi. 

A l l tests were performed as follows: 
(1) The soil specimen was placed in the 
t r iax ia l apparatus and the prespecified con
fining unit pressure, o-jj j , was applied 
gradually by letting compressed air in the 
lucite chamber (Figure 101), (2) The 
specimen was permitted to consolidate un
der the applied chamber pressure until the 
ver t ica l deflection dial came practically to 
rest. This process took approximately 20 
min. on the average. (3) The deviator 

h — 2 . 8 i n . H 

F i g u r e 100 . S o i l s p e c i m e n s , compacted t o 
p r e s p e c i f i e d d e n s i t i e s , b e f o r e t e s t i n g . 
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F i g u r e 1 0 1 . Q u i c k - c o n s o l i d a t e d t r i a x i a l compres s ion t e s t s on sam
p l e s f r o m s i d e s u p p o r t i n g m a t e r i a l o f c u l v e r t . E x p e r i m e n t a l s e t u p . 

e v i l <vl5! 20 

B H A I I I H A I I I 
F i g u r e 102. S o i l specimens f r o m b o t h compac t ion c o n d i t i o n s , A and 

B, a f t e r t e s t i n g . 
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vert ical unit load, A«r, was applied then on the specimen at an average speed of 0. 00260 
inch per minute by means of the electric motor of the apparatus. Throughout the test 
care was taken to hold the confining chamber pressure, ffjjj, constant. 
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Load dial readings were recorded every 0.003 inch. These short interval readings 
were obtained with the intention to use only short portions of the resulting stress-strain 
curves f o r other highway problems at later dates. Inasmuch as no definite peak points 
appeared on the stress-strain curves of the specimens tested, the deviator unit load 
was increased at the same constant rate unti l the whole stem of the deflection dial was 
used (at about 15-17 percent strain). Figure 102 shows specimens after testing f r o m 
each compaction condition and each confining pressure. 

Upon removal f r o m the apparatus, the specimens were a l l weighed again and f r o m 
each of the above mentioned four-specimen groups one specimen was oven dried f o r 
water content determination. The three remaining specimens were kept f o r Atteberg 
l i m i t determination and other routine soil testing. From the obtained moisture content 
values i t was indicated that no moisture was lost during the "curing" period and a very 
l i t t l e amount was lost during testing. This fact leads one to believe that the specimens 
were consolidated under the influence of the applied confining pressure and the deviator 
load, mainly by squeezing a i r out of the voids. 

The obtained data were plotted in the f o r m of total applied unit pressure, ffj = o-jjj + 
A(r, versus percent s train f o r a l l tests. Mean stress-strain curves were drawn f o r each 
of the above mentioned four-specimen groups (Figures 103-108). F rom each curve the 
ffj values corresponding to 10, 15, and 20 percent strain were used to construct Mohr 
diagrams f o r the two compaction conditions, corresponding to 10, 15, and 20 percent 
strain respectively (Figures 49 and 50). Thus, the shearing strength characteristics c 
and ^ of the side supporting material under the above two l imi t ing compaction conditions 
and f o r the above considered three strain fa i lure conditions were obtained. 

As a check f o r the values of cohesion and of the angle of internal f r i c t i o n , obtained 
by the above mentioned Mohr diagrams, the same values were obtained by applying the 
Price method (Aldous and others, 1951) of leveling the test data by the method of least 
squares and obtaining c and ^ by the following equations respectively: 

^ ^ • = b ^ ' ' 

where 
a = distance between the or ig in and the intercept of the o-j versus o-jjj straight 

line plot, leveled by the method of least squares, with the axis of vj. 
b = the slope of the above straight line 

The results f r o m the above calculations appear below on Table 15. 

TABLE 15 

10% Strain 15% Strain 20% Strain 

Condition A c 4. 50 psi . = 648 psf. 3. 01 psL = 433 psf. 1. 94 psi . = 279 psf. 
26° - 31 ' 34° - 07' 38° - 38' 

Condition B c 9. 36 psL = 1348 psf. 8.44 psi . = 1215 psf. 7. 38 psL = 1063 psf. 
22° - 12' 27° - 35' 31° - 34' 

From the above table i t can be seen that f o r both compaction conditions the cohesion 
varied inversely with percent s train, whereas the angle of internal f r i c t i o n varied d i 
rectly with percent strain. Such behavior is expected because f o r greater strains a 
greater portion of the stresses in the soil specimens are transmitted directly f r o m grain 
to grain (effective stresses) and the behavior of the material approximates closer that of 
a perfectly granular cohesionless mass. 



Influence of Compression and Shearing Strains 
In Soil Foundations on Structures 
Under Earth Embankments 
M . G. SPANGLER, Research Professor of C i v i l Engineering 
Iowa State College, Ames, Iowa 

When an earth embankment is constructed on a soil foundation, the weight 
of the embankment produces compression and shearing stresses in the foun
dation. The strains induced by these stresses cause settlement of the nat
ural ground surface and an outward movement of the foundation soil f r o m 
the region of the centerline of the embankment toward the toes of slope. 

These settlements and outward movements have important implications 
in connection with the design and performance of the embankment and of 
structures under the embankment, such as culverts and sluiceways. Ve r 
t ical settlements effect the shrinkage allowance in embankment design and 
influence the choice of an appropriate amount of camber in the f low line of 
a culvert. The outward movements due to horizontal shearing strains must 
be taken into account in the design of transverse joints in the barre l of cu l 
vert . 

The amount of settlement and lengthening of 46 culverts and sluiceways 
are recorded in the paper. 

# I T is axiomatic that engineering materials undergo strain when they are subjected to 
stress, and the so i l , which is the most widely encountered of a l l engineering materials, 
is no exception to this general rule. Therefore, when a highway or railway embank
ment or an earth dam or levee is constructed on an earth foundation, we may expect 
the foundation soi l to compress under the influence of the weight of the embankment. 
This compression strain manifests itself as settlement of the natural ground surface. 
Thus in Figure 1(a), i f an embankment ABCD i s constructed on a so i l foundation, the 
original ground surface AED w i l l settle to a new elevation such as AFD. 

In addition to compressive stresses and strains which account fo r settlement of the 
natural ground surface, the foundation soil is subjected to certain horizontal shearing 
stresses and the strains resulting f r o m these stresses cause an outward movement of 
the undersoil f r o m the region of the centerline toward the toes of the embankment. 

These shearing stresses are i l lustrated in Figure 1(b). The shear on a horizontal 
plane in the undersoil is essentially zero under the center of the embankment. I t i n 
creases in magnitude to a maximum value at points approximately under the mid-points 
of the side slopes and then gradually decreases to zero at pomts some distance beyond 
the toes of the slopes. 

A typical shearing stress-strain diagram f o r soil is shown in Figure 2. I t is char
acteristically a curved line beginning at the origin. As the stress is increased the 
strain increases at an increasing rate. Finally, the strain Increases an unlimited a-
mount without fur ther increase in stress. This stress which produces unlimited strain, 
i . e. shear fa i lu re , is the shearing strength of the soil . 

I t w i l l be noted that a substantial amount of shear s t rain may develop in the so i l even 
though the shearing stress is at a value considerably less than the shearing strength. 
I t is these shearing strains which p r imar i ly account f o r outward movement of the foun
dation soi l under an embankment even though the shearing stresses may be wel l below 
the strength of the soi l . Of course, i f the shearing stresses become large enough to 
equal or exceed the strength, the soi l w i l l f low outward f r o m beneath the embankment 
and f o r m mounds paral le l to each side and beyond the toes of slope. This action w i l l 
continue unti l the mounds are high enough and heavy enough to produce sufficient "back 
pressure" to stabilize the undersoil. Such fa i lure conditions are not unheard of in en
gineering practice by any means, but they are not the subject of this discussion. 

Movements i n embankment foundation soils due to stresses which do not cause f a i l 
ure — compression strains and shear strains — may have important implications in 
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connection with the design of the embankment and part icularly in connection with the 
design and performance of structures under the embankment, such as culverts and 
sluiceways. 

With reference to the design of the embankment, i t is widespread practice in earth
work to apply a shrinkage factor to the excavation quantities. Experience indicates 
that in practically a l l cases i t takes more than 100 cu. yd. of cut to make 100 cu. yd. 
of f i l l . Therefore a designer must estimate a shrinkage factor by which the calculated 
f i l l quantities are increased when grades are being laid and balance points established. 
The shrinkage between cut and f i l l quantities is attributable to at least three different 
sources. F i r s t , and probably of least iDq)ortance, there may be an actual loss of ma
te r i a l f r o m hauling equqiment as the soil is transported f r o m cut or borrow to f i l l areas. 
Second, the soil is usually compacted in the f i l l to a greater density than its natural 
density before being excavated. A unit volume of soi l consists of both sol id particles 
and void qnces or pores and the relationship between the volumes of these two phases 

Settlement 

Horizonta l shear 

F i g u r e 1. 

influences the density of the soi l . When a cubic yard is excavated and transported to a 
f i l l , the volume of the solid phase remains constant, but the volume of the voids is u -
Bually decreased in the f i l l , either by ro l l ing , by t r a f f i c , by the weight of additional 
f i l l , by climatic influences or by any or a l l of these causes combined. Therefore, a 
greater volume of excavation is required to produce a given volume of f i l L 

A Ui i rd source of shrinkage i s the settlement of the natural ground surface as a f i l l 
is constructed and i ts weight causes the foundation soil to compress. Referr ing again to 
Figure 1(a), the calculated volume of f i l l 
is based upon the cross sectional area 
ABCDE. But the actual volume of soi l r e 
quired to construct the f i l l is a function of 
the area ABCOF. In some cases where 
settlement is considerable, this excess of 
the actual volume of f i l l over the calculat
ed volume represents a substantial part 
of the shrinkage allowance. 

When a culvert or sluiceway is con
structed on or near the natural ground 
surface and covered by an embankment, 
the structure w i l l settle downward and 
conform to the new contour of the surface, 
as indicated in Figure 3. In addition, be
cause of the shearing strains in the foun
dation soil directed outward toward the 
toes of slopes, the structure has a tenden
cy to lengthen. Also, the structure may 

Shear strength 

Figure 2 . 

S h e a r s t r a i n 

T y p i c a l shear s t r e s s - s t r a i n d i a 
gram for s o i l . 
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lengthen somewhat singly because the distance around the curve AFD is greater than 
the chord distance AED, but this source of increase in length is thought to be much 
less influential in most cases than that due to the outward shearing strains. 

As a result of this tendency to settle and to lengthen, it is necessary to design the 
conduit structure to accommodate these movements without damage to the structure and 
without impairment of its function as a waterway. The settlement of the flow line of 
the conduit can be provided for by building the structure on a camber of sufficient a-
mount that there will not be a sag in the flow line after the embankment is completed 
and settlements have developed. If sufficient camber is not provided and sag develops, 
water and silt will collect in the conduit. This prevents adequate inspection of the 
structure, restricts the waterway, and may hasten the deterioration of the conduit ma
terial. It may also provide a breeding ground for mosquitoes and be generally unsat
isfactory from a number of viewpoints. 

In order to accommodate the tendency to lengthen, it is rather common practice to 
construct monolithic concrete structures, such as box or arch culverts, in independent 
sections about 20 to 40 feet long. The construction Joints between sections are de
signed to permit them to open up several inches as the sections pull apart due to the 

F i g u r e 3. C u l v e r t s t e n d t o l e n g t h e n a s th e y s e t t l e . 
outward shearing strains in the foundation soil. One type of design which has been 
successfully used is to construct a bell on the upstream end, of each independent section 
into which the downstream end of the adjacent section extends in much the same fashion 
as bell and spigot sewer pipe are laid. This "bell and spigot" or "ship lap" design per
mits the sections to pull apart at the joints without vertical or horizontal faulting and 
prevents the intrusion of soil at the opened joint. In the case of a sluiceway through 
an earth dam, where water-tightness is a prime requisite, it may be advisable to in
stall an accordion-type copper seal to prevent leakage. 

Pre-cast concrete p^e with bell and spigot or tongue and groove joints may open up 
at the joints as the outward strains develop, but the amount of opening at each joint is 
usually small because of the relatively short length of sections and large number of 
joints. In most cases, satisfactory results are obtained by simply grouting the opened 
joints on the inside of the pipe after the embankment is completed and the shearing 
strains have developed. 

Corrugated metal pipe culverts, because of their accordion-like fabrication are able 
to accommodate themselves to the lengthening tendency without special treatment. The 
author has heard infrequent rumors to the effect that even corrugated metal pipes have 
been pulled in two under severe conditions, but he has never actually seen such a case 
or received a factual report of one. Apparently this phenomenon, if it occurs at all, 
is very rare. 

The first question which confronts a designer in his consideration of an appropriate 
amount of camber and the design of joints is "how much will the culvert settle and how 
much will it lengthen?" Presumably it would be possible to estimate these quantities 
in advance of construction by modern methods in soil mechanics. However, such a 
procedure would require extensive analysis of the compression and shearing stresses 
and their distribution in the soil foundation. Also, extensive soundings to establish the 
geological profile of the undersoil would have to be made. Many undisturbed samples 
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of the undersoil would have to be taken and the samples tested in the laboratory to de
termine their stress-strain characteristics. Altogether, this would be a very expen
sive and time-consuming process. Since culverts under embankments are relatively 
small structures it is extremely doubtful whether a scientific procedure of this kind 
would ever be economically justified. Rather it appears that an empirical approach to 
the problem is the more feasible. A study of the actual settlements and joint opening 
of culverts and sluiceways of various kinds, under various heights of f i l l and in various 
localities, will, it is believed, yield sufficient information for a disigner to make an 
adequate estimate of the probable settlement and lengthening of a proposed structure 
of this kind. 

The author has been collecting such information for a number of years, both by per
sonal observation and from other sources. He is indebted to the Iowa Highway Com
mission, the North Carolina Highway Commission, the Rock Island Railroad, the Armco 
Steel Corporation, the Stanley Engineering Company and the Brown Engineering Com
pany for supplying valuable information concerning the actual settlement and lengthen
ing behavior of culverts and sluiceways. 

Information relative to 46 culverts and sluiceways is given in Table 1 including 
maximum f i l l height, maximum settlement, and where available, the amount which the 
structure lengthened and the maximum joint opening. 

The maximum settlement versus height of f i l l for the 46 structures is shown graph
ically in Figure 4. The magnitude of settlement varied over a very wide range; from 
3 inches under 137 feet of f i l l in the case of an 84 inch corrugated pipe culvert in 
Cullman County, Alabama to 3. 9 feet under 20. 2 feet of f i l l in the case of a 9-byll-
foot arch culvert in Woodbury County, Iowa. In connection with this diagram it is 
pointed out that plotted heights of f i l l are the design distance from the top of the struc
ture to the top of the embankment. The final distance between the top of the structure 
and the top of the embankment is essentially equal to the sum of the plotted height of 
f i l l plus the amount of settlement. Also, the height of embankment above the natural 
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TABLE 1 

SETTLEMENTS AND LENGTHENING OP CULVERTS 

Itom Location Size and Max Fil l Max Total Increase No of Max Joint Remarks 
Ho. County Kind Height Settlement Length m Length Joints Opening 

ft. ft ft f t f t 
1 Tama S'-8 X 5'-6 

RC Arch 
35 7 1.00 166 0 64 5 0 30 

! Tama 4 ' - 9 x 6 ' - l 
RC Arch 

30 8 0 83 161 0 31 6 0 13 

> Tama 6'-3x9'-3 
RC Arch 

29 8 1.05 152 0 38 7 0 15 

4 Tama lO'-Ox 12'.6 
RC Arch 

11 1 0 39 67 0.07 3 0 03 

9 Tama 5'-6x8'-0 
RC Arch 

18.0 0 18 92 0.01 4 0 30 

6 Tama 4'-9 X 6 ' - l 
RC Arch 

26 6 0 46 110 0.51 4 0 30 

7 Tama 3' x4 ' 
RC Box 

23 5 0 64 116 0 38 5 0 15 

8 Tama 4--9 X 6 ' - l 
RC Arch 

29 7 1.08 138 1 04 6 0 36 0 2* vert fault at one 
)omt 

9 Tama 10'-Ox 12'-6 
RC Arch 

21 0 1 00 104 0 25 4 0 12 

10 Tama 12'-0x 12'-6 
RC Arch 

22 9 1 30 105 0 65 4 0 34 0 1 to 0 2 yert fault 
at three joints 

11 Tama 3'-8xS'-6 
RC Arch 

33 6 0 52 144 0.47 S 0 19 

12 Tama 3'-8x5'-6 
RC Arch 

33 6 0.80 151 0 28 5 0 IS 0 1 vert, fault at one 
}omt 

13 Pottawattamie 96" Corr 
Mebl 

35 8 2 70 170 - - - Outlet raised 1'. 3' silt 
deposit at center 

14 Pottawattamie 90" Corr. 
Metal 

27.2 3.00 144 Inlet raised 0 4', out
let settled 0 6' 3- silt 
deposit at center 

15 Harrison 6'-6 X 8'-0 
RC Arch 

57 0 3 80 274 1 28 7 0 45 Inlet settled 0 5' 
Outlet settled 0 2' 

16 Cullman 
(Alabama) 

84" Corr 
Metal 

137 3 0.25 - - 2* sand bedding on ledge 
rock 

17 Buncombe 
(No Carolina) 

66" Corr 
Metal 

172 0 1 46 - - -
18 Fremont 3'-8x 5'-6 

RC Arch 
64 0 2 53 267 8 0 33 Tongue and groove joints 

broken Some horizontal 
faulting 

19 Oes Momes 4' xS' 
RC Box 

55 0 0 83 420 14 0 19 Outlet raised 0 35' 

20 Union 3' X 5' 
RC Box 

29 0 1 81 6 0 69 

21 Jasper 3' x5 ' 27 0 1 11 481 - none - Several transverse cracks 
RC Box up to 1" -f in barrel 

22 Ringgold 4 ' - 0 x 6 ' - l 
RC Arch 

31.3 0.36 207 - - -
up to 1" -f in barrel 

23 Olmsted 
(Minnesota) 

48" RC pipe 37 5 0 22 170 - - - Shallow depth to ledge 
rock 

24 Harrison 3' X 3' 
RC Box 

21.8 0 47 121 - - -
25 Pottawattamie 3' x4 ' 

RC Box 
15 4 0 70 111 - - -

26 Pottawattamie 3' x3 ' 
RC Box 

11 2 0 30 70 - - -
27 MUls 3- x4 ' 

RC Box 
24 8 0 65 121 - - -

28 Mills 8' X 8-
RC Box 

16.2 0 61 94 - - -
29 Marlon 3' x4 ' 

RC Box 
45 2 0 25 202 - - -

30 Johnson 3' x4 ' 
RC Box 

36 4 0.35 158 - - -
31 Johnson 2' x3 ' 

RC Box 
26.8 0 48 138 - - -

32 Linn 60" Corr 
MeUl 

8 0 0 27 62 - - -
33 Monroe 36" Corr. 

MeUl 
12 3 0 12 74 - - -

34 Monroe 36" Corr 
MeUl 

11 0 0.28 64 - - -
35 Woodbury 4' x4 ' 

RC Box 
30 5 3 20 223 0 79 5 0 29 Inlet settled 0 5'. OuUet 

settled 0 7' 
36 Woodbury 9' X 11' 

RC Arch 
20 2 3 90 157 1 34 4 0 52 Inlet settled 1 6' Outlet 

setUed 1 5' 
37 Woodbury 8- X 8' 

RC Box 
22 9 2.50 177 0 71 4 0 37 Inlet setUedO 6' Outlet 

settled 0 6' 
38 Woodbury 48" RC Pipe 22 1 1 50 186 - 15 - Inlet setUedO 1' Outlet 

settled 0 7' 
39 Woodbury 6' X 6' 

RC Box 
14 0 1 80 126 0.29 4 0 19 Inlet settled 0 6' Outlet 

settled 0 4' 
40 Woodbury 3' x4 ' 

RC Box 
23.4 1 60 191 0 50 5 0 18 Inlet settled 0 3' Outlet 

settled 0 4' 
41 Woodbury 4' X 6' 25 2 2 30 196 0 23 5 0 17 Inlet settled 0 5' Outlet 

42 
RC Box settled 0 1' 

42 Woodbury 4' x4 ' 
RC Box 

24 0 2 00 181 0.52 4 0 31 Inlet settled 0 3' Outlet 
settled 0 2' 

43 Woodbury 42" RC pipe 10 6 0 90 132 - 10 - Inlet settled 0 3' Outlet 

44 
setUedO 3' 

44 Woodbury 4' x4 ' 18.7 1 00 154 0 18 4 0 12 Inlet settled 0 3' OuUet 

45 
RC Box setUed 0 3' 

45 Clayton 36" Corr 19 3 0 16 99 - 32 - Shallow earth bedding 

« s 
Cast Iron on ledge 

« s Clayton 36" Corr 
Cast Iron 

23.7 0 58 117 38 - Shallow earth bedding 
on ledge 
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ground surface adjacent to the structures was probably somewhat greater than the 
plotted height, since many of them were probably installed as projecting conduits. 
However, factual data in this regard is not available except in a very few cases. Fur
thermore in some cases the settlement of the ground surface adjacent to the structure 
may be somewhat different than that of the structure itself, but in general, the struc
ture settles just about the same amount as the settlement of the original ground surface. 

The shotgun distribution of the plotted points clearly indicates that the settlement is 
not a function of height of f i l l alone, but other factors must be taken into consideration 
in making an estimate of probable settlement. The most important of these factors 
are the depth of the foundation soil to ledge rock and the compressibility characteris
tics of the soil stratum. The influence of this first factor is clearly shown in the case 
of the 84-inch corrugated pipe in Alabama (Item 16, Table 1). Here the depth to ledge 

0.5' settlement 
at inlet 

Flow line as 
constructed 

0.2' settlement 
at outlet 

Maximum 
settlement 3.8' 

Joint opening 
offer settlement 

Joint no. 
I 
2 
3 
4 
5 
6 
7 

Opening, in. 
1/4 

3 
5 3 /8 
4 3/8 
I 3/8 

7/8* 
1/8* 

Flow line after 
settlement 

5.5 'x8' concrete a r c h 
cu lver t 

Harr ison county , Iowa 

*approx 

F i g u r e 5. 

rock was very shallow. In fact ledge was removed to a depth of 2 feet below the p^e 
and replaced by a selected sand bedding on which the pipe was laid. The settlement of 
this pipe was only 3 inches under 137 feet of f i l l . The 48-inch concrete pipe culvert 
in Olmsted County, Minnesota (Item 23, Table 1) also Illustrates this point. The actual 
depth to ledge on this job is not known, but the rocky character of the soil in the stream 
bed and adjacent limestone outcrops indicate that it is very shallow. The settlement in 
this case was 2% inches under 37. 5 feet of f i l l . 

In contrast to these cases of minor settlement, culverts constructed in the loess 
region of western Iowa (Woodbury, Harrison, Pottawattamie and Fremont Counties) 
have experienced large settlements, frequently in the range from 2 to 4 feet. Although 
specific information relative to the depth of soil foundation is not available in these in
stances, it is generally recognized that the soil mantle in this region is very thick; in 
the order of magnitude of 300 to 500 feet. 

As a general rule, the settlement of a culvert is roughly proportional to the height 
of f i l l over it throughout its length. That is, the settlement is greatest under the road
way portion of the embankment, where the f i l l height is greatest, and diminishes toward 
zero at both the inlet and outlet. This observation is illustrated in Figures 5, 6 and 7. 
Figure 5 shows the initial flow line profile of a monolithic, 5y2-by-8-foot concrete arch 
culvert and the final profile after construction of the 57-foot embankment. This culvert 
is located in Harrison County, in the Peorian Loess region of western Iowa. The 
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maximum settlement of the flow line is 3.80 feet and it occurred between Joints 3 and 
4, which are near the centerline of the .embankment. 

The amount which the various construction joints in this culvert opened up as the 
structure lengthened under the influence of shearing strains in the foundation soil is 
shown. There has been no vertical or lateral faulting at the joints and no noticeable 
infiltration of soil, although the loess in this area is highly erosive in character. Fig
ure 8 is a photograph showing the bell-and-spigot joint construction employed in this 
design. The bells overlapped the adjacent t^stream sections about eighteen inches. 

Figure 6 illustrates the settlement of a 96-inch corrugated metal pipe culvert under 
a 36-foot railroad embankment in Pottawattamie County which is also in the Peorian 

Flow line as 
constructed I ft. r ise 

at outlet 

Maximum 
settlement 2.7' 

Flow line after 
settlement 

F i g u r e 6. A 96'inch corrugated-metal-pipe c u l v e r t , Pottawattamie 
County, Iowa. 

0.6' settlement 
at outlet 

Flow line as 
constructed 

0.4' r ise 
at inlet 

Maximum 
settlement 3.0' 

Flow line after 
settlement 

F i g u r e 7. A 90-inch corrugated-metal-pipe c u l v e r t , Pottawattamie 
County, Iowa. 

Loess region of western Iowa. The maximum settlement of the flow line of this culvert 
was approximately 2. 7 feet near the centerline of the embankment. The elevation of 
the inlet was not affected by the construction of the f i l l , but the outlet raised about a 
foot. 

The settlement of the flow line of a 90-inch corrugated pipe culvert in the same vi 
cinity is illustrated in Figure 7. The maximum settlement of this culvert, under 27 
feet of f i l l was approximately 3 feet near the centerline of the embankment. The inlet 
raised about 0.4 foot and the outlet settled about 0. 6 foot. 

Both of these corrugated pipes were constructed on a relatively flat, uniform grade 
from inlet to outlet. Asa result there is an accumulation of silt in the culverts up to 
3 feet deep. There is no evidence of the bolted joints pulling apart, although it is prob
able that rather large outward shearing strains were developed in the soil foundation. 

Another matter of considerable interest which is indicated by this study is the fact 
that the amount which the structure lengthens is roughly proportional to the amount of 
settlement. No quantitative statement of this relationship can be made, but it seems 
clear that the greater the settlement, the greater the amount of lengthening of the 
structure. Also the joint opening is greatest near the center of the embankment and 
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Figure 8. A 5. 5' x 8' concrete arch culvert i n Harrison County, 
Iowa, showing bell and spigot type construction jo in ts . 

decreases to an insignificant amount toward the ends of the structure, a s shown in 
Figure 5. 

Sti l l another matter of interest i s the time relationship between construction of the 
f i l l and the development of settlement. Althov^h, very little detailed data are a v a i l 
able, the indications are that most of the settlements developed during and shortly after 
construction of the f i l l . Three culverts in Woodbury County, (Items 35, 36, and 37, 
Table 1) were built and covered during the 1952 construction season. The settlements 
of these s tructures was f i r s t measured in February 1953. A re -check of the settle
ments in January 1954 indicated that no further settlement "developed during this inter
vening period. 

In the case of a concrete a r c h culvert in Fremont County (Item 18, Table 1) the 
maximum settlement of the flow line was 2. 14 feet immediately upon completion of the 
f i l l on September 4, 1930. The settlement increased to a maximum of 2. 53 feet after 
a lapse of nearly 9 y e a r s , according to the following schedule of observations. 

In summary, observations show that Day of 
Observation 

date 

9-49-1930 
10-16-1930 

5- 20-1931 
6- 13-1933 
4-3-1936 
6-16-1939 i 

T i m e after 
Completion of F i l l 

months 

0 
1.5 
9. 5 

33. 5 
67. 0 

105.5 

Maximum 
Settlement 

feet 

2. 14 
2. 19 
2. 25 
2. 32 
2.43 
2.53 

settlement of the natural ground surface 
under an earth embankment v a r i e s wide
ly depending upon the height of the e m 
bankment, the depth of foundation so i l to 
ledge rock and the compression s t r e s s -
s tra in character i s t i c s of the foundation 
soi l . A l s o , it i s indicated that there is 
an outward movement of the foundation 
f r o m the region of the centerline of the 
embankment toward the toes of slopes, 

caused by shearing s tra ins within the undersoil . 
These ver t i ca l and horizontal movements have important implications in connection 

with the design of an embankment and of culverts or s luiceways beneath the embank
ment. It i s believed that a study of the settlement and lengthening of a large number 
of culverts or s luiceways in relation to environmental conditions, such as height of f i l l 
and depth and compressibi l i ty of the foundation so i l layer , wi l l provide a pract ica l 
means for estimating the probable ver t i ca l and horizontal tnovements of a proposed 
conduit. HKB:OH-3 
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