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DRAINAGE OF LEVEED AREAS IN 

MOUNTAINOUS VALLEYS 

By GORDON R. WILLIAMS,: Assoc. M. Am. Soc. C. E. 

Sy Synopsis 

Various methods of disposing of the drainage from streams tributary to 

leveed areas are outlined in this paper. Brief consideration is given to the 

characteristics of these methods in fulfilling the design criterion that local 

drainage must be disposed of without causing damage appreciably greater than 

if the streams could flow unobstructed to the main river at low stage. 

The details of a method of analyzing local hydrology and developing 

, capacities of drainage structures under various conditions are presented. 

_ Graphs show volumes and rates of rainfall and runoff used in the design storms 

_and floods, and relations between selected capacities and available storage for 

numerous designs for drainage structures. 

INTRODUCTION 

The drainage of leveed areas on the flood plains of deep valleys results in 
‘more problems, and fortunately more possible solutions to those problems, 

than does the drainage of other types of leveed areas. For example, in provid- — 

“ing for local drainage of areas behind levees in the lower Mississippi River 
Valley, in general there is no alternative but to install pumping stations, as 

there is no opportunity for providing head or storage for other types of works. 

Also, the drainage of an urban area in relatively low country already provided 

with a storm-water drainage system can be disposed of only by a pumping 

station directly connected to the outfalls. 

The problems of levee protection and subsequent local drainage in a moun- 

‘tainous valley may differ from those in level or rolling country in the following 

respects: 

(1) Levee protection is usually justified only for urban areas, in which case 

right-of-way costs will be high; 

Norz.—Written comments are invited for immediate publication; to insure publication the last dis- 

‘cussion should be submitted by May, 1942, Opening discussion on this paper appears elsewhere in this issue, 

1 Hydr. Engr., U. 8. Engr. Office, Baltimore, Md. 
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4 DRAINAGE OF LEVEED AREAS Papers 

(2) The narrowness of the flood plain and the concentration of buildings 

limit the space for, and type of, structures to be built; 

(3) The topography increases the drainage area tributary to the leveed 

area; and 

(4) The topography requires that drainage be provided for streams whose — 

hydrologic characteristics may differ from those of the protected areas. 

Conditions (1) to (4) have been encountered in connection with flood- 

protection projects on the North and West branches of the Susquehanna River 

in Pennsylvania at the communities of Wilkes-Barre, Hanover Township, 

Kingston, Edwardsville, Plymouth, and Williamsport. The hydrologic pro- 

cedures to be presented in this paper were developed particularly for the design 

of the protective works at Hanover Township, Plymouth, and Williamsport. 

Locat DRAINAGE REQUIREMENTS 

Authorized projects of the U. 8. Engineer Department for the protection 

of communities specify the river against which protection is to be provided. 

The degree of protection afforded against the specified river is based on studies 

of past floods and economic considerations. The adopted project usually 

provides for a substantial freeboard against the confined flow of the greatest 

known flood. A corresponding degree of protection is not required against 

flows from tributaries that pass through leveed areas, but it is required that 

the protective works on the main river shall not aggravate conditions caused by 

floods on the tributary streams. If a community desires flood protection from 

a tributary stream, or any other local improvements not a part of an authorized 

project, it must obtain authorization from Congress, which in turn may request 

the U. 8. Engineer Department to make additional investigations for such 

improvements. Flood protection from small tributaries is very rarely justified. 

The problem of preventing conditions within the leveed area from being no~ 

worse than if the tributary stream could flow unobstructed to the river is a 

difficult one and requires the consideration of a variety of situations. It is 

obvious from a hydraulic standpoint that a perfect solution is not possible, but 

from a damage standpoint a satisfactory solution can be obtained. In other 

words, it is possible to dispose of interior runoff at a rate that will prevent local 
damage from being appreciably greater than with no leyee and the river at low’ | 
stage. Benefits resulting from the fact that the main river has been prevented 
from entering the leveed area do not affect the economics of the local drainage 
problem because the elimination of main river damage has already been con- 
sidered in determining the justification for the entire project. 

There are two conditions for which the effect of floods on local tributaries 
must be considered: 

(a) When the main river is at low stage and normal drainage to the river 
can take place; and 

(6) When the river is at or above flood stage and special drainage works 
must be provided, . 
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On the North Branch of the Susquehanna River conditions (a) and (6) are 
largely confined to well-defined seasons and therefore require a detailed study of 
probable hydrologic conditions that are characteristics of those seasons. 

Metuops oF Disrosinc oF LocaAL DRAINAGE 

; There are six basic methods of disposing of local drainage from tributaries 

passing through leveed areas. These methods are: (1) Levees or walls along 

the tributary stream, (2) culvert with floodgate, (3) pressure conduit, (4) 

diversion channel, (5) storage reservoir, and (6) pumping station. Any of 

these methods may be used alone, but two or more are customarily used in com- 

bination. The selection of any method or combination of methods is based on 

_ studies of comparative costs and consideration of special local conditions. 

(1) Levees or Walls Along the Tributary Stream.—From the standpoint of 

simplicity this method is to be preferred. However, it may be relatively costly 

for small tributaries or those with a drainage area of less than about 50 sq 
‘miles. The levees or walls must be extended upstream along the banks of the 

‘tributary to high ground and must be at an elevation sufficient to provide 

freeboard under all reasonable combinations of coincident discharges at the 
_ outlet of the tributary. If the tributary flows through an urban area, right-of- 

way costs for levees or walls may be prohibitive. Some tributaries along the 

Susquehanna River enter the flood plain at right angles to the course of the 

| main river and then flow parallel to the river, sometimes for several miles, 

before finally emptying into the river. Under such conditions levees along 

the banks of a tributary become a major project in themselves. Levees or 

"walls may be constructed part way up a tributary to connect with other works, 

such as a pressure conduit or pumping station. Levees have been provided in 

the Susquehanna River projects only on Lycoming Creek at Williamsport, 

which has a drainage area of 269 sq miles, but they were considered for other 

- tributaries much smaller in size. 
(2) Culvert with Floodgates.—Relief culverts with floodgates are used for 

floods occurring when the river is at low stage. Floodgates will pass local 

drainage at any stage in the river, provided there is sufficient differential head 

resulting from ponding at the intake. The selected size of culvert depends 

upon the design inflow and the allowable ponding elevation at the entrance. 

The latter elevation is dependent on the damage that will result from ponding. 

Obviously it is impossible to eliminate all ponding at the levee and still obtain 

an effective head on the culverts. Where conditions require excessively large 

- batteries of culverts, there may be justification for providing smaller openings 

in combination with a fuse plug in the levee that can be blown out if conditions 

warrant. Relief culverts and floodgates have been constructed or planned at 

“every point of natural outlet at levees in the Susquehanna River projects. 

(3) Pressure Conduit.—A pressure conduit may be used if there is sufficient 

head. The total energy head or difference in elevation between stage in the 

river and the energy elevation at the entrance must be sufficient to overcome 

losses in the conduit and to produce velocity of flow under various combinations 

of river stage and conduit discharge. To obtain the head it is usually neces- 

4 
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sary to place the entrance some distance from the main river, resulting in a 

reduction in the area diverted and an increase in the length of the conduit. 

Pressure conduits are most practicable where the flood plain is narrow so that 

the construction and right-of-way costs are at a minimum. Sometimes the 

conduit can be laid in the original stream channel, but if that channel has been 

used as an outlet for storm-water drains, a separate intercepting sewer must be 

built or connections with gates or valves provided in the conduit. Pressure 

conduits also require supplementary works consisting of a pumping station 

and a relief culvert. The pumping station is required to dispose of runoff 

from the undiverted area and runoff from the diverted area in excess of the 

capacity of the conduit. The latter runoff will usually occur during low stages 

in the river and will pass through the relief culverts. The only pressure con- 

duit under construction in the Susquehanna River flood-control projects is on 

Toby Creek at Kingston, but others have been considered. 

(4) Diversion Channel.—Diversion of tributary streams to a point outside 

of leveed areas is usually practicable only when a stream is close to the limits 
of the protected area. In such cases changing the natural course of a tributary. 

is often the most economical procedure. However, if the fall from the point 

of diversion to the river is great, and if there are highways and railroad tracks 

to be crossed, the costs of drop structures and bridges may indicate that some 

other method is more economical. Diversion channels have been planned for 

Coal Creek at Plymouth (diverted area, 1.6 sq miles) and Millers Run at 

Williamsport (diverted area, 7.8 sq miles). 

(6) Storage Reservoirs.—Under certain combinations of favorable conditions 

it may be economical to construct storage reservoirs to impound the runoff of 

tributaries during floods in the main river. Reservoirs may be located at 
levees or at higher elevations farther upstream. In order to satisfy the cri- 

terion adopted for the design of local drainage structures, the reservoir need 

not provide flood control during low stages in the main river and hence has 

only to provide storage for the limited period in which the relief culverts can- 

not operate. Such reservoirs may be effective with only 2 or 3 in. of storage 

instead of the 6 in. usually considered necessary for flood control. Reservoirs 

with dams must be constructed back in the hills where dam sites are available, 

in which case there usually will be a considerable uncontrolled area, the runoff 
from which must be pumped. In addition, the usual relief culverts must be 
provided for floods not controlled by the reservoir. Reservoirs with dams 
have been considered but never found to have been justified in the solution of 
levee drainage problems in the Susquehanna River Basin; but reservoirs 
adjacent to levees have played an important part in the solution of such 
problems. ; 

(6) Pumping Station.—If the hydrographs for design floods are routed 
through existing ponding areas and constrictions in the channel and valley of a 

tributary stream, it often will be found that, with only a relatively small rate | 
of outflow, water-surface elevations can be kept close to conditions prior to the 
construction of the levee. Hence, a pumping station is used more than any > 
other method to satisfy the drainage criterion. Such pumping installations } 
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usually take full advantage of the modifying effect of available storage ad- 
jacent to the levee. Such storage is usually in low marginal areas where 
development has been limited and where damage will be slight. The chance 

_ that such areas may be developed and filled after the levee is built must be 
considered and requires an appraisal of possible future development. Relief 
culverts must be provided in connection with pumping stations to dispose of 
runoff that may occur when the river is at low stage. A total of eleven pump- 

_ ing stations is planned, for unsewered or partly sewered areas on Susquehanna 
_ River levee projects in Pennsylvania. An additional eleven pumping stations 

are planned for completely sewered areas. 

LocaL HypRroLogy 

The determination of appropriate rates and volumes of runoff to be used in 

the determination of the capacities of drainage structures is exceedingly diffi- 

cult, especially when there are no available records in the immediate vicinity 
of a project. It requires a consideration of the seasons in which different 

conditions may occur, an analysis of rainfall and runoff characteristics of these 

seasons, and a determination of the runoff characteristics of each sub-area to 

be drained. In usual storm-water drain design it is considered necessary only 

to determine peak rates of runoff, and the effect of storage is neglected. In 

_ the design of drainage structures for natural areas behind levees, it is necessary 

to route complete hydrographs through existing and proposed ponding areas 

in order to determine the modified peak rates for which to provide. The 

3 hydrologic problem is to determine, as well as to route, hydrographs that have a 

- reasonable probability of occurrence under different conditions. 

Basic Data.—It is desirable to have actual records or estimates of stage in 

~ the main river, of runoff from the tributaries, and of local rainfall and snowfall. 

If the main stream is important as is the Susquehanna River, long records of 

stage are usually available or can be determined from near-by places by means 

of gage-relation curves. Continuous records of stage on the North Branch 

at Wilkes-Barre began in 1896 and on the West Branch at Williamsport in 1895. 

The tributary creeks, on the other hand, are small and have been considered 

_ too unimportant to be gaged. On some there are a few flood marks that make 

- it possible to estimate the maximum floods known to the residents. For the 

most part there are no records on which to base times of concentration or unit- 

_ hydrograph characteristics. 

Rainfali records at nonrecording gages are available at many places in the 

Susquehanna River Basin, and some of the records have been kept for 45 years 

or more. Unfortunately, there are only two recording gages in the basin in 

- Pennsylvania upon which to determine the frequency of rainfall intensities of 

- ghort durations. These gages are located at Harrisburg and Scranton. All 

these records have been analyzed and form the initial basis for determining the 

capacity of drainage structures. 

In order to obtain more reliable data on the runoff characteristics of the 

small drainage areas adjacent to active or proposed flood-control projects, the 
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U. 8. Engineer Department has established, in cooperation with the U. S. 

Geological Survey, a number of gaging stations on small areas. The smallest 

areas on which gaging stations were established are listed in Table 1. 

A recording rain gage was 

TABLE 1.—Gaaine Stations on Smatn also established on the head- 

AREAS IN THE SUSQUEHANNA RIVER waters of Solomon Creek. The 

BASIN IN PENNSYLVANIA new system of recording rain 

gages established by the Federal 

No. Stream Place Areas State Flood Forecasting Service 

1 | Paxton Brook Harrisburg 11.2 of Pennsylvania is proving of 

@ edt Ny ti Routt Williamsport 13-4 increasing value in connection 
4 Grafius Run Williamsport 3.1 with newly established stream 

gaging stations. These stream- 

flow and rainfall gages, even 

when in operation for only one 

flood season, often give information that results in the saving of large sums of 

money in the design of drainage structures. 
Flood Season.—The flood season on the Susquehanna River was determined 

from an analysis of stage records at Wilkes-Barre. The number of flood peaks 

in the record above damage stage are as follows: 

2 Drainage area in square miles. 

Month No. Month No. 

Oph ODOr es. oo Smee sites 3 AVP Se Gs. yee 6 
November.......... 3 MSY ties de ticn<oeeraale 1 

December.......... 1 JUNG Ca ,e thoy 0 

VAMLUATY;<nis heres shes ta 3 UL Visssysiageisidic sia eae 2 

BODUBTY Succ lon 4 AUSUBG nc ws oa eee 0 

IAT OD oiccaae fash 13 September.......... 0 

It is evident that 83% of the peak damage stages have occurred in the season 

from November to April, inclusive, and that March and April are the most 

severe flood months. The purpose of defining the flood season is to determine 
when the drainage structures will be used and what rainfall and runoff condi- 

tions can be expected during the period of use. Runoff from snow cover can — 
be expected throughout the selected season. If the season had been extended 
farther to include October and May, the absence of snow runoff and the in- 
creased losses from infiltration would counteract the higher rainfall rates to be 
expected during those months. 

Rainfall in Flood Season.—It should be emphasized that the drainage areas 
under consideration are so small that point rainfall data are sufficient for winter 
storms and lead to a desirable factor of safety for summer storms, and that 
area-depth relations need not be introduced to add to the complexity of the — 
problem. A study was made first of 1-day and 2-day peak rainfalls in the 

=— 

flood season for eighteen stations in northeastern Pennsylvania. The exces- 
sive rainfalls were tabulated by months and then combined into a seasonal 
record. The frequency of the various rainfall depths was computed and plotted 
and mean curves drawn. A summary of the results is shown in Table 2. 
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_ Considering that the rainfall depths were obtained from calendar-day records 
of rainfall, and that the actual durations of the rainfalls probably varied over a 
wide range, there is a remarkable correlation between the results. This is 

_ due in part to the fact that winter storms cover wide areas and cause a rela- 

vA 

TABLE 2.—Summary or Rarnratt Records FOR THE SHASON, 
NOVEMBER TO APRIL, INCLUSIVE 

RAINFALL, IN INcHES? 
Eleva- Length 

Station tion, in e 
. ft above | record 5 Years 10 Years 15 Years (Pennsylvania) Tenn ee 

sea level | years 

1-day 2-day 1-day 2-day 1-day 2-day 

(a) SusquEHaNNA River Basin 

| Wilkes-Barre........ 544 44 1.8 2.3 2.0 2.7 2.1 2.9 
BeSCranton.........6.- 746 39 2.0 2.3 2.2 2.6 2.4 2.8 
Sevorest City......... Bais 18 1.9 2.4 2.2 ei 2.3 2.9 

BROWANGS <i) e fs. 4s5 f 754 44 1.9 2.3 2.2 2.6 2.4 2.8 
Montrose........... 1,656 36 iy 2.0 2.0 2.3 Pal 255 
Viorris Run...::...- nes 14 2.2 2.9 O37 3.2 2.9 3.5 
Lawrenceville....... 1,000 43 1.9 2.3 2.2 2.7. 2.4 2.9 
Wellsboro...........} 1,319 43 2.1 2.6 2.4 3.0 2.6 3.2 

BPATISONIA. 6. acne oe 1,136 26 1.6 2.3 1.8 2.7 1.9 3.0 
Williamsport........ 542 43 222, Dd 2.4 3.1 2.6 3.3 
Lock Haven......... * 654 43 2.0 2.4 22 2.8 2.3 3.0 

- Muncy Valley....... 864 28 2.2 DI 2.5. 3.1 2.7 3.4 
© Catawissa........... 520 28 2.0 2.6 2.3 2.9 2.5 3.2 

(b) DeLaAwaRE RIVER Basin 

Pleasant Mount?..... Bao Se 15 212 250) 2.4 2.8 2.6 2.9 
ee Preeland?........... 1,900 25 2.2 2.9 2.5 3.3 2.7 3.5 

Gouldsboro......... 1,890 25 2:2 2.9 2.5 3.1 2.6 3.3 
- Mount Pocono....... 1,740 24 2.6 3.3 2.9 3.9 3.1 4.2 
@Stroudsburg......... 500 23 22 2.8 2.5 3.1 2.6 3.4 

4 

7a Rainfall to be equaled or exceeded once in the period indicated. ® On divide between Susquehanna River 
and Delaware River basins. 

2 _ tively uniform distribution of precipitation. Such a correlation, which has 
__ been anticipated by other investigators,? should not be misconstrued as indi- 

cating a high degree of accuracy in the frequency-depth relations. Some 

other period of record might show a similar correlation but not the same 

_ frequency-depth relations. 
Because the critical rainfalls on small areas are those of high intensity and 

- short duration, records of calendar-day rainfall have little application except 

_ where extensive flood storage is planned. It is believed, however, that these 

rainfalls can be used as an index of the possible regional variations in rainfalls 

of shorter durations. Furthermore, the data in Table 2 indicate that, for the 

~ winter season, the increase in depth of rainfall with decrease in frequency is 

relatively small. For example, the average increase in the expected depth of 

rainfall between the 5-yr and 10-yr frequencies or between the 10-yr and 15-yr 

frequencies is only about 10%. This characteristic of the winter storms is 

as 2 “The Reliability of Rainfall Intensity-Frequency Determinations,” by C, W. Thornthwaite, Transac- 

i. tions, Am. Geophysical Union, Pt. IJ, 1937, pp. 476-484, 
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significant in the design of drainage structures and indicates that the degree 

of protection against interior flooding can be increased often without a large 

increase in expenditure. a 

In order to obtain data on the winter rainfalls of short duration, the original 

charts for the recording gages at Scranton and Harrisburg were studied. All 

peak rainfall depths for durations of from 5 min to 12 hr were determined. 

The rainfall depths for each duration were arranged in order of magnitude, and 

the frequency with which each value was equaled or exceeded was computed 

and mean curves drawn. Frequency curves for the Scranton record, which 

differ but little from those obtained from the Harrisburg record, are shown in 

Fig. 1. Total depths of rainfall, instead of hourly rates, were used because 

they can be applied directly to unit hydrographs and because depth-frequency 

curves when plotted on semilogarithmic paper indicate straight-line relations. 

The computed frequencies for the rainfalls of all durations, including the 

1-day and 2-day rainfalls, were determined by the formula 

in which N = length of record in years; m = serial number of each item, when 

items are arranged in descending order of magnitude; and f = frequency, in 
years, with which any item will be equaled or exceeded. Eq. 1, which is based 

on the theory of least squares, has been universally accepted in estimating 

flood-peak frequencies but has been rarely used in determining rainfall fre- 

quencies. No doubt the reason is that rainfall records furnish more items for 
analysis, and investigators have considered that theoretical adjustments to 

available records were not necessary. The formula is just as applicable to one 

type of frequency analysis as it is to another, including the construction of 
duration curves.® 

Design Storm for Flood Season.—In selecting a design storm there are two ~ 

possible courses of procedure. One is to use the actual rainfalls from some 

severe storm of record in the flood season, and the other is to derive a synthetic — 

storm from rainfalls of equal frequency. The first method may result in either 

under-design or over-design of drainage structures unless the characteristics 
of the design storm are compared carefully with many other storms, particu- 
larly those that have occurred during high stages in the main river. The 
second method, which was chosen for use in the Susquehanna Basin, results in 
a storm that is rarer than the indicated frequencies of the component rainfalls 
but eliminates to a large extent the uncertainties resulting from the use of a 
particular storm. This procedure has been suggested by other engineers.*® 

An examination of the rainfall depths in Table 2 indicated that the studies _ 
of the recording gage record at Scranton could be applied to areas in the | 

: acca Curves,”’ by H. Alden Foster, Transactions, Am. Soc. C. E., Vol. 99 (1934), pp. 1213-1267. 
J iscussion by Merrill M. Bernard of “Relation Between Rainfall and Run-Off f Area,”’ by W. W. Horner and F. L. Flynt, Transactions, Am. Soc. C. Es Vol. 101 (1936). p. Hae ee 

5 “Storage Basi S sho. 99 sae 5 : 
Movember: 5. 40, ran 7 at SY ae to Storm Sewer Capacity,” by John A. Rousculp, Civil Engineering, 
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of Williamsport, the rainfalls of short duration were increased by the ratio 
between the Williamsport and the Scranton daily rainfalls of the same frequency. 

The design storms were derived by combining rainfalls of equal frequency 
2.4 
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Fic. 1.—FRequENCY ANALYSIS OF PRECIPITATION AT SCRANTON, PA., FOR THE SEASON 
NovemsBer TO APRIL, INCLUSIVE 

a 

- into a histogram which was nearly symmetrical and which*had the maximum 

intensity at the midpoint. As 10-min unit hydrographs were used for areas 

less than about 8 sq miles, rainfalls in the design storms were computed for 
id 

Tate San. 
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10-min intervals. In northern Pennsylvania it was assumed that there would 

be 100% runoff in the winter season and that, in addition, there would be run- 

off from melting snow at the rate of 1 in. in 24 hr. The histograms for the 

design storms of different frequencies are shown in Fig. 2. Mass curves of 

rainfall plus snow melt are shown in Fig. 3. 

15-Year Frequen 

; | 10-Year Frequency 

5-Year Frequen 

Depth, in Inches 

ainfall, in Inches per 10 Minutes 

at 
5-Year Frequer 

0) } 
OF S253. 45) 5a 69 70 98 oT Oe 12 0 2 6 10 14 18 22 24 

Time, in Hours Time, in Hours 

Fic, 2.—Drsian STorRMS FoR THE SEASON Fie. 3.—Mass Curves or RaInraLt Pius 
NovemBer to Aprin, INCLUSIVE Snow Mett ror Dssicn Storms 

At this point it is well to raise the question as to whether the design storm 

should be based on all rainfalls in the flood season or on rainfalls that have 
occurred coincidental with flood stage in the main river. Theoretically the 
latter rainfalls should be used, but practically they do not form a reliable 

basis for design in the locality under consideration. Using available records 

of daily rainfall it was found, for example, that the 10-yr, 1-day rainfall for the 

entire flood season was equaled or exceeded about once in 35 or 40 years in 
coincidence with high stage in the river. A similar study was conducted 
taking the hourly rainfalls at Scranton that occurred during high stage at 

Wilkes-Barre. The results were not conclusive and no reliable frequency - 
curve could be drawn. It was noted, however, that many intense hourly 
rainfalls did coincide with high stage in the river. In order to determine 

frequencies of rainfalls coincident with high river stages, which would be as_ 
reliable as the frequencies of rainfall throughout the entire flood season, it 

would be necessary to have a record of coincident events three or four times as 
long as the available rainfall record. It should also be emphasized that 
winter floods on the river and on the small tributaries do not have independent | 
meteorological causes. The winter storm is widespread and is usually ac- 
companied by warm temperatures that cause melting of snow throughout the 
storm area. Peaks of floods on the tributary streams will rarely coincide with 
peaks on the main stream, but tributary peaks will often coincide with high 
stages on the main stream. Furthermore, the phenomenon of two or more 
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storms in succession is a common occurrence in the Susquehanna Basin, as in 
March, 1936. In the flood of March-April, 1940, there were three distinct 
flood rises above the damage stage at Wilkes-Barre in a period of 12 days. 

On rivers with drainage areas in excess of about 10,000 sq miles, or smaller 
rivers that take many days to reach their flood crests, it may be safe to base 
the design of drainage structures on known rainfalls coincident with high 
stages. Such studies have been conducted by the U. S. Engineer Department 

for cities along the Ohio River, where there are long records of river stage and 
_ coincident rainfall. On the Ohio River below Pittsburgh, Pa., it can be as- 
sumed safely that there is no relation between local runoff and floods on the 
main river. The duration of high stages is much longer than on the Susque- 

hanna River at Wilkes-Barre, and therefore there is more opportunity to 
record coincident rainfall. 

Design Hydrograph for Flood Season.—Flood flows that would result from 
the design storms were determined by applying rainfall plus assumed snow 

melt to the unit hydrographs for the various local areas. As mentioned before, 

the entire storm rainfalls were considered to represent rainfall excess, and 

infiltration was assumed to be zero. The unit hydrographs were obtained from 

actual records of runoff where available, but most of the unit hydrographs 
were derived synthetically. ° 

Unit Hydrograph.—The basic procedure in determining a synthetic unit 

hydrograph was first to derive a unit hydrograph for a rainfall period equal 

Z to the time of concentration of an area and then to modify that hydrograph so 

_ that it was applicable to the rainfall period used in the design storm, which 

was 10 min for most areas. The basic theory involved has received considera- 

_ tion elsewhere.® 
Determination of the time of concentration was a problem in itself. A 

procedure developed by Z. P. Kirpich,’ Jun. Am. Soc. C. E., was used. Briefly, 

this method is to compute, for areas with known times of concentration, corre- 

- lation factors based on length of stream channel, slope of channel, and average 
slope of basin. These factors are plotted against known times of concentration, 

Z and the resulting curve is used to determine times for other areas where only 

the correlation factor is known. The results from the data plotted by Mr. 

 Kirpich were extrapolated to give a basis for determinations applicable to the 

larger and more mountainous areas in the Susquehanna Basin. The extra- 

_ polation was checked closely from field data obtained from one mountainous 

area of about 15 sq miles. It is realized that no results of great precision are 

obtained by such a procedure. However, it should be more reliable than mere 

- guessing at velocities of overland and stream-channel flow. Furthermore, 

when more field data become available, it is believed that extension of the 

same procedure will yield results of greater precision. 

The peak discharge of the unit hydrograph for a rainfall period equal to 

the time of concentration was determined by use of the principle that, if the 

rainfall excess continues for a period equal to the time of concentration, the 
OE Es Aas SN EEE EEA A ATRL ALD 

6 “Analysis of Run-Off Characteristics,” by Otto H. Meyer, Transactions, Am. Soc. C. E., Vol. 105 

(1940), pp. 83-141. 

AF tind 

ae 

7 Civil Engineering, June, 1940, p. 362. 
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rate of runoff will equal the rate of rainfall excess. The familiar rational 

formula 

is based on this theory. If C, the runoff coefficient, is considered equal to 

unity, the formula can be considered to represent rainfall excess. As the unit 

hydrograph represents 1 in. of runoff from a uniform rainfall, the rate of rain- 

fall excess equals 

in which 7, equals the time of concentration in hours. As 7’, for small areas 

; tees wi : 60. 2 : 
is usually expressed in minutes, 7 equals Te The area, A, is expressed in acres, 

and the peak rate of discharge, Q», for the unit hydrograph is expressed by the 

formula 

ua00 The writer believes that this theoret- 
ical rate of discharge is never reached 

in the time 7’, for natural areas having " 

“appreciable channel and depression 

33-Minute Rainfall Period} Storage. However, such an assump- 
(Time of Concentration) tion is conservative and must be used 

until future studies indicate how the 
storage effect can be evaluated. 

To estimate the shape of rising 
and falling limbs of the synthetic unit 
hydrograph, contours representing 

equal times of travel to the outlet 
were drawn. From these contours a_ 

time-area graph was constructed, and 

the ordinates to the unit hydrograph 

were made proportional to this graph. 

Of course, the use of time contours 

and time-area graphs is not new, but 

the relation between those principles — 

and that of the unit graph appears 

to have been first demonstrated by 
h oF mm as 39 Merrill Bernard,* M. Am. Soe. C. E., 

Time, in Minutes and later developed by others,* who 
oo Sa ae edi detis Hyprocrarus; Srream: introduced the unit hydrograph for 

AGE ARDA? B48 Aca, P4iDRAIN- the time of concentration. Inorder 
: to conform more nearly to natural - 

unit hydrographs, the falling limbs were arbitrarily flattened so that the time 
from the peak to zero flow was equal to $ T,. Typical unit hydrographs for an 
area with a time concentration of 33 min are shown in Fig. 4. 

-Minute Rainfall Period 
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Vol. 100 (19s) aus? Determinate Stream Flow,” by Merrill Bernard, Transactions, Am. Soc. C. By 
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Maximum Probable Storm and Flood.—In order to provide adequate relief 
openings when the main river is at low stage, a maximum probable storm and 
flood were computed for each area. The maximum probable storm would be 

_of the summer cloudburst type. ‘The rainfalls for such a storm were determined 
from an envelope of maximum known rainfalls for northeastern United States, 
which has been published previously.? Using this curve a synthetic storm was 
constructed in the same manner as the winter design storm. The maximum 
probable flood hydrograph was derived by deducting an estimated infiltration 
loss from the rainfalls and then applying the net depths to the unit hydrographs. 
Studies of storms on larger areas where stream-flow records were available 
indicated that an infiltration rate of 0.3 in. per hr was conservative for summer 

storms. This rate assumes that there has been antecedent rainfall, and much 

higher rates would prevail if the rain fell on dry ground. 

. No claim is made that the hydrologic analyses presented herein represent 

perfection in such studies, but rather that they represent a workable and 

reasonable solution to a difficult engineering problem. Further refinements 
probably could not be justified from the standpoint of the reliability of the 

available basic data and from the probable savings in the design of the structures. 

DETERMINATION OF CAPACITY OF DRAINAGE WoRKS 

The hydrographs for the winter design flood and the maximum probable 

flood, determined as described in the previous section, were routed through all 

areas of appreciable existing and proposed storage. Most of the effective 
_ storage is found to be in the flood-plain areas. In the case of a proposed diver- 

sion channel or pressure conduit there is usually little or no storage above the 

- entrance to modify the inflow hydrograph for the diverted area and to reduce 
_ the required capacity. On the other hand, structures such as pumping stations 

and relief culverts, which are located at levees, take full advantage of all 

_ modifying storage in the flood plain, which reduces the required capacity with- 
- out violating the design criterion. Of course, the area drained is greatest at the 

_ levee, but the increase in the volumes of runoff is usually offset by the increase 

in ponding facilities. 
It was considered reasonable for the drainage works to have a capacity 

sufficient to dispose of runoff from the 10-yr winter flood without causing 

damage in the flood plain appreciably greater than if water could flow freely 

to the river at low stage. 
In order to determine the incremental increase in damage that would result 

_ from various ponding elevations at the levee, stage-damage curves were plotted 

- for each area affected. Data for these curves were obtained from detailed 

surveys for the entire flood plain. The latter surveys had been made previously 

in order to determine the justification for each local protection project as a 

~ whole. ‘ 
Because of the characteristics of the winter storms, already discussed in 

-this paper, the selection of the rainfall frequency as between 5, 10, or 15 years 

usually does not have a very material effect on the size of drainage structures. 

The greater the flood-plain storage, the less the variations in inflow rates 

9 Transactions, Am. Soc. C. E., Vol. 106 (1941), Fig. 21, p. 1504. 
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affect the capacity of structures. Fig 5 shows the relations between pumping 

capacity and storage for a number of designs based on 10-yr winter rainfalls. 

Local conditions affect the flood routing and in turn affect the selected pumping 

capacities, thus causing a rather wide dispersion of the plotted points. The 

pumping capacities required in terms of inches per day give rather large values, 

but it must be remembered that these capacities represent peak rates that are 

needed for only a few hours at a time. 

£ 6.00 
o 
a 

5 5.00 ec 
> 32 & = 

= 4.00 ree 
a 25 
wn a 

2 ag 
Fe 3.00 85 

£2.00 av” 
oO On. 
i) a @ 

¢ thes 
[S) oD 
to 1.00 «x 
= = % 
£ 
a oO ) 

04 08 12 16 2:01.59 2i4 0 1 2 3 4 5 6 7 8 
Storage, in Inches Depth Over Basin Storage, in Inches Depth Over Basin 

Fie. 5.—ReELation Between Capacity Fic. 6.—ReELaTION BETWEEN CAPACITY AND 
AND FLoop-PLaINn STORAGE FOR VARIOUS FLoop-PLaIn STORAGE FOR VARIOUS RELIEF- 

Pumpine Station Dzsians CuLvEeRT DEsians 

The relations between relief-culvert capacity and flood-plain storage for a 

number of designs are shown in Fig. 6. In this case the inflow is that from the 
maximum probable flood. These relations are also greatly affected by channel 

and storage conditions in each individual basin. 

It may appear to some that the basis of design for drainage structures 

presented herein is rather conservative, but it should be for the following 
reasons: | 

(a) Only a part of the present flood-plain storage is within the right of 
ways of the projects and hence is subject to reduction by filling in for future 
development; 

(b) Future development may increase incremental damage resulting from. 
ponding; and 

(c) Future development may cause an increase in the volume and couceheaa 
tion of runoff. . 
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SYNOPSIS 

In the stabilization of gullies, small overflow dams are used to retain silt 

and to control the stream grade. These dams are simple drop structures 

_ similar to those used in irrigation canals. In this paper the development of 

_ rules for the proportioning of such dams is described in terms of the hydraulic 

- requirements for structure performance. The formulas included in the design 

4 rules are presented graphically for convenience in application. These rules are 

based on the accumulated experience of engineers in irrigation and soil con- 

~ servation work and on the results of a series of laboratory test programs. 

DersigN PROBLEM 

e Small overflow dams, called drop structures, are installed in a gully to 

establish permanent control elevations below which an eroding stream cannot 

- lower the channel floor. These dams control the stream grade, not only at the 

| spillway crest itself, but also through the ponded reach upstream from the dam. 

_ Thus drop structures, placed at intervals along a gully, can stabilize it by 

_ changing its profile from a continuous steep gradient to a series of more gently 
sloping reaches separated by artificial spillways. 

Although the construction of large numbers of drop structures for the 

stabilization of gullies in many different localities began with the operations of 

- the Soil Conservation Service (SCS), U. 8. Department of Agriculture, the 

development of designs for dams of this type started many years earlier with 

~ their application to the control of grades in irrigation canals. There is a 

- marked similarity between dams that have been built in large gullies in the 

Pacific Southwest and canal drops (see Figs. 1 and 2). 

’ Nors.—Written comments are invited for immediate publication; to insure publication the last 
discussion should be submitted by May, 1942. 

1 Asst. apes Engr., Sedimentation Div., Office of Research, SCS; California Inst. of Technology, 

‘ _ Pasadena, C 
2 Asst. Regions Engr., Pacific Southwest Region, SCS, Berkeley, Calif. 
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Records of the design and construction of canal drops are readily available 

in the literature of irrigation engineering in the United States and the British 

Empire. Engineers of the Soil Conservation Service have adapted design rules 

taken from this source to gully-control drop structures. The design rules 

presented in this paper have been developed from a typical canal-drop design 

through the analysis of the differences in the operating requirements of the two 

types of drop and through hydraulic laboratory tests of experimental drop 

structures. 

Notation.—The following letter symbols, introduced in the paper, conform 

essentially to American Standard Letter Symbols for Hydraulics, prepared by a 

Committee of the American Standards Association, with Society representation, 

and approved by the Association in 1941:% 

a = offset for weir notch ventilation (Fig. 3); 

b = width: 
bn, = width of notch (Fig. 3); 

by = width of water surface upstream from notch; 

C = coefficient: 
j r L 

Cr, = coefficient of apron length = Nha. (Eq. 2); 

C, = coefficient of longitudinal-sill spacing = re (Eq. 18a); 
n 

d = depth: 

d, = critical depth of cross section; 

d, = depth in upstream or downstream channel; 
g = acceleration of gravity; 
h = height; height of fall; h’ = height of transverse end sill or depth of 

stilling pool; 

L = length of the apron; 

Q = discharge; 
V = velocity: 

V. = critical velocity of cross section; 

V, = mean velocity in upstream or downstream channel; 
xz = spacing distance of longitudinal sills (Design B, Fig. 3); 
xz’ = spacing distance of longitudinal sills (Design A, Fig. 3). : 

Gully-Control Problem vs. Canal-Drop Problem—Both the fundamental 
purpose of drop-structure installation and the basic problem to be met in 
drop-structure design are common to canal and gully applications. The 
purpose is the control of stream grade; and the problem is the design of the 
spillway part of the structure. In each type of drop installation the perma- 
nence and the efficiency of the structure are controlled by the performance of 
the energy-dissipating and scour-preventing devices installed downstream from 
the dam proper. The efforts of the writers in the development of design rules | 
for drop structures have been concentrated on the spillway problem. The type 
of energy-dissipating and scour-preventing device adopted by them, after’ ee eS eee 

3 Publication pending. 
. 
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Fia, 1—A Newty Construcrep Drop on THE Las Posas Prosect, VENTURA County, CALIF. 
(BEFroRE THE Backritt Has Been PLaceD Between THE STRUCTURE AND THE BANKs) 

Fic. 2.—An Unusuantty Wion Srrucrurm In THe Las Posas Barranca, VENTURA County, CALIF. 
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consideration of various types previously applied to small drop structures by 

others, is the rectangular apron with transverse end Sill that is made an integral 

part of the dam and supporting walls. (This part of an overflow dam and 

spillway has been given several names descriptive of its effect on the flow— 

stilling pool, stilling basin, water cushion, spillway bucket, tumble bay, and 

cistern. Photographs of flow through the structure, as well as the analysis in 

this paper under “Criteria for Satisfactory Drop-Structure Performance”’ will 

demonstrate the inadequacy of each of these terms taken literally. Needing a 

term to describe the function of this part of the structure and being unable to 

provide a satisfactory name, the writers, on occasion, will use the term “‘stilling 

pool.” Suggestions of better names will be welcomed.) The simplicity of 

layout and construction of this type of drop structure, as well as the available . 

knowledge of its performance, was recognized in its selection for standard — 

design. Descriptions of its application to irrigation canals have been presented 

elsewhere by B. A. Etcheverry,4 M. Am. Soc. C. E. 5 
Differences between the characteristics of flow in irrigation canals and in 

natural gullies led to the selection of the apron with end sill in preference to the 

simple apron or any other device which depends on the tailwater stage for the 

establishment of a hydraulic jump immediately below the dam. The steep 

- grades, irregular runoff rates, varying silt loads, and uncertain roughnesses of 

gully channels make the elevations of tailwater surface and stream bottom very 

difficult to predict and, at best, too unreliable for use in controlling the per- 

formance of the structure. Although there are many uncertainties involved in 
the prediction of equilibrium slopes and stable grades in earthen irrigation 

channels, the controlled rates of flow, mild slopes, and low velocities make stage 

determinations in canals much more reliable than those in gully channels. To 

make matters more difficult, in natural gullies grades are such that streams 

almost always flow near critical depth and often flow more shallowly. Under 

the latter circumstance the energy-dissipating and scour-preventing devices of 
drop structures must be independent of tailwater stage. The apron and sill 

combination is well suited to this last requirement. 

The drop structure resulting from the combination of a straight breast wall 

dam and a rectangular apron with end sill is shown in Fig. 3. The important 

variables in determining the proportions of the stilling pool are: The height of 
fall, h; the length of the apron, L; the height of the end sill (or depth of the. 
pool), h’; and the discharge Q, indicated by the critical depth for the weir notch 

os 

a= (-2) a 
in which 6, is the width of the notch. (In Fig. 3, Design A provides nappe 
ventilation through the offset of the side-walls from the edge of the notch as 
well as through the lateral contraction of the flow at the crest; Design B 
provides nappe ventilation through flow contraction alone.) Professor 
Etcheverry has presented a rational formula,® relating these variables, that may 

‘“Jrrivation Practi ORL a f 
Neu work Ss 1018. Che ine by B. A. Etcheverry, Vol. III, McGraw-Hill Book Co., Inc., 

5 Thid., p, 235, 

| dg 
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be written, in terms of critical depth, d.: 

(ETN DGD ST NTE OR aE Re DR RR (2) 
in which Cz, the coefficient of apron length, is variously determined at values 
from 3.1 to 4.5. The assumptions upon which Eq. 2 is based are: (1) That the 
nappe trajectory is a parabola with its vertex at the crest of the dam; and 
(2) that the falling water strikes the apron at a constant fraction of its length 
(from the crest). 

In applying Eq. 2 to the determination of apron lengths in gully-control 
drop design, it was believed that a smaller value of the length coefficient might 

be used. Whereas, in the design of drop structures for canal service, it might 
be well to include a factor of safety in the value of the coefficient, Cz, in gully- 

control service, the factor of safety for the entire system of structures is included 
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Fig. 3.—Guututy-Controt Drop StructuRE 

' in the determination of the design discharge rate, so that the inclusion of a 

factor of safety in Cz, would be a compounding of safety factors. The com- 

pounding of two or more safety factors does not lead to economical construction. 

‘Unless the cost of constructing gully-control drops is kept as low as possible, it 

‘is very difficult to justify their widespread use on farm land. 
The use of gully-control drops on agricultural land imposes an additional 

‘consideration over those taken into account in the design of the canal drop. 

Irrigation organizations and maintenance arrangements are such that preventive 

' measures may be taken immediately wherever excess scour is noted at a drop 
‘structure. This factor is taken into account in the recommendation by many 
designers that riprap stream protection be placed downstream from drops and 
that this riprap be repaired and extended to suit conditions encountered. The 

drop design should not rely on maintenance by the farm operator for the safety 
of the structure. In gully-control service, the’ drop structure will receive 

‘maintenance that is no more likely to be regular than is its frequency of opera- 
tion. For this reason, in the interest of the safety of the structure, there must 

be an increased emphasis on the dependability of the original design and 

construction of a drop for gully-control service. This factor of initial de- 
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pendability is an economic factor fully as important as initial cost because it 

represents decrease in maintenance cost and decrease in the probability of loss 

through damage, failure, and the necessity of replacement. 

Early Gully-Control Drop Construction.—The first drop structures built to 

designs prepared by the Pacific Southwest Region, SCS, had aprons designed 

with a length coefficient Cz, of 2.5 and a sill height h’ of : . The original in- 

tent of the designer was that the operation of these structures be observed and 

the design rules altered to suit observed deficiencies, if any. Some of these 

structures have been in place since 1936 and none have failed from stilling-pool 

inadequacy. However, observation of dams that have passed floods near 

design capacity has indicated an urgent need for improved control of the flow as 

it leaves the structure, as evidenced by serious scouring of the banks and 

channel bottom immediately downstream from the transverse sill and the 

end-walls. 
As more and more structures were examined, it was realized that, within 

any reasonable length of time, sufficient data could not be obtained for the 

development of satisfactory design formulas. The improbability of the 

simultaneous presence of flood flows, competent observers, proper instruments, 

and access to structures was enough to discourage reliance on observation alone. 

It became clear, therefore, that some other means had to be used in developing 

the sound rules for design that would be necessary to the joint improvement of 

the economy and the dependability of the drop-structure method of gully 

control. Such a means was recognized in controlled experiments in the 
hydraulic laboratory. 

Hyprautic LaABoratory TESTS OF EXPERIMENTAL Drop STRUCTURES 

The problem of the hydraulic design of drop structures was referred to the 

hydraulic laboratory of the Soil Conservation Service at the California Institute 
of Technology, Pasadena, Calif., where a series of experiments was planned for 

the development of satisfactory designs and rational design rules. 

The first experiments dealt with a structure of typical proportions of height | 
of fall, width of crest, and depth of flow. Although it was not essential to the : 
interpretation of the tests that a scale model be used, the experimental drop : 
structure was designed as a one-eighth scale model of a laterally-contracte 
drop structure (see Fig. 3, Design A) having the dimensions: 

Crest.width, b,, in feet... <..:). se a be ee ee 9.6 
Wall height, 4, infeet. 7, ..< sas ne. oan oe eee 8.5 
Discharge, Q, in cubic feet per second..................2-. 350 
Critical depth for notch cross section, dy, in feet............ 3.45 
Channel width, upstream, by, in feet..............-eecee- 14.7 
Apron width, b, + 2a, in feet ss cs stra, ec ek eee 10.0 

Expressed in appropriate dimensionless ratios, these drop-structure proportions : 
“eae fail height _ hk _-4,, critical depth. d, 

critical depth at the notch d- ~~’ notch width ee 0.36;,ang 
stream width 

Cc 

contraction ratio = Co bye oe = “noteh width ~ 8, ~ 1: 
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Stilling pools equivalent to the following combinations of prototype dimen- 
sions (in feet) were tested in conjunction with this experimental drop at flow 
rates from 28% to 200% of the hypothetical design capacity: 

es Length Depth 

NES ot agai ea ct i lt ia a a ae 2 

PAD 2 2 

Peon GN eo Sag heel so! RVC ed a 2 

: i Lyla Ch eae on a 3 

The downstream channel of the drop installation was represented by a 

‘model that had a trapezoidal cross section with 1 on 1 side slopes and a bottom 
_width corresponding to 10.0 ft in the prototype. 

The experimental drop-structure installation differed from the prototype 

it represented in that it consisted of only one half of the symmetrical drop and 

channel system. A sheet of heavy plate glass, placed at what would have been 

| the center line of the complete structure, made observation possible without 
_ distorting the flow sufficiently to impair the similitude required for this type of 
hydraulic experiment. 

Another compromise with nature made interpretation of the experiments 

difficult. To shorten the time required for tests and to simplify the test 

technique, solid channel walls and bottom were provided where field installa- 

tions would furnish natural erodible materials. Thus, the experimental channel 

had fixed boundaries instead of a movable bed. In an installation of this kind 

there was no direct measure of the scouring power of the effluent stream. 

Therefore, other performance criteria had to be chosen that would aid in the 

selection of the best structure proportions. 

CRITERIA FOR SATISFACTORY Drop-STRUCTURE PERFORMANCE 

In order to judge the excellence of drop-structure performance, the necessary 

- qualities of a good drop structure must be established in terms of drop-structure 

__ use. 

First, the structure must drop the water within its own confines and 

discharge it downstream in such a way as to cause a minimum of locally 

_ intensified erosion; and 
-_ Second, in order that the structure may perform its first function con- 

' tinuously, it must discharge the stream in such a manner that the flow will not 

_ undermine the structure itself. 

These two requirements will be recognized by hydraulic engineers as those 

_ governing all spillway construction. One difference is important: In soil 

~ conservation work, the order of importance of the requirements is the reverse 

of that found in most spillway work because the reduction of erosion is the 

- original purpose for which the structure is erected. In other types of dam 

_ construction, the first rule is generally of secondary importance and there are 

even some cases in which this consideration has been neglected entirely, 

although the writers find it difficult to conceive of an installation where there is 

~ not some value in saving the channel from gross enlargement. 

6 “Low Dams” (handbook), National Resources Committee, Washington, D. C., 1938, p. 108. 

A ve 
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Before these rules can be applied directly to the interpretation of the results 

of experiments, they must be redefined and restated in terms of the behavior of 

the flow through the structure. In order that this flow may conform to the 

rules for structure performance, the kinetic energy of the falling water must | 

be ‘‘dissipated” through its conversion to turbulence energy in the eddy motion 

of the “stilling pool” and this turbulence energy must be so distributed in the 

flow (prior to its complete decay through conversion to heat energy by viscous 

forces) that it will have a minimum of sediment-transporting power and thus a 

minimum of scouring power. Furthermore, the flow over the end sill must 

produce a movement of sediment along the channel toward the end sill, rather 

than away from it, so that undermining may be prevented. 

(b) SCOUR HOLE ENDANGERING APRON BEFORE GROWING 
GROUND ROLLER ACTION HAS BECOME SIGNIFICANT 

(c) ADVANCED STAGE OF SCOUR HOLE GROWTH IN WHICH 
MATERIAL MOVED UPSTREAM BY GROUND ROLLER PROTECTS APRON 

Fig. 4.—Scour Hote Formation 

In order that the flow through a drop structure may satisfy this second A 
of rules, certain detailed requirements must be met. At the downstream end of 
the structure the larger eddies and stronger velocity filaments of the stream 
should not be directed toward the bank. Instead, the flow in this danger zone 
should be made as quiet and low in eroding power as possible. The reasons for 
these statements become clear when the equilibrium of scour and deposition at 
a gully bank is considered. The equilibrium of scour and deposition in the 
various parts of a natural gully cross section has been treated by N. A. 
Christensen,’ Assoc. M. Am. Soc. C. E. ‘yal 

So far as erosion by the stream may be concerned, such equilibrium is often 
7 “Some Aspects of Gully Develo t, Classi ii 2 

ep gr earth adic pment, Classification and Control,” by N. A. Christensen, thesis pre- sete carpe ora pre the Technology in 1938 in partial fulfilment of the requirement for "hel 
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imaginary, for the stream itself cannot deposit material on a bank whose slope 
is equal to, or greater than, the angle of repose of the inundated material. The 
bank outline may remain fixed only if sufficient material is added through 
sliding or flow down the bank to match that withdrawn by the stream. On the 
basis of these considerations it may be seen that the banks below the structure 
will be eroded by the stream until this equilibrium can be reached. Therefore: 

Every effort that can be made to reduce the lateral attacking power of | 
the stream will reduce the extent of channel widening. 

Just as the components of high transporting power must be kept away from 

the stream banks at the exit from the stilling pool, so must they be kept away 

from the stream bottom. The designer and constructor of a drop structure are 

tempted, at first, to try to decrease the danger of scour by making an “easy” 

transition from the end sill or apron to the gully floor. Unfortunately, a 

smooth plane extension of the natural sediment bottom from the masonry of 

| the structure (see Fig. 4) is not always stable under the flow of the stream. If 

such a surface were maintained by the equilibrium of scour and deposition of 
the stream, the stability of any local part of the surface (say, at the downstream 

edge of the structure) would be sensitive to random or accidental fluctuations 

in the transporting power of the stream. Such a fluctuation would produce a 

small disturbance in the bottom composed of a pit and a dune of excavated or 

disturbed material. This disturbance in the bottom will itself give rise to 

further local increase in the transporting power of the stream. Thus, the 
requisites for instability are present in the phenomenon, and a scour hole is 

certain to develop. The rate of growth of this scour hole is controlled, at first, 

by the balance of the strength of the initial disturbance and the stability of the 
sediment particles and, later after the scour hole has attained considerable 

depth, by the relative depths of the scour hole and the stream itself. 

Recognizing the futility of scour hole prevention as a means of protecting 

| the structure from caving, the designer must see to it that the hole that is 

formed does not endanger the structure. This he may do by forcing it to be 
‘developed far enough downstream from the end sill of the structure that the part 

adjacent to the structure will be too shallow to be dangerous with normal cutoff 
wall provision. After the first development of a scour hole downstream from 

_ the structure, the scour process itself tends to place the deepest part of the hole 

farther and farther downstream. . The discontinuity of flow lines formed at the 

downstream end of the structure, when scour lowers the stream-bed level, 

encourages separation in the flow. 
This separation is evident in the form of a “ground roller” whose top 

elements move downstream and whose bottom elements move upstream. 

"Until this ground roller is formed, sediment immediately downstream from the 

structure can be removed by the stream but cannot be replaced because the 

motion of the water and the entrained sediment is downstream. After the 

ground roller has been formed, the upstream flow adjacent to the bottom can ~ 

bring sediment from the downstream parts of the scour hole to replace that 

removed through the roller. From this understanding of the behavior of the 

scour hole in the vicinity of the drop structure can be deduced a rule for the 
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determination of desirable flow conditions at the end of the structure: 

The flow must be such as to develop a protective ground roller before 

the end of the structure has been laid bare to a dangerous depth. 

(The importance of the “ground roller” to scour control has been emphasized 

many times in the literature of spillway design.)® 

In order that the effluent stream shall have the minimum sediment-trans- 

porting power economically obtainable, the over-all dissipation effectiveness of 

the stilling pool should be a maximum and the excess energy in the effluent 

stream, 2 minimum. 

(a) Tailwater Depth Less than Critical 

(6) Jump Forming Immediately Downstream 

mete. 

(c) Stilling Pool Operating Submerged 

Fia. 5.—Prr FORMANCE OF AN EXPERIMENTAL Drop STRUCTURE AT THREE TartwaTer STaces 

§ “Stauraumverlandung und Kolkabwehr,” i 
.. re 1 »” by A. Schoklits i i i pike ems once National Resources Committee, Watkin eee Mares Tbe oak of Proceedings, tnst, C_ By Vel, 365 (105-2) ey and John Dekeyne Atkinson, Ainute ” . * By ’ 'e a i H “Dissi i : elow Falls,” by C. C. Inglis and D. V. J. oglekar, Bombay, P.W.D. Technical es Nee ee a 
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For the selection of the best structure from the laboratory experiments, 
the following forms of the drop-structure performance criteria were used: 

(1) The kinetic energy of the effluent stream, as measured by the excess of 
local velocity over the velocity for absolute minimum specific energy, shall 
be a minimum (absolute minimum energy is obtained in flow at critical depth); 

(2) The flow in the vicinity of the banks of the gully shall be as nearly 
parallel to the banks as possible and shall have a minimum of eddy motion; and 

(3) A large ground roller shall be produced in the flow over the end sill of the 
stilling pool before any scour has occurred. 

0 % 2% 
Lots) ~—s| Led, (Notch) 

Velocity Scale 

| eu K—de (Channel) 

; My 
3 V V: 

2 @ y 

1 2 3. 4 5/6 7 68 S20) 
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Fie. 6.—Dimensionuzss Piots or Fuow Patterns at THE CENTER LINE OF THE 
EXPERIMENTAL Drop StructuRE 

RESULTS OF THE FirST SERIES OF EXPERIMENTS - 

The first series of experiments with drop structures of varying stilling-pool 
design furnished considerable information in regard to the selection of apron 

lengths and sill heights, and led to the development of a new device for the re- 

duction of bank scour. 
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Although photographs and flow and velocity measurement records were 

made of more than one hundred combinations of apron length and sill height, 

stream discharge and tailwater depth, it will be necessary to present only a few 

of them to demonstrate the type of drop-structure performance obtained. 

A.—Tailwater Depth Less than Critical 

B.—Jump Forming Short Distance 
Downstream 

C.—Stilling Pool Slightly Submerged 

(a) Twice Normal Discharge (Q = 700 Cu Ft per Sec; 
and L = 16 Ft) 

Fia. 7.—PERFORMANCE OF THE EXPERI- 

Fig. 5 illustrates the performance of the experimental drop structure at 

the “design rate of flow” (Q = 350 cu ft per sec) with the stilling pool (Z = 16 

ft, and h’ = 2 ft) that proved to be the best according to the foregoing stand- 

ards. Measurements of velocity, as well as observations of the general char- 
acteristics of the flow, indicate that this pool was the best that was tried at 

any of the tailwater stages shown. Although the quality of the effluent strea 

is affected by the degree of submergence, the same stilling pool affords the best 
performance at any depth in the downstream channel. ‘| 

Measurements in the downstream channel gave maximum values of the 
ratio of local velocity to critical velocity of 1.6, 1.2, and 1.1 for the conditions 
shown in Figs. 5(a), 5(b), and 5(c), respectively. These maximum local ve- 
locities occurred well above the stream bottom, away from the sides, and about 
one pool-length downstream from the end of the structure (see velocity profiles 
in Fig. 6). . 

The ground roller required for the protection of the structure from under- 
mining is present even before the excavation of a scour hole might begin. The 
end sill of the stilling pool has performed a double task in improving the energy 
dissipation in the pool and in deflecting the departing stream upward suffi- 
ciently to insure the development of a ground roller. 
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When the first tests were made with this experimental drop structure, a 
large part of the flow leaving the stilling pool was directed against the bank 
with a high velocity. To reduce the bank scour that would accompany such 

| conditions, flow-straightening longitudinal sills (see Fig. 3) were placed on the 

)wice Normal Discharge (Q = 700 Cu Ft per Sec) (c) Original Discharge (Q = 350 Cu Ft per Sec) with 
with Stilling Pool Lengthened (L = 20 Ft) Stilling Pool Lengthened (ZL = 20 Ft) 

MENTAL Drop Srructure (h’ = 2 Fr) 

apron at the third points of its width. Only one of these sills may be seen in 

_ Fig. 5 because only one is needed in the half model. 
To emphasize the fact that material has not been wasted in constructing 

stilling pools of the size shown in Fig. 5, the photographs of Fig. 7(a), which 

indicate the performance of the same structure under a prototype flow of 700 

cu ft per sec, are shown. It is immediately apparent that the apron is too 

‘short for either satisfactory energy dissipation or proper development of the 

ground roller. Unless the stream bed were otherwise protected, such a flow 

would excavate a scour hole so close to the end sill and so deep as to endanger 

the stability of the structure itself. 

The photographs in Fig. 7(6) indicate the size of the stilling pool necessary 

to accommodate the flow of 700 cu ft per sec just described. Velocity mea- 

surements have shown that the energy dissipation performance of this structure 

‘corresponds exactly to that of the first structure at 350 cu ft per sec. The 

fact that both pools have the same depth may be taken as an indication that 

the pool designed for the 350 cu ft per sec flow might be made a little shallower. 

The photographs of Fig. 7(c) are presented to indicate the nature of flow 

in stilling pools that are wastefully long. Here the flow of 350 cu ft per sec 

has been handled in the stilling pool designed for 700 cu ft per sec. The slight 

af Ss 
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excess of depth is not at once apparent, but the section of parallel flow between : 

the impingement zone and the curving flow at the end sill is a direct indication 

of the wasted length. Here again velocity measurements have shown energy 

dissipation performance equivalent to that shown in Fig. 5. 

Design rules based on the aforementioned drop-structure performance were | 

introduced in the engineering standards of the Pacific Southwest Region. . 

Within a year and a half, sufficient value had been attached to them by ex-. 

perience in their use, so that requests were made to the regional engineer and 

to the laboratory for data that would allow the extension of the design rules to | 

structures of other proportions than those used in this first series of tests. 

Examination of Fig. 5 and Fig. 7(b) will indicate that the experimental data, 

2 : ' h 
were restricted to fairly narrow falls, with height-to-flow-depth ratios, re A 

between 2.5 and 1.5. Such drop structures were certainly typical of those, 

encountered in the field practice of the Service, but there were also many’ 

drops of more extreme proportions. 

As a means of extending the application of this type of laboratory data to 

design, a second program of cooperative research and design development was: 

outlined. 

Tue SEeconD SERIES OF EXPERIMENTS 

Because experience in the first test program had indicated techniques to. 

be used and the possibilities to be encountered in further testing, it was possible: 
to plan the new test program in some detail and to design apparatus in ad- 

vance. New, larger experimental drops were constructed in a testing flume: 
of larger capacity than had been available before. : 

The new experimental drop (Fig. 8) was designed for operation at discharge 

rates from 0.5 cu ft per sec to 5.0 cu ft per sec for fall heights of 1.74 and! 

0.87 ft. Since the ‘‘half-model” technique was again used to facilitate examina-: 
tion of the flow at the center line of the structure, the 1.5-ft width of the supply: 

flume corresponded to an approach channel width of 3.0 ft in a complete struc- 

ture. Although the first arrangement of the experimental drop produced a: 
condition geometrically similar to that used in the previous series of tests, this 

drop was not considered to be a model of any particular prototype structure. 
To emphasize the general applicability of the test results, all nearer 
were expressed as dimensionless ratios. 

Rapidity of measurement and adjustment of the experimental variables 
and ease of visual and photographic observation were given consideration in the 
design of the experimental drop installation. The flume in which the new in- 
stallation was made is of the closed circuit type and is equipped with a remote- 
control variable-speed pump and a pair of venturi meters. With this equip- 
ment the time required to change and redetermine the rate of flow through the 
experimental drop is very short. Timber and plywood construction made the 
alteration of the proportions of the drop itself a simple task. 

The entire working section of the experimental drop installation was placed 
high enough above the ground to permit horizontal photography at convenient 
tripod and camera heights. The several sheets of heavy plate glass making up 
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the window side of the installation were butt-joined with a transparent plastic 
cement that acted both as a water stop and as a structural “cushion” between 
the imperfectly cut edges of the individual panes. The top edge of the glass 
was supported laterally by removable crossties or by removable outside braces, 
depending on whether photographs were to be made from the side or from ay 
top, respectively. The vertical load capacity of the glass sheets was supple- 
mented by means of pipe stanchions which were kept in place except when 
photographs were to be made from the side. 

A reference grid was established using hard-drawn aluminum wires that 

were spring-loaded to prevent sag from temperature change. The thrust of 

Fic. 8.—ExXPERIMENTAL Drop SrrucrurRE wits Piror TuBE AND TRAVERSING EQUIPMENT IN USE 

: the spring anchorage was transmitted through the glass as an added safeguard 

against the opening of the butt joints. 

A final precaution in the design of the drop installation, taken to insure 

undistorted photography, was the arrangement of space so that the cameras 

‘might be set 10 to 15 ft away from the glass. 
Point-gage depth measurements and pitot-tube velocity measurements were 

facilitated by the provision of a wheeled carriage supporting traversing equip- 

ment and running on pipe rails. One of these pipe rails was connected to the 

domestic water-supply lines in order to provide pressure for flushing the pitot- 

tube and manometer velocity-measuring system. The carriage was made 

heavy and stiff to insure dependability of the reference planes in measurement. 
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In making this provision, the designer unintentionally furnished the experi- 

menters with a solid but movable working platform that was very convenient 

in making photographs from above the drop and channel system. 

Most of the photographs were made with a 5-in. by 7-in. reflex camera and 

a studio-type 16 mm motion-picture camera. All still photographs were de- 

veloped and examined in negative form before proceeding with successive stages 

of the experiment. The care taken to insure good quality in the photographie | 

work was thoroughly justified by the fact that most of the final conclusions of 

the study were based on measurements of the flow outlines as recorded in the | 

photographs. 5 

Sketches and velocity-distribution records were prepared only in the extent | 

that they were necessary to the interpretation of the photographic record of the 

experiments. The decision to conduct the experiments under such a policy was | 

made because of the great contrast between the time required for the two types | 

of data recording and the recognized brevity of the time allowed for active : 

testing. Only in this way was it possible to complete so widespread an in-: 

vestigation in nine weeks of active testing. 

Selected parts of the motion-picture record of the experiments have been | 

combined into an educational film which has been used in the instruction of | 

field technicians in the Pacific Southwest Region. This film is considered to. 

be a valuable auxiliary to the written report of the experiment. 

RESULTS OF THE SECOND SERIES OF EXPERIMENTS 

The first encouraging result of the second series of experiments was the 

duplication, through experiment, by different individuals with equipment of a 

different scale, of the results obtained in the first series of laboratory tests. 
Fig. 9(a) may be compared with Fig. 5 to demonstrate this point. : 

When the results of the first series were discussed, no photographs were 

presented that might show the purpose and result of the installation of the 

longitudinal sills on the apron. Fig. 9(6), taken from the second series, may 

be contrasted with Fig. 5 and Fig. 9(a) to show the performance of the struc- 

ture without the longitudinal sills. Since the primary evidence of the im- 
provement accomplished by the use of the longitudinal sills is the shifting of 
the high “plume” of rapidly moving water and spray from the bank to the 
center of the stream, these photographs do not show the difference as well as 
does Fig. 10, which demonstrates the performance with and without the longi- 
tudinal sill, respectively. Although the improvement in the flow conditions 
near the bank was sufficient justification for the use of longitudinal sills, it has 
been possible to detect an improvement in the over-all energy dissipation 
effectiveness of the stilling pool, as well. This improvement was noted in 
velocity measurements and in the decrease of the distance downstream to the 
beginning of the hydraulic jump for a given tailwater stage. 

The tests of this second series covered a wide range of structures, from low 
drops with thick flows over their crests to high falls with thin sheets of water 
passing over them. In terms of the ratio of fall height to critical depth (calcu- 
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} h f lated for the notch), a,’ the height range of the drops extended from 1.0 to 15. 
Fig. 11 shows how stilling pools of appropriate length and depth, for falls 

jof many different heights, were used to give performance equivalent to that 

(a) With Longitudinal Sill 

(6) Without Longitudinal Sill 

, 

Fic. 9.—PERFORMANCE OF THE SECOND EXPERIMENTAL Drop ( ts = 2.5; —— = 3.0; ue 
de Nh de de 

already described in Fig. 5. As in that experiment, the maximum local ve- 

ocities were present in the flow well downstream from the structure and away 

rom the banks and the bed of the stream. These velocities again ranged 

rom 1.6 V, for supercritical velocities in the downstream channel to 1.1 V. 
‘or submerged operation with the tailwater stage at 2 d. (Ve = critical velocity 

‘or the downstream channel). 

To obtain the most efficient structures, the second test program included 

s00ls that had other proportions than those shown in Fig. 11. Inadequate 
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“stilling” and dangerous distribution”of the flow over the end sill characterized 

structures that were too small, such as,the shallow pool of Fig. 12(a) and theg 

short pool of Fig. 13(a). 

The long stilling pool of Fig. 13(6) gave (like the long pool of Fig. 7(¢)) 

performance that was not measurably better than that of the pools already de+ 

scribed as satisfactory. Therefore, the use of long pools is regarded as wasteful 

(a) With Sill (6) Without Sill 

Fic. 10,—EFFEcr oF THE LONGITUDINAL SILL ON Drop-StRucTURE PERFORMANCE 

and uneconomic. The performance of a stilling pool that is of the moss 
efficient length, but has been made four times as deep as the most efficien 
depth (see F ig. 12(b)), resembles the performance of the short structures oc 
Figs 7(a) and 13(a). Although the energy-dissipation performance of the deep 
pool is fairly good, the direction of the flow over the end sill is such as to prov 
mote the formation of a deep scour hole immediately downstream from tho 

’ 
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(b) Excessively Deep ( ; and 7 = 1.95 ) 
L ec 

Fie. 12.—Errecr or Depts or Stizumna Poor 
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structure. The writers did not conduct thorough tests of the possibilities of ' 

deep stilling pools in which this behavior would be eliminated by increase in. 

the pool length but they believe that the improvement in energy dissipation | 

that might possibly be gained in this manner would not warrant the great; 

increase in construction cost necessary to obtain it. 

DEVELOPMENT oF DESIGN FoRMULAS FROM EXPERIMENTAL DaTA 

Although the experiment programs described herein were successful int 

developing efficient drop structures of various proportions, the development of [ 

these designs was not considered to complete the study. In order that struc- - 

tures of any proportions required in gully-control work may be designed with 

equal facility and dependability, it is necessary that rational equations or rules ; 

be written that will unite the information from individual désigns into state-- 

ments of general principles. From these studies it has been possible to de-- 

velop, by rational methods, rules governing the length of aprons and the height 

of end sills and describing the location and proportions of the flow-straightening | 

longitudinal sills. 
1. Apron Length.—Kq. 2, which was already in use for the determination of 

apron length at the time the first test program was started, has a sound enough} 

rational basis to make it a good starting point in developing a design formula 

for the expression of the results of the experiments. The height of fall and the 

critical depth for the notch are retained as the controlling variables. 

The results of the tests shown in Figs. 5 and 7(a) suggested the use of Eq. 2 

with a coefficient of C, = 3.0. The establishment of this value of the coeffi- 

cient, together with the experimental finding that a similar equation with a 

coefficient of Cz = 2.0 could be used to describe the trajectory of the water: 

falling from the crest, suggests that the apron length requirement consists of 

two parts—(a) the distance required for the falling water to reach the apron: 

and (b) the length of apron required to establish the energy-dissipating flow 
pattern. 

For the time between the two series of tests, C, = 3.0 in Eq. 2 was made 
the standard for apron length determinations. That the single value of the 

coefficient used in this equation should be too great for one extreme type of 

drop structure and too small for another was not surprising. The unsatisfac- 

tory performance of designs arrived at through its use has already been sho 
in Fig. 13. 

As information was produced in the second series of tests, attempts we 
made to analyze the changes that occurred in the performance of structures of! 
increasing or decreasing height. The experiments on high falls with thi 
flows were conducted first. 

Soon it appeared that the distance between the point of impingement of th 7 
nappe and the end sill should not necessarily be either equal to or proportiona 
to A ek seemed more likely that this distance should be related to th 
thickness of the impinging sheet of water. If this sheet has an original thick~ 
ness proportional to d., then, neglecting the effects of friction and of mixing of 
air and water, it may be shown that the acceleration of gravity will make thee 

se 
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thickness after falling a distance, h, proportional to d, : [o. Assuming that 

this thickness controls the remaining length of the apron, an equation for the 
coefficient, Cr, of Eq. 2, may be written: 

de 
dea | = : 

G72: = 2. = 5 0+ C, Tee 2.0 + Ory eee. eee es (8) 

This change in the coefficient proved too drastic (see Fig. 11, Us = 54°97, 
de, 

h “ 

oo 10.88) and, by cut-and-try methods, a new equation was determined 
‘Cc 

which represented the data correctly: 

Cr = 2.5 + 12% SoBe SS co tari, Pee iene once ee: (4) 

From the success of Eq. 4 it must’ be concluded that the effect of the thin- 

ning of the falling jet on the additional length required after impingement is 

not so severe as it was at first assumed to be. 
The extension of the tests into the low fall, thick flow range (see Fig. 11, 

z = 1.11), showed that the foregoing adjustment is not sufficient to account 
MC 

for all of the added length requirements of this type of fall. Here the physical 

picture is different; additional length is now required before impingement. 

It is not to be expected, in the first place, that the parabolic trajectory equa- 

tion, with its origin at the crest of the drop, should apply satisfactorily to the 

description of the flow near the crest itself. The finite thickness of the flow 
alone is sufficient to make the nappe fall above and downstream from the loca- 

tion thus predicted. 

A second feature of the flow changes the pattern in low falls: The equi- 

librium of forces and momentum changes in the vicinity of the point of im- 
pingement requires that the water under the fall should stand above the 

tailwater stage established by downstream conditions. This water under the 

fall contributes to the support of the nappe even before the reduction of the fall 

height creates support from submergence alone (see Figs. 9(a), 12(b), and 13(a)). 

The development of an analytical expression to adjust the coefficient of 

the apron-length equation for these effects has been too complicated a task for 

‘this study. Instead, an empirical term has been developed to express the 

influence of those features of the flow that will require longer aprons for low- 

drop structures: 

de de |" (5) 6h, SBE ae AS OSU ae ata 

If this coefficient is used, the complete equation for the stilling-pool length 

“may be written: 
de d. ; an ah ny L= 2.5 + 115 + 0.7 - VW. dp a Ree (Ba) 

ARs 
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or 

( ) 
5 + 1.1— #407 (% } 

WOR A AS ohare alse 

For the convenience of designers Eq. 5 has been plotted in its dimensionless 

form in Fig. 14. In developing Eqs. 2 to 6 it has been assumed that the dam 

Values of up 

20 10 5 3 2 ey 1.2 1.0 0.9 

Values of C, 

7 

0 Oli O20" = OS'S PD 4S OS 20:6 oh, 08 09 1.0 1.1 1.2 

Values ot 4c 

Fic. 14.—Tur Apron LENGTH RULE (CurRVE oF Ea. 6) 

crest constitutes a control section. If shooting flow in the upstream channel 

is not forced to jump before reaching the crest, these Pearce rules are not. 
applicable to the design of the structure in question. 

‘2. Height of Transverse End Sill.—The rules used for the determination of | 

the end-sill height-have been completely changed during the period of the 

laboratory work on drop structures. At the beginning of this period, the 

standard design of the Engineering Division of the Pacific Southwest Region 
called for a stilling pool whose depth was one eighth of the fall height, so that 

if 
, = — — gh SO ee ee (7a) 

After the tests shown in Fig. 5 and Fig. 7(b) were made, this rule was dis+ 
carded in favor of . 

= 0.100'= O38 N ha. oe ee (7b) 

At the conclusion of the second series of experiments the third rule was | 
stated: 

in which d, is still the critical depth at the weir notch. The weakness of the 
second rule is apparent in Fig. 13 which has been cited as belonging to the same 
stage of design development. 

This form of the sill-height rule (Eq. 7c) was not anticipated before the | 
experiments were completed and was accepted, with some reluctance at first, 
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as the only reasonable statement of the results of the experiments. Rather 
than attempt a complete analysis, the writers will state their conception of the 
factors that make this relationship possible. 

The height of the end sill of the stilling pool necessary to develop energy- 

_ dissipating action is apparently determined by the depth and energy content 

of the flow in the pool. 

Other tests conducted in the laboratory have demonstrated? that the loss of 

kinetic energy incident to the impingement of the nappe on the apron is a large 

quantity and that this loss increases rapidly with increasing fall height so as 

to offset, to an appreciable extent, but not completely, the increased energy of 

the higher falls. From these findings it can be stated that the flow away from 

the impingement zone still will be shallower for high falls than for low drops. 

Such shallow flows, of course, will have greater momentum than the deeper 

ones. It was desired to turn these shallower, swifter flows upward and over 

the end sill in such a manner as to insure the development of the energy-dis- 

sipating flow and the ground roller so essential to the protection of the struc- 

‘ture. For this purpose the end sill must be proportionally higher than for the 

deeper slower currents from the impingement of lower falls. 

The results of the experiments would indicate that the increase in relative 

sill height with increasing velocity and decreasing flow depth in the pool is 

such that the same depth of stilling pool, or height of end sill, relative to the 

flow depth at the crest is required for all fall heights. 

8. Location of Longitudinal Sills Longitudinal sills were introduced as — 

flow-straightening devices in drop-structure stilling pools for the first time dur- 

“ing the first series of experiments. The size and shape of the sills were estab- 
lished during the first stages of the experiments and have remained unaltered 

so far as recommended designs may be concerned. Sills, three quarters of the 

end-sill height, are the most satisfactory. The width of these sills.is deter- 

“mined by the materials used and structural considerations in general. For 

ordinary reinforced concrete construction (sills less than 3 ft high) a 6-in. 

width is adequate. 
/ 

When the second series of experiments was planned, it was believed that 

the operation of the experimental drop at many flow stages at a constant width 

-would produce data from which the possibility of other arrangements of the 

longitudinal sills than the third-point spacing originally used might be in- 

vestigated. The experiments failed to satisfy this prediction. The third- 

point spacing furnished the best performance from beginning to end of the 

series of experiments originally planned. 
From this result of the tests and from observation of the effects of the 

lateral contraction of the flow at the crest of the drop, it was concluded that 

the spacing of the longitudinal sills, like the lateral contraction of the nappe, 

was determined by the horizontal configuration of the contraction alone and 

was independent of the fall height and the flow depth. Accordingly, an auxil- 

iary series of experiments was conducted in which the amount of the contraction 
SRE SR al AC A SONA IIE INNS te ee 

9“Energy Loss at thé Base of a Free Overfall,” by Walter L. Moore, Proceedings, Am. Soc. C. E., 

November, 1941, p. 1697. 
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of the flow at the crest of the drop was varied, whereas the fall height and the 

flow depth were held constant. : ; 
Fig. 15(a) shows the performance of the drop with the sill at the third 

point of the width of the hypothetical complete structure. The pronounced 

contraction of the flow and the presence of an offset for the ventilation of the 

nappe make this, the contraction used in all previous experiments, a very severe 

lateral effect. The distance between the edge of the nappe and the side-wall of 

the stilling pool may be considered to be a measure of this severity. 

Figs. 15(b) through 15(d) show, continuously, the effect of the successive 

elimination of the causes of the contraction of the nappe. In each case the 

longitudinal sill has been placed in a position for maximum efficiency in flow 

straightening. In the case of parallel flow (Fig. 15(d)) this adjustment of the 

longitudinal sill has necessitated its complete removal since its ultimate loca- 

tion would be flush with the side-wall. 

The importance of flow contraction at the drop-structure crest to the pro- 

duction of crosscurrents over the end sill was noted by Professor Etcheverry,’® 

who recommended avoiding lateral contraction where possible. In gully-con- 

trol work the shape of natural gully cross sections makes contraction difficult to 

avoid in any simple structure. The flow-straightening sills are the simplest and 

most economical devices that may be used to counteract contraction effects. 

Although an investigation of nappe-ventilation provisions had not been 

anticipated in either series of drop-structure tests, the provision of ventilation 

by lateral offset or contraction, the two flow features governing the longitudinal- 

sill location, has become an inseparable part of the design problem. 

It is possible to describe, with some confidence, the flow phenomena that 

govern the longitudinal-sill locations. As the contracted, or offset, flow passes 

from the crest of the drop to the stilling pool, the nappe fails to span the apron 

width uniformly. This lateral inequality becomes effective, at impingement, 

as a pair of lateral pressure gradients giving the flow over the end-sill compo- 

nents of velocity toward the banks of the gully. The function of the longi- 
tudinal sills is to prevent the development of such lateral components by 
separating the high-pressure and low-pressure regions of the impingement zone. 
It becomes clear, from this analysis, that the longitudinal sills must be placed 
near the third points when the pressures are changing over a large part of the 
hes width and nearer to the side when the region of pressure differences is} 
small. 

In the development of an equation for the spacing of the longitudinal sills 
as controlled by the notch contraction and the ventilation offset, it has proved 
more convenient to use an analogy with another flow contraction phenomenon 
than to attempt to follow step by step the process of producing the pressure 
gradients on the apron. 4g 

As the stream flow above the drop is contracted, it experiences a drawdown — 
from the depth before contraction to a depth slightly less than the critical at 
the notch itself. The effect of curvature is to make this last depth depart from 
the calculated critical depth; but if this difference is neglected, the drawdown 

10 “Trrigation Practice and Engin 
New York, N. Y., 1916, pp. 238, 243 

eering,” by B. A. Etcheverry, Vol. III, McGraw-Hill Book Co., Inc., 
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can be computed from the energy of a stream flowing at critical depth and the 

Bernoulli energy equation written for the section upstream from the contraction 

and the section at the notch. 

The energy in the flow over the crest is 

which is the energy upstream from the contraction. 

From continuity requirements, 

Q =-Vq bn da = Ve Ondo = Vabw, dew ts tos, Sea eee 

and 
bn d bn d. 

= Te aa NG Gon ceanail: cite aes eee 9b Vo a Vee Bra, V9 + (9b) 

4 3 
Substituting in Eq. 8: 5 do = ds + 

de 

in Eq. 10 and transposing, the drawdown equation is obtained, 

b 2 

me aay) ¥ 

d,—d.\* 3 una) i) on 
( d. ) el d. "2<(s\ 

On 

The tests devised for the study of sill location as a function of the notch 

contraction showed that no sills were required when there was no contraction 

and that increasing contraction moved the sills from their hypothetical position 

flush with the walls to positions near the third points of the apron width. 

Comparison of the experimental values of - with the corresponding computed 

values of ds a de indicated that each had the same functional trend with 

changing values of the contraction ratio. From this observation it was con- 
cluded that the sill spacing, the departure of the nappe edge from the plane of 
the notch edge, and the drawdown were similar measures of the contraction of 
the flow at the crest. From the experiments shown in Fig. 15, : . | 

and 
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or, 

(is) bn C3; + 0.90. C2, := 0.108 Say aE Cae ere se (14) 

(is) 
Since cubic equations of the type of Eq. 13 do not lend themselves to quick 

solution, a graph of Eq. 14 in its dimensionless form is used in design work. 

0.3 

9 nN 

Values of Cx 

oO 

—— 

0 
1.0 1.2 14 1.6 1.8 2.0 eve 2.4 2.6 28 

Values of bw 
bn 

Fig. 16.—Txe Sinu-Location Rune (Ea. 14) 

This graph (Fig. 16) shows the relation between the sill spacing and the notch- 
contraction ratio. 

_ The data on which Eq. 136 is based were determined from experimental 
drops with wing walls directed 30° upstream from the line of the crest. Al- 

though no experiments were made with walls of different orientation, sills 
located according to Eq. 13) should improve the flow conditions for almost any 

angle ordinarily met. The results of experiments with sill locations other than 
those recommended show that they still enabled the sills to improve flow. 

conditions. 
Eq. 1380 gives the best sill location for drop structures that do not have an 

offset between the edge of the notch and the side-wall of the stilling pool. 

From what little information was obtained in tests it appears that the best 

results are produced if the distance between the sill and the edge of the notch, 

a, is increased by an amount equal to three times the notch offset, so that 

% = C,b, and 

The contraction of the flow not only makes the edge of the nappe depart 

from the plane of the notch edge, but also distorts the cross section of the nappe 

“so that the flow is thickest near the center. The ventilation offset, for the 
purposes of these tests a small distance by comparison with the notch width, 

serves only to offset the nappe, the high pressure area on the apron, and the sills 

farther from the side-walls. 

4 

ra 
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‘SumMaRY OF DEsIGN RULES AND FORMULAS 

Two general rules for all drop structures are: 

1. The structure must drop the water within its confines and discharge it 

downstream in such a way as to cause a minimum of locally intensified erosion; 

and 

2. The structure must discharge the stream in such a manner that flows less 

than, or equal to, the design discharge rate will not bring about the undermining 

of the structure itself. , 

Three specific rules for rectangular structures of the type treated in this 

paper are: : ree 

3. In order to provide efficient energy-dissipating action and to avoid waste 

of material, the design should provide an apron of a length derived by Eq. 6a 

(for graphical presentation of this formula see Fig. 14). Aprons shorter than 

this length are susceptible to undermining by scour at the end sill. Longer 

aprons do not give appreciable improvement in scour control. The application 

. h Ld . 

of Eq. 6a should be restricted to falls higher than ma 1.0 because of the in- 

‘ 3 

creasing importance of the empirical term, 0.7 ee , to very low falls. 

4. In order to provide sufficient depth without waste of material the end 

sill should have the height expressed by Eq. 7c. Lower end sills do not give as 

complete energy dissipation as sills of the recommended height. Higher sills 

add to the danger of undermining by scour unless they are used with longer 

aprons than would be provided by Eq. 6a. The amount of improvement in 

scour control, which may possibly be obtained through simultaneous increase 
in depth and length of stilling pools, is believed to be so small as not to justify 

the increased cost of construction. 

5. If the drop is laterally contracted, longitudinal sills should be installed 

on the apron at a distance 2’ from each side of the weir notch as given by Eq. 15, 

in which z is determined from the solution of Eq. 130 (for graphical presentation 

of formula, see Fig. 16). These recommended spacings are based on the use of © 

wing walls placed at angles of 30° with the axis of the dam, but should be. 
applicable to most wing-wall orientations commonly used. Sill locations other ° 

than those recommended are less effective in flow straightening and scou 

control, but give better performance than does the complete omission of the 
sills. 

The longitudinal sills should be made three quarters of the height of the end 
sill of the stilling pool. The width of the sills is determined by the strength of 
the material used for their construction. Since Eq. 15 is empirical and is based 

on measurements at i = 0.031, its application should be restricted to the range - 

a 

bn 
It is recognized that the foregoing design rules are based on hydraulic con- - 

siderations only. Therefore, they must be regarded as minimum requirements ; 
susceptible to increase on the basis of other design considerations. 

0 <= < 0.081. 
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The foregoing rules and formulas have been in use by the Engineering 
Division of the Pacific Southwest Region, SCS, since July, 1940. 

GULLY-CONTROL INSTALLATIONS OF FREE-OVERFALL Drop SrructTURES 

The gully-control structures most nearly resembling those used in the 

experiments are constructed of reinforced concrete and are of substantial size. 

Structures similar to the one shown in Fig. 1 have been built for falls from 5 to 

30 ft in height, from 8 to 75 ft in width, and from 50 to 5,000 cu ft per sec in 

discharge rate. To all sizes of structures of this type, the design rules developed 

in this study are directly applicable. Obviously, structural and economic 

considerations will limit the height of structures for which the free-overfall type 

of spillway is feasible; but the hydraulic principles involved in the designs given 

are independent of scale for flows more than a few inches deep. 

Smaller structures are often more economically constructed of masonry 

using local stone. The same rules that govern the outline of the water passages 

in the reinforced concrete structure have been adapted to these. The down- 

‘stream face of a masonry drop normally has an appreciable batter. Since these 

drops are ordinarily designed to operate at low ratios of height to depth, the 

nappe will not strike the face of the wall and, therefore, the starting point of the 

pool length has been considered to be the crest of fall. The space taken up by 

the sloping section of the breast wall is not considered to be important in the 

action of the stilling pool, except that the nappe should fall free of the face for its 

entire height. 

Under special conditions of exposure and operation it is desirable to con- 

struct rectangular drop structures of logs or of timber. Here again, the rules 

developed for the reinforced concrete structure will govern the hydraulic 

proportions of the structure. 
_ The writers do not expect that the limitations in the applicability of Eq. 6a 

to low falls will be encountered often in gully-control drop design, because of the 

possibility of the use of other types of structures in place of the free-overfall 

and rectangular stilling-pool type they have discussed. 

APPLICATION OF Drop-StructTURE RULES TO OTHER TYPES OF 

HYDRAULIC STRUCTURES 

The principles used in developing the rules for the design of rectangular drop 

structures for gully control are sufficiently general for application to many 

‘problems. There is no great difference between the methods that have been 

used in. insuring energy dissipation and in protecting the structure from 

“undermining and those commonly used in the design of spillways for major 

engineering structures. Although structural and economic considerations 

“require departure from the rectangular construction discussed herein, the flow 

patterns for major spillways and stilling pools are still such that kinetic energy 

is converted to turbulence in the pool and that the flow over the end sill produces 

a reverse ground roller that protects the end of the structure. 

At the other end of the scale of spillway structures used in hydraulic 

engineering are temporary “checks” constructed of various types of inexpensive 

materials, such as boards, loose rock, and brush. Only the promise of inex- 

7 
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pensive construction has kept this type of dam a part of engineering practice, 

Perhaps the application of some of the ideas presented herein may help in the 

identification and elimination of some of the characteristic weaknesses of this 

type of construction. Already experience has pointed out several types of 

failure: Undermining due to scour downstream, undermining due to percolation, 

lateral by-passing, and structural disintegration brought about by hydrostatic 

or hydrodynamic forces. 

The first of these causes of check-dam failures has been analyzed in this 

study of the rectangular drop structure and it would appear that the thoughtful 

application of the design rules presented in this paper should prevent failures 

from this cause alone. The other three causes of failure may be regarded as 

expressions of rules limiting the use of cheaply-erected checks of various 

materials. 
CONCLUSION 

The writers have presented hydraulic design rules and formulas now in use 

by the Pacific Southwest Region, SCS, U. 8. Department of Agriculture, and 

have described the experimental and analytical development of these rules at 

the laboratory of the Cooperative Research Project of the Soil Conservation 

Service and the California Institute of Technology. 
The analyses presented in the development of design rules for drop struc- 

tures may be regarded as statements of progress in a long-term investigation 

of the mechanics of energy dissipation and of localized scour. The writers 

realize that many problems remain to be studied, and hope that this paper will 

serve to indicate some of them. Conspicuous among items considered for future 

study are: (a) The importance of lateral contraction and divergence of the flow 

in the structure to energy dissipation performance; (b) stability of flow over 

the end sill; (c) energy dissipation at the end sill; (d) analysis of eddy-production 

in the lateral separation zone at the banks below the end wall of the structure; 
and (e) development of methods for reducing the scouring power of the eddy | 
system of Item (d). 

The particular studies reported in this paper were made through the 
cooperation of field technicians and a laboratory research group. It is antici- 
pated that this valuable method of design data development will be continued. 

ACKNOWLEDGMENTS 

The operations of the Soil Conservation Service in the Pacific Southwest. 
Region are directed by Harry E. Reddick, Assoc. M. Am. Soc. C. E., Regional - 
Conservator. Engineering activities in the Region are supervised by J. G. 
Bamesberger, Regional Engineer. The research work of the laboratory is under 
the direction of Robert T. Knapp, M. Am. Soc. C. E., for the California 
Institute of Technology, and Vito A. Vanoni, Assoc. M. Am. Soc. C. E., for the — 
Soil Conservation Service. 

Prior to August, 1938, the work of the laboratory in this particular field was 
directed by Mr. Christensen, to whom the writers are much in debt for the : 
information developed in the first series of experiments. In the second 
series, the writers were assisted by Wilson B. Jones, Jun. Am. Soc. C. E., who 
made the experimental measurements and collected the data of that series. 

4 



}AMERICAN SO ot we Ore GiViIL EBNGINEERS 

Founded November 5, 1852 

|v AAR SS aN) 

ANALYTICAL AND EXPERIMENTAL METHODS 

IN ENGINEERING SEISMOLOGY 
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SYNOPSIS 

The arithmetical steps in the computation of the spectrum are extremely 

lengthy. A mechanical analyzer was developed by the author at Columbia 

University, in New York, N. Y., to avoid this numerical work.?. Some of the 

writer’s earlier work with the earthquake spectrum is reviewed briefly in this 

paper. It also stresses engineering applications, and presents some new results, 

in particular regarding the effect of the foundation. Sections 1 and 2 introduce 

the definition of earthquake spectrum and show the results obtained for various 

earthquakes with the mechanical analyzer. Section 3 is a treatment of the 

spectrum curves obtained with the analyzer in relation to some observed facts 

and to the problem of stress prediction in actual structures. Section 4 consid- 

ers examples of structures with more than one degree of freedom and shows how 

the stresses may be computed by means of the effectiveness factor. (The 

expression “efficiency factor” instead of ‘“‘effectiveness factor” was used in the 

previous paper.?) The danger of a phenomenon referred to as the ‘‘whip effect”’ 

is also pointed out. Some attention has been given to another aspect of the 

problem in section 5; the effect of the foundation on the rocking motion of a 

rigid structure is taken into account. It is shown that'in this case the same 

methods using a spectrum and effectiveness factors can still be applied by intro- 

ducing an additional degree of freedom and a natural period corresponding to 

the rocking motion on the foundation. 

INTRODUCTION 

To a great extent the design of earthquake resistant structures is still an art 

based on observational facts and experience. Development of experimental 
0 ES ae ee ee eee eee ee ee 

” .Notz.—Written comments are invited for immediate publication; to insure publication the last dis- 
cussion should be submitted by May, 1942. 

1 Research Assoc. in Aeronautics, California Inst. of Technology, Pasadena, Calif.; Asst. Prof. of . 

Mechanics, Physics Dept., Columbia Univ. (on leave of absence). 

2“‘A Mechanical Analyzer for the Prediction of Earthquake Stresses,” by M. A. Biot, Bulletin, Seismo- 

logical Soc. of America, Vol. 31, No. 2, April, 1941, pp. 151-171. 
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and analytical approaches has been very slow partly because of the lack of 

accurate information on the accelerations of strong-motion earthquakes and 

partly because of the great complexity of the phenomena involved. This gar 

between the empirical and scientific approaches is being reduced constantly. 

leading to improvement in codes and rules for the design of quake-resistant 

structures. Information on strong-motion earthquakes has been made avail 

able in recent years by the valuable work of the U. S. Coast and Geodetic 

Survey. Pooling the data furnished by the earthquake accelerograms with 

existing seismological knowledge only marks the beginning of analytical anc 

experimental investigation. To picture the phenomenon in all its complexity 

one must imagine that the structure to be analyzed is floating on a medium ir 

which highly irregular waves are propagating. The structure has the attributes 

of distributed elasticity and damping effects. Like a ship in the ocean it does 

not participate completely in the motion of the surrounding medium, its motior 

being dependent upon its own rigidity and mass and on its size relative to the 

waves. Internal friction and yield point in the surrounding soil must have ar 

important effect on resonance phenomena. Also the properties of the surface 

layers of the earth vary greatly with location and depth so that complicatec 

reflection, refraction, and diffraction of the waves must be expected. This is 

also true for agglomeration of buildings in which case the structures themselves 

must have a considerable influence on the intensity and direction of the waves 

Instead of approaching this problem as an entirely complex matter it must 

rather be expected that a solution will emerge gradually from the carefu 

analysis of simplified cases in which the influence of each individual factor is 

clearly defined and checked critically against observation. 

One of the simplifications usually introduced is the assumption that the 

ground behaves as a shaking table, the horizontal motion of which is taken to 

be the same as that derived from the horizontal accelerogram of an earthquake: 
A basic analytical approach to this problem was developed by the author ir 
1932,*,*.°.in which the concept of the earthquake spectrum was introduced. 
This is a curve characteristic of a given earthquake which gives some kind 0: 
periodicity content by associating a certain acceleration intensity with a giver 
period. It was shown in the earlier work how this curve could be computec 
and how use of it could be made for the acceleration of earthquake stresses 
To this purpose, the motion of the structure is considered as the superposition 
of its various modes of vibration and the maximum stress produced in eack 
mode is made to depend on a coefficient characteristic of the structure and o- 
that particular mode. This coefficient in the present paper is referred to as tha 
effectiveness factor. The procedure permits the easy comparison betweer 
various earthquakes and between various types of structures or modes, withir 
these structures as to the stresses produced by a given earthquake. 
‘ Seems) Fe Remon ay pe roe eh by M. A. Biot, Thesis No. 259. Submitted to the Aero nautics Vept., California Inst. of Technology, Pasadena, C lif., in 1932 i ial f i ments for the Degree of Doctor of Pithoasety en 3 a eT eae 4 “Theory of Elastic Systems Vibratin, 

Proof Buildings,” by M. A. Biot, Proceedings, National Academy of Science, Vol. 19 (1933), pp. 262-2 5“Theory of Vibration of Buildings Durin Earthquakes,” b i i i, Mathematik und Mechanik, Bd. 14, H. 4, (1934), pp. 213-293” Me MeBick Fe aan 

g Under Transient Impulse with an Application to Earthquak 

Wirt pha? 
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Applications of the concept of earthquake spectrum,® using the writer’s 
nalytical method, have been made by R. R. Martel, M. Am. Soc. C. E., and 

M. P. White, Assoc. M. Am. Soc. C. E., and experiments along the same line 
ave been made by L. 8. Jacobsen and N. J. Hoff.” 

_ Notation.—The letter symbols in this paper are defined where they are first 

ntroduced and are assembled for reference in the Appendix. 

I.—EFFECT OF AN HARTHQUAKE ON A STRUCTURE WITH 

OnE DEGREE OF FREEDOM 

Consider a mass m connected to the ground by weightless springs (Fig. 1). 
he horizontal displacement of the mass relative to the ground is denoted by 

u, and the spring rigidity is such that a horizontal force 

produces a displacement 

The constant & is called the “spring constant.”’ 
If the ground is given a horizontal acceleration ap ap- 

lied very gradually so that no transient oscillation occurs, 

he mass will assume a constant deflection: 

Uy = (ie Opis ANCE, ie es Rei ele nae (2) 

The total shear in the springs is then 

WS ROT RS oo 2 Sec ae oe a ee ea (3) 

g During an earthquake the horizontal acceleration is a function a(é) of the 

time t. Denoting by v the displacement of the ground and neglecting the 

damping, the equation of motion of the mass m is 

mo (ut) +khu=0 be Ee eal Sek eee (4) 

The displacements u and v are taken positive to the right and the acceleration 

is taken positive to the left; hence 

2, 

j Te GU) Sein. ks Gee gh aes (5) 
nd Kq. 4 may be written 

2 

mot + ku = malt) Re Re. 2h oe (6) 

Eq. 6 shows that the relative displacement wu obeys the differential equation of 

motion of a simple oscillator under the force 

HOA) ao A CANE © Sve eR het get ay Ee (7) 

The earthquake is taken to start at the instant ¢ = 0; the mass m being initially 
RNS reli Ok des pe ee ee 
- 6“Some Studies on Earthquakes and Their Effects on Constructions,” by R. R. Martel and M. EP 

White, Rept: on Earthquake Studies for Los Angeles County, Pt. I (1939) (unpublished). | 

7 Ibid., Pt. II. 

U oF | 
LIBRARY 
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at rest, the relative displacement wu as a function of time is given by the well- 

known solution? ee 

1 ‘ in| 4 
L= —— F(6) sin 2) — (10) 00... 7 oo al (6) sin | ¢ 

Fivhie er Ry 
Us reat a(@) eal (t a 0) 1 A AEC 5.0. (8b)) 

or 

“ 

in which: F(9) = force; @ = time variable of integration; and, 7’, the natural, 

period of the oscillator, equals 

Fia. 2.—Vimw or MEcHANICAL ANALYZER 

The total shear in the springs is 
t 

V © bution oe eae) sin 5 ( — 8) dé 
0 

8 ‘Mathematical Methods in Engineering,” Pay x 
Book Co., Inc., New York, Ne Yo a, by Theodor von K4rmén and M. A. Biot, McGraw-Hili 



January, 1942 ENGINEERING SEISMOLOGY "53 

J (t) a (0) Si n zs (t 0) dé Sad Yok isso ern § eX Sivetielra is 11 

is a function of time which gives the complete stress history of the oscillator. 
That is, if the integration is performed with respect to @ between the limits 
0 and #, and repeated for all values of ¢, a function of time is obtained which, 
according to Kq. 10, will give the value of the total shear V at every instant t. 

II. —EARTHQUAKE SpecTRUM EVALUATED BY MEANS OF A 

MerEcHANICAL ANALYZER 

It is of special interest to find the maximum value of the stress produced by 

a given earthquake. Denoting by A the maximum value of Eq. 11, the maxi- 
mum shear is written 
ue: RIA aan ePeed ed oe Une oat Ne al oh aaa (12) 

Comparing with Eq. 3, one may say that, as far as the maximum shear is 

concerned, the effect of the earthquake is equivalent to that of a constant 
acceleration A applied gradually at so slow a rate that only a statical deflection 

is produced without the occurrence of any transient oscillation. 
Of course for a given earthquake the value of A depends on the parameter 

appearing in Eq. 11—that is, on the natural period T of the structure. The 

‘quantity A is referred to as the ‘‘effective acceleration” of the earthquake for 
the period T. It will be noticed that the effective acceleration for a particular 

earthquake depends only on the period of the oscillator. Therefore, one may 
‘evaluate this effective acceleration for various oscillator periods and consider 
it to be a characteristic function A(7’) of the period for each particular earth- 

quake. This function is called the ‘‘acceleration spectrum” of the earthquake. 

(Use has sometimes been made of the expression ‘‘equivalent acceleration” for 

“effective acceleration,” and “oscillator response curve” or “influence line for 

horizontal shear” instead of ‘‘spectrum.’’) 

The engineering significance of this concept lies in the fact that, once the 

spectrum is known, it is possible to write immediately the value of the maximum 

shear produced by the earthquake on any undamped, one-degree-of-freedom, 

structure. To obtain the shear produced by an earthquake in such a structure 

of period T the mass of the structure is multiplied by the ordinate of the spec- 

trum for the particular value T of the abscissa. Furthermore, as will be shown, 

it is possible to extend the usefulness of the spectrum to structures much 

more complicated than the one-degree-of-freedom oscillator considered herein. 
It is relatively tedious to evaluate the spectrum by analytical methods, as 

this would involve the calculation of the integral (Eq. 11) from a graphically 
given accelerogram a(t) and for a great number of values of both T' and t. 

Fortunately there are simple experimental methods by which this can be done. 

A mechanical analyzer shown in Fig. 2 has been developed for this purpose. 

A detailed description of the apparatus was given in a previous publication.’ 

It is a torsion pendulum with variable tuning whose point of suspension can be 

made to turn proportionally to the acceleration of the earthquake. When the 

we 
ae 
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pendulum is tuned for the period T, it can be shown that its maximum ampli- - 

tude yields the value of A. By varying the tuning it is then possible to plot the ; 

spectrum A(T’) point by point. The main advantages of this type of analyzer: 

are its low cost, its simplicity of operation, and the fact that it takes an average } 

of eight hours to plot one spectrum curve. The use of a torsion pendulum at ; 

the Bureau of Reclamation to evaluate earthquake stresses was mentioned by’ 

J. L. Savage, Hon. M. Am. Soc. C. E., in 1939.° 

The following earthquakes have been analyzed (their spectrum curves are} 

plotted in fractions of gravity g against period in seconds): 

12g | 
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Time, 4 in Seconds 

Fic. 3.—Sprecrrum or Hast-~West HorizontTaL ACCELERATION OF THE EARTHQUAKE OF 

Hewiena, Mont., Ocroser 31, 1935 

(A) Helena, Mont. (October 31, 1935) a horizontal east-west acceleration. , 
The spectrum in Fig. 3 shows that a peak value of 1.05 g occurs for T = 0.16} 

sec. The maximum recorded acceleration of the earthquake is 0.16 g; and the: 

amplification due to resonance is « = 6.5 times this value. 

04g 

0.22 

Acceleration 

The 
tf in Seconds 

Fig. 4.—Sprectrum or tan Norru-Easr HorizontaL ACCELERATION OF THE HARTHQUAKE OF 
FERNDALE, Cauir., FEBRUARY 6, 1937 

(B) Ferndale, Calif. (February 6, 1937) a horizontal northeast acceleration. 
The spectrum in Fig. 4 shows that this is a minor earthquake. Its maximum. 

‘intensity is 0.039 g, and the amplification is 9.5. 

ro arthquake Studies for Pit River Bridge,” by J. L, Savage, Civil Engineering, August, 1939, pp. . 

t 

é 
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_ (C) Ferndale (September 11, 1938) horizontal accelerations in both north- 
east and southeast directions. The maximum recorded intensity is 0.17 g in 
the northeast direction and the amplification is 6. Both spectrums are found 
to be analogous to (A). 
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Fig. 5.——SpectruM oF aN ARTIFICIAL HARTHQUAKE CHARACTERIZED BY A SINUSOIDAL ACCELERATION 

(D) A sinusoidal earthquake (Fig. 5(a)) of intensity 0.1 g and a duration of 

four cycles of 0.5 sec each was analyzed. Its spectrum is plotted in Fig. 5(6). 

The peak value of 1.23 g obtained is in good agreement with the theoretical 

value 1.25 g. 

TII.—Srectrum Revatep tro DESIGN AND ACTUAL 

BEHAVIOR OF STRUCTURES 

It is apparent that, from the viewpoint of the designer, the individual sharp 

peaks in the spectrums are unimportant since their frequencies do not seem to 

be characteristic constants of the location as found by a comparison of the two 

Ferndale earthquakes (B) and (C) (see section II). The envelope of the spec- 

trum, or better still, the envelope of a collection of spectrum curves obtained 

at the same location, constitutes the basic information for design purposes. 

A simple spectrum such as that plotted in Fig. 6 might well be taken to repre- 

sent the Helena and Ferndale earthquakes ((A) and (C), section II). For 

T > 0.2 sec, the curve is chosen as the hyperbola 

eR 
ad Gh et way Sire” Se anid ioe ie 6 hee: pS ) ORS. 

which emphasizes in quantitative form the fact that buildings of longer periods 

A atest eee ee 



’ 

56 ENGINEERING SEISMOLOGY Papers 

undergo smaller stresses. In general, therefore, high buildings will be less 

vulnerable to earthquakes than the smaller structures with shorter periods. 

The accelerograms from which these spectrum curves have been derived were 

recorded with the instrument designed by the U. 8. Coast and Geodetic Survey. 

Its natural period is 0.1 sec. Although it is properly damped to function as an 

aecelerograph, too much significance must not be attached to that part of the 

spectrum for periods smaller than 0.2 sec. 

10g 

08g 

S a a 

9 b a 
Acceleration 

0 0.2 0.4 0.6 0.8 1.0" T2 14 
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Vig. 6.—Sranparp Spectrum Proposep TO REPRESENT EARTHQUAKES (A) AND (C) FROM ‘THE 
STANDPOINT OF DESIGN = 

Before proceeding any further it is important to give more careful considera- 

tion to the possible engineering interpretation of the foregoing results. The 

spectrums for earthquakes (A) and (C) indicate that an undamped structure 

with a period of approximately 0.2 sec would undergo a horizontal shear equal 

to its own weight. From observation of the effects of earthquakes this value 
seems rather high, but it must be remembered that it constitutes an upper limit 
and that actually a number of stress-reducing factors enter into play. ‘ 

One of these factors, of course, is the damping influence of the structure. 
The magnitude of this damping effect must depend very much on the nature o 
the structure and the amplitude of the stresses. In fact, the damping observed 
with the aid of building vibrators or during minor earthquakes may very well 
be small, but one must be prepared to discover that in a strong earthquake the 
damping is considerably greater. When the amplitude of the stress reaches the 
yield point in some part of a structure, plastic deformation and friction will . 
produce a high degree of energy dissipation. Assuming, for instance, that this" 
type of damping occurs as soon as the spectrum ordinate is greater than 0.2 g, 
any further increase of stress by resonance will be strongly counteracted. That 
structural damping is an important factor agrees with the conclusion of studies 
by Professor White.!° 

. . : . 

: ;°\Friction in Buildings: Its Magnitude and Its Importance in Limiting Earthquake St esses,”’ by M. P .White, Bulletin, Seismological Soc. of America, Vol: 31, No. 2, April, 194i, OB: 93-99. : ; ‘- 
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Another stress reduction is that due to the influence of the foundation. 
This influence is threefold. When oscillations are set up in a building, strains 
are produced in the foundation and energy is dissipated, by internal friction in 
the soil. This effect depends on looseness, shear strength, internal damping 
etc. A second cause of stress reduction is the radiation of elastic waves into the 
soil because of the motion of the building. This phenomenon was the object 
of a theoretical investigation by K. Sezawa and K. Kanai." By this effect 

the energy of the oscillations is drained from the building through the founda- 

tion and radiated into the soil in the form of elastic waves. The magnitude 
of this effect depends on the size and natural period of the structure and on the 

elastic constants and density of the surrounding soil. The elasticity of the 

foundation will have an influence on the stresses because it increases the natural 

period of vibration of buildings. In other words, the building will not follow 

the horizontal motion of the ground but, due to the elasticity of the foundation, 

it will tend to rock about its center of percussion. This effect is examined in 

more detail in section V, and is shown to be’ considerable. 

Finally, it must be noted that a variation of the period with amplitude is 

very effective against resonance effect. The stress limitation due to this factor 

ean be important especially in strong earthquakes when large deformations 
and local failures occur. 

From the choppy aspect of the spectrum it may be concluded that slight 
differences in building periods may cause great differences in earthquake 

- stresses. This may very well be one of the reasons for the paradoxical observa- 

tion that the destructiveness of an earthquake varies greatly from one building 

_ to another at the same location. The differences are not as great as the spec- 

-‘trums would indicate, however, but this could be explained by taking into 
account the influence of the damping. 

IV.—Errecr oF AN EARTHQUAKE ON A STRUCTURE WITH 

Many Dercrens or FREEDOM 

The fact has been established that a number of modes of oscillation are 

excited by the earthquake, each of which contributes to the stress.4,° It can be 

shown that each mode behaves like a system with a single 
~ degree of freedom and that the concept of spectrum is ap- 

_ plicable to each mode separately. This will be demon- 

strated briefly by a simple example. Consider a build- 

ing of height h, total mass m, and total rigidity k, both m 

and k being uniformly distributed (Fig. 7). The building 

is assumed to behave like a shear beam such that a unit 

horizontal displacement at the roof is produced by a force k. 

The shearing oscillations of the building obey the equation 

Ow Sea 7 Ah eok ep Heth te Lib aes (14) 

‘in which uw is the displacement relative to the ground at a distance x from the 

“Some New Problems of Forced Vibrations of a Structure,” by K. Sezawa and K. Kanai, Bulletin, 

- Barthquake Research Inst., Tokyo, Vol. XII, Pt. 4, December, 1934, p. 845; also ‘Decay in the Seismic 

Vibrations of a Simple or Tal) Structure by Dissipation of Their Energy into the Ground,” by K. Sezawa 

and K. Kanai, ibid., Vol. XIII, Pt. 3, September, 1935, p. 681. 

y 
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roof, and a(é) is the horizontal acceleration of the ground, taken positive ina 

direction opposite to wu. Write the acceleration a(t) as a Fourier series in & 

2 ho 2h 5 2h 

and the solution u(x,t) of Eq. 14 in the same form: 

3 51 © 
u(x,t) = U,(t) cos Si + U.(t) cos ae + U3(t) cos ae dries ® (15b) 

a(t) = 4 ( cost ~} eos 3M + f con 3B2--- ) a(t)... (15a) 

The quantities Ui, U2---, represent the unknown roof deflections of each 

mode. Substituting Eqs. 15 into the differential Eq. 14 and equating the 

coefficients of cos aD cos ane , etc., to zero, the following equations are found: 

aU, k x? ie, 4 

dria that Gel eee 
CUB CONE te Pann 
get gee Ut Song iege ae (16) 

2U, , (2n—-1)2?k wr ¥ 4m 

rae 4 Ui a alee 

These equations are analogous to Eq. 6 for the structure with a single degree of 
freedom. According to Eq. 8a the roof deflection of the nth mode is: 

Taf) oO em eran ete (17a) , (2.2. — 1)? 4° k Ti yf, a. Ea 4 

in which T’;, is the period of the nth mode. The largest value attained during 
the earthquake for the roof deflection in the nth mode can be written: , 

16 . Un r+ =k A(T) dha aha eae (17b) ~ (Qn — 1) ak 

in which A(T,) is the ordinate at T = T,, of the aforementioned acceleration 
spectrum. The shear stress i 

is maximum at the base, h = x; hence the maximum shear in the nth mode is 

8 
Van =F (20. — 1)* x2 m AT?) By folie de sala cat ional ate ee ee (186) 

Denoting by V, the stress which would be produced by a statical horizontal 
acceleration equal to gravity 
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in which 

Ce ae iy ge Be ee tees G9) 

: ZA! 
The expression fe VY, represents the shear that would occur in a structure of 

one degree of freedom with the same mass and period as the particular mode 
considered. The factor C, may be called an “effectiveness factor’ because it 

represents the extent to which this shear appears in each mode of the structure 

with distributed mass and rigidity. A more direct method of calculating these 

factors is available. Assume that some restraining mechanism is used so that 

the building can only deflect in its fundamental mode, and apply a horizontal 

statical acceleration g. The deflection will be found by the energy principle. 

The external work, W, done by the inertia forces applied gradually is: 

ee ne ie WX 
ee 0s —— a 2 W orth i a a 20) 

The elastic potential energy H, in this deformation is more conveniently 

evaluated as the kinetic energy in the fundamental mode of vibration; hence: 

F 16 mg = 

and the shear , 

2 8 Sicae : 
Vi a C2) 

The factor C; = 72 ®ppears in this expression, and coincides, for n = 1, with 

‘the value (19) already found by the more elaborate previous method. The 

same method is applicable to the higher modes. 

The values of | the coeffi- 

cients for the three first excited TABLE 1.—Consrants C ror Various 

“modes are: C; = 0.810; C2 = Exasticiry Ratios 

0.0900; and C; = 0.0324. Sim- 
ilarly coefficients can be found B Cy en Cy 

Mor all kinds of structures pro- © ——|———___|_______|______ 

vided the natural modes of vibra- sae ot ane Y ache 

tion are known. In the earlier 2 Beis ea eee 

work*: ® the effectiveness factors 

were computed for a building 

with an elastic first story. Some of these values are given in Table 1 for 

different values of the elasticity ratio ue . The rigidity hk, of the first story is 
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the force necessary to produce a unit deflection of the second floor with respect | 

to the ground, and k is the rigidity between the second floor and the roof. 

Note that for a rigid first story é = 2 | the coefficients are the same as the 

foregoing for a uniform building. These coefficients make possible a compari- 

son of the relative importance of the various modes. , In a building with uni- 

form distribution of mass and rigidity, if 100% denotes the shear that would 

act in a structure with one degree of freedom under an earthquake of constant 

spectrum the fundamental mode of the uniform building picks up 81% of the 

shear, whereas the second and third modes pick up only 9% and 3% of the 

shear. Table 1 shows that the effect of an elastic story is to decrease, further, 

the importance of the higher modes relatively to the fundamental. 

For the case of a cable or simple truss the maximum shear stress is also 

given by Eq. 18c with appropriate values of C,. The bending moment in a 

truss is expressed as 

M..= By = (Tali ites 20s eee (23) 

in which M, denotes the maximum bending moment produced by a statie 

horizontal force equal to gravity. The coefficients C, and B, depend on the 

type of structure and the partic- 

TABLE 2.—Coerricients C, anv B, ular mode of vibration. Values 

of these coefficients for a cable 
Order of mode n=1l|n=2|n= and a pin-ended uniform truss 

Gpiotieable, shi we. ieee: 0.810 | 0.090 | 0.032 are given in Table 2. Only 
Cn for pin-ended uniform truss ..| 0.810 | 0.090 | 0.032 : 
B» for pin-ended uniform truss ..| 1.03 | 0.038 | 0.008 the symmetrical modes (n odd) 

are excited by the earthquake 

so that the coefficients for modes 
of even order are zero. It is seen that the importance of the higher | 
modes for the bending moment tends to decrease more rapidly than for 
the shear. Comparing the importance of the various modes under the assump- 
tion that the spectrum follows a law of the hyperbolic type as in Kq. 13, the 
conclusion may be drawn that generally the higher modes are less dangerous 
than the fundamental. Exception must be made for the case of the shear in 
a flexural beam where it seems that each mode would carry about the same 
amount of shear. This is due to the fact that the effectiveness coefficients for 
shear in a mode of oscillation of the order n decreases as 1/n? whereas the 
frequency of a flexural beam increases approximately as n?. However, in prac- 
tice, due to the increasing influence of damping in the higher modes, one would 
expect that their importance would always be less than that of the fundamental. . 
The attention of the reader is called to the fact that the values of the effective- 
ness factors for the higher modes of a truss? !2 are erroneous. } 

Table 2 was applied to the evaluation of an upper limit for the stresses 
that would be produced by an earthquake of the Helena or Ferndale type in 
the San Francisco-Oakland Bay Bridge.” Conditions are found to be least. 

2 Transactions, Am. Soc. C. E., Vol. 106 (1941), p. 1385. 
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favorable in the side-span truss which is treated as a pin-ended truss with a 
period of 3 sec. For this period the effective acceleration of the standard 
spectrum in Fig. 6 is A = 0.066 g. The effectiveness factor B, for the bending 
moment in the fundamental mode is B; = 1.03; hence the bending moment is 

Aiea. OGRE EE lacit arse r's newest on (24) 

This means that the maximum bending moment during the earthquake is not 
greater than that due to a static horizontal acceleration of 

6.8% gravity. From the foregoing values of the effec- 

tiveness factors it seems as if the stresses in structures 

with more than one degree of freedom are of the same 

order as those in a structure with a single degree of free- 
dom. Thisis not always true, however, and a particularly 

dangerous condition may arise from assuming that it is. 

Consider, for instance, that a mass m, is elastically 

restrained to the ground with a stiffness ki, and that a TTTAT 7 
much smaller mass mz is restrained to m, with a stiffness Fie. 8.—Sysrem with 
kz (Fig. 8). Denoting by wu and ue the horizontal dis- [00 DBenmes oF FRpe- 
placement of m; and mz, respectively, the equations for the ING AND THE Roor 

A > S STRUCTURE 
amplitudes of the harmonic motion are 

Mo 

mM, U1 ou ky U1 +. ky (u1 — We) Pach Ma Re. Als ea’ Robe. 2 (25a) 

and 
Tos COE al (Wa t= AU) Ate ae we a Ue ete C290) 

in which w is the circular frequency. 
Assume that the small mass is “tuned” to the vibration of the large mass, 

by making 

Se ky ai ke uu ke Reo 
ee ad tees a) 

my, mo 

Writing = = ) the equations of motion become 
, WI 

(2 — 1) ws +7 ut Peau Oh ori ates (27a) 

and 

Hence, by elimination of wu: and ws, 

Ne AS SG ae hoard oer ee ametne race Tie (28) 

4 

From Eqs. 276 and 28 the ratio of amplitudes is 
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The lower sign refers to the f undamental mode. Now, in order to evaluate the 

effectiveness factor a restraint is assumed to force the structure to deflect 

in its fundamental mode while a static horizontal acceleration equal to gravity 

is applied. 

The work done by the gravity force in deflecting the structure is 

1 “me \ | | 
5 (mi tha + ms We) =kmgu (4 +f BE) oes (tp 

and the potential energy is 

rs m | me | 
Ww 9 1 ‘ 
> (mi wi + ms Ve) = - Ke wi (a _ i Saciyhoe epee any 
a 

v2 

Equating these two expressions yields 

and the shear in the spring kz is 

ie be toe 1) = > (St gf BE) mete BI 

Therefore the effectiveness factor is 

| 

aw) 

: . -. Me . 4 
It is seen that for small values of the mass ratio vs this factor becomes quite 

1 

large. Yor instance, if this mass ratio is nn , then C, = 5.5. Ifan earthquake 

acts on such a system the stress in the spring ke will be : 

? A as 
Vi = erry (T;) V, £6 Fi fale NsS. Se) wile weal gat Serene) Ie (33. 

or 5.5 times what it would be if the spring mass (ks m2) were directly connecte 

to the ground. Note that in Eq. 33, V, = mzqg is the stress in the spring k 
under a horizontal statical acceleration equal to gravity. This introduces 
example in which the effectiveness factor C, refers to a particular location in 
the structure. It is then possible to refer to the effectiveness factor “at « 
certain point” in the structure. The amplification effect revealed here belong 
to a class of phenomena which might be designated as a “whip effect.” Con: 
sidered from the standpoint of wave propagation it is analogous to what hape 

prairie to 
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pens in a whip, when a wave generated at the base is propagated to the tip. 
The wave may be considered as an energy lump moving from the heavy part 
of the whip to the lighter section at the tip. This produces at the tip a con- 
centration of energy in a small mass and therefore gives rise to a high velocity. 
This effect is essentially associated with taper and explains many vibration 

Hfailures in tapered beams, such as propeller tip failure or the fact that a tapered 
column receiving a blow at the base will fail at the tip. The case of two degrees 
of freedom, treated in the example, may well be considered as a simplified model 

of a tapered building. It points to the possibility of serious danger in roof 

structures and is in agreement with the observation of disproportionate damage 
in penthouses in the Long Beach earthquake of March, 1933. The California 
Building Code takes this danger into consideration by raising the lateral gravity 
force for which the penthouse must be designed. 

The case of a structure in which the mass and stiffness both vary linearly 

with distance from the top was investigated by Professors Martel and White.* 

The effectiveness factor C; for total shear at various heights is: 

5 x 
Distance, = , from 

the ae a 

A) <a alg “Eas Seta Deter ae Ow ea SI APS 1.60 

(2 ere Bre ere ree, Pate taps We NR Rin gd Anat tad. she 1.55 

USCS OBE Gh era ee ote AOA Ok ne Oe Bera et 1.338 

CE Saari er tthe Nc de Ne teh sen Lato at ah Oa 0.97 

BORD ASC) eer ur eee Ramee: Gee Nr ng tree thd Soke 0.693 

It is seen that these coefficients also point to the existence of a ‘‘whip”’ effect. 

V.— INFLUENCE OF FouNDATION ON MorTIoNn oF BLOCKS 

The foregoing mathematical developments are based on the tacit assumption 
‘that the effect of an earthquake is the same as that of a shaking table. As will 

be shown now there is strong theoretical evidence that this concept must be 
modified to take care of the influence of the foundation. The elastic properties 

‘of the structure cannot be dissociated entirely from those of the ground and 

‘both must be studied simultaneously in order to predict the dynamic properties 

of the system. 
The problem is extremely complex because it involves a complete knowledge 

of the propagation and properties of the seismic waves in the strongly hetero- 

geneous surface layers of the earth as well as their diffraction and reflection by 

objects built on the surface. The influence of the soil on the damping of oscilla- 

tions in structures was also discussed in the foregoing. An immediate answer 

to such a complex problem cannot be expected. It is believed, however, that 

the simplified problem noted in this section throws revealing light on the nature 

of foundation effects. 

The question investigated is that of the influence of ground elasticity on 

the rocking motion of a block. How resistant is the surrounding soil to the 

rocking displacement of a foundation? What are the factors influencing this 
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rigidity? Can this effect have a practical influence on the action of earthquakes 
on buildings? The problems are simplified by neglecting the mass of the soil. 

the internal friction in the soil, and the radiation of elastic waves due to the 

rocking. 
Assume that the coordinate axes zy lie on the surface of the soil. A load 

distribution p(x)-function only, of the distance z, is applied to the surface on a 

strip infinitely long in the y-direction and extending from = — Ltoz = + L. 

The distribution is asymmetric with respect to the y-axis so that 

(= Bi GG) oni al any a5 oe (34): 

It can be shown from the theory of elasticity that the soil deflection w(x) is 

given by 
2 L 

w(2) = 207) [ p(é) log. 
J0 

a+é 
ete ae Av eee (35) 

in which # is Young’s modulus of the soil and yu its Poisson ratio. Substitute 
in Eq. 35 the pressure distribution 

p(x) = ee (36); 

Then, the deflection is a straight line: 

In other words, the assumed pressure distribution (Eq. 36) is that under 
rigid slab of width 2 L rocking about the y-axis. The ratio between the elasti 

moment M of p about the axis and the slope a is the elastic stiffness coeffi- 

cient C, for rocking motion 

eSB es ian Cae ag ae oe ee (38) 
dx 

. . . . 

: If a uniform pressure distribution equal to a constant pfromz = 0tor = +L) 
and — p from x = 0 to z = — L is applied, the deflection of the soil is 

ere te ey L+z2 x L? — x w= 205) 5 (to, Fieae + F log. qi | ) heiaes (39) } 

From this solution it is possible to derive, by superposition, the deflection due to: uniform asymmetric load distribution extending from = + L to various dis- tances from the axis. It is found that the average rocking stiffness is given by a formula similar to Eq. 38 except that the numerical coefficient is somewhat 
> Tv . . . . ; different from qT: For instance, in the case in which the load extends from: 

i] 
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Tv 

4 
.231 7. It may be concluded that Eq. 38 represents a reasonable approxi- 

ation, independent of the load distribution. 

Eq. 38 implies the knowledge of the elastic constants E and yp of the soil. 

hese are obtainable from tests made by M. Ishimoto and K. Iida.* Samples 

rom the underground of several regions within Tokyo, Japan, at depths to 

0 ft, were made into the ferm of rectangular prisms and submitted to vibration 

4 
— itor = reo and z= —ltoz= — el the coefficient — is replaced by 

ests. The average values of the Poisson ratio are found to be about p = : . 

Some of the values found for Young’s modulus are 

Material E, in lb per sq in. 

Silty clay in natural state with 50% moisture........ 792 

ame with 42% moisture. sn Pes des eeu leeelles veh 5,750 

TG ee ee oe SR a Ue a Oe 8,200 

_ From measured velocities of waves in soils'*: 15 the following order of mag- 

itudes may be derived: 

Material E, in lb per sq in. 

EOUSCISANIC cae erect Ee ia ko ani: Gn fies 4,000 

CANA: Steger aS GAn Sis a aie I Oe ae Re Pl 6,000 

BANOS CONE Shure ste is, 55 cata « a ee nee PTE a oe aS 100,000 

D, D. Barkan" has experimented, under field conditions, with various founda- 

ions weighing as much as 30 tons and having various areas at the bottom as 

reat as 90 sq ft. The foundation was tested dynamically for rocking oscilla- 

sions and also statically for the rocking rigidity of the foundation slab on the 

oil. The results are in good agreement with Eq. 38. A length of 21 was taken 

represent the size of the square foundation slab used in the test. The values 

f H derived from this test are 

Material E, in lb per sq in. 

LLCS a) arya Aa Ri ed oe Rae Aa eye a ae i eee 12,000 
Water-soaked brown loam.................000 06s 5,000 

_ The order of magnitude of these values is in satisfactory agreement with the 

forementioned values cited from other sources. 

_ It is now possible to derive the rocking period of oscillation of a block lying 

on the soil. The results established in the preceding sections have shown 

13 “Determination of Elastic Constants of Soils by Means of Vibration Methods,”’ by M. Ishimoto 
d K. Iida, The Bulletin of the Earthquake Research Institute, Vol. XIV (1936), Pt. I; also ibid., Vol. XV 

1937), Pt. II. 
4 “Soil Mechanics,” by D. P. Krynine, McGraw-Hill Book Co., Inc., New York, N. Y., 1941. 

15 ‘‘Praktische Anwendungen der Baugrund Untersuchungen,” by W. Loos, Berlin, J. Springer, 1935, 
p53. 

16 ‘Field Investigations of the Theory of Vibrations of Massive Foundations Under Machines,” by 
D. D. Beaesh Procesdings, International Conference on Soil Mechanics and Foundation Eng., Vol, II, 
1936, p. 285. 
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that the fundamental period of oscillation of a structure is one of the essentia 

controlling factors in earthquake stresses. The rocking period of a block is 

T = 2181 AS Ar or i tue eo, wD (40 

CG; hy gh ’ 

m 7? ne 

in which C, is the stiffness of the foundation according to Eq. 38, m the mass « 

the block, r the radius of gyration with respect to the rocking axis, and h tl 
h 

height of the center of gravity above the ground. The term ie represents tk 

destabilizing influence of gravity. The case in which 

corresponds to statical instability when the tipping moment due to gravity - 

equal to the restoring moment of the soil. Usually the term os may be neg 

lected and if the weight m g is written as mg = 2 p, L the period becomes 

The pressure p, is an average load on the foundation due to the weight of tk 

structure. Consider the case of hard clay, and use for p, the bearing capaciti 

given by the Boston Buildi 
TABLE 3.—Va.uEs OF THE PERIop T, Code—p, = 84 Ib per sq in 

IN SECONDS According to the aforeci 

VALUES OF 7, IN FEET clay seems to be H = 15,000 1 
2 L (ft) per sq in. The periods giveni 

10 50 100 Table 3 are then obtained. Wit; 
3 0.39 0.78 3.9 7.8 these values of the periods th 
50 1 0.24 1:2 2.4 spectrum may be used to eva 

uate earthquake stresses as ex 
plained previously herein. 

According to the standard spectrum in Fig. 6 the stresses are inversel! 
proportional to the period of the structure. Since the soil can have a mark 
effect on the period it is to be expected that it exerts also a proportional ir 
fluence on the destructiveness of the earthquake. Actually, of course, strua 
tures do not behave as rigid blocks, so that their period will be influenced bi 
both the building and the foundation rigidity. The combined periods must 
used in applying the spectrum curves to evaluate earthquake stresses. Ac 
cording to the data in Table 3 and Eq. 42 the slenderness of a structure has . 
considerable effect on its vulnerability to earthquakes. This probably bea 
some relation to the observed fact that columns and towers sometimes shov 
paradoxical resistance with respect to neighboring structures. : : 
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CONCLUSIONS 

Experimental and analytical methods of approach have been developed for 
he evaluation of earthquake stresses. An earthquake may be characterized 
y 2 certain function of time, called a ‘spectrum, which is derived from the 
ecelerogram by means of a mechanical analyzer. By using the spectrum an 
pper limit can be evaluated simply for the stresses produced in undamped 
tructures of given dynamic properties. The stresses in each mode are shown 
o be derived quite simply from the value of the period and a coefficient de- 
endent on the nature of the structure and referred to as the “effectiveness 

tor.”’ 

The comparison of stresses calculated by this method with observed de- 

tructiveness of an earthquake on a building seems to indicate that, at least 

r short periods, the values of the stresses obtained are considerably higher 

an could be expected. The possible effect of certain stress-reducing factors 

discussed, such as internal damping in the soil and in the structure, the 

adiation of elastic waves, etc. The influence of these factors can become very 
rge in certain cases. : 
Particular attention is given to the influence of the elasticity of the founda- 

ion and it is shown that considerable stress reduction occurs through the 

ngthening of the natural period due to the foundation. This is equivalent 

o stating that rigid slender structures will have a tendency to rock about the 

enter, of percussion because of the elastic yielding of the foundation. 

Attention is directed to a phenomenon referred to as the ‘“‘whip”’ effect which 

creases the destructiveness of earthquakes on penthouses and the tip of 

apered columns and buildings. 

Spectrum curves presented herein indicate that the effectiveness of an earth- 

uake is inversely proportional (roughly) to the period, so that increasing the 

eriod means an increase in safety. Application of the methods developed in 

11s paper should be helpful as a guide in extending safety rules and interpreting 

arthquake data. 

A considerable field lies open for further research, especially as regards the 

tress-reducing factors discussed in section III. The influence of damping, 

or instance, could be taken into account by using a controllable amount of 

amping in the mechanical analyzer. This would yield a set of ‘damped 

esponse curves” which would give directly the effective acceleration for a 

uilding with given period and damping. In this terminology the spectrum 

ould correspond to the undamped response curve. Further research should 

lso be directed toward a better knowledge of the dynamics of the foundation, 

he interference of structures with one another, and the influence of agglomera- 

ions on the earthquake waves themselves. 
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APPENDIX 

NotTaTION 

The following letter symbols, adopted for use in this paper, conform esser 

tially to Standard Letter Symbols for Mechanics, Structural Engineering, a 

Testing Materials, prepared by a Committee of the American Standarc 

Association with Society representation and approved by the Association i 

1932 :17 

A ll effective acceleration giving the maximum value of shear throug 

Eq. 12: A(T) = acceleration spectrum; 

a = linear acceleration: 
a = constant horizontal acceleration; 

a(t) = earthquake acceleration as a function of time (accelere 

gram curve); 
a() = acceleration as a function of the variable of integratia 

6 (Eq. 8d); 

B, = effectiveness factor for the bending moment in the nth mode (s 

Table 2 and Eq. 23); extent to which bending moment appears i 

each mode of the structure; 

C, = effectiveness factor for the shear in the nth mode (see Tables 1 a 

2 and Eq. 18c); extent to which shear appears in each mode « 

the structure; 

C, = coefficient defining the stiffness of a foundation (Eq. 38); 
E = modulus of elasticity: Hp = potential energy; 

F = force; 

g = gravity constant; 

h = height; } 

k = spring constant; rigidity: k, = the rigidity between ground and se 
ond floor; 

L = length; 

M = bending moment: 

M,, = maximum bending moment in the nth mode of a trua 

(Eq. 23); | 
M, = maximum bending moment produced by a static ho 

zontal fee equal to gravity; 
m = mass; 
p = unit pressure; uniform pressure distribution: 

Ps = average load on a foundation due to the weight of tk 
structure; 

p(x) = pressure distribution under a rocking foundation af 
distance x from the axis; 

p(€) = pressure distribution with ihe variable of integration’ 
in the place of z; : 

ey AGA an 17 ASA-Z10a-1932, 

¢ 
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r = radius of gyration; 

T = period of vibration; natural period of oscillation: 
A(T) = acceleration spectrum; 

T,, = the period of the nth mode; 
t = time; 

U, = U,(t) = largest value of roof deflection obtained during an earth- 

quake for the nth mode, as a function of time; 
u = displacement relative to the ground (wu and »v are taken positive to 

the right): 

uo = @ constant deflection (Eq. 2); 

u(x,t) = displacement at the instant ¢ and distance x from the 
roof; 

total shear in a structure: 

V, = maximum shear in the nth mode of a cable or truss; 

V, = maximum shear produced by a static horizontal force 
equal to gravity; 

= ll 

v = (see u); 
W = work; 

w(x) = soil deflection; 

x = distance from roof (Eq. 14); distance from rocking axis of foundation 

(Eq. 35); 
a = (Eq. 36) a coefficient; 

6 = variable of integration in Kas. 8; 

dA = ratio of natural frequency w to w; (Eq. 27a); 

» = Poisson’s ratio; 
£ = variable of integration in place of x (Eq. 35); 

w = circular frequency: w: = circular frequency defined by Eq. 26. 
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VARIATION OF ELASTIC CHARACTERISTICS 
ON STATICALLY INDETERMINATE 

QUANTITIES 
By .A. HRENNIKOFF,? Assoc. M. Am. Soc. C. E. 

SYNOPSIS 

As is well known, the values of statically indeterminate quantities are in- 

fluenced by the elastic characteristics of the structure, such as cross-sectional 

areas of compression and tension members, moments of inertia of flexural 

members, and moduli of elasticity. The actual magnitudes of these elastic 

characteristics are likely to differ somewhat from the values assumed in analysis 

because of inaccuracies and accidents of manufacturing and construction, and 

these may result in deviation of the actual stress values from the quantities 

used in the design. A proportional change in an elastic characteristic in dif- 

ferent parts of the structure in most cases will not affect the values of static 

unknowns, but a random variation of cross-sectional area, moment of inertia, 

_ or modulus of elasticity from point to point may influence the results consider- 

ably, depending on location, magnitude, and sign of the variation. 

These discrepancies or variations of the elastic characteristics are not 

always negligible. Thus, a 3-in. deficiency in the thickness of a 12-in. rein- 

forced-concrete slab causes a decrease of more than 6% in the moment of 

inertia of the member. The modulus of elasticity of steel is not likely to 

differ more than 3% from the usual value of 29,000,000 lb per sq in., but the 

modulus of concrete is subject to large variations. Thus, in tests of full-sized 

reinforced-concrete rigid frames, conducted in 1938,? the values of the modulus 

of elasticity of concrete specimens cut from different parts of the same frame 

varied from 3.7 to 5.9 million pounds per square inch—that is, the extreme 

values differed from the average of 4.8 by 23%. In conditions of actual 

practice these variations are likely to be even greater. 
ee ee en Fe eee 

Nors.—Written comments are invited for immediate publication; to insure publication the last 
discussion should be submitted by May, 1942. 

1 Asst. Prof., Civ. Eng., Dept. of Civ. Eng., Univ. of British Columbia, Vancouver, B. C., Canada. 

2“An Investigation of Rigid Frame Bridges,” by Wilbur M. Wilson, Ralph W. Kluge, and John V 
Coombe, Bulletin No. 308, Univ. of Illinois Eng. Experiment Station, 1938, Pt. 2. 
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This paper presents a general method of determining the greatest possible 

variation in the magnitude of a statically indeterminate quantity caused by 

most unfavorable distribution of assumed legitimate variations in the elastic 

characteristics. 

NOTATION 

The letter symbols used in this paper are defined where they first appear 
and are assembled for convenience of reference in the Appendix. 

Maximum VARIATION OF A STATICALLY INDETERMINATE QUANTITY 

Before proceeding with the mathematics of the problem, it is necessary to 
state definitely what variations of the elastic characteristics should be con- 
sidered legitimate. It will be assumed that an elastic characteristic may 
deviate from its theoretical value « anywhere on the structure by an amount 
not in excess of 7 €, in which 7 is a small, theoretically infinitesimal, quantity. 
The actual values of the assumed variations and their signs at different points 
of the structure will be selected in such a manner as to make the variations 
of the statically indeterminate quantity in question the greatest. A different 
statically indeterminate quantity will require a new arrangement of variations 
of the elastic characteristic, staying within the limits a 7 anywhere on the 
structure. It will be assumed also that the modulus of elasticity E of flexural 
members will vary in such a manner as to have the same values in the planes 
normal to the axis of the member. Thus the member will consist of short 
rectangular blocks, cut by sections normal to the axis, with HE varying from 
block to block but constant in the same block. This assumption that F is 
constant in each block is more severe in its effect on the variation of the 
statically indeterminate quantity than the assumption that it changes across 
the axis of the member, since a given change in E over the entire block modifies 
flexural deformability of this particular element of the structure by a greater 
amount than an equal change in F extending only over a part of the block. 

Consider a structure with an arbitrary number of statically indeterminate 
quantities acted upon by a given set of loads. For definiteness only three static unknowns X,, X;, and X, will be used in the derivation, although the formulas derived will be applicable to any number of unknowns. The equa- tions of continuity from which the unknowns are to be found may be written . ; in the form: 

Xa Sab a Xp sp ta Xe be + 5b0 = 0 

Xa Sac at Xp be ae be Oce ata Deo = 0 

In Eqs. 1 the familiar quantities 6 refer to the basic statically determinate structure and represent the movements of the points of application of the static unknowns in the directions of the unknowns. The first subscript always indicates the point that moves, and the second subscript, if it is 0, indicates that the movement is caused by the actual loads, and, if it is a, b, or c, signifies that the movement is caused respectively by any of the forces X, = 1, X, = 1, 

Xa baa + Xb dab + Xe Sac + Sao = } 
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or X,=1. Thus, 6s, for example, represents the movement of the point of 
application of X, in the direction of Xa, caused in the statically determinate 
structure by the force X; = 1; also 5.. represents the movement of the point 
of application of X, in the direction of X, caused in the statically determinate 
structure by the actual loading. By the law of reciprocity 645 = 6s, with 
two similar equalities for the other values of 6. 

By solving Eas. 1, 

1G pee a haa (2) 

with two similar expressions for X; and X-. 

In Eq. 2, D is the determinant composed of the coefficients of the three 
unknowns in Eqs. 1; and Dig, Dog, and Dsq are the corresponding minor deter- 
minants composed of the coefficients of the unknowns other than X,—that is: 

6aa ab bac 

dad Sbb Sbe 
bac 8bc Ocs 

De 

and 

Oop Obe 

Dra 5 5bc bcc 

bbe Occ 

Dra aa bab Dae 

6ab Sac 

Oop Ste 

The minor determinants D1, D2, etc., entering the expressions for X, and X,, 

are formed in a manner similar to Eq. 4. 

It will be recalled that the various expressions 6 represent integrals in- 

volving the elastic characteristics. Thus, in structures consisting of flexural 
members only, 

Da 

In Eq. 5a, I is the moment of inertia; and M., ma, and mp signify the 

bending moments developed in the basic statically determinate structure: By 

the given loading; by the force X. = 1; and by the force Xz = 1, respectively. 
Likewise, in structures made up of the direct-stress members only: 

iu = BEE 
ba = ah 

(eto) Det. PRG Ae (5b) 
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In Eq. 5b, L is the length of a structural member; and N and n are the direct 

stresses in the members corresponding to the same loading conditions as the 
moments M and m in Eq. 5a. 

Suppose now that one of the elastic characteristics, such as the modulus of 
elasticity H, increases by an infinitesimal increment dE in a block of the length 
ds in any part of the structure. This causes differential increases in 6-values 
—d6a0, dda», etc. Since Eqs. 1 still hold for the structure, with the elastic 
properties modified in this manner, the values of static unknowns must readjust 
themselves to the new 6-values, and their corresponding increments dXq, dX, 
etc., may be found by taking the total differentials of Eqs. 1 and solving the 
resultant equations for these increments. By this differentiation: 

Oaa dX 35 Sab dX, == One dX, sr (Xa daa ae Xp bab + Xe dae =f bao) = 0. . (6) 

with two other similar equations. 
These three equations can be solved for the unknowns dX, dX>, and dX, 

since all values of X and 6 are known from Eqs. 2 and 5, and values of dé are 
fixed by the assumed variation in the elastic characteristic. 

Next, introduce the new functions: 

ya\ 2 — XG, Ona aR X, Oab ie Xe Ore at | 
ll Ay = Xa bas + Xa bon + Xe Sie + Obo 

A. = XG bac ae Xe Ode ae Aig Oce Se O56 

in which the X-quantities are assumed constant and equal to the values deter- 
mined from Eq. 2; and the 6-quantities, defined by Eqs. 5, are thought of as 
functions of the elastic characteristics EZ and I , considered as variables. The new expressions A will be recognized as the left-hand side parts of the basic Kgs. 1, and, although they vanish for the original 6-values, they are generally different from zero for the modified values of 6 corresponding to new and variable values of EF and I. 

By differentiation of Eqs. 7 

dAg = Xa dbaa + Xp ddgs + X dogs: dogoe Shetek ee (8) 
with two similar expressions for dA; and dA,. Substitution of these expressions in Eqs. 6 converts the latter into the following form: 

Gaa IXq + bas dX, + bac dX, + dA, = 0 
Jab IXq + d55 dXy + Sse dX- + dA, = | 
One dXq 55 Obe dX> = Oe dX, ae dA. = 0 

A marked similarity may be noted between these equations, serving for the determination of the variations dXa, dXs, and dX,., and the basic Eqs. 1, serving for the determination of the static unknowns Xap Xp) anid. Xae ne expressions for dXq, etc., may be written by analogy with Eq. 2: 

dX BB Diya dAg ++ Dog dAy + Dasa dA, =< S's = 
Th 

D 

with similar expressions for dX, and dX,. The determinants D, Dia, etc., have the same significance in these expressions as in Eq. 2, 

a 
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Kq. 10 determines the value of a small variation in the static unknown xX, 
produced by an assumed variation in an elastic characteristic resulting in corre- 
sponding variations in the values of 6 and A. When the modulus of elasticity 
# receives an increment d# anywhere along an infinitesimal length ds of one of 
the members comprising the structure, the changes caused in different values 
of 6 may be exemplified by the following expression for one of them: 

ed mq _ mq ds dk 
dg = a ( Meas ) = TR ccc (11) 

If Se a’, a small, theoretically infinitesimal, quantity, the following equation 

results: 
,m, ds 

dbaa = — rt (12a) 

In Eq. 12a the variable quantities ma, EZ, and I refer to the element of structure 

whose modulus of elasticity H has undergone the change. 

If the variation of # occurs over a finite part, or even over the entire 

structure, the expression for dégg becomes: 

., m*, ds 
baa = i alate, rope WLS Ee DO Genie c is cis bre (12b) 

in which the integration is extended over the appropriate lengths of the mem- 

bers of the structure. Variations of other values of 6 have similar expressions. 

The term 2’ should be considered at the present stage as a quantity variable 

along the structure but, naturally, the same in all values of 6 for the same 

length element ds. 

Substituting Eq. 126 in Eq. 8, and combining several integrals into one, 

the following expression results for dA,: 

ia, = [ -«( X.oe4 x, mem 

Two similar expressions follow for dA, and dA,. 

It should be stated that if the variation in H has occurred over the entire 

structure, and if 2’ is constant, the expressions for dA,, dA», and dA, all vanish 

since 7’ appears outside of the integral signs, and the integrals themselves 

become the left-hand parts of the basic Eqs. 1, slightly rearranged. On the 

other hand, with the value of 7’ variable, the expressions (Eq. 13) generally do 

not vanish. 
Substituting the expressions for dAg, dAy, and dA, in Eq. 10 and combining 

the integrals once more, the expression for dX, becomes: 

1 ; Ma Mp Mam. , Mo mu 

axs=t [| Dol ee eg aed 
+X, 0? Mb Mc Meme | 

Ma “a ds. .. (13) 
Ma Me Ma, Ma 

Ma Mo 

Sap 

a 

Ma Me Mo Me : M,m. 
Du ( XePete TEL + X, = Te, +X, me + ET ) Jara 
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The variable term 7’ in this expression has been moved outside of the brackets 

because it has the same value in all three quantities in parentheses, at the same 
elements ds. 

Eq. 14 can be used to evaluate the variation dX, provided that the function 
a’ expressing the law of variation of dH along the structure is known or has 

been assumed. The problem, however, is to determine the greatest possible 
value of dXq. ; 

A little thought will serve to show that, if 7’ is taken as a constant quantity 
over the entire structure, it appears as a factor outside of the integral sign, 
and the integral itself then vanishes, since it represents a sum of three integrals, 
each of which vanishes separately. This deduction is evident, of course, from 
general principles, because a constant 7’ signifies a change in E in a constant 
ratio over the entire structure, and such change, as has been explained, does 
not generally influence the values of the static unknowns. This vanishing of 
the integral in Eq. 14 for a constant value of 7’ means, of course, that the values 
within the brackets must be positive for some parts of the structure and 
negative for others. Therefore, a comparatively large variation dX, will 
correspond to an assumption of a positive 7’ in the parts of the structure in 
which the values within the brackets in Eq. 14 are positive, and a negative 1’ 

_ in the parts. in which these brackets are negative. On this assumption, the 
integral in Eq. 14 will represent an infinite sum of infinitesimal terms each of 
which is positive. Furthermore, since each of these infinitesimal terms is pro- 
portional to 7’, the greatest possible variation dX, will evidently correspond to 
an assumption of numerically greatest value of 7’ (namely 7), occurring over 
the entire structure and being positive at the points with positive values 
within the brackets, and negative at the negative values within the brackets. 
Therefore, 

dX, a | ( ms 1 y, Mam | y Mame , Moma unex) 5 {| Dia \ Xe rept Xe ee ah ace goto 
D bees ms mpm. , Moms + Dra + X, + Xe a 5 ee haar EI EI < SOM, 

Ma Me Ms Me m*, , Mom, + Dia (x, Mem + Xs + Xe as +m) | ds .....(15) 

in which the sign | | signifies the numerical value of the expression within the __ brackets. 
Evaluation of Eq. 15 involves a determination of the zero points of the function within the brackets by equating it to zero and by solving the resultant equation in s, exactly or approximately. The integration then is performed separately in the intervals between the terminal points and these zero points and the numerical values of the positive and negative parts of the integral ee added. The function within the brackets may also be plotted against the abscissas s, and the value of the integral may be obtained by measuring the area between the curve and the axis of s with a planimeter. In this operation the areas both above and below the axis must be taken as positive, 
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: It will be clear from examination of Eq. 15 that the function under the 
integral represents a first-degree polynomial with constant coefficients with 

a Mom, m, : é : ~ respect to the terms BI? EY’ etc. Therefore, the integration in Eq. 15 

- is usually no more complicated than the integrations required for a deter- 

mination of various 6-values. If the axis of the structure is of a complicated 

shape and if the loading is complicated, or if the moment of inertia is variable, 

an exact integration of Eq. 15 is impossible and that formula must be replaced 

by a summation, a procedure similar to the usual method of determining the 

values of 6 in a statically indeterminate analysis. 

After Eq. 15 has been evaluated it is useful to state the required variation 
in the form 

GXeg ih MAX) PIG BUX git eh Ate a Walaa ha Tad we Bal. (16) 

and to calculate the coefficient K representing the maximum percentage by 

which the value of X, may change if the elastic characteristic is to vary by 1%. 

The method of determining the most unfavorable effect of a variation of 
the moment of inertia I is similar to the foregoing, except that the symbols 7’ 

and 2:would in this case signify the ratio ss instead of od : 

In the analysis of statically indeterminate reinforced-concrete structures it 

is customary to make a constant percentage allowance for steel reinforcement 
in the moments of inertia and to use the moments of inertia of uncracked 

° 3 
sections. Taking J = 1.1 ai and differentiating this expression 

Gl ado dh 
rh —, pb + Sy h ONS Tel Mee aie cepiajfe etre Mela te iv, af o:bot site con at S (17) 

It is reasonable to assume that the ratios e and aid can take any values up to 

the limits 7 and 7, anywhere on the structure, or in symbols 

|Pees) jae A iehalimet dt F (182) = pe and 

and 
‘2 an) Ave ak ss sire aly Les wr hee (180) 

Eq. 18b must be substituted for 7 in Eq. 15 to evaluate the maximum effect of 
variation in J on the value of the statically unknown quantity Xq. In barrel 

arches the moment of inertia may vary only by virtue of a variation in the 

depth h, which requires that 7 = 0. 
It is also possible to assume that 

|db (max)| = C, and VORMaMax) tom Og sae teh) 

in which C; and C; are constant numbers. In that case the ratio 7’ in Eq. 14 

becomes variable along the structure and remains under the integral sign. 

It is needless to state that the method described herein is equally applicable 

to structures composed of tension and compression members. In that case 
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integrals in Eqs. 12 to 15 must be replaced by the finite sums of the terms 

: ‘ : No Na na 
involving the functions EA bp EA L, ete. 

The greatest effect on X, of the simultaneous most unfavorable variations 

in £ and J for the same condition of loading may be found by direct addition 

of the two separate effects of changes in elastic characteristics. This can be 
demonstrated easily by reference to the foregoing equations. By the rules 
of differentiation the total differential of any 6 when both # and I vary is 

equal to the sum of the two dé’s corresponding to separate variations of EH and 

I. Then it follows from Eq. 8 that the quantity dA, with any subscript for the 

condition when £ and J both vary, equals the sum of the functions dA with 
the same subscript found for the conditions of separate variations in Z and I. 
Finally, the linear form with respect to various dA’s of Eq. 10 for the total 

variation dXq proves the required theorem of straight addition of the two 
separate variations dXq. 

Eq. 15 for the greatest value of dX, is perfectly general with regard to the 
number of static unknowns in the structure investigated, with the exception 
of the structure with only one unknown, since in that case symbols for minor 
determinants Dj, etc., become meaningless. 

For a structure only once statically indeterminate, X, = — Sa0 , which by 

differentiation gives . 

r 1 Oo 

dXa > re San («0 = ae aan) TEC ce An og Se aPN (20a) 

and then, following the same logic, 

a Moma mq 
dXo (max) = £f| — + XE a | SN yah (200) 

In a structure with two static unknowns, substitution of the values of deter- 
minants in Eq. 15 results in a simplified expression for the maximum variation: 

} 2 dX, (max) a mer alt iu (Meme + x, me 4 x, Me ) 
EI El EI 

im Mom, Ma Mp mM, 

ia ( Bok; whut ath ae tT 

Maximum VARIATION oF STRESS QUANTITIES DEPENDENT 
on Static UNKNowNs 

The greatest variations of stress quantities other than those chosen as static 
unknowns may be determined by two methods. In the first method different 
quantities are selected as static unknowns, including the stress quantities whose maximum variations are required, and then the problem is solved in the usual manner by the formulas presented herein. 

In the second method, which is applicable only in cases when the variations of the original static unknowns have already been found for the same load con- 

ds 05. ee (21) 

SRAM mt 
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~ dition, the variation of the new stress quantity is determined easily by differ- 
entiating the corresponding equation of statics. This may be best illustrated 
in an example. 

Fig. 1 represents a fixed-ended rigid frame loaded on the horizontal part 
with a uniform load of intensity w. The structure is three times statically 
indeterminate. The bending moments at points A, B, and L : 
C, designated by Xa, Xs, and X,, respectively, have been WELTER 
chosen as the unknowns, and their variations have been 
determined by Eq. 15. It is required to determine the 
greatest variation in Mz, the bending moment at the point 
HE, the center of the horizontal part. By statics: 

— Ate wl 

Fia. 1 

Differentiating Eq. 22 and remembering that w and L are constant, 

EM as (OX Ge eco tote h ee (23a) 

The three differentials in Eq. 23a may be considered as variations of the 
corresponding stress quantities. Since variations dX, and dX, are inter- 

dependent, it is incorrect to assign to them simultaneously the greatest values 

determined by Eq. 15. On the other hand, attributing to them the general 
* integral expressions by Eq. 14 (in which the signs of the variations d# or dl 

in the variable terms 7’ at different points of the structure have not yet been 

specified) is quite legitimate. As a result of this substitution the following 
expression is obtained for the required greatest variation in Mz: 

AIM sf Ceslascies o a; (e PycE Ss Fellas adhe tee (230) 

in which the symbols [°] and [°] represent the brackets following the integral 

signs in the expressions for dX, and dX,. 

Maximum VARIATIONS FOR DIFFERENT LOAD CONDITIONS 

Calculation of the maximum variation of a statically unknown quantity for 

‘a new load condition requires considerably less labor than a similar calculation 

for the first load, since the values of 6 with subscripts a, 6, and c, and the 

values of the determinants, are the same as in the first calculation. The 

quantities 510, 50, Sco and the values of static unknowns Xa, X», and X, are 

different, however. 
The greatest variation dX, corresponding to two sets of loads acting 

simultaneously, may be found by superposing the results caused by separate 

actions of the two sets. However, it is not the numerical values of dXq (max) 

that are to be superimposed but the expressions within the brackets in Eq. 15. 

The proof of this proposition may be derived by close inspection of the fore- 

going formulas. First, it should be realized that the expressions for the values 

of the moments M, in the basic statically determinate structure, when both 

sets of loading are acting, may be obtained by superposition or algebraic 



ft 

80 ELASTIC CHARACTERISTICS Papers 

addition of the values corresponding to separate sets. With this fact in mind 
it is easy to see that the quantities do, dso, and dco (see Eq. 5a) also may be 
found by superposition, as concerns both the algebraic expressions under the 
integral signs and the numerical values obtained after the integration of these 
expressions. It is a well-known fact, evident also from Eq. 2, that the values 
of statically indeterminate quantities when two sets of loads are acting on the 
structure at the same time are equal to algebraic sums of the values of these 
quantities corresponding to separate actions of the loads. The last two state- 
ments, together with the fact that all 6 and dé quantities with subscripts a, b, 
and ¢ are independent of the loads, make clear that A and dA values may also 
be determined by superposition, as may be seen from the form of their expres- 
sions in Eqs. 7 and 8. Since various determinants are also the same for all 
loads, the value of dX, in Eq. 10 may likewise be found by superposition or 
(which is the same) the expression within the brackets of Eq. 14 for the two 
sets of loads presents an algebraic sum of the corresponding bracket expressions 
for the separate loads, which proves the required proposition. 

However, the numerical value of dX, (max) for the two sets of loads is 
different from the sum of numerical values corresponding to separate loads, 
because the zero points of the functions under the integral signs in the three 
cases concerned are generally different. 

Two-Leaccep FRAME or Constant Moment OF INERTIA 

The fixed-ended frame shown in Fig. 1, with the height equal to the span 
and possessing constant moment of inertia, will be investigated for the greatest 
possible variations in the bending moments at the top end of one of the columns 
B and at the center of the beam part £, caused by variation in the value of 
the modulus of elasticity. 

By introducing three hinges at points A, B, and C (Fig. 2(a)), the structure is made statically determinate and the corresponding determinate bending moments M, are as shown. An unsymmetrical choice of static unknowns Xa, Xo, and X., representing the bending moments at the points A, B, and C, respectively, complicates the analysis but provides a means for checking the results, since the expressions for similar quantities at the points B and C will be obtained from equations in a dissimilar manner. 
Moments ma, ms, and m,, created in the statically determinate structure by unit moments acting at points A, B, and C, respectively, are shown in Figs. 2(b), | 2(c), and 2(d). The sign convention for these moments, as well as for the static unknowns X,, X;, and X c, is such that positive moments produce tension on the inside of the frame. 
The 6-quantities are now expressed in the integral form and then evaluated. Both kinds of expression will be necessary in further calculation. The integral expressions of 6 are composed of three parts, one for each leg of the frame and one for the beam part. In several 6-values, however, some of these integrals vanish because some of the moments Mo, ma, mp, or m, are zero. Thus, 



a 

January, 1942 

right leg 

beam- 

A -o—---- SS A co FF 

wLi 

ELASTIC CHARACTERISTICS 

(24) 

: 

; N/R 
Q R QQ ee Ro} kee 

Sis N = | ee “IN or) N 

] ll ll Hl 
—™. ——— 

alN alN 
SS “—" 
"3 3 

Core [hee Cis he alN SIR SIS 
+ + 3 

> > aS 
° aly aly alN 

| l 
= = 

ae Sr 

~ ~ 

aa 

RIN 
—— 
s 

Cee aes 

BIN ° —) S 
l 

aI 
a, 

oo | 

oa 
Sla 

co) 

s 

+ + ap a 
oe 

alIN 
SS 
3s CaaS 

idee alN 
SIN Pe 

cP aN 

° iy ° 
| | 

& alN 
ee “—— 

mS ~ 

nls NI 
Q ) 
q So —Ss 

ll 
nm 
3 

=|~ 
s g 2) 

ll I ll tl 

8 § 3 8 
“ “ “ “3 oy = 

4L E 

81 



82 ELASTIC CHARACTERISTICS Papers 

E ci 

oe a 2 

(a) MOMENTS Mp 

plea a= (-7) me=t ‘ey 

ra > 

(c) MOMENTS m, (d) MOMENTS m, 
Fig. 2.—Momenr Diacrams; Symmetrical Brent, witn Constanr Moment oF INERTIA 

Having thus found all é-values, it is now possible to set up the equations — to determine the static unknowns and to compute the determinants required for the evaluation of dX; (max). Eqs. 1 apply to this case as follows: 

oL L : 
ZHI ~*~ oH te t+ ayy re = 0 

ik ie L w L Eel BL ena eth Lage sw TRY a ee 25 BETA hp %) ~ sap tet apap 0 Ce 
L L 4L w Ls 2BIA*— 3H1*>* ta gy tat or ey = 0 

The value of the minor determinant corresponding to X; in the first equation . 

bo = (~ a7) (a7) - (~ ab) (sth) = (2) 80 
is 

Similarly, 

e282 > faglnaye Do = 36 (4) and Ds, = 36 (+) 2 sues, sinh trom (260) 

sa major determinant, made up of all the coefficients of the unknowns, is found to be 

7(£.\ D 12 ( E 7) Sg: Sisihe oa eas Uae ade eed ee (26c) 

idl Sd 
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On solving the equations the values of the static unknowns ¢ome out: 

aed; Y, Xa = gg wl 

Cea ee (27) Ab = 18 Ine ehs Laue A I tS eee te ers 

ae 1 2) 

XG = ag 

the two latter values being equal as might be expected from symmetry. 

The next step is to set up the integral expressions for the three functions A 
by Eq. 7: 

left leg beam right leg 

+ 0 Ot 0 
ae oe 4y a ) ah i) (+) =32 I ai 72 (¥ +0+[g Bit - 7 tg Jez )| @® 

Within all brackets in Eq. 28 the first integrals refer to the left leg of the frame, 

the second (which in case of A, are zero) to the beam part, and the third to the 
right leg. In arriving at the final expression for A, it is the integrals referring 

to the same part of the frame that are combined, whereas the integrals referring 

to different parts remain separate. Similarly: 

left leg beam 
SSS "ge Ni ————————_- 

whl ("1 (y 3y (pa f 38 am) 202 , 362? L182 )4(2) 
Av=36 if meee L Fe Deal oe 

right leg 

L wD? (22182, 182+),(2) a= "tl ° = frit Ts ONE 

- falta) 
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These expressions for various values of A have been checked by evaluating 

the integrals on the assumption that # I is constant and by finding that all A’s 
then vanish. 

Moment X,.—The expression for the greatest possible variation of X; is 
found by multiplying the integral expressions of various A’s by their minor 
determinants, in accordance with Eq. 15, and by recombining the integrals: 

t L \? wk 
dX» (max) “zap 36 AI 

12\EI 

left leg 
- WF 

. 

May ay) 23 y_3y') 5 | f ae btu +38(4 Lt) +36) 
beam 

1 23 

ig + 5g 24772 Ta home) 
L 

+f 

0 

202 362? ee) oa Be 18 23 a(z 
B6\- tia nheaehs L 

right leg 
L . 

1 4y au) 23 ( 4y sy) 5 ( 3y 1 SA Oy ee A et Bg Pe ad ag leo Re od rie La ie 2 y ugh Al Lat) t3\ ty ae) tet, ) AZ 
left leg 

—_—_ eH}. 

_wl? [ ("|,,15y 63y?|./y 
— 756 ff prea 7a |° x | 

beam } 

L 
2252 3692? 16223 ar 2 ae prctechi di! ptadelad ve x if TE MILT a() 

right leg 

me 69y 63y?|_/y , +f 163 ¥_ 88 la(¥) toa (30a) 

In Eq. 30a each integration must be performed with respect to the numerical _ values of the functions under the integral signs, rather than with respect to the functions themselves, as is indicated by the sign ||. This necessitates the determination of the points at which the expressions under the integral signs become zero. 
Left Leg.—On solving the quadratic it is found that the function under the int ’ ‘ 1 2 ; Integral sign becomes zero at the points y = 3 Landy = — 51 L, of which the 
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_ latter value is outside of the range considered. Therefore: 

L : L/3 me Loven 034? 2) ( 15y. 63 y? 24 —2— d(2) = Peas y f Pee tle erty |. Cee NE 
by or) (x) | 13 | 220| 233 + 2 = = = | — — —_/|/= = ia fae peas ma\t|— ae |= qe = 12-944. 

Beam Part.—An approximate solution of the cubic equation in x gives the 
following values: « = 0.128 L and x = 0.874 L. Integrating separately in the 
three intervals between the limits 0, 0.128 L, 0.874 L, and L, and adding the 
numerical values of the results: 

b2 369 2? WO20a8 (2) 

Uy 
L 

ip Sie L3 

=| — 1.347] +|8.624| +] — 0.272] = 10.243. 

Bog ne 22 

a Leg.—The integration must be performed separately between the limits ‘ 

feet 7, and L: 
mB} OT 

aut enaae a sv']a(¥) -|-4 a 4(8 t] + | — 923] = ass. 
0 

{ Bs L 882 

Summation.—Substituting these numerical values of the integrals in the 

expression for the required variation 

(Eq. 30a): ee SS pA SORE a 

dX», (max) = - 4 [12.944 BOVEY Aye ONES 
ae 

wath: 

X,*] 0.128 L 
+ 2(10.243) + 4.153] ; 

= 0.0497 7 w L? = 0.8947| Xz| . (80b) 

“in which X, = 4 w L?, as has been af 

found, and 0.894 is the value of the Ly 

coefficient K expressed by Eq. 16. 

Parts of the frame over which the 

moment of inertia must be increased or ca 

decreased in order to ‘cause the greatest Ze 

possible variation in the numerical value 

of the bending moment X, are shown in 

Fig. 3, the stiffened parts being indicated 

by heavy lines, and the ones that are Fie. 3 

made less stiff—by light lines. 

Moment X,.—A similar procedure leads to the following expression for the 

greatest variation in the value of the moment X. at the top of the right 

aX, (Max) = sof 8947 IX, 

i- 
+H—— 4 
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column: 

left leg 

wh? .[ (” 69y 63 y?| /y 
dX, (max) = 756 f — 16+ cg ia a(#) 

beam 
A >? 

right leg 

: by 63y| ,/y + fleet BALD] oc a 
Comparing Eq. 31 with Eq. 30a, it may be noticed that the first and the 

third integrals in the former are identical with the third and the first integrals, 
respectively, in the latter. Furthermore, replacement of the variable x by 
(L — z) in the second integral of Eq. 31 leads to an expression identical with 
the second integral in Eq. 30a. These relationships between the expressions _ 
for dX, (max) and dX, (max), of course, are the direct result of the symmetry 
of points B and C on the symmetrical frame, and they lead to an equality of 
the numerical values of the variations considered. 

Bending Moment at the Center of the Frame.—The greatest variation of the 
bending moment at the center of the frame E is found by Eq. 236: 

left leg 

wl. ne 6 9 4? 7 7 ax) => — ae y Y y 
dM » (max) Tos ? If 1+ Las a() 

beam right leg 
SIRES SER TC aS OS re 

9% _ 92?! o(z ‘ by 9} Wy +4 [| 2 ues a (eg) + [+1 + 84-34 ]a(z Be 
Evaluation of Eq. 32 in the manner illustrated previously leads to: 

dM rx (max) = 0.04607 w L? = 0.6637 Mr.... ~ Rg abeeeee 

in which My = 2, ee 
The numerical value of the maximum variation of the moment at the center of the frame is thus approximately equal to the value of a similar quantity at the column top, but the coeflicient K at the center is smaller than at the column top. 
It has also been found that 

aX, (max) = 0.04477. w L? = 1 009.0.X 6 2 i100. (33d) 
w 15,3 

in which X, = ——., 
‘ 36 

“ 
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The greatest variation in the moment Mz in the same structure has been 
determined also for a different load condition—namely, for a vertical con- 
centrated load P acting at the center of the frame. New loading creates new 
values of da, 540, dco and of the static unknowns. The other 6’s and the 
determinants remain the same. The results are as follows: 

oes ' Pa wg aie ; Fors etl 
Xa = 5g PL; ia ee = 19 P 4; Mz =~; 

and 

left leg 

dM Pe | ‘ by _ oy of/x) ja) (Geb) = 7? i —1+ 72 a(¥.) 

beam, left half ae right half 
Fas ror sara See rage a 

L/2 + Pee) fe 0 

44+ 4l¢ Deel 

are oy 

ee leg 

a(¥) | = 0.0747 P L = 0.44447 Mg. . (34a) 

The Sebel: variation in Mz in the structure loaded with both the uniform 

and the concentrated loads of the previous problems can be found by direct 

superposition of the corresponding integral expressions. Assuming, for ex- 

ample, that P = w L, the following expression is developed for dMg (max): 

left leg 

IP Vig: ‘ So — Mar y 
dM (max) = Fhals [ 1+ =—— af 

216 he L DL? . L 

beam, left half beam, right half 

(4 ) + 4 ig 
L L/2 

A 

18 a? ) 
“E25 a(é 

edne at 18 2? 
2) 5 + ia iP 13s 

L/2 

if 0 

pa aoe A ee Sh 

right leg 
a : , 

+5 f Le ee a(#) | = 0.11961 P L = 0.5067 7 My. . (34) bee J Pres? Le 

i 
in which My = 75 PL 

Two-Hincep FRAME OF VARIABLE Moment oF INERTIA 

In problems discussed thus far, expressions following the integral signs have 

been such that the integrations could be performed easily. In more compli- 

cated cases integrations must be replaced by summations. 
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In the uniformly loaded frame shown in Fig. 4 the thickness of the legs 

changes linearly from 24 in. at the hinge to 36 in. at the top. The thickness 

of the horizontal member varies from 16 in. at the center to 36 in. at the ends, 
following the law of a semicubic parabola: 

h= 5 (1 ab OL elt), sce gs Oh a ace al (35) 

in which both h and z are expressed in feet. The structure is typical for rigid- 

frame reinforced-concrete bridges except for the somewhat impractical rectan- 

gular outline of the axis. However, this peculiarity of the form, assumed for 

<— 10 @ 5'0" =50' 0" —________»» 

‘E 

z 
2 a 

° a 
re x Feet-——» © 

f s 
fo) 3 
o = h=(2+0.0625y) Feet © = 
iS 2 

;o@ 
[S 

or E 
2 a 
>» |W 
4 _ ¢Hinges 

2 24" ee 

Fia. 4 

simplicity of calculation, affects the structural behavior of the frame only 
slightly. It is required to find the greatest variations of thrust and bending 
moments at different points of the structure due to variation of the 
modulus of elasticity. The horizontal thrust H, assumed to act outwardly 
on the structure, is the only static unknown. If horizontal restraint is re- 
moved, the bending moment in the horizontal part of the frame becomes 

w 
M, = 5 (25? — 2?), and no flexure occurs in the legs. When unit outward 
thrusts act on the structure, the moments mg assume the values shown in Fig. 5, 
The frame is 1 ft wide. Expressions for 6’s after simplification are as follows: 

left leg beam right leg 
——_qjas. 

25 Ree 0 (25? — 2?) dz 
Mieke 4 METI TeV sene oes 

two legs beam - - (36) 
__  Y ___c ll 

So) zaye [~ Ci Va + 2(6)4 és PM Ms es 3 |, G44 0.759) » A+001 ai E 
\ 

} 

omens eo a 
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For the purpose of summation, the structure is divided into eighteen sec- 
tions 4 ft and 5 ft long, as shown in Fig. 4. The sectional increments of 6a0 
and dca (that is, the values of the expressions under the integral signs of all 

Cn +16 B c 16 

sections multiplied by their respective values of dx or dy) are given in Table 1, 
together with the values of 6ao and daa themselves. Then 

ee pas SEES Carte Re re a Geen (37a) 

The greatest variation in H may be found by Eq. 208, which for finite sum- 
mation becomes: 

dH (max) = = >| Increment of [ da + H baa ]|......-- (37) 

The values of increments of the expression in brackets are stated in Table 1. 

All data in this table, as well as the foregoing formulas for 6a0, daa, and other 

values, are given in feet units, and 
the values in the table refer to the TABLE 1.—So.urion ror dH (max), 
sums of corresponding increments for Fie. 4; VaLurs or Tae IncRE- 
the pairs of sections located symmet- pete Ea. 37(b) IN Fert 
rically with respect to the vertical 
axis, so that the summation need be Section} £ 4,, = bap | — H bag |— (Sao +H 6,,) 

h | ee ee eS SS eee prey only over one half of the 1 ee —t20 120 
: 2 ae —4,010 —4,010 

pape ser 5 3 BBL | soe —8,250 —8,250 
Substituting the numerical values 4 TIS iach —12,300| 12,300 

a Re 5 1,467 | 5,450 | —22'800] —17,350 
from Table 1, the greatest variation 6 2,404 24,840 = 38,760 = 13,020 

f 1 ; es —3’ 
of the thrust proves to be: s | 7,400 | 131.520 |—115;000 16,520 

| 9 | 11,537 | 223,080 |—179;290 43,790 

dH (max) = 4.09 wi : => | 28, 816 448, 210 | 448 210 0 
° ummation of numerical values o: 

= 0.263 7|H| ..... (Ble). pitinerernente sense Man size ves side 120,620 

In this equation w is expressed in 

feet units, and so are the various stress quantities to the end of this chapter. 

The variations of the moments at the knee and at the crown are found by 
differentiating the equations of statics relating these moments with H. Calling 

moment at the knee Mz and at the crown Mz: 

dM, (max) = dMz (max) = 16 dH (max) = 65.39 wi...... (37d) 
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Since Mz = — 248.65 w and My = 63.85, dMgz (max) = 1.0247 My and 
dMz (max) = 0.2637|Mg|. Fig. 6 shows the parts of the frame that are 
modified in stiffness for the purpose of creating the greatest variations in H, 
M B, and M E: 

Susbtituting a sum for an integral leads to an underestimation of the value 
of the maximum possible variation of the function. Apart from some error 
inherent in the substitution of a sum of a finite number of terms for_an integral, 

+i for dH and dMg) B E dH (Max)= 0.263 i|H| 
~7 for dM, t dM (Max) = 0.263 2 Mp 
Bee der ond Mg 15! 20! 15! i aM (May) LO 
+i for dM, i ty 2 

H H 
Fie. 6 

the value of the greatest possible variation of a function may be substantially 
the same for integration and summation only if all the zero points of the”’ex- 

’ pression under the integral sign coincide with the boundaries of sections. 
Since such a condition is not likely to occur, the increment of the sum for !the 
section containing a zero point will be approximately equal to an algebraic sum 
of the positive and negative areas under the curve in this particular section 
instead of the sum of the numerical values of the two areas. That means that 
the value found by summation should be somewhat less than the one found 
by integration. The difference of the two values, however, is not likely to be 
great. 

: 
The uniformly loaded rigid frame of Fig. 4 also has been analyzed, assuming 

the bottom ends of the columns as fixed. Thus modified, the structure be- comes three times statically indeterminate. The following results have been obtained, using feet units: H = — 22.04 w; Ma = 100.00 w; Mg = — 252.58 Ww; Mx = 59.92 w; dH (max) = 0.421 t|H|;dM, (max) = 1.5677 Ma; dMz (max) = 0.496 7] Mg]; and dMg (max) = 1.0477 Mr. 
Comparing the fixed-ended frame with the two-hinged frame, it may be seen that dH (max) and dM, (max) increase considerably when column sup- ports become fixed—increase both in absolute values and in relation to the magnitudes of H and Mg themselves. On the other hand, dM, (max) remains practically the same. 

Two-Hineep Trussep ARCH 
As an example of a trussed structure, the two-hinged arch of Fig. 7, uni- _formly loaded, has been investigated for the maximum possible variations of the thrust and of the stresses in some of the members, caused by variation in Z. The cross-sectional areas of all members have been assumed equal. The only static unknown, the thrust, and its greatest variation have been found to be: H = — 135.36 w; and dH (max) = 0.187 7|H], with w in feet units. The greatest variations of stresses in the truss members have been found by differentiating the expressions for these stresses stated in terms of H. Some 
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of the stresses and their variations are: 

Member Stress Maximum 
(Fig. 7) S variation 

Deda —166.77 w 0.187 i] S| 
Ua Us —103.9 w 1.22 i|S| 
Us In 38.6 w 1.21 2/8} 

In member L, L; the stress variation is small compared to the stress itself, 
whereas in members U, Us; and U; Ly it is relatively large. In the first two 
members, uniform load over the entire span represents the most unfavorable 

60! 

48! 
50! 

Symmetrical About 

‘Center Line 

\< { 2¥5 
Ls Hinges 

10 Panels @ 25'= 250! > 

BIG. 4 

condition of loading, and the same is approximately true for the third member 

considered. In several other members maximum stress variations prove to be 

even larger in proportion to their respective stresses than in the foregoing 

three members, but their stresses themselves are relatively small, since the 

loading considered is by far not the most unfavorable one. 

CONCLUSION 

It must be realized clearly that the variation of the static unknown dis- 

cussed in this paper is an extreme quantity that may be attained only in an 

exceptional case when the variations of the elastic characteristics causing it 

assume their maximum possible values (positive or negative), arranged with 

regard to signs in the most unfavorable and unique manner along the structure. 

In spite of its improbability, the variation herein considered has a genuine 

significance as a limiting quantity that the actual deviations of stress functions 

from their theoretical values cannot exceed, but may approach, in unfavorable 

cases. 
Furthermore, the maximum variation of.a stress quantity may be viewed 

as a measure of the sensitivity of this quantity to small unforeseen and acci- 

dental changes in elastic characteristics. Coefficient K in Eq. 16 can be called 

the coefficient of sensitivity. The higher its value, the more sensitive is the 

stress quantity to small variations in Z, J, or A. Thus, the moment at the 

crown of the frame of Fig. 4 is much more sensitive to variation in # than the 

moment at the knee. 
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From the examples solved it may be seen that the K-values frequently 

equal unity and occasionally are as high as 1.5 or even 2.0. On the other hand, 
they are often as low as 0.15 to 0.20. It is possible that there is general in- 

crease in sensitivity as the number of static unknowns increases. At least, a 

comparison of the results for two-hinged and fixed-ended frames suggests this 

possibility; but the evidence supporting this statement is inconclusive. 

In theory, the coefficient of relative variation of the elastic characteristic 

7 is an infinitesimal quantity, but in actual computation it must be given an 
appropriate finite value, disregarding the error that may result from such 
assumption. 

The numerical value of the greatest variation of a stress quantity in a 
reinforced-concrete structure is quite considerable. For example, using dH 
= 0.2 F and dI = 0.04/, and making the two corresponding sensitivity co- : 
efficients equal to unity, the maximum variation in the stress quantity X proves 
to be 0.24 X. The variations of H and J in this assumption are very conserva- 
tive, the former being less than the variation observed in the tests at the Uni- 
versity of Illinois,? at Urbana, and the latter corresponding roughly to a + }-in. 
error in depth and breadth of a 12-in. by 12-in. section. In this connection it 
may be stated that the theory presented herein does not take into considera- 
tion such other features affecting stress distribution in reinforced-concrete 
structures as cracking of the sections, validity of Hooke’s law, shrinkage, and 
plastic flow. 

In the tests at the University of Illinois some of the moments at column 
bases differed from theory much more than the 24% found in the foregoing 
example. The discrepancy, however, was attributed to cracking. In steel 
structures the greatest variations of stress quantities from the cause herein 
considered are not likely to be more than 3% to 5% of their values. 

The foregoing suggests the futility of using involved methods for finding 
the “exact’’ values of stress quantities in most statically indeterminate, rein- 
forced-concrete structures, and it encourages the use of approximate methods. 
On the other hand, in structures of great importance the determination of 
maximum values of stress quantities appears insufficient, and must be supple- 
mented by a determination of the greatest variations of these functions. 

It is reasonable also to conclude that the legitimate fluctuation of stress 
values discussed herein should be allowed for by varying working stresses in 
amounts depending on the sensitivity of the function in question, unless the 
member is designed on the basis of the theoretical value of the stress computed, © modified by the amount of its maximum variation. ‘ 
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APPENDIX 

Noration 

The following letter symbols, used in the paper, conform essentially to 
American Standard Letter Symbols for Mechanics, Structural Engineering and 
Testing Materials, prepared by a Committee of the American Standards 

Association, with Society representation, and approved by the Association 
in 193233 

AS hy ao 

om hae ay 

breadth of a structural member; 
constants; 

a determinant; 

Young’s modulus; 

a horizontal thrust; 

height or depth of cross section of a structural member; 
moment of inertia; 

a small, theoretically infinitesimal, quantity which is a measure of 

dz dl 
the greatest variation of an elastic characteristic: 7 = Taare 

etc. 

coefficient representing the maximum percentage by which values of 
X may change when elastic characteristics change by one per cent; 

length or height of a structural member; 

bending moment for structures consisting of flexural members: 

Mr = moment at point £, etc.; 

M, = moment due to the externally applied loading; 

moment due to a unit load for members subjected to flexure only: 

M, = moment due to X, = 1; 

mp = moment due to X, = 1; 

direct stress for structures consisting of direct-stress members only; 
direct stress due to a unit load, for structures consisting of direct- 

stress members only; 

a concentrated load; 
a small element of a member; 

a uniform load intensity; 

a statically unknown force: Xq = force at point a, etc.; 

an elastic characteristic; and 
movement of the point of application of a static unknown in the 

direction of the unknown. 

ll 

3 ASA—Z10a—1932. 





eAMERICAN SOCIETY OF CIVIL ENGINEERS 

Founded November 5, 1852 

Le ll neg Sy 

DESIGN OF SIGN LETTER SIZES 

By ADOLPHUS MITCHELL,? Assoc. M. Am. Soc. C. E., AND 

T. W. FORBES,” Esq. 

SYNOPSIS 

There has been a growing interest and attention among traffic engineers, 

and others, in improving the design of highway warning and destination signs. 

The effectiveness and usefulness of the highway are increased by proper signs 

just as the proper use of a mechanical article of merchandise is insured by clear 

and adequate instructions on the box. 

There are two characteristics of properly designed highway signs: (1) They 

must be readable and they must give the motorist sufficient warning to permit 

making the maneuver comfortably; and (2) they must be designed so as to gain 

the motorist’s attention. To gain attention (characteristic (2)) is a complex 

problem which deserves separate treatment and is beyond the scope of this 

paper. Since certain standard color combinations are now agreed upon by 

* state and national highway agencies, these standard color combinations will 

be assumed in the paper. 

FUNDAMENTAL Factors IN LETTER SIZE 

On the basis of measurements that have been made of the various factors 

resulting in the readability, or legibility, of a sign, it is possible to derive methods 

- and formulas for practical determination of the minimum letter size necessary 

to make them effective under given traffic conditions on the highway. 
It is obvious that the size of the letters must depend not only on traffic 

characteristics (since drivers need more warning at high speeds), but also upon 

vision because the effectiveness of sign copy depends upon what the driver can 

see. Knowledge is now available from studies of these various factors to set up 

a method of the size of letters on highway signs. To compute the size of a letter 

for a highway sign it is necessary to consider design speed, the location of the 

sign, warning time, type of letter (letter proportion), and legibility distance. 

Nors.—Written comments are invited for immediate publication; to insure publication the last dis- 

cussion should be submitted by May, 1942. 

1 Senior Traffic Engr., State Highway and Public Works Comm., Raleigh, N. C. 

2 Bureau for Street Traffic Research, Yale Univ., New Haven, Conn. 
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The following sub-factors influence the determination of warning time: Time 
for the minimum glance, safety factor in case the sign is not seen at the first 
possible moment, perception-reaction time, and stopping or deceleration time 
as necessitated by circumstances. 

Design Speed.—Design speed may be defined as that speed at, or below 
which, a certain proportion of the vehicles operate at the location in question. 
The proportion (or percentile speed) used by different engineers has ranged 
from 80% to 90%,? and D. W. Loutzenheiser, Jun. Am. Soc. C. E., in 1940, 
reported‘ an analysis of speed data in an attempt to derive a similar definition 
for the design application. This report indicates that at least a 90 percentile 
speed is desirable. Since the higher percentile value results in a higher speed 
and a longer warning distance, it represents the conservative choice; and the 
90 percentile speed of vehicles operating on the highway at the point to be 
signed is to be recommended for the design of sign-letter size. 

Obviously, it is not practicable to make a “spot speed study”’ at all points 
along the highway, and since most highways in open country show similar 
speed characteristics throughout certain sections, it is sufficient to use one 
speed determination for such sections and another for special conditions, such 
as suburban and congested urban conditions. At special locations, such as 
curves, the techniques now in use for speed zoning would be continued. Thus 
the spot speed check might be replaced by the use of a speed determination 
from the ball bank indicator, calibrated for such special application. 

Sign Location.—The position of the sign on the highway will influence the 
necessary letter size longitudinally and laterally. In the first place, the sign 
placed ahead of the hazard will allow the use of a smaller letter size, whereas 
one at or behind the hazard will require a larger letter size if the driver is to see 
it at a given distance or warning time away. In the second place, the lateral 
placement of the sign will influence the point at which the driver’s gaze must 
leave the sign and return to the road. Longitudinal placement is illustrated 
diagrammatically in Fig. 1. If the driver of vehicle 1 is to read the sign at the © 

Shoulder 

1 2 Pavement 
a 

position indicated, and if O represents the point of hazard or the point at which the maneuver must begin, a sign placed at a distance A ahead of this point will require a smaller letter size than a sign placed at a position A’ behind this point. 
*“Report of Committee Safe A Ue i i 

Rescate Reepag ae 44 Daeg e Approach Speeds,” by H. H. Hammond, Proceedings, Highway 
‘“Percentile Speeds on Existing Highways,” by D. W. Loutzenheiser, ibid., 1940, 
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Therefore the distance A may be subtracted or the distance A’ added to the 
necessary warning distance in deriving the necessary legibility distance. 

Whether the signs should be placed at position A’ or at position A involves 
the question of attention values, which is beyond the scope of this paper. 
The lateral position of the sign affects the “cutoff” point of the driver’s vision 
as illustrated in Fig. 1 by the position of vehicle 2. At this point, the line of 
sight, as the driver is looking at the sign, will form angle a with the center line 

of the lane of travel as shown. If the maximum allowable angle a is known, 
the position of vehicle 2 beyond which the driver’s line of sight must leave the 
sign and return to the road can be determined; thus: 

COR PCO WER ce tite ee (1) 

in which B is the distance in feet from the sign to the center line of the traveled 

lane. The clearest seeing occurs® in a small zone in the center of the visual field 

which is delimited by an optical angle of about 5°. In the area just outside of 

this 5°, the degree of clear vision reduces rapidly until at about 10° (5° to either 

side of the line of sight) there is a sharp break in the acuity curve indicating 

that in a position more lateral than this, the vision experienced in the periphery 

of the eye is of the fuzzier type. The driver ordinarily glances about the land- 

scape with short quick eye movements, resembling flashes of a highly focused 

spot light or search light. A practical value for the angle a may be obtained 

on the basis of allowing two minimum 5° eye movements to the side of the center 

line of the traveled lane. This will allow some part of the traveled lane to 
remain in the 10° cone of fairly clear vision up to about 50 ft ahead of the car. 

Then, assuming a = 10°, Eq. 1 becomes 

CS Bre0t 10° Oe RD Soh Ow Ck oo (2) 

From this relationship, if B is 17.5 ft (one half of the 10-ft lane plus a 10-ft 

shoulder, plus 2.5 ft from the shoulder to the center of the sign) the distance C 
will be approximately 100 ft. This gives a rule-of-thumb idea of the magni- 

tudes involved. The hypothetical position of vehicle 2 should be in the lane 

most unfavorable for vision of the sign in the location in question. 
Warning Time.—The importance of thinking in terms of time in order to 

allow the driver sufficient warning has already been mentioned. Since the 

process of reading, as well as the perception and reaction of the driver, may be 

assigned fairly definite time values, and since the use of time values automati- 

cally corrects for the greater distance at higher speeds, they are fundamental. 

If sufficient warning time is given the driver and if he is duly impressed with the 

nature of the hazard to which he is coming, he will be able to operate comfort- 

ably and without any surprise element. To be adequate, warning time must 

allow for: (1) Minimum time for reading, (2) a safety factor in case the sign is 

not seen at the first possible instant, (3) perception-reaction time, and (4) 

stopping or deceleration time necessary for the maneuver involved. Ordi- 

narily, the first three of these time values (those in connection with reading and 

perception reaction) will pass before any slowing occurs. Therefore, they may 

5 ‘Textbook of Physiology,’’ by W. H. Howell, W. B. Saunders Co., Philadelphia, Pa., 1940. 

6 Transactions, Am. Soe. C. E., Vol. 106 (1940), p. 456. 
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be treated as pure time values and converted into distance values by multiply- 

ing by the design speed. 
Minimum Reading Time and Safety Factor—The shortest possible glance 

from the road to read the sign and back to the road consumes from 0.6 to 1.0 

sec. During this glance the maximum amount of copy which can be read by the 

ordinary person is from three to four familiar words.?. This time value results 

from the fact that it takes approximately 0.2 sec for the eye to stop, focus and 

read, and another 0.2 sec for the eye to start and move through one of the 5° 

or 10° jumps. To be conservative, therefore, 1.0 sec is adopted as the time 

necessary for a single minimum glance from road to sign and back to the road, 
allowing the shortest possible glance at both the road and the sign. 

If more than three familiar words are included in the copy, it has been shown 

that the time for reading the sign may be increased to as much as from 3 to 11 

sec,* and such signs, therefore, are impracticable on high-speed highways. 

Where they are unavoidable the reading time should be increased by one second 

for each additional three or four familiar words, thus making allowance for the 

driver to glance back to the road between glances at the sign. 

It is still necessary to add a time interval as a safety factor in case the sign 

is not seen at once. The smallest possible safety factor is one 1-sec glance; 

that is, the minimum reading time is 2 tg, in which fy is the time required for a 

single glance or 1.0 sec and when signs contain the minimum number of words. 

When the sign contains more than three words: 

ae 2 “Ose Dele Se (3) 

in which N equals the number of familiar words on the sign. If the attention 

or target value has been properly designed into the sign, the motorist will have 

seen it before he is able to read it, and Eq. 3, with 2 sec as an absolute minimum, 
will guarantee him time to read the sign twice unless something distracts him or 
obstructs his vision. 

Perception-Reaction Time.—It takes time for the human nervous and mus- 
cular system to react, just as it takes time to complete a call through the 
telephone exchange. This time value increases as the complexity of the process 
increases, so that there is a range of time values that may be classified under 
three headings in order of magnitude—that is, simple brake-reaction time such 
as that in an emergency situation (from 0.5 to 0.7 sec),° perception-reaction 
time in ordinary traffic situations of medium complexity, and finally, judgment ; 
perception-reaction time (2.8 to 3.5 sec).!° 

The perception-reaction time needed to observe signs is intermediate be- 
tween the simple reaction time and the complex skilled judgment that involves 
the longest time interval. Interpolated between the values of these two, it 

7“A Method for Analysis of the E i i i ” Q 5 
Psychology, Vol. 23, 1939, . 669, p ikontiven ces ot Eee pice, by T. W. Forbes, Journal of Applied 
fone To ew in Highway Safety,” by A. R. Lauer, Proceedings, Highway Research Bd., Vol. 12, 

® “Driver Test Results,” 
Massachusetts, Boston, 1937. 

10 “Methods of Measuring Judgment and P ti A . 5 ; eS 
Forbes, Proceedings, Highway Research Bd., Vol. 19, 1939, Metta yes On be give eae 

by H. R. DeSilva and T. W. Forbes, Harvard Traffic Bureau and WPA of 
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will not be far in error to assume a perception-reaction time of 1.5 sec for sign 
design. 

Deceleration Time.—Consider a point at which some vehicles are decelerating 
(case 1) while others are continuing with practically no change of speed. This 
case is best illustrated at grade-separated intersections where some drivers are 
decelerating and turning off while others are going on through the intersection. 
Obviously, those drivers who wish to turn off must have the time and distance 
to decelerate comfortably; and at the same time those who proceed at initial 

velocity must have sufficient warning to choose the correct lane and to avoid 
incoming and outgoing vehicles. Somewhat similar conditions hold for inter- 
sections at grade on low-volume high-speed highways. 

A report by John Beakey," in which the speed checks were made on vehicles 

approaching a stop sign at a rural intersection, indicates that the general driving 

_ public utilized approximately 10 sec on the average for decelerating from 55 
miles to 20 miles per hr. If the deceleration times for lower initial speeds as 

reported in this study are examined, it will be found that deceleration to 20 

miles per hr in each case approximated 8 sec. These measurements would seem 

to justify the use of a value of 8 to 10 sec for comfortable’ deceleration time on 

most highways. Since this paper is dealing with the minimum values for 

necessary warnings, the lower value of 8 sec will be adopted. Deceleration to 

20 miles per hr was chosen as being applicable in the majority of highway inter- 
section applications. Time values for higher final speeds are given elsewhere." 

Regardless of the speed at which they are operating or the point at which 

they begin their deceleration, various motorists whose vehicles were checked give 

themselves about the same time to decelerate. The motorists traveling at 30 

miles per hr or less could have decelerated in a shorter time if they had desired. 

It may be assumed, therefore, that 8 sec represents a comfortable time to the 

motorist and that where a vehicle is proceeding straight through at ordinary 

speed, a similar time interval should be allowed for weaving and dodging incom- 

ing or outgoing cars. Since the through speed will be V; (which is assumed as 

55 miles per hr), it will always be a higher velocity than the average velocity 

Bees + ve . Therefore, t = 8 sec and V; for determining warning distances will 

allow sufficient time and distance for both the high speed and the decelerating 

vehicles. 
When all cars must come to a stop (case 2), the stopping distance is the con- 

trolling factor, but it must be borne in mind that the value of deceleration used 

must be such as to allow the motorist 8 sec or more in order to satisfy the time 

requirement for comfortable operation as derived for the case of simple decelera- 

tion without stopping. Transforming Eq. 3, 

eet Ai(Va— V7) 

i a 
t Sat RISE Cicisiueicuaeraie eke mene ee (4) 

in which V; is in miles per hour, V; equals zero, and a is deceleration in feet per 

second per second. 

11 “Acceleration and Deceleration Characteristics of Private Passenger Vehicles,” by John Beakey, 

Proceedings, Highway Research Bd., Vol. 18, 1938, Fig. 9, p. 81. 



100 SIGN LETTER SIZES Papers — 

MANEUVERING OR DECELERATION DISTANCE 

Case 1.—For this case, utilizing the foregoing values for simple deceleration 

time, the maneuvering distance D is as follows: 

D:= LATIV (tiv8 KLAU Vase Kae a ae (5) 

in which V;is the design speed (90 percentile speed of approach and of through 

vehicles) in miles per hour. 

Case 2.—If the distance necessary to stop comfortably results in a cor- 

responding stopping time greater than that shown (case 2), the stopping distance 

may be used for computing the total warning distance. Deceleration and 

stopping distance is given by the following familiar formula: 

2/V2. — 2 

s = GAD Vd ne eee (6) 

in which V; is initial velocity in miles per hour, V; is the final velocity at deceler- 

ation (which becomes zero for a stopping distance), and a is the deceleration in 

feet per second per second. The stopping distance thus becomes: 

To determine comfortable stopping distances for sign-design purposes, it is 

necessary to choose a value of deceleration a that will fulfil several conditions. 

It must result in comfortable stopping, must allow the motorist sufficient warn- 

ing time, and must fulfil the requirements of safe stopping under adverse surface 
conditions, such as ice, snow, and wet pavements. In other words, the distance 

allowed the motorist should be adequate under all conditions. Mr. Beakey’s 
study shows a time of 12 sec for a stop from 55 miles per hr, which corresponds 

to an average deceleration value a of 6.8 ft per sec?. However, the actual 

instantaneous deceleration from which this average value was computed ran ~ 

as high as approximately 12 ft per sec? as the vehicle approached the actual 

stopping point. A report by E. E. Wilson" in 1940 indicates 8.6 ft per sec? 

to represent a comfortable (average) deceleration as reported by drivers and 
passengers in stops from 50, 60, and 70 miles per hr. Thus, from 6 to 8 ft per 

sec? as an average deceleration apparently represents the comfortable decelera- 

tion range chosen by motorists. Maximum instantaneous values will be much 
higher, of course, but this does not concern the present application. 

It is recommended that an average deceleration value of 4 ft per sec? be 

used for designing sign letters. This will maintain the manewvering time in the 

8-sec range indicated by Mr. Beakey’s study for the lower speeds. For in- 
stance, in computing stopping distance from 30 miles per hr, 8 ft per sec? gives 

1.47 X 30 Re f / 
t= TOS aa ia 5.5 sec, which is an inadequate time value. The deceleration 

of 4 ft per sec? raises this value to 11 sec, which is adequate. Furthermore, sea lel ERAS SNE MRA RAS TT AB ELE Dill ASE) waddle RE 
12 ““Skidding Characteristics of Automobile Tires,” by R. A. M ti ALES saitgcnnd beers omobile Tires y oyer, Bulletin No. 120, Iowa Eng. 

8 “Deceleration Distances for High Speed Vehicles,” » BE. Wi i i Bd. Vol 00, ai ane or High Speed Vehicles,” by E. E. Wilson, Proceedings, Highway Research 
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since this value corresponds to a coefficient of friction of about f = 0.12, it 
should be adequate for icy conditions.2 Therefore, the sign design value 
recommended is a = 4 ft per sec?. 

WARNING DISTANCE 

Having now determined all the components of warning time and warning 
‘distance and explained the basis upon which they have been derived, it is 
possible to assemble the factors to yield the total warning time and warning 
distance,'in Figs. 1 and 2. 

a 
Pavement 

Case 1.—For case 1 the total warning time T is given by 

Direer Q bg te bp Tid ee4 Fees Oe ree CAT ee (8) 

in which ¢, is the time for a single glance at a sign, tp is perception-reaction 
time, and ¢q is deceleration time. Assuming phrases of not more than three 

familiar words and substituting the value derived previously, this becomes 

T =2.0+ 1:5+ 8.0 = 11.5 sec. When the sign contains a greater number 

of words, the first term must be increased accordingly. 

The total warning distance then becomes 

oe AV ES AX 1S. Viheoise hens soe ros (9) 

in which V; is the sign-design speed of the highway, and T is the total warning 
time. For convenience, it is suggested that the time value be rounded off to 

TABLE 1.—Typican Warnine Distances, X, IN FEET? 

VeLocity, V;:, In Mines PprR Hour 

Deceleration distances required to: 

30 40 50 60 

Enter an intersection at 20 miles per hr.............-.+-.-4+ 486 648 810 972 
Stop at an intersection... ..........2. cece eee reece es eetreeee 393 638 932 1,281 

2 Level grades have been assumed throughout. 

11 sec, giving X = 16.2 X V; in miles per hr, or X = 11 X V;, in ft per sec. 

This will yield a warning distance in which the sign placement and design 

should allow the sign to be read at 810 ft for a design speed of 50 miles per hr, 

Other values are given in Table 1, 
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Case 2.—When all cars must stop at or before the hazard, the total warning 

distance may be computed as follows: 

D = 147 Vi (2p Fly), + Site 0 ee (10) 

in which s is the stopping distance defined by Eq. 7. Substituting the values 

derived in the foregoing sections: 

1.08 V?; 1.08. V2; 

a 4 X = 1.47 V; X (2.0 + 1.5) + = 147 V; X 3.6 + Sok ae 

in which V; is initial or design speed in miles per hour. As an example, a stop 

sign, designed for a speed of 50 miles per hr, thus requires a total warning dis- 

tance of X = 257 + 675 = 932 ft (see Table 1). 

CuHorce OF LETTER SIZE 

Having determined the total necessary warning distance X (see Figs. 1 

and 2) and knowing the distance A from the hazard, at which the sign is to be 

installed, the necessary legibility distance L of the sign is 

Dos X= As Coe Di ag ee ie ee (12) 

Legibility distances for letters of different widths have been determined in 

an extended series of tests using from 100 to 250 different people as observers.!® 

The findings for daylight conditions may be briefly summarized as follows: 

Letter legibility, J, in 
U.S. standard Width feet per inch of letter 

series height 

Be ee chat sys Se tare eee NSTTOWRSR? tah: Maprioatya yah eee 33 

OP eg teats oes: bite Medium 234). ohne aerate 42.5 

LD attr eae eae oe Jfolae EC Cee Seren mers Ne 50 

Dividing the necessary legibility distance (L) by the appropriate letter legibility 
(1) gives the letter size indicated; thus: 

in which H is the letter height of that particular design letter needed. 

Again illustrating, if X = 932 ft, A = 400 ft, and a wide letter is to be used: 
932 — 400 5382 ; : Ra ws : 

Av= TET eRe 10.6 in., and a 12-in. letter is indicated. Since it 

is quite possible to locate a sign so far in advance of the hazard that this com- 
putation would call for an absurdly small letter height, the position chosen for 
locating the sign must be checked. The distance D must be great enough to 

14 ““Manual on Uniform Traffic Control Devices for Streets and High As i 
Conference on Street and Highway Safety, Washington, D.C. 1937, Koate ' AAS 

15 “Legibility Distances of Highway Destination Signs in Relation to Letter Height, Letter Width 
Copypais ena g by T. W. Forbes and R. S. Holmes, Proceedings, Highway aseatel, Bd., 1939, Vol Fant 

¢ 
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allow at least minimum reading time (see Eq. 3). Therefore, from Fig. 2, 

D=X—-A-—-C=X-—A —cotan10°............. (14) 

For a sign with three words or less, D = 1.47 V; X 2 ty. 
Case 1.—When some cars proceed, some decelerate, but none must stop, 

the design speed is determined first by computing X from Eq. 9, or reading it 

from Table 1. If the sign is to be 400 ft ahead of the hazard (A = 400) the 

necessary legibility distance L = X — 400 ft. Next obtain the legibility per 

inch of letter height (J) from the text (see heading “Choice of Letter Size’’).1 

The letter height H =4 ped hal . To check for sufficient reading time, 

obtain C by Eq. 2. Then the following condition must hold (see Eq. 13): 
D=L—CH147V; X 2t,. 

For 3-word or 4-word signs this becomes 1.47 V; X 2. For more words, 
tg should be increased as shown in Eq. 3. 

Case 2.—Where all vehicles must stop, the design speed is determined as 

before; the total warning distance X is computed from Eq. 11 or Table 1; and 

A or A’ is subtracted or added, respectively. Again suppose it is desired to 

place the sign 400 ft ahead of the hazard; then L = X — 400 and the letter 

height H = ~—A° 
Finally, the designer should check for sufficient reading time as in case 1. 
In both cases, if the reading time is too short, determine A, or the sign location, 

by reversing the last few steps. Obtain D from Eq. 14, C from Eq. 2, and 
A =X -—(C+D). The sign must be mounted at the position indicated. 

Finally, compute Z and H for the new sign position by the appropriate method 

for either case 1 or case 2. 

, in which J is legibility distance of the letters to be used. 

PRACTICAL CONSIDERATIONS 

Obviously certain practical decisions as to where the sign is to be placed, 

whether both pre-warning and a sign at the hazard or intersection are necessary, 

and similar questions must be answered before the necessary letter height can be 
determined. Furthermore, in choosing which of the standard alphabet series 

to use for the sign copy the designer must take into consideration such factors 

as the length of place names involved and the general shape and limiting di- 

mensions allowable for his sign. In certain cases where practical requirements 

make it necessary to include more than three words in a given sign, it has been 

found desirable to use two different letter sizes in the copy. A larger size has 

been used for certain important words intended to be read at the greatest dis- 

tance and a smaller size for the less important legend intended to be read at a 

closer position and with a second glance of the driver’s eye."® 

SUMMARY 

A method has been described for determining the necessary letter size for 

effective highway sign design in terms of warning time, warning distance, and a 
SERS as a a Pe a OE ca a a ae I 

16 Sign Specifications of the Pennsylvania Turnpike Commission, Missouri State Highway Dept., and 

others. 
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90 percentile design speed. The increased warning distance necessary at higher 

speeds has been provided through the use of driver warning time as the basic 

consideration. Appropriate braking distances have been introduced where 

necessary. 

Table 1 (or Eqs. 9 and 11) furnishes values for convenient computation of 

the letter height needed, and a simplified outline of procedure is given in the 

paper. 
By use of such a method, it is possible to fit the sign to the highway and the 

driver and to obtain consistently effective signs for widely varying conditions 

of velocity and sign location with respect to the hazard or the maneuver point. 

te 
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1. InTRODUCTION 

This Report is issued to present certain engineering aspects of civilian 

protection in wartime in the field of Sanitary and Public Health Engineering. 
Its preparation is the result of the cooperative effort of many Subcommittees, 
representing the local sections of the Society. A list of the Chairmen of 

these Subcommittees appears at the end of the Report. Those interested 

in an explanation of the Report, or those who are of general assistance in the 
areas represented by the different Subcommittees, are invited to seek their 

cooperation.’ 

The measures required for civilian protection in wartime in the field of 

Sanitary and Public Health Engineering are directed against attack from the 

air and from gun fire and against sabotage. However, it should be noted that 

many problems in this field will result from large emergency concentrations of 

population in areas which do not have the peacetime facilities for serving such 

large sudden increases in the population. Therefore, the methods, plans, and 
procedures to be developed should include preparation for emergency popula- 
tion shifts. The construction and operation of sanitary utilities for large 

military establishments, including ordnance work, also should be considered, 
as the adequacy of Sanitary and Public Health Engineering services in such 

areas is highly important. 
In wartime, supplies and men are used first and to the utmost for military 

purposes. Those in charge of sanitary and public health engineering utilities 

Norz.—Written comments are invited for immediate publication; to insure publication the last dis- 
cussion should be submitted by May, 1942. 
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may be handicapped by this condition. Careful planning and devoted effort 

are all the more necessary. 
2. ATTACK 

The methods of attack for which civilian protection is required are from the 

air and from gun fire. A good description of aerial attack appears in ‘Civilian 

Defense Protective Construction—Structure Series, Bulletin No. 1,”’ prepared 

and published by the U. 8. War Department. 

Attack from gun fire has not been described, to our knowledge, as applied 

to civilian protection. The reason for this probably is that communities 

subject to gun fire are in the active war zone and the entire civilian protection 

is subordinated to military activities. 

3. SABOTAGE 

It is probable that the amount of sabotage will increase under wartime 

conditions. Already, many communities have taken precautions against 

attack by saboteurs on sanitary engineering facilities. Such attack includes 

destruction by explosives, the introduction of poisons into water, milk, and food 

supplies, thefts of essential parts of equipment, and tampering not only with 

equipment and structures, but also with the morale and the reliability of 
employees. : 

4. OBJECTIVES AND ScoPE 

This Report relates to the following principal public structures and services: 

(a) Water supply, (b) sewerage, (c) refuse disposal, (d) street cleaning, (e) 

public comfort stations, (f) milk supplies, (g) rooming houses, and (h) restau- 

rants. These terms are broadly inclusive of the many parts of each item. 

In general, the objective of the Report is to “create a source of engineering 

information and to develop engineering ideas into a new technology” applicable 

to civilian protection in wartime in the fields of Sanitary and Public Health 

Engineering. It is hoped that the Report can be placed in the hands of re- 

sponsible public officials in each: vulnerable community. 

5. GENERAL CRITERIA 

Special measures for civilian protection should be directed toward structures 
and services for which they are most needed. Some structures and services 
will require comparatively little attention in the engineering field. The follow- 
ing general criteria are suggested: 

(a) First, the likelihood of being sabotaged or attacked; 
(6) Second, the extent of damage that might be accomplished by sabo- 

tage or bombing, including the interruption of important civilian defense 
and war activities, the general well-being and health of citizens, and the 
effect upon the morale of the people; and 

(c) The difficulty of making repairs, and the time required. 

6. BLAcKouTS 

Blackouts have generally been considered as a good method of lowering the 
effectiveness of aerial attack and plans for blackouts have been or will be 
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described in other bulletins. Thus, emergency repair work often will need to 
-be done in the dark, and preparation should be made for it. During blackouts 
it is essential that power be available for operating pumps and other important 
pieces of equipment. 

7. PrRorectivE LIGHTING 

Protective lighting of structures has been given much study in the United 
States, but is still in a developmental stage. Therefore, municipal officials 

should look for the results of further investigation and experiment. In the 

long run, the conclusions regarding effective blackouts will have some bearing 

on the matter of protective lighting. In general, protective lighting is con- 

sidered a desirable method of protection against sabotage. S. G. Hibben, 

Director of Applied Lighting of the Westinghouse Electric and Manufacturing 

Company, summarizes some of the cardinal problems of protective’lighting, 
as follows: 

(a) In general, wiring systems should be underground for protection 

and should be flexible, so that some of the protective lighting can be tem- 

porarily extinguished during an air attack, or limited to lighting that would 

not disclose the details or exact position of key structures. The wiring 

should be controlled by a plurality of switches, and circuits should be 

split up so that power for connection failures would not remove solid 

blocks of lighting. 

(6) The lighting units should be numerous and of relatively small 

size, so that the breaking or burning out of a lamp will not cause a major 

loss of light. The lighting units should be nonfragile and weatherproof. 

(c) Low mounted projectors on or back of fence lines, pointing away 

from key structures, are desirable for yard lighting, including Fresnel 

lenses, or reflector bulbs, such as Mazda 150-watt lamps. These should 

be placed so that glare will prevent a person outside the fence from seeing 

objects within the enclosure. High mounted floodlights on poles do not 

at the present time appear to be as desirable as the low mounted projec- 

tors. If floodlights are used, they should be arranged so as to leave un- 

lighted stretches for the use of watchmen. 

(d) Flood lighting of buildings should be avoided, since an attacking 

airplane makes its observations from an angle of about 45°, rather than 

straight downward. 

(e) Reflecting surfaces should be avoided, such as water; and, to avoid 

reflection, protective lighting should be kept away from concrete surfaces 

likely to become wet. 

(f) So far as possible, the lighting units should be shielded from direct 

upward vision, or designed for a sharp vertical cutoff. Fresnel lens con- 

trol with metal hoods or visors is suggested, and it is possible that some 

of the special projector automobile head lamps may be adapted to pro- 

tective lighting. Colored lighting, such as that from sodium or mercury 

lamps, is undesirable. 
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It has been suggested that access to important properties during blackouts 

may be protected by an alarm system on a protective fence, to indicate the 

location of an attempted intrusion by a saboteur. 

Thus, blackouts and protective lighting are related and are both in a de- 

velopmental stage in regard to civilian protection in wartime. Further 

research is desired, and those responsible for civilian protection should be alert 

for further conclusions. 

8. Fence Protection —Various types of fence protection have been used 

effectively, as, for example, barbed-wire stockades with and without charged 

wiring, and fencing with “electric eye’’ and other automatic lighting and signal 

devices. (A very effective and economical wiring device for fences, being 

developed by the New England Power Company, is quite different from the 

“electric eye’ theory and is based on the principle of radio-activity. It can 

be arranged to throw a switch for illumination or other signal warning when 

any one approaches within 6 ft of the fence.) 

PART A.—WATER WORKS 

The most important of the Sanitary and Public Health Engineering services 

is the water works. The following paragraphs outline the major parts, the 

troubles that may result from bombing, attack, or sabotage, and protective 

- and_remedial measures. Fig. 1 is an outline of a typical,water works. 

Fig. 1.—Typican Warrr Suprty System 

9. Sourcres or Suppry 

Water supply is either from a surface or an underground source. Surface 
supplies are from natural lakes, impounded reservoirs on water courses, and 
large rivers not requiring storage. Underground sources, in general, are from 
wells, but occasionally from infiltration galleries. For each of these sources, 

_<— 

— 
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there are critical elements, damage to which might put the entire water works 
out of service. Thus, in a natural lake, possible troubles comprise malicious 
pollution or poisoning, and destruction of the intake works by sabotage or 
attack. Protective and remedial measures are as follows: 

Policing of vicinity and enactment of more strict ordinances governing 
the use of a watershed. 

Regular analyses adapted to detect poisons and unexpected pollution. 
Watchman and other precautions against sabotage. 

Crews and equipment experienced and ready for repair of the intake 
works, 

Use of an emergency intake or alternate source of water. 

The critical elements of an impounded water course or artificial lake are 

much the same as those of a natural lake, and the protective and remedial 

measures are similar, so far as they apply. However, the poisoning or pollution 

of a river source by saboteurs is easier and more likely to be successful than that 

of a natural lake source of water. Thus, rigorous policing of rivers, so far as 

possible, is desirable, but principal reliance should be made on chemical and 

bacteriological analyses made at shorter intervals than required in peacetime. 

In an impounded supply, there is also danger to the impounding works or dam. 

Special comments relating to the protection of dams are stated in a later para- 

graph. The crews and equipment for repair should be experienced, not only 

in work on intake structures, but should also be prepared for the repair of the 

impounding structures. 

The critical elements of a supply from a large river are much the same as 

those of an impounded supply, and the protective and remedial measures are 

similar. As a river not requiring storage is likely to have a relatively large 

flow of water, the dilution of malicious poisons and pollution will be large and 

this danger will be correspondingly reduced. Materials and equipment should 

be available for the prompt and quick use of an emergency intake, which should 

be available. 
The critical elements of an underground source of water are pollution and 

poisoning by sabotage, and destruction, either by sabotage or attack. It is 

obviously advisable to have available more than one well to reduce the prob- 
ability of a complete loss of water. If the supply comprises only one well, 

arrangements should be made for additional wells in different locations, not 

likely to be damaged by a single explosion. Otherwise, arrangements should 

be made for an emergency supply from some other source of water, with 

provision for temporary chlorination. 
Protective coverings can be built over wells and other structures on land, 

which appear to be highly desirable for critical and vulnerable structures. 

These are described subsequently in Paragraph 18. 

10. StrucTuRES FoR DELIVERY OF WATER 

Pumping stations comprise the principal structures for the delivery of water. 

In some cases, a low lift pumping station is required to deliver a surface water 

to a water treatment plant. In general, there is a high lift or high service 



110 WARTIME PROTECTION Reports 

pumping station. For small and moderate size cities, one pumping station is 

generally sufficient, whereas larger cities often have several. For well supplies, 

there is usually one pump for each well. 

If there is a single source of supply and one pumping station, this structure 

is one of the most critical in a water works. If the station is put out of com- 

mission by sabotage or attack, the water supply is likely to be cut off until 

repairs can be made. Therefore, policing against sabotage is of great impor- 

_ tance. Protective and remedial measures embody, in the first place, duplicate 

and spare units and parts. Steam power pumping stations, in particular, 

should have duplicate units and these might well be electrically driven, or 

driven by gasoline or oil engines. Where it is possible, such emergency or 

stand-by units should be fully protected, preferably by locating them under- 

ground at some distance from the main pumping station. Electric pumps may 

be made ineffective by damage to a power station at some distance, or to trans- 

mission lines. Thus, stand-by or emergency pumping units should be made 

available. Spare parts should include valves, pipes, fittings, pumps, motors, 

and transformers. These should be stored in a separate location at a distance 

from the pumping station, to avoid loss of the replacements through one ex- 

plosion. Because of the likely complicated piping and connections at pumping 

stations, advance planning of the emergency reconstruction should be careful 

and complete. 

Often, a single supply main delivers the water from a source to a pumping 

station or water treatment plant. These mains are usually underground and 

thus are not visible from the air. Damage to such structures is more likely 

to be accidental or by sabotage. A break of a single supply line will result in 

putting the water works out of commission. Protective and remedial measures 

include policing and suppression of sabotage. The most effective protection 

comprises an emergency source of water, and it is desirable that such an 

emergency supply be provided where there is sole reliance on a single long supply 

main. Important valve structures can be given a protective covering. Spare 

lengths of pipe should be available, with couplings and sleeves for quick repair, 

and these should be stored at a convenient isolated location. Crews and 

equipment for repairs should include pumps, excavating equipment, and the 

like, suitable to the construction problems likely to occur along the supply 

main. A careful record should be available of the location of all cutoff valves 

and drains, with provision for their location at night, so that the broken part 
of the supply main can be quickly isolated. 

11. DistTRIBUTION SYSTEMS 

The distribution system begins with the pipe lines extending from the main 
valve chamber at the high service pumping station, and includes the grid work 
of distribution mains throughout the city. The distribution system is highly 
vulnerable to air attack. It has been found from British experience that, in 
vulnerable communities, the distribution system may have broken water mains 
and may be damaged by bombs as frequently as once for each mile of distribu- 
tion system under a series of attacks. The breaking of a water main causes 
much collateral damage. It reduces the effectiveness of fire protection until 
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the break is repaired. There is likely to be a considerable amount of erosion 
before water is cut off, thus damaging other underground service conduits, as 

well as pavements and adjacent foundations. Speed is one of the essential 

factors and this requires a prompt shut-off of the water and a rapid repair. 
_ Therefore, one of the essential requirements is a complete map and record of the 
distribution system, including the location and type of valves. Copies of 

such records and maps should be guarded carefully, but should be in the hands 

of the personnel charged with the responsibility of handling the situation and 

making the repair. British experience indicates that debris is likely to be 

driven several hundred feet into the main from the crater caused by the ex- 

plosion. Thus, facilities for removing such debris are important. These 

conditions may easily contaminate the interior of the mains, and accordingly 
facilities must be available for chlorination at the site of the repairs. Ob- 

viously, the most important mains are those from the pumping station to the 
distribution grid; and the next in importance are the larger feeder mains. The 
procedure for repairing a broken water main is described in a later paragraph. 

Auxiliary personnel should be trained under the direction of the water depart- 

ment and should be available for prompt mobilization. A complete set of 

emergency supplies for making repairs should be on hand, carefully stored. 

In large cities, several sets of emergency supplies should be available. A 

partial list includes the following items: 

Trucks Shovels 

Cleaning rods and equipment Picks 

Chlorinating supplies Bars 

Portable power pumps with suciion and  Trowels 

discharge hose Hoes 

Portable hand pumps Axes 

Portable lights 

Wooden and perhaps steel sheeting and 

other lumber 

Trench jacks and braces 

Paving breakers 
Gasoline engine driven compressors 

Valves 
Rubber boots, coats, hats, and gloves 
Hardware, including nails, bolts, and nuts 

Valve boxes 
Sand bags 
Brick, cement, sand, and gravel 

Warning signs 
Dynamite, blasting caps, and fuses, where 

rock may be encountered 
Pipe cleaning equipment 

Drills, hammers, mauls 

Rope with hook attached 

Scrapers 
Saws 

Derricks 

Chain and falls 

Pipe and fittings 

Pails 

Lanterns and batteries 

Canvas 

Wheelbarrows 

Rope 

Wire cable 

Chains 
Grease, oil, gasoline, and kero- 

sene 

12. Water and Sanitation Facilities——It will be necessary to provide wa- 

ter and sanitation facilities in the area affected by the broken main. Filter 

units mounted on trucks are available, which can draw water from a roadside 
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| 
ditch or elsewhere, and filter and sterilize it for drinking use. However, it will 

be necessary to instruct and warn the people living within the affected area, 

and an organization is necessary for this purpose. Announcements should be 

made, and signs should be available, warning people regarding the use of the 

water until it is safe, and giving instructions as to the location of sanitary 

facilities. 

13. Exposed Piping and Conduits.—Piping and conduits on bridges or in 

other exposed places may be particularly vulnerable to sabotage and should 

receive protection. 

14. WaTER TREATMENT PLANTS 

In general, water treatment plants are those to provide a safe drinking 

water by filtration and sterilization, or to provide an improved water by 

removing color and organic matter or some of the hardening and other mineral 

constituents. The extent of damage may be sufficient to put the entire treat- 

ment process out of use for several weeks or months; or it may be minor. 

An emergency or alternate source of supply should be available, even if limited 

to a sufficient quantity for drinking purposes distributed by tank trucks. In 

some cases, the service can be restored promptly, if arrangements have been 

made for by-passing the treatment works and delivering adequately chlorinated 

raw water to the distribution system. For this purpose, spare chlorinating 

equipment should be available stored at a distance from the treatment plant. 

For a short period, the water can be made safe by boiling at each place of con- 
sumption, but long periods of boiling water tend to become a hardship and 

result in the relaxation of this safeguard. 

Community-wide distribution of bactericidal compounds and solutions for 

the use of individuals might be a safer and more practicable solution to the 
problem. This could be accomplished by preparing, for distribution among the 

TABLE 1,—CuHLoRINE REQUIRED FOR WATER TREATMENT 

GRraIns? oF CHEMCAL REQUIRED 
Available To TREAT: 

Item chlorine 
No. Treatment (%) 

1 gal 
P 5 gal 1 gal (disinfectant) > 

(i) (2) (3) (4) (5) 
1 Calcium hypochlorite.............eeee0. 65 ‘ wee 
Awe Chlotnated ime: hk a ea 25 33 0.7 233 

ed 3. 

* Units are grains (1 scruple = 20 grains) except in Item 3 where they are, respectively: 1.1 cc, 5 drops, and 
sae b Saeiarig to pe adced to Ba oes - make . disinfecting solution containing 0.1% Sratinbea 

\ r a dosage of 3 ppm, a -9 oz of any solution prepared according to val i i 
1 gal of the water to be disinfected, or 9.3 oz to 5 gal of water. aeRY ¥ venues dn ea 

public, capsules or vials, each containing a sufficient dosage for disinfection of a 
certain practical quantity of water, such as one to five gallons. x 

As an example, the required amounts of various chlorine compounds for 
such preparations are shown in Table 1. If it is desired to add the commercial 
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preparation directly to the water to be disinfected, the amounts given in Cols. 
3 and 4 are sufficient to provide a dosage of 3 ppm. 

It may be more convenient to make a 0.1% available chlorine solution of the 
original commercial product and use this in the disinfection as indicated 
in Col. 5. 

15. Evevatep Storace TAnxKs 

Elevated tanks are subject to destruction by sabotage or attack. They 
should be policed and protected asaroutine matter. Such storage is a valuable 
reserve for fire protection, if the service is disrupted by damage elsewhere. 

Valves should be available adjacent to the elevated tanks and their location 
recorded and known for immediate shut-off, if the tank is destroyed. Elevated 

tanks may be a good target for aerial attack, and some method of camouflage 
should be developed. 

! 16. Firz PRorectTIon 

The water supply of a community is important, not only for drinking uses 

and for general sanitation, but also for fire protection. In the case of attack, 
fire protection is especially impor- 

tant. Therefore, the ability tomake TABLE 2.—Requirep Fire Ftow, 
rapid repairs to damaged structures Firr R&seRvVE, AND HYDRANT 

and pipes is vital. Fire fighting pro- Spacina, AS REcOMMENDED 
cedures prior to attack and-in war- BY THE NATIONAL BoarD 
time have been described in other - OF Frre UNDER- 
bulletins and are therefore not in- WRITERS 

cluded (see, for example, Items Ol 

and 09 in the Appendix). However, A Been SLE : ee 
ili ] ‘Ope eo oF wales La ee ire (THOUSAND the ability to furnish water under; Pep: eae Rue aoe 

pressure is the first essential of fire (thou- | sand (million 
; 4 eihee sands) gal med ga 

protection. This is a further em- per Engine |Hydrant 
phasis of the need of careful plan- mae : pe aed PLA 

: watt peat 1 105245 > 0.3 120 | 100 ning and organization to maintain 5 nas 2.0 . i a 90 
: 4 2.0 ; 2; the water supply service. . a oe es a 9 

Requirements of water for fire 30 3.0 45 | 19 100 70 

protection may be greater during 17 4.0 6.0 | 2.4 90 55 
: : 22 45 | 65 | 2.7 m 

wartime than otherwise. Therefore, 28 5.0 7.5 8.0 85 408 
: 0 , i at least the usual requirements for aa haya 03 | 44 70 

goes ; 80 8.0 | 12. j fire protection in peacetime should 130 oy eS Oe ne 85 
i i 125 10.0 | 14.5 6.1 be available. The requirements of a par eke e a 

the National Board of Fire Under- 2007 | 12.0 | 185 | 7.6 40 

writers regarding water and hydrants 

for fire protection service are shown 21%: populations erste than 2 nal bose 
in Table 2. Communities should our are cae 5,000 gal per min or more. 

survey their water distribution sys- 
tems and ascertain what additions 

should be made, if any, to meet reasonable peacetime requirements, as a prep- 

aration for wartime conditions. This survey should also include a study of 

the necessary valves to permit the use of adjacent parts of the distribution 

system not damaged by aerial attack or explosion. 
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Small quantities of water stored in tanks, vats, and cellars, and widely 

distributed throughout the city have been found to be of great value in London 

for temporary fire protection while repairs are being made. 

17. Repair oF WaTER MAINS 

Water mains may be broken frequently by aerial attack and sabotage. As 

a broken water main disrupts sanitary service and fire protection, the quick 

repair of the main is essential. Experience in England has indicated that lead 
joints are not as satisfactory for this purpose as so-called ‘‘mechanical’’ joints. 

Therefore, a careful study has been made of the type of mechanical joint best 

suited to this purpose. British experience indicates that the time of making 

a repair may be reduced, by careful attention to such details, from some 7 hr 

to less than 2 hr. This is a very important gain. The principal difficulties 

in repairing a broken water main may be summarized as follows: 

(a) There will probably be water in the trench where the break occurs 

and dewatering to permit making a lead joint will delay the repair. 

(b) The ends of the broken main will be jagged. The repair fittings 

should be such as not to require the cutting off of the jagged ends to the 

extent that would be required to fit a standard bell. 

(c) There may be a considerable uncertainty as to the actual outside 

diameter of the broken main. Therefore, the fitting to be used should 

have as much margin in its inside diameter as can be afforded by a me- 

chanical joint. The outside diameters of a number of typical water mains 

are shown in Table 3. 

(d) The subsoil under the main may be loosened by the explosion and 

it may be necessary to construct the new water main around the edge of 

the crater. This is not as desirable as a straight run of pipe, but is indi- 

cated as a possible necessary alternative. 

TABLE 3.—Ovurtsipge Pier Diameters; 3 In. To 48 IN. 
(All Dimensions in Inches) 

Nom- Cast-Iron Prpx; Street Prep; THICKNESSES IN TRANSITE Pipy; 
_ inal CLAssEs: SIXTEENTHS OF AN INCH: CLASSES: 
inside ’ 
diam- 

eter | A B Cc D 4 5 6 8 10 50 100 | 150 | 200 

3 3.78} 3.84] 3.90] 3.96] 3.5] .... 3.66 | 3.70] 3.88] 4.2 
4 4.84] 4.90} 4.96] 5.04 a 4.66 4.70 4.85 5 30 
6 6.88) 6.96] 7.02] 7.10]... 6.62 6.72 | 6.76 | 6.95 | 7.50 

8 8.92] 9.02] 9.12] 9.20 8:62) Fa. as 8.84] 8.88 | 9.15] 9 
10 11.00 | 11.14 | 11.24 | 11.36 eee. Os 0, eek 10.88 | 11.18 | 11.70 | 12 a6 
12 13.08 | 13.24 | 13.36 | 13.50 So cee i Lacon! we 12.96 | 13.36 | 13.96 | 14.48 

14 15.14 | 15.32 | 15.48 | 15.64] 14.5 14.75 | 15.00 | 15.25 | 15.04 | 15.56 | 16.26 | 16.8 
16 17.20 | 17.40 | 17.60 | 17.78] 16.5 16.75 | 17.00 | 17.25 | 17.12 | 17.76 | 18.50 | 19 Pi 
18 19.28 | 19.50 | 19.74 | 19.92] 18.5 18.75 | 19.00 | 19.25 | 19.18 | 19.94 | 20.78 | 21.74 

20 | 21.34 | 21.60 | 21.84 | 22.06] 20.5 20.75 | 21.00 | 21.25 | 21.26 | 22.14 | 23.06 | 24.18 
24 25.52 | 25.78 | 26.08 | 26.32] 24.5 24.75 | 25.00 | 25.25 | 25.38 | 26.50 | 27.64 | 28.96 30 | 31.76 | 32.06 | 32.40 | 32.74 | 30.5 30.75 | 31.00 | 31.25 | 31.80 | 33.08 | 34.58 | 36.24 
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Permanent repairs can be made using the same size of pipe as the broken 
main, and this is the desirable objective. However, in some eases, the urgency 
of the repair may indicate the desirability of a semipermanent repair, using a . 
smaller diameter main. If the inserted length is not too long, the repair can 

_ be made more quickly by using a reducer fitting and a smaller diameter of 
new pipe. In some cases, the loss of head will not seriously reduce the effi- 

ciency of the distribution system. A knowledge of the adequacy of the existing 
water mains is necessary, therefore, to determine what parts of the system can 
be repaired with smaller pipe. 

The Committee has made a careful study of the procedure for repairing a 

broken water main, with the cooperation of the principal water pipe manu- 

facturers and others. A so-called “adapter sleeve” is proposed, as shown in 

Fig. 2. This is similar to standard mechanical joints made by a number of 

water pipe manufacturers. However, the proposed adapter sleeve would be 

somewhat larger in diameter than the standard for a given size of pipe, and 

would have a longer straight section back of the joint so as to embrace the 

jagged ends of the shattered pipe. A somewhat larger rubber gasket will be 

required and the rubber used, perhaps, should be somewhat softer than standard. 

A few generally standard fittings will also be useful in the emergency repair 

Strap lron : 
Clamp Shattered Water Main 

HARNESSING AT ADAPTER SLEEVE 

Strap lron 
Clamps 

Flange on Pipe 

. Rubber Gasket 
Follower Ring 

HARNESSING AT BENDS 
SECTION THROUGH MECHANICAL JOINT 

Fie. 2.—Apaprrr SLEEVE For ReEpParRING WaTER MaIns 

of water mains, such as mechanical joint split sleeves, test plugs, test caps, 

and the like. The procedure described has been referred to manufacturers of 

 east-iron pipe who are making preparations to supply these fittings and to 

whom inquiry should be made. It is highly desirable that a sufficiently high 

priority be granted by the proper authorities. 

Suggestions as to the installation of the new section of main in a crater are 

shown in Fig. 3. The use of tie rods extending from one joint to the next is 

not indicated, but in certain cases where pressures are unusually high, or the 

subsoil is unusually yielding, the use of tie rods may be imperative. 

The use of such a method of repair and of the suggested adapter sleeve 

will not only permit a much quicker repair, but will also reduce the number of 

fittings that must be kept on hand. An advantage of the reducer type of 

sleeve is that the number of different sizes of new pipe to be kept on hand 

will also be less. 
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In all cases, facilities should be provided for the heavy treatment of water 

in the pipe lines adjacent to where repairs have been made, with chlorine com- 

pounds. In England, it is considered desirable to make repairs permanent 

wherever possible. 
18. PROTECTIVE COVERINGS 

Certain parts of sanitary engineering structures are located underground: 

such as valves, valve chambers, and wells. Tests of protective coverings under 

direct hits by bombs from airplanes have been made by the War Department 

at Edgemont, Md., and have been reviewed by the Committee. Through the 

| me Route AN 
and Method of 
Supporting Pipe 

Mechanical Type Joint, 
Mechanical Split Sleeve Ad 

or Solid Type Sleeve apter 

BOMB CRATER 

PLAN 

Repaired Section of 
Support Water Main on Water Main Laid on 
Fill, Remainder of Back- sk edges 
Filling to Be Completed rater to Be Back- 

at Later Date SECTION Filled at Later Date 

Fiae. 3.—MezrtnHop oF Reparring WaTER Matin THroucH Boms CRATER 

courtesy of Maj. F. J. Wilson, M. Am. Soc. C. E., a suggested protective 

covering has been prepared, as shown in Fig. 4. In this illustration, the © 

covering is for an underground valve chamber adjacent to a main pumping 

station. The length and width of the covering should be related to the vulner-' — 

ability and importance of the structure. The cutoff trench along one side is 
indicated as a means of dampening the destructive vibrations that might come 
from a bomb falling outside of the protective covering. Such a protective 

covering for a well or an isolated valve would cover a smaller area. 

Fig. 5 shows a typical simple bomb shelter, suitable for construction 

adjacent to a pumping station, sewage treatment plant, or other impor- 

tant structure. Another type of bomb shelter is shown in Bulletin No. 1, 

“Civilian Defense Protective Construction—Structure Series.” The arrange- 
ment shown in Fig. 5 is taken from “Civil Air Defense,’’ by Augustin M. 

Prentiss, Lieutenant-Colonel, General Staff Corps, U. §S. Army. A simple 
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hand-force pump should stand in the trench. No ventilating equipment is 

included, as the shelter is not intended for long use. Figs. 4 and 5 are sug- 

gestive only and are not applicable to-all parts of the United States and all 

kinds and locations of structures. In some cities and for some structures a 
heavier protective covering will be required, and in other places something 

lighter. Thus, on the Pacific Coast, the concrete course may be 4 or 5 ft 

thick, and in other less exposed localities only about 2 ft thick. 

Splinter-proof walls around important pieces of equipment are a valuable 

protection against the effect of an explosion near the structure or in the struc- 

ture at some distance from the piece of equipment. A well-built brick wall 

13 in. thick will provide such protection against splinters from a bomb, broken 

bits of masonry and blast. In effect, splinter-proof walls form stalls or rooms 

about the equipment. 

19. LABORATORY PROCEDURE 

Laboratory procedure is an important factor in the maintenance of a safe 

water in areas subject to sabotage or under aerial attack. The usual routine 

-may be insufficient for the detection of suddenly introduced poisonous sub- 

stances and of attempts to cause epidemics of disease by pollution. Water is 
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poisoned by the introduction of chemicals i injurious to the health of the popula- 

tion and intended to be fatal. Pollution and contamination is the introduction 

of live organisms that will cause disease. In addition, the normal laboratory 

procedure may be disrupted by a direct hit or explosion and British experience 

has indicated the desirability of having mobile or duplicate laboratories avail- 

able. In some cities, use can be made of existing laboratories within the city, 

or in near-by cities, provided arrangements have been made. It should be 

noted that many commercial laboratories are not ordinarily equipped to make 

tests for poisons and contamination. Administrators should be advised to 

make the necessary preparations for this kind of laboratory work before the 

emergency arrives. 
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Fie. 5.—Smatt Boms SHELTER FOR EMPLOYEES 

If water is poisoned chemically, boiling cannot be counted on to remove the 

danger. In the emergency, gas may not be available. Therefore, it is neces- 

sary to know if the water is poisoned, and the population must be warned ac- 

cordingly. Many of the normal water tests are of great value in detecting 

poisons and unusual contamination. During wartime, such tests should be 

made at more frequent intervals than otherwise. A brief summary of some 

of the more useful tests has been prepared for the Committee by R. F. Goudey, 
M. Am. Soc. C. E., as follows: 

(a) Chlorides.—Low chlorides might indicate the addition of silver, 

mercury, or lead, whereas abnormally high chlorides might indicate the 
hydrolysis of war gases, most of which contain chlorine. 

(6) Sulfates—Low sulfates might be due to the addition of lead or 
barium salts, whereas an increase might be due to copper or zinc sulfate 
or the hydrolysis of war gases originally containing sulfur dioxide. 

(c) Oxygen Consumed (Possibly Modified to a 5-Min Digestion Period). 
—Higher than normal values may be due to war gases, glucosids. alkaloids, 
and phenols. 

—, 
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(d) Biochemical Oxygen Demand.—Abnormally low results might be 
due to metallic poisons, glucosids, alkaloids, and war gases which have 
sterilized the test water. High results might be due to any organic poison 
in minor amounts where the procedure to test B.O.D. in the presence of 
free chlorine is followed. The delayed action of this test reduces its value 
in this case. 

(e), pH.—A low pH-value of 4.0 to 7.0 might indicate hydrolysis of 
war gases, whereas an excessively high pH-value might be due to excess 
barium hydroxide. 

(f) Nitrates.—High nitrates may be due to soluble forms of heavy 
metallic poisons. 

* (g) Odor.—Although odors from poisons may be cleverly masked, 

characteristic odors of various organic poisons can be easily identified. 

New tests for the detection of war gases absorbed into water should include 

a general test for heavy metals and a sensitive test for arsenic. Heavy 

metals are infinitely more toxic in organic combinations and can be added 

easily to water supplies in toxic quantities. 

(h) Heavy Metals and Arsenic by HS Precipitation. —This test includes 

digestion of a 500-ml sample with about 3 ml of concentrated H.SO, and 
sufficient H N; until the solution is colorless and SO; fumes have been 

produced, dilution of the residue with distilled water; and precipitation 

of metals with HS. The presence of heavy metals is indicated by vari- 

ously colored precipitates. A whitish sulfur precipitate should be neg- 

lected; but if arsenic in more than 10 ppm is present, the sulfur precipitate 

will appear yellowish. 

(t) Arsenic (Sensitive Test)—Take 100 ml of sample of any required 
concentration, and add 5 ml of concentrated H.SO, and sufficient nitric 

‘acid and hydrogen peroxide to decolorize. Heat to SO; fumes in a 

Kjeldahl flask. Dilute with distilled water and, after adding 0.1 g of 

hydrazin sulfate, boil until SO. has been completely removed. Cool, 

neutralize with NazCOs, add 30 ml of distilled water, 0.2 g of potassium 

bromide, and 5 ml of concentrated H Cl. Then titrate with 0.01 N K Br Oz; _ 

in the presence of methyl orange indicator. The titration is to the dis- 

appearance of color with continued additions of the indicator. 

Already in some cities tests for poisons are made, as fear of sabotage has 

indicated the necessity. 
A mobile laboratory unit may be required in the larger cities. One of the 

best has been developed and used by the U. S. Public Health Service in its 

pollution survey of the Ohio River! The information regarding this has been 

made available to the Committee through the courtesy of Dr. Thomas Parran, 

Surgeon General, U. 8. Public Health Service. 

20. PRoTECTION AND Repair oF DAMS 

As many water supplies are derived wholly from storage behind impounded 

dams, and as many such dams are so located, that a major breach in them 

1 See Journal, A. W. W. A., April, 1941, pp. 638 and 643. 
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would cause a large loss of life and much destruction of property, their pro- 

tection is often more important than the protection of the transmission lines 

leading from them. In some parts of the United States, an impounded supply, 

when lost, cannot be replaced until the dam has been repaired and the runoff 

of the stream has been allowed to accumulate behind the repaired dam. As 

the time for collecting runoff, generally, is during the late fall and spring, 

destruction of the dam and loss of stored water immediately following this 

period might involve a year or more of waiting to accumulate water, even if 

the dam is repaired promptly. 

Insufficient experience is available to the Committee to permit a complete 

statement regarding this item. Further study and investigation are recom- 

mended. However, some suggestions have been made. Protective coverings 

will probably not be possible for the larger dams, although some dams might 

be given a substantial degree of protection along the lines indicated in Section 18. 
Regarding the repair of dams, manifestly a large breach in a masonry dam 

would be difficult to repair while water is flowing through it. A small breach 

might be bridged by an emergency bulkhead, which could be kept floating in 

a vertical position back of the dam, ready for use. A comparatively small 

breach in an earth dam might be closed similarly by a floating bulkhead, which 
could be backed up promptly by a fill of sand bags. Earth embankments, 

however, are likely to ravel rapidly when exposed to a strong current and a 

repair of the foregoing type would have to be very prompt. Otherwise the 
breach would become so large that repair would have to be delayed until after 

the water had been largely drained from the reservoir. 

Obviously, the protection and repair of important dams likely to cause loss 

of life and damage if broken require, in special degree, the general procedures 
outlined in foregoing sections, such as guarding against sabotage, arrangements 

for warning of the disaster, and readiness to supply water from an alternate © 
source during the emergency. 

21. MosineE Water TREATMENT UNITS 

To meet certain emergencies caused by broken water mains and other 

disruptions of sanitary engineering services, mobile water treatment units are — 
desirable. These are of two kinds. One comprises a portable chlorinating 

unit for sterilizing repaired water mains, suction wells, and other structures. 
The other is a mobile water filtration and sterilizing plant. Both types of 
unit are made in the United States. , 

It is understood that mobile water treatment units are part of the regular 
Army equipment, and thus may be considered by some as a military, rather 
than a civilian, item. However, aerial attack may come to cities not within 
Army combat zones, and it is desirable that such units be available either from 
military or civilian sources. 

Portable chlorinating equipment used for sterilizing water mains and for 
other emergencies should include a portable gasoline pump, chlorinating equip- 
ment, chlorine, and appurtenances. In most cases, liquid chlorine should be 
used, but where it is not available, a hypochlorite solution may be useful. 



oa 

January, 1942 WARTIME PROTECTION 121 

A mobile water purification unit includes a gasoline-driven centrifugal 
‘pump, a rapid sand filter, chemical feed equipment, chlorinating equipment, 
and appurtenances. The capacity of such a unit depends chiefly on the amount 
and character of the turbidity of the raw water, but, under reasonably favorable 

| circumstances, the quantity of treated water amounts to as much as 1,000 gal 
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Fie. 6.—PortTaBLE CHLORINATING UNIT 

per 24hr. This amount is very helpful in supplying emergency drinking water 
_ and hospital needs. 

A portable chlorinating unit is shown in Fig. 6 and a mobile water treatment 

unit in Fig. 7. ; 

PART B—SEWERAGE WORKS 

Second in importance of the Sanitary and Public Health Engineering services 

are the sewerage works, comprising collecting, intercepting, and outfall sewers, 

sewage pumping stations, and treatment plants. The troubles that may result 

from bombing, attack, or sabotage and the protective and remedial measures 

are more or less similar to those described in Part A. Fig. 8 is an outline of 

a typical sewerage works. 

22. CoLLEcTING SEWERS 

In general, damage to or by collecting sewers is a result of explosion and 

the direct damage by poisoning is much less than in the case of water works. 

The results of the damage are the flooding of basements, the breaking of other 

underground conduits by washing out and undermining, damage to adjacent 

pavement, sidewalks, and foundations, and to the disruption of sanitary facilities 

in homes, hospitals, industries, and commercial establishments. Obviously, 

early steps to be taken include notification of the damage to all persons within 

the affected areas, and the temporary restoration of sanitary facilities. In 
some cases, temporary drainage can be provided by trenching from the up- 

stream to the downstream side of the broken sewer. When large areas are 

affected, portable comfort stations should be made available and provision 

made for the use of sanitary facilities in adjacent districts, 
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Protective and remedial measures include, in the first place, a good map of 

the sewer system, showing the location, size, depth, and slope of the various. 

sewers and appurtenances. The emergency supplies listed for the repair of 

distribution systems include most of the items needed for the repair of a broken 

sewer. However, the procedure differs in some respects and the stock of 

emergency equipment and supplies should include the following: 

(a) Concrete or steel pipe in several sizes and jointing materials. In 

repairing sewers, it is not necessary to fit the existing sewer exactly and, 

where necessary, two or more pipes of smaller diameter can be used to 

repair the broken section. 
(b) The stock of lumber should:include a sufficient amount for the 

construction of a box conduit, should the diameter of the broken sewer be 

in excess of about 72 in. Such lumber could also be used for a temporary 

by-pass of the sewage during a permanent repair and for forms in replacing 

large concrete structures. 

(c) The pumping equipment should include well points and pumps with 

fittings suitable for attachment to well points. Well points are more 

‘ likely to be required in the repair of sewers because they are often deeper 

than water mains. 

One of the more serious annoyances resulting from a broken sewer is the 
flooding of basements. Portable pumps for dewatering flooded basements are 
a necessary part of the emergency equipment. 

Fie. 7.—Mosin Water Treatment Unrr 
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In some cities, it may be advisable to prepare plans for remedial measures 
in cooperation with local contractors, so that their equipment and skill may 
be available. These contractors should be instructed as to what may be 
expected of them in an emergency. 

Pumps 

| Laterals | 

Force Main or 
Interceptor 

Treatment 
on Plant 

Fie. 8.—TypicaL SEWERAGE System 

An important measure for the protection of collecting sewers is to provide 

substantial locks for manhole covers, especially those in isolated locations. 

There are a number of makes available. 

A very good summary of experience in England with the repair of damaged 

sewers is abstracted from a recent issue of The Surveyor,? as follows: 

Repairs to sewers damaged by bombings are recommended by the Min- 

istry of Home Security to be cared for by two parties—one party of six 

men including a foreman to rope off craters, clear debris, etc., and a larger 

party of ten or more workmen to make the repairs. Repair parties are con- 

sidered important enough to defer the calling up for war service of the men 

who are engaged in this work. 
Adequate traveling facilities are believed to be essential. 

Allocation of personnel to districts is not recommended as the bombings are 

rarely distributed evenly. After bombings, the work of repair is distributed 

as fairly as possible with a view to avoiding unnecessary travel. 

General recommendations for inspecting the damage include: 

1. An inspection by a technical assistant to determine and make record of 

the damage; 

2Repair of War Damage to Sewers,’’ by ‘‘Beta,’’ The Surveyor and Municipal and County Engineer, 
London, July 11, 1941, p. 17. 



4 
v 

124 WARTIME PROTECTION Reports 

2. Unless a bomb actually falls on the sewer it is unlikely that damage will 

be caused to a sewer located deeper than the bottom of the crater. If a bomb 

falls directly over the pipe line, the earth may be forced down, causing a 

fracture. 

3. However, bombs splinter and sometimes penetrate downward 20 ft below 

the bottom of the crater, causing damage. Thus a complete inspection is 

necessary even in a shallow crater. 

4, Generally, damage extends 10 to 20 ft beyond the crater. 

5. Any manhole within 75 ft of a crater must be inspected. 

6. Uncradled sewers usually suffer no more than those incased in concrete. 

7. Damage may not appear promptly, thus requiring another inspection. 

Temporary repairs are not recommended except (a) when a crater must 

be filled promptly for any reason, (b) when a large number of sewers are damaged 

at the same time and insufficient labor is available to repair all damage at the 

same time, or (c) when shortage of personnel and materials would delay perma- 

nent repairs for a long time. y 

Concrete cradles, steel, or spun-iron pipes, and, in each case, very careful 

backfilling are recommended for repairs. The most commonly used methods 

of dealing with the sewage flow are: 

1. Shutting off the flow at the next upstream manhole and pumping out 

the sewer; 
2. Exposing the ends of the fractured line and cutting a channel through 

the crater to carry the flow; and 
3. Allowing the sewage to percolate into the soil. 

The Ministry of Health requires certain information to be kept of the 

damage, as follows: 

“1, Situation. 7. Date of commencement of repairs. 
2. Date of damage. 8. Date of completion of repairs. 

3. Extent and nature of damage. 9. Cost of repairs. 

4. Cause of damage. 10. Foreman in charge. 

5. Original construction. 11. Technical assistant in charge.” 
6. Construction after repair. 

Speed in making repairs is considered essential to the public health and’ 
morale in accordance with the policy of removing evidence of war damage as 
quickly as possible. 

23. FLoopED BASEMENTS 

Basements are flooded frequently when water mains and sewers are broken. 
After flooded basements are drained or pumped out, they should be washed, © 
brushed, and scrubbed with water. Then a disinfecting solution of chloride 
of lime and water should be applied with a brush, broom, rag, or sprayer. An 
adequate solution can be made up with 1 lb of chloride of lime in about 8 gal 
of water. In regard to flooded furniture, clothing, and foodstuffs, the following 
precautions are suggested: 

, 

‘ 

‘ 
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(a) Furniture.— 
Curtains.—Boil all that can be boiled without injury to the fabric. 

Dry thoroughly in the open air and sunshine. Press with hot iron, or 
dry clean. 

Rugs.—Flush with clear water while still on the floor. Dry thoroughly 
in the sunshine. Use a mild soap and lukewarm water to shampoo; then 
rinse and dry. 

Furniture-—Wash with strong soap and water all surfaces that can be 

reached and will not be harmed, such as wood, metal, leather, cane, and 

composition materials. Wash upholstered materials and dry thoroughly, 
preferably in open air and sunshine. 

(b) Clothing—Boil immediately everything that can be boiled without 
injury. Otherwise, dry thoroughly, in the sunshine, all clothing that cannot 

be boiled. Then sterilize by pressing with a hot iron or by dry cleaning. 

(c) Foodstuffs—No foodstuffs subjected to contamination from sewage 

should be used unless such foodstuffs have been stored in watertight containers, 

in which case the outside should be thoroughly sterilized with boiling water or 

disinfectant. It is best to “play safe” and discard any questionable foodstuffs. 
No flooded foodstuffs should be sold to the public. 

24. INTERCEPTING AND OUTFALL SEWERS 

The damage to intercepting and outfall sewers will be similar to that of 

collecting sewers; but it will affect wider areas. Therefore, the same measures 

for protection and repair should be applied. Intercepting and outfall sewers 

may be so located as to discharge, when broken, considerable quantities of raw 

sewage into a near-by water course. Plans should be made for disinfecting 

such discharges of raw sewage and of warning affected areas and services 

regarding the extent and duration of the pollution. 

25. SEWAGE PUMPING STATIONS 

Sewage pumping stations are either main stations of considerable size, or 

small district pumping stations sometimes in isolated locations. In general, 

there will be a continuous, personnel at a main pumping station, but district 

pumping stations may be visited only infrequently, sometimes once a day for 

oiling and inspection. At isolated pumping stations it would be advisable to 

provide steel shutters at windows and to replace wooden doors with steel doors, 

A high, substantial, protective fence should be provided. In addition, volun- 

teer watchers in the vicinity of the district pumping station should be instructed 

regarding inspections of the pumping station property and notice to those 

responsible for its maintenance. In some cases, alarm systems should be pro- 

vided to indicate when the pumping station goes out of service. In some cases, 

temporary outlets or by-passes can be provided. 
Main sewage pumping stations are similar to water works pumping stations, 

and the same protective and remedial measures apply. However, in the case 

of a sewage pumping station, it may be feasible and necessary to by-pass raw 

sewage, and provision should be made for disinfecting this discharge. 
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26. SewAGE TREATMENT PLANTS 

Sewage treatment plants may be put entirely out of operation, or partly so, 

depending upon their size and the extent of aerial attack. Thus, adequate 

measures of by-passing not only the entire plant, but also parts of the plant, - 

should be provided. Sewage treatment plants may be located so that camou- 

flage may be effectively applied. 

The use of by-passes requires an ample supply of chlorine so that by-passed 

raw or partly treated sewage can be thoroughly disinfected. Sometimes, parts 

of sewage treatment plants can be replaced quickly by using temporary earth 

lagoons, either for preliminary sedimentation, or for sludge digestion and stor- 

age. Preliminary plans and arrangements might well be prepared for such 

temporary lagoons. Interruptions in the power used for operating the treat- 

ment plant, especially if it is electric power, should be considered. Fora sewage 

treatment plant having many points of use of electric power in small amounts, 

a stand-by generating unit is desirable. 

Many modern sewage treatment plants require a constant supply of spare 

parts, lubricants, packing, and the like. During wartime, some of these sup- 

plies and repair parts will be difficult to secure, and careful watch should be 

kept on the stock room with reference to such supplies as the following: 

Spare cutters, both fixed and moving, for comminutors and shredders 
Spare links, flights, wearing shoes, and pins for sludge removal equipment 

Shear pins 
A set of brushes for fine screens 

Nozzles for trickling filters 

Diffuser plates and bolts for aeration tanks 

Ball valves for sludge pumps 

Fusible plugs for flame traps 

For chlorinating equipment: Gaskets, packing, lead washers, pressure reducing ~ 

inlet valves, bell jar, head tube, valves and flexible connections for feed 
lines, reducing valve union assembly 

Valve channels and springs for vacuum pumps 
Belts for Reeves drives 

Cloths for vacuum filters 

Packing, lubricants, laboratory equipment, etc. 

= A . 

Underground and separate storage should be provided for the more im- 
portant supplies and repair parts. At sewage treatment plants, especially those 
remote from occupied areas, provision should be made for the temporary shelter 
of employees against bombs, as indicated in Fig. 5. In general, sewage treat- 
ment plants are similar to water treatment plants, and the same protective and 
remedial measures apply. 

PART C.—REFUSE DISPOSAL 

Refuse disposal is an important Sanitary and Public Health Engineering 
service, in that it affects many persons intimately. It may be disrupted by the 
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destruction of the regular plants or places of disposal, or by the damaging of 
collection units at equipment yards or by the commandeering of mobile equip- 
ment for emergency uses. This service, however, is more likely to feel the 
effect of war by sudden shifts or enlargements in the population. Thus, the 

_ breaking of a water main and an extensive fire may force many people from their 
homes and cause a heavy concentration of garbage and other refuse along routes 
and in areas beyond their normal requirements. Protective and remedial 
measures are somewhat different from those relating to water and sewerage 
works. 

27. SALVAGE 

In modern total war, the conservation of materials for war equipment is of 

a great importance. British experience indicates that metals, waste paper, 

bones, and garbage are the most important refuse materials to be salvaged. 

The procedure, in general, is one of organization, and this should extend all 

over the United States. The first step is the separation by the householder. 

From then on, the method is one of routing the separate refuse materials from 

the house receptacle to the processing plant for ultimate use. This is a matter 

_ of organization. The British experience indicates that a moderate payment 

for salvaged refuse materials very much increases the quantity. Local com- 

mittees to organize and invigorate the salvage and collection of metal, paper, 
bones, and garbage are helpful. 

28. FEEDING GARBAGE TO Hogs 

Disposal of garbage by feeding to hogs is a common experience in wartime. 

It is now the common method in England and was advocated during 1917 and 

1918 by the Federal Food Administration in the United States. On December 
7, 1917, this Administration held a conference in Chicago, III., of representatives 

of the government, sanitary engineers, and hog breeders and feeders, to deter- 

mine the best method of feeding garbage to hogs. Obviously, the garbage 

should be collected reasonably free of other refuse materials and should be fed 

to the hogs in a reasonably fresh condition, not more than two or three days old, 

depending upon the season. A moot question is whether or not the garbage 
should be sterilized by boiling before it is fed to the hogs, and on this, opinion is 

divided. The conference held by the Food Administration in 1917 came to no 

definite conclusion. 
It is said that 10% to 20% of the entire population of the United States is 

infected with pork worm, which is a parasite causing trichinosis. This disease 

would be eliminated if all types of pork meat were thoroughly cooked. Garbage- 

fed hogs contain the pork worm, but whether or not in greater proportion than 

corn-fed hogs is not definitely known. Boiling garbage before it is fed to hogs 

adds to the cost of disposal by this method and also makes it difficult for the 

hogs to select the better food from the garbage. Two measures for reducing 

the amount of trichinosis are the proper and complete cooking of pork meat, and 

the boiling or disinfecting of garbage before it is fed to hogs. Both measures 

are difficult to enforce completely. For instance, there are great numbers of 

farms and isolated residences where garbage is fed to hogs and where it would 
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be very difficult to provide for boiling. Some people are also likely to under- 

cook pork meat. No doubt, the exigencies of the wartime conditions will deter- 

mine the question as to whether or not, and to what extent, garbage is boiled 

before it is fed to hogs. If a shortage of food is the important matter, then the 

effort to have the garbage sterilized will not be as strong as otherwise. If the 

healthiness of the people is much reduced and the amount of trichinosis in- 

creases, the measures for boiling the garbage will receive support. In any 

event, there is likely to be a considerable increase in the number of hogs fed 

with garbage, and state and local health officers should take steps to emphasize 

the necessity of using only well-cooked pork meat, if trichinosis is to be kept 

under control. 
A method used in England for cooking and processing garbage for use as 

a food for hogs and poultry is described in The Surveyor.’ 

29. SANITARY FILLs 

If garbage and other refuse are disposed of normally by incineration and the 

incineration plant should be put out of operation by explosion, arrangements 

should be made for disposal of the garbage by the method designated as “‘sani- 

tary fill,” which is, in effect, a regulated and controlled method of dumping. 

Land should be found where the garbage can be so disposed of during an 

emergency. Rules and regulations for the operation and maintenance of a 

sanitary land fill were stated by a Board appointed by Mr. Justice I. Wasser- 

vogel, of the Supreme Court of New York, as follows: 

“1. The disposal of wastes by the landfill method should be planned 
as an engineering project. Operation and maintenance should be under 
the direction of a sanitary engineer. 

“2. The face of the working fill should be kept as narrow as is consistent 
with proper operation of trucks and equipment in order that the area of 
waste material exposed during the operating day be minimal. 

“3. The exposed surface should be covered with earth as promptly as 
is consistent with proper operation and at the close of each day’s operation 
both the surface and the face of the fill should be completely covered, the 
object being to make a closed cell of each day’s deposit. 

“4, Sufficient standby equipment should be provided to prevent delay 
in covering, due to breakdowns or peak loads. 

“5. Waste building material, concrete or other bulky waste material 
which may furnish rat harborage should not be used for the final surface or 
side slopes, but should be promptly incorporated within the fill. 

~ 

“6. The final covering for surface and side slopes should be maintained — 
at a depth of approximately twenty-four inches. 

“7, In case the finished fill has a. boundary side slope, the toe of the 
slope should terminate in a sand and gravel-filled ditch. This will prevent 
raveling of the toe with exposure of some of the waste material, will pre- 
vent the burrowing of rodents and finally will obviate puddles by permit- 
ting seepage from the fill to be absorbed into the ground. ' 

“8. Spraying of the exposed waste material and adjacent surfaces 
should be used when necessary to allay dust. 

“9. As a rule, the layer of refuse should not exceed an average depth 
of about eight feet after compacting. Where deeper fills are necessary, 
the filling should be carried on in stages. 

* The Surveyor and Municipal and County Engineer, May 16, 1941, p. 323. 
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_ ‘10. Control over the blowing of papers should be adequately main- 
tained by the use of movable snow fencing. 

“11. While the maintenance of proper earth covering as hereinbefore 
recommended will to a large extent prevent fires, water under pressure 
should be available for fire fighting purposes. If scavengers are tolerated, 
they should be adequately supervised. 

“12. All collections of surface water resulting from these landfill opera- 
tions should be drained, filled or treated with effective chemicals so as to 
prevent mosquito production or allay disagreeable odors. 

“13. Where necessary, effective steps should be taken to prevent float- 
age of waste material into open water. 

“14, Inspection for and control of rodents should be maintained until 
the fills are stabilized. ‘ 

“15. After the active period of filling operation is completed a main- 
tenance program should be continued until the fill has become stabilized 
so as to insure prompt repair of cracks, depressions and erosion of the sur- 
face and side slopes. 

“16. Studies of the varied problems involved in landfill operations 
should be continued and should include researches into the biological, 
chemical and physical activities, as well as the engineering, economic and 
administrative aspects of the subject.” 

The Committee agrees, in general, with the foregoing recommendations, but - 

suggests that, for temporary emergency use, the final covering for the surface 

and the side slopes of the fill need not exceed about 12in. Furthermore, if the 

fill is not located adjacent to houses, the spraying operation may be omitted. 

Except in large undertakings, the Committee suggests that the depth of refuse, 

especially of garbage, be not more than about 2 ft. 

30. CoLLECTION SERVICE 

The most important part of refuse disposal is the collection of the materials 

from the dwellings and other points of production throughout the community. 

The usual precautions regarding the trustworthiness of the personnel should 

be applied. Of particular importance is the storage of the collection units at 

separate points, rather than in a common yard, during wartime emergencies. 

Provision should also be made for garage service at more than one location. 

If, under normal conditions, collection vehicles are serviced at a municipal 

garage, arrangements should be made for this service, if necessary, by private 

garages and repair shops located at some distance from the municipal plant. 

Methods of adapting the collection units to a salvaging program should be 
studied and provisions made for any alterations so required. 

31. DisposaL Works 

In many cities, garbage and rubbish are disposed of together by incineration. 

Salvaging paper and feeding garbage to hogs may prevent the continued use 

of this method. Some garbage is disposed of by reduction for the recovery of 

grease and low-grade fertilizer. This method may be continued by the federal 

government during wartime. In general, one or two disposal works are suffi- 

cient, although in very large cities several are required, to a total of more than 

twenty in New York, N. Y._ A direct hit during an aerial attack might destroy 
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a refuse disposal plant completely, or some damage might result from a near-by 

explosion. Thus, the protection and remedial measures described for water 

and sewage pumping stations should be applied. 

32. SrrenET CLEANING 

The cleaning of streets will not be much disturbed by attack during wartime, 

except as the physical efficiency of the personnel may decline. However, if 

and when there are sudden large shifts in population, the necessary amount of 

street cleaning may exceed the facilities of the normal personnel and equipment. 

It is not unlikely that populations of moderate sized cities or sections of larger 

cities may be increased two or three times for short periods. The official 

responsible for street cleaning in each community should consider such a 

situation and make definite plans for meeting it. The organization of volunteer 

workers is suggested. It will be necessary to have available sufficient street 

cleaning equipment, especially of the hand-use type, for the volunteer crews. 

Also, the street cleaning organization may be required to clear streets of 

debris after air raids. Occasionally, this will require a very large amount of 

work. Overtime effort is indicated, together with volunteer workers. Such 

emergency conditions should be met with plans and procedures made in coopera- 

tion with other municipal services, so that all available men can be used 

efficiently. 

PART D.—OTHER FACILITIES 

33. PusLtic Comrort STATIONS 

Public comfort stations do not comprise an item of first importance in 
Sanitary and Public Health Engineering. Under normal conditions, they serve 

a minor part of the population and it would not be a serious inconvenience if 

they were out of commission for a short time. However, stations of this sort 
will be much needed during wartime emergencies. 

Emergency Conditions and Needs.—During and shortly after an air raid, 

sections of a city may be without sanitation service. This will result in an 

additional load in adjacent areas. There may be occasions also when the 
population of adjacent damaged or ruined cities will migrate to adjoining com- 
munities thus severely overloading such areas. Furthermore, during the sud- 
den establishment of war industries and establishments, there may be large 
temporary increases in the population. Conditions such as these place a heavy 
burden on the sanitary services rendered by public comfort stations. Very 
unsanitary conditions may result if precautionary and remedial measures are 
not taken promptly. 

Plans and arrangements should be prepared for temporary public comfort 
stations, preferably with flush toilets connected to sewers, but otherwise with 
chemical closets or earth pits. These are designated as “sanitary privies’’ or 
latrines of the ‘‘can type.’”’ Locations for their temporary erection, and ar- 
rangements for the necessary materials, should be part of the general program. 
In general, the location of all available sanitary services should be known and 
directions to them given to the public during emergencies by guides and signs. 

——— 
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Jf the services rendered by public comfort stations should be seriously and ex- 
tensively destroyed by aerial attack, undoubtedly the need for adequate street 
cleaning will be accentuated and this should be considered in the procedures to 
provide adequate emergency street cleaning. 

A very good publication which will be useful to local committees in the 
construction of privies or latrines is to be found in’ Supplement No. 108 to the 
U.S. Public Health Service Reports. 

34. MILK SUPPLIES 

Milk supplies are generally subject to public regulation and control. They 

comprise an important aspect of Sanitary and Public Health Engineering 

services, especially during short periods of emergency increases in population. 

They are also subject to poisoning and contamination by saboteurs. There- 

fore, any plans for civilian protection in wartime should include consideration - 
| of milk supplies. 

i 35. Production and Distribution—The production of milk is generally in 

scattered locations remote from centers of population. It is not highly vul- 

nerable to aerial attack, therefore, but may be quite easy of access by sabo- 

teurs. The milk may be pasteurized and bottled near the point of production 

or near the point of distribution. The distribution plants are generally 

located in or near centers of population. Therefore, they are vulnerable to 

aerial attack and explosion and may be put out of service. In most large cities 

there are a number of such pasteurization, bottling, and distribution plants. 

Therefore, the disruption of one plant would place an additional load on the 

others. Sudden large increases in the population will place similar loads on the 

milk supply. It has been found in areas adjacent to defense projects that a 

rapid increase of the milk demand and a corresponding expansion of the milk 

supply facilities are likely to lower the quality of the milk, because the inspection 

and regulating service does not expand as rapidly as the demand and the result- 

ing facilities. During periods of national defense, in advance of wartime condi- 

tions, officials responsible for the production of safe milk supplies should plan 

the necessary steps to meet sudden increases in the demand for milk and milk 

products, so as to avoid danger to the public health. In certain vulnerable 

regions, consideration should be given to policing the milk producing areas, 

first, perhaps, in cooperation with the state police and, later, by special guards. 

36. Roomina Houses AND RESTAURANTS 

Rooming houses and restaurants are now generally subject to public regula- 

tion and control. They comprise an important aspect of Sanitary and Public 

Health Engineering services, especially under wartime conditions. Restau- 

rants, in particular, may add considerably to the spread of influenza and other 

communicable diseases. In both cases, temporary overcrowding may require 

financial and planning assistance by the federal government. Both are subject 

to disturbance under attack and to poisoning and contamination by saboteurs. 

Rooming Houses.—In most states, rooming houses, tourist accommodations, 

and overnight cabins for temporary use are subject to regulations by the State 
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Department of Health or other agency, and operate under a license. In some 

cases, the licenses are issued by the municipality, which may or may not be 

subject to the regulations of the state authorities. During wartime, the demand 

for such temporary housing facilities may become acute. Accordingly, it 

is recommended that local officials ascertain in advance the location and ca- 

pacity of available private homes, assembly halls, gymnasiums, hotels, and the 

like which may be taken over for temporary housing. Personnel skilled in 

sanitary engineering and public health work should be made available to 

expedite emergency housing facilities and to inspect them for general cleanli- 

ness, airing, cleanliness of bedding, and the like. Spare furnishings, such as 

beds and bedding, will be required. 

Restaurants.—Especially during emergency periods, restaurants may 

greatly increase the spread of influenza and other communicable diseases. 

Provision should be made to increase food inspection in proportion to the 

relatively large increase in food consumption likely to result from sudden 

large shifts in population. Many people may be deprived of their homes 

temporarily and so become dependent on restaurants for their food. There- 

fore, consideration should be given to the establishment of temporary boarding 

facilities. Emergency food handlers should also be thoroughly inspected to_ 

maintain a desirable standard of personal cleanliness and to avoid carriers. 

Of particular importance is the thorough cleaning of utensils in restaurants. 

Reference should be made to the Acts of the Legislature of New York and other 

states and to their requirements for cleaning utensils in public eating places. 

Should influenza or any other communicable disease become epidemic, special 

instructions to housekeepers should be broadcast. 

PART E—SUMMARY 

37. FuNDS AND BUDGETS , 

It is apparent, from the foregoing sections, that emergency funds will be 
required to meet many needs—as, for instance, additional personnel in the 

sanitary services, training of that personnel, the purchase of necessary equip- — 

ment and supplies, and emergency housing and food. Local committees © 

should acquaint themselves with the methods to be followed and should pre- 
pare a local budget of the estimated amount of funds. Some or all of such 
emergency funds may be provided by the federal or state governments, but 
general plans for procedure should include a consideration of funds and budgets. 

en cree 

38. SUGGESTED PROCEDURE i 

To summarize the foregoing sections, the following procedure is suggested 

for municipalities and public service companies, in regard to protective and © 

remedial measures for civilian protection in Sanitary and Public Health — 

Engineering services. Perhaps at the start the importance of the community 

and its status as to vulnerability should be considered, so that the expenditures — 

undertaken will be reasonable and proper. The principal steps in the proce- 
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dure, more or less in the order in which they should be done, are outlined as 
follows: 

(a) See that the record maps of the sanitary engineering services are com- 

plete and up to date. Arrange to have them kept from general distribution and 

have copies stored in safe places, so that if one set is lost, others will be available. 

(6) Make a technical survey, to include some general plans, to determine 

_ the adequacy of the services to meet peacetime needs, with special reference to 

civilian protection in wartime. In some cases, immediate construction will be 

proper to increase the general efficiency and to facilitate its use in wartime. 

The survey and general plans should then be extended to those needed, should 
wartime needs prevail. 

(c) Investigate the operating personnel for reliability and trustworthiness. 

(d) Make a careful inventory of stocks on hand of supplies and repair parts; 
and acquire needed supplies. 

(e) Make provision for alternate or secondary sources of water, at least as 
regards acquisition of land, rights of way, and permits. 

(f) Set up laboratory procedures for the detection of poisons and sudden 
contaminations. 

(g) Arrange for guarding and the peacetime protection of important struc- 

tures, chiefly against sabotage. 

(h) Make routine reviews of technical journals and keep a file of the latest 

developments in such important items as nature of attack, protective lighting, 
blackouts, etc. 

(1) Establish working aetanpements with adjacent or near-by communities 

where cooperation will be helpful in the maintenance of sanitary ppeiicaie 

services. 
(j) Investigate existing power supplies and arrangements and make plans 

for alternate and emergency supplies. 

(k) Prepare a general plan of procedure for local organization, including 

volunteer guards, workers, and messengers, emergency repair crews, and the 

use of contractors’ equipment and personnel. 

(1) Ascertain the names of representatives and how to effect cooperation 
with agencies such as local military establishments, the Federal Bureau of 

Investigation (FBI), state officials and departments, and local departments and 

organizations. These would include the city and state departments of health 
and the city fire and police departments. 

(m) Provide gas masks, first aid supplies, and disinfectants at important 

structures. 
(n) Provide an adequate supply of chlorine and other chemicals used in its 

treatment of water or for purposes of disinfection, or ascertain where this may 

be secured. 
(0) Set up a committee to prepare a budget of emergency expenditures and a 

plan for providing the necessary funds. 
(p) Appoint some one person to do the necessary work to accomplish the 

- foregoing plan of procedure, and in all cases work through the local and state 

authorities. 
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39. ORGANIZATION oF NATIONAL CoMMITTEER 

The foregoing Progress Report has been prepared as part of the work of 
the National Committee of the Society on Civilian Protection in War Time. 

_ At the meeting of the Society in New York City in January, 1941, this Com- 
mittee was constituted, with Walter D. Binger, M. Am. Soc. C. K., as Chairman, 
and Ernest P. Goodrich, M. Am. Soe. C. E., as contact member. 

When the Committee was organized (see Fig. 9), its potential influence was 

projected over the entire Nation through five national Committeemen: 

Chairmen : Divisions 

Jomo. tl. Parcel. 75 52 /3..<3 Structures 

Charles B. Breed......... Transportation 

Samuel A. Greeley........ Sanitary and Public Health Engineering 

Allen J. Saville............Emergency Control and Local Application 
MASTS POEM Locos sit ila. Power 

and the subcommittees of 64 Local Sections of the Society. 

This organization was perfected under the close consultation of the Secre- 

tary of War, who appointed the Committee Chairman, Mr. Binger, as the 
Chairman of a National Technological Civil Protection Committee, to be 
constituted as follows: 

- Walter D. Binger, American Society of Civil Engineers, Chairman 

W. H. Carrier, American Society of Heating and Ventilating Engineers 

Harry E. Jordan, American Water Works Association 

A. B. Ray, American Institute of Chemical Engineers 

Abel Wolman, American Public Health Association 

James L. Walsh, American Society of Mechanical Engineers 

W. Cullen Morris, American Gas Association 

Frederick G. Frost, American Institute of Architects 

Scott Turner, American Institute of Mining and Metallurgical Engineers 

E. M. Hastings, American Railway Engineering Association 

John C. Parker, American Institute of Electrical Engineers 
The contact member, U. S. Department of War 

Descriptive articles on the activities of this organization have sappeared 

in Civil Engineering for January (page 64), February (page 125), April (page 

251), and June (page 378), 1941. 
The work of the National Committee has been assisted by members of the 

64 Local Sections of the Society, some of whom have contributed much to the 

Progress Report. 

Respectfully submitted, 
SamuEL A. GREELEY, Division Chairman, 

Sanitary and Public Health Engineering 

Division of the National Committee of the 

American Society of Civil Engineers on 

Civilian Protection in War Time. 

January 15, 1942. 
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(11) “Repair of War Damage—Housing Accommodation,” Circular 1510. 

(12) “Repair of War Damage—Essential Buildings and Plant,” Circular 

1848. , 

(13) “Protection of Fire Brigade Premises Against Air Attack,” F. B. 

Circular No. 39, 1939. 
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(14) “Maps for Use in Connection with Air Raid Precautions Schemes,” 

Bulletin. 

F.— Civil Engineering 

(1) “Bacterial Contamination Improbable as an Implement of War,” 

by Carlo G. Flebus, March, 1941, p. 147. 
(2) *“Réle of Engineers in Warfare,” by Julian L. Schley, January, 1941, 

pp. 15-18. 

G.— Civilian Defense Committee, Toronto, Ont., Canada 

(1) Province of Ontario Civilian Defense Committee Organization and 

Instruction Manual Handbook No. 1. 

H.—Engineering News-Record 

(1) “Sabotage and Water Service,” July 18, 1940, pp. 86-90; August 15, 

1940, pp. 206-207; August 29, 1940, pp. 266-267; October 10, 1940, 

pp. 454-455; November 7, 1940, p. 34; February 6, 1941, p. 2. 

(2) ‘“Watch Well Supplies,’”? by David G. Thompson, October 10, 1940, 
p. 454. 

(3) Sabotage Studied by Bureau of Investigation,’? December 26, 1940, 

p. 855. 

(4) “A Portable Purification Plant,”? by D. W. Gillette, November 21, 
1940, p. 696. 

I.—Journal American Water Works Association 

(1) “Recommended Practice for Distribution System Records,” Febru- 
ary, 1940, No. 2, pp. 181-220. 

(2) “Organization and Preparation of Water Works to Meet Major 
Catastrophes; Preparedness Plan for San Francisco,” by N. A. 
Kckart, November, 1937, pp. 1739-1747. 

(3) “Water Supply for Construction Camps,” by Clayburn C. Elder, 
May, 1935, pp. 613-626. 

(4) “Water Supply Service in the Army of Occupation in Germany,” by 
L. A. Fritze, September, 1919, pp. 422-426. 

(5) “Field Methods for the Chlorination of Small Amounts of Water,” by 
F, R. Georgia, November, 1919, p. 654. 

(6) “Meeting Emergencies in Water Works,” by Arthur E. Gorman, — 
February, 1934, pp. 239-246. 

(7) “The Major Treatment of Water Supplies following Major Catas- 
trophes,” by R. F. Goudey, June, 1925, pp. 723-729. 

(8) “Organization and Preparation of Water Works to Meet Major 
Catastrophes—Conflagrations,” by Henry E. Halpin, November, 
1937, pp. 1748-1753. 

(9) “Disaster Preparedness,” by Burt Harmon, June, 1935, pp. 719-722. 
(10) “Organizing for Community Defense,” by H. E. Jordan, October, 

1940, pp. 1732-1736. 
(11) “Public Water Supply in the Civil Defense Program,”’ by H. E. 

Jordan, January, 1941, pp. 121-137. 
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(12) “Disaster Preparedness Plans for Water Works,” by George W. 
Pracy, September, 1930, pp. 1200-1214. 

(13) “Protective Lighting of Water Works,” by Robert J. Swackhamer, 
April, 1941. 

(14) “Mobile Laboratory Units of the Ohio River Pollution Survey,” by 
F. E. de Martini, Vol. 33, No. 4, p. 636. 

J.—Military Engineering 

(1) “The Engineer and National Defense,” by Julian L. Schley, Novem- 
ber—December, 1940, p. 389. 

K.—Province of Ontario—Toronto, Ont., Fire Marshal’s Office 

(1) “Sabotage Prevention,’ an address by W. J. Scott, Ontario Fire 

Marshal to the Greater New York Safety Council, War Emergency 
Bulletin No. 8, April 17, 1940. 

(2) “Handling Explosive and Incendiary Bombs,” from a lecture by W. J. 

Scott to the Firemen’s Training School, Univ. of Toronto, War 
Emergency Bulletin No. 11, November 2, 1940. 

L.—Public Works 

‘ (1) “Measures and Procedures to Prevent Sabotage of Water and 

Sewage Plants,’ by M. J. Blew, November, 1940, p. 22. 

(2) ‘“‘Water Supply for the Army,’’ November, 1940, pp. 28, 29, 30, 43. 

(3) ‘‘Water Supply and Sewage Disposal for Airports,’”? November, 1940, 

pp. 25-26, and pp. 38-39. 

M.—The Surveyor and Municipal and County Engineer 

(1) “Air Raid Precautions as Adaptable to Sewage Disposal Works,” 

by F. J. R. Batten and J. 8. Hardy, January 6, 1939, pp. 13-14; 
and January 13, 1939, pp. 41-48. 

(2) “ARP and Water Undertakings,’’ by Granville Berry and Alan 

Boothman, August 16, 1940, pp. 83-85. 

(3) “Emergency Repairs to Water Mains; Glenfield Patented System,” 

January 27, 1939, p. 196; and June 9, 1939, p. 756B. 

(4) “Emergency Repairs to Water Mains—Use of Flexible Joints,” 
April 28, 1939, p. 583. 

(5) “Control by Automatic Valves,” by Angus A. Fulton, August 30, 

\ 1940, pp. 107-109. 

(6) “Protection of Sewerage Systems from Aerial Attack,” by P. Mathe- 

son Gough, March 24, 1939, pp. 439-441. 

(7) “Municipal Engineers and ARP Services,” by E. J . Hodsoll, June 16, 

1939, pp. 781-783. 

(8) “London Transport Emergency Protective Works,” October 13, 1939, 

pp. 329-330. 

(9) “Mutual Aid for Waterworks,” December 20, 1940, p. 326. 

(10) ‘Precaution Against Pollution During Repair,” October 18, 1940, 

p. 182. 
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(11) “Repair of Damaged Main Sewers,” December 29, 1939, p. 536. 

(12) “Simplifying Repairs to Water Mains,” March 24, 1939, p. 452. 

(13) “Water Waste Prevention in War Time,” by T. Allender Cecil, 

May 9, 1941, p. 311. 

(14) “Engineering Aspects of Air Raid Precaution,” by Herbert Chatley 

and Hal Gutteridge, November 11, 1938, p. 555. 

(15) “Air Raid Precautions and Lighting,” by Thomas Wilkie, September 

9, 1938, p. 285. 
(16) “Air Raid Precautions with Regard to Sewerage Schemes,” by L. B. 

Escritt, October 28, 1938, p. 483. 

(17) “Air Raid Precautions and Water Supply,’”’ by I. M. Bonham-Carter 

and A. J. G. Bird, November 18, 1938, p. 571. 

(18) Public Health Services Congress, discussions of papers at British 

Waterworks Association Meetings, December 2, 1938, p. 641. 

(19) “ARP as Affecting the Municipal Engineer,” by Harold J. Wood, 

March 31, 1939, p. 461. 

(20) “Municipal Engineers and ARP Problems,’ by Watson Garbutt, 

May 26, 1939, p. 696. 

- (21) “Municipal Engineers and Air Raid Precautions Services,” by E. J. 

Hodsoll, June 16, 1939, p. 781. 

(22) “Conservancy Sanitation—Adaptation to Modern Requirements: 

Problems Connected with Air Raid Precautions,” by Henry H. 

Clay, July 7, 1939, p. 25. 

(23) ‘‘Repair of War Damage to Sewers,” July 11, 1941. 
(24) ‘A Method for Cooking and Processing Garbage Used as Food for 

Hogs and Poultry Adopted in England,” May 16, 1941, p. 323. 

(25) “Sewage Disposal and Drainage in War Time—Treatment Difficul- 

ties—Design and Location of New Works,” November 28, 1941, 

p. 181. ; 

(26) ‘Salvage as It Should be Carried Out by Cleansing Departments in 

War Time,” by Colin H. Macfarlane, Director of Public Cleansing, 

May 31, 1940. 
(27) “Air Raid Shelter Sanitation,’”’ April 12, 1940. 
(28) “Barnsley Market Place Air Raid Shelters: Sanitary Accommoda- 

tion,” June 14, 1940. | ; 
(29) ‘Municipal Salvage,’’ February 9, 1940. 
(30) “The Special Importance of War Time Municipal Salvage—Helping 

Industry and the National Economy,” by A. L. T., November 3, 
1939, pp. 379-381. 

(31) “The Gravesend Shelter,”” Bolted Arch Construction—Flooding of 
Garden Shelters—The Annex Shelter—The Hove Indoor Shelter— 
Garden Shelters, January 31, 1941. 

(32) “Kitchen Waste as Pig Food—Dudley’s Scheme,” February 7, 1941. 
(33) “A Year of Salvage Activities,” by W. E. Cook, Supt. of Public Cleans- 

ing, Bingham Urban Dist. Council, February 7, 1941. | 
(34) ‘A Surveyor’s View of Air Raid Precautions,’”’ February 14, 1941. 
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(35) “Fire Protection of Structural Steelwork,” February 28, 1941. 
(36) “Preferential Refuse Collection,” February 28, 1941. 

N.—Water Works Engineering 

(1) “Bombs Explode in England but Water Service Continues,” March 
12,1941, pp. 289, 310. 

(2) “Emergency Disinfection of Water,’’? December 18, 1940, pp. 1574, 
1599. 

(3) “Guarding Water Systems Against Sabotage,” October 23, 1940, 

pp. 1854-13856; November 6, 1940, pp. 1414, 1417, 1418. 

(4) “Interconnections of Municipal Water Supply Systems,” January 15, 

1941, pp. 72-74. 

(5) ‘Water Supply in Time of War,’’ by F. F. Longley, October 23, 1940, 

pp. 1844-1348, and 1367-1368; discussions: November 6, 1940, 
pp. 1405-1406. 

(6) “Notifying Public of a Major Break in the System,’? November 20, 

1940, pp. 1464-1465. 
(7) ‘War Time Protection of Water Works,” by Joseph D. Lewin, 

May 7, 1941, p. 508. 
(8) ‘When Bombs Fell on Barcelona,’ by R. Perera, March 12, 1941, 

pp. 282-286. 

(9) “Protection of Water Supply Stressed at New York Meeting,” 

January 1, 1941, pp. 28, 32, 37. 

(10) “Steps to Safeguard Plants Described by FBI Agents,” by J. W. 

: Randlette, January 1, 1941, p. 27. 

(11) “Safeguarding Water Systems Against Possible Sabotage,” by F. J. 

Reny, November 20, 1940, p. 1480. 

(12) “How Rochester Disinfected Main Accidentally Polluted,” January 

15, 1941, pp. 83-84. 
(13) ‘‘War to Speed Consolidation of English Water Systems,’’? December 

3, 1941, Vol. 94, No. 25, p. 1497. 

(14) “Should War Come,’ by -Victor J. Wilmoth, December 18, 1940, 

pp. 1570-1574. 

O.—General 

(1) Publications of Massachusetts Committee on Public Safety, The 

State House, Boston, Mass. 

(2) Report of Meeting of New England Water Works Association, June 1, 

1940. : 

(3) “Losses of Life in Modern Wars” (Austria~-Hungary-France), by 

Gaston Bodart, Carnegie Endowment for International Peace. 

(4) “Epidemics Resulting from Wars,” by Friederich Prinzing, Carnegie 

Endowment for International Peace. 

(5) “Civil Defense,’ compiled from articles written by Joseph A. Baer, 

U.S. A. Chief of Staff, 2d Corps Area (Civil Defense Office Head- 

quarters, Second Corps Area—Governors Island, N. Y.). 
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(6) “Losses of Life Caused by War,” by Samuel Dumas and K. O. 

Vedel-Petersen, Chapter II—Carnegie Endowment for Inter- 

national Peace. 

(7) “National Defense in the New York Region in Relation to City and 

Regional Planning,’ Bulletin No. 54—Regional. Plan Assn., New 

York Nw:Y. 

(8) “Utilities and the War,’ by Herbert Corey, Public Utilities Fort- 

night, February 13, 1941. 

(9) “A Major Disaster Emergency Plan,” and “The Work of the Fire 

Service During and Following Air Raids,” International Assn. 

of Fire Chfs., 24 West 40th St., New York, N. Y. 

(10) “‘Civil-Military Relations,” prepared for Committee on Public Ad- 

ministration of Social Science Research Council, Public Adminis- 

tration Service, Chicago, III. 

(11) “Protection of Water Supplies in War Time,” by E. Sherman Chase, 

Journal, Maine Water Utilities Assn., Augusta, Me., April, 1941. 

(12) “Cities and the National Defense Program,” Report No. 146, May, 

1941, The Am. Municipal Assn., Chicago, Ill. 

(13) “Massachusetts State Emergency Plan,” Mass. Dept. of Public 

Health. 
(14) “British Cities at War,” report by James L. Sundquist, Am. Munic- 

ipal Assn., 1941, Chicago, III. 
(15) “New Jersey Official Plan of Defense—New Jersey Defense Coun- 

cil,”? Trenton, N. J., August, 1940, February, 1941. 

(16) “Trichinosis, A Preventable Disease,” by Donald Augustine, The 

Commonhealth (Mass.), Vol. 26, No. 1, 1939. 

(17) “Studies on Trichinosis,’’ by Willard H. Wright, Reprint No. 2172, 

Public Health Repts., Vol. 55, No. 24, June 14, 1940. 

(18) “The Emergency Repair of Cast Iron Mains,’”’ by W. Boden (Tech. 

Engr., Stanton Iron Works), A Handbook of Pipes and Joints. 

(19) “Toxic Contaminants of Drinking Water,” by L. T. Fairhall, Prin. 

Industrial Toxicologist, Div. of Industrial Hygiene, Nat. Inst. of 

Health, U.S. Public Health Service. 



eeEeE—————————___—_— 

SxMERICAN SOCIETY OF CIVIL ENGINEERS 

Founded November 5, 1852 

DrsC USS IONS 

DRAINAGE TOFPSLEVEEDVAREAS IN 
MOUNTAINOUS VALLEYS 

Discussion 

By MERRILL BERNARD, M. AM. Soc. C. E. 

MERRILL BERNARD,!® M. Am. Soc. C. E.!%—Although Mr. Williams has 

confined his discussion to projects created by the construction of levee systems 

of considerable magnitude and importance, similar situations of lesser extent 

are to be found in nearly all of the great metropolitan areas and in many 

smaller cities and towns. His paper is a contribution to the solution of these 

problems and should be an encouragement to those who would treat them 
rationally rather than empirically. 

In planning for the disposal of tributary flow within leveed areas, the ideal 

situation to be met is that of a synchronization of flow which, by virtue of a 
consistently shorter concentration period, would insure the discharge of the 

lateral flow under positive head through automatic floodgates for all conditions 

_ of outside stage. These circumstances may be encountered on small water- 

sheds as headwaters are approached, but are never sufficiently realized to pre- 

clude the necessity of resorting to other means of control discussed by the 
author. In addition to the six methods mentioned by him, opportunity might 

occasionally present itself to consider the use of a secondary levee provided 

with gates and pumps. Under reasonably favorable channel and surface slope 

conditions, liberal gate dimensions to insure maximum duration of flow under 
natural head, and minimum supplemental pumping, the effect would be to 

enhance the utilization of areas dedicated to temporary storage and to reduce 

the depth and duration of flooding on developed, contiguous, low-lying areas. 

The storage basin itself could be closed in without reducing its capacity by 

substituting depth created by the secondary levee for area covered by the un- 

confined basin. The sequence of operation would be: (1) Gravity flow through 

upper and lower gates, (2) lower gates closed with the reversal of head, (3) 

lower pumping started, (4) upper gates closed with reversal of head, (5) upper 

pumping started, (6) upper pumping stopped, and (7) lower pumping stopped. 

Norz.—This paper by Gordon R. Williams, Assoc. M. Am. Soc. C. E., appears on pp. 3-16 of this 
issue of Proceedings. 

10 Superv. Hydrologist, U. S. Weather Bureau, Washington, D. C. 

10a Received by the Secretary November 13, 1941. 
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The*effect, on cost, of dividing the pumping installation into two units, 

the additional cost of constructing the secondary levee, and the greater oper- 

ating cost, if any, would have to be weighed against the benefits of added © 

protection in each particular case. 

The author has capitalized reasonably on the fact that flooding in eastern 

Pennsylvania is confined to a rather definite ‘flood season.” The 12-hr pre- 

cipitation record at Harrisburg, Pa., demonstrates the differences between 

annual rainfall and that within the adopted flood season: 

All storms or maxi- All storms or maxi- 
F {mum yearly mum seaso 

2 2.0 1.5 

5 Zit 1.8 

10 3.5 2.0 

40 5.0 2.4 

The column headings indicate a confirmation of the author’s opinion that 

the selection of the maximum yearly or seasonal values, when treated through 

Eq. 1, will produce the same frequency-depth relations as if all rainfall amounts 

within the record were considered, any differences being confined to frequencies 

of less than 2 years. Also, the differences in the values of the second and third 

columns represent reduction in design values gained by restricting the fre- 
quency series to the flood season. This in effect is offsetting the higher in- 

tensities of summer-type rainfall with the greater reductions for infiltration 

prevailing during the off-flood season. The frequency of the greater amounts 

occasioned by the inclusion of all storms within the record is reduced by in- 
creasing the value of m in the frequency equation. 

The value of 1 in. in 24 hr for the contribution of melting snow to runoff 
seems somewhatlow. There is little secure knowledge of this phenomenon but, 

on watersheds sufficiently small to allow snow-melt runoff from the entire area 

within a melting period, greater amounts could be expected. The average 
temperature for the locality that can occur with snow cover and coincidental 

rainfall could be as high as 55° F for a 24-hr period. The general opinion is that 

from 0.05 to 0.15 in. of snow-melt runoff per degree-day can be expected, de- 

pending upon the state of the snow mantle. Under these conditions runoff 
depth from 1.1 to 3.5 in. is possible. This does not include the contribution of 

free water present in a mantle of snow of low quality. 
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RELIABILITY OF STATION-YEAR RAINFALL- 
FREQUENCY DETERMINATIONS 

Discussion 

By KATHARINE CLARKE-HAFSTAD 

KATHARINE CLARKE-Harsrap“* (by letter).4“¢—The discussions have dem- 

- onstrated a recognition on the part of engineers and hydrologists of a need for 

more reliable estimates of the intensities and frequencies of rainstorms through 

adequate analyses of existing rainfall data. Although this closing discussion 

must deal chiefly with points in the paper on which the writer and the dis- 

cussers disagree, the writer wishes to express here her appreciation of the 

interest in the paper and of the constructive comments that will lead to a better 

understanding of the station-year method. 

Because of the nature of the publication and the interests of the readers, 
it was felt that the mathematics and statistics should be simplified and con- 

fined to a minimum. As Mr. Smith states, ““* * * the paper has its back- 

ground in the mathematics of statistics, the major part of which the author has 

intentionally omitted * * *.” Therefore, the statistical part of the paper 
is unsatisfactory to the statisticians. . 

At the present stage of development of statistics there is no method for 
the rigorous determination of the amount of dependence in data that are non- 

random in both time and space, such as station-year data. Nevertheless, the 

_ widespread use of the station-year method by hydrologists necessitated some 

means of obtaining a measure of persistence in such data and consequently of 
the reliability of the frequencies determined by the method, and led to the 
adaptation of the technique described in this paper. 

Some of the questions raised in the discussions, such as the one pertaining 

to the relation between ‘‘analysis of variance,” discussed by Mr. Thom, and 

Bartels’ method of measuring dependence, had been carefully studied by the 

i i - ished in November, 1940, Proceedings. 

ing ti Se ey gera .oeor fu lo tuary,14h y ul  ee M 
harles F. Ruff; April, 1941, by Eugene L. Grant, M. Am. Soc. C. K.; May, 1941, by Messrs. 

Se ae a and Robert > Lewy Jr.; and June, 1941, by Herbert C. 8. Thom, Esq. 

4 Asst. Climatologist, Section of Climatic and Physiographic Research, Div. of Research, SCS, Wash- 
ington, D. C. 

4a Received by the Secretary December 9, 1941. 
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writer but were considered inappropriate for discussion in such a paper. They 

are covered more specifically in a paper”? by L. R. Hafstad. 

The writer protests the statement by Mr. Thom that “Statistical analysis 

* * * must be applied only to such problems for which it can give solutions— 

problems involving random variables.” Although the philosophies and 

methods of modern statistics were developed on the premise that only random 

variables are involved, completely random or independent data are seldom 

found in natural phenomena. The outlook for progress in climatic and hy- 

drologic research by the use of statistical analysis would be dark indeed if this 

tool could not be used on observations possessing persistence. It seems to 

the writer that it is imperative, first, to determine by statistical methods 

whether or not the data are non-random in character, and then either to elimi- 

nate any persistence before using the statistics applicable only to random data, 

or to devise new techniques for dealing with non-random observations. 

Evidently Mr. Thom misunderstood the manner in which the data in Table 

1 were derived. Every occurrence of 1 in. or more of rainfall in a day at 
every station, regardless of the amounts the other stations recorded, was 

tabulated. If these data were plotted on a correlation table such as Fig. 9, 

not all the points would fall in square A. Thus the data which the writer © 

used are not comparable to those of Mr. Thom and the comparison he made of 
the square correlation ratio and Bartels’ statistic is irrelevant. 

Mr. Thom’s criticism, that much of the dependence is ignored in taking only 

daily amounts of 1 in. or more, is not clear, since the purpose was to determine 

the amount of persistence only for those storm days on which 1 in. or more fell 

at one or more stations. If a lower limit, say 0.80 in., had been selected, one 

would, of course, expect to find more persistence in the data than in the case 

of the 1-in. amounts. 

Throughout the paper the writer was careful not to use the word “storm” 

with reference to the daily occurrences of rain, because storm data are not 
available; and if they were, the storms would be of various lengths and statistical 

analysis very much complicated by this fact. Mr. Thom states “that only a 

single rainfall value at a particular station should be taken from each storm.” 

Probably Mr. Thom means that only one daily amount should be used from 

each storm. The assumption has been made in the paper that the daily in- 

terval constitutes the single event, and it is known that these events are not 

mutually exclusive, or independent. The result of this temporal dependence 

is to make the data, such as those in Table 1, less random than if there were 

areal persistence only. Although the effects of these two types of persistence 

cannot be separated by the method proposed, at least the final measure of 

dependence, Ng, upon which the reliability of the frequency depends, does 
include all the persistence in both time and space which tends to decrease the 
reliability of the frequency. 

The writer stated (see heading: “Factors Affecting the Accuracy of Fre- 
quency Determinations: Number and Distribution of Stations’’) that two gen- 

20 “On the Bartels’ Technique for Time-Series Analysis, and Its i Analysi i ug 
by L. R. Hafstad, Journal, Am. Statistical Assn., Vol. 35, 1940, pp. Raptor to Ha SPapaiaett sie oe 
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processes taking place in the atmosphere—convection and frontal activity. 
Mr. Thom assumes that frontal activity consists only in the “simple process 
of lifting up a frontal surface,” and on the basis of this assumption criticizes 
the writer for stating that frontal action is one of the chief causes of intense 
precipitation. Mr. Thom would attribute most high intensity rainfall to 
horizontal convergence. 

.The writer disagrees with Mr. Thom’s concept of “frontal activity.” 
Frontal action should include all processes that may take place in the atmos- 
phere in and near frontal surfaces—vertical motion, convergence, and con- 

vection. This concept is supported by Sverre Petterssen, who states that:* 

“This kind of precipitation [intermittent or continuous from a con- 
tinuous cloud cover of the alto-stratus or nimbo-stratus type] is caused 
by the slow upward movement of a large mass of air, due to convergence 
in the horizontal motion of the air. * * * this type of precipitation is 
called frontal precipitation.” 

Messrs. Brunt and Douglas state,®* “It is now widely recognized that con- 
tinuous rain is usually associated with ‘fronts,’ or lines of separation of air 

masses of different temperature.” 

Convergence is a part of frontal activity. It is, also, an important factor 

in releasing and maintaining convection. The intensity of rain at frontal sur- 

faces does not depend entirely on the amount of convergence and the upslope 

motion. “It depends also on the slope of the frontal surface, the moisture 

content, and the stability of the air.” Although high intensity rains have 
occasionally been observed to result from horizontal convergence alone with no 

clearly defined fronts in the vicinity, by far the greater number of occurrences 

of high intensity rains are associated with the passages of fronts or with con- 
vective activity. 

In his discussion, Mr. Hodges has attempted to make a practical applica- 

tion of errors in pluvial indexes to the problem of flood forecasting. Un- 

fortunately, the writer cannot agree to the transformation from error in fre- 

quency to error in pluvial index suggested by Mr. Hodges. The standard errors 

given in Fig. 2 are simply errors in the spacing in time of any given amount of 

rain, based on the assumption that the number of occurrences of that amount 

in the station-year record is known, and that the frequency distribution of 

these amounts follows the Poisson law. Since the analyst does not know the 

error in the number of occurrences of the given amount from which number the 

pluvial index is derived, nor the form of the distribution of rainfall amounts 

against number of occurrences, he is not justified in assuming that he knows 

anything about the error in the pluvial index. 

The writer had never heard of the method for deriving rainfall frequencies 

from a station-year record mentioned by Mr. Jarvis—that of assuming that 

the second highest value in a station-year record has a frequency of once in one 

half the total years of record, the third highest a frequency of once in one fourth 

45 “Introduction to Meteorology,” by Sverre Petterssen, McGraw-Hill Book Co., Inc., New York, 

N. Y., 1941, p. 38. 

39 Memoirs, Royal Meteorological Soc., Vol. III, No. 22, p. 34 et seq. 

4 ‘‘Weather Analysis and Forecasting,” by Sverre Petterssen, McGraw-Hill Book Co., Inc., New 

York, N. Y., 1940, p. 425. 
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the total years, etc. Indeed, there is no logical reason for determining an 

average by such a method. If the procedure suggested by Mr. Jarvis were 

extended, the fifteenth highest value in a 500-station-year record would have 

an average frequency of once in 11 days. The usual method would give an 

average frequency of 33.3 years. The difference in these two values could 

scarcely be considered as the “range in uncertainty regarding the probable 

error.” 

Mr. Brod questions the application of station-year pluvial indexes to large 

drainage basins. As was stated in the paper (see heading “Factors Affecting 

the Accuracy of Frequency Determinations: Number and Distribution of 

Stations”): ‘no 2° quadrangle of the earth’s surface will have uniform char- 

acteristics of rainfall”; and, as Mr. Bernard emphasizes, the station-year 

method should be applied only to a region having in all its parts the same rain- 

fall regime. Although no detailed studies have been made to determine the 

size of such areas, it is certain from meteorological considerations that they are 

of extremely limited extent, certainly not as large as the area included within 

a 2° quadrangle of latitude and longitude. Professor Grant’s study concerned 

only the determination of areas homogeneous with respect to the frequency of 

very high rates of rainfall. The writer may perhaps be pardoned for empha- 

sizing once more that areal dependence in the station-year data is just as im- 

portant a factor detracting from the value of the method as is the dependence 

between successive years and successive storms and the dissimilarity of rainfall 

stations mentioned by Mr. Brod. 

It may be of interest to engineers to know that the Climatic and Physio- 

graphic Division of the Soil Conservation Service is conducting an investigation 

of rainfall probabilities. At present (1942) the project is confined to the de- 
velopment of an improved statistical technique for determining the probabilities — 

of various rainfall intensities for selected stations in the United States. The 

data being used are the actual maximum amounts for selected time intervals, | 
read from the triple-register sheets of the recording rain gages. 

Mr. Bernard has contributed a very clear explanation of the manner in 

which a station-year record is synthesized. One reading it cannot fail to under- 

stand why and how there is introduced into the composite record a certain 

amount of “dependence” between the station records. From Mr. Bernard’s 

theoretical considerations of the morphology of rainstorms it is evident that | 
the hydrologist needs to know much more about the size of areas receiving 

various depths of precipitation in rainstorms, and about the relations between 

the intensities and total amounts that actually occur in the storms and those 
that are recorded by various spacings of rain gages. Until some studies of 

these features are made one cannot hope to obtain reliable values of average — 
frequencies of various amounts of rain, or of total actual precipitation falling 
on drainage basins. 

Mr. Ruff’s question as to whether, from a measure of the dependence be- 
tween stations, one could estimate the frequency and amount of rain at sur- 

rounding stations when a given station has its 50-yr rainfall, must be answered 

12 Discussion by Eugene L. Grant of ‘‘Rainfall Intensities and F ies,”” 
M. Am. Soc. C. E., and the late B. E. Grant, Transactions, Am. Boe C. cosa tte econ Bey vi wip 
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in the negative. If the form of the mean depth-area distribution curve for 
rainstorms were known, one could calculate the probability that an area of a 

certain size received the 50-yr amount when it was observed at a single station; 
but as Mr. Bernard points out in his conclusion, the position of the station re- 

ceiving the 50-yr amount with respect to the pattern of the rainfall for this 
single storm will not be known from the observations at this one station, and 
therefore its observed depth will give no clue to the depth or frequency of the 
rain occurring at surrounding stations. 

Mr. Smith has compared the standard errors for the mean areal extent of 
rainstorms in South Carolina and Iowa (see Fig. 6 and supporting text) and 

concludes “that the standard error as found for 4 in. for South Carolina is 

definitely out of line with the others * * *.” One is not justified, however, in 

comparing in this manner the standard errors in average extent of rainstorms 
for the two areas, since the length of record and the spacing of stations is not 

the same for the Iowa quadrangle and for the Carolina quadrangle. The Iowa 

rainfall data are for twenty-one stations for 32 years, or 672 station years, 

whereas the Carolina data are for fifteen stations for 20 years, or 300 station 

years. Since the size of the standard error of the mean number of stations 

receiving a given amount of rain in a day is a function solely of the number of 

observations of that amount in the total record, it is not unreasonable to find 

that the error for the 4-in. amounts in the Carolina quadrangle is larger than 

for the Iowa quadrangle which has the longer record. 

_ Mr. Smith has indicated, also, that there is some difficulty in distinguishing 

between the definitions for N, and Ng used in the paper. Symbol N, is the 

notation for the average number of stations receiving a given amount of pre- 

cipitation in a calendar day, and Ng is an index of the number of statistically 
dependent ordinates. In the theoretical case described under the heading 
“Determination of Dependence Between Stations,” the writer set up an arti- 

ficial situation with a known amount of dependence between stations by assum- 

ing that a certain amount of rain always fell at exactly the same number of 
stations (5) on each day of rain, and that the days on which this amount oc- 

curred were distributed at random among the years of record. Some mis- 

understanding of the definitions may have resulted because in this theoretical 

case N, = Ng. In the application of the test for dependence to actual rainfall 

data, such as Table 1, there will be dependence both between years and be- 

tween stations and N, ~ Na, as was stated under the heading ‘‘Determination 

of Dependence Between Stations.” | 5 

Mr. Smith is correct in stating that several rain gages measured the rainfall 

associated with the flood on the Republican River in May, 1935. However, 

it is doubtful whether this flood would have been expected from the measure- 

ments of these gages alone. Although unofficial measurements in stock tanks, 

cans, etc., in the area of highest intensity reached 13 in. (one even 24 in.), 

the highest amount recorded by a Weather Bureau gage was 5.05 in. 

It is unfortunate that the writer defined the pluvial index (see “Introduc- 

tion”) as “the maximum rainfall to be expected with a certain frequency.” 

As Mr. Lowry states, the correct definition as used in the Miami study is 

“that amount which may be expected to occur or to be exceeded * * * on an 
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average of once in the frequency cited.” In the case cited by Mr. Lowry for 

Quadrangle I-14 of the Miami Charts, 12.6 in. is the pluvial index corresponding 

to an average frequency of 100 years. However, the ‘‘most probable value” 

of a distribution is usually defined as the mode, and if this definition is used 

it is not certain that the most probable maximum value to be expected in a 

time interval of 100 years will be higher than the pluvial index of 12.6in. Mr. 

Lowry probably referred to the mean maximum value, which will be somewhat 

larger. 

Although very little is known concerning the distribution of rainfall amounts, 

there is evidence to support the assumption that they form some type of ex- 

ponential distribution. In the following example (contributed by George 

Blumenstock, Jr., of the Climatic and Physiographic Division of the Soil 

Conservation Service), a simple exponential distribution 

is used to clarify the distinction between the value of the variable x (the pluvial 

index) corresponding to a mean recurrence interval, 7, and the most probable 

maximum and mean maximum values of x in an equivalent interval. 

First, determine the value, K, of the variable, z, for which the mean re- 

currence interval is 7 (that is, the value of « which may be expected to be 

equaled or exceeded on the average once in every 7’ trials). This value, K, 

is defined by the relationship: 

00 100 

f e* dz = T { O72 der, at See (10) 
0 K 

Ki logy lcs. ie ee Aan eo ee (11) 
from which: 

In a random sample of TJ events drawn from the population f(z), the 

probability distribution of the largest value will be given by the relationship: — 

Olt) = PFT 2) f(a) 3 ae aides eee Le (12) 

The mode, u, of this distribution is the most probable maximum value, and 
will be given by the solution of the equation: 

T—t1 y ra +58 2 ott Agha ¥ (13) 
This leads to the result: ; 

WORT. sates dee Ae Pete ae (14) 

It is to be seen, then, that at least for the type distribution f(z) = e-* for — 
any given recurrence interval, 7’, the corresponding value, K, is exactly equal 
to the mode, or most probable value, of the probability distribution of the 
largest value of x for an equivalent time interval. 

In the case of rainfall data, however, the mean of distribution (Eq. 12) will 
often be a more significant measure of the maximum value of x to be expected 
in T trials. R.A. Fisher and L. H. C. Tippett‘ have shown that for an ex- 

“ “Limiting Forms of the Frequency Distribution of the Smallest and the Largest Member of a s le,” oN Ki ; 4 ; : Spits AN R. A. Fisher and L. H. C, Tippett, Proceedings, Cambridge Philosophical Soc., Vol. 24 (1928), 
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ponential distribution similar to Eq. 9, the mean, a, of Eq. 12 for large values 
of T is given by: 

For the distribution defined by Eq. 9, it follows from Eq. 16 that @ is equal 
to 1, and, since K = u: 

The distinction between the value K corresponding to a mean recurrence in- 

terval, the most probable maximum wu, and the mean maximum Z is now clear. 

For the original distribution f(z) = e-* one may now say: 

(1) The value K corresponding to a mean recurrence interval, T, is (Eq. 

11): K =log.T. This is also the most probable maximum value, wu. 

(2) The mean maximum value @ in T trials is 

Th ae Coyrad MORIN lay Bien peat Me RR ay RET aM TI, C (18) 

For example, where T is assumed equal to 100 (a mean frequency of 1 in 100) 

the value of K and uw is log, 100, or 4.605, but the mean maximum, 4d, in 100 

trials is 5.182. 

It should be emphasized that these relationships have been selected only 

to show that a distinction between the three values does exist. In the case of 

rainfall data the exact character and extent of the distinction depend upon 

the distribution f(x) which may be selected as representative of the total 

population of rainfall amounts from which the sample is drawn. 
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FORT ABECK; SLIDE 

Discussion 

By T. A. MIpDDLEBROoKs, Assoc. M. Am. Soc. C. E. 

T. A. Mrppiesrooks,” Assoc. M. Am. Soc. C. E. (by letter).247—Mr. Feld 

declares that “large variation in natural soil cushion always causes trouble.” 

The writer cannot agree with this statement. If trouble was to be experienced 
from a wide variation in the thickness of the natural overburden, the slide 

should have occurred on the left abutment instead of the right abutment. 

Between stations 12+-00 and 19++00, the thickness varied from zero to about 

25 ft, a change of approximately 3.5 ft in 100 ft; whereas, between stations 77 

and 84, the thickness varied from 100 ft to 10 ft, a change of approximately 

13.0 ft in 100 ft. It is evident, therefore, that this change had nothing to do 

with the failure. The writer has investigated numerous earth slides and has © 

found none that could be remotely attributed to a change in thickness of the 
overburden in the manner described by Mr. Feld. 

Mr. Feld’s conclusion that the fill was too rigid to take up the differential 

settlement can scarcely be substantiated. Actually, differential settlement 

between stations 10+-00 and 20+-00 was quite small—approximately 0.25 ft — 

(3 in.) in 100 ft. Such a small differential movement could not cause shear 
failure in either the sand shells or the core. 

He concludes correctly that the surcharge load increased the hydrostatic — 
pressure in the shale and caused uplift (excess hydrostatic) pressures in the base. _ 
The fact that the surcharge load, as pointed out by the writer, was the sole 
cause of the excess hydrostatic pressure in the shale has been definitely proved — 
by further investigation since the slide. 

The writer is at a loss to understand how Mr. Feld would increase the 
stability of the structure by the use of “Vertical cleavage joints, with proper 
shear dowels,” and the “construction of the dam between stations 20 and 85 
first.” It is customary practice to place cleavage joints and shear dowels in 
concrete structures. However, their use in the Fort Peck Dam would have Sane DEE ee S Lena Net Rane Dain ere mkt 

Notz.—This paper by T. A. Middlebrooks, Assoc. M. Am. Soc. C. E., was published in December, 1940, Proceedings. Discussion on this paper has appeared in Proceedings, as fellows: March, 1941, by Jacob Feld, M. Am. Soc. C. E.; April, 1941, by Joel D. Justin, M. Am. Soc. C. E.; May, 1941, by Messrs William Gerig, Alfred J. Ryan, and Glennon re ilboy; September, 1941, by Frank E. Fahlquist, Assoc. M Am. Soc. C, E.; and December, 1941, by Irving B. Gros , Affiliate Awe Sot. C. E. ee he 
% Prin. Engr., Corps of Engrs., War Dept., Soil Mechanics Section, Washington, D. C. 
+a Received by the Secretary November 5, 1941. 
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served no useful purpose and would have been entirely impracticable to con- 
struct. Observations on the excess hydrostatic pressure in the shale, since the 
slide, have shown conclusively that any reasonable extension of the construc- 
tion period would not have materially increased the strength of the shale and 

_ bentonite, or reduced the excess hydrostatic pressure. 

In Mr. Feld’s closing paragraph he has evidently confused stress with 
strength in his reference to “ ‘erection’ stresses.”’ The stress in a given earth 

structure will be practically the same directly upon completion as it will after 

the shrinkage in the dam and settlement in the foundation have been taken up. 

The greatest variable is the strength of materials involved, which reaches a 

maximum only when the materials are 100% consolidated. , 
The writer was pleased to have Mr. Justin’s discussion and his agreement 

as to the primary cause of the slide. As Mr. Justin states, considerable con- 

fidence can be placed in the redesigned section since the slide was used as a 
full-scale test for the determination of the over-all strength of the materials 

involved. 

Mr. Gerig’s statements concerning the stability of dredged sand, and his 

conclusion that the sand shell did not flow or liquefy, should be noted carefully. 

Since Mr. Gerig’s experience checks with the conclusions drawn from tests 

conducted on the shell material and observations of the undisturbed cores, it 

can be concluded, without question, that the sand shell did not flow or liquefy. 

The writer agrees fully with Mr. Gerig’s conclusion that ‘‘entire dependence 
cannot always be given to the results of laboratory tests.”’ However, labora- 

tory tests are essential where there is no past experience upon which to rely, 

_ and they are a necessity to the practical engineer in all other cases to supple- 

ment his judgment and experience. 

Mr. Ryan’s clear description of the action of excess hydrostatic pressure 

in the voids of a soil is most interesting. The writer agrees that for most 

cases the static slide method will give satisfactory results provided the dis- 

tribution and amount of excess hydrostatic pressure and the reduction in 

strength due to progressive movement are known. An investigation reported 

in 1941 by the U. S. Waterways Experiment Station (Engineer Department)” 

shows that, with the proper determination of the excess hydrostatic pressure — 

and remolding effect due to progressive movement during construction, the 

circular slide method will give reasonable results. 

Evidently Mr. Ryan found in his stability analysis (Fig. 15) the same thing 

as the author—namely, that by proper manipulation of the shearing strength 

of the core he could get the two methods to check. Itis well to emphasize that 

for a correct analysis by any method the distribution and amount of excess 

hydrostatic pressure and the decrease in strength due to progressive movement 

must be known. In the redesign of the section these factors were taken into 

- consideration by using over-all strength values determined from the actual 

slide: The writer regrets that there are no additional data on the excess hydro- 

static pressure that would be helpful in a stability analysis over that given in 

the paper. 

25 ** Investantion Og the Pendleton Levee Failure,” report by the U. S. Waterways Experiment Station, 

Vicksburg, Miss.. 
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Mr. Gilboy has given a clear résumé of the action of the slide; and it is 

noted that he is in general agreement with the writer in all main features. 

He disagreed, however, on the action of the shell and transition after the initial 

failure had occurred. The action of this material after the initial failure is of — 

minor importance in analyzing the cause of the Fort Peck slide; however, it is of 

major importance in the design of future hydraulic-fill dams in earthquake 

regions. Mr. Gilboy concludes definitely that there was liquefaction of the 

transition zone material and possibly the shell material during the slide. 

The density of fill does coincide closely with the ‘‘minimum critical density” 

as pointed out by Mr. Gilboy. The margin of safety, however, is much greater 

than this comparison would indicate, since the critical density varied with 

every change in the material in the hydraulic fill. It is not an exaggeration to 

state that the critical density actually varied from the minimum to the maxi- 

mum within a few inches of fill. Liquefaction over a sufficiently large area to 
cause trouble would have to include the strong with the weak. It is obvious, 

therefore, that the average critical density should be compared with the average 

fill density. 

There are several other pertinent factors to this question, which were not 

mentioned by Mr. Gilboy, that should be emphasized. Undisturbed (frozen) 

36-in. cores taken from the shell and from transition material after the slide 
showed no evidence of liquefaction, which is the major one of these factors. 

The fact that the ‘‘quick’”’ condition on the surface, noted by Mr. Gilboy, was 
. in the area where the transition zone and shell material sloughed into the settling 

core pool, as the shell moved out in a body, is another important factor. The 

core pool water trapped in the fissures and crack of the material was forced up 

through the mass, and a ‘“‘quick” condition resulted at the surface. The 

remaining shell material, even that resting on the transition zone, moved out as 

a solid mass with very little disturbance on the surface except for tension cracks. 

In view of the overwhelming evidence that shows that the dredged sand did not 

liquefy and the obvious lack of any positive evidence that it did, it must be 
concluded that there was no liquefaction of the dredged sand. 

The writer agrees fully with Mr. Gilboy that the water in the core pool 

settling into the crack left by the outward movement of the shell probably 

gave a little extra push that would not have been present in the rolled fill. 

However, the writer is confident that there would have been no basic difference 
in the nature of the slide except that the maximum distance that it moved 
might have been somewhat less (probably 900 ft instead of 1,000 ft). 

Landslide activity stressed so strongly by Mr. Fahlquist had no bearing on 
the true cause of the slide. However, since this condition has been brought 
into the discussion, with the inference that it was not investigated, some com- 
ments are essential. Old landslides and faulting were quite extensive in the 
Bearpaw shale, and it was evident that a thorough investigation was absolutely 
necessary. Therefore, one of the first steps in the investigation of the founda- 
tion condition was to outline in detail all the faults and landslides. These 

" conditions in the slide area were mapped very much in detail prior to the slide 
by explorations, including a tunnel into the abutment, shafts, and trenches, 
as well as core boring, and by actual excavation of the shafts, tunnels, and 
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portal. It was concluded from the voluminous data available prior to the 
slide that the faulting and old landslide activity in this area would not cause 
any trouble, and the detail investigation after the slide substantiated this 
earlier conclusion. Even though there was considerable faulting in this area, 
as shown in the full report” on the slide, the Report of the Board of Consulting 
Engineers did not mention it as a possible cause of the slide. They did con- 

sider the possibility of grouting the so-called “A” fault on the left abutment, 
but after a thorough study had been made no grouting was considered necessary. 

The 30-ft thick zone of blocky weathered shale found on the abutment, and 

referred to by Mr. Fahlquist, played only a secondary part in the slide. Move- 

ment definitely started around Station 15+00, due to the weak zone in the 

foundation, and as the mass moved out it carried a large part of this weathered 

shale with it. The writer is confident that the weathered shale in the abut- 
ment had no influence on the initial movement of the slide. 

Mr. Fahlquist leaves the impression that the slide was due to some mystic 
geological condition involving old landslide activity that cores and undisturbed 

samples of the shale would not disclose, but that geological study of the region 

would. If there is any one point that stands out clearly from the writer’s 

experience at Fort Peck, it is that a general geological study of the region is 

worthless for the investigation of any definite area for probable slides, unless 

it is accompanied by undisturbed samples of the rock in questionable areas. 

In any such investigation, the strength of the rock is essential, and it cannot be 
determined by a geological study of the region or even the immediate vicinity. 

If, in all cases, the entire questionable mass was removed, as recommended 

by Mr. Fahlquist, there would, of course, be no need for undisturbed samples 
of the rock. However, at Fort Peck this procedure definitely was not eco- 

nomically feasible, and it bordered on the impossible. 

In his closing statement, Mr. Fahlquist makes the following recommenda- 

tions: 

“When such conditions are recognized, the only adequate exploration 
to confirm or disprove preliminary geologic conceptions is twofold: (1) A 
few well-selected and carefully executed borings to outline the extent of 
such geologic conditions, and (2) real life-size excavations to explore the 
condition fully, in area and in depth.” 

These recommendations are inadequate since they do not provide a means 

of determining whether the rock is strong enough to be stable. The Fort Peck 

slide is ample testimony to this fact, since the only thing missing from the 

original geological investigation was sufficiently large, undisturbed samples 

to determine the true character and strength of the upper 10 ft of the rock. 

This is the outstanding lesson to be learned by geologists and engineers from the 

Fort Peck slide. 

Mr. Crosby minimizes the importance of the excess hydrostatic pressure in 

causing the slide, because other natural slides in this area occurred without 

this condition existing. The writer had no intention of leaving the impression 

that all slides were caused by the presence of excess hydrostatic pressure. 

12 See ‘‘Report on the Slide of a Portion of the Upstream Face of the Fort Peck Dam,” Corps of Engrs., 

U.S. Army, July, 1939. 
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Old slides along the river were definitely caused by undercutting which is an 

entirely different situation from that which existed in the Fort Peck slide. 

The slide at Snake Butte, Mont., was an old one that started moving again 

when the upper part was heavily loaded with quarry waste. These slides 

present no evidence from which one could logically conclude that excess hydro- 

static pressure in the Fort Peck slide was not important. 

It is agreed that the water that was present to develop the excess hydrostatic 

pressure did not come from the pores of the firm or sub-firm shale and bentonite 

seams. It came from the fractured and weathered zones in the shale and 

bentonite. 

The writer agrees with Mr. Crosby in his conclusion “that ‘liquefaction’ of 

the bentonite previous to the slide did not exist.’ However, after a slight 

movement had occurred, the bentonite and shale were undoubtedly mixed 

with water and their strength considerably reduced. This, the writer believes, 

was the prime reason for the distance that the slide moved. 

Mr. Crosby erroneously states that: 

“Numerous undisturbed samples of this shale and bentonite were 
taken, however, and numerous tests were made on them prior to the slide; — 
but the true condition of the shale was not understood and the slide was 
not foreseen.” 

There were no undisturbed samples taken of the rock in the slide area, since the 

small core boring showed only sub-firm shale in this area. Sub-firm shale was 

found in numerous excavations to be a structurally strong rock. The geo- 

logical explanation for the lack of weathered shale over the sub-firm shale in 
this area was that the river had scoured it off leaving only sub-firm shale. 

This conclusion at the time (without the benefit of hindsight) appeared entirely 

reasonable. Having been directly connected with the project for four years 

prior to the slide, the writer is firmly convinced that the actual strength and 
condition of the rock in the slide area could have been determined only by large 

undisturbed samples. It is rather far fetched to assume, regardless of how 

carefully the geology of the region was studied, that the true character and 
strength of the rock at any given location could be determined by this procedure. 

The writer fully agrees that ‘“‘Had the true conditions been understood, 

the dam could have been designed to meet those conditions safely.” This is 

merely another way, however, of saying that hindsight is better than foresight. 

It has not been the intent of the writer in this discussion to minimize the — 

importance of thorough geological investigations. However, it is certainly 

false security to rely too much on a geological study of the region as proposed 

by Mr. Fahlquist and Mr. Crosby. In the future, under such circumstances, 

the writer will take large undisturbed samples of all weak rocks regardless of — 
what the geologist might find in a study of the region. 

eo 



eee 

Pm MERICAN SOCIETY OF CIVIL ENGINEERS 

Founded November 5 1852 

DISCUSSIONS 

SOME ECONOMICS OF AIRPORTS 

Discussion 

By W. WATTERS PAGON, M. Am. Soc. C. E. 

W. Warters Pacon,” M. Am. Soc. C. E. (by letter).2*—Mr. Rudolph 

stresses the relation of ground time to air time for short hops between near-by 

cities. Mr. Baker deals mathematically with the same subject, by the re- 

construction of his former figure to bring it into harmony with modern air 

speeds. The writer suggests that such discussions should emphasize that it is 

the difference in ground time to the air terminal as against the rail terminal, 

rather than the actual time. For example, the writer can reach the Baltimore 

(Md.) Municipal Airport in 15 to 18 min from his office, as opposed to 10 min 

or more to either of the rail terminals, and this ratio applies to almost all of 

the Baltimore business district. For the short hop from Baltimore to Phila- 

delphia, Pa. (about 96 rail miles), the ground time in the two cities is 50 to 55 
min to the air terminals as opposed to 25 to 30 min to the rail terminals; and 

the traveling times are slightly more than 0.5 hr and 1.5 hr, respectively, with 

an approximate saving of half an hour. 

The City of Los Angeles, Calif., has studied the problem of providing air 

taxi service from one or more central airports to scattered “satellite” airports 
of small size. Small airplanes or autogyros will undoubtedly be used in the 

future to minimize the ground time to remote airports. 

Mr. Rudolph’s comments on the relative comfort of the airplane in moun- 
tainous regions are worthy of inclusion in the prediction of the growth of air 

travel. The writer is indebted to both discussers for their comments. 

When a growth prediction has been made, from time to time it is desirable 
to check the actual progress against the prediction, to detect any changes of 

trend. This is especially true in the present matter because of the erratic 

growth curve from which the writer’s curve has been projected. Table 4 brings 

the trends up to July, 1941, and for convenience the results for seven months 

in 1941 have been amplified in the same ratio that prevailed in 1940 to obtain 
EE Ta aa a Sk eS OE ee Oa ae 

Norz.—This paper by W. Watters Pagon, M. Am. Soc. C. E., was published in February, 1941, 
Proceedings. Discussion on this paper has appeared in Proceedings, as follows: September, 1941, by 
Messrs. William E. Rudolph, and Donald M. Baker. 

Cons. Engr., Baltimore, Md. 

12a Received by the Secretary December 5, 1941. 
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the figures for 1941. The number of passengers is slightly in excess of the 

prediction; the pounds-of-express curve has been much accelerated for eighteen 

TABLE 4.—ComparIsOoNnN OF ACTUAL WITH PREDICTED GROWTHS 

ee 

PassENGER 
PassENGERS CARRIED Nicaea Express (Pounpbs) 

Year 

Actual Predicted Actual Actual Predicted 

1938 BS43°45 7g | pin oer 557,721 73335,90670 00 "|" Ae eee 

1939 1,876,051 2,130,000 749,785 9,514,300 6,390,000 

1940 2,959,480 2,860,000 1,117,447 12,506,576 8,580,000 

1941¢ 4,020,000 3,960,000 1,450,000 19,200,000 11,880,000 

« Data complete to include July, 1941; the total for 1941 is estimated on that basis. 
a 

eee 

months by war conditions. The data are taken from the ‘Survey of Current 

Business.’’!8 

13 “Survey of Current Business,” Bureau of Foreign and Domestic Commerce, U. S. Dept. of Com- 
merce, the following Annual Review Nos.: February, 1939, Vol. 19, No. 2, p. 78; February, 1940, Vol. 20, 
No. 2, p. 77; February, 1941, Vol. 21, No. 2, p. 84; and October, 1941, Vol. 21, No. 10, p. S-21. 
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TUNNEL CONSTRUCTION, SIXTH AVENUE 
SUBWAY SINE W <YORK,. N.Y. 

Discussion 

By JACOB FELD, M. Am. Soc..C. E. 

Jacos Frexp,’ M. Am. Soc. C. E.7*—At the time of organizing the construc- 

tion procedure and methods for the tunnel sections of the contract for the con- 

struction of Section 10 of the Sixth Avenue Subway, a number of questions 

arose as to the most advisable procedure and methods, expected progress, as 

well as expected costs of each proposed method. Because of insufficient litera- 

ture on the subject in attempting to determine what had been done under 

similar circumstances and what had resulted from the methods used, the writer 

decided that after this construction job was finished he would publish a paper, 

and list his own experience and the answers to the questions that arose. This 

paper is the result of that decision. 

It might be worth while to enumerate some of the problems that arose, and 

their solutions: 

1. Proper protection of soft and seamy rock at the tunnel portals, keeping 

in mind the close proximity of elevated column footings, street sewers, and 

utility lines, was provided by the construction of a reinforced concrete com- 

bination retaining wall and girder spanning across the tunnels. This method 

was very satisfactory and eliminated the expected trouble from the raveling 

- of the rock at the portals. 

2. The great variety of rocks encountered required a flexible drilling dia- 

gram, as well as flexible bracing methods. Especially helpful was the detail 

decided upon for connecting the individual units of the bracing frames. 

3. The use of a full face drilling and shooting procedure—an unusual 

method in constructing tunnels within city limits—was found to be advisable 

and economical, and in no way increased the hazards of the work. 

4, A flexible shooting cycle was necessary to coordinate the amounts of 

Nors.—This paper by Jacob Feld, M. Am. Soc. C. E., was published in April, 1941, Proceedings. 
me pen ee this paper has appeared in Proceedings, as follows: November, 1941, by John H. Myers, 

7 Cons. Engr., New York, N. Y. 

7a Received by the Secretary December 15, 1941. 
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dynamite necessary at each face with the restrictions placed upon blasting 

within the city limits. 

5. The method of mucking required a study of different strengths of dyna- 

mite for the type of rock encountered, to avoid the necessity for breaking up 

rock too large for the mucking machine. 

6. The lack of large areas, or easy access to the tunnel work, required an 

unusual disposal method; and the double-deck dumping board was found 

satisfactory and safe if only one dumping mechanism was provided. 

7. The elimination of hauling the drill steel from the shaft for sharpening 

purposes was definite when traffic conditions on the street were considered and 

the decision to place the drill-sharpening plant beneath the decking at sub- 
grade level proved not only economical but also safe. The predicted complaints 

from neighboring properties because of this operation did not materialize. 

8. The special control of air and dust, resulting from the drilling operation, 

required considerable emergency research to avoid delay in the construction 

schedule. The method used has become standard and was accepted by the 
New York State Industrial Commissioner as an alternate to the only approved 

method at the time the rules were issued. Incidentally, the rules were issued 

after this contract was started. 

9. The provision of small diameter shafts for inserting cable feed pipes to 

connect the street surface with the manholes adjacent to the tunnels by core 

drilling from the street surface was a substantial economy over the normal 

shaft-sinking method previously used. 

10. The use of a concrete pump for placing all of the concrete within the 
tunnels, with the addition of an air booster to fill the irregular rock roof com- 

pletely, was considered a novelty and was instituted in spite of the objections — 

of the field organization. However, this method proved satisfactory and re- 

sulted in the use of the same equipment in many later jobs. 

Many of these methods are new if compared with the reports of the rock- 

tunnel operations in the subway sections referred to by Mr. Myers in his dis- 

cussion, even though the design of the subway tunnels has not changed. 
This report proves that, contrary to usual feeling in the construction 

industry, satisfactory and uniform progress can be obtained in a short job by 
proper planning and, at the same time, can result in a low accident record. 
The accident frequency of one lost time accident per 25,000 man-hr is far below | 
any record on similar work in previous years. 

It is hoped that the data in this paper will be useful to engineers finding 
themselves in a similar position of planning and coordinating tunnel work 
within congested areas. 
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Discussion 

By EDGAR E. FosTER, Assoc. M. Am. Soc. C. E. 

Epear E. Fostsr,®’ Assoc. M. Am. Soc. C. E.—The authors are to be 

commended for presenting a study of the results of the operation of one of the 

recently constructed multiple-purpose flood-control projects that the federal 

government has undertaken in the past decade. Few such projects have been 

- completed long enough to observe the results of operation for a significant 
period of time. In the pioneer flood-control works constructed by the Miami 

(Miami Valley, Ohio) Conservancy District,’? each dam was a single-purpose 

project only, since it used uncontrolled outlets for emptying the reservoir, and 

hence its operation could not constitute a complete model for the multiple- 

purpose projects. 

The purpose of the Tygart Reservoir as stated by the authors is twofold— 

flood control and water conservation. The latter purpose provides water ob- 

tained from floods or high discharge in spring for the improvement of naviga- 

tion, incidental benefits to water supply, and reduction of pollution during late 

summer. The utilization of the conservation water requires only releasing 

during periods of low stages at the controlling points along the stream below. 

The operation for flood control, on the other hand, must be planned carefully 

to obtain the desired result or even to prevent a worse flood. The seasonal 

basis for operating the Tygart Reservoir is depicted in Fig. 5. The plan of 

operation for both flood control and utilization of the conservation water has 

been skilfully developed. 

Table 6 summarizes the reduction in flood peaks obtained at the site, at 

Lock and Dam 5, and at Pittsburgh, Pa., by operation of Tygart Reservoir. 

Generally, the reductions obtained at Tygart are much greater than at either 

Lock 5 or Pittsburgh, especially in the larger floods. Flood crests from storms 

Nors.—This paper by Robert M. Morris, Esq., and Thomas L. Reilly, Esq., was published in April, 
1941, Proceedings. Discussion on this paper has appeared in Proceedings, as follows: October, 1941, by 
Nicholls W. Bowden, M. Am. Soc. C. E 

6 Head, Flood Control Section, U. S. Engr. Office, Omaha, Nebr. 

6a Received by the Secretary November 28, 1941. 

7 Transactions, Am. Soc. C. E., Vol. LXXXV (1922), p. 1503, 
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centering over the headwaters of the Monongahela River, of course, will be 

reduced more effectively than storms centering elsewhere on the watershed. 

Although the reductions at Pittsburgh appear relatively small, they do not 

seem out of proportion to the drainage area controlled by the Tygart Reservoir 

as compared with the area above 

TABLE 6.—Summary or FLoop Pittsburgh. 

Prak REDUCTIONS Although the general prin- 

ciples of operating a flood-con- 

REDUCTIONS, IN FEpr, AT: trol reservoir are applicable to 
Date any watershed, the details of 

the operating plan must usually Tygart Lock 5 Pittsburgh 

Se es Ze0 er ae depend upon the characteristic 
Dec., 1937 0.14 2.4 0.5 : 
Jan., 1939 8.0 2.2 0.8 features and requirements of 
Feb., 1939 24.0 3.0 0.6 Set ae ; 
April, 1939 26.0 3.8 1.8 each individual basin. Among 
March, 1940 4.2 0.6 nao 

the peculiarities to be consid- 

ered in relation to the Tygart 

Reservoir are its location in the headwaters, the areas susceptible to flood 

damage at Pittsburgh and in the Monongahela Valley, the existing navigation 

on the river, the low spillway capacity, and the central location of Dam 5. 

The stage at Dam 5 is utilized as a control for the release of flood storage. 

These factors are used in developing the plan of operation of Tygart Reservoir 

but of course would not be available on any other watershed. On other streams 

and for other reservoirs a different set of characteristics necessarily would be 

considered. 
Usually the large industrial centers like Pittsburgh that are subject to heavy 

flood loss would be the controlling point for reservoir operation, but the authors 

have shown that navigation is of such importance on the Monongahela River 

that a control point near the center of the basin must be selected. It appears 
to the writer, however, that Pittsburgh should be considered as a secondary 

control point for operations in the event of a general flood covering the Alle- ~ 
gheny Basin. 

A storage reservoir can reduce downstream flood crests by two means: 

(1) Storage until the flood has subsided throughout the basin, or (2) by delaying 

the peak at the site until the flood crest of the valley below has moved down- 

stream. The latter plan is uniquely available to a reservoir in the headwaters. — 

It has been used effectively in the operation of Tygart Reservoir as may be seen t 

in the hydrograph of the flood of December, 1937; practically no reduction of 

peak was obtained at the site, where it was merely delayed, but a reduction of 

1.1 ft was achieved at Lock 5. The floods of 1939 likewise show the effect of 

regulation to delay the peak as well as to reduce it by temporary storage. 

The reduction of peaks on the main stem, by a delaying operation at the 
reservoir, is dependent to a considerable extent upon the location of the reser- 
voir with respect to the main stem. Tygart Reservoir, being situated in the 
headwaters of the main stem, is favorably located for such operation. In 
order to illustrate a contrary condition, assume that floods on the Youghiogheny 
River under natural conditions discharge into the Monongahela River slightly 
ahead of the crest on the main stem.’ Under this condition a small reservoir _ 
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located near the mouth of the Youghiogheny River, unable to hold a substantial 

part of the flood runoff, would succeed only in delaying the tributary crest, 

cause it to coincide more closely with the peak on the main stem, and thereby 

produce a greater flood below the mouth of the tributary. The location of a 

‘reservoir near the mouth of the Youghiogheny River and the relative time of 

the tributary flood is suppositive as far as the writer is aware, but it serves to 

illustrate the fact that merely delaying a flood crest on a tributary is not always 
advantageous, although it operates favorably for flood control wby Tygart 

Reservoir. 

A flood on a river is not a simple summation of excessive areal runoff as: 

some theoretical studies may lead one to believe, but it is a compound product 

of the various peaks of its tributaries that combine at different times and places. 

The “‘flood-wave”’ analogy should not be taken too literally. 

As another aspect of reservoir operation, the authors emphasize the element 

of flood prediction both above and below the reservoir. This emphasis is 

rightly placed, for some measure of discharge prediction at the reservoir and 

_ stage prediction at the control point is essential for efficient operation. Such 
flood prediction should be obtained with the closest possible cooperation with 

the Weather Bureau and the Water Resources Branch of the U. 8. Geological 

Survey, such as the authors indicate is accomplished. The writer believes 

that snow surveys should also be utilized to secure data of the moisture content 

of snow cover if there is any possibility that such cover can contribute an 

appreciable proportion of the flood runoff. 
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COMPACTION OF COHESIONLESS FOUNDATION 

SOILS BY EXPLOSIVES 

Discussion 

By Messrs. R. G. HENNES, AND JOHN D. WATSON 

R. G. Hennes,> Assoc. M. Am. Soc. C. E.5*—Many engineers have empha- 

sized the importance of making generally available the results of experience 

with foundations and earthwork if the principles of soil mechanics are to be 

developed and utilized to best advantage. As a significant contribution to this 

field, the present paper should be most welcome. The value of such contribu- 

tions is not fully exploited except by discussion, which preferably should spring 

from a background of comparable experience in the field. Description of new 

construction methods is unavoidably handicapped by the absence of parallel 

experience upon which adequate discussion could be based. It is to be hoped, 

therefore, that the author’s closure of the present paper will be made the 

vehicle for presenting further information on this new method of compaction 

for the use of the profession. 

Especially appreciated would be any additional test data that may be 

available which would assist the engineer in applying this method to other 

projects without unnecessary duplication of effort. In any such application 

the main thing to be determined is the size and distribution of charges. The 

variables upon which the layout depends are stated to be the type of soil, its 

degree of saturation, and the depth of the deposit. Fortunately, the problem 
is somewhat limited by the practical consideration that only in loose sandy | 

deposits does the critical void ratio tend to be a controlling factor. Theory 
would seem to approve the author’s conclusion that best results are to be ex- — 

pected when the soil is saturated; for the very danger associated with the con- 

cept of a critical void ratio is the “liquefaction” produced by the excess of water _ 

in the voids. The Denison tests suggest that the effect of saturation is less 

simple, and point to the need for further research in this field. The effect of 
depth is something that can be disclosed only by experiment, and it is here that 
the paper comes closest to permitting at least tentative general conclusions. 

Notr.—This paper by A. K. B. Lyman, M. Am. Soc. C. E., was published in May, 1941, Proceedings. F 
Discussion on this paper has appeared in Proceedings, as follows: October, 1941, by Reuben M. Hai 
Assoc. M. Am. Soe. C. E. : ye a 

5 Asst. Prof., Civ. Eng., Univ. of Washington, Seattle, Wash. 

5a Received by the Secretary November 27, 1941. 
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It would be helpful if the author’s closure considered this matter at greater 
length. Both at Franklin Falls and at Denison best results appear to have 
been obtained by placing charges at a depth of 15 ft, but in neither case is it 
clear how deep the effect was felt, and it would be of interest to learn what 
“evidence led to the conclusion “that where loose strata of sand greater than 
30 ft thick are to be compacted, two or more tiers of small charges are to be 
preferred to one tier of large charges” (see “Introduction’’). 

-It is not the thought of the writer that any amount of discussion can ob- 
viate the need for preliminary tests on each individual project, but rather 
that each new investigation should be shaped by the fullest comprehension of 

what has already been accomplished. 

Joun D. Warson,® Assoc. M. Am. Soc. C. E.“—The results presented in 
this paper show positively that the method is economical and that loose co- 

hesionless soils can be made much denser, and also considerably less permeable. 

Colonel Lyman is to be commended most heartily for originating and de- 

veloping a method of foundation improvement that will be of great value to 

foundation engineers throughout the world. 

x Minor Principal Stress= 1.0 Ton per Sq Ft 

re cs " = 4.2 Tons per Sq Ft 

pea Ls " = 9,1 Tons per Sq Ft 

0} yaw ” » =140 Woe per Sq Ft 

Voids Ratio 

poms 3°40 35% 196° | 37° S8° 139% “408. 41° 42°) | 43° 44S 45%" 462-8 47° 

¢, Angle of Internal Friction, in Degrees 

Fig. 13.—Empreican ReLationsHip BETWEEN Vorps Ratio aND ANGLE OF INTHRNAL FRICTION 

FoR FRANKLIN Fauus Sanp 

Although the author states (see “Introduction”) “that the stability of the 

embankment would be considerably increased if these loose sand deposits 

could be consolidated to reduce the possibility of their failure by liquefac- 

tion * * *,” he did not take the opportunity to point out the concomitant 

advantage of the greater resistance to rupture that these soils would have by 

reason of the higher density. In 1938, when the writer was serving as re- 

6 Asst. Prof., Civ. Eng., College of Eng., Duke Univ., Durham, N. C. 

6c Received by the Secretary December 15, 1941. 
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search fellow in soil mechanics for the Graduate School of Engineering at 

Harvard University, in Cambridge, Mass., he made many tri-axial compression 

tests on samples of a fine cohesionless sand from the Franklin Falls Dam site. 

The samples for these tests were prepared with a wide range of voids ratio 

(0.925 to 0.52, comparable to a unit dry weight of 88 lb per cu ft to 112 lb per 

cu ft), and the tests were made with a surrounding hydrostatic pressure ranging 

from 1.0 to 14.0 tons per sq ft. The results of these tests are shown in Fig. 13. 

For the same minor principal stress (hydrostatic pressure), the angle of internal 

friction is inversely proportional to the voids ratio. However, the amount of 

the variation changed with the intensity of the minor principal stress. When 

the minor principal stress was low, the increase in the angle of internal friction 

with a decrease in the voids ratio was greater than when the minor principal 

stress was high. The following explanation for this fact has been offered 

tentatively: When the minor principal stress is low, rupture occurs by one 

grain of sand sliding over another, and the interlocking effect of the grains is 

considerable. When the minor principal stress (and the major principal stress 

- as well) is high, then many grains in the plane of failure break apart and the 

interlocking effect is less pronounced. Similar variations in the angle of in- 

ternal friction with changes in density and minor principal stress were found 

for other sands. 

Karl Terzaghi, M. Am. Soc. C. E., has pointed out many times that the 

strength of a cohesionless soil foundation does not depend upon the first, but 

rather upon the fourth, power of tan (45 + é) , in which ¢ is the angle of in- 

ternal friction. Hence, when the angle of internal friction of any sand is 
raised by compaction from 34° to 38°, the resistance to rupture of this soil 
beneath a foundation load increases not just 9%, but rather it increases 42%; 

and, if the angle of internal friction could be raised from 34° to 46°, the strength 

of the material against rupture by a foundation load would increase 200%. 

Although the possibility of loading a foundation of cohesionless soil to the 

point of rupture by means of an embankment is admittedly remote, neverthe- 

less the large increase in the strength of such soils through compaction is quite 

pertinent for other types of foundation loading and for the stability of em- 
bankments as well. 
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Discussion 

By CHARLES M. NoBLe, M. Am. Soc. C. E. 

CuarLes M, Nose,” M. Am. Soc. C. E.2%—The modern attitude of the 

more progressive group of highway engineers is reflected in this paper in that 

the functional character of the highway in relation to the operation of the 

vehicle and the characteristics of the driver is stressed. The writer is strongly 
sympathetic to this view and therefore wishes to strengthen that type of think- 
ing and indorse the paper. 

It is encouraging to note the reference to research in traffic (driver) psy- 

chology, for it is believed’ that such research will yield substantial dividends 

in transportation efficiency and accident reduction by pointing the way to 

correct design. 

In addition to the principle enunciated by the author (that it may be 

advisable to introduce into the highway structure a physical change that will 

convert one type of accident into another less dangerous), it is also quite 

possible for the designer of a new facility to visualize many accident possibilities 

in advance, during the design process, and to arrange the design in anticipation 

of such possibilities. This is illustrated in the case of the Pennsylvania Turn- 

pike tunnels, where it was necessary to converge from two lanes into one lane 

on entering, and the possibility of a skid or other mishap occurring in the 

confined roadway in front of the portals was anticipated. With a conven- 

tionally designed portal such a mishap, in many cases, would result in a direct 

collision with the immovable portal structure, generally with serious conse- 

quences. In the Turnpike design, a wall of the stepped type was projected 

out from the portal face, curving away from the roadway gradually until it 

disappeared into the bank of the approach cut. This wall was designed for 

the purpose of converting a direct impact accident into one of less serious 

12 Chf, Highway Engr., War Dept., Arlington, Va. 

12a Received by the Secretary November 28, 1941. 

13 Proceedings, Highway Research Board, 1937, p. 246. 
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character of the sliding type. Actual operation experience indicates that the 

walls are functioning with complete success, and many serious accidents have 

been averted by their use. 

From the standpoint of transportation efficiency, the analysis by the author, 

utilizing a virtual speed profile to determine time losses, is valuable; for, al- 

though the average driver would be convinced immediately that an improve- 

ment should be made, it is often difficult to convince highway authorities, 

struggling with budgetary problems, of the necessity for improving part of an 

existing highway. The method illustrates the critical locations graphically 

and provides an economic argument that may be used to convince the authori- 

ties that funds should be authorized for remedial measures. 

The author states (see heading ‘Traffic Data for Design’’) that “Design 

might be briefly described as the accommodation of structure to facts”; and 

“Only in late years has he [the highway engineer] paused for an 
instant to realize that the very element of his transportation problem— 
traffic—for which he has been building roads has not only kept up with 
the rate of production but has so far exceeded it as to create a problem of 
its own. Fundamental to design is knowledge of the traffic that will use 
the structure; therefore all traffic facts possible should be gathered for 
use in design.” 

He also states that ‘“‘As more thought is given to this subject, so the field will 
expand and more and better information will be demanded and obtained; and 

its analysis will be more definite.”’ All these statements should be applauded. 

Again the author goes to the heart of the modern traffic problem in the para- 

graph beginning ‘‘The peak-hour traffic is usually the criterion for which the 
designer plans.’ 

With respect to the author’s comments relative to design speed, it is perti- 

nent to remark that, if too low a value for design speed is selected for the 

main routes, such highways may again become obsolete within a relatively — 

short period (10 to 15 years), resulting in an economic loss, and the engineer © 

may suffer embarrassment and possible loss in prestige in having to acknowledge 
the adoption of a shortsighted policy. 

In closing, a word of caution should be interjected, for there is a tendency 

in some quarters to feel that engineering can solve all traffic problems, human 

and otherwise, and that enforcement can be relaxed when modern design is 
provided. Such is far from the case, as Mr. Harris recognizes clearly, and the 
writer wishes to emphasize the point that modern highway engineering and 
enforcement should function in unison. 

Mr. Harris has covered his subject quite thoroughly as far as general prin- 

: 

ciples are concerned, and very little can be added except as a matter of in- 
dorsement. 
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Discussion 

By Messrs. LEwIs C. WILCOXEN, H. A. Monr, 

AND A. E. CUMMINGS 

Lewis C. Witcoxsn,®® Assoc. M. Am. Soc. C. E.*°*—The Committee’s 

hope “‘that all persons who can possibly do so will contribute to this discussion, 

in the hope that a clearer understanding will result,’’ prompts the writer to call 

attention to a peculiarity of the pile-bearing formula that he developed some 

years ago. It was only when this formula was compared with Eq. 3 of the 
Committee’s Report that this peculiarity became apparent, and it is of such 

importance that he wishes to call attention to it. 

The formula was derived empirically by means of driving a model wood pile 

1 in. square in cross section and 6 in. in length, with lead weights of 1.0 Ib and 

0.1 lb. The former was dropped from a height of 1.0 ft, and the latter from 

the successive heights of 1.0 ft, 0.1 ft, and 0.01 ft, yielding respectively the 

wide range of impacts of 1.00, 0.10, 0.010, and 0.001 ft-lb. 
The piles were driven into six soils—three of sand with different degrees of 

compaction and three of clays with various degrees of plasticity. They were 

- driven into the soils by observed static loads, and then the drive under the 

various impacts was noted. The observed results were plotted on log log paper 

with uth and s as the vertical and horizontal scales. The resulting points 
Ra 

: ; ; Wh. 
were grouped closely along straight lines, proving the formula Rg = er , in 

Norr.—This Report was published in May, 1941, Proceedings. Discussion on this paper has appeared 
in Proceedings, as follows: September, 1941, by Messrs. G. G. Greulich, C. O. Emerson and D. O. Northrup, 
Harry J. Engel, and John D. Watson; October, 1941, by Messrs. Robert D. Chellis, Lazarus White, John 
G. Mason, Carlton 8. Proctor, George Paaswell, and Abraham Woolf; November, 1941, by Messrs. Howard 
T. Evans, William G. Atwood, Donald M. Burmister, Wallace E. Belcher, Clement C, Williams, and 
‘D. P. Krynine; and December, 1941, by Messrs. Trent R. Dames and William W. Moore, Maxwell M, 
Upson, Gregory P. Tschebotarioff, Robert F. Legget, and Jacob Feld. 

50 Asst. Civ. Engr., City Engr.’s Office, Detroit, Mich. 

50¢ Received by the Secretary November 26, 1941. 

51‘‘New Pile-Bearing Formula from Model-Pile Tests,’’ by Lewis C. Wilcoxen, Engineering News- 
Record, November 3, 1932, pp. 524-526; also, discussion, ibid., March 16, 1933, p. 355. 
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which the value of x ranged from 0.6 for the soft clay to 1.0 for the most com- 

pact sand. The writer believes that this demonstrated formula merits careful 

study. 

The value of Ra in Eq. 3 was equated to the writer’s formula from which 

was derived: 
- s+k 

So = ately | a) a iarlgy a1. Sastiene fo Se) (otto slik sale Ee (48) 

¥ | ~"W+P | 

In Eq. 48, S = total settlement, in feet, and z is a constant for each particular 

soil. Since in some of the writer’s experiments all the factors of this equation 

were constant except S, it is impossible by means of it to explain the different 

proved values of z. The quantity x must necessarily be an important soil 

characteristic coefficient. 

The writer holds no brief for pile impact formulas. Nevertheless, he would 

add that until field-test results are checked against formulas including a proper 

soil factor, investigators are not warranted in denying the possibility of de- 

veloping a practical one. 
The writer’s experiments were deficient in so far as they ignored the factors 

e, n, and p. If these factors are important, then his formula is incomplete. 

Regardless of its possible deficiencies, it does include the important soil charac- 

teristic factor, the omission of which in turn makes Eq. 3, and all formulas 

derived from it, incomplete. 

H. A. Mour,®” M. Am. Soc. C. E.**—After studying the formulas derived 

in Report A and “worrying” through Mr. Hiley’s published work,! upon which 

analysis the proposed formulas are based, it is the writer’s firm conviction that 
their inclusion in the proposed Manual would be a grave mistake. 

That analysis is quite detailed and reads well, but still it is theory, and the 
conclusions otherwise are based upon a paucity of practical data. Answers 

obtained by its use are no more consistent and logical than those obtained by 

the use of other formulas. Its only obvious advantage to those who wish to 

be critical of present formulas is the great number of unknowns to which a 

series of values may be applied until an answer satisfactory to the interested 
party is finally reached. 

Paragraph A-4 of Report A reads ‘‘Every pile-driving formula may be de- 
rived from the general formula (Eq. 3) by making certain assumptions regard- 

ing the values of the various factors,’’ which is interesting. For years (some 

historian can name them) since the first pile formula was introduced, engineers 
and others have discussed the issues and argued about the validity of assump- 
tions used in deriving the remainder of the formulas extant. Now it is pro- 
posed that the Society, when publishing the Manual, give its blessing to still 
other formulas, which in no respect are more generally applicable or accurate 
than existing formulas. 
eee 

52 Waban, Mass. 

52¢ Received by the Secretary December 4, 1941. 
1“‘Pile-Driving Calculations with Notes on Driving Forces and Ground Resistance,” by A. Hili (Theory and practice; table of forces transmitted throu: ile; i > beating Wanless ground), Structural Engineer, Vol. 8, 1930, pp. 246-259, 278-288. ecm acre 
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Substituting the values assigned to the “various factors” to simplify the 
final form is merely compounding assumption, because the values are assumed. 
If the profession is satisfied to continue this procedure, it can rest assured that 
the field of assumptions is so broad as to plague it with the problem to eternity. 

Consider the field for assumptions: Types of piles, shapes of piles, sizes of 

piles, materials of which piles are made; variety of hammers used, methods of 

installation, types of equipment for handling and driving piles, job conditions, 

weather conditions, condition of equipment, types of soil and combinations of 

soil types into which piles are driven, types of structures to be supported, etc. 

Obviously no pile-driving formula is adequate for these variable conditions. 

Besides, if a perfect formula could be derived its answer would not necessarily 

provide a satisfactory pile foundation. So one wonders, why all the fuss and 

desire for change? The change, if any, should start with other than the laws of 

impact as a basis. Engineers are ‘getting nowhere fast’’ by inserting new 

assumptions, ever so often, into a basic formula that has been worn thin. No 

facts are available to prove “‘that Eqs. 8, 9, 16, and 17 are based on reasonable 

assumptions * * *’”; nor can any one delimit ‘‘* * * cases within the validity 
of the assumptions” as is intimated in Paragraph A-12. What would seem 

reasonable to one party may seem unreasonable to another and still both parties 

may be wrong in fact—all of which results in confusion at its worst. 
Then, why insert a static formula? Values of ‘‘f,” to have any meaning, 

must be established from load tests to failure, and reliable tests of that type 

have been very, very few. What would be a safe value of ‘‘f’’ for one location 
may well be totally unsafe for another location. It is true that safe pile load 

under limiting conditions may be based upon skin-friction value, where a safe 

value has been established by practical experience. To suggest the inclusion 

of this formula and its meaningless Table 1 is scarcely enlightening. 

The science of soil mechanics will not produce a static pile formula of any 

greater accuracy for universal application than present dynamic formulas be- 

cause those same variables are inherent in the solution of any pile-formula 

problem. One needs but little practical experience in pile driving to know that 

radical changes in pile lengths occur on many jobs and in many instances even 

within small pile footings. 
Before it can function at all, the science of soil mechanics requires complete 

subsurface data and samples of soil for identification and laboratory tests. 
This is a common-sense approach to every foundation problem except that the 

laboratory test is superfluous in such a high percentage of cases that it is 

necessary only to acknowledge its necessity in special problems. That pro- 

cedure has not been common practice in the past, and although improvement 

in that direction has been made in recent years, it is far from universal practice 

at present. Determination of the proper type of foundation to use on any 

other basis is ineffectual. Consequently, pile foundations have been resorted 

to for no other reason than that their use provided an easy solution, a cure-all 

or an “out” in many instances where they may not have been needed and the 

type of pile naturally could not have been selected to best suit existing ground 

conditions. Even where the use of piles is a proper solution, with no data on 

soil conditions at the site, it is impossible to know that they will function as 
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expected, although they are driven to satisfy every pile formula that has been 

developed. : 

Instances confirming this practice occur so constantly as to cause wonder- 

ment. At the same time it should be emphasized that the same unintelligent 

procedure results in unsatisfactory foundations of other types than piles wherein 

no driving formula enters as a factor of construction. 

It would be interesting to learn just how any pile formula will save that 

situation. Also it would be interesting to learn of one instance in which the 

requirements of the “Engineering News” “steam hammer” formula denomi- 

nator (s + 0.1) can be proved the sole cause of a pile foundation not per- 

forming asexpected. There is no intention here to belittle the extent of trouble- 

some foundation performance by merely requesting that single proof. . 

Experience has proved, however, that the use of the “Engineering News” 

“drop hammer” formula denominator (s + 1.0) has resulted in complete de- 

struction and mangling of many wood piles, this being the type of pile most 

extensively driven with drop hammers. 

Theoretical refinements probably have less justification in the field of pile 

foundations than in any other department of technical design and construction. 

So, rather than guess at a variety of coefficients, would it not be preferable to 

judge the result by experience in the first place and do away with a complicated 

mathematical process to obtain a questionable answer? 

Since engineers and others will use a pile formula of some kind, it seems that 

the ‘Engineering News’ formula denominator (s + 0.1) should be inserted in 

Report B and its limitations stated. It has been established in the United 

States, at least, by years of common usage, with no record of inadequacy against 

it, when properly used. 
Other sections of the Manual must clarify the reference to test piles men- 

tioned in both Reports A and B. 

A. E. Cummines,® M. Am. Soc. C. E.*—In the writer’s opinion, the 

publication of Report A in a Manual of Engineering Practice would be a seri- 

ous mistake. All of the formulas given in the Report were published at least 
fifty years ago and engineers have been “tinkering” with them ever since. 

The usual procedure is to make one assumption after another; to retain some 

terms and cast out-others; and then to publish a ‘“‘new’’ pile-driving formula. 

For example, Eq. 4 is said to have been proposed by Hiley in 1930. Actually, | 

this equation is nothing more than the so-called ‘‘complete” pile-driving for- 

mula published by Redtenbacher in 1859.4 
This is readily demonstrated by means of a few substitutions and a little 

sak from Eq. 10 is substituted for k 

in Eq. 4, and if n = 0 and e = 1.0 are also substituted in Eq. 4, the resulting — 

quadratic equation is easily solved for Rg and the solution is Eq. 19. In ~ 

other words, Eqs. 4 and 19 are based on the same set of fundamental assump- 

tions in spite of the fact that they do not look alike as published in the Report. 

53 Dist. Mgr., Raymond Concrete Pile Co., Chicago, II. 

58a Received by the Secretary December 5, 1941. 

% **Prinzipien der Mechanik und des Maschinenbaues,” by F. Redtenbacher, 1859. 

elementary algebra. If the expression 
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There are only five basic types of dynamic pile-driving formulas in use at 
the present time and all of them can be represented by the formula 

VURAL? Sorel? ge wae CA i oreo ae eae Ween as Am (49) 

- in which Q represents all the energy losses that occur during impact. For 
many years engineers have been making all kinds of assumptions as to what 
should and what should not be included in Q. The profusion of pile-driving 

formulas that can be found in engineering literature is simply the result of 
these assumptions. 

The simpiest formulas are the empirical formulas such as the “Engineering 
News” formula which can be expressed as 

Woe = Pals 0,1) Ras + OL Rages 0.0 sce oe be (50) 

When he published this formula, the late A. M. Wellington,» M. Am. Soc. 

C. E., objected to having it referred to as an empirical formula. However, 

the development of the formula was based on experience rather than on the- 
oretical mechanics and such formulas are rightly called empirical. The energy 

loss deduction amounting to 0.1 Ra was determined from a work diagram repre- 

senting the behavior of the pile under one blow of the hammer. 
Long before the “‘Engineering News” formula was published all of the other 

basic types were well known. As a matter of fact, it was the erratic results 

indicated by all of the then existing formulas that caused Wellington and 
others to reconsider the entire problem of pile-driving dynamics fifty years ago. 

Very few engineers appear to be aware of this fact at the present time. George 

L. Freeman,*® M. Am. Soc. C. E., has described the ‘‘Engineering News” 

formula as a “hoary old” formula. Actually, the “Engineering News” formula 

is the youngest of the lot and it came into existence because of the inability 

of the other formulas to give consistent results. 

Eq. 20 can be written in the basic form as 

Wartets echrW hdl maser ns eared: (51) 

in which the energy loss is represented by W ho. This formula is erroneously 

attributed to Franz Kreuter in the Report.? A formula of this type was first 

published by G. J. Morrison®’ in 1868 so that it antedates the ‘Engineering 

News” formula by at least twenty years. Eq. 51 has been the subject of 

considerable investigation, but the results obtained were quite erratic. Para- 

graph A-10 refers to a study of this formula that was made at Boulogne-sur- 

Mer, although the detailed record of the experiments is not given. These 

details are readily available elsewhere,** but they fail to substantiate the re- 

liability of this formula. Four piles were tested and all of them were driven 

55 Transactions, Am. Soc. C. E., Vol. XXVII (1892), p. 129. ; : 
6 ‘‘A Practicing Engineer Looks at Soil Mechanics,” by George L. Freeman, Civil Engineering, De- 

cember, 1938, p. 811. _ eee ae 

3'*A New Method for Determining the Supporting Power of Piles,’’ by Franz Kreuter athematica 

formulas for. posden piles), Minutes of Proceedings, Inst. C, B., Vol. 124, 1895-1896, Pt. 2, p. 373. Abstract 

in Railway Review, Vol. 36, May 9, 1896, p. 262. 

57 Minutes of Proceedings, Inst. C. E. (London), Vol. 27, 1868, p. 313. : 

58 Proceedings, International Conference on Soil Mechanics and Foundation Eng., Harvard Univ., 

Vol. II, 1936, p. 219. 
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into the same kind of soil with the same drop hammer. Three of the piles 

were 35 ft long with 16-in. butts and each weighed about 2,700 lb. The fourth 

pile was 30 ft long with a 12-in. butt and it weighed about 1,400 1b. According 

to Paragraph A-10, the value of ho determined in the field was the same for all 

four piles. According to Paragraph A-9, “the value of ho varies with the 

weight * * *, area, and length of the pile.” It is difficult to understand why 

the small pile gave the same value of ho as the three large ones. 

A much more elaborate investigation of Eq. 51 was made by Ph. Krapf*® 

on a considerable number of wood piles driven along one of the German canals. 

Krapf was unable to obtain consistent values of ho and he found it necessary to 

introduce another coefficient into the formula. The introduction of a co- 

efficient to make a formula check a set of experiments simply means that the 

theoretical basis of the formula is unsound and the empirical coefficient changes 

the theoretical formula into an empirical formula. 

The theoretical analysis leading up to Eqs. 16 and 17 involves several 

questionable assumptions although there is nothing to indicate this in the 

Report. Furthermore, the practical use of the ho-method is limited to drop 

hammers, and very little pile driving is being done with drop hammers at the 

present time. To vary the length of the stroke of a steam hammer, it is neces- 

sary to do a machine shep job on the hammer. 

The third basic type of dynamic pile-driving formula may be written in 

the form 
2 

Wg Be oe eb ons oe ee (52) 

When this quadratic equation is solved for Rg, it becomes the Weisbach for- 

mula which was published about 1850: 

pe eee Ee: Tie Samah ae (53) 

In formulas of this type, the temporary elastic compression of the pile is as- 

sumed to be the only energy loss that needs to be considered. Certainly 

there are other energy losses involved in pile driving but Eq. 52 ignores these. 

Furthermore, the equation is based on the assumption that the dynamic energy 

loss can be computed by static theory. The last term in Eq. 52 represents the 

potential energy of strain in a compressed strut subjected to a static load of 

amount Rg at each end. In the first place, it is well known that the elastic: 
compression under impact is something entirely different from the elastic com- 
pression due to a static force. In the second place, the resistance is scarcely 
ever applied entirely at the pile point. There is usually some resistance along 
the sides of the pile and in many cases practically all of the resistance is on 
the sides and the point resistance is negligible. Accordingly, it is not to be 
expected that the energy loss due to temporary elastic compression can be 
computed with any reasonable degree of accuracy by means of an expression 
taken from static theory without modification for use in a dynamic problem. a eg ee 

69 “*Formeln und Versuche iiber die T. ahickeit ei # ” : der Ingenieurwissenschajt, Group O Ne 13 teen isoa fee Pfahle,” by Ph. Krapf, Fortschritie 

_™ 
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The fourth basic type of dynamic pile-driving formula may. be written in 
the form 

P(1i — n?) So eg ae (54) 

In this equation, the last term represents the energy loss on the assumption 
that pile driving is an impact problem that can be solved on the basis of the 
impact theory established by Newton. When the impact is assumed to be 
perfectly inelastic (n = 0), Eq. 54 reduces to 

Wh 

Wh=Ras+Wh 

which is the pile-driving formula published by Eytelwein in 1820. 

As to whether or not. pile driving is a problem in Newtonian impact, the 

most reliable authority should be Newton himself. After describing his ex- 

periments, Newton states that his method can be applied to various kinds of 
elastic bodies 

““* * * except where parts of the bodies are damaged in the collision 
or where they suffer some such extension as occurs under the strokes of 
a hammer.” 

The first part of Newton’s statement has come down in the form of the usual 

specification requirement that the broomed heads of wood piles must be sawed 

off before the final hammer blows are struck. The significance of the second 

part of Newton’s statement is being overlooked by engineers who think that 

pile driving is a problem in Newtonian impact. In order to understand this 

it is only necessary to consider the fundamental difference between pile driving 

and the experiments Newton made in the development of his impact theory. 
Newton’s impact experiments were made with spheres suspended as pendu- 

lums. When the spheres were at rest they were just tangent to one another. 

One sphere was then pulled away and allowed to swing in an arc and strike 

the stationary sphere. The movements of both spheres after impact were 
carefully measured. These spheres were free bodies except for the restraints 

produced by the strings on which they were suspended. However, these re- 

straints affected only the path in space which the spheres had to follow and 

there were no restraints that could contribute to the elastic distortions of the 

spheres themselves. In the pile-driving problem the movement of the pile is 

hindered by external reactions from the surrounding earth and the conditions 

are not the same as those under which Newton made his experiments with 

spheres. Newton deduced his impact theory as a part of the proof of his third 

law of motion. In his explanation of this law, Newton mentions two colliding 

bodies and gives his rules for their behavior provided that ‘“* * * the bodies 

are not hindered by any other impediments.” 
OO EE Ba a ae a ae RE eee ee ee ee 

60 “‘Philosophiae Naturalis Principia Mathematica,” by I. Newton, 3d Ed., 1726, Scholium to Corollary 

VI, p. 24. 

61 Joid., Law III, p. 14. 
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The significance of this question of external restraint is readily explained 

by an analogy from the game of billiards. When the cue ball collides centrally 

with the object ball in the middle of the table, the subsequent behavior of the 

two balls is determined almost entirely by the coefficient of restitution for ivory 

on ivory. If the object ball is frozen against a cushion and if the cue ball is 

driven against it at a right angle to the cushion, the subsequent behavior of the 

balls is no longer controlled by the coefficient of restitution for ivory on ivory. 

The restraint provided by the cushion and the elastic properties of the cushion 

become factors in the problem and an impact phenomenon of this kind is a 

three-body problem. Newton’s impact theory with its coefficient of restitu- 

tion is limited to two-body problems. 

The most simple kind of pile-driving operation is the case in which a drop 

hammer strikes the unprotected head of a wood pile. Even in this simple 

case, the Newtonian theory of impact cannot be used because of the restraints 

applied to the pile by the surrounding soil. In most pile-driving operations 

there are several objects such as a driving bonnet, a cushion block and several 

steel plates between the pile head and the hammer. In addition, there is the 

restraint of the surrounding earth. The pile-driving problem is therefore en- 

tirely outside the scope of the elementary Newtonian theory of impact and there 

is no such thing in pile driving as a ‘coefficient of restitution” in the New- 

tonian sense. 
The so-called “complete” pile-driving formula is the fifth basic type and 

this may be written in the form: 

P(1 — n?) nee R2; L’ } 
eo SAH Toa Bt Ef -8) Wh=Rest+| Wh 

In this equation, L’, A’, and E’ refer to the driving cap, and K is the energy 

loss due to the temporary elastic compression of the soil. The two bracketed 

terms on the right-hand side represent the total energy loss. It is easily seen 

that this is Eq. 3 when & in Kq. 3 is replaced by its value as given in Eq. 11. © 

The term in square brackets is the energy loss derived on the assumption 

that pile driving is a problem in Newtonian impact. The use of this term in a 

pile-driving formula is based on a misunderstanding of the scope of Newton’s 
theory of impact. The term in curled brackets represents the energy loss due 

to the temporary elastic compression of the pile, the pile cap, and the soil. j 

The expressions included in this term are based on the assumption that there 

is practically no difference between dynamics and statics. It is assumed that 

the temporary elastic compression under impact can be computed by a static © 
formula. In other words, Eq. 56 includes all the erroneous assumptions that 
are involved in Eqs. 52 and 54. 

An even more serious fallacy involved in Eq. 56 is the inclusion of those 
two bracketed terms in a single equation. In Newton’s experiments, both 

spheres were elastically distorted during the collision and a small amount of 
heat was generated. However, Newton did not attempt to analyze the prob- 

lem by computing elastic distortions or any other “particular” kind of energy 

losses. He based his theory of impact on what is now called the coefficient of 

—o 
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restitution and, by definition, the coefficient of restitution includes “all” of 
the energy losses that occur in a given case of Newtonian impact. The term 
in curled brackets in Eq. 56 refers to particular energy losses in the form of 
elastic distortions but these are already included in the Newtonian term. 

- Accordingly, the term in square brackets and the term in curled brackets are 
mutually exclusive and one or the other of them should be eliminated. When 
both terms are included, some of the energy losses are being subtracted twice. 

The fact that there are excessive energy loss deductions in pile-driving 
formulas like Eq. 9 can be demonstrated in several ways. In the first place, 
there is the question of the safety factor. Practically all of the other basic 
types of formulas are used with a safety factor of 6. For Eq: 9, a safety factor 
of 3 is recommended. Actually, the formula itself is seriously erroneous on 

the side of safety so that a small safety factor is necessary to compensate for 

the error. If the usual safety factor of 6 were used, the formula would require 
absurdly high driving resistances, and any engineer familiar with actual pile- 
driving operations would know that there was something wrong with the for- 
mula. In the second place, Eq. 9 does lead to absurd results in some cases in 
spite of its small safety factor. The piles used for the foundations of the 

James River Bridge® were pre-cast concrete piles 24 in. square and 115 ft 

long. They were driven with a single-acting steam hammer having a ram. 

weighing 7,500 lb and a stroke of 42 in. It was required to drive them to 
an indicated safe bearing capacity of 40 tons each. To apply Eq. 9 to this 

problem, it is necessary to solve the equation for the required penetration 

_36Wh W 
R 

If Young’s modulus of concrete is taken as 3,000,000 lb per sq in. and if Eq. 

11 is used to compute k, Eq. 57 gives a negative value of s. When this result 

is obtained from the formula, it means that a heavier hammer is required. 
Nevertheless, the piles were driven as described and the bridge is standing 

satisfactorily. 
The other basic types of pile-driving formulas can be solved for s and ap- 

plied to this James River Bridge problem. The driving resistances required 

by the different formulas for the 40-ton load will vary over a wide range, but 
~ none of them will lead to the conclusion that the job could not be done with a 

single-acting steam hammer with a 7,500-lb ram and a 42-in. stroke. Since 

these were very heavy piles, the instructions in Paragraph A-12 could be in- 

terpreted to mean that Eq. 4 should be used instead of Eq. 9 and that some 

numerical value of should be substituted in Eq. 4. However, it appears as 

if an engineer would have a difficult problem in trying to decide when to use 

Eq. 9 with n = 0 and when to go back to Eq. 4 with some finite value of n. 

The process undoubtedly requires a certain amount of mental dexterity com- 

bined with a little a posteriori reasoning. If Eq. 9 gives an answer that does 

not fit the facts, it is only necessary to make a carefully selected set of new 

assumptions so that it will fit. 

62 Transactions, Am. Soc. C. E., Vol. 95 (1931), p. 263. 
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The most unfortunate thing about Report A is the manner in which it 

presents the derivation of Eqs. 8 and 9. Whenever an assumption is made in 

the derivation of these equations, the assumption is said to be “reasonable” or 

“logical.” Assumptions made in the derivation of other formulas are called 

“unwarranted.” Eq. 4 is presented as an equation that “involves no simplify- 

ing assumptions.” Actually, this equation involves assumptions that are 

fundamentally unsound from the standpoint of elementary mechanics. For 

example, Eq. 4 is based on the assumption that Newton’s theory of impact 

with its coefficient of restitution can be applied to an impact problem involving 

more than two bodies. The error in this assumption is not a matter of opinion. 

It is a matter of fact which was stated clearly by Newton himself several hun- 

dred years ago. 

In the writer’s opinion, a Manual of Engineering Practice should not present 

technical information in the manner in which these pile-driving formulas are 

presented in Report A. Eqs. 8 and 9 are described as being reliable and of” 

comparatively recent origin. As far as reliability is concerned, there is an 

abundance of field evidence available to show that such formulas are quite 

erratic. Furthermore, these formulas are not new since they were first pub- 

lished at least eighty years ago. 
As a matter of fact, the only new concept that has been introduced into 

pile-driving dynamics in the past fifty years is the theory of the longitudinal 

impact of long elastic rods. This theory itself is not new as it was developed 

by St. Venant® and Boussinesq®! many years ago. The application of the 

theory to pile-driving dynamics was first suggested by D. V. Isaacs,® and the 

British Building Research Board® in 1938 demonstrated the fact that the 

behavior of full-sized piles under actual field conditions can be predicted with 

considerable accuracy by means of this theory. The theory is concerned with 

the question of stress transmission through the pile and, unfortunately, it 

involves some rather difficult mathematics. However, there is a considerable 

amount of field evidence available which shows that the stress transmission ~ 

characteristics of a pile are of great importance not only in determining its 

behavior during driving but also with respect to its subsequent ability to carry 

static load. This method of investigating the phenomena of pile-driving dy- 

namics is one that deserves the careful attention of all engineers engaged in 
pile-driving work. It is a new and promising field for investigation. 

Report A contains several other statements that should either be eliminated | 
or presented in a different manner. In Paragraph A-12 is a statement about 
the “whipping”’ of light piles which is said to have a great effect on the com- 
puted dynamic resistance. It is a simple matter to analyze this problem to 
determine the effect of whipping. In the first place, most foundation piles 
are driven entirely into the ground and the pile-driving formula is used only 
at the end of the driving process. If such piles are driven through a surface 

% Journal de Liouville, Tome XII, 1867, p. 237. 

* “‘Application des Potentiels,”’ 1885, p. 508. 
% Journal of the Institution of Australian Engineers, Vol. 3, 1931, p. 305. . 
66 “‘An Investigation of the Stresses in Reinforced Concrete Piles During Driving,” by W. H. Glanville, G. Grime, E. N. ; ; 2 gets : : Pie eas Pt NEA ore Technical Paper No. 20, Dept. of Scientific and Industrial Research, — 
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crust of hard ground, they may whip at the beginning of driving. However, 

when the pile is in the ground and the driving resistance is being measured for 

the calculation of indicated bearing capacity, there is no whipping. 
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In some cases, long slender piles are driven for marine structures under the 

conditions indicated in Fig. 10(a). Let it be assumed that the pile would bend 

into a single loop of a sine curve as shown in Fig. 10(6) so that the equation of 

the elastic curve could be expressed as . 

in which a is the maximum deflection at midlength. The strain energy, V, 

stored up in the bent pile can be determined from the equation 

in which EZ is Young’s modulus of the pile material and J is the moment of 

inertia of the pile cross section. Differentiation of Eq. 58, substitution of the 

proper derivative in Eq. 59, and the subsequent integration of Eq. 59, will give 

the strain energy 
a? rt BI 

red ais gy ee EE RE ORE FR ee geo (60) 

The bending moment in the pile can be determined from the equation 

é 2 
M=-EI UY pare nickel ieee (61) 
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Differentiation of Eq. 58 and the substitution of 3 in the derivative give the 

maximum bending moment 

Max = 

in which S is the section modulus of the pile cross section. 

Let it be assumed that a 10-in., 42-lb H-beam, 60 ft long, is being driven 

with a single-acting steam hammer having a ram weighing 5,000 lb and falling 

3 ft. Let it be further assumed that the pile bends 10 in. out of line at mid- 

length under one stroke of the hammer. The quantities to be used in the 

computation are: a = 10 in.; L = 720 in.; H = 30,000,000 lb per sq in.;-. 

I = 71.4 in.,4 and S = 14.2 in. These last two quantities refer to the weak 

axis of the H-beam since the pile would most probably bend across that axis. 

Eq. 60 gives the energy loss as 14,100 in-lb, which is about 8% of the energy 

input of the hammer. Eq. 62 gives the maximum bending moment as 410,000 

in-lb. Eq. 63 gives the maximum fiber stress as 29,000 lb per sq in., which is 

close to the yield point stress of 33,000 lb per sq in. commonly required for 

structural steel. 

Accordingly, the pile can be bent to the yield point of the steel with the 

absorption of something less than 10% of the hammer energy. The same kind 

of calculation may be applied to wood piles and the results are similar. If the 

pile is shorter and stiffer or if the hammer is lighter, there is little or no whipping 

and consequently no serious energy loss from this cause. Although this method 

of calculation is only an approximate method, it indicates that the pile would — 

very probably break before it could absorb more than 10% of the hammer 
energy. 

Another part of Report A that needs revision is the section on static for- 
mulas which indicates that such formulas are practically useless. Actually, © 

the problem of determining the bearing capacity of a pile is a static problem. — 
During the past few years various investigators have studied this problem by © 
means of static methods and the physical properties of the soils surrounding 
the pile. Relatively few of the test results have been published to the present 
time but it is the writer’s considered opinion that the static approach to this — 
problem has been neglected too long. Modern soil mechanics should be able — 
to determine soil properties with sufficient accuracy to enable engineers to 
predict pile bearing capacities from static considerations. The possibility of © 
doing this would require much careful investigation, but the static method _ 
represents a rational approach to a static problem that has been confused — 
with dynamics for at least a century. Furthermore, the results obtained by | 
static methods could scarcely be more erratic than the results now being ob- 
tained with dynamic formulas. 
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The erratic nature of the results obtained with dynamic formulas is a sub- 
ject to which engineers have paid far too little attention. There is available 
a very considerable amount of pile-driving data from which it is possible to 
determine indicated bearing capacities by means of a number of dynamic 
formulas and then to compare these computed results with the actual bearing 
capacity determined by a load test to failure. When such data are tabulated 
it is always seen that some of the computed results are several hundred per 
cent above or below the actual test results. Many engineers tabulate data of 

this kind for a set of 25 or 30 experiments and then compute the numerical 
average of the test results apparently on the assumption that the numerical 
average is a figure with practical significance. Actually, the calculation of the 

numerical average is only the first step in the statistical analysis of a set of 
data of this kind. When the numerical average is compared with the individual 

| test results, it is seen that only a few of the results are close to the average and 

that the remainder vary from the average as much as several hundred per cent 
in either direction. In the language of statistical mathematics the ‘‘devia- 
tions” of the individual results from the mean are very large and it is prac- 
tically impossible to predict even the “‘most probable” value that could be 
expected in a given case. 

It seems certain, therefore, that the problem of pile-driving dynamics in- 

cludes factors that cannot be taken into account by formulas of the kind in- 

cluded in Report A. The complicated formulas are no more accurate than the 

simple ones although the complicated formulas may look authoritative. Ac- — 

cordingly, the pile-driving operation might just as well be controlled by a 

simple empirical formula. In regions where there exists a considerable amount 

of pile foundation experience, such empirical formulas have been developed 

and are being used. In regions where there is no previous pile foundation ex- 

perience, the simple formula backed by good judgment and a careful soil 

investigation are as adequate to solve the problem as a complicated formula 

based on a half a dozen questionable assumptions. 
As to how this material on pile formulas should be presented in a Manual 

of Engineering Practice, the writer has the following suggestions to make. 

The body of the Manual should contain a series of plain statements on the sub- 

ject similar to Report B. If any mathematical derivations are to be included, 

they should be placed in an appendix. The mathematics should cover static 

as well as dynamic formulas and each formula should be accompanied by a 

clear statement of the assumptions on which it is based. Above all, the Manual 

should not present one formula as being thoroughly reliable and all others as 

being entirely unreliable. 
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DESIGN AND CONSTRUCTION OF SAN GABRIEL 

DAM NO. 1 

Discussion 

By JosEpH JAcosBs, M. Am. Soc. C. E. 

Josrru Jacoss,® M. Am. Soc. C. E.*—This is a splendid paper, presenting 

in commendable detail the procedures and technique of design and construc- 
tion, and many of the results obtained in the actual building of a very important 

and somewhat unusual earth and rock-fill dam structure. It is desired to refer 
briefly to a few of the items discussed in the paper. 

(1) The Original Design.—It is not clear why entirely adequate tests of 

quarry composition, as to the proportions of fine and coarse materials that 
would probably be yielded, were not made in advance of the preparation of 

plans and specifications. Presumably, more extensive tests than apparently 

were made would have avoided, or at least materially lessened, the train of 
unfortunate events (not fully discussed in the paper) that resulted from the 

lack of correct foreknowledge as to quarry composition. A dam structure of 

magnitude always justifies thorough and extensive advance exploration for 

required construction materials, foundation conditions, etc. 
(2) It seems also, to the writer, that the specifications imposed too severe 

an exclusion of the fines, particularly in view of the fact that the rock was to 

be placed dry. The inclusion in the rock-fill section of a dam of a fair propor- 

tion of such fines, for example, as were eliminated by the original specifications, 

makes for a denser and more stable structure (even though the friction coeffi- 

cient may be somewhat decreased) and one that is satisfactory as to perme-’ 
ability. In the present case, as was disclosed soon after construction was 

begun, the disparity in the proportions of coarse and fine material of Quarry 10 

was too great to warrant construction, economically, of a rock-fill dam with 
borrow from that source. 

(3) The Revised Design.—The assumption, or rather the crediting, of no 
sliding resistance to Zones 1 and 2 in determining dam stability was in the ~ 

ce ae paper de Paul Bounaae Ms en wipaties E., vie published in September, 1941, Pro- 
ceedings. Discussion on paper has appeared in Proceedings, as follows: N ber, i - 
Jun. Am. Soe. C. E.; and December, 1941, by William P. Creager, M. yi She. ©. 108, ee 

5 Cons. Engr., Seattle Wash. 

5a Received by the Secretary December 15, 1941. 
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direction of increasing the factor of safety against sliding failure, but that 
assumption may be regarded as too severe, for those zones definitely do have 
appreciable sliding resistance, particularly Zone 1 with its dominant rock con- 
tent and with a shear coefficient probably not less than 0.75. An alternate, 
and perhaps a more economical procedure, would be to assign their nearest 
probable value to all zone resistances, rather than to ignore some of them as 
was done for Zones 1 and 2, and then apply a conservative over-all safety factor 
to the entire cross section of the dam, or to such portion of it as was involved 
in the plane or curved surface of least shear resistance. It is hoped that the 

author, in his closure, will indicate the location of the critical line of shear 

weakness and just how he obtained his necessary average shear coefficient of 
0.37. For a horizontal section at the base of the dam, the shear coeftlicient 

would seem to be less than 0.37 for a safety factor of one, although that value 
must, of course, be appreciably exceeded for assured safety. 

(4) It is difficult to obtain entirely dependable cohesion and friction factors 

by laboratory tests and both caution and good judgment are required in making, 

interpreting, and applying such tests to full-size embankment conditions. 

This is particularly so because laboratory tests are made on practically homo- 

geneous soil samples, whereas embankments are rarely, if ever, entirely homo- 

geneous. Laboratory tests, however, are indispensable aids in connection with 

earth-dam design and stability analyses, but their inherent limitations must be 
recognized and conservative safety factors must always be used in applying 

the results of such tests to actual design and construction. 

(5) The author’s several graphs of laboratory tests showing the relation- 

ship, under varying conditions, of shear coefficients, vertical pressures, pene- 

tration resistances, densities, etc., are all of great interest. Among other 

things they indicate the following: 

(a) That density increases with vertical pressure but at a very much 

slower rate, and that under high vertical pressure the final densities are 
practically equal despite appreciable differences in the initial densities at 

which the samples were tested (Fig. 19(b)); 

(b) That, except for sample D for the higher pressures, there is a pro- | 

gressive decrease of the shear coefficient with increase of vertical pressure, 
the initial density remaining constant; and a progressive increase of the 

shear coefficient with increase of initial density, the vertical load remaining 

ing constant (Figs. 19(c) and 22); and 

(c) That, except for sample D for the higher pressures, there is a pro- 

gressive decrease of the shear coefficient with increase of penetration re- 

sistance, the initial density remaining constant; and a progressive increase 

of the shear coefficient with increase of initial density, the penetration re- 

sistance remaining constant (Fig. 20). 

(6) Each of the indications cited, when considered alone, seems to be logical 

and, apparently, is in general accord with observations elsewhere ; but a com- 

parison of the shear coefficients for varying vertical pressures (Fig. 19(c)) with 

those for varying penetration resistances (Fig. 20), for identical arguments 
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in pounds per square inch, shows differences that are not so readily accounted 

for. These differences vary irregularly and range from zero to 70% or more, 

the higher shear values being those pertaining to penetration resistances. To 

be sure, vertical pressure and penetration resistance, as now determined, are 

not identical, and, although the latter is intended primarily as a quick field 

index of density and moisture content, yet it would seem, if it were accurate, 

that it also should be, in so far as shear values are concerned, a fair index of 

pressure equivalence even though its technique does differ from that of the 

normal pressure test. 

(7) The preceding statement is not intended to imply that the laboratory 

tests were in any sense below par (apparently, they were all carefully made) 

but merely to indicate that such tests are not free of difficulties and limita- 

tions that may mar results, and also to emphasize that there is yet much that 

is elusive, vague, and unknown in the field of soils mechanics, particularly in 

the relationship of shear, internal friction, and cohesion. It is suspected that 

part of the cited difference in shear values is due to the fact that the present 

usual method of determining penetration resistance is not very accurate. Too 

much of the personal equation enters into that determination, involving, as 

it does, both the time rate and the intensity of man-power load application. 

Some new device should be developed that will largely eliminate the personal 

equation and permit more accurate correlation to density and supporting power 

of the soil. Such a device might take the form of a small fixed weight falling 

through a fixed height on a penetration needle of known diameter, and with a 

gage or scale calibration correlated to fairly large-size pressure tests on the 

same soil as that of the penetration needle tests. A series of such tests should 

afford a fairly dependable correlated calibration for manufacture of the 
apparatus. An's 

(8) It is also possible that the generally accepted formula for shear may 

not be, and probably is not, entirely correct. It usually takes the form 

Fura C+ f PRS ole (14) 

in which F; = total shear resistance; C = total cohesion resistance, or total 

resistance at zero loading, the cohesion per square foot being regarded as a 

constant for a given soil; f = coefficient of internal friction, regarded, usually, 

as a constant for a given soil; and P = total imposed vertical load. 
. It is the writer’s concept that both total friction and total cohesion increase 

with density and with vertical loading; that the coefficients of friction and 

cohesion generally decrease with increase of vertical loading; and, as previously 

stated, that soil densities increase with vertical loading at a greatly retarded 
and progressively decelerating rate. On the basis of these concepts the shear 
formula might take the basic form, 

Fa 0 PePip st Px al Gu (15) 

in which the additional factor, c, is the coefficient of cohesion. The thought — 

_is that C is a base constant for a given soil and for a specific standard dry den- 
sity, say 100 lb per cu ft, and that c and f are not constants but are variable 
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functions of P—probably exponential functions and not identical for ¢ and bi 
Only extensive laboratory tests correlated to proper mathematical analysis can 
determine what these functions are and what the equation in its final form 
should be. ; 

(9) Roller Tests, Zone 3.—Fig. 9 seems to indicate that the lower compaction 
costs resulted from the use of the heavier roller units with relatively few passes 
rather than from the lighter units with a larger number of passes. Apparently, 
the lowest unit cost, particularly if considered on the basis of cost per cubic 
yard, or cost per square foot per ton-pass of roller, was for eight passes of the 
tandem combination, consisting of one double unit, loaded with sand and water, 
and one double unit, unloaded. The indicated initial unit cost, however, is 

not necessarily the final single criterion as to the best roller combination to be 

adopted. The final dry densities desired, and those actually attained under 
the different tests, must also be considered, and no doubt were. 

(10) It would be informative, and would add appreciably to the complete- 

ness of the record as presented in the paper, if the following data were added to 

the tabulation immediately preceding Fig. 9, and for each of the roller com- 

binations listed: The average cost of compaction per cubic yard, the average 

dry density attained at optimum moisture and what that optimum was, and 

the average travel speed in miles per hour. It would also be of interest if 

the author, in his closure, would state just what roller combination, and just 

what number of passes were actually used, in the construction of Zone 3. 

(11) Densities—The densities attained in San Gabriel Dam are a good 

illustration of what can be accomplished with any reasonably good earth ma- 

terial under the present efficient methods of constant check of the properties 

of the materials as placed, and unremittent compaction and moisture control 

during the entire period of embankment construction. The degree of density 

obtained is largely a question of economics—what one feels warranted in ex- 

pending for synthetic proportioning and mixing of the constituent materials, 

and, in compaction effort, to secure the density desired. The Zone 3 dry 

density of 144 lb per cu ft for material in place, including rock and fines, is 

perhaps 10% to 15% in excess of that which, in earlier years, was attained or 

attainable with the equipment then available, and then regarded as acceptably 

good. There are many intact old embankments whose dry densities are less 

than 120 lb per cuft. With its moisture content of 5%, the wet density of the 

Zone 3 material in place was about 151 lb: per cu ft, a density, as the author 

indicates, comparable to that of good concrete. 

(12) Other recent examples of high densities attained in earth embank- 

ments are Green Mountain Dam on the Blue River in Colorado, and Deer 

Creek Dam on the Provo River in Utah, completed in 1941, both being struc- 

tures of the U. 8. Bureau of Reclamation. The former, for its impervious 

zone, attained an average dry density of about 141 lb per cu ft for the material 

in place and an average wet density at optimum moisture (+9%) of about 153 

Ib per cu ft, with departures from about 5% below to 2% above these values. 

For Deer Creek Dam, the average wet field density of the impervious section 

was also about 153 Ib per cu ft with an optimum moisture somewhat greater 
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than that for Green Mountain Dam. These densities, in the main, were se- 

cured with twelve passes of duplex and triplex sheepsfoot roller units, ranging 

in weight from 1 ton per lin ft of roller, unloaded, to nearly 2 tons per lin ft 

fully sand and water loaded. 

(13) Seepage—The author states that the laboratory tests of Zone 3 ma- 

terial indicate a permeability coefficient of 1.05 (1.05 cu ft per sq ft per yr for 

unity gradient), a maximum velocity of 6.2 ft per yr (also for unity gradient), 

and a seepage loss of 99.5 cu ft per yr per lin ft of dam at its maximum section. 

This means, with reservoir water surface at spillway crest elevation, a total 

seepage for the structure of less than 0.01 cu ft per sec—an entirely negligible 

amount. If the data are available, a comparison of the seepage loss as indi- 

cated by laboratory test with that of the actual structure in operation at full 

reservoir stage would be of interest. The writer suspects that the latter is 

very much the greater. 

(14) The fact is that for any acceptably good dam material, properly placed 

and compacted by modern methods, as already referred to in a previous para- 

graph, seepage, as indicated by laboratory test, is almost always negligibly 

small, and is almost always greatly exceeded by the actual seepage of the 

finished structure. This by no means implies that the laboratory work is 

poorly done, or that the dam is not well and carefully constructed, or that 

the actual seepages exceed safe permissibility although, in some cases, they 

may be of that character. Usually, the reverse of these conditions prevails. 

(15) Seepage through the actual structure is not uniformly distributed; nor 

is it of uniform intensity, as through an entirely homogeneous mass of uniform 

density and porosity, such as is practically the case for laboratory tests. 

Usually, it manifests itself in distinctive areas or sections of the dam where, 

possibly, a minor shear plane may have developed from slight differential settle- 

ment, or where conditions as to compaction or composition of the material itself 

may have been somewhat below normal. Also, if adequate cutoffs have not 

been provided, the major seepage may be under or around the ends of the dam. 

Whatever the cause or causes, however, it may be anticipated that actual seep- 

age will exceed laboratory seepage. It should be appreciated then, that, 

although laboratory tests are highly informative, indeed indispensable, and are 

valuable indexes of the comparative impermeabilities of the different borrow- 

pit materials from which selections must be made for dam construction, they 

should not be regarded as safe measures of the absolute seepage that will ob- 

tain in the finished structure. ‘ 

Corrections for Transactions: In September, 1941, Proceedings, on page 

1214, third from the last line, change “lines” to ‘fines’; in the abscissas of 

Fig. 13, change “‘sq in.” to “cu ft’; and on page 1225, line beneath Eq. 5, 

change “2g uw” to “V2 gp.” 
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ENERGY LOSS AT THE BASE OF A FREE 
OVEREFALL 

Discussion 

By MERIT P. WHITE, Assoc. M. Am. Soc. C. E. 

Merit P. Wuirtz,® Assoc. M. Am. Soc. C. E.9*—In this paper the author 
points out that flow conditions below an overfall are completely determined, 

provided the amount of energy lost in the transition is known. The author 

measures this energy loss in a model and gives a curve (Fig. 7) showing the 

relation between 7 and * in which £; is the total flow energy below the fall 

(expressed as head), d, is the critical depth for parallel flow corresponding to 

the given discharge, and h is the drop in the floor of the channel (Fig. 5). It 

is shown that for large drops the energy loss is considerable. 

Actually, this loss of energy can be determined fairly accurately by theory. 

This has been done, and the results are given in Fig. 15, which also shows, for 

comparison, the author’s experimental curve (2) taken from Fig. 7. 

The standing water behind the fall, shown in Fig. 5, results from the fact 

that a jet of fluid striking a surface tends to disperse in all directions along the 

surface. Fig. 16 shows a sheet of water striking a flat surface, which makes the 

angle @ with the jet. In this case there is nothing to interfere with the flow 

of water away from the point of impact. Here the greater part of the water 

flows to the right and the remainder to the left, as indicated by the dimensions 

d, and d, on the jet. Note that d, and dy are also the thicknesses of the water 

sheets flowing along the plane—that is, the water velocity changes only in 

direction, not in magnitude. The energy loss is negligible in this case. The 

ratio between dz and d, can be found from the fact that equal and opposite 
horizontal forces (parallel to the plane) act on the two water sheets to turn 

them from the original direction—that is, since the plane can only exert forces 

normal to itself, the net change in momentum parallel to the plane must be 

zero. Fig. 17 shows the velocity vectors for the upper water sheet before and 

after impact. In this figure the broken line shows AV, the change in velocity, 
CS OE oe eee eee Ee ee eee 

Norz.—This paper by Walter L. Moore, Jun. Am. Soc, C. E., was published in November, 1941, 

Proceedings. 

‘9 Asst. Prof., Illinois Inst. of Technology, Chicago, III. 

9a Received by the Secretary November 24, 1941. 
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which is the difference between the two velocity vectors. The horizontal com- 

ponent of the velocity change equals V(1 — cos). In the upper sheet the 

mass of fluid flowing per second in unit width is Vda. Therefore, the change 

h 

Values of di 

Val ga! alues 0 de 

Fig. 15.—Enerey at THE:BASE OF THE Fatt (CoMPARISON OF THEORETICAL VALUES WITH ’THE 

EXPERIMENTAL RESULTS SHOWN IN Fic. 7) 

in the horizontal momentum in one second in unit width of channel must be 

ae da (1 — cos @) in the upper sheet, and 7 V? d» (1 + cos @) in the lower. 

Equating these gives 

FM EER Y pu at ak (13) 

Because of the water standing beneath the fall (Fig. 5), the actual situation 

is somewhat different from that shown in Fig. 16, in which nothing hinders the 

flow of water along the plane. The water in the lower sheet flows into the 

bottom of the standing pool, causing clockwise rotation, while comparatively 

still water passes from the pool into the jet at exactly the same rate. This 
mixing is responsible for the loss of energy. 

Fig. 18 outlines the general method of analysis and should be referred to 

frequently in the following: In the jet, just above the surface of the pool, 

there flows a quantity of water per second, Q, at a velocity V. Below the level 
of the surface of the pool the jet acquires additional fluid from the pool, which 
reduces the velocity of the jet. The jet must thicken here on account of the in- 
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crease in Q and the decreasein V. At the floor the jet must divide into sheets of 

thicknesses d, and dz whose ratio depends on the angle of approach 6, according 

to Eq. 13. Since the flow to the right, away from the fall, must be Q, the flow 

V (After) 

Fie. 16.—Two-DimensionaL JEer Fie. 17.—VELOcITIES IN 
Striking IncuineD PLANE Upper SHEET OF JET 

BEror® AND AFTER 
Impact 

to the left into the pool, Qs, is determined in terms of 6—that is, 

_ dy 1 — cos@ 
Madey STi cos 6 © Bhe,sieifenorwe Weiiers' <8 ') olala) srerelw 

This is also the flow from the pool back into the jet. Assuming that this return 
flow has negligible momentum in the direction of the jet, the total momentum 

Ve 
—> 

ae A Vi=Vn= =V (149%?) 

Fie. 18.—Inciinep Jet wits Stanpine Poot on~Onn Sipe Fria. 19.—DETERMINATION OF Vz 

of the jet will not be changed in the mixing process. This determines V,,,, the 

velocity after mixing. The momentum equation is 

Y ee tty, 1— =) 
aoe X( a+ erro Vi AG ee Oe (15). 

which gives 

Vere u CU Pte CORO) pertains dts hee ash elem te a (16) 

Since Vm equals Vi (the outflow velocity): 

Vi= ud CPt G08 0) Wate sank, ot 0d oe (17) 

and the corresponding depth of flow is 
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In these equations, V is the velocity and 6 is the augle of inclination that the 

jet would have at the floor if there were no pool. The cosine of the angle @ is 

the ratio of the horizontal component of the jet velocity, Vz, to the total 

velocity V. Velocity Vz is found by equating the horizontal force at the 

critical section above the fall to the change in horizontal momentum between 

this point and any point in the free jet (Fig. 19)—that is, 

yaa ze 
9 te Hime pease 7s i Oke RGe See (19) 

Since Q = V.d- and Ve = Vg dc, this gives 

Velocity V, the velocity corresponding to the total fall, is obtained from the 

initial energy. 

. Then 
nD aVie be 1.06 

TE oe eats: \2a(h+5 ae ) Vit 

Substitution of these values in Eq. 18 results in 

dy V2 
qe a (23) 

e 1.06 + 4/4 3 
i 3 

which determines the depth of flow just below the fall. The total energy of the 

discharging fluid is found by means of the relation 

cos @ = 

be ep er eters ah yeyde® couch ee (24) 

Then 

Sie 

7 ; ; 1 to 

1.06 ary Se Nae 
The solid line of Fig. 15 shows this relation, and the broken line gives the 

results of the author’s experimental investigation. In view of the crudeness 

of the present analysis the agreement between theory and measurement is 
satisfactory. 
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