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PREFACE -------
The experimental studies described in this report were initiated 

in June 1956 through the interest of the State Road Department of Florida. 

In May 1957 the program was expanded and placed under joint sponsorship of 

the State Road Department of Florida and the Bureau of Public Roads. 

The studies were perforrred at the St. Anthony Falls Hydraulic Lab­

oratory of the University of Minnesota • . 
The pipe used in the tests was supplied by the State Road Department 

of Florida and was received at the Laboratory during the period June-September 

19,56. 

Arthur West, Assistant State Highway Engineer (Planning), and Thomas 

Bransford, Engineer of Research and In-Service Training, both of the State 

Road Department of Florida, collaborated with the Laboratory in establishing 

the scope and general features of the experimental program and contributed 

many helpful sUggestions during the course of the studies. Carl F. Izzard 

and Herbert G. Bossy, Division of Hydraulic Research, Bureau of Public RoadS, 

made further substantial contributions to the study program and assisted in 

the analysis of SOme of the data, particularly with suggestions concerning 

the analysis of losses at the pipe joints. 

The assi.stance of many members of the st. Anthony Falls Hydraulic 

Laboratory .staff in the procurement and analysis ,of the data -and in prepara­

tion of the illustrations is acknowledged. Edward Silberman made many help­

ful cQmments and ~uggested the me.thod for Qomputation of~ocal shear and 

friction factors on the basis of velocity measurements. The report was edited 

and reproduced under the supervision of Loyal A. John$on and Mary Anne Peterson-. 
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This report has been prepar.ed for the use of the Sponsors. A lim­
ited number of copies are available at the St. Anthony Falls Hydraulic Labora­
tory with a charge of .$2.00 to cover the cost 0:£ reproduction. 
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FRONTISPIECES 

The photographs illustrate the flow facilities used in the experi­
mental studies. They include a view of the downstream end of the 36-in. pipe 
with a discharge of lSO cfs, a view of the 36-in. pipe installed for tests, 
an exterior view of the volumetric tanks which are used to measure large dis­
charges, and an aerial view of the Laboratory site at St. Anthony Falls on 
the Mississippi River. 
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ABSTRACT 
~-~-- .... --

Experimental studies were performed on 24-'in. and 36-in. concrete 

culvert pipe to determ.i..ne the effect of interior surface finishes and joint 

irregularities on the frictional resistance of the pipe. Cast and vibrated 

pipe and machine-tamped pipe were used in the tests. The studies are grouped 

into several more or less related categories. 

Forthe purpose of establishing the flow resistance of pipe joints, 

tests were made on pipes laid in two ways, namely: (1) with thEl pipe laid 

comparable to normal construction practice closely simulating field measure­

ments of joint irregularities, and (2) with pipe laid extremely car.efu11y to 

eliminate, as far as possible, all flow interference at the joints. The first 

condi tion is referred to as lIaverage" joints and the second as "good" joints. 

A comparisonof the test data for pipe with good and average joints 

indicated that average field irregularities produced an increase in f and 

n on the order of 3.6 per cent and 1.9 per cent respectively. The coef-· 

ficients for pipe with bad joints were estimated, based on an analysis of the 

data for pipes with good and average joints. 

Experimental observa tionswere also made to provide a comparison 

between flow resistance of pipes produced by two different fabrication pro­

cesses, cast and vibrated pipe on the one hand and machine-tamped pipe on the 

other. It was found that the cast and vibrated pipe was notably smoother 

than the machine-tamped pipe. For flows in the Reynolds number range from 

75,000 to 3,.500,000 in the cast pipe, the Darcy friction factor f and also 

n in the Manning formula decreased with increasing Reynolds num.ber approxi­

mately as in a hydraulically smooth pipe. In the case of the tampeo.pipe the 

coefficients were relatively constant.t'orReynolds. numbers greater than .500,000. 

This constant value of-the coefficients is characteristic of the rough~pipe 

flow regime. Numerical values for 36-in.tamped pipewith average joints were 

0.01588fol' the Darcy fand 0.0111 for the Manning n within the range o:t 

Reynolds numbers from 500,,000 to 4,500,000. For the 24-in. tamped pipe with 

average joints and Reynolds numbers greater than .500,000, the· n:umerical coef­

ficien1is wereO.Ol7:7 for f and 0.01l0 :tor n. 

At low Reynolds nUIlibers,particularly in. the region up to about 

100,000, the flow throUgh tamped p-ipes follows a smooth-pipe f1awregime. A 
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semi-empirical curve was developed for the transition from smooth-pipe flow 

to rough-pipe flow in the tamped pipe. 

Limi ted experimental data in various other categories were obtained 

and analyzed. This in cluded (1) the velocity distribution in the pipe, (2) 

Kinetic energy correction factors, (3) elevationof the grade line at the out­

let of the pipe, (4) losses produced by a small pipe passing transversely 

through the main pipe, and (5) local friction factors based on the velocity 

distribution near the wall of the pipe. 

Some of the analytical phases of. the study and tables of basic data 

have been placed in the Appendices. This arrangement was selected to assist 

those who are primarily interested in the general results; at the same time 

it provides more detailed data for those who may desire such information. 
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R.ESISTANCE TO FLOW I N TWO T Y PES -.---- .... -..--- -- --~- - - - -- ---,...-
o ,F CONCRETE flf! 

I. INTRODUCTION 

This report presents the results o:f experimental stuqies o:f the 

frictional resistance to :flow in 24-in. and 36-in. concrete pipe. The studies 

were performedat the St. Anthony Falls Hydraulic Laboratoryof the University 

of Minnesota, under joint sponsorship o:f the State .Road Department of Florida 

and the Bureau of Public Roads, and had as their prima~ objective an evalua­

tion of the effect of interior surface finishes of the pipe and joint irreg­

ularitiesupon the frictional resistance. In addition, data were obtained on 

(1) the hydraulic grade line at the outlet of the pipe, (2) the velocity dis­

tribution in the pipe, and (3) pressure losses create~ by smaller transverse 

pipes through the rr~in conduit. 

Two types of 36-in. diameter pipe were used in the tests. One was 

of the cast and vibrated type, hereafter referred to as cast pipe; the other 

was a machine-tamped pipe, hereafter referred to as tamped pipe. The interior 

surfaoes of the two types differ in smoothness, due to the method of manufac­

ture. During manufa cture of the cast pipe, the can ere te is pla ced in the an­

nular ring between two metal forms and Vibrated by various means to insure 

proper filling of the forms and to reduce air pockets. The pipe is then al­

lowed to cure for a specified period before the forms are removed. The tamped 

pipe is produced by a machine process in which a rela'lii vely dry concrete mix 

is inserted in the space between the forms and continuously tamped as the form 

is filled, while the outer form and bottom pallet are rotated about the sta­

tionary core or inner form. Soon after the form has been filled, the non­

collapsible inner form is removed. Rotation of the outer form and withdrawal 

of the inner form produces a surface finish somewhat similar to a "wood-floatn 

finish sometimes used on flat concrete slabs. 

The frictional losses in the pipe consist of two parts: that due 

to boundary, shear onthe walls, and local losses due to irregularities at the 

joints. These irregularities consist of offsets, grooves, and mortar beads, 

all of which disturb the boundary layer and produce additional energy loss. 

The irregularities may be due to improper installation or to variations in 

pipe diameter and the shape of tongues and grooves at the ends of the pipe. 
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Prior to the Laboratory tests the State Road Department of Ii'lorida obtained 

measurements of joint irregularities in pipe installedin ten projects through­

out the state. Thesedata were analyzed and usedas a guide to the Laboratory 

installations. Two types of joints were used in the Laboratory. One, referre'd 

to as average joints, involved simulation of the magnitude, circwnferential 
length, and frequency of occurrence of the field joint irregularities. The 

second, referred to as good. joints, involved the smoothest joints obtainable. 

A third possibility, not tested, is a pipe with a continuous series of bad 

joints. 

The pipe usedin the test was provided by the state Road Department 

of Florida and was selected, without advance notice, from the stock on hand 

in the yards of four manufacturers in the state of Florida, An effort was 

made to select pl.pe typical of that in use by the Road DepartIrlent in 1955-56. 

The selection committee consisted of the following personnel from the State 

Road Department: 

(a) Engineer of Research, 

(b) Engineer of Drainage, 

(0) Engineer of Materials and Tests, and 

(d) Assistant State Highway Engineer for Construction. 

At the invitation of the state Road Department a. representative of the Amer­

ican Concrete Pipe Association observed the selection of the pipe. 

In the Laboratory tests of 36-in. pipe, thirty 8-ft sections were 

used in eas:h test, giving a total length of about 240 ft. The zone of flow 

establishment varied from 60 to 100 ft, dependent on pipe roughness, leaving 

an effective length of 140 to 180 ft for determinaMon of the friction coef­

ficients. In the tests of 2L-in. pipe, 2h sections were used, with a total 

length of 192 ft. The zone of flow establisrunent was about !..to ft long, leav­

ing an effective'length of about 152 ft. 

II. CHA.RACTii:RISTICS Oit' PIPE AND PIPE JOINTS 

A. Surface Finish of the Pipe Used in Tests 

The surface finish of the pipe used in the tests is shown in Figs. 

1, 2, and 3. The photographs illustrate the range of surface textures en­

countered in these samples of pipe. Considerable variation was noted in the 
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Fig. 1 - Interior Surfoce of 36-i n. Tomped Pipe. Upper--good surfoce; 
ll1iddle--over~ge surfoce; lower--rough surfoce. (Only one of 40 sec­
tions hod 0 roughness simi lor to this somple.) 

3 
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Fig. 2 - Interior Surface of 24-in. Tamped Pipe. Upper--good surface; 
m iddl e--average surface; lower--rough surface. The effective roughness 
of middle sample is larger than that of upper sample because of waves 
and deformities such as shown at lower right corner of middle photograph. 





Fig .• 3 - Interior Surface of 36-in. Cast Pipe, Upper--good surface; 
middle--average surface; lower--rough surface. 
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texture of the tamped pipe bot.h over the area of an individual pipe section 

and between the various sections; a's a result it was' difficult to select a 

specific area with an average texture.,. In Fig. 1 selected areas are shown 

for the 36-in. tamped pipe" representin,g "smoother than average," "average," 

and "rougher than average" textures. Fi{?;ur'e lc shows the roughest sectiOn of 

.36 ... in. tamped pipe. Only one section out of 40 seotions available had a. sur­

face of this type. 

Figure 2 i11ustra.tes the texture of the21.~-in. t,amped pipe and Fig, 

.3 the texture of the 36-in. cast pi.pe. The su.rface of the cast pipe was very 

smooth except for small holes rThich apparently were caused by entrapped air. 

It is unlikely that these holes had an appreciable effect on the friction loss 

in the pipe ·becau.se their area was quite small as compared to the total wetted 

surface of the pipe. 

Sections 6 in. by 9 in. were sawe.d from. the pipe and are preserved 

as a permanentrecord. with the State Road Department of Florida in Gainesville 

and the Bureau of Public Roads in Washington, D. C. 

As a supplement to the photographs and the pipe samples, measure­

ments were obtained of the nominal roughness height of the interior surface 

of the pipe. The measurements were madewith a dial gage which w.a,s traversed 

along an accurately machined base plate placed in the pipe. The gage could 

be read to the nearest 0.0001 in. and was fitted with a concave tip having a 

terminal diameter of 0.007 inch. The measuring procedure and df.ltai1ed data 

are presented in Appendix C. Briefly, itinvolved gage readings at intervals 

. of 0.02 ftover a length of 1.3 ft, ineach of twelve or thirteen pipe samples 

selected at randomfrom. each type of pipe, This pro·vided a total of about 858 

readings for each type of pipe. Though dependent to a considerable .extent on 

them.ethod of analysis" the data generally indi~ated that the average rough­

ness height of the tamped ~ipe was on the order of three times that of the 

cast pipe. The analysis also indicated that the surface of the pipe had waves 

of small amplitude in addition to a texture roughness. These were of minor 

importance in the tamped pipe as the texture roughness tended to mask the 

waves. The texture of the cast pipe" however" was sufficiently smooth so that 

waves on the order of 0.01 in. high by 4 to 12 in. long were recorded. lhese 

probably had some effect on the frictional resistance of the cast pipe. The 

method of analysis presented in Appendix C provides an indication of both 

texture and waves. 
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B. Field Investigation of Pipe Joints 

Prior to the Laboratory tests, the state Road Department of Florida 

in cooperation with a representative of the St. Anthony Falls Hydraulic Labo­

ratory obtained measurements of joint :Lrregularities in 36-in. concrete pipe 

that had been instaJ.led on ten projects throughout tne state. It was noted 

tho. t these irregulari t:Les were of three basic tJ'P8S: 

(a) offsets--due to misalignment or variation in diameter of 

the pipe, 

(b) grooves--formed by annular opening between tongue and 

groove ends of pipe, and 

(c) beads and fillets--forrned by mortar smdothedover the in­

terior surfb.ce of joint. 

Figure 4 illustrates the irregularities notedin the field joints and a cross 

section of the pipe showing the average circumferential length of grooves and 

beads. 

The maximum offset encountered in the field measurements vms 1.37 

inches. This occurred in pipe in which the inside diameter was about 0.75 

in. larger at one end than at the other; thus, the taper was about 2 per cent 

of the pipe diameter. Nost of the joints in the project where this joint was 

encountered had offsets ranging froml in. to 1.37 inches. Three of these are 

included in the field sample. 

The offsets were divided into two types. If the downstream edge 

extended radially inward farther than the edge of the upstream pipe, the flow 

wou.ld be forced to contr.act; this is referred to as a posi ti ve offset. The 

opposite case, with an expansion at the joint, is referred to as a negative 

offset. If two circular pipes of the same diameterwere displaced transversely 

atthe joint, positive and negative offsets of the same magnitude "TOuld result. 

The diaper seal was used at all joints. In some instances mortar 

ran through the j oint into 'the interior of the pipe. This mortar was troweled 

over the joint, forminKa bead or fillet. If mortar did not pass through the 

joint it"was usually applied from the inside. The average joint had a bead 

or fillet over the lower two-thirds of the circu.rnference, but one-third of 

the joint, at the crown, was usually not covered. This left a groove rang­

-ing up to 1.54 in. wide by about 1 in. deep. '!/he bead height, with respect 



Diaper 

e} 
O " eo = to 1.37 
Offset 

b = 0 to 1.54" 
Groove 

eb = 0 to 0.72" wave = 5.32" 
Bead 

Fillet 

t 

of Pipe 

Joint may have offset in addition 
to groove and bead or fillet. 

Cross Section of Pipe 
Showing Average Field Joint 

Fig. 4 - Pipe Joint Details 
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to the inner edge of the joint, ranged from zero (for a fillet) up to 0.72 

inch. 

The heightof beads and offsets was measured by means of a dial gage 

mounted. on a bar which was placed against the surface of the pipe. The bead 

height was measured with respect to the innermost pipe surface at the joint. 

Sufficient measu:rementswere taken around the circumference to define the max­

imum height of beads and offsets and sig;nHlcant changes in height. The cir­

cumferential position of all measurements was recorded. From these data the 

area, length, and average height of offsets and beads were determined. 

Figure;; illustrates some of the field data on beads and offsets. 

The graph of maximum offset height per joint provides an indication of the 

maximum offsets encountered but is of J.imi ted value in an analysis of energy 

loss at the joints. Accordingly, the bead area and the,positive offset area 

were added and the sum di vided by the nondnal cross-sectional area of the 

p:i.pe. When roul tiplied by 100, this gave the reduction in area at the joint, 

in per cent. These data are shO'h1l1 in the fourth graph of Fig. 5. It may be 

noted that the median value is about 2 per cent. 

Additional data on the field joints are summarized in Table I and 

Appendix B. 

All of the data in Fits. 5 and the field data in Table I are for 36-

in. machine-tamped pipe. An attempt wat; made to procure data on 24-in. pipe 

and 36-in. cast pipebu.t these efforts were unsuccessful exceptfor two joints 

in 24-in. pipe. 

c. Laboratory Data on Pipe Joints 

The Laboratory tests conformed to two basic conditions: 

(a.) plpe installed with joint conditi.ons similar to average 

field installations, hereafter referrf;d to as II average" 

joints, and 

(b) pipe inst.alled with the best joints obtainable, hereafter 

referl'~3d to as II goodY joints. 

The 36-in. tamped pipe was installed in accordance with these criteria; the 

corresponding data are illustrated in Fig. 6. 



TP.llLE I 

St.)11HAHY DAT]' ON FIELD AND LABORA.TORY PIPE ,JOINT CHARACTERISTICS 

(Each value is meanpeI: joir:t, except those specified as aver,;ge) 

Field I2bor.;toEl 

Equiv. 36-in. Cast 36-in. Ta..'11ped 24-in. TaI1lped 
36-i.."1. 
Pipe 24-in. Average Good Average Good Average Joints C-ood 

Pipe Joints Joints Joints Joints (A) (3) Joints 

~Iaxirrum positive offset 0.213 0.11+2 0.172 0.172 0.373 0.192 0.161 0.161 0.111 

l~ximum negative offset 0.304 0.203 0.301 0.301 0.218 0.148 0.299 0.299 0.185 

MeRn offset height 0.187 0.125 0.130 0.130 0.182 0.098 O.lh9 0.149 0.118 

Positive o:fset area 7.35 3.27 ll.03 4.03 13.37 . 6.28 3.09 3.09 2.92 

Negative offset Brea 13.80 6.13 10.6L 10.64 7.23 h.77 8.17 8.17 6.04 

Total offset area 21.15 9.50 lh.67 14.67 20.60 1]"05 11.25 11.25 8.96 

Ler.gth of bead or fillet 79.57 53.05 79.57 113.-1 79.57 113.1 57.40 57.40 75.4 

Average width of bead or fillet 5.50 4.60 5.00 -:s .10 5.00 4.35 4.88 5.00 

Maximum height of bead or fillet 0.265 0.177 0.296 0 0.273 0 0.132 0.063 0 

Average height of bead or fillet 0.167 0.111 0.173 0 0.177 0 0.103 0.032 0 

Average covered area of bead 5hl.4 366.h 0 405.9 0 318.2 358.3 0 

Projected area of be8d or fillet 13.26 5.90 13.76 0 14.11 0 5.93 1.83 0 

length of groove 33.53 22.35 33.53 0 33.53 0 18.00 18.00 0 

Average widtr.. of groove 0.711 0.219 0 0.750 0 0.555 0.555 0 

f. rea reduction 20.61 9.16 17.80 h.03 27.h9 6.28 9.02 4.92 2.92 

Area reductior: (per cent) 2.03 2.03 1.75 1.40 2.70 0.62 1.99 1.09 0.65 

Units are inches end square inches. I-' w 
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The in~tallation representing average joints in 36-in. tamped pipe 

involved placement of the pipe se.ctions so that the maximum offset at' the var­

ious joints corresponded to the distribution of maximum offsets in the field. 

The offsetwas then measured at eight points around the circumference so that 

an average could be determined. Mortar was troweled around the lower 241 de­

greesof the circumferenceto form either a bead or fillet, in accordance with 

field data. After the mortar had set, the height and width were measured. 

'lhese data are included in Appendix B. 

At the conclusion of hydraulic tests of the 36-in. tamped pipe with 

average joints, the sections were taken apart, the joints cleaned" and the 

sections reassembled with minimum possible offsets. After the offsets were 

measured, mortar was troweled around the joint to fill the grooves and to fOrril 

a fillet about 3 in. long where positive or negative offsets did exist. 

As field data were not available on 36-in. cast pipe and as there 

was a possibility that fabrication methods might result in less variation in 

dimensions of the tongues and grooves, a different procedure was followed. 

For the average joint condition the cast pipe was assembled with procedures 

similarto those used in the field. For example, the pipe was supported from 

the midpoint and forced against the previously laid section by a crowbar. The 

downstream end of the section was then adjusted to grade and supported by 

wooden blocks. In effect the only support for each section was at the down­

streamor tongue end of each section. '!his tended to produce the maximum off­

set which would result from irregularities in the tongue and groove parts of 

the pipe. After the pipe was completely laid the offsets were measured. Beads 

and fillets were then added in accordancewi th field measurements of the tamped 

pipe, as it was reasoned that the worklnanship in application of the mortar 

wouid be similar for the two types of pipe. As may be noted in Fig. 7, the 

range of offsets obtained with the cast pipe was much narrower than that of 

the field data for the tamped pipe. The bead height and the reduction in area 

for the average joints were fairly close to the field data. Initially it was 

intended to re-Iay the cast pipe to obtain the smoothest possible good joints. 

However, weather conditions affecting exterior portions of the test facilities 

necessitated curtailment of the program; it was decided to remove the beads 

and otherwise smooth up the joints of the initial installation of cast pipe 

and obtain test data on this system. Since the offsets were the same as those 

for the average joints, a comparison of frictional resistance in tests of good 

and average joints for cast pipe indicates only the effect of the beads. 
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The tests of 24-in. pipe were initiated before all field data were 

available. Moreover, except for, two joints, the field data were obtained on 

joints in 36-in. pipe, necessi taying some judgment in application of the re­

sults to 24.,..in. pipe. It was finally decided to scale down the field off­

sets in accordap,ce with the diameter rati.o and to use beads somewhat simi.lar 

to the 36-in. pipe. The two 24-in. field joints for which data were avail­

able had untroweled mortar extrusions up to 3/4 in. high. These were repro-
I 

duced in the 24 ... in. pipe although it was recognized that an untroweled joint 

was the exception rather than the rule. Tests were performed with and with­

out the extrusions on two joints.' For reference purposes the respective con­

ditions were referred to as aver~ge ... A and average-B joints. Subsequently the 

24-in. pipe was relaid with the; smoothest joints possible, referred to as 

good joints. 

:£!'igure 8 illustrates dB.ta on the Laboratory joint irregularities 

and equivalent field data for tn,e 24-in. pipe. As noted above, the latter 

are based on offsets two-thirds as high as the 36-in. field data. The Labo­

ra tory offse ts were initially in good agreement wi th the ini tial field curves. 

Subsequ~nt additional field data were received, modifying the field curvesj 

as a result the Laboratory offsE1lts .for average joints are rougher than they 

should be. However, the good jOints, which represent minimum possible off­

sets, are very close to the equivalent field curve. This indicates that the 

equivalent field curve is probqbly incorrect and that the field offsets do 

not scale down from the 36-in. <;lata in accordance with the diameter ratio. 

The data on bead height also do riot agree with the final field curves, where 

the latter are based on a diameter ratio. 

The primary value of Fig. 8 is to illustrate the conditions tested 

in the Laboratory, with theconcllllsion that they mayor may not siIn.ulate field 

conditions for 24-in. pipe. In general, it appears that the average-A joints 

are probably representative of bad fieldjoints in 24-in. pipe and the average­

B joints are prohal;lly close to aVerage field joints. In the analysis of ener­

gy loss due to joint irregularities the primary emphasis should be placed on 

the tests of 36-in. pipe where field data are available and where the Labora­

tory data Closely approximate the field conditions. 
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U. Pipe Diameter and Related Data 

The 24- and 36-ii1. ta.iTIped pipes used in the tests were obtained 

from four different pipe companies. 'rhe 36-in. ca.st pipes were all obtained 

from the same company. As there was a possibility that the surface texture 

might varyin the tamped pipe, sections from the various companies were inter­

mixed in the Laboratory installation. Tables 9-11 of Appendix B iJ.lustrate 

the sequence in which the pipe was laid for 13.11 tests. The average di.ameter 

at both ends of each section is indicated. In sections where piezometers were 

located, the diameter at the piezometer is also indicated. In tests of aver­

age joints in 24- and 36-in. tamped pipe, the pipes were selected at random, 

except for the effort to intermix pipe from ~he various companies. 

The average diameter of the groove end of the 24-in. pipe was 0.10 

in. larger than the tongue end, resulting in some offset regardless of the 

care in laying the pipe. No appreciable variation of this type was noted in 

the 36-in. pipe. 

Twenty-four 8-ft sections of 24-in. pipe and thirty 8-ft sections 

of 36-in. pipe were used in the tests. The following table summarizes the 

length, slope, and average diameter of the test installations. 

TABLE II 

PIPE DATA 

Average Total 
Pipe Joints Diameter Length Slope 

36 in. Tamped Average 0.00097 

Good 36.07 in. 241.3 ft 0.00100 

36 in. Cast Average 

Good 35.99 241. 7 0.00100 

24 in. Tamped Average 24.14 193.0 0.00103 
(A and B) 

Good 24.11 194.0 0.00112 

As the determination of the hydraulic grade lines and resultant friction co­

efficient were basedon the zone in which established flow occurred, the aver-
" . age pipe diameter was also computed for this zone. The zoneof flowestablish-

ment varied from about 40 ft for the 24-in. pipe, to 60 ft for 'the 36 .. in. 
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tamped pipe and to 95 ft for the 36-in. caet pipe. As a somewhat arbitrary 

figure, the upstream six sections and eight sectionso! pipe were disregarded 

in computations of average diameter ()f the 24-in. and 36-in. pipe respectively. 

In the remaining sections, the data on end diameters as well as midpoints (in 

sections where data were available) were averaged, with equal weight for all 

measurements. 

III. TEST FACILITIES AND PROCEDURES 

The basic test facilities, manometers, static tubes, and the asso­

ciated test procedures are described in Appendix D. 

IV. EXPERH'J.ENTAL RESULTS--FRICTIONAL RESISTANCE 

A. Hydraulic Grade Line and Zone of Flow Establishment 

The discharges used in this series of tests ranged from 2.8 to 153 

cfs in the 36-in. pipe, and 2.7 to 29 cfs in the 24-in. pipe. These ranges 

are somewhat greater than the range of interest in normal installations using 

these pipe sizes. The data obtained with high discharges and corresponding 

high Reynolds numbers may assist in extrapolation of the results to larger 

pipe sizes. The data obtainedat low discharges should contribute to an eval .. 

uationof the transition zone between the smooth-pipe curve and the relatively 

constant coefficients associated with rough-pipe flow. 

Figures 9 and 10 illustrate typical hydraulic grade lines ,for the 

two types of pipe and two discharges. It may be noted tbat the apparent zone 

of flow est,ablishment for the tamped pipe extends about 65 ft from the inlet. 

Beyond this zone the grade line has no noticeable curvature. The apparent 

zone of flow establishment for the cast pipe ,extends to a point about 100 ft 

fr'''n the inlet. Subsequent measurements of the velocity distribution in the 

pipe indicated that the velocity profilelvas not fully developed at the above 

locations, but the change:in the downstream zone was apparently SO small that 

it did not produce a measurable change in the hydraulic grade line. 

The fact that the cast pipe yielded a longer zone of flow establish­

ment than the tamped pipe is in agreement with available theory. As the cast 

pipe is smoother than the tamped pipe, the boundary shear is lower anel the 

growth of the boundary layer proceeds at a slo'VJ'er rate. Computations based 
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on ·a theory proposed by Keulegan [IJ* indicated a length of about 60 ft for 

the 36-in. tamped pipe and 95 ft forthe cast pipe. The computation is based 

on the boundary shear as indicated by Darcy's f. In these computations use 

was made of the experimental data on f, for the two types of pipe. In gen­

eral, the experimental data on the zone of flow establishment were in good 

agreement with the theory. 

In the zone of established flow a few static readings deviate or 

scatter slightly-about a straight line. Soma of the scatter can be attributed 

to variationsin the boundary roughness, joint irregularities, and variations 

in pipe diameter. Where piezometers were located within4ft of a bad joint, 

the static readings were adversely affected by the joint, usually indicating 

a low pressure. Before computing the slope the velocity head, based on the 

average local velocity ate-ach piezometer, was added to the static readings 

to correct for variations in the diameterof the pipe. This reduced the scat­

ter shown in Figs. 9 and 10" 

B. Basic Equations 

Frictional resistance was evaluatedin terms of both Darcy' s friction 

tactor f and n in Manning.f·s formula. The Darcy equation is 

'"f-
h=fl!..­

D 2g 

where V= average velocity of flow, 

h :;:. head loss, due to barrel friction and joint losses, 

L = length of'pipe, and 

D, = average pipe diameter .. 

The Manning equation is 

Lm¥ or h = -....--...... ~~ 
2.21R4I3 

where R == hydraulic radius, and 

S=slope of energy grade-line. 

*Numbers in bracke.t,S refer totist, of References on p. 15. 

(1) 

(2) 
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The diameter used in both of the above equations was the average 

value for the downstream 22 sections of ,36-in. pipe and the downstream 18 sec­

tions of 24-in. pipe. '!he actual values are listed in Table II. In most 

instances the nominal pipe diameter would be acceptable ·for design purposes. 

In an analysis of the experimental data" however" the average diameter of the 

test pipes was used to insure an accurate evaluation of the friction coeffi­

cients. ,'It may be noted that in the Darcy equation 

f := 
2g h 
L 

As the equation involves D>" a small variation in D can be significant in . 

an evaluation of the friction coefficient. 

Theexperimental data on discharge" energy grade-line slope" Reynolds 

number, friction coefficients, and computed values of 'various parameters are 

tabulated in Appendix A. 

C. Data for the 36-in. Tamped Pipe 

Figure 11 illustrates the experimental data on the 36-in. tamped 

pipe for average (simulated field) joints" with Darcy's f and Manning's n· 

plotted as a function of Reynolds number. Data were obtained for Reynolds 

numbers ranging from 100 thousand to 4.4 million. The Karman-Prandtl SIDooth­

pipe curve 

l/.fi a 2 log Re..fi - 0.8 (4) 

is shown on the upper graph of Fig. 11 for reference purposes. 

F'or Reynolds number below 2 x 10> the experimental data fall al­

most on the smooth-pipe curve. With increasing Reynolds numbers the data 

deviate from the smooth-pipe curve and f becomes relatively independent of 

Reynolds number for Re > > x 105 ,The general trendof the curve is charac­

teristic of the rough-pipe regime in turbulent flow. 

6 
There is a slight hump or crest in the curve at Re!::::: 2 x 10. It 

is possible that this may be caused by separation of flow ,at the joints; if 

separation does occur" the length of the separated zone and the consequent 

energy loss would depend to some extent on the turbulence level in the now 
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and as a result would depend on the Reynolds nlrmber. Although the total ef­

fect on the friction coefficient is quite small, it is of interest. 

As noted above, the value of Darcy's f was essentially constant 

for Reynolds numbers in excess of .5 x 105; an average of all data with Rey­

nolds numbers above this value could be used to determine the limi ting or 

;rough-pipe regime value of f for this pipe. However, due to the fact that 

some minor variations did exist, the limiting value was based on data with 
6 

Re > 3 x 10 • The resul tantaverage valu8Awere f.e = 0.01570 and n.e = 0.01106. 

The Nikuradse sand-grain roughness corresponding to this value of f is k 
s 

= O.OOllb ft, and r /k ;::; 1321. For design purposes there would be some 
o s 5 

merit in using all data with Re > 5 x 10; the corresponding data tQr this 

condition are tb = 0.01588, nb = 0.01113, k = 0.00120ft, and r /k = 125,3. 
~ ~ s 0 s. 

Tb,e pararneter R~# is sometimes used to define the upper 1i;r)i t 

of the t:ransi tj.on zone between smooth-pipe and rough-pipe regimes. The above . _ c 

b ~ data for Reynolds numbers above .3 x 10 would correspond to D/k > 11.12. 

The data for H.e > 5 x 105 would correspond to U;;{! > 25. 

Referring to Fig. 11, it may be noted that there is very little 

soatter of data except at very 10'lrJ Reynolds numbers. The scatter in this 

regj.on is primarily due to errors in measurementof the pressure or head loss. 

For examp1e, with a discharge of 2.93 cis, the corresponding B.eynolds number 

was 1.12 x 105 and the head loss between two piezometers 145.458 ft apart 

was only o.oo21b ft or 0.0257 inch. The m:Lcro-manometer used for low dis­

charges could be read to 0.001 inch. Considering that two micrometers TIHlst 

be read to obtain the differential pressure, the nominal error could range 

up to 0.002 in. or ;t 8 per contof the above differen·tial. The probable error 

was reduoed by taking from 10 to 20 readings of each micrometer and averag­

ing the results. \iJhile three of eight points in this re gion de via te from 

a mean line by 5 to 7 per cent, the remaining data have very' little scatter. 

In view of the extrernelysmall head differentials associatedwith the low Rey­

nolds numbers, the data are considered quite good. 

Figure 12 illustrates the experimental data for the 36-in. tamped 

pipe with good joints. As noted in a preceding section, this test arrangement 

resulted in the best possible joints obtainable with the 36-in. tamped pjpe. 

At the conclusion of the tests wi t11 average (sj.mulated field) joints the pipe 
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sections were taken apart, the ends cleaned, and the sections assembled with 

111inimum offsets. If the groove end of the pipe had a different diameter than 

the tongue end of the adjacent section, the end of one section was moved ver­

tically or laterally to distribute the difference, rather than having the 

total offset at one location. As some section's "lere slightly elliptical in 

shape, it was sometimes necessary to rotate- the pipe about :its axis to obtain 

the best joint alignment. After the pipe was aligned, diaper seals were in­

stalledon the exterior portion of the joint and fillets added on the interior 

to reduce the effeot of offsets at the join.ts. The grooves were filled with 

mortar. 

Referring to Table B-:3 of Appendix Bit will be noted that the average 

offset height for the good joints was reduced to 0.098 in. as compared to 

0.182 in. for the preceding average joints. li'igure 6 illustrates the range 

and distribution of offsets for both average and good joints; the maximum 

offset encountered ir) the good joints vlaS 0.~5 in. as compared to 1.5 inches 

in the average joints. The reduction in area at the joints was 10'l-rered from 

2.70 per cent to 0,62 per cent. Elimination of the beads in the good joint 

tests had a significant effect on the reduction in area at the joints. 

A graph of the Darcy friction factor f as a function of Reynolds 

number (Fig. 12)is quite similar to the data obtained for the average joints. 

The limiting values of f and n, for Re ~ 3 x 106, are 0.01515 and 0.01087 

respectively. While slight vari.ations occ\'lr, the friction coefficients are 

relatively constant for Reynolds nw.nbers above 5 x 105• 

A compa,rison of Figs. 11 and 12 indicates that average field joints 

in tamped pipe result in an f value about 3.6 per cent higher and an n 

. value about 1.7 per cent higher than comparable coefficients for tamped pipe 

wi th minimum-obtaina.ble joint irregularities. w11ile the difference is not 

large it is significant. Also" it sho·l.1.1d be noted that the above values in­

dioate the difference between average field joints and good joints in tamped 

pipe. A continuous series of bad joints "l-Tould result in higher coefficients, 

as shown in a subsequent Be ction. 

D. Data for the 36-in. Cast Pipe 

Due to the fact that most of the 36-in. concrete pipe installed on 

highwaJT projects in the state of Florida (at the time measurements were ob­

tained) was of the tamped type, no field data on joint irregularities in cast 
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pipe were obtained. As noted in a preceding section, an a~tempt was made to 

use field methods in the Laboratory 1nstallation on the premise ~~at the re~ 

sulting offsets would be typical of average field joints. Beads and fillets 

were then installed in accordance with field data for the tamped pipe. As 

shown in Table B-4 of .Appendix B the average offset height for average joints 

in 36-in. cast pipe was 0.130in. as comparedto 0,182 in. for the tamped pipe. 

Also, the range in offset heights was much smaller, as shown in Fig. 7. The 

average bead height for the cast pipe was almost identical to that for the 

tamped pipe (0.173 in. as compared to 0.177 in.). 

Figure 13 illustrates the Laboratory data on friction coefficients 

for average joints in the 36-in. cast pipe. The data fallon a line decreas­

ing with increasing Reynolds number and diverging slightly from the smooth­

pipe curve. A straight line has been drawn through the data although it is 

probable that a slight curvature may exist. 

One of the most significant aspects of these data is that the co­

efficients decrease with increasing Reynolds number, characteristicof a rel­

atively smooth pipe. Apparently, roughness elements in: the pipe waLl have 

a height less than the thickness of the laminar sublayer, and the joint irreg­

ularitiesdo not seriously disrupt the boundary layerfor the range of Reynolds 

numbers covered in the tests. 

A similar curve, Fig. 14, was obtainedin tests of the cast pipe with 

good joints. As noted above, time limitations did not permit re ... laying the 

pipe, so the only difference between average and good joints was elimination 

of the mortar beads. This resulted in a decrease in the value of f of about 

1.9 per cent at lie = 3.4 x 106 • 

During the good-joint tests mea~urements were obtained with rather 

low discharges. While the accuracy of the measurements decreases with dis­

charge, the data do provide an indication of the relationship between the 

experimental data and the smooth-pipe curve at low Reynolds numbers. For 

practical purposes the two are tangent at Reynolds numbers on the order of 

130,000 

A comparison of Figs. 11 and 12 or 13 and III indicates that the re­

sistance of the cast pipe is less than that of the tamped pipe for Reynolds 

numbers in excess of 500,000 and that the difference in resistance increases 

with Reynolds number. At a Reynolds number of 3.4 miLlion the value of f 
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for the cast pipe (average joints) is 68 per centof that for the tamped pipe. 

The corresponding figure for Manning's n is. 8,3 per cent. Thus, in instal­

lations where frictional resistance is an important factor and the Reynolds 

number is sufficiently large, the use of cast pipe would result in a signi­

ficant incr~ase in dischargecapacit,y or a decrease in head loss as compared 

to a similar installation involving tampe(i pipe. 

E. Data fo~ the 24-in. Tamped Pipe 

The tes,ts of' the 24-in. tamped pipe were perfomed prior to the 

tests of the .36-in. pipe·, but due to a lack of information on field installa­

tions of this size of pipe and several other associated conditions, the results 

are not considered as useful as those for the 36-in. pipe. 

Two sets of tests were performed, simulating average field joints 

and referred to' as average-A and average-B joints. The two conditions were 

identical except for two joints outof a total of 2,3 joints. In the average­

A tests these two joints had extruded mortar finsup to 3/4 in. high, similar 

to two untroweled field joints. Apparently, the extrusions were formed by 

mortar running through the joint when the diaper seal was poured. While the 

condi tion is probably quite unusual, it was considered desirable to obtain 

some test data with two joints of this type intarspersedwi th normal field 

joints and then to obtain comparative data with the fins removed (average-B 

joints). Following the tests the pipe was relaid to obtain good joints. 

Figure 15 illustrates the experimental daUl for average-A joints in 

the 24-in. tamped pipe,. The range of Reynolds numbers covered in these tests 

isnot so large as in the preceding tests of the 36-in. pipe because of the ex­

perimental setup used with the 24-in. pipe. OVer the Reynolds number range 

of 200,000 to 1,500,000 covered in the tests, the coefficients f and n 

appearto be constant, with average values of 0.01809 and 0.01111 respectively. 

Removal of the fins on the two joints referred to above decreased the values 

of f .and n to 0.01757 and 0.01094 respactive1y,as shown in Fig. 16. The 

two joints with fins were numbers 1.3 and 19 and were located 104 ft and 152 

ft respectively f'rom the inlet; both were in the zone of established flow. 

Removal of' the fins resulted in a reduction of 2.9 per cent in f and 1.5 

per cent in n. Obviously, a series of joints with mortar extrusions would 

substantially increase the frictional resistance. 
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Following the above te~ts, the 24-in. tamped pipe was taken apart, 

cleaned, and reassembled witb the best joint alignment. Fillets were used 

to decrease "t.l~e effect of offsets. The average offset height was reduced 

from 0.149 in. to 0.118 in., the average bead height was reduced from 0.0,32 

in. to zero, and the per cent reductionin area was reduced from 1.09 per cent 

to 0.65 per cent. It should be noted here that the groove end· of the 24-in. 

tampedpipe was about 0.10 in. larger than the tongue end; as a r.esult, it was 

not possible to eliminate all offsets at the joints. 

Figure 17 illustrates the test data obtained with the good-joint 

test condition. The friction coefficients f and n are essentially con­

stant for Reynolds numbers in excess of 400,000 and have average values of 

0.01638 and 0.01057 respectively for Reynolds numbers in excess of one mil­

lion. This represents a decrease in f of 9.5 per cent (4.9 per cent for 

n) as compared to the average-A joints,. and of 6.8 per cent (3.5 per cent for 

n)as compared to the average-B joints. As noted earlier, these differences 

are not as significant as comparable data for the 36-in. pipe because the ir­

regularities for average joints may not represent field conditions for 24-in. 

pipe, whereas the average joints in the 36-in. pipewere very close to average 

field installations. 

A comparisonof the Darcy f for 24-in. and 36-in. tamped pipe with 

good joints (f = 0.01638 and f III 0.01515 respectively) indicates a higher 

friction coefficientfor the 24-in. pipe. Assuming that the actual height of 

the roughness elements is the same in both pipes, the f value would be ex­

pected to increase with a decrease in diameter. Actual measurements of the 

roughness height indicated that the average height was very nearly the same 

in both Sizes of pipes (Figs. 3 and 4 of Appendix C). Since both behaved as 

rough pipes, the Karman-Prandtl equation for rough pipes provides an indica­

tion of the relationship of the f values for the two pipes: 

where 

1 r o 
-- = 2 log - + 1.74 
Jr ks 

r = pipe radius, and o 
k = equivalent Nikuradse sand-grain roughness height. s 

(5) 

Substituting f = 0.01515 and ro = 18.0,35 in this equation and solving for 

ks for the 36-in. u,unped pipe with good joints, we obtain 



0.019 ..... 
5 0.017 -u 
~ 0.015 
c 
o 
ti 0.013 

~ 
~ 0.011 ... 
o o 

c 

.,..: 
II) 
o 
U 

0.009 

0.01 , 
0.01 

~ go 0.0091 
'g 
o 

::E 

-

0.00 
0.1 

-I"--- 11""\ '"' ,.... n.. ---- I~ ~ U ~ --- -r---
-I'--~ --

Smooth Pipe 1m = 2 log Re./f - Q8-.l ---r--
I I I I I I 

- "'"' IV ~ ~ IV v '<J - ~ 

0.2 0.3 0;4 0.5 0.6 0.7 0.8 0.9 LO 2.0 

Reynolds Number in millions 

Fig. 17 - friction Coefficients for the 24-ln. Tamped Concrete Pipe with Good Joints 

--

3.0 4.0 5.0 

\....l 
-.J 



38 

k == 0.on58 in. s 

Substituting this value and ro = 12.055 inches in the same equation, we ob­

tain 

f = 0.01654 

for the 24-in. pipe as compared to an actual measured value of f = 0.01638 

for the 24-in. pipe with good joints. Thus, by assuming the same absolute 

roughness in both 24-in. and 36-in. tamped pipe, the Karman-Prandt1 equation 

indicates a higher f value for the 24-in. pipe and the computed value agrees 

With the measured value Within one per cent. 

F. Analysis of Joint Losses 

A comparison of the friction coefficients for goodand average joints 

in concrete pipes indicates that joint irregularities comparable to field 

conditions produced an increase in Darcy's f of about 3.6 p~r cent and an 
increase in Manning's n of about l.7percent.~le these values are not 

large, they are of interest. These values are not indicative of the increased 

lOSSes whichoan result from a seriesof bad joints. Also,1t should be noted 

that the ratio of jointspaoing to pipe diameter will affect the results. 

To assist in an evaluation ot some of these variables, the losses 

attributed to the joints can be related to the physical measurements of the 

joint irregularities. However, it should be noted that any relationship of 

this type is baSed on relatively small differences in test data for good and 

average joints and the resultant analysiS indicates only the order of magni­

tude of the joint losses. 

ses: 

Two basic approaches can be consideredin an analysis of joint los-

(a;) 1he loss at a joint can be expressed as a funotion of the 

change in pipe areaat the joint and the resultant change 

in a.rage velocity of flow • 

(b) The loss can be eXpressed in terms of a drag foroepro­

duced by thej oint irregularity. 

The first of these two approaches does not appear to be practical 

because the change in area and resultant change in velocity are Cluite small, 
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on the order of one per cent. Available data on expansion and contraction 

coefficients are based on much larger changes in area. 

The secondmethod is somewhat more complex thab the first but should 

permit better correlation of joint losses with the area of joint irregulari­

ties. Thismethod is dis cussed in some detail in Appendix E. A brief descrip­

tion is included here. 

Referring to Fig. 18, it is necessary-first to determine the average 

height of positive and negative offsetand the average heightof beads at each 

joint. In a typical joint the mortar bead covered only 241 degrees of the , 

circumference, leaving 119 degrees at the crown exposed as a groove. Also, 

the lower half of the joint usually had a negative offset and the upper half 

a posi ti veoffset. Several methods could be used to summarize the heights 

and areas of beads and off~ets to arrive at effective heights and areaS for 

the oomputation of drag. The method used herein involved a direot addition 

of thebead area, positive off·set area, and negative offset areaat each joint. 

the resultant total projected area A. was then divided by the oircumferen-J _ 
tial length of the joint to give an average height of joint irregularity e 

for each joint. It was reasoned that the average height e and total area. 

A. would 'provide the best indi·ces 6f the joint irregularities even though J . . 
the mechanism of energy loss at positive offsets may differ somewhat from 

that at negative offsets. 

The drag or resistance produced by the joint can be expressed by 

where Fn =- drag in pounds, 

% '" empirical drag coefficient, 

Aj '" projected area of joint, 

p -denSity of the fluid, 

Ve =- velocity of flow at a distance e from the wall, and 

e - average height of beads and offsets. 

(6) 

As the heightof joint irregularities is small compared to the piPe 

diameter, the velocity used in the computations was the computed velocity at 

a distance e from the wall rather than the mean velocity V (Fig. 19). 
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Positive Offset 

Section A-A 
A 

,Bead Height, eb 
~ . Negative Offset, eo 

~~~~~~~~~ 

Section 8-8 
Typical Cross-Section at Joint 

Fig. 18 - Sketch Illustrating Positive and Negative Offsets 

Note: Bead and offsets exaggerated for clarity in sketches 

Fig. 19 - Sketch Illustrating Velocity Used in Analysis of Drag Force at Joints 
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This was usually on the order of 60 per cent of the mean 'velocity of flow in 

the pipe. 

The above drag force can be converted to a pressure drop in the 

pipe by use of pressure-momentum principles. Considering two sections imme­

diately upstream and downstream of the joint, 

Assuming the average area and velocity upstream and downstream are the same, 

Al = ~ and 'VI = '\12' and tm pressure head change caused by the joint is 

where A = area of pipe, and 

w = specific weight of water. 

As the joints are spaced a distance .e apart (in this case 8 ft), 

the head loss can be expressed as an equivalent friction factor by 

(8) 

f = h D. 
j j.e1f /2g 

The total loss, including friction on the walls, is 

and 

f = f ... f. 
P J 

where f = total friction coefficient measuredin the experimental tests, and 

fp = friction coefficient which l\Tould exist if there were no joints in 

the pipe. 

A combination of the preceding formulas gives: 

(10) 
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The term (f - f ) in Eg. (10) is the difference between the fric­
p 

tion factor actually· measured in the tests and the friction factor f for . p 
a pipe with no joints. This is illustratetiJin Fig. 20, with f = fg for good 

joints or f = f for average joints. The value of f is unknO'WIl although a p, 
it is probably quite close to f for good joints. A solution of Eq. (It))) 

g 
is possible if it is assumed that the drag coefficient is the same for both 

goodand average joints, permitting the simultaneous solutionof two equations. 

Since this appeared reasonable, as opposed to a direct assumption of %' 
this procedure was followed. Equation (10) is for a single pipe section or 

use of· average values of A. ande for the complete set of joints in a 
J 

'pipe; it was modified to provide a summation of the effects of the complete 

series of joints. (See Eq. (E-9) of Appendix E.) 

Solution.of this equationfor the 36-in. tamped ~ gave Cb = 0.10 

and f = 0.01499. The frict:lon coefficients b>r th.ecastpipe vary with 
"P -----

Reynolds number, therefore a solution was obtained at each of four Reynolds 

numbers. ~e results are as follows: 

-6 f f f ~ Rex 10 a g p 

0.5 0.01454 0.01414 0.01384 0.120 

1.0 0.01300 0.01270 0.01248 0.090 

2.0 0.01169 0.01144 0.01125 0.075 

3.4 0.01076 0.01056 0.01041 0.060 

Variations in the value of % are caused by convergence of the 

curves of f for good and average joints with increasing Reynolds numbers. 

between 

error in 

cent in 

The preceding analysis is based on a relatively small difference 

the experi.mental data for good and average joints. A one per cent 

the value of f or f would produce a variation of 30 to 50 per a g 
%. As a result the agreement between values of % for the tamped 

and cast pipe is considered quite good. 

While CD probably varies to some extent with the size and shape 

of beads and offsets, the method does provide an indication of the magnitude 

of the coefficient and a rough jJldication of the friction factor for a pipe 

with no joints. T.he method can also ,provide a guide as to the effect of a 

continuous series of bad jointsor the effect of variations in joint spacing. 



44 

Using the above coefficients, a curve for bad joints has been com­

puted. 'ilie area and height of the joints were based on three field joints 

with maximum offsets ranging from 1.0 to l.l~ inches. The data for these 

joints were obtained from a single project in which most of the joints were 

of the same character. The offsets are admi ttedly much larger than normal and 

were caused primarily by poor quality pipe in which the taper or variation in 

diameter in a single section was about twice the normal acceptable value. 

Theaveragevalue'~ of Aj and e for the three joints were 69.8 sq in. and 

0.54 in. respectively. 'In computing curvesfor bad joints it was assumed that 

all joints in the 36-in. pipe had projected areas and heights equal to these -- .. 
values. On the basis of this analysis the following data. were computed for 

bad jOints in the 36-in. tamped pipe (experimental data for good and average 

joints and for no joints are included for comparison purposes): 

Limiting. Roughness Data for the 36-in. Tamped Pipe 

(Re> 3 x 106) 

Joint Darcy ks 
rc/ks Manning's 

Condition f inches n 

none 0.01499 0.01100 1683 0.01081 
good 0.01515 0.01158 1556 0.01087 
average 0.01570 0.01365 1321 0.01106 
bad 0.01629 0.01617 1115 0.01127 

Wi th cast pipe there is no equivalent sand-grain roughness k, and 
s 

the values of f vary with Reynolds number (Fig. 21). 'ilie following data are 

for a Reynolds number of 2 million; additional data are given in Table E-5 of 

Appendix E. 

Joint Darcy 
Condition f 

none 0.0112,$ 

good 0.01138 

average 0.01156 

bad 0.01205 
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The computed values of f for bad joints were based on ~ ~ 0_10 

for the tamped pipe and Cn = 0.06 to 0.12 for the cast pipe •. 

G. Extrapolation to Other Diallle'te:rs--Tampe4 'Pipe 

The experimental, data in this report wer .. obtained on 24-in. and 

36-in. pipe. It is desirable to obtain experimental data on larger sizes of 

pipe. In the.bsence of such data for larger pipe the available data on 24..; 

in. and 36 .. in. pipe can be extrapolated although some assumptions are necessary. 

If these extrapolations are used~ the designer should be cognizant of these 

assumptions, It should also be noted that the extrapolation pro'cedure for 

cast pipe is different from that for t~ pipe because the latter 1. c~ 

acteristic of a rough pipe whereas the former is close to a smooth pipe. 

Fu~thermore~ the extrapolation for tamped pipe has been extended to 8-ft di­

ameters although it is not usually available in diameters larger than 5 or 6 
ft. 

are: 

The basic assumptions for extrapolation of the data for tamped pipe 

1. The absolute roughness ks based on f t is assumed con­

stant regardless of diameter. 

-2. The average height of joint irregulari ties e is assumed 

constant regardless of diameter; a.s a result the projected 

area of the joint (A j ) varies as the pipe diameter. 

Wi th a joint spacing of 8 ft, two methods of extrapolation can be 

used for the tamped pipe: 

1. 

2 .. 

The computed values of k for each of the joint condi-s 
tions in the 36-in. pipe can be assmned constant and the 

respecti ve values substituted in the Karman ... Prandtl rough­

pipe equation, using various values of r ~ and the aqua-o 
tion solved for f. 

The value of k for the 36-in.pipe with no joints can s 
be substituted in the Karman-Prandtl eqUation and an ex-

trapolation obtained for a pipe with no joints. Average 

values of A. and e for good, average, and bad joints 
J 

can be substituted in Fl.l.. (10), with ~ = 0.10, and the 
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Experimential Data 
Pipe Joints Symbol 

36-lnch { A. verage 0 
Good 0 

{ 
Average-A D. 

24-lnch Average-B 'V 
c ~~ 0 
~ IS 0.0151----~-..:--*:_+---=~::__-+_-- Joint Spacing = 8 feet ------l 
.... 
U) 

1: 
Q) 0.014 

'(3 
~ 
'; o 0.013 t----t---~----I-----==~:;c:..."'"""":---l=:::::::,,--=---I 
(,) 

.§ 

130'012~;~~~~~~~~~ ;t 

Mannino's n Bad Joints 

0.0101-------1----+------+------1--
Average Joints 
Good Joints 
No Joints 

Q009~--~~---~L---~-~--~ __ -----L----J 
2 3 4 5 6 7 8 

Pipe Diameter 0 in feet 

Fig. 22 - Friction Coeffic ients fpr T ampecl Concrete Pipe as a Function of Pipe Diameter 

equation solvedfor the increment (f - f). This incre-. p 
ment can then be added to the extrapolated value of f 

P 
to obtain the curves for good, average, and bad joints. 

This method has an advantage if the joint spacing (e) 

is something other than 8 ft. 

Table E-4 of Appendix E summarizes the computations for an extra­

polation based on the first method. Figure 22 illustrates the computed values 

of Darcy's f and Manning 's. n for pipe diameters ranging from 2 ft to 8 ft. 

The experimental points are also shown. It is of interest to note that with 

a constant roughness height the value of f decreases with increasing diam-
• _J 

eter whereas the value of n increases with increasing diameter. The curves 

of Fig. 22 are valid only for Reynolds numbers large enough to insure rough­

pipe flow, or for the zone in which f is independent of Reynolds number. 

For practical purposes this range can be assumed as Re> 5 x 105• 
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The curves for Nanning's n were computed from corresponding curves 

for Darcy's f, using the relationship 

n =. or n = (11) 

H. Extrapolation to Other Diameters--Cast Pipe 

The friction factors for cast pipe decrease with increasing Rey­

nolds number over the complete range covered in the tests, similar to the 

smooth-pipe friction factors. While test data for larger pipe diameters are 

desirable also for the cast pipe, it is possible to make several assumptions 

which may be acceptable in an extrapolationof the available data. One method 

invol ves the assumption that the friction factor is a constant for any given 

Reynolds number, regardless of pipe diameter. If the concrete mix is the same 

and the forms used in casting the pipe are all of the same texture and accuracy 

of shape, this asSUinption is probably on the conservative side. 

This assumption can be made for all joint conditions, provided the 

joint spacing is 8 ft. If the joint spacing is something other than 8 ft, 

the procedure would be more complex; one method would be to compute the in­

cremental joint friction factor (f - f) for various values of joint spacing 
p 

(.eID) and add the values to the base curve of f shown in Fig. 21. This p 
would resultin several figures similar to Fig. 21, eachfor a different value 

of (tiD). 

Auxiliarygraphs for selected temperatures and pipe diameters could 

be 'computed to assistin the selection of f and n if a wide range in Rey­

nolds number is anticipated. 

Experimental curvE!S from an earlier SAFHL study of cast concrete 

culvert pipe [2] are also shown in Fig. 21. These tests were made some 10 

years ago to determine the flow resistance of 18-in ... 24 ... in ... and 36-in. pipe. 

The pipe sections were all 6ft long; they were connected for the test setup 

with non-pressure rubber ring joints. The joints of the 24-in. and 36-in. 

pipe were filled with cement mortar applied to the inside of the joint in the 

customary manner; this was not done on the 18-in. pipe because of its small 

size. No measurements were made of either wall roughness or joint irregular ... 

ities for any of these test pipes. It will be noted that the friction coef­

ficients for the 18-in. pipe, as plotted in Fig. 21, are between the curves 
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for 36-in. cast pipe.with good and average joints. The coefficients for the 

24-in. and 36-in. pipe are about Ilper cent higher than the current data for 

36-in.· pipe with average joints, and about 6 per cent higher than for the 

36-in. pipe wi th bad joints. ;I:nasmuch as the earlier tests were conducted 

on 24-in. and 36-in. pipe taken from stock fabricated some 12 years ago and 

no special attention was paid to the joints, it is quite possible that some­

what rougher pipe was obtained than that used in the more recent tests, al­

though the earlier IB-in. pipe appears to have been smoother than the larger 

pipes, both wi th reference to pipe surface and joints. In any case, such 

variations in roughness probably depend on the shape and cleanliness of the 

interior forms used in casting the pipe; unless proper attention is given to 

cleaning of the forms and control of the concrete mix so as to avoid a course 

internal wall texture, the higher hydraulic roughness values might result. 

V. TRANSITION FRON SMOOTH-PIPE TO ROUGH-PIPE FLOIi 

A. Transition Data for Tamped Pipe 

Examination of the test data for tamped pipe (Figs. 11, 12, 15, 

16, and 17) indicates that the transition from smooth-pipe to rough-pipe flow 

does not follow the Colebrook transition equation and the corresponding re­

sistance diagram for uniform flow in commercial pipe. The experimental data 

fallon a fairly well defined transition curve located between the Colebrook 

curve and the Nikuradse curve for uniform sand-grain roughness. 

The transi tion is usually considered to be dependent on the shape 

and size of wall roughness elements. Experimental data for various types of 

pipe indicate that considerable variation existsin the transition zone. The 

curve proposed by Colebrook is an average of experimental curves for various 

sizes and types of pipes; it appears to be most representative of commercial 

metal pipe with diameters in the smaller size range. 

The tamped concrete pipe usedin the current SAFHL tests had rough­

ness elements ranging in size from fine sand and cement grains up to 0.06-in. 

striations created in part by removal of the inner core before the concrete 

had set. Thus, it is not surprising that its transition differs from both 

the Colebrook and Nikuradse transitions. 

Figure 23 illustrates the SAFHL data as well as the Colebrook and 

Nikuradse curves; the data plotted are on a graph with ordinates of 
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The Colebrook equation is 

r (rO/kS.) .l. .. 2 logkO = 1.74 - 2 log 1+ 18.7 -----
Ji s RI3,ft 
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(12) 

The Nikuradse curve consists of three segments, each defined by a 
separate equation. 

The objective of all of the curves is to define a transition from 

the smooth-pipe curve 

1 - = 2 log Re,fi - 0.8 
~ 

(4) 

to the Karman-prandt1 rough-pipe curve 

r 1 '0 - =2 log - + 1.74 a' k v! s 
(5) 

In the analysis of the SAFHL data, a curve was ini tia11y fitted to 

the data visually. This was apparently tangent to the smooth-pipe curve at 

Rl3Jf 
r /k 

o s 

and to the rough-pipe curve at 

= 8 

He .If = 200 or He Jr = 100 
r/k ,~ os'S 
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A semi-empirical logarithmic curve was then developed which approximated the 

initial curve. The development of the SAFHL equation is described in detail 

in Appendix E. The equation is: 

for 

1 --
Jf 

X'o 
2 log r ~ 

4 s Re./f 
l' Ik o s 

S 

S400 

This equation is tangent to the smooth-pipe curve at 

(13) 

~e# = 4 
o s 

and to 

. 'J h' t ~e#.kf -- 40·0. . the Karman-Prandt .' roug -p~pe curve a... For compa!'l,son pur .. 
o s 

poses~ the Colebrook equation is tangent to the smooth- and rough-pipe equa-

tions at ~~ equal to zero and infinity respectively. 
o s 

The logarithmic tem on the right side of the SAFHL equation is 

quite complex, involving the first four tems of a series. Some other type 

of equation can be developed to·describe the transition, or several equations 

might be used" follow;i.ng the example of Nikuradse. However, since the SAFHL 

equation does proVide a satisfactory fit~ the complex form is not of in~erest 

to the user because the necessary coordinates have already been computed (Ap­

pendix F) for use in the form of the conventional resistance diagram. ''!he 

latter is shown in Fig. 25 with f asa function of Reynolds number for va;r-

10'118 values of ro/ks • 

As noted above, ' the S.AFHL curve is tangent to the Karrnan-Prandtl 

rough-pipe curve at 

.r:#- • 400. 
o s 
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However, the transition is so gradual that there are very small differences 

for values of this parUJe~r much less .than 400. The following table illus­

trate,s the difference: 

(1) (2) (3) (4) 

RaJi' 1 ·,["0 
1.74 - Col. (2) Per Cent 

ro/ks 
- - 2 log k .Jf s Difference 

400 1.74 ·0.000 0 

200 1.739 0.001 0.05 

100 1.732 0.008 0 • .5 
60 1.714 0.026 1.5 

As noted in a preceding section, the experimental data indicated 

very little variation ip. the value of f for Reynolds numbers in ~cess of 

5 x .105• For the 36-in •. tamped pipe with average joints the corresponding 

value of 

is 50 

For the 36-in. tamped pipe with good joints the corresponding value is 42. 

The line between the transition zone and the rough-pipe regime is 

usually indicated at a value of the above parameter of 400; as the effective 

limit of therough.pipe regime appeared to occur at about 50 in tests of the 

tamped pipe, a second line has been shown on Fig. 25 for reference purposes. 

This is of interest only for tamped concrete pipe as other types of concrete 
, ' 

or metal pipe may have a different transition curve. 

Figure 24 is a second type of plot for the transition zone, fo11Qw­

ing a method proposed- by Hama [3]. The ordinate is Aviv and the abscissa 

is k Ilia.. The term AviV'} represents a shift in the velocity' profile 
s . v 

(as compared tosmooth-pj.pe floW) and ric is the shear velocity. 

(14) 
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Here R is the hydraulic radi.us, S is the slope of energy gradient, and 

v is the ki.'1ematic viscosity. The term b.v/tl can be determined from the 

equation 

M=('!L1 -V~~ r/r 
smooth 

(JP f JrOUgh 

(15) 

pipe pipe 

In this graph the smooth-pipe equation is represented by the horizontal line 

1lV/";~ :::: 0, and the Karman-Prandtl rough-pipe equation by the sloping line 

at the right side of the graph. 

B. Transition Curves for Cast Pipe 

It is not possible to plot the frictional data for the cast pipe 

'wi th the same parameters used for the tamped pipe in Figs. 23 and 24 because 
the rough-flow regime did not occur with the cast pipe; therefore, it is not 

possible to determine the equivalent sand-grain roughness k for the cast s 
pipe. 

The maximum Reynolds number achieved in tests of the cast pipe was 

about ~.6 million; at this Reynolds number the data showed no deviation from 

a basic line approximately parallel to the smooth-pipe curve. As the laminar 

sub-layer decreases in thickness with increasing Reynolds number, it appears 

that at sufficiently high Reynolds numbers the roughness elements of the cast 

pipe will disrupt the laminar sub-layerand the rough-piperegirQe will develop. 

VI. VELOCITY DISTRIBUTION 

A. Experimental Data 

Under the basic test pro gram i t was requested that data on Velocity 

distribution~ in t.hepi~ "be obta;l'led if t;'!le a"ld. fund.s per!!".itted. A""n"~_ 
~"'vv ... _-

ingly, velocity traverses were madein the 36-in. pipe at two to four stations 

along the pipe, usually for one discharge around 40 to 45 cfs and a second 

in excess of 110 cfs. 

The velocity distributions were measured with a Prabdtl-type Pitot 

tube having a nose section 3/8 inch in diameter and supported by a 3/4-in. 
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diameter tube. It would have been desirable to utilize a second tube of much 

smaller diameter for measurements near the wall, but time limitations did not 

permi t this refmement. 

Figures 26 and 27 ,illustrate the velocity distributions at four 

stations in the tamped and cast pipe respectively, both with good joints. 

Referring to Fig. 26 for the tamped pipe, it may be noted that the velocity 

distribution changes gradually throughout the pipe length. However, except 

for the change between the first and second stations the variation is very 

small. Actually, the effect on the kinetic-energy correction factor a is 

quite small even when the first station is included. As noted in Fig. 26 

the change in a is only 1.8 per cent from a point 71 ft from the inlet to 

a pomt 224 ft from the inlet. 

Referrmg to Fig. 27, 1. t may be noted that the boundary layer in 

the cast pipe is not as well developedat the upstream station as in the tamped 

pipe. This is due to the lower boundary shear in the cast pipe. The three 

downstream stations m the cast pipe show less variation j.n a than is the 

case in the tamped pipe, or 0.9 per cant. 

Computations of a were based on the following equation: 

a = (16) 

where n = 18, the number of equal annular areas into which the pipe cross 

section vIas divided, and V is the velocity at the centroid of eaoh annular 

area. 

In visual inspections of graphs of the type shown in Figs. 26 and 

27, it should be noted that velocity variations in the region approaching the 

pipe centerline are sometimes given more 'Vreight than they deserve,; for example, 

the central area or core (of lS annular areas) comprises only 1/18 of the pipe 

area but extends over about 1/4 the area of the graph (from y/r = '0.76 to o 
1.0) • 

For comparison purposes, the value of a for fully established tur­

bulent flow in rough pipes can be computed by the following formula: 

a = 1 + 2.93f - 1.55f3/ 2 (17) 
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This formula was developed by streeter [4] from an analysis based on the Kar­

man-Prandtl universal logarithmic velocity distribution law. The computed 

value of cr. for the tamped pipe t,est shown in Fig. 26 is 1.0425, which com ... 

pares very well with the measured val~es. 

Table III summarizes the test data on velocity distributions in 

terms of the kinetic-energy correction factor cr.; in addition, the ratio of 

the computed to measured discharge QV/Q is also shown. The computed dis­

charge was obtained by integrating the velocity distribution. The ratio Qv/Q 

is of interest because it provides an indication of the accuracy of the veloc­

ity measurements. An examination of these data indicates that the velocity 

measurements have an average error on the order of one per cent. Normally 

this accuracy 'would be considered quite good. It is difficult to evaluate 

the order of accurac,r of computed values of cr., but examination of the data 

and comparison with streeter's formula indicate a precision on the order of 

one per cent. 
, 

The friction coefficients discussed in a preceding section were 

based on the measured hydraulic gradeline with velocity-head corrections for 

changes in area of the pipe at the piezometers. There was no measurable cur­

vature of the grade line in the downstream 180 ft of the 36-in. tamped pipe 

or the 140 ft of 36-in. cast pipe. The values of cr. determined in these 

tests tend to substantiate the observdtions basedon the hydraulic grade line 

in that kinetic-energy changes were very minor. ~ile the measured values of 

cr. could have been incorporated in the computations of f (for runs where 

they were available), they would have produced (in most instances) an insig­

nificant change in the f value; furthermore, since the use of cr. in the 

friction computations would reduce the f value and a complete set of cr. 

values was not available, the most conservative approach was to disregard cr., 

Figures 28 and 29 ill.ustrate logarithmic plots of V/V as a func­

tion of relative distance from the vlall (y/r _). Although tnese plots are 
u 

on a small. scale, they do indicate that a power law distribution of velocity 

for the over~ll cross section, with various powe?s d$pendingon the roughness 

an4 Reynolds number, is applicable to these data. 

B. Local Friction Factors 

Following a suggestion by Silberman [5], based in part on work by 

Hama [3] and Clauser [6], the local fri ction factor has been computed from 



TABLE III 

SUMMARY OF DATA ON KINETIC ENERGY FACTOR a 

Distance -6 Pipe Joints Run Station from Q Qv/Q Re x 10 
Inlet 
(ft) (efs) 

88 1 11 46.12 1.0169 1.0298 1.320 
-0 88 2 121 46.72 0.9825 1.0333 1.320 OJ 

~ 90 1 185 45·94 0.984(> 1.0457 1.27'1 
~ 

,.., 

'0 90 4 224 45.94 0.9994 1.0485 1.277 
0 ..c: 0 

C) c..'J 111 2 121 109.40 0.9754 1.0385 2.896 ~ 
H 110 3 185 110.60 1.0013 1.0319 2.928 I 
'-0 109 4 224 109.30 1.0026 1.0420 2.894 (Y\ 

Q) 158 1 66 39·34 0.9934 1.0248 0.917 
btl 

157 2 127 39.4,1 1.0178 1.0286 0.919 ~ 
Q) 156 3 179 41.18 0.9913 1.0302 0.960 
l> 

155 4 224 40.91 1.0034 1.0287 0.954 <1\ 

+> 
III 
ro 
u 19.0 1 66 41.81 1.0089 1.0189 0.958 
~ 18BA 2 127 41.41 1.0167 1.0263 0.948 t) 
,::: 189 3 179 Lll.62 0.9954 1.0351 0.953 H 
I "(j 187A 4 224 1.0.77 1.002? 1.0319 0.956 \{) 0 

C'\ 0 
c..'J 

191 1 66 151.21 0.9794 1.0237 3.525 
196 2 127 152.10 1.0001 1.0259 3.546 
197 3 179 151.87 '1.0086 1.0259 3.540 
196 4 224 151.89 1.0244 1.0257 3.541 

NC'l'E: Q .. me8sured discharge in efs, a.nd ~ • di.scharge integrated from 
the velocity distribution. I 
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velocity measurements near the wall of the pipe. These measurements are not 

sufficiently accurate near the wall for a proper application of this te ch­

nique, but the method may still be of interest. 

Figure 30 illustrates the basic principles involved. Essentially, 

the method is based on the fact that the velocity distribution near the wall 

of the test pipe (y/ro < 0.15), as compared to the distribution for a smooth 

pipe, is an index of the local shear and friction factor. 

The velocity distribution near a smooth boundary can be described 
by 

v v* 
= 5.6 log y + 4.9 

v (18) - ~Io Vi. 

using the constant 5.6 proposed by Clauser, where 

V~~ = shear velocity =M = v# 
Near a rough bOlmdary, 

* ~ = 5.6 log yV 
V~(- v 

+ 4.9 (19) 

where the term 6. V is a downward shift of the velocity curve due to the wall 
V~~ 

~V roughness (see lower graph of Fig. 30). (7 
V 

oj*' 
k V 

depends on 2.- as shown in Fig. v 

24.) 

For a pipe the distribution can be expressed also in the form 

v 5.6 v-ll-
- = ~----- log ..1l.- +. constant. 
v V ro 

(20) 

This can be developed from the preceding equation by noting that at a given 
t t " 1 t" V'*, and r t t d b salon or oca lon are cons an s an can e removed from and o 

inserted into the log term by modifying the constant in the equation. 
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Referring to the upper graph of Fig. 30, (V/V vs y/r), Eq. (20) 
o 

can be evaluated at the two points y/ro = 0.01 and 0.1. Letting a = V/Ti 

at y/r = 0.01 and b = v;V at y/r = 0.1, and noting that log 0.01 = -2 o 0 

and log 0.1 - -1, two equations are obtained: 

a - constant = -2 5.6 v~ 
V 

( 21) 

b ... const;ant "" ... 1 5.6 V* 
V 

(22) 

Subtracting one from the other, 

v* b - a ., 
5.6 

and 

8(b-a)2 
5.6 

( 23) 

As V, b, and a are known, the values of f and 
~~ 

V can be computed. If 

desired, a graph similar to the lower graph of Fig. 30 can t.hen be prepared. 

The difference between the smooth-surface curve and the experimental curve of 

V/V~1; vs yV"{~/v is the. .downward shift caused by thewall roughness, or (l:!. V/"). 

The meaning of this term is illustrated by the following computation: 

b.v V V V V . .,... =- -- = --; V .. }~ V-~ V~}*" V V* 
smooth rough smooth rough 

CA-) (r-) (24) 
= 

smooth rough 
.. mIl wall 

The local friction factors for two runs are sho .. min the lower graph 

of Fig. 30, togetherwith the values of f computed from the hydraulic grade 

line. In this example the agreement is very good. Computattons for other 

runs indicate some variation in the local value of ;f; these variations, 

ranging up to ±S per centof the grade-line friction factor, may be caused by 

(1) variations in wall roughness, (2) boundary-layer di$turbances caused by 

the joints, and (3) inaccurate measurements near the wall, due to the large 

Pitot tube. 
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VII. ELEVATION OF HYDRAULIC GRADE IJNE AT OUTLET OF PIPE 

As a secondary partof the experimental studies, some data were ob­

tained on the e1evationof the hydraulic grade line at the outlet of the pipe 

wi th a free outfall. For the purpose of this discussion, this elevation is 

the intercept at the outlet of a straight-line extension of the grade line. 

ldith high discharges the grade line is straight to within a few diameters of 

the outlet, whereas for low discharges the grade line ~lrves for a consider­

able distance upstream; in the latter case a straight-line extension is some­

what arbitrary. 

The elevation of the intercept above the pipe invert is defined as 

Y; division of this quantity by the diameter D provides a dimensionless 

ratio. The grade-line elevation varies as a function of discharge I.md most 

investigators use the term QjD5/ 2 as a discharge ratio. This is not a di­

mensionless term (to be dimensionless it should be divided by gl/2 but since 

g is a constant it is acceptabJe in place of a dimensionless quantity). 

Figure 31 illustrates some of the test data, vn th grade-line eleva­

tion plotted as a function of distance from the inlet. The lines shown are 

actually straight-line extensions at both ends of the pipe in that curvature 

in the zone of flow establishment and at the outlet has been disregarded. 

Grade Hnesare shown for Q/D5/ 2 ranging from )4,19 to 9.82. vdth discharge 

ratios between 9 and 10 the grade lines intercept the outlet at Y/D'" 0.57. 

For these discharge ratios, the grade line passes through the crown of the' 

pipe about 60 ft upstream of the outlet; thus, the flow near the crown is un­

der negative pressure for the downstream 60ft of pipe. ~vith discharge ratios 

less than nine~ the value of Y/D may range from 0.54 to 0.97. Fi§,"Ure 32 il­

lustrates data on Y/D as a function of Q/D5/ 2 for 0.4 < Q/D5/ 2 < 9.7. 

A curve showing critical depth for free-surface flow in Circular conduits is 

shown for reference purpose. Curves foX' Y/D obtained by Blaisdell (7], 

French [8], and Li and Patterson [9J are also shown. 

In the current t.ests it was noted that part-full flow always occur­

red for discharge ratios less than 3.5. For discharges less than this value, 

the straight-line extension of the grade line intercepts the outlet at values 

of Y/D somewhat larger than critical depth. The divergence from critical 

depth is due to curvature of: the water surface near the :Jutlct. 
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With discharge ratios between 3.5 and 9, the intercept. yin may 

occur at two different values, dependent on whether entrained air is present 

in the conduit. For example, with a discharge ratio of 7 the intercept may 

occur at yin III 0.64 if no air is present. However, if a small amount of 

air is added, it apparently breaks the suction downstream of the point where 

the grade line passes through the crown of the pipe. A free-surface is then 

established with critical depth near the outlet. For the discharge ratio of 

7, this causes the value of yin to increase from O.6~ to about 0.95. 

The amount of air required to break the suction at the outlet was 

measured for a discharge ratio of about 8. The additionof a quantity of air 

equal to about one-tenth of one per cent (by volume) of the water discharge 

caused the pipe to flow part-full and the value of Y/D to increase from 0.57 

to 0.92. The air was added about 180 ft upstream of the outlet by forcing it 

through a Pitot-tube gland near the top of the pipe. 

When full flow was again established, air was admitted through a 

gland 16 ft from the outlet, that is, in the region of negative pressure at 

the crown. This did not affect the flow. A pressure line was then attached 

to the gland and air forced into the pipe at a discharge rate of about one­

tenth of one per cent of the main flow. This also did not affect the flow. 

It was concluded that the air must be admitted far enough upstream to permi~ 

the air to collect in pockets at the crown of the pipe. 

In Fig. 32 several curves are shown in the region of 3.5 < Q/D,/2 
<9. The three upper curves (shown by open symbols) resulted from tests of 

the 36-in. pipein which air was sometimes entrained in the drop shaft of the 

intake system. The upper limit of discharges for which air was entrained de­

pended on the resistance offered by the tesu pipe and by a flow-control baf­

fle in the system. By partially closing the flow-control baffle, air entrain­

ment in the shaft could be eliminated, resulting in. the lower curve defined 

by solid symbols. 

It should be noted that data for runs in which air was present in 

the conduit were not used to compute friction coefficients. In the tests of 

the 24-in. pipe the inlet end of the pipe extended throagh a bulkhead into a 

free-surfaC.e pool 56 ft long by 9 ft wide. nuring the initial tests it was 

noted that a vortex frequently formedat the inlet, producing fluctuations in 

the downstream piezometers. A large piece of plywood was anchored over the 
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inlet endof the pipe to eli.m:i.nate the vortex. '!his stabilized the manometers 

and also prevented air from being drawn into the pipe. Some of the data for 

the 24-in. pipe tests are shown in Fig. ,32. One test point was oonsiderably 

higher than the others at Q/D5/2 = 4.6. Initially it was thought tha~ this 

was in error, but later after tests of the 36-in •. pipe it was concluded that 

a vortex must have formed, resulting in entrainment of air in the flow and 

creation of part-full flow at the outlet. 

The primary conclusion to be drawn from these tests is that, tor 

some flows, the elevation of the grade line at the outlet is dependent on the 

presence or absence of entrained air in the flow. If air is present, due to 

a vortex or other mechanism, the upper curves of Fig. 32 roughly define the 

value of Y/D. If air is not present, the value of yin should decrease from 

0.9 at Q/D5/2 = 3.5 to Y/D '" 0 .57 in the region of Q/D5/2 = 8.0. 

It is possible that the grade line at the outlet is affected differ­

ently" to some extent, by an increasing flow than by a decreasing flow; the 

test dataare not adequate to support any definite conclusions regarding this 

effect. 

VIII. HEAD LOSS CAUSED BY TRANSVERSE PIPES 

Occasionally it is necessary to pass water mains or other conduits 

transversely through storm sewers. It was requested that data be obtained on 

the head loss caused by such installations. At the conclusion of tests on 

the 36-in. tamped pipe" standard steel pipes with outside diameters of 8.62, 

6.62, and 3.50 in. were inserted individually in the main pipe at a point 160 

ft from the inlet. The smaller pipes extended transversely from wall to wall 

at the centerline at the main pipe. Data were obtainedon the hydraulic grade 

line upstream and downstreamof the transverse pipe for flow velocities up to 

about 16 fps. The two grade lines were extended to the transverse pipe; the 

difference in elevation of the grade lines at the transverse pipe was deter­

mined and plotted in the upper graph of Fig. 33 as the head loss caused by 

the transverse pipe. The abscissa of the graph is the average velocity of 

flow Q/A upstream and downstream of the pipe. 

Witha flow velocityof 10 fps" the 8.62-" 6.62-" and 3.50-in. trans­

verse pipes producedhaad losses of abouto.6, 0.35, and 0.15 ft respectively. 
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A computed curveis shown also .on the upper graph of Fig. 33, based 

on a drag coefficient of 1.2. For the purposes of this computation, it was 

assumed that the drag was the same as that ·of a 36-in. length of transverse 

pipe in two-dimensional unconfined flow. This assumption is not valid, es­

pecially near the walls of the main pipe, but the results are of interest for. 

comparison purposes. The computed drag was converted to a head loss in the 

main conduit by pressure-momentum relationships on the basis of the following 

formula: 

where 

4 D' rj2 
h =c ---
P D IT D 2g 

h = head loss in feet, 
p 

Cn = empirical drag coefficient, 

D' = diameter of transverse pipe, 

D = diameter of main pipe, and 

V = average velocity in main pipe. 

(25) 

In the lower graph of Fig. 33 the drag coefficient, computed from 

the measured head loss, is plotted as a function of a Reynolds number based 

on the diameter of the transverse pipes. This ·coefficient varies due to bound~ 

ary layer separation on the transverse pipe and to a minor extent with the 

diameter ratio (D'/D). 

. IX. SUMMARY. 

A. General 

The present reportis a natural sequel to hydraulic tests conducted 

on concrete culvert pipes at the St. Anthony Falls Hydraulic Laboratory ten 

years earlier. The tests reported in 19.50 were lesscomprehensi ve and the 

instrumentation less elaborate, but the results presented showed considerably 

lower resistance to flow in concrete pipe than had been customarily accepted. 

The experiments were on 18-in., 24-in., and 36-in. pipe manufactured by the 

cast and vibrated process, all carefully laid with non-pressure rubber ring 

joints. There was, naturally, the question as to the limitations of these 

tests as compared to concrete pipe laid under normal field conditions. There 

was also the question of the hydraulic resistance of this cast and vibrated 
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pipe as compared to the hydraulic resistance of pipe fabricated by the ma­

chine-tamped process. 

The tests here reported have been directed toward answering these 

questions. In particular, the studies were planned to simulate normal field 

constructed concrete pipe installations and pipes generally available in the 

normal process of fabrication respecti velyby the cast and the tamped process. 

For the purpose of summarizing the resultsof the studies, the follOWing dis­

cussion is presented under several headings as follows: (a) frictional re­

sistance in the pipes;.(b) observed velocity distribution in the pipe cross 

section; (c) hydraulic grade-line at outlet of pipe; (d) part-full flow ob­

servations; (e) head loss caused by transverse pipe obstructions; and (f) 

entrance loss coefficients. 

B. Frictional Resistance in ·the Pipes 

1. Experimental tests of 24-in. and 36-in. tamped pipe indicated 

very little variation in Darcy1s f or the n value in the Manning formula 

for Reynolds numbers greater than 500,000. A slight hump in the curves oc­

curJ;'ed in the region of Reynolds munber of about 1,500,000. For practical 

purposes the characteristic value of f or n could be obtained by an av­

erage of all data for Reynolds numbers greater than 500,000. However, for 

analytical purposes the limiting values of the coefficient were based on all 

data for Reynolds numbers greater than 3,000,000 for 36-in. tamped pipe and 

greater than 1,000,000 for 24-in. tamped. These data are summarized as follows: 

Pipe Diameter Joints f n ks 

36 .. in. Average 0.01570 0.01106 0.01365 in. 

36-in. Good 0.01515 0.01087 0.01158 in. 

24-in. Average-B 0.01757 0.01094 0.01512 in. 

24-in. Good 0.01638 0.01057 0.01108 in. 

2. The tests of 36-in. cast pipe indicated that Darcy1 s f and 

Manning IS n decreased wi th increasing Reynolds number over the complete test 

range of Reynoldsnumber from 75,000 to 3,500.,000. The experimental data are 

plotted in Figs. 13 and 14. Minimum valuesof the coefficients for cast pipe 

with average joints were on the order of f = 0.0107 and n = 0.0091 for 

Re = 3,425,000. Minimum values for cast pipe with goodjoints were f = 0.0105 
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and n = 0.0090. The data indicate that the cast pipe would produce substan­

tially less head loss than tamped pipe at high Reynolds numbers. 

3. A comparison of data for ,36 .. in. tamped pipe with (1) joints 

similar to average field joints, and (2) the smoothest joints obtainable in­

dicated a difference in f of 3.6 per cent and a difference in n of 1.7 
per cent. Extrapolationof the data to an arbitrary condition of a pipe with 

bad joints resulted in f values 7.5 per cent higher than those for the pipe 

with good joints. Since the definitionof a bad joint is somewhat arbitrary, 

it is possible that joint irregularities in some installations may cause larger 

losses than the above values would indicate. 

4. In the transition zone of Reynolds number between the smooth­

pipe and rough-pipe regimes, the data for tamped pipe Were between the Cole­

brook curve and the Nikuradse curve for uniform sand-grain roughness. A semi­

empirical curve was fitted to the data; a family of curves was then plotted 

in the fom of a resistance diagram. 

c. Velocity Distribution in the Pipe Cross Section 

1. A limi ted number of velocity traverses were obtained in the 36-
in. pipe at medium and high discharges, at four stations along the pipe. A~ 

nalysis of the data indicated kinetic-energy corr~ction factors (a) on the 

order of 1.046 for the tamped pipe and 1.034 for the cast pipe. Variations 

in a in the downstream 116 ft of pipe were quite small, on the order of 1 

per cent. 

2. A method for computing local friction factors, on the basis of 

velocity distribution near the pipe wall, is illustrated in a form applicable 

to the flow in pipes. While some variation can be expected in the local f 

values due to variations in the wall roughness and joint irregularit~es, the 

a gre ement wi th average values based on the hydraulic. grade line was oonsidered 

good. 

D. Hydraulic Grade Line at Ou..tlet of Pipe 

1. Data were obtainedon the elevation of the hydraulic grade line 

at the outlet of the pipe, with the tailwater lowered to provide a free out­

fall. The test data are illustrated in Fig. 32. 
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. 2. Addition of a small amount of air, which at times may be sup­

plied by vortices at the inlet, produced a significant change in the grade 

line. 

E. Part-Full Flow Observations 

1. A limited number of tests were performed with part-:f'u1l flow. 

The data have not been included in the report as further study and analysis 

are considered desirable. 
\ 

2. On the basis of a preliminary review, the following ob$erva tions 

were made: (a) the accuracy of measurements for part-full fiowis not as good 

as corresponding measurements for full flow due to standing waves created by 

joint irregularitiesJ and (b) for nominal water depths greater than half the 

pipe diameter, a reasonably good profile can be computed using the values of 

Manning's n obtained in the full flow tests. 

F. Head Loss Caused by Transverse Pipe Obstructions 

1. Measurements were made of' the head loss caused by small pipes 

passing transversely through the main conduit. The losses can be computed 

approximately by a form of the drag equation, using a drag coefficient of 

about 1.2. 

2. The head loss caused by an 8.62-in. diameter pipe passing trans­

versely through a 3-ft diameter pipe was on the order of 0.6 ft for a flow 

velocity of 10 ft per second. 

G. Entrance-Loss Coefficients 

The test arrangement for the 24-in. tamped pipe involved an up ... 

stream bulkhead through which the pipe projected a distance of about 3 ft. 

The groove end of the pipe was upstream. .An analysis of the data for full 

flowin the pipe indicated an entrance loss coefficient on the order of 0.07. 
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APPEND!X A --------
EXPERIMENTAL DATA ON FRICTION LOSSES 



TABLE A-I 
CD 

EXPERIMENTAL DATA ON FRICTIONAL LOSSES FOR FULL FLOW IN 36-INCH TAMPED CONCRETE PIPE WITH AVERAGE JOINTS 
f\) 

Column (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 

ReJr 1/';; - * 
Run Q S x 102 V ~ x 10-6 f n f rkV ~:V 

r Ik os if No. efs fps sp 210g- -o s ks v V 

1 55.81 0.49800 7.865 2.177 0.01558 0.01113 0.01023 205.5 1.770 36.34 5.305 
2 55.73 0.50800 7.854 2.173 0.01594 0.01l15 0.01023 207.6 1.679 36.70 ~.i{28 3 43.60 0.30600 6.144 1.701 0.01569 0.01106 0.01064 161.1 1.741 28.48 .41 
4 38.67 0.24700 5.449 1.493 0.01610 0.01120 0.01086 143.3 1.639 25.33 lJ.839' 
6 24.44 0.09700 3.444 0.950 0.01583 0.011l1 0.01175 90.4 1.706 15.97 3~77L . 
7 13.35 0.03000 1.881 0.515 0.01641 0.01131 0.01310 50.0 1.564 8.83 2.633 
9* 5.54 0.00500 0.781 0.216 0.01588 0.01112 0.01540 20.6 1.693 3.64 0.348 

10~~ 12.41 0.02460 1.749 0.505 0.01557 0.01102 0.01315 47.7 1.772 8.41 1.999 
11* 9.90 0.01560 1.395 0.402 0.01551 0.01099 0.01370 37.9 1.788 6.70 1.453 
13* 9.48 o.oHao 1.336 0.370 0.01594 0.01115 0.01390 35.3 1.679 6.23 1.587 
14 23.13 0.08900 3.260 0.902 0.01622 0.01l24 0.01188 86.8 1.609 15.34 3.741 
15 19.85 0.06450 2.797 0.787 0.01596 0.01115 0.01215 75.2 1.674 13.29 3.270 
16 32.13 0.17200 4.528 1.281 0.01624 0.01125 0.01114 123.4 1.605 21.81 4.603 
17 48.57 0.38500 6.845 1.938 0.01591 0.01113 0.01042 184.9 -1.778 32~67 5.245 
18-:f- 15.32 0.03800 2.159 0.597 0.01578 0.01109 0.01275 56.8 1.718 10.03 2.532 
19''1- 11.17 0.02050 1.574 0.L35 0.01602 0.01117 0.01310 41.6 1.658 7.36 2.365 
20~f- 7.78 0.09960 1.096 0.304 0.01604 0.01117 0.01443 29.1 1.654 5.13 1.214 
21~~ 5.68 0.00546 0.800 0.222 0.01650 0.01134 0.01532 21.6 1.543 3.81 0.832 
22{(- 9.71 0.01530 1.368 0.375 0.01582 0.01110 0.01387 35.6 1.708 6.29 1.529 
2),1(- 3.44 0.00207 0.485 0.134 0.01705 0.01153 0.01697 13.3 1.417 2.34 0.050 
33 34.36 0.19900 4.842 1.340 0.01643 0.01132 0.01106 129.8 1.560 22.94 4~832 
35A 49.35 0.38800 6.955 1.880 0.01553 0.01100 0.01046 177.2 1.782 31.31 4.958 
.35B 49.35 0.39300 6.955 1,880 o,Ol573 O,Oll07 0,01046 178.3 1,731 31,51 5.102 
36 34.14 0.19200 4.811 1.300 0.01606 0.01119 0.01112 124.7 1.649 22.02 4.503 
3t(- 2.75 0.00134 0.388 0.103 0.01727 0.01160 0.01788 10.2 1.367 1.81 -0.370 
38* 3.62 0.00247 0.510 0.138 0.01837 0.01209 0.01685 13.1 1 .. 158 2.48 0.920 
39* 3.63 0.00236 0.512 0.138 0.01746 0.01166 0.01685 13.7 1.326 2.43 0.413 
40* 2.93 0.00147 0.413 0.1l2 0.01669 0.01141 0.01760 11.0 1.498 1 .. 93 -0.573 



TABLE A-I (continued) 

Run 
No. (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 

41* 2.93 0.00148 0.413 0.112 0.01680 0.01144 0.01760 11.0 1.472 1.94 
49* 3.20 0.00190 0.451 0 0 112 0.01809 0.01191 0.01760 ll.5 1.173 2.Dl 
50~} 3.19 0.00193 o.~.50 0.113 0.01849 0.01200 0.01754 1l.6 1.112 2.03 
51* 4.07 0.00296 0.574 0.144 0.01742 0.01l66 0.01672 14.2 1.330 2.52 
52 124.09 2.47000 17.487 4.345 0.01564 0.01104 0.00918 4ll.2 1.754 72.66 
53 117.84 2.23500 16.606 4.125 0.01569 0.01106 0.00925 391.0 1.741 69.09 
61 120.70 2.35000 17.009 4.377 0.01572 0.01107 0.00917 415.3 1.734 73.42 
64 113.73 2.08000 16.027 3.917 0.01567 0.01108 0.00933 276.4 1.746 65.62 
65 108.41 1.90000 15.277 3.733 0.01576 0.01108 0.00941 354.7 1.724 62.70 

*Measurements made 'With micromanometer. 
Average diameter D = 36.07 inches. 6 
Li.mi ting friction factors f.e = 0.01570 and n.e = 0.01106 for Reynolds number Re > 3 x 10 • 
Equivalent sand roughness kg = 0.01365 inch. . 
f is the friction factor for smooth pipe at the given Reynolds number. sp 

(11) 

-0.498 
0.349 
0.556 
0.444 
6 .. 904 
6.828 
6.993 
6.622 
6.500 

<» w 



TABLE A-2 
~ 

EXPERIMENTAL DATA ON FRICTIONAL LOSSES FOR FULL FLOW IN 36-INCH TAMPED CONCRETE PIPE WITH GOOD JOINTS 

ReJ; l/Jr - * 
.AV Run Q s x 102 V He x 10-6 £ n, i r kV 

rO/ks 
o s 

No. .efs ips sp 21og'k - * s v V 

69 140.46 3.07000 19.794 4.034 0.01517 0.01087 0.00929 318.9 1.134 56.3h 6.383 
70 140.67 3~04000 19.8,24 3.844 0.01497 0.01080 0.00936 301.9 1.786 53.37 6.116 
78 63.08 0.63600 8.889 1.780 0.01558 0.01100 0.01055 142.7 ' 1.627 25~22 h.878 
86* 18.29 0.05450 2.577 0.516 0.01588 0.01112. 0.01301 41.8 1.550 1.31 2.297 
90A 45.94 0.33700 6.474 1.276 0.01556 0.01101 0.01114 102.1 1.632 18.06 4.105 
90B* 45.94 0.33920 6.474 1.276 0.01566 0.01105 0.01114 102.6 1.606 18!t12 4.178 
91 63.14 0.62500 8.898 1.154 0.01528 0.01091 0.01058 139.2 1.704 24.60 4.620 
9IA* 63.14 0.61905 8.898 1.154 O.,Ol51h 0.01086 0.01058 138.1 1.72lJ 24.54 4.512 
92 55.40 0.49100 1.807 1.514 0.01559 0.01102 0.010&4 121.4 1.642 21.44 4.517 
92A* 55.40 0~48010 7.807 1.514 0.01521 0.01091 0.010~4 120.0 1.104 21.22 4.281 
93 27.72 0.12300 3.906 0.158 0.01560 0.01103 0.01223 60.7 1.621 10.13 2.930 
93A* 27.72 0.12290 3.906 0.758 0.01560 0.01103 0.01223 60.1 ~.621 10.73 2.930 
94 37.15 0.21750 5.235 1.015 0.01536 0.01094 0.01160 80.7 1.683 14.28 3~441 
94A* 37.15 0.21420 5.235 1.015 0.01513 0.0108:5 0.0:u.60 80.1 1.750 14.11 3.267 
99 136.80 2.89000 19.278 3.622 0.01505 0.0108) 0'.00943 285.3 1.766 50.42 6.071 

100 134.91 2.81000 19.012 3.572 0.01505 0.01083 0.00947 281.3 1.166 49.13 6.011 
103 142.17 3.16000 20.035 3.628 0.01524 0.01088 0.00945 281.5 1.114 50.84 6.3.88 
1~4 124.58 2.41000 17.556 ) .. .:;hO 0.01514 0.01086 0.00957 263.6 1.142 46.64 5.926 
115 124.16 2.38500 17.497 3.329 0.01509 0.01084 0.00957 262.5 1.1$8 46.40 5.887 
116 109.71 1.87000 15.469 2.943 0.01513 0.01086 0.00916 232.4 1.144 41.08 5.638 
117 89.17 1.29500 12.651 2.407 0.01566 0.01105 0 • .01007 193.3 1.606 34.18 5.584 
118 117.94 2.21000 16.620 3.162 0.01549 0.01099 0.00965 252.6 1.650 'Uk. 66 6.071 
119* 5.18 0.00487 0.730 0.137 0.01769 0.01173 0.01682 11.7 1.134 2'.06 0.540, 
119A* 5 .. 18 0.00488 0.730 0.137 0.01713 0.01176 0.01682 11.1 1.125 2.06 0.565 
120* 9.34 0.01459 1.316 0 .. 247 0.01630 0.01127 0.01496 20.2 1.445 3.57 0.971 
121* 19.05 0.05710 2.685 0.504 0.01534 0.01093 0.01316 40.1 1.689 1.01 1.819 
123* 37.62 0.22150 5.301 0.996 0.01526 0.01091 0.01165 78.9 1.710 13.96 3.301 
124* 11.83 0.02305 1.667 0.313 0.01605 0.01118 0.01435 25.4 1.508 4.49 :1.284 
124A* 11.83 0.02270 1.667 0.313 0.01581 0.01110 0.01435 25.3 1.568 4.41 1.1l6. 



TABLE A-2:. (continued) 

*Measurements made with micromanometer. 
Average diameter D = 36.07 inches. 6 
Limi ting friction factors f e = 0.01515 and ne = 0.01087 for Reynolds number Re> 3 x 10 • 
Equivalent sand roughness ks = 0.01158 inch. 
f is the friction factor for smooth pipe at the given Reynolds number. sp 

{R 
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TABLE A-3 

EXPERIMENTAL DATA ON FRI CTIONAL LOSSES FOR FULL FLOW IN 36-INCH 
eAST CONCRETE PI,PE WITH A WRAGE JOINTS 

Run Q S x 102 V Re x 10.6 f fsp No. cfs fps n 

12, 147.38 2.'4,00 20.862 3.373 0,01087 0.00920 0.009,6 
127 ,0.92 0~3,00 7.208 1.16, 0.01301 0.01007 0.01134 
128 43.01 0.2,0, 6.088 0.984 0.0130, 0,'01008 0.01168 
129 29.69 0~1300 4.203 0.679 0,01422 0.010,2 0"01246 
130 33.66 0,162, 4.76, 0.770 0.01383 0.01038 0,01220 
131 ,8.,9 o,l~460 8.293 1.341 0,012,2 0,00987 0.01106 
132 146.77 2.4200 20.77, 3.3,9 0,01083 0,00919 0.00948 
l33 129.00 1.9300 18.260 2,9,2 0.01118 0.00933 0.00976 
134 149.64 2.48,0 2~.181 3.42, 0.01070 0,00913 0.009,4 
13, 142.06 2,2,,0 20.109 3,2,1 0.01077 0,00916 0,00961 
138 6,.27 0.,4,0 9.239 1,494 0,01233 0,00980 0,01086 
139 142.47 2.2350 20.167 3.261 0.01061 0.00909 0,00961 
14, 46.10 0.2840 6.,,2, 1.075 0.01288 0.01002 0.01150 
14,A* 46.10 0.2850 6.52, 1.07, 0.01293 0.01003 0.01150 
146 ,9.,1 0.4400 8.424 1.387 0.01198 0.00966 0.01100 
146A* 59.,1 0,.4,70 8.424 1.387 0.01244 0.00984 O.OllOO 
149* 11.26 0.0208 1.594 0.263 0.01581 0.01ll0 0,01473 
150* 11.21 0.0208 1.587 0.261 0.01,96 0.01115 0.01473 
151* 3;20 0.0020 0.4,3 0.07, 0,01883 0,01195 0,01910 
152-11- 9,02 0.-0139 1.277 0,210 0,01647 0.01133 0,01544 
153* 18,'91 0;0543 2.677 0.441 0.-01464 0.01068 0.01347 
154i~ 27.03 0~1041 3.826 0.630 0.01373 0.01034 0.01264 
1,9 39.34 0.2125 5.569 0.917 0.01324 0.01015 0.Oll83 

*Measurements made with micromanometer. 
Average diameter D =35.99 inches. 
fsp is the friction factor for smooth pipe at the given Reynolds 
number. 
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TABLE A-4 

EXPERIMENTAL DATA QN FRICTIQNAL LQSSES FQR FULL FLOW ]]ij 36-INCH 
CAS T CON CRETE PI PE ,WI TH GOQD JQIN TS 

Run Q S x 10.2 V Re x 10. .. 6 n fSp No. cfs ips 

160. 150..40. 2.480.0. 21.289 3.50.6 0..0.10.57 0..0.0.90.7 0..0.0.950. 
161 148.70. 2.430.0. 21.0.48 3.467 0..0.10.59 0..0.0.90.8 0..0.0.952 
162 147.22 2.3600. 20..839 3.432 0..0.10.50. 0..0.0.904 0..0.0.953 
l63 144.0.4 2.280.0. 20..389 3.358 0..0.10.59 0..0.0.90.8 0..0.0.956 
164 153.0.5 2.580.0. 21.664 3.568 0..0.10.62 0..0.0.90.9 0..0.0.948 
165 142.75 2.220.0 20..20.6 3.328 0..0.10.50. 0. .. 0.0.90.4 0..0.0.957 
169 68.39 0..5600. 9.681 1.594 0..0.1154 0..0.0.948 0..0.10.74 
170* 50..94 0..3320. 7.211 1.188 0..0.1233 0..0.0.980. 0..0.1129 
17QA 50..94 0..3235 7.211 1.188 0.0.120.4 0..0.0.968 0..0.1129 
171i~ 28.0.1 0..1110. 3.965 0..653 0..0.1364 0..0.10.31 0..0.1254 
172-l~ 28.0.3 0..1121 3.968 0..653 0..0.1375 0..0.10.35 0..0.1254 
173* u.55 0..0.217 1.635 0..269 0..0.1568 0..0.110.5 0..0.1475 
174* 11.57 0..0.217 1.638 0..270. 0..0.1563 0..0.110.3 0..0.1475 
175* 5.74 0."0.0.59 0..812 0..134 0..0.1726 0..0.1159 0..0.1697 
176* 5.76 0..0.0.58 0..815 0..134 0..0.1685 0..0.1146 0..0.1697 
177* 8.49 0..0.117 1.20.2 0..194 0..0.1565 0..0.110.4 0..0.1574 
,178* 8.16 0..0.110. 1.155 0..187 0..0.1592 0..0.111.3 0..0.1583 
179* 23.50. 0..0.779 3.326 0..538 0..0.1360. 0..0.10.29 0..01299 
180.* 2.3.'00. 0..0.773 3.256 0..526 0..0.140.9 0..0.10.48 0..0.130.5 
181* 15.81 0..0..385 2.238 0..369 0..0.1485 0.;0.10.75 0..0.1391 
182 39.68 0..2175 5.617 0..925 0..0.1332 0..0.10.18 0..0.1181 
182A* .39.85 0..20.60. 5.641 0..929 0..0.1250. 0..0.0.987 0..0.1180. 
183 57.84 0..4240. 8.187 1.348 0..0.1222 0..0.0.976 0..0.10.72 
184* 5.'64 0..0.0.58 0..798 0..129 0..0.1758 0..0.1170. 0..0.1710. 
185*: 5;70. 0..0.0.58 0..80.7 0..130. 0..0.1721 0..0.1158 0..0.170.8 
186* 8.69 ,0.0.125 1.230. 0..199 0..0.1596 0..0.1115 0.,0.1564 
187 ~.69 0..2320. 5.90.1 0..954 0..0.1287, 0..0.10.0.1 0..0.1175 
188 ~.35 0..2295 5.853 0..946 0..0.1294 0..0.10.0.4 0..0.1177 
191 42.25 0..2335 5.980. 0..967 0..0.1261 0..0.0.991 0..0.1172 

,-

~ t ' easuremen s made with micromanometer, 
Average diameterD = .35.99 inches. 
f is the friction factor for smooth pipe at the given Reynolds sp 
number. 



TABLE A-5 
CD 

EXPERIMENTAL DATA ON FRICTIONAL LOSSES FOR FULL FLOW IN 24-INCH TAMPED CONCRETE PIPE WITH AVERAGE-A JOINTS 
0) 

Column (1) (2) (3) (4) (5) (6) (1) (8) (9) (10) (11) 

RJ3Jr 1/J£ -
k V* Run Q S x 1~2 V -6 f f r 6.V n r /k o s 

No. efs fps Re x 10 sp 21og- - -~ o s k v V s 

17 4.30 0.0~5 1.353 0.259 0.01770 0.01098 0.01485 48.9 1.824 8.65 1.944 
18 9.50 0.124 2.989 0.573 0.01798 0.01107 0.01284 109.2 1.76), 19.31 3.869 
19 13.40 0.247 4.216 0.807 0.01800 0.01108 0.01210 153.9 1.759 27.21 4.630 
20 21.20 0.612 6.670 1.260 0.01782 0.01102 0.Oll18 239.0 1.796 42.26 5.561 
21 25.80 0.948 8.117 1.53-3 0.01864 0.01127 0.01082 297.4 1.629 52.59 6.474 
24 4.02 0.022 1.265 0.255 0.01782 0.01102 0.01490 48.3 1.796 8.55 1.984 
25 12.75 0.227 4.012 0.817 0.01827 0.01116 0.01207 156.9 1.703 27.75 4.821 
26 9.03 O.llO 2.841 0.579 0.01765 0.01097 0.01282 109.3 1.832 19.33 3~689 
27 4.01 0.022 1.262 0.259 0.01791 0.011050.01485 49.2 1.779 8.70 2.069 
40* 4.20 0.241 1.321 0.220 0.01788 0.01104 0.01534 ·41.8 1.783 7.38 1.684 
41* 4.25 ·0.241 1.337 0.222 0.01746 0.01091 0.01530 41.7 1.872 7.37 1.462 
42* 4.17 0.240 1.312 0.218 0.01806 0.01110 0.01536- 41.6 1.746 7.35 1.777 
43 9.00 0.108 2~832 0.485 0.01745 0.01091 0.01324 91.0 1.875 16.10 3.171 
44 9.15 0.ll5 2.879 0.496 0.01798 0.01107 0.01318 94.5 1.762 16.71 3.545 
45 8.48 0.099 2.668 0.l~60 0.01802 0.01108 0.01336 8.7.7 1.754 15.51 3.399 
46 6.07 0.053 1.910 0.326 0.01883 0.Oll33 0.01423 63.6 1.594 1l.24 3.094 
47 5.95 0.050 1.872 0.321 0~01848 0.01122 0.01427 62.0 1.661 10.95 2.869 
48 8.89 0.107 2.797 0.485 0.01772 0.01099 0.01324 91.7 1.817 16.22 3.335 
49 6.73 0.062 2~117 0.374 0.01791 o.oll05 0.01388 71.1 1.777 12.57 2.874 
50 6.29 0.057 1.979 0.349 0.01885 0.01134 0 .. 01404 6.8.0 1.548 12.02 3.267 
51 3.81 0.020 1.199 0.212 0.01803 o~01i09 0.-01545 40.5 1~752 7.15 1.690 
56 13."47 0.250 4~238 0.780 0.01803 0.01109 0.01217 148.8 1.752 26.31 l~.573 
57 13.62 0.255 4.285 0.789 0.01799 0.01107 0.01214 150.3 1.760 26.-57 4.584 
58 22.64 0.707 7.123 1.311 0.01805 0.01109 O.-Olill 250.3 1.748 44.25 5.782 
59 10.52 0.149 3.310 0.605 0.01762 0.01096 0.-01272 114.1 1.838 20.17 3.771 
60 10.54 0.149 3.316 0.606 0.01755 0.01094 0.01272 114.1 1.853 20.17 3.729 
61 14.55 0.290 4.578 0.843 0.01793 0.01105 0.01200 160~4 1.?73 ~8.36 4.689 



TABLEA-5 (continued) 

Run 
(4) (5) (6) (7) (8) No. (1) (2) (3) 

62 14.76 0.302 4.644 0.855 0.01814 0.01112 0.01198 163.6 
66 26.38 0.975 8.300 1;478 0;01834 0.01118 0.01088 284.3 
67 26.43 0.970 8.316 1.480 0.01817 0.Oll13 0.01087 283.4 
68 25.55 0.917 8.039 1.431 0.018)8 0.Oll19 0,.01094 275.6 
69 25.40 0.594 7.992 1.423 0.01814 0.Olli2 0.01096 272.2 
70 20.70 0.580 6.513 1.170 0;01771 0.01099 0'.Oll33 .221.2 
71 20.45 0.578 6.434 1.156 0.01809 0.01111 0.01135 220.9 
72 28.33 1.100 8.913 1.476 0.01794 0.oll06 0.01088 280.9 
73 28.40 1.105 8.935 1.479 0.01793 0.01106 0.01087 281.4 
74 25.15 0.875 7.913 1.310 0.01810 0.Oll11 O.Ollll 250.4 
75 19.93 0.543 6.271 1.038 0.01789 0.01104 0.01156 197.2 
76 17.23 0.405 5.421 0.961 0.01785 0.01103 0.01173 182.4 
77 13.20 0.240 4.153 0.736 0.01803 0.01109 0.01229 140.4 

*Measuremen ts made with mi cromanome ter. 
Average diameter D = 24.14 inches. 
Lim:i:ting friction factors f.e = 0.01809 and n.e. = 0.01111 for Reynolds number 
Equivalent sand roughness ks = 0.01715 inch. 
f is the friction factor for smooth pipe at the given Reynolds number. sp 

(9) (10) 

1.730 28.93 
1.691 50.28 
1.72) 50.12 
1.681 48.73 
1.731 48.13 
1.819 39.10 
1.740 39.05 
1.771 49.66 
1.773 49.75 
1.737 44.29 
1.781 34.87 
1.789 32.25 
1.752 24.83 

6 Re> 1 x 10 • 

(11) 

4.839 
6.225 
6.147 
6.180 
6.011 
5.320 
5.518 
5.999 
6.006 
5.812 
5.159 
4.941 
lJ.449 

(X) 
''0 



TABIE A-6 \0 
0 

EXPERIM1~TAL DATA CN FRICTICNAL LOSSES FCR FULL FLOW IN 24-INCH TAMPED,CCNCRETE PIPE WITH AVERAGE~B JOINTS 

Re~ l/Jr -
kV* Run Q S x 10.2 V Re x 10.-6 f n fsp 

r 6V 
r Ik 0 s -No. cfs fps 210gF - V* o s '" s 

78 27.90. 1.0.49 8.778 1.459 0..0.1764 0..010.97 0..0.10.91 242.7 1.724 42.91 5.784 
79 23.85 0..763 7.50.4 1.248 0..0.1755 0..0.10.94 0.0.1120. 2C7~1 1.743 36.60 5.376 
80. 17.77 0.427 5.591 0'-932 0,01770 0.01098 0.01i79 155.4 1.712' 27.46 4.796 
81 12.34 0..206 3.883 0.650 0.01770 0.-01098 0.01256. 108.3 1.712 19.14 3.978 
82 23.il 0.706 7.271 1.175 0.0.1730 0.01086 0.Oil31. 193·.1 1.798 34.14 5.091 
83 22.86 0.706 7.192 1.162 0~C1768 0..01098 0.01134 193.0 1.715 34'.12 5.289 
84 19.42 0.515 6.110 0.987 0.01187 0.01104 0.01168 165.0 1.676 29.16 5.002 
85 19.25 0.515 6.057 0.979 0.01819 0.01114 0.01170 165.0 1.610' 29.16 5.177 
86 14.90 0.302 4.688 0.792 0.01780 0.01102 0.01214 132.4 1'.690 23.41 4.472 
87 14.90 0.302 4.688 0.792 0.01780 0.0110.2 0.01214 132.4 1.690 23.41 4~472 
88 9.80 0.130 3.083 0.521 0.01772 0..0.1099 0..01305 86.9 1.70.9' 15.36 3.50.5 
89 9.82 0..130. 3.0.90 0..522 0..01764 0.01097 0.01305 86.9 1.725 15.36 3.462 
90{f 3.33 0..0.15 1.0.48 0..179 0.0.1770. 0..0.10.98 0..0.1599 29.8 1.712 5.27 1.19~ 
91* 3.33 0..0.15 1.0.48 0.179 0..0.1770. 0..0.10.98 0..0.1599 29~8 1.112 5.27 1.ldS 
92 26.11 0..925 8.215 1.403 0..0.1776 0..0.110.0 0..010.98 234.2 !l..699 41.40. 5.768 
93 21.11 0..595 6.642 1.119 0..0.1747 0..0.10.91 0.0.1141 185.3 1.761 32.76 5.0.78 

*Measurements made with micromanometer. 
Average diameter D = 24.14 inches. 

for Reynolds number Re > 1 x 10.6• Limiting friction factors f t = 0..0.1757 .and nt = 0..0.10.94 
Equivalent sand roughness ks = 0..0.1512 ~nch. 
f is the friction factor for smooth pipe at the given Reynolds number. sp 



TABIE A-7 

EX:;t'.b.:tuMENTAL DATA ON FRIf,TIONAL LOSSES FOR FULL .FLOW IN 24-INCI{ TAMPED CONCRETE PIPE WIlli GOOD JOINTS 

Re";; 
1/";:f -

k V* 
Run .Q s x 102 V Re x 10-6 :f n f r 6V 

r /k 0 s 
No. cfs fps sp 21og'k - * o s " V s 
99 28.31 1.009 8.929 1.374 0.01639 0.01057 0.01101 161.6 1.738 28.56 4.838 

100 28.32 1.009 8.932 1.374 0.01636 0.01056 0.01101 161.4 '1.745 28.53 4.843 
101 25.02 0.792 7.892 1.214 0.01645 0.01059 0.01125 143.0 1.723 25.28 4.613 
102 25.10 0.792 7.917 1.218 0.01635 0.01056 0.01124 143.0 1.747 25.28 4.559 
103 21.44 0.577 6.762 1.040 0.01633 0.01055 0.01156 122.1 1.752 21.58 4.173 
104 20.28 0.503 6.397 0.959 0.01591 0.01041 0.01174 1ll.1 1.855 19.63 3.680 
105 17.57 0;373 5.542 0.828 0.01571 0.01035 0.01204 95_.3 1.905 16.84 3.213 
106 13.92 0.238 4:390 0.652 0.01597 0.01044 0.01255 75.7 1.842 13.38 2.858 
107 10.79 0.152 3.403 0.505 0.01698 0.01076 0.01313 60.4 1.601 10.68 2.978 
111 8.80 0.098 2.776 0.412 0.01646 0.01059 0.01363 48.6 1.721 8.59 2.179 
112 12.01 0.182 3.788 0.557 0.01641 0.01057 0.01292 65.6 1.733 11.59 2.818 
113 15.79 0.308 4.980 0.737 0.01607 0.01046 0.01218 85.8 1.815 15;17 3.213 
114 19.16 0.460 6.043 0.889 0;01630 0.01054 0.01188 104.2 1.759 18.43 3.795 
115 22.15 0.609 6.986 1.051 0.01614 0.01049 0_01154 122.6 1.798 21.67 4.064 
116 26.05 0.847 8.216 1.209 0.01623 0.01052 0.01126 141.5 1;776 25.00 4.453 
117 29.05 1.074 9.163 1.348 0.01655 0~01062 0.01105 159.3 1.700 28.16 4.915 
118 10.75 0.144 3.391 0.491 0.01620 0.01051 0.01320 57.4 1.783 10.15 2.396 
119* 9.72 0~115 3.066 0.444 0.01621 0.01051 0.01345 52.0 1.782 9.19 2.172 
120* 6.83 0.060 2.154 0.312 0;01673 0.01068 0.01432 3.7.0 L{)59 6.55 1.767 
121* 2.71 0.010 0.855 0.124 0.01771 0.01099 0.01725 15.2 1.441 2.68 0.281 
122* 4.75 0.029 1.498 0.217 0.01672 0.01067 0.01540 25.8 1.661 4;56 0.917 
123.j~ 6.15 0 .. 049 1.940 0.273 0.01685 0.01072 0.01470 32.6 1.631 5.76 1.540 
124 13.95 0.238 4.400 0.618 0.01591 0.01041 0.01268 71.6 1.855 12.65 2.694 
125 27.49 0.954 8.671 1.218 0.01642 0;01058· 0.01123 143.3 1.730 25.33 4.606 
126 27.73 0.962 8.746 1.229 0.01627 0.01053 0.01122 144.0 1.767 25.45 4.521 
127 23.83 0.728 7.516 1.056 0.01667 0.01066 0.01152 125.2 1.672 22.13 4.438 
128 2.0.32 0.528 6.409 0.900 0.01663 0.01065 0.01188 106.6 1.681 18.85 4.017 
*Measurements made with micromanometer. 
Average diameter- D = 24.11 inches. 6 
Limiting friction factors f.e = 0.01638 and n.e = 0.01057 for Reynolds number Re> 1 x 10 • 

~-Equivalent sand roughness ks = 0.01108 inch. 
f sp 

is the :friction factor for smooth pipe at the given Reynolds number. 
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TABLE B-1 

FIELD DATA ON JOINT CHARACTERISTICS OF 36-INCH TAMPED CONCRETE PIPE 

Maximum Offset Offset Area 

Joint Ave. 
No .. Pas .. Neg. Over-all Pas .. Neg. Total Offset 

1 0.350 0 0.350 15.60 0 15.60 0.1;38 
2 0.137 0.254 0.254 3.56 9.80 13.36 0 .. 118 
3 0.530 1.000 1.000 17.80 42.72 60.52 0.535 
4 0.243 1.000 1.000 5.04 44.72 l~9. 76 0.4ho 
5 0.390 1.370 1.370 11.56 56.88 68.44 0.605 

11 0.250 0.'-~92 0.492 6.84 21.20 28.04 0.248 
13 0.500 0.220 0.500 8.00 25.56 33.56 0.296 
16 0.100 0.100 0.100 4.88 4.20 9.08 0.080 
17 0.040 0 0.040 0.50 0 0.50 0.004 
18 0 0.560 0.560 0 15.72 15.72 0.139 
19 0.089 0.100 0.100 3.24 3.16 6.40 0.057 
20 0.070 0.020 0.070 5.96 0.20 6.16 0.05L 
21 0.246 0 0.246 12.00 0 12.00 0.106 
22 0.190 0.110 0.190 16.80 3.92 20.72 0.183 
23 0.390 0.190 0.390 14.76 7.12 21.88 0.194 
24 0.100 0 0.100 4.88 0 4.88 0.043 
25 0.090 0.300 0.300 3.40 14.08 17.48 0.154 

I 26 0 .. 240 0.180 0.240 7.08 11.32 18.40 0.163 
27 0.230 0.290 0.290 58 68 13.96 19.64 0.174 
28 0.010 0.200 0.200 0.96 9.28 10.24 0.091 
32 0 0.150 0.150 0 15.30 15.30 0.135 
36 0 0.370 0.370 0 22.10 22.10 0.196 
39 0.030 O.llO 0 .. 110 0.211 7.20 7.44 0.066 
40 0.530 0.340 0.530 14.92 15.88 30.80 0 .. 272 
41 0.420 o .. hoo 0.h20 17.04 12~84 29 .. 88 0.264 
43 0.370 0,060 0.370 10.h8 1.52 12.00 0.106 

Total 5.545 7.906 9.742 191.22 358.68 549.90 h.861 
Mean per 

joint 0.213 0.304 0.375 7.35 13.80 21.15 0.187 
Average 0.187 

Units are inches and square inches. 
Area reduction = positive offset area plus projected area of bead. 
Estimated fillet width = 5 inches. . 
Average bead (or fillet) width = covered area/length. 
Average covered area = total area/number of beaded joints. 
Average bead height = projected area/length. 
Average groove width = total Width/number of grooves. 



95 

TABLE B-1 (continued) 

FIELD DATA ON JOINT CHARACTERISTICS OF 36-INCH TAMPED CONCRETE PIPE 

Beads and Fillets Grooves Area Reduction 
Covered Max. Proj. Ave. 

Lengtb Width Area Height Area Height Length Width sq in. per cent 

113.1 4.90 554.0 0.440 35.13 0.311 0 0 50.73 4.98 
113.1 5.54 627.0 0.275 20.18 0.178 0 0 23.74 2.33 
73.1 5.00 365.5 0 0 0 1-,0.0 0.19 17.80 1.75 
31.6 2.00 63.2 0.200 3.16 0.100 81.5 0.16 8.20 0.81 
18.1 2.00 36.2 0.040 0.36 0.020 95.0 0.40 11.92 1.17 

0 0 0 0 0 0 ll3.1 1.54 6.84 0.67 
0 0 0 0 0 0 113.1 0.84 8.00 0.79 
0 0 0 0 0 0 113.1 0.87 4.88 0.48 

113.1 2.74 309.8 0.150 4.24 0.037 0 0 4.74 0.46 
113.1 5.00 565.5 0 0 0 0 0 0 0 
63.4 1.26 79.9 0.720 18.50 0.292 49.7· 1.26 21. 74 2.14 
0 0 0 0 0 0 113.1 0 0 78 5.96 0.59 
0 0 0 0 0 0 113.1 0.95 12.00 1.18 

113.1 4.47 505.8 0.340 . 24.03 0.212 0 0 40 .• 83 4.01 
113.1 7.20 814.5 0.280 23.21 0.205 0 0 37.97 3.73 
113.1 5 •. r58 631.1 0.180 18.23 0.161 0 0 23.11 2.27 
Jl3.1 6.34 716.8 0.140 9.48 0.084 0 0 12.88 1.27 
113.1 6.67 754.7 0.190 17.511. 0.155 0 0 24.62 2.42 
]13.1 6.27 709.0 0.220 19.80 0.175 0 0 25.48 2.50 
113.1 5.62 635.5 0.220 20.89 0.185 0 0 21.85 2.15 
113.1 4.28 483.7 0.200 15.55 0.138 0 0 15.55 1.53 
113.1 6.83 772.2 0.300 24.52 0.217 0 0 24.$2 2.41 
113.1 6.43 727.0 0.370 23.13 0.205 0 0 23.37 2.30 
113.1 8.30 936.4 0.330 26.56 0.235 0 0 4l.48 4.08 
73.1 4.96 362.4 0.720 28.69 0.392 40.0 0.12 45.7.3 4.49 

113.1 7.24 818.8 0.250 ll.50 0.102 0 0 21.98 2.16 

2068.9 108.63 11369.0 5.565 344.70 3.404 871.7 7.11 535.92- 52.67 

79.57 0.265 13.26 33.5.3 20.61 2.03 
5.50 541.4 0.167 0.711 



TABLE B-2 

LABORATORY DATA ON JOINT CHARACTERISTICS OF THE 
36-INCH TAMPED CONCRETE PIPE WITH AVERAGE JOINTS 

'1" 

Maxirll1.uu Offset Offset Area 

Joint Ave. 
No. ,POSt Neg. 'Over-all POSt Neg. Total Offset 

1 0.250 0.200 0.250 7.94 5.31 13.25 0.117 
2 0.660 0.330 0.660 23.53 10.28 33.,81 0.299 
3 0.480 0.225 0.480 17.24 2.10 19.34 0.171 
4 0.790 0.520 0.790 13.22 17.30 30.52 0.270 
5 0.365 0.085 0.365 15.64 3.78 19.Ll2 0.172 
6 0.280 0.120 0.280 5.84 2.17 8.01 0.071 
7 0.300 0.440 0.h40 7.60 16.50 24.10 0.2J.3 
8 0.060 0.085 0.085 0.85 2.60 3.h5 0.031 
9 0.120 0.150 0.150 1.71 8.35 10.06 0.094 

10 0.240 0.050 0.2LlO li.92 0.78 12.70 0.112 
11 0.250 0.050 0.250 10.66 1.07 11.73 0.104 
12 0.130 0.430 0.430 3.39 10.49 13.88 0.123 
13 0.390 0.270 0.390 13.99 8.65 22.64 0.200 
14 0.160 0 0.160 12.84 0 12.84 0.114 
15 0.370 0.080 0.370 10.97 0.59 11.56 0.102 
16 1.030 0.970 1.030 30.37 40.89 71.26 0.630 
17 0.200 0.080 0.200 5.51 1.70 7.21 0.064 
18 0.090 0.350 0.350 1.65 9.96 11.61 0.103 
19 0.285 0.020 0.285 17.39 0.09 17.48 0.155 
20 1.500 1.260 1.500 49.11 52.75 101.86 0.902 
21 0.130 0.100 0.130 3.07 L~.22 7.29 0.064 
22 0.330 0.250 . 0.330 15.16 5.37 20.53 0.181 
23 0.180 0 0.180 8.88 0 8.88 0.079 
24 0.320 0.070 0.320 17.79 0.46 18.25 0.161 
25 0.230 0 0.230 14.52 0 14.52 0.128 
26 0.570 0.070 0.570 21.53 1.77 23.30 0.197 
27 0.280 0 0.280 15.62 0 15.62 0.138 
28 0.290 '0 0.290 12.80 0 12.80 0.11j 
29 0.530 0,110 0.530 17.08 2.56 19.64 0.174 

Total IO,R10 6.315 11.565 387.82 209.74 597.56 5.282 
Mean per 

joint 0.373 0.218 0.399 13.37 7.23 20.60 0.182 
Average 0.182 

Units 13.re inches and square inches. 
Area reduction = positive offset area plus projected area of bead. 
Estimated fillet width = 5 inches, 
Average bead (or ft11et) width = covered area/length. 
Averagec0veredarea a totiUarea/number :ofbeaded joints. 
Average bead height = projected area/length. 
Average groove width = total width/number of grooves. 
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TABLE B-2 (continued) 

LABORATORY DATA ON JOINT CHARACTERISTICS OF THE 
36-INCH TAMPED CONCRETE PIPE WITH AVERAGE JOINTS 

Beads and Fillets Grooves Area Reduction 
Covered Max, Proj. Ave. 

Length Width Area Height Area Height Length Width sq in. per cent 

74.2 6.33 h69.6 0.219 7.20 0.097 38.9 0.59 ,15.1LI 1.49 
74.2 5.45 40LI.0 0.281 17.47 0.235 38.9 1.69 41.00 4.03 
7Lt,,2 6.00 h44.8 0.218 10.09 0.136 38.9 1.28 27.33 2.68 

113.1 5.00 565.5 0 0 0 0 0 13.22 1.30 
74.2 5.60 415.2 0.281 16.94 0.228 38.9 l~DO 32.58 3.20 

113.1 1.50 169.6 0.812 35.00 0.309 0 0 40.84 4.01 
74.2 5.27 391.3 0.125 4.37 0.059 38.9 0.34 11.97. 1.17 
74.2 5.00 371.0 0 0 0 38.9 1.03 0.85 0,08 
74.2 5.88 436.1 0.313 16.98 0.229 38.9 0.19 18.69 1,84 
74.2 6.32 468.8 0.406 24.73 0.333 38.9 0,44 36.65 3.66 
74.2 5.00 371.0 0 0 0 38.9 1.47 10.66 1.05 
74.2 5.69 422.4 0.438 2,3.62 0.318 38.9 0.53 ' 27.01 2.65 

it 74.2 4.96 367.7 0.062 1.37 0.018 38.9 1.59 15.36 1.51 
74.2 6.24 46,3.0 0.344 22.86 0.308 38.9 0.63 35.70 3.51 
74.2 5.69 422.5 0.500 25.82 0.348 38.9 0.63 36.79 3.61 

113.1 5.00 565.5 0 0 0 () 0 30.37 2.98 
74.2 5.43 402.5 0.375 21.35 0.288 38.9 0.28 26.86 2.64 
74.2 4.96 367.7 0.249 13.33 0.180 38.9 0.87 14.98 1.47 
74;2 3.53 261.7 0.125 6.32 0.085 38.9 1.69 23.71 2.33 

113.1 5.00 565.5 0 0 0 0 0 49.1i 4.82 
74.2 5.07 376.0 0.203 10.08 0.136 38.9 0.37 13.15 1.29 
74.2 5.82 )-132.0 0.469 19.24 0.259 38.9 0,62 34.40 3.38 
74.2 5.13 380.8 0.344 21.45 0.289 38.9 0.25 30.33 2.98 
7)+.2 5.55 411.8 0.312 13.82 0.186 38.9 0.03 31.61 3.10 

", 74.2 6.31 467.8 0.484 28.72 0.387 ,8.9 0.75 43.24 4.25 
74.2 5.70 423.1 0.454 20.39 0.275 ,'8.9 0.87 41.92 4.12 
74.2 2.90 215.5 0.219 16.63 0.224 38.9 0.44 32.25 3.17 

" 
74,2 4.32 320.5 '0.156 7.31 0.099 38.9 0.02 20.11 ' 1.98 
74.2 5.35 397.2 0.516 24.20 0.326 38.9 1.12 41.28 4.06 

2307.4 150,.00 11770.1 7.905 409.29 5.352 912.5 18.72 797.n 78.36 
, , 

79.57 0,273 14.11 33.53 27.49 2.70 i .. 
5.10 405.9 0.177 0:750 

" 

J: 
,I, • I-
~ 
\ 

I 
I, 
t' \" 
t, , 
i 
I 

t 
\ 
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TABLE B-3 

LABORATORY DATA ON JOINT CHARACTERISTICS OF THE 
36-INCH TAMPED CONCRETE PIPE WITH GOOD JOINTS 

Area 
Joint Maximum Offset Offset Area Ave. Reduction 

No. Pos. Neg. Over-a.ll Pos. Neg. Total Offset (per cent) 

1 0.090 0.075 0.090 1.03 0,69 1. 72 0.015 0.10 
2 0.080 0.060 o.oRo 3.lt3 1.51 4.9lt 0.044 0.34 
3 0.050 0.030 0.050 .1.87 0.23 2.10 0.019 . 0.18 
It 0.235 0.030 0.235 9.23 0.112 9.65 0.OB5 0.91 
5 0.200 0 0.200 8.60 0 8.60 0.076 0.84 
6 9.310 0.250 0.310 8.81 6.98 15.79 0.140 0.87 
7 0.090 0.200 0.200 1.72 11.02 12.74 0.113 0.17 
8 0.060 0.11~0 0.140 1.06 3.81 4.87 0.043 0.10 
9 0.060 0.140 0.140 0.56 7.88 8.L4 0.075 0.05 

10 0.125 0.090 0.125 1.61 4.90 6.51 0.058 0.16 
11 0.220 0.060 0.220 6.53 1.10 7.63 0.067 0.64 
12 0.265 0.130 0.265 8.79 2."(9 11.58 0.102 0.86 
13 0 .. 440 0.310 0.440 14.83 12.Lr9 27.32 0.242 l.Lr6 
1)~ 0.170 0.130 0.170 6.59 2.84 9.43 0.083 0.65 
15 0.170 0.170 0.170 3.36 6.13 9.L9 0.OB4 0.33 
16 0.190 0.340 0.340 2.22 13.01 15.23 0.135 0.22 
17 0.235 0.190 0.235 4.R7 6.96 11.83 0.105 0.48 
18 0.060 0.250 o .2S;O 0.86 9.34 10.20 0.090 0.08 
19 .0.220 0 0.220 10.77 0 10.77 0.095 1.06 
20 0.2f.l0 0.375 0.375 5.R5 12.8.4 18.69 0.165 0.57 
21 O.ORO 0.280 0.280 .2.51 R.03 10.54 0.093 0.25 
22 0.325 0.250 0.325 10. !~6 8.48 18.94 0.167 1.03 
23 0.190 0 0.190 11. ):.2 0 11.42 0.101 1.12 
24 0.280 0.220 0.280 9.67 4.R9 Ib.56 0.1?9 0.95 
25 0.155 o. O{~O 0.155 8.J 8 0.97 9.15 0.081 0.80 
26 0.410 0.130 0.L.I0 14.5).1 2.R3 17.37 0.154 l.h3 
27 0.170 0.090 0.170 5.60 1.Bl 7.).tl 0.066 0.55 
28 0.190 0.190 0.190 10.11 3.78 13.89 0.123 0.99 
29 0.220 0.080 0.220 7.17 2.49 9.66 0.085 0.70 

Total 5.570 4.290 6.t75 182.25 138.22 320.47 2.835 17.89 
Hean per 

joint 0.192. 0.148 0.223 6.28 4.77 11.05 0.098 0.62 

Units are inches and square inches. 
Area reduction = positive offset area. 



----------------------

TABLE B-4 99 

LABORATORY DATA ON JOINT CHARACTERISTICS OF THE 
36-INCH CAST CONCRETE PIPE WITH AVERAGE JOINTS 

~'laxi.'Uum Offset Offset Area 
Joint Ave. 
No. Pos. -Neg. Over-all POSe Neg. Total Offset 

1 0.13 0.28 0.28 2.82 9.l.a 12.29 0.109 
2 0.13 0.39 0.39 3.38 9.88 13.26 0.117 
3 0.2.5 0.33 0.33 6.16 15.60 21.76 0.192 
4 0.05 0.23 0.23 0.62 7.81 A.43 0.075 
5 0.17 0.34 0.34 2.24 10.28 12.52 0.111 
6 0.16 0.37 0.37 6.46 7.30 13.76 0.122 
7 0.09 0.22 0.22 0.614 12.06 12.70 0.112 
8 0.19 0.28 0.28 5.11 7.93 13.04 0.115 
9 0.09 0.28 0.28 2.79 9.99 12.70 0.113 

, ,- 10! 0.16 0.17 0.17 2.08 8.00 10.08 0.089 
11 0.19 0.44 0.44 14.35 16.la 20.82 0.184 
12 0.25 0.34 0.34 5.30 9352 14.82 0.131 
13 0.13 0.34 0.34 3.03 16.56 19.59 0.173 
14 0.28 0.44 0.44 9.12 12.09 21.21 0.H38 
15 0.31 0.44 0.44 8.56 13.21 21.77 0.192 
16 0.28 0.28 _ 0.28 7.20 13.84 21.04 0.186 
17 0.03 0.23 0.23 0.28 9.87 10.15 0.090-
18 0.25 0.22 0 .. 25 5.80 6.90 12.70 0.112' 
19 0.20 0.25 0.25 4.47 5.60 10.07 0.089 
20 0.39 0.31 0.39 8.02 10.70 18.72 0.166 
21 0.13 0.19 0.19 3.60 7.05 10.65 0.094 ' 
22 0.11 0.36 0.36 1.69 13.10 14.79 0.131' 
23 0.19 0.44 0.44 5.49 13 • .53 19.02 0.168 
24 0.06 0.16 0.16 1.03 6.45 7.48 0.066 
25 0.03 0.27 0.27 0.31 11.32 11.63 0.103 
26 0.09 0.25 0.25 1.27 13.54 14.81 0.131 
27 0.13 0.25 0.25 4.27 5.54 9.81 0.087 
28 0.31 0.27 0.31 6.73 13.21 19.94 0.176 

" 29 0.20 0.37 0.37 4.14 11.75 15.89 0.140 

Total 4.98 8.74 8.89 116.96 308.57 425.53 3.762 
Mean per 

joint 0.172 0.301 0.307 4.03 10.64 Ib67 0.130 
Average 0.130 

Units are inches and square inches. 
Area reduction = positive offset area plus projected area of bead. 
Estimated fillet width = 5 inches. 
Average bead (or fillet) width = covered area/length. 
Average covered area = total area/number of beaded joints. 
Average bead height = projected area/length. 
Average groove width = total Width/number of grooves. 
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TABLE B-4. (continued) 

LABORATORY DATA ON JOINT CHARACTERISTICS OF THE 
36-INCH CAST CONCRETE PIPE WITH A VERAGEJOINTS 

Beads and Fillets Grooves Area Reduction 
Covered Max. Proj. Ave. 

Length Width Area Height Area Height Length Width sq in. per cent 

75.7 5.31 402.0 0.312 14.31 0.189 37.4 0.030 17.13 1.68 
75.7 4.53 342!J9 0.619 32.10 0.425 37.4 0.015 35.48 3.49 
75.7 4.81 364.1 0.125 5.00 0.066 37.4 0.250 11.16 1.10 

113.1 4.37 494.2 0.188 8.25 0.073 0 0 8.87 0.87 
75.7 5.56 420.9 0.544 28.07 0.544 37.4 0.340 30.31 2.98 
75.7 3.69 279.3 0.094 4.31 0.057 37.4 0.125 10.77 1.06 
75.7 5.25 397.4 0.156 5.37 0.071 37.4 0.030 6.01 0.59 
75.7 4.63 350.5 0.063 2.50 0.033 37.4 0.280 7.61 0.75 
75.7 6.47 489.8 0.344 18.77 0.248 37.4 0.630 21.56 2.12 
75.7 5.84 442.1 0.312 18.02 0.238 37.4 0.190 20.10 1.97 

113.1 0.75 84.8 0.812 34.00 0.301 0 0 38.35 3.77 
75.7 5.50 416.4 0.558 26.07 0.345 37.4 0.250 31.37 3.08 
75.7 4.31 326.3 0.094 2.42 0.032 37.4 0.015 5.45 0.54 
75.7 6.00 454.2 0.500 19.08 0.252 37.4 0.190 28.20 2.77 
75.7 5.37 406.5 0.250 7.80 0.103 37.4 0.060 16.36 1.61 

113.1 4.00 452.4 0.063 1.92 0.017 0 0 9.12 0.90 
75.7 5 .. 47 414.1 0.385 25.08 0.332 37.4 0~500 25.36 2.49 
75.7 5.44 411.8 0.391 17.03 0.225 37.4 0.220 22.83 2.24 
75.7 3.66 277.1 0.047 1.74 0.023 37.4 0.250 6.21 0.61 
75.7' 3.53 267.2 0.031 1.21 0.016 37.4 0.030 9.23 0.91 
75.7 2.62 198.3 0.125 2.65 0.035 37.4 0.015 6.25 0.61 
75.7 5.31 . 402.0 0.375 17.71 0.234 37.4 0.220 19.40 1.91 
75.7 4.78 361.8 0.5,30 24.11 0.318 37.4 0.125 29.60 2.91 
75.7 5.44 411.8 0.281 18.32 0.242 37.4 0.440 19.35 1.90 
75.7 5.44 411.8 0.406 19.83 0.262 37.4 0.030 20.14 1.98 
75.7 6.00 454.2 0.406 19.08 0.252 37.4 0.160 20.35 2.00 
75.7 2.59 196.1 0.063 1.51 0.020 37.4 0.380 5.78 0.57 
75.7 3.97 300.5 0.109 3.79 0.050 37.4 0.530 10.52 1.03 
75.7 5.22 395.2 0.391 19 .. 08 0.252 37.4 0.380 23.22 2.28 

2307.5 135.86 10625.7 8.574 399.13 5.259 972.4 5.685 516.09 50.72 

79.57 0.296 13.76 33.53 17.80 1.75 
4.60 366.4 0.173 0.219 
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TABLE B-, 
LABORATORY DATA ON JOINT CHARACTERISTICS OF THE 
36-INCH CAST CONCRETE PIPE WITH GOOD JOINTS 

Area 
Joint Maximum Offset Offset Area Ave. Reduction 

No. Pos. Neg. Over-all Pos. Neg. Total Offset (per cent) 

1 0.13 0.28 0.28 2.82 9.47· 12.29 0.109 0.28 
2 0.13 0.39 0.39 3.38 9.88 13.26 0 •. ll7 0.33 
3 0.25 0.33 0.33 6.16 15.60 21.76 0.192 0.61 
4 0.05 0.23 0.23 0.62 7.81 8.43 0.07$ 0.06 
5 0.17 0.34 0.34 2.24 10.28 12.52 0.111 0.22 
6 0.16 0.37 0.37 6.46 . 7.30 13.76 0.122 0.63 
7 0.09 0.22 0.22 0.64 12.06 12.70 0.ll2 0.06 
8 0.19 0.28 0.28 5.ll 7.93 13.04 0.115 0.50 
9 ·0.09 0.28 0.28 2.79 9.99 12.78 0.113 0.27 

10 0.16 0.17 0.17 2.08 8.00 10.08 0.089 0.20 
11 0.19 0.44 0.44 4.35 16.47 20.82 0.184 0.43 
12 0.25 0.34 0.34 5.30 9.52 14.82 0.131 0.$2 
13 0.13 0.34 0.34 3.03 16.56 19.59 0.1.73 0.30 
14 0.28 0.44 0.44 9.12 12.09 21.21 0.188 0.90 
15 0.31 0.44 0.44 8.56 13.21 21.77 0.192 0.84 
16 0.28 0.28 0.28 7.20 13.84 21.04 0.186 0.71 
17 0.03 0.23 0.23 0.28 9.87 10.15 0.090 0.03 
18 0.25 0.22 0.2.5 5.80 6.90 12.70 0.112 0.57 
19 0.20 0.25 0.25 4.47 5.60 10.07 0.089 0.L~4 
20 0.39 0.31 0.39 8.02 10.70 18.72 0.166 0.79 
21 0.13 0.19 0.19 3.60 7.05 10.65 0.094 0.35 
22 0.11 0.36 0.36 1.69 13.10 14.79 0.131 0.17 
23 0.19 0.44 0.44 5.49 13.53 19.02 0.168 0.54 
24 0.06 0.16 0.16 1.03 6.45 7.48 0.066 0.10 
25 0.03 0.27 0.27 0.31 11.32 11.63 0.103 0.03 
26 0.09 0.25 0.2$ 1.27 13.54 14.81 0.131 0.12 
27 0.13 0.25 0.25 4.27 5.54 9.81 0.087 0.42 
28 0.31 0.27 0.31 6.73 13.21 19.94 0.176 0,66 
29 0.20 0.37 0.37 4.14 11.75 15.89 0.140 0.41 

Total 4.93 8.74 8.89 116.96 308.57 425.53 3.762 11.49 
Mean per 

joint 0.172 0.301 0.307 4.03 10.64 14.67 0.130 0.40 

Uni ts are inches and square inches. 
Area redubtion = positive offset area. 
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TABLE B-6 

LABORATORY DATA ON JOINT CHARACTERISTICS OF THE 
24-INCH TAMPED CONCRETE piPE WITH AVERAGE-A JOINTS 

Maximum Offset Offset Area 

Joint Ave. 
No. POSe Neg .. Over .. all Pos. Neg. Total Offset 

1 0 O.1.~38 0.438 0 16.51 16.51 0.219 
2 0.313 0.188 0.313 2.97 3.5~ 6.49 0.086 
3 0 0.375 0.375 0 13.36 13.36 0.J.77 
4 0.188 0 0.188 ,2.73 0 2.73 0.036 
5 0.125 0.313 0.313 2.94 4 .~.L~ 7.38 0.098 
6 0 0.375 0.375 0 10.20 10.20 0.135 
7 0 0.188 0.188 0 3.61 3.61 0.048 
8 0.375 0.250 0.375 8.44 3.80 12.24 0.162 
9 0 0~250 0.250 0 14.10 14.10 0.187 

10 0.125 0 0.125 1.00 0 1.00 0.013 
11 0.188 0.563 0.563 2.86 12.'67 15.53 0.206 
12 0.313 0 0.,313 5.23 0 5.23 0.069 
13 0 0.250 0.250 0 18.85 18.85 0.250 
14 0.563 0.313 0.563 8.45 7.11 15.56 0.206 
15 0.188 0.750 0.750 2.91 16.65 19.56 0.259 
16 0,.188 0 0.188 13.00 0 13.00 0.172 
17 0 0.563 0.563 0 11.82 11.82 0.157 
18 0.313 0.438 0.438 6.73 7.10 13.83 0.183 
19 0 0.375 0.375 0 17.62 17.62 0.234 
20 0.250 0.250 0.250 2.93 h.75 7.68 0.102 
21 0.188 0.625 0,625 1.92 17.19 19.11 0.253 
22 0.375 0.250 0.375 8.89 3.50 12.39 0.164 
23 0 0.125 0.125 0 1.00 1.00 0.013 

Total 3.692 6.879 8.318 71.00 187.80 258.80 3.429 
Mean per 

joint 0.161 0.299 0.362 3.09 8.17 11.25 0.149 
Averag& - 0.149 

Units are inches and square inches. 
Area reduction = positive offset area plus projected area of bead. 
Estimated fillet width = 5 inches. 
Average bead (or fillet) width = covered area/length. 
Average covered 'area = total area/number of beaded joints. 
A~rage bead height = projected area/length. 
Average groove width = total width/number of grooves. 
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TABLE B-6 (continued) 

LABORATORY DATA ON JOINT CHARACTERISTICS OF THE 
24-INCH TAMPED CONCRETE PIPE WITH AVERAGE-A JOINTS 

Beads and Fillets Grooves Area Reduction 
Covered Max. Proj. Ave. 

,Length Width Area Height Area Height Length Width sq in. per cent 

75.1~ 5.00 377.0 0 0 0 0 0 0 0 
75.4 5.00 377.0 0 0 0 0 0 2.97 0.66 
75.4 5.00 377.0 0 0 0 0 0 0 0 
75.4 5.00 377.0 0 0 0 0 0 2.7J 0.60 
75.4 5.1l1 4,08.2 0.375 13.87 0.184 0 0 16.81 3.72 
65.4 5.00 327.0 0 0 0 10.0 0.219 0 0 
75.4 3.07 231.5 0.156 6.18 0.082 0 0 6.18 1.37 
75.4 4.59 346.4 0.375 19 • .37 0.257 0 0 27.81 6.15 
56.4 5.00 282.0 0 0 0 19.0 0.125 0 0 
0 0 0 0 0 0 75.4 0.813 1.00 0.22 

67.4 4.89 329.5 0.219 2.66 0.035 8.0 1.000 5.52 1.22 
75.4 5.00 377 .0 0 0 0 0 0 5.2.3 1.1,6 
75.4 0.19 14.2 0.500 37.70 0.500 0 0 37.70 8.33 
0 0 0 0 0 0 75.4 0.813 8.1l5 1.87 
0 0 0 0 0 0 75.1~ 0.469 2.91 0.64 
0 o· 0 0 0 0 75.4 0.313 13.00 2.87 

75.4 5.00 377.0 0 0 0 0 0 0 0 
0 0 0 0 0 0 75 .. 4. 0.688 6.73 1.49 

75.4 0.25 18.8 0.750 56.55 0.750 0 0 56.55 12.50 
75.4 5.00 377.0 0 0 0 0 0 2.93 0.65 
75 .. 4 5.00 377.0 0 0 0 0 0 1.92 0.42 
75.4 5.00 377.0 0 0 0 0 0 8.89 1.97 
75.4 5.00 377.0 0 0 0 0 0 0 0 

1320.2 78.40 5727.6 2.375 136.3.3 1.808 414.0 4.440 207.33 45.84 

57.40 0.132 5.93 18.00 9.02 1.99 
4.35 318.,2 0.103 0.555 
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TABIE B-7 

LABORATORY DATA ON JOINT CHARACTERISTICS OF THE 
24-INCH TAMPED CONCRETE PIPE WITH AVERA~B JOINTS 

Maximum Offset Offset .Area 
Joint Ave. 
No. Pos. Neg. Over-all Pos. Neg. Total Offset 

1 0 0.438 0.438 0 16.51· 16.51 0.219 
2 0.313 0.188 0.313 2.97 3.52 6.49 .0.086 
3 0 0.375 .0.375 0 13.36 13.36 0.177 
4 0.188 0 0.188 2.73 0 2.73 0.036 
5 0.125 0.313 0.313 2.94 4 •. 44 7.38 0 • .098 
6 0 .0.3.75 0.375 0 10.20 10.20 0.135 
7 0 .0.188 0.188 0 3.61 3.61 0.048 
8 0.375 0.250 0.375 8.44 3.80 12.24 0.162 
9 0 .0.250 0.250 0 14.10 14.10 0.187 

1.0 0.125 0 .0.125 1.00 0 1.00 0.013 
11 0.188 0.563 0.563 2.86 12.67 15.53 0.206 
12 0.313 0 0.313 5.23 0 5.23 0.069 
13 0 0.250 0.250 0 18.85 18.85 0.250 
14 0 .. 563 0.313 0.563 8.45 7.11 15.56 0.206 
15 0.188 0.750 0.750 2.91 16.65 19.56 0.259 
16 0.188 0 0.188 13.00 0 13.00 0.172 
17 0 0.563 0.563 0 11.82 11.82 0.157 
18 0.313 0.438 0.438 6.73 7.10 13.83 0.183 
19 0 0.375 0.375 0 17.62 17.62 0.234 
20 0.250 0.250 0.250 2.93 4.75 7.68 0.102 
21 0.188 0.625 0.625 1.92 17.19 19.11 0.253 
22 0.375 0.250 0.375 8.89 3.50 12.39 0.164 
23 0 0.125 0.125 0 1.00 1.00 0.013 

Total 3.692 6.879 8.318 71.00 187.80 258.80 3.429 
Mean per 

joint 0.161 0.299 0.362 3.09 8.17 11.25 0.149 
Average 0.149 

Units are inches and square inches. 
Area reduction = positive offset area plus projected area of bead. 
Estimated fillet width = 5 inches. 
Average bead (or fillet) width = covered area/length. 
Average covered area = total area/number of beaded joints. 
Average bead height ::I projected area/length. 
Average groove width = total width/number of grooves. 
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TABLE B~7 (continued) 

LABORATORY DATA ON JOINT CHARACTERISTICS OF THE 
24-INCH TAMPED CONCRETE PIPE WITH AVERAGE-B JOINTS 

Beads and Fillets Grooves Area Reduction 
Covered Max, Proj. Ave. 

Length Width Area Height krea Height Length Width sq in. per cent 

75.4 5,00 377.0 0 0 0 0 0 0 0 
75.4 5.00 377.0 0 0 0 0 0 2.97 0.66 
75,4 5,00 377.0 0 0 0 0 0 0 0 
75.4 '5.00 377.0 0 0 0 0 0 2.73 0.60 
7'5.4 5.41 408.2 0.375 13.87 0.184 0 0 16.81 3.72 
65.4 5.00 327.0' 0 0 0 iD.O 0.219 0 0 
75.4 3.07 231.5 0.156 6.18 0.082 0 0 6.18 1.37 
75.4 4.59 346.4 0.375 19.37 0.257 0 0 27.81 6.15 
56.4 5.00 282.0 0 0 0 19.0 0.125 0 0 
0 0 0 0 0 0 75.4 0.813 1.00 0.22 

67.4 4.89 329.5 0.219 2.66 0~035 8.0 1.000 5.52 1.22 
75.4 5.00 377.0 0 0 0 0 0 5.23 . 1.16 
75,4 $,.00 377.0 0 0 0 0 0 0 0 
0 0 0 0 0 0 75.4 0.813 8.45 1.87 
0 0 0 0 0 0 75.4 0.469 2.91 0.64 
0 0 0 0 0 0 75.4 0.313 13.00 2.87 

75.4 5.00 377.0 0 0 0 0 0 0 0 
0 0 0 0 0 0 75.4 0.688 6.73 1.49 

75.4 5.00 377.0 0 0 0 0 0 0 0 
75.4 5.00 377,0 0 0 0 0 0 2.93 0,65 
75.4 5,00 377.0 0 0 0 0 0 1.92 0.42 
75.4 5.00 377.0 0 0 0 0 0 8.89 1.97 
75.4 5.00 377.0 0 0 0 0 0 0 0 

1320,2 87.96 6448.6 1.125 42.08 0.558 414.0 4.440 11:3.08 25.01 

57.40 - 0.063 1,83 18.00 4.92 1.09 
4.88 . 358.3 0.032 0.555 
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TABLE B .. 8 

LABORATORY DATA ON JOINT CHARACTERISTICS OF THE 
24-INCH TAMPED CONCRETE PIPE WITH GOOD JOINTS 

Area 
Joint Maximum Offset Offset Area Ave. Reduction 

No. POSt Neg. Over-all POSe Neg. Total Offset (per. cent) 

1 0 0.500 0.500 0 2Q.03 20.03 0.266 0 
2 0.031 0.313 0.313 0.47 7.25 7.72 0.102 0.10 
3 0.141 0.156 0.156 2.93 3.66 6.59 0.087 0.65 
4 0.125 0.281 0.281 1.79 9.~.4 11.23 0.149 0.40 
5 0 0.250 0.250 0 12.37 12.37 0.164 0 
6 0.250 0.125 0.250 4.76 2.70 7.46 0.072 1.05 
7 0 0.344 0.344 o· 13.54 13.54 0.180 0 
8 0.031 0.281 0.281 0.36 7.42 7~78 0.103 0.08 
9 0.031 0.188 0.188 0.34 5.93 6.27 0.083 0.07 

10 0.156 0.156 0.156 2.47 2.18 4~65 0.062 0.55 
11 0.031 0.188 0.188 0.18 6.96 7~14 0.095 0.04 
12 0.063 . 0.063 0.063 1.67 1.08 2.75 0.036 0.37 
13 0.188 0 0.188 8.84 0 8.84 0.117 1.95 
14 0.188 0 0.188 6.48 0 6.48 0 .. 086 1.43 
15 0 0.156 0.156 0 7.07 7.07 0.094 0 
16 0.375 0.094 0.3.75 8.63 0.98 9.61 0.127 1.91 
17 0 0.281 0.281 0 10.31 10.31 0.137 0 
18 0 0.250 0.250 0 7.66 7.66 0.102 0 
19 0 0.375 0.375 0 15.32 15.32 0.203 0 
20 0.469 0 0.469 16.79 0 16.79 0.223 3.71 
21 0.156 0 0.156 5.60 0 5.60 0.074 1.24 
22 0.156 0.156 0.156 2.79 3.38 6.17 0.082 0.61 
23 0.156 0.094 0.156 3.06 1.59 4.65 0.062 0.68 

Total 2.547 4.251 5.720 67.16 138.87 206.03 2.706 14.84 
Mean per 

joint 0.111 0.185 0.249 2.92 6.04 8.96 0.118 0.65 

Units are inches and square inches. 
Area reduction = positive offset area. 
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TABIE B-9 

DIMENSIONS AND LAYOUT OF THE 36~INCH TAMPED PIPE 
WITH AVERAGE AND GOOD JOINTS 

Pipe Piezometer 
< 

Diameter (in.) Distance from 
Groove At Tongue Inlet (ft) 

No. End Piez. End Ave· l~o. Ave. Joints Good Joints 

56 35.97 35.93 35.92 1 3.8L 3.84 
10 35.88 36.20 36.09 2 11.94 11.94 
1 35.90 36.0$ 36.13 3 20.05 20.05 

21 35.95 36.09 
12 35.98 36.)),:7 36.10 4 36.33 36.12 
24 35.97 36.05 
1B 36.03 36.05 36.02 5 52.44 52,19 
37 36.22 36.16 
14 36.21 36.20 36.09 6 68.60 68.67 
28: 36.22 36.16 
15 36.03 36.22 36.14 7 8L.75 84.46 
25 36.01 36.02 
9 35.B7 36.20 36.09 B 100.8$ 100.54 

16 36.02 36.06 t:Il 

20 35.92 36.20 ;36.10 ~ 9 117.06 116.58 0 

22 35.99 36.10 .r! 
..j-:> 

35 36,24 36.20 36.10 0 10 133.41 132.71 Q) t-

il 36.13 36,OB t:Il 0 
• 

36 36.27 36.20 36.14 ~ '-0 11 lL9.56 1L8.BO f'I'\ 

31 35.95 36.09 Q) 

~ II 

19 36.19 36.22 36.1L t:Il A 12 166.00 164.92 
13 36.13 36,06 ~ 
7 36,05 36.05 36.06 0 13 IB2.12 181.04 '"d 

4 35.92 36.08 N .. 
6 35.91 36.03 36.01 N 14 198.09 196.96 

32 35.91 36.05 -
27 35.87 36.01 36.02 1$ 214.20 213.00 
8 3$.89 36.05 

23 35.90 36,03 36.00 16 230.21 229.00 
34 35.90 36.17 36.09 17 239.$7 238.29 

Outlet 242.$7 2L1.29 

Slope = 0.000967 for average joints and 0.0010 for good joints. 



108 

TABIEB .. 10 

DIMENSIONS AND LAYOUT OF THE 36-INGH CAST PIPE 
WITH AVERAGE AND GOOD JOINTS 

Pipe Piezometer 
Diameter (in.) Distance 

No. Groove At Tongue Ave. No. from Inlet 
End Piez. End (tt) 

56 35~97 35.93 35.92 1 3.84 
38 35~98 35.95 35.97 2 12.15 
39 36.02 36.05 35.96 3 20.20 
.40 36.06 36.02 
42 36.04 35.89 35.95 4 36.30 
41 36.01 35.91 
43 35.:95 36.04 35.99 5 52.43 
45 36.10 36.02 
46 36.03 35.94 35.98 6 68.57 
44 36.03 35.96 
48 36.00 35.90 35.95 7 84.52 
47 36.04 36.02 
49 36.02 36.03 35.91 8 100.73 
51 36.10 36.02 CIl 

50 36.02 35.93 35."91 s:: 9 116.86 0 

52 35.98 35.94 • .-1 - .p ... 
64 36.06 35.96 35.95 () 10 132.94 

Q) ~ 
65 36.02 36.02 CIl " '. 
63 35.99 35.95 36.00 ~~ 11 149.05 
54 36.02 35.92 Q) 

~ " 55 35.98 36.03 36.00 .p 
A 12 165.07 CIl 

53 35.96 35.92 § 
67 36.05 36.06 35.95 '"0 13 181.22 
60 36.02 35.96 C\J 

66 36.01 35.95 35.89 C\J 14 197.29 
61 36.05 35.95 
62 36.11 36.08 36.02 15 213.17 
57 35.99 35.92 
58 36.00 35.95 35.95 16 229.53 
59 35.95 35.91 35.91 17 237.56 

Outlet 241.71 

Slope = 0.0010. 
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TABLE B-ll 

DIMENSIONS AND LAYOUT OF THE 24-INCH TAMPED .PIPE 

Average Joints. Slope = 0~001035 -Good Joints ~ Slope = 0.00112 
Pipe Piezometer Pipe Piezometer 

Diameter- (in.) Distance Diameter (in.) Distance. 
No. Groove Tongue Ave. No. from Inlet N Groove Tongue No. from Inlet 

End End (ft) o. End llhd Ave. eft) 

1 0 1 0 
1 24.02 23.95 2 3.88 1 24.02 23.95 2 3.88 
8 24.33 24.20 3 li.92 8 24.33 24.20 3 ll.98 

16 24.20 24 .. 05 4 20.04 12 24.26 24.25 4 20.09 
22 24.38 24.05 22 24 .. 38 24.05 

2 24.02 23.92 5 36.04 23 24.14 24.08 5 36.36 
9 23.97 23.94 14 24.30 24.25 

17 24.25 24.02 6 52.14 16 24.20 24.05 6 52.54 
23 24.14 24.08 26 24.28 24.11 
3 23.98 23.01 7 68.21 10 24.34 24.22 7 68.79 

10 24.34 24.22 13 24.37 24.23 
18 24.19 24.03 1'Il- 8 84.35 18 24 .. 19 24.03- I'll 8 84.83 

~ 

24 24.31 24.08 0 15 24.26 24.25 !=: 
0 .r-! .r-! 

4 23.92 23.92 ~ 9 100.35 21 24.23 24.05 -P 9 101.13 
0 

11 24.38 24.25 <D...::t 24 24.31 24.08 0 

I'll r-I ~ ~ 
19 24.20 24.03 .. 10 116.52 29 23.97 23.97 10 111.23 

~ cJ 
. 

26 24.28 24.11 <D 
6 23.98 23.94 FJcJ 

5 24.00 23.95 ~ 1/ 11 132.58 19 24.20 24.03 
Q) 

11 133.47 H U 

13 24.37 24.23 I'll ~ 34 24.23 24.06 -P 

.~ 
Dl Q 

20 24.23 24.03 12 148.67 20 24.23 24.03 ~ 12 149.58 
27 24.34 24.06 'ti 33 24.23 24.20 'ti 

7 23.97 23.95 co 13 164.73 7 23.97 23.95 .co 13 165.63 
r-I r-l 

14 24.30 24.25 2 24.02 23.92 
21 24.23 24.05 14 180.86 5 24.00 23.95 14 181.90 
28 24.31 24.05 9 23.97 23.94 

Outlet 193.00 Outlet 194.00 J-oI-
~ 
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Groove End Tongue End 
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A It Ii 3i 21 I It 3 2t 
8 I If 3 2t I If 3t 21 

II d 24 Tompe 
C 1"* 2t 3i 2i It It 3t 2f 
D t Ii 2i 21 1 1* 2t 2 
A It 2t 4t 31 If 2 4 3i 

36 11 Tamped 2t 3i It 3i 
Eight pipes hove 

8 It 4 2 4 stepped tongues 

C If 2t 4t 3* It 2 4i 3f 

36 11 Cast Ii 2* 31 1* 2t 41- 31 All pipes but two 
C 4 

hove stepped tongues 

Fig. 8-1 - Pipe End Geometry and Dimensions 



A P PEN D I X C ------ .......... 

MEAsrnEMENTS OF PIPE WALL ROIDHNESS 



112 

APPENDIXC 
"~""''''',''''''''-- ... 

MEASUREMENTS OF PIPE WALL ROUGENESS 

In addition to photographs and the sample specimens cut from some 

of the test pipe, measurements were obtained of the wall roughness in twelve 

or thirteen pipe sections selected at random from each of the diameters and 

types tested. The scope of this part of the study is considered to be some .. 

what limited both with regard to the measurements and to their analysis. 

The equipment used to measure wall roughness consisted of a dial 

gage reading to 0.0001 in. mounted on a slotted steel bar which was placed 

on the invert surface of the pipe section being measured. The bar was 2 ft 

long, 3 in. wide, and 3/4 in. thick, and had a slot 1.5 ft long through which 

the dial gage stem was inserted. After slotting and machining of the bar, 

it was placed on a surface grinder and ground to a fiat surface of uniform 

thiclmess. The dial gage was mounted on a metal block which could be moved 

along the slot in the main bar. 

The stem of the dial gage was fitted with a hardened concave point 

having a terminal diameter of 0.007 inch. (Initially, a terminal diameter 

of 0.004 in. was used, but preliminary checks on a precision ground metal 

table indicated that this diameter was so small that it was easily damaged.) 

With this assembly the gage had an effective travel of 1.3 ft and its longi­

tudinal position could be measured b,y a scale attached to the main bar. 

When using thi~ equipment the main bar was placed on the invert of 

the pipe and aligned parallel to the pipe axis. A l5-lb weight was placed 

on each endof the bar to prevent movement. The dial gage and traveling block 

were then placed on the main bar with the gage point adjusted so that it 

could travel at least 0.2 in. above or below the bottom of the main bar. The 

gage was then moved to the longitudinal zero position of the bar and the point 

lowered to the concrete surface yielding a reading. Then the point was lifted 

and the gage moved 0.02 ft along the bar to the second position. This pro­

cedure was repeated, providing readings G';t spacings of 0.02 ft over a length 

of 1.3 ft. The main bar was transferred to a new section of pipe and the 

process repeated, Sixty-six readings were obtained for each section of pipe. 

Since twelve or thirteen sections were measured for ea,ch diameter or size of 
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pipe, this provided a total of either 792 or 858 readings for each size or 

type. 

The spaoing of 0.02 ft between surface readings is too large for 

proper measurement of an accurate profile. However, it was considered desir­

able to use a fairly large spacing, as this would permit the checking of a 

larger number of pipe sections within the available funds. As noted in a 

preceding section, the surface roughness of the tamped pipe varied over a 

wide range both in a single section of pipe and from one section to another. 

Thus, a large number of measurementsin a few sections of pipe was considered 

less representative of the total pipe surface than the same number of measure­

ments distributed over a larger number of pipe sections. 

Thedial gage readings represented the distance between an arbitrary 

line and the surface of the concrete at the measured point,; the arbitrary line 

was parallel to the surface of the main bar, and its elevation depended on 

the adjustment of the gage zero. 

As a first stepin the analysis of the data (for one pipe section), 

an average gage reading was computed for the 66 readingsin one pipe section. 

This valuewas then subtracted from each gage reading giving individual values 

(plus or minus) of distance k' between the concrete surface and the mean 

line. The average of the absolute values was then determined and multiplied 

by two to give an indication of the nominal distance k from low points to 

high points of each sample. The standard de via tion of k' was also deter­

mined. The above procedure was repeated for each of twelve or thirteen sec­

tions of pipe, and an average value of k determined for that type of pipe. 

The above procedure is based on an average straight line (parallel 

to the base plate) over a length of 1.3 ft. If the surface of the concrete 

is characterized by fairly long waves, in addition to a texture roughness, 

the mean line 'may be continuously above (or below) the ooncrete surface over 

long segments of the sample. To avoid this, a smooth curve could be drawn 

through the plotted profile and values of k' determined with reference to 

this fitted curve. This procedure is objectionable because the end result 

depends on (1) the individual drawing the curve, and (2) it eliminates long 

undulations but does include the effects of shortwaves; this results in an ar­

bitrary and variable analysis of wave and texture effects. 
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To assist 'in an analysis of these problems a process was developed 

in which mean lines of four different lengths were used. Considering one 

1.3-ft sample length the data were first analyzed as described above, with a 

mean line over the 1.3-ft length (ilL = 1.3 ft), and a value of k was 

determined. The sample was then split into two aections (or increment lengths) 

each 0.65 ft long (ilL = 0.65 ft) and a mean line computed for each section -_ ...... ---
from the ini t~al dial gage readings. New values of k' were then determined 

for each section, averaged, and multiplied by two to give k for each of the 

two segments. The two values of k were then averaged to give a value of 

k for the complete sample. The sample length was then split into six samples 

(ilL = 0.22 ft) and subsequently into thirteen sections (~L =0.10 ft). 

For example, with ilL = 0.1 ft, a mean line was determined for each of the . 
thirteen segments in to which the sample length was divided and the mean value 

subtracted from each gage reading in that segment yielding values of k'. 

An average of the sixty-six values of k' for the 1.3-ft sample constitutes 

the height k/2. 

Figure 0..4 illustrates the computed values of roughness height k 

as a function of increment length ilL, for24-in. and 36-in. tamped pipe and 

for 36-in. cast pipe. It may be noted that the lines for' tamped pipe are con­

siderably higher and have less slope than the line for cast pipe. This could 

be interpreted as indicating that the cast pipe has a surface texture only 

about one-fourthas rough as the tamped pipe (in the region of ilL = 0.1 ft), 

but surface waves are present which give an apparent roughness about one-half 

that of the tamped pipe for Ill.. = 1.3 ft. While the tamped pipe also in­

cludes waves in therouglmess measurements, they are masked to some extent 

by the high texture roughness. 

An examination of the graphs of surface measurements, similar to 

those of Fig. 0..1, indicates the presence of waves of varying length in the 

pipe surface. 

Figure 0-2 illustrates the summary histograms of k' for the test 

pipes, A high narrow histogram indicates a relatively smooth surface. 

Figure 0-3 illustrates the variation in k between the welve or 

thirteen sections of each type of pipe. Two graphs are presented, on~ for 

ilL = ,0.1 ft and the other for ilL = 1.3 ft. 



Since long waves of low height probably have a relatively minor 

effect on the friction loss, it is suggested that the data for /).L on the 

order of 0.1 ft are the most significant. On this basis it appears that the 

tamped pipe is three to four times as rough as the cast pipe. However, the 

data on frictional resistance, as determined by the hydraulic tests, consti­

tute a better evaluation of the roughness. 
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TABIE C~l . 

SUMMARY DATA ON PIPE-WALL ROUGHNESS MEASUREMENTS 

Roughness Height k x 104 (in.) Standard Deviation u x 104 (in.) 

Type of 
Increment Length 6. L (ft) Increment Length A L (ft) 

Pipe 0.10 0.22 0.66 1.32 0.10 0.22 0.66 1.32 

7.0 13.6 17.8 25.2 h.5 8.3 10.8 15.8 
11.2 15.2 23.8 27.0 7.2 9.3 15.0 17.2 
11.6 17.4 25.2 33.8 7.6 11.5 16.8 22.2 
13.4 21.3 36.5 41.2 9.5 13.7 22.3 24.1 

+l 16.1 22.1 54.4 59.9 10.7 ll~.2 31.6 37.3 tlJ 
C1I 17.2 28.3 54.5 73.8 12.4 IB.O 36.8 45.3 0 

• 20.)~ 33.0 64.5 87.4 14.1 23.0 43.6 53.5 
,::: 24.0 40.8 61~.B 89.6 16.6 29.4 44.7 55.1 'M 
I 27.0 1.12.6 73.3 103.2 18.6 29.9 h5.1 6h.5 '-0 

C"'\ 29.9 44.5 76.2 145.8 21.9 31.0 116.5 86.0 
31.9 57.7 90.4 163.8 22.5 35.4 55.1 99.2 
39.9 63.6 121.5 206.6 24.6 42.7 71.5 116.0 
80.2 105.8 203.5 211.2 54.1 70.8 122.0 128.6 

Total 329.8 505.9 906.4 1268.5 224.3 337.2 561.8 764.8 
Average 25.4 38.9 69.7 97.6 17.3 25.9 43.2 58.8 

42.1 53.3 94.6 30.7 36.3 57.1 
47.0 66.7 lll.2 31.8 42.3 68.2 
62.2 69.9 130.0 40.6 l.a.O 71.9 

'd 63.1 77.9 142.8 42.0 52.8 14.8 Q) 
77.2 103.4 157.4 47.9 61.8 95.5 §' 

@ 82.8 105.8 165.9 58.9 67.9 10).0 8 92.2 112.5 166.0 62.4 73.5 107.2 · 96.8 118.6 191.4 67.3 74.0 112.4 .~ 
I 116.6 138.5 193.0 72.1 84.9 127.i '-0 124.4 144.2 208.0 81.1 93.7 128.9 C"'\ 

137.3 166.6 208.0 88.3 110.0 142.9 
192.4 192.7 247.0 124.3 132.1 152.4 

Total 1134.1 1350.1 2015.3 746.7 876.3 1241.3 
Average 94.5 112.5 167.9 62.2 73.0 103.4 

63.1 82.6 101.5 40.1 52.8 67.0 
68.0 92.L 111.4 42.1 58.9 13.6 
69.4 94.8 111.8 46.7 59.3 14.3 

'd 74.5 98.6 149.0 51.4 64.3 87.9 
Q) 75.6 100.5 163.0 52.5 67.9 111.7 
~ 79.7 110.6 168.6 58.1 75.4 120.1 

8 90.0 110.8 175.8 58.8 87.2 132.2 · 91.2 129.4 204.8 64.0 90.8 132.7 .~ 92.8 138.7 209.2 75;7 92.4 133.3 I 
...::t 107.6 139.3 242.2 85.4 97.3 136.5 C\l 138.6 156.6 287.0 93.5 103.7 181.5 

141.0 161.2 304.0 94.6 104.2 185.7 
218.8 271.0 365.8 144.1 167.9 224.6 

Total 1310.3 1686.5 2594.1 907.0 1122.1 1661.1 
Average 100.8 129.7 199.5 69.8 86.3 127.8 

Spacing of measurements = 0.02 ft. 
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APPENDIX D 

TEST FACILITIES AND PROCEDURES 

Figures .1)-1, D-2, and D-3 illustrate the basic test facill ties used 

in these studies. Water from the rdssissippi River enters the system through 

a self-cleaning mechanical screen, then passes downioTard through a drop shaft, 

horizontally through a flow control baffle, and under a sluice gate into a 

channel 9 ft wide, 6 .t't deep, and 253 ft long. It then passes ovel' a tail­

gate and out to twin vollwetric tanks. In tests of the 36-in. pipe, a bulk" 

head was placed under the sluice gate and the pipe attached to the bulkhead. 

A second bulkhead was placed near the downstream end of, the pipe. This per­

mitted the use of the full 20-ft head available in this facility. 

The tests of the 24-in. pipe were performed prior to construction 

of the sluice-gate bulkhead. For these tests a wooden bulkhead was located 

about 50 ft downstream of the sluice gate. The downstream bulkhead was in 

the same location as for the 36-in. pipe tests. The pipe extended through 

both bulkheads, resulting in a reentrant bell-mouth inlet. The maximum head 

available was 6 ft and the pipe length was restricted to about 193 ft, as 

compared to 241 ft for the 36-in. pipe tests. 

Discharges up to 30 cfs could be obtained with the 24 ... in. pipe 

arrangement and up to 150 cfs with the 36-in. pipe. 

The twin volumetric tanks used to 'measure the discharge have a ca­

pacity of 35,000 au ft each. They have been calibrated by both weight and 

volume methods with a precision of about one-fourth of I per cent. 

ijydraulic gradelines were aetermi,nedby a system of l7,Pitot static 

tubes connected to three types of manometers. The Pitot static tubes, shown 

in Fig. D-2, liere used, in place of piezome-ters to avoid .some of the problems 

encountered in the installation of piezometers in concrete surfaces. 

For high discharges a 20-tube differential manometer .filled with 

Merriam No. 3 gage fluid was used. The specific gravity of the gage fluid 

was checked regularly to insure correct ,results. It was noted that the spe­

cific gravityo.f this fluid changes gradually from 2.97 when first installed 

to about 2.93 after several months use. 
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A differential micro-manometerwas used for small discharges in the 

J6-in. pipe. This utilized two individual wells about 2 inches in diameter. 

Barrel-type micrometers with O.OOl-in. divisions were used to mea.Sllre the 

relative elevationof points which were placed in contact with the water sur­

face. Two units of this type were used, one with maximum differential of 2 

in. and a second VIi th maximum differential of 8 inches. As this system could 

:measure the differential only between two points, it was necessary to use 

special precautions to insure accurate results. Usually, the high discharges 

were measured first; this provided an indication of the zone of flow esta­

blishment and the reliability of individual static tubes which might be used 

with the micro-manometer. Two static tubes, in the zone of established flow 

and about 145 ft apart, were then selectedfor low discharge tests. An addi­

tional static tube was installed at each of these locations and connected in 

parallel to the existing tubes. The micro-manometer was then connected to 

the system. The differential obtained from the system was the drop in the 

hydraulic grade line over a distance of 145 ft. As a check on these data" 

the manometer was sometimes connected to another set of static tubes. 

F,romlO to 20 readings of the differential were taken and averaged 

for each discharge in which the micro-manometers were used in order to reduce 

human errors. The 0 ther manome ters were usually read twi ce as ache ck on the 

person reading the manometer. 

Immediately prior to all manometer readings, the connecting lines 

were flushed with the fresh-water supply system. This eliminated any air 

bubbles whichmight be present and assured a uniform temperature in the mano­

meter lines. 

Measurements involving friction coefficients for pipes flowing full 

Vlere performed with the outlet submerged, l,mless the pipe would flow full 

with a free outlet. These tests were performed first 8,nd then followed by 

measurements of the grade line elevation witha free outlet. The latter were 

performed specifically to obtain data on conditions. near the outlet and were 

not used for the determination of friction coefficients. 

The discharge control was usually the head gate; the flow control 

baffle was sometimes used to insure full flow in the drop shaft and prevent 

air entrainment. 
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The discharge was measuredat least twice and sometimes three times 

duringeach run, to eliminate computational errorsand to checkon any possible 

change' in dis charge. 
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Fig. 0-1 - Diagrammatic Sketch of Experimental Setup 
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Fig. D-2 - View of Static Tubes Installed in the 36-in. Cast Pipe 

Fig. 0-3 - Photograph of Upper Portion of Manometer System 



(a) Joint No. 20 in 36-in. tamped pipe: 
1 .5-in. maximum offset with fillet 

(b) Joint No. 14 in 36-in. tamped pipe: 
0.16-in. maximum offset plus O.3M-in. 
maximum bead height 

Fig. D-4 - Views of Pipe Joints in Laboratory Installations 

(c) Joint No. 23 in 36-in. cast pipe: 
O.M-in. maximum offset plus 0.53-in. 
maximum bead height 
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APPENDIX E ---- .... _ .... -
ANALYSIS OF HEAD LOSS DUE TO JOINTS 

The experimental tests described in this report were restricted to 

24- and 36-in. pipes with averageand .good joints and with a joint spacing of 

8 ft. Additional data 8.re, desirable on pipes wi th bad joints and on pipes of 

other diameters and vario~s joint spacings. As the latter data are currently 

not available, it was considered desirable to analyze the test data -with the 

objective of ew.l"latingthe joint losses to assist in predicting friction co .. 

efficients for various conditions. 

The method used in these stUdies in vol ved the deterrn:.;.nati on of an 

average drag coefficient CD for the joints, based on the projected area of 

the joint irregularlties. Actually, the drag coefficient probably varies for 

each joint in a pipe system, but preliminary efforts to compute the losses 

produced by some of the individual joints were not successful, necessitating 

the use of an average coefficient. 

Referring to Figs. 18 and 19, the drag produced by a joint can be 

expressed as 

where ~ = drag coefficient, 

A. = projected area of the joint irregularity, and 
J 

Ve = velocl ty of flow adjacent to the joint. 

(E-l) 

Several different assumptions can be used with regard to A.; in 
J 

the analysis it is defined as the area of beads pI-u.s both posl ti 'Ie and nega-

tive offsets. Actually, the losses produced by positive and negative offsets 

probably differ, but as they couldnot be separated in the present study they 

have been considered as having the sa.me effect. Division of the area Ai by 

the circumference of the pipe gives an average height of irregularity e. 

-The effective velocity V e is the local velocity at the height e 

away from the wall. Tnis is on the order of 60 per cent of the average ve-

locity of flow for the data associated with this study. 
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The drag force can be converted to a pressure loss in the pipe by 

press'Llre--moment11Tn relationships. Considering stations 1 and 2 i:mmediately 

upstream and downstream of the joint, 

(E--2) 

.~ssuming the average area and velocity upstream and downstream are the sarne 

(this is correct within about 2 per cent), Al = A2 and \71 = V2' so that 

the preceding equation can be expressed as, 

where hj is the head loss, in feet, produced by the joint. 

(E-l) and (E-3), 

(E--.3) 

Combining Eqs. 

(E-4) 

. ~e head loss produced by the joint can also be expressed in terms 

of an equiValent friction factor, 

h = f .e V 
j j 15 2g 

2 

(E-S) 

where .e is the spacing between joints. The head loss, as shown, would be 

in addition to the barrel friction, or 

h = hp + h j and f = f + f p j (E-6) 

where f is the total or measured friction coefficient for a pipe with both 

barrel friction and joint losses, and f is the friction coefficient for a 
p 

pipe with no joints. Then 

2 .e V 2 CD A. P V h. = (f _ f ) ___ =J e 
J p D 2g 2wA 

(E-7) 

Solving for the drag coefficient, 
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(E ... 8) 

In the above expression A is the cross ... se ctional area of the pipe and A. 
J 

is the,projected area of the pipe joints. V is the average velocity of flow 

(Q/A) and Ve is the local velocity at a distance e from the wall. 

Assuming that experimental data are a.vailable on the total friction 

coefficient f and that Aj , D, and e have been measured, Eq. (E-8) con­

tains two unlmowns % and f p ' For a pipe with n' dissimilar joints with 

a spaoing t sufficiently large so that the wake of one joint does not in­

fluence succeeding joints, we can write 

(E-9) 

A solution of Eq. (E-9) is possible if it is further assumed that % is a 

constantfor two different pipe testl:3, one with good joints and the other with 

average joints, by solving two equations simultaneously. Using subscripts 

a and g for average and good joints respectively, 

(E-I0) 

The numerator and denominator on the right side of Eq. (E-lO) can 

be evaluated using the measured values of A. and e a:l.ld the following equa­

tionl [10] for the velocity distribution inJsmooth and rough pipes: 

lThe above equation differs in form and in the choice of constants from 
that usedin the bodyof the report for the computation of local friction fac­
tor. This expression was adopted because it is convenient to use, and is ap­
plicable to both smooth and rough pipes. The difference is very small, in 
any event. 
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v 
.-2. = Jf (2.1, log y/r+ 1.~3) + 1 V . 0 

(E-ll) 

with y = e, and 

f = measured friction coefficient fa or f g • 

Assigning the abbreviated notation B. to the right side of Eq. 
J 

(E-IO) and assuming that it has been evaluated 

f ... f 
fa ... fP = Bj 

g P 
f B. f 

f = a... J g 
P 1 - Bj 

and (E ... 12) 

Thus a hypothetical friction coefficient can be determined for a pipe with 

no joints. However,it should be noted that this is no more than an estimate 

of f. The solution is based on some assumptions and is further restricted p . 
by the fact that boundary layer disturbances caused by the joint irregulari-

ties in a pipe with joints cannot be properly isolated. 

The determination of the total resistance of a pipe with a conti'n'" 

uous series of bad joints may be of more interest than the case of a pipe with 

no joints. The choice of e and A. is somewhat arbitrary and depends to 
J' 

some extenton the definitionof a bad joint. Ass1lllling that these values have 

been selected and that all joints in the pipe are the same, e/r and V /V 
o e 

are fixed (for gi van pipe and Re), although the latter term is unknown. Re-

ferring to Eq. (E .. 8) instead of (E-9), because all joints are the same, 

~ (V,/v'l Aj 

lA/D 

where fb is the total fri.ction factor for a pipe with bad joints. 

'Aj = nne and A = nD2/4, this expression simplifies to 

Combining this with Eq. (E-ll) 

(E-13) 

Since 

(E-14) 
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-
fb ... fp = 4 % t [~ (2.15 loge/ro + 1.43) + 1] . (E-15) 

-With fp determined from preceding computations and e selected for a ser-
ies of bad joints, the only unknown is fb• 

Application of the preceding developments to the e~perimental data 

for 36-in. tamped pipe would utilize the following data from Tables A-1, A-2, 

and E-l: 

£ = 0.01570 } 
a for 

f = 0.01515 g 

Re > 3 x 106 

, d 
f [(V /v/ A.] g = 93.21 and L [(V /V)2 A.] = 400.87 
1 e J . 1 e Ja 

Bj = 400.87/93.21 = 4.307 

Referring to Eq. (E-12), 

fp = 0.01570 - 0.01515 (4.307) = 0.01b99 
1 ... 4.307 

and from Eq. (E-9) 

(0.01570 ... 0.01499) 

400.87 

• 8 x 21 x 1022 ------'",- = 0.10 
3 

In t.",i·s study the definition of a bad joint was arbitrarily based 

on an average of the three worst joints encounteredin the field measurements 

of joint irregularities in 36-in. pipe. Referrin·g to Table B-1, these were: 

-Aj , e e -Joint No. r sq in. in. 0 

3 60.52 0.535 0.0287 

4 52.92 0.468 0.0260 

5 68.80 0.60'8 0.0338 

Average 69.75 0.537 0.0298 
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Solution of Eq. (E-15) witht ;:: 8 ft, fp = 0.01499" CD:: 0.10, 

and e;:: 0.0447 ft resulted in a value of fb = 0.01629 for ,36-in. tamped 

concrete pipe with bad joints. 

The experimental data for cast pipe indicated tHat f varied with 

Reynolds number over the complete test range; thus no limi.ting value of f t 
was obtained. The data were analyzed for four selected values of Reynolds 

number, using the same procedures as were used for the tamped pipe, with the 

following results: 

Re ;x: 10-6 f f f CD fb a g p 

0.5 0.01454 0.01414 0.01384 0.12 0.0154,3 

1.0 0.01300 0.01270 0.01248 0.09 0.01371 

2.0 0.01l69 0.0144 0.01125 0.07 0.012,30 

3.4 0.01076 0.01056 0.01041 0.06 0.01127 

Friction Coefficients for Pipes with Various Diameters 

Experimental data for cast and tamped concrete pipe with various 

diameters and joint conditions would be desirable. In the absence of such 

data, the results of the present study have been us·ed to compute coefficients 

for tampedpipe with diameters ranging from2 to 8 ft. The following equation 

for turbulent flowin rough pipes was used as a basis for this extrapolation: 

r 
.l.... = 2 log k 0 + 1. 74 
../f s 

(E-16) 

Values of ks were computed for the ,36-in. tamped pipe for various joint 

condi tions (Table E-4). These were assumed to be constant regardless of p:j.pe 

diameter,; the value of f was then determined from Eq. (,E..16). This proced­

ure automatiCally assumes that e is a constant and that Aj is proportional 

to pipe diameter. The computed data are included in Table E-4. A trial com­

putation was also madeby asswning that k fora pipe with no joints is con-s 
stant for all diameters; the value of f was determined and added to the p 
computed value of 6f = :f .. fp for the respective diameters. With e a 

constant for all diameters, this results in approximately the same values of 
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:'a' f b , and fg' .but the method wOllld permit the use of some variation of 

e as a function of. diameter if this were considered desirable. 

EKtrapolation of the experimental data for cast pipe by the same 

methods used for tamped pipe is not feasible because values of f e and ks 

cannot be determined. However, it appears reasonable to assume that for a 

selected Reynolds number the value of f will be relatively independent of 

diameter if the surface roughness of the pipe is the same as the 3-ft pipe 

used in the tests. Thus, if the pipe diameter and Reynolds number have been 

determined, a reasonable approximation of f can be obtained from Fig. 21 and 

Table E-5 if ·the cast pipe has a good surface finish. 

The preceding computations and the analysis of joint losses have 

been based on the assumption that % is a constant for the rough pipe regime 

in tamped pipe and that it is a constant for selected value of Reynolds num­

berin the cast pipe • Actually; the value of % probably varies with each 

joint, but in the absence of quantitative data on the values of CD it was 

necessary to make these assumptions and then solve for en. In view of the 

complex nature of this problem, the correlation between data for the 36-in. 

cast and 36-in. tamped pipe is considered reasonably good. As noted in a 

preceding section, the data for 24.;.in. ta.mped pipe do not agree with the 36-

in. pipe datCj. andhave been excluded. It is believed that inaccurate measure­

mentsof the joint characteristicsin the 24-in. pipe Cl.re in part, responsible. 

Due to the smaller pipe size, measurements were much more difficult in the 

24 .. in. than in the 36-in. pipe. 
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TABLE E-1 

JOINT ANALYSIS DATA FOR THE 36-INCH TA}lPED PIPE 

Good Joints Average Joints 

Joint A. - V (V~2 Aj - V (V~ 2A. J - e e - e e 
No. e . A. e -ro V V J ro V V J 

1 1. 72 0.015 0.0008 0.355 0.22 20.45 0.182 0.0101 0.640 8.38 
2 L! .• 94 0.044 0.0024 0.~82 1.15 51.28 0.456 0.02,3 0.750 28.84 
3 2.10 0.019 0.0011 0.393 0.32 29.43 0.262 0.011;5 0.685 13.81 
4 9.65 0.085 0.0047 0.557 2.99 30.52 0.270 0.0150 0.688 14.44 
5 8.60 0.076 0.0042 0.547 2.57 36.36 0.324 0.01~.0 0.710 18.33 
6 15.79 0,140 0.0078 0.620 6.07 h3.01 0.380 0.02:U 0.728 22.80 
7 12.74 0.113 0.0063 0.595 4.51 28.J.a 0.252 O.Cll)jO 0.680 13.16 
8 .8 o 0 o 00 0 1 1 0 a '. 0 O. 2 0.64 
9 B.4L, 0.07.5 0.0042 0.547 2.53 27.04 0.247 0.01.3'7 0.678 12. 3 

10 6.51 0.058 0.0032 0.517 1. 74 37.1.\3 0.334 0.Oi85 0.712 18.97 
11 7.63 0.067 0.0037 0.532 2.16 11. 73 0.104 0.0058 0.578 3.92 
12 11.58 0.102 0.0057 0.582 3.92 37.50 0.335 0.OHi6 0.712 19.01 
13 27.}2 0.242 0.0134 0.680 12.63 24.01 0.212 0.0117 0.660 10.46 

" lLr 9.43 0.083 0.ooLr6 0.555 2.90 35.70 0.319 0.0177 0.706 17.79 
15 9.49 0.084 0.0047 0.557 2.94 37.38 0.3)4 0.0185 0.712 18.95 
16 15.23 0.135 0.0075 0.615 5.76 71.26 0.630 0.0349 0.785 u3.91 
17 11.83 0.105 0.0058 0.584 4.03 28.56 0.256 0.0142 0.682 13.28 
18 10.20 0.090 0.0050 0.567 3.30 24 .• 94 0.223 0.0124 0.665 11.0,3 
19 10.77 0.095 0.0053 0.574 3.55 23.80 0.212 0.0117 0.660 10.37 
20 18.69 0,165 0.0091 0.635 7.54 101.86 0.902 0.0500 0.830 70.17 
21 10.54 0.093 0.0052 0.572 3.45 17.37 0.155 0.0086 0.622 6.72 
22 18.94 0.167 0.0093 0.638 7.71 39.77 0.354 0.0196 0.720 20.62 
23 11.42 0.101 0.0056 0.580 3.84 30.33 0.272 0.0151 0.688 14.36 
24 14.56 0.129 0.0071 0.608 5.38 32.07 0.285 0.0158 0.694 15.44 
25 9.15 0.081 0.0045 0.556 2.83 43.24 0.386 0.0214 0.730 23.04 

,. 26 17.37 0.154 0.0085 0,628 6.85 43.69 0.380 0.0211 0.728 23.16 
27 T.41 0.066 0.0036 0.530 2.08 32.25 0.287 0.0159 0.695 15.58 
28 13.89 0.123 0.0068 0.604 5.07 20.11 0.179 0.0099 0.640 8.24 
29 9.66 0.085 0.0047 0.557 3.00 43.84 0.391 0.0217 0.731 23.42 

TIDtal for joints 9-29 93.21 400.87 

Uni ts in table are inches and square inches. 
Number of joints used in analysis = 21 (joints 9-29). 
Joint spacing = 8 ft. 
Average diameter D = 36.07 inches. 
Gross section of pipe = 1022 sq inches. 
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TABLE E-2 

JOINT ANALYSIS DATA FOR THE 36-INCH CAST PIPE AT Re '" 3.4 x 10 6 

Good Joints Average Joints 

Ve (~2A. - Ve (~\ Joint Aj - A. - e e : J e -No. e 
ro ro V V V. J 

1 12.29 0.109 0.0060 0.655 5.27 26.60 0.235 0.0131 0.728 14.10 
2 13.26 0.117 0.0065 0.665 5.86 45.36 0.400 0.0222 0.780 27.60 
3 21.76 0.192 0.0107 0.713 11.06 26.76 0.236 0.0131 0.728 14.18 
L 8.43 0.075 0.0042 0 .. 623 3.27 16.68 0.148 0.0082 0.684 7.80 
5 12,52 0.111 0.0062 0.660 5.45 40.59 0.La2 0.0262 0.795 25.65 
6 13.76 0.122 0.0068 0.667 6.12 18.07 0 .. 160 0.00R9 0.691 8.63 
7 12.70 0.112 0.0062 0.6f:IJ 5.53 1R.07 0.203 0.0113 0.714 9.21 
8 13.04 0.115 0.0064 0.663 5.73 15.54 0.137 0.0076 0.6 6 10 
9 12.7 0.113 0.00 3 o. 1 • 31. 0.278 0.01514 0.745 17.51 

10 10.08 0.089 0.0049 0.638 4.10 28.10 0.248 0.0138 0.738 15.30 
11 20.82 0.184 0.0102 0.707 10.41 54.82 0.485 0.0269 0.800 35.08 
12 14.82 0.131 0.0073 0.675 6.75 40.89 0.361 0.0200 0.770 24.24 
13 19.59 0.173 0.0096 0.702 9.65 22.01 0.195 0.0108 0.710 11.10 
14 21.21 0.188 0.0104 0.709 10.66 40.29 0~356 0.0198 0.768 23.76 
15 21.77 0.192 0.0107 0.712 11.03 29.55 0.261 0.0145 0.739 16.14 
16 21.04 0.186 0.0103 0.708 10.55 22 .. 96 0.203 0.0113 0.715 11.74 
17 10.15 0.090 0.0050 0.640 4.16 35.23 0.311 0.0173 0.756 20.13 
18 12.70 0.112 0.0062 0.660 5.53 29.73 0.262 0.0146 0.740 16.28 
19 10.07 0.089 0.0049 0.638 4.10 11.81 0.105 0.0058 0.650 4.99 
20 18.72 0.166 0.0092 0.697 9.09 19.93 0.176 0.0098 0.700 9.77 
21 10.65 0.Q94 0.0052 0.643 4.40 13.30 0.118 0.0066 0.663 5.85 
22 14.79 0.131 0.0073 0.675 6.74 32.50 0.287 0.0159 0.751 18.33 
23 19.02 0.168 0.0093 0.698 9.27 43.13 0.380 0.0211 0.775 25.90 
24 7.48 0.066 0.0037 0.610 2.78 25.80 0.227 0.0126 0.725 13.56 
25 11.63 0.103 0.0057 0.652 4.94 31.46 0.278 0.0154 0.744 17.41 
26 1h.81 0.131 0.0073 0.675 6.75 33.89 0.299 0.0166 0.752 19.16 
27 9.81 0.087 0.0048 0.635 3.95 11.32 0.100 0.0056 0.646 4.72 
28 19.94 0.176 0.0098 0 ... 703 9.85 23.73 0.209 0.0116 0.717 12.20 
29 15.89 0.140 0.0078 0.682 7.39 34.97 0.308 0.0171 0.754 19.88 

Total for joints 9-29 147.68 . 343.05 

Units in table are inches and square inches. 
Number of joints used in analysis = 21 (joints 9-29). 
Joint spacing = 8 ft. 
Average diameter D = 35.99 inches. 
Cross section of pipe = 1017 sq inches. 
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TABLE E-3 

JOINT .ANALYSIS DATA FOR THE 24-INCH TAMPED PIPE 

Good Joints Average-A Joints. Average-B Joints 
Joint 

V (~~)2Aj 
V 

(:~2Aj 
V (:rj No .• A. - A. - A. - e e e e e e 

J e J e J e -r V r V r V 0 0 0 

1 20.03 0.260 0.0220 0.725 10.53 16.51 0.219 0.0182 0.690 7.86 16.51 0.219 0.01S2 0.695 7.97 
2 7.12 0.102 0.00S5 0.615 2.92 6.h9 0.086 0.0012 0.570 2.11 6.J .. 9 0.086 0.0072 0.580 2.1S 
3 6.59 0.087 0.0072 0.595 2.33 13.36 0.177 0.Olh6 0.662 5.85 13.36 0.177 O.Olh6 0.668 5.96 
1 1l.23 0.1ll9 0.0120 0.655 u.B2 2.73 0.ll36 0.0030 0.h62 0.58 2.73 0.036 0.0030 O.hn 0.61 
.5 12.37 0.161.+ 0.0140 0.670 5.55 21.25 0.282 0.0233 0.724 11.02 21.25 0.282 0.0233 0.724 11.14 
6 .1.6 0.072 0.0060 0.5 2 10.20 0.1 0.0102 0.617 3.88 10 20 0.1 5 0.0102 062 96 
7 13.54 0.180 0.0150 0.682 6.30 9.79 0.130 0.0108 0.622 3.79 9.79 0.130 0.0108 0.630 3.88 
8 7.78 0.103 0.0085 0.615 2.94 31.61 0.h19 0.0347 0.770 18.74 31.61 0.419 0.0347 0.774 18.94 
9 6.27 0.083 0.0069 0.590 2.18 14.10 0.187 0.0155 0.670 6.33 Ih.l0 0.187 0.0155 0.675 6.aO 

10 4.65 0.062 0.0051 0.552 1.42 1.00 0.013 0.0010 0.325 0.10 1.00 0.013 0.0010 0.335 0.11 
11 7.1u 0.095 0.0079 0.605 2.61 18.19 0.241 0.0200 0.700 8.91 18.19 0.241 0.0200 0.703 8.99 
12 2.75 0.036 0.0030 0.490 0.66 5.23 0.007 0.0006 0.250 0.33 5.23 0.007 0.0006 0.270 0.38 
13 S.8h 0.117 0.0097 0.630 3.51 56.55 0.750 0.0622 0.Sh5 hO.38 18.85 0.250 0.0207 0.710 9.50 
Ih 6.hS 0.086 0.0070 0.590 2.26 15.56 0.206 0.0170 0.6eo 7.19 15.56 0.206 0.0170 0.685 7.30 
15 7.07 0.094 0.0078 0.603 2.57 19.56 0.259 0.0214 0.710 9.86 19.56 0.259 0.021h 0.714 9.97 
16 9.61 0.127 0.0105 0.6hO 3.94 13.00 0.172 O.Olho 0.655 5.58 13.00 0.172 0.0140 0.662 5.70 
17 10.31 0.137 o.onh 0.650 4.35 11.82 0.157 0.0130 0.645 4.92 11.82 0.157 0.0130 0.652 5.02 
IB 7.66 0.102 0.0085 0.615 2.90 13.83 0.183 0.0152 0.665 6.12 13.83 0.183 0.0152 0.672 6.24 
19 15.32 0.203 0.0168 0.695 7.hO 74.17 0.984 0.0814 0.878 57.18 17.62 0.234 0.019L 0.702 8.68 
20 16.79 0.223 0.0185 0.705 S.34 7.68 0.102 0.0092 0.603 2.79 7.68 0.102 0.0092 0.611 2.87 
21 5.60 0.074 0.0161 0.575 1.85 19.11 0.253 o.ono 0.705 9.50 19.11 0.253 0.0210 0.712 9.69 
22 6.17 0.082 0.0068 0.587 2.13 12.39 0.164 0.0136 0.615 5.31 12.39 0.164 0.0136 0.660 5.J .. O 
23 il.65 0.062 0.0051 0.552 1.42 1.00 0.013 0.0010 0.32.5 0.],.0 1.00 0.013 0.0010 0.335 0.11 

Total for joints 7-23 56.78 187.13 109.18 

Average diameter D = 24.11 inches. Average diameter = 24.14 inches. 
Cross section of pipe = 457 sq inches. Cross section of pipe = 458 sq inches. 

Units in table are inches and square inches. 
}-' 

Number of joints used in analysis = 17 (joints 7-23). w 
Joint spacing = 8 ft. '0 
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TABLE E-4 ~ 
0 

FRICTION OOEFFICIENTS FOR IDIPED CONCRETE PIPE WI'J.'H VARIOUS DIAMETERS AND JOINT OONDITIONS 
(Joint Spacing = 8 ft; Re > 3 x 106) 

Jo:i,nt D ro r r r Test Pipe 
Con-

0 0 o 1 A f t ft in. k log'k 2" log it - n~ D = 36.07 inches 
ditions s s sA CD = 0.10 . t 

2 12 1089.32 3.03716 6.07432 7.81832 0.12797 0.01638 0.01056 fp = 0.01499 
III 3 18 1633.98 3.21325 6.42650 8.16650 0.12245 0.01499 0.01081 n = 0.01081 

~ 4 24 2178.64 3.33819 6.67638 8.41638 0.11882 0.014120.01100 12;fp ~ 8.16907 
0 5 30 2723.30 3.43510 6.87020 8.61020 0.11614 0.01349 0.01ll~ 2 log ro/k = 6.42907 
~ 6 36 3267.96 3.51428 7.02856 8.76856 0.11404 0.01301 0.01130 ro/ks = 16~8.83 
0 7 42 3812.62 3.58l23 7.16246 8.90246 0.11233 0.01262 0.01142 ks = 0.01l00 in. :;=:; 

8 48 4357.28 3.63922 7.27844 9.01844 0.1l088 0.01229 0.01152 

2 12 1035.84 3.01530 6.03060 7.77060 0.12869 0.01656 0.01061 fg = 0.01515 
3 18 1553.76 3.19139 6.38278 8.12278 0.12311 0.01515 0.01087 n~ 0.01087 

'8 4 24 2071.68 3.31633 6.63266 8.37266- 0.11944 0.01426 0.01106 1 fg = 8~12447 
5 30 2589.60 3.41324 6.82648 8.56648 ,0.11673 0.01363 0.01122 2 log ro/ks = 6.38447 a 6 36 3107.52 3.49242 6.98484 8.72484 0.1l461 0.01314 0.01135 ro/ks = 1556.78 
7 42 3625.44 3.55937 7.11874 8.85874 0.11288 0.01274 0.01147 kg = 0.01158 in. 
8 48 4143.36 3.61556 7.23112 8.97112 0.11147 0.01243 0.01159 

2 12 879.02 2.94400 5.88800 7.62800 0.13110 0.01719 0.01081 fa = 0.01570 
3 18 1318.53 3.12009 6.24018 7.98018 0.12531 0.01570 0.01106 n2 = 0.01106 

Q) 4 24 1758.04 3.24503 6.49006 8.23006 0.12151 0.01476 0.01125 1 VTa = 7.98186 blI 
CIS 5 30 2197.55 3.34194 6.68388 8.42388 0.11871 0.01409 0.0ll41 2 log ro/ks. = 6.24186 
H 

~ 6 36 2637.06 3.42112 6.84224 8.58224 0.11652 0.01358 0.01154 ro/ks = 13~~~09 
...: 7 42 3076.57 3.48807 6.97614 8.71614 0.11473 0.01316 0.on66 ks = 0.01365 in • 

8 48 3516.08 3.54606 7.09212 8.83212 0.11322 0.01282 0.01177 

2 12 742.2"4 2.87055 5.74110 7.48110 0.13367 0.01787 0.01103 fb = 0.01629 
3 18 1113.36 3.04664 6.09328 7.83328 0.12766 0.01630 0.01127 n2 = 0.01127 
4 24 1484.48 3.17158 6.34316 8.08316 0.12371 0.01531 0.on4S 1 tfib = 7.83496 

'd 5 30 1855.60 3.26849 6.53798 8.27793 0.12080 0.01459 0.on61 2 log rolks = 6.09496 
CIS 

p:j 6 36 2226.72 3.34767 6.69534 8.43534 0.11855 0.01405 0.01174 ro/ks = 1115.54 
7 42 2597.84 3.41462 6.82934 8.56934 0.11669 0.0136a 0.01186 ks = 0.01617 in. 
a 48 2968.96 3.47261 6.94532 8.68532 0.11514, 0.01)26 0.01197 

Ooefficients are based on tests of 36-L~. tamped concrete pipe. 
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TABLE E-5 

FRICTION AND DRAG COEFFICIEN'lS FOR CAST CONCRETE PIPE ~JITH VARIOUS DIAMETERS AND JOINT OJNDITIONS 

No Joints Good Joints Average Joints Bad Joints 

V -6 D :f f f fb CD fps Re x 10 it n n n ~ p p g g a a 

3 0.5 2.175 0.01384 0.00984 0.01413 0.00994 0.01453 0.01008 0.0157h 0.0101.!9 0.120 
3 1.0 1.(.3'50 0.01248 0.01049 0.01266 0.01056 0.01291 0.01067 0.01359 0.01095 0.090 
3 2.0 8.700 0.01125 0.01118 0.011)8 0.01124 0.01156 0.01133 0.01205 0.01157 0.075 
3 3.4 14.790 0.01041 0.01175 0.01050 0.01180 0.01063 0.01187 0.01098 0.01206 0.060 

5 0.5 1.305 0.01384 0.00984 0.01418 0.00915 0.01464 0.00929 0.01585 0.00967 0.120 
5 1.0 2.610 0.01248 0.01049 0.01268 0.00971 0.01298 0.00983 0.01376 0.01011 0.090 
5 2.0 5.220 0.01125 0.01118 0.01140 0.01034 0.01161 0.01043 0.01217 0.01068 0.075 
5 3~4 8 .. 874 0.01041 0.01175 0.01052 0.01084 0.01067 0.01092 0.01107 0 .. 01112 0.060 

8 0.5 0.816 0.01384 0.00984 0.01423 0.0848 0.01475 0.00863 0.01611 0.00902 0.120 
8 1.0 1.631 0.01248 0.01049 0.01273 0.0900 0.01305 0.00911 0.01393 0.00941 0.090 
8 2.0 3.262 0 .. 01125 0.01118 0.01143 0.0957 0~01l67 0.00967 0.01229 0.00992 0.075 
8 3.4 5.546 0.01041 0.01175 0.01053 0.01004 0.01071 0.01012 0.01115 0.0103.3 0.060 

2.175 0.5 3 0.01384 0.01038 0.01414 0.01049 0.01454 0.01064 0.01543 0.01096 0.120 
4.350 1.0 3 0.01248 0.00986 0.01270 0.00995 0.01300 0.01006 0.01371 0.01033 0.090 
8.700 2.0 3 0.01125 0.00936 o.on41~ 0.00944 0.01169 0.00954 0.01224 0.00976 0.075 

14.790 3.4 3 0.01041 0.00901 0.01056 0.00907 0.01076 0 0 00916 0 .. 01127 0.00937 0.060 

T = 550 Fj v = 1.305 x 10-5 ft2/secj D = Re v/V; e = 0.01095 ft; g 
e = 0.02145 ftj a ab = 0~04475 ft 

r-' 
~ 
r-' 
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A P PEN D I X F 

TRANSITION FROM SMOOTH-PIPE TO ROUGH-PIPE FLOW IN TAMPED CONCRETE PIPE 
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APPENDIX F 

TRA:NS,ITION FROMSMOOTf.l-PIPE TO ROUGH .. PIPE FLOW IN TAMPED CONCRETE PIPE 

The experimental data on the Darqy friction factor for 24- and 36-

in. machine tamped pipe indicated that the transition from the smooth-pipe 

to the rough-pipe regime did,not agree with the Colebrook equation. When the 

data are plotted in the form shown in Fig. 23 the transition for the tamped 

pipe is between the Colebrook curve and the Nikuradse curve for pipe with 

uniform sand grain roughness. As the transition is dependent on the type of 

roughness elements forming the pipe boundary, it is not surprising that this 

dif~erence exists. 

The semi-empirical curve which provides a reasonably good fit for 

the SAF experimental data is as fol]ows: 

r 1 --
,If 

2 log..2. = 
ks 

[ 1.56 311 104 J 
1.74 - log 1.002 - (~AJ + (~X<!r (~J 

for 4S"* ~400. 
o s 

(F-l) 

This expression is tangent to the smooth-pipe curve (l/~ = 2 log 

Re ~ - 0.8) at 

and to the rough pipe equation 

RelL = 4 
r k o s 

(l.jf = 2 log r /k + 1.74) at Re.jf = 400 
o s r:7k:' o s 

As noted ina preceding section the Darcy friction factor for 36-in. tamped 

pipe 1S relatively constant for Reynolds numbers above 500,000. The corre­

sponding value of the parameter 
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~ o s 

is about 47. Considering the data for both 24- and 36-in. tamped pipe" with 

both good and average joints, a transition equation could be written tangent 

to'the rough pipe equation at about 

Re#: := 50 
r k 

o s 

rather than the value of 400 actually used. However" the latter value is 

customarily defined as the demarcation between the rough-pipe regime and the 

transi tion zone and was usedin the present analysis. The suggested equation 

showslittle variation (aboutl.6 per cent) in tho value of l/,jf -2 logr /k 
o s 

.for 

Equation (li'-l) is somewhat complex but this need not be of concern 

because a tabulated solution of the equation is j_ncluded in Table F-l. 



~ . k r s. 

ro ro 

-.c; 1/ ./f - 2 1dg K 
s 

100 He 
f 

200 Be 
f 

500 Re 
f 

1000 Be 
f 

2000 He 
f 

SOOO Be 
f 

10,000 He 
f 

20,000 Be 
t 

4 

TABLE F-1 

TABULATED DATA FOR THE SAF GENERAL RESISTANCE DIAGlWI 
(For Uniform Flow in Tamped Concrete Pipes) 

6 10 20 40 60 I 100 200 400 I 

J 
I 

0.40405 0.74602 1.13147 1.50587 1.67592 1.71352 1.73242 1.73913 I 
1.73998 i 

I 

i 

1.76 x 103 2.85 x 103 5.13 Jt 103 1.10 x 104 2.27 x 104 3.43 x 104 5.73 x 104 1.15 x 105 2.30 x 105 ! 

0.05156 0.04440 0.03798 0.03300 0.03104 0.03063 0.03043 0.03036 0.03035 

4.00 X 103 6.42 x 103 1.15 Jt 104 2.44 x 104 5.02 x 104 7.58 x 104 1.27 x 105 2.54 x 105 5.07 x 105 
0.03990 0.03496 0.03042 0.02680 0.02537 0.02507 0.02492 0,02487 0.02486 

1.16 x 104 1.84 X 104 3.26 ~c 104 6.90 x 104 1.41 x 105 2.13 x 105 3.56 x 105 7.14 x 105 1.43 x 106 
0.02971 0.02649 0.02346 0.02098 0.01998 0.01977 0.01967 0.01963 0.01963 

2.56 x 104 4.05 x 104 7.13 x 104 1.50 x 105 3.07 x 105 4.63 x 105 7.73 x 105 1.55 x 106 3.10 x 106 
0.02438 0.02197 0.01967 0.0177$ 0.01697 0.01680 0.01672 0.01670 0.01669 

·5.60 x 104 8.82 x 104 1.55 x 105 3.24 x 105 6.62 x 105 9.98 x 105 1.67 x 106 3.34 x 106 6.67 x l..06 
0.02037 0.01852 0.01672 0.01521 0.01459 0.014l!6 0.01440 0.01437 0.01437 

. 5 5 5 5· 6 6 6 6 7 1.56 x 10 2.44 x 10 4.26 x 10 8.93 x 10 1.81 x 10 2.73 x 10 4.56 x 10 9.14 x10 1 .. 83 x 10 
0.01643 0.01508 0.01375 0.01261 0.01215 0.01205 0.01200 0.01198 0.Oll98 

3.36 x 105 5.25 x 105 9.13 x 105 1.90 x 106 3.87 x 106 5.83 x 106 9.13 x 106 1.95 x 107 3.90 x 107 
0.01LJ.6 0.01307 0.OU99 0.01107 0.01068 0.01060 0.01056 0.01054 0.01054 

7.20 x 105 1.12 x 106 1.95 x 106 4.04 x 106 8.22 x 106 1.24 x 107 2.07 x 107 4.14 x 107 8.27 x 107 
. 0.01233 0.01144 0.01056 0.00979 0.00947 0.00940 0.00936 0.00935 0.00935 

------ . __ ._ .. -

'rhie t.ab1e gives the magnit.udes of Reynolds number He and corresponding friction coefficient. f for various values of 
r /t, calc::ulat.ed fl'O!ll the parameters indicated in t.he upper two rows. 

o • 

E! 
0-. 
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APPENDIX G -- ........ - ... ~--
ELEVATION OF HYDRA ULIO GRADE LINE AT OUTLET OF PIPE 
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TABLE G-l CD 

SUW.iARY DATA ON HYDRAUT.-J:C GRADE LINE AT PIPE OUTLET 

36-Inch Cast Pipe 36-Inch Tamped Pipe 24-Inch 'lamped Pipe 

Average Joints Good Joints Average Joints Good Joints Average-B Joints Good Joints 
Run Q y Run Q y Run Q y Q y Run Q y Run Q y Run -;sri 
No. "iJfl IT No. '"i?f2 D No. '"i?f2 'D No. D IT No. '"i?f2 IT No. '"i?f2 D 

125 9.45 0.583 160 9.65 0.567 42 2.73 0.806 69 9.01 0.540 82 4.08 0.853 99 5.01 0.811 
126 9.16 0.600 161 9.54 0.567 43 1.86 0.661 70 9.02 0.540 83 4.08 0.853 100 5.01 0.8ll 

~ 132 9.42 0.573 162 . 9.44 0.577 44 1.20 0.538 79 3.18 0.880 93 3.73 0.873 101 4.43 0.834 
't:l 134 9.60 0.573 163 9.24 0.573 45 0.46 0.332 80 3.06 0.873 94 2.79 0.828 102 4.43 0.834 
Q) 135 9.11 0.567 164 9.82 0.557 52 7.96 0.560 99 8.78 0.567 95 2.00 0.698 103 3.79 0.880 
.~ 139 9.14 0.577 165 9.16 0.573 53 7.55 0.593 100 8.65 0.567 117 5.13 0.791 
b 54 7.08 0.650 103 9.12 0.550 126 4.90 0.831 
~ 61 7.75 0.573 ll4 8.00 0.560 127 4.22 0.851 
0 63 2.64 0.793 115 7.96 0.563 128 3.58 0.886 
z 64 7.30 0.590 116 7.04 0.640 129 2.36 0.761 

65 6.95 0.647 117 5.76 0.700 130 1.71 0.631 
ll8 7.57 0.560 

136 7.88 0.970 166 7137 0.953 55 6.61 0.950 71 7.85 0.907 92 4.61 0.920 
137 5.88 0.960 167 5.96 0.967 56 6.68 0.940 72 8.26 0.667 

~ 138 4.19 0.933 168 5.05 0.960 57 6.30 0.927 73 7.97 0.913 
58 5.66 0.920 74 7.22 0.920 

't:l 59 5.31 0.923 75 6.39 0.923 
Q) 60 4.87 0.933 76 5.64 0.940 
.~ 62 6~85 0.850 77 4.81 0.930 C1l 

~ 66 6.68 0.957 78 4.09 0.920 
rS 101 8.13 0.717 

~ 
102 7.00 0.943 
104 7.80 0.927 

til 105 6.23 0.933 
106 5.48 0.937 
III 7.02 0.917 
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