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tiie VALUE OF PETROGRAPHY IN DETER- 
MINING THE QUALITY OF ROCK 

Reported by D. G. RUNNER, Assistant Materials Engineer, Bureau of Public Roads 

LL rocks are constantly being subjected to forces, 
both chemical and physical, that tend to destroy 
them. In contrast to these destructive forces, most 

rocks have many qualities that give them the capacity 
to withstand this destruction. The capacity of a rock 
to endure the many destructive agencies is commonly 
known as durability. At the present time vast quan- 
tities of rock are being used daily in the construction of 
roads and structures, and it is the duty of the engineer 
to know something of the durability, or “life expec- 
tancy” of this material. The science of petrography 
is of great value in determining the strength and dura- 
bility of rocks. 

Quite often a sample of rock will appear perfectly 
sound and durable to the eye, while in reality it may 
contain harmful minerals that are known to be non- 
durable under freezing and thawing, temperature 
change, or the decomposing action of other natural 
weathering agencies. In certain parts of the United 
States sections of highways, portions of retaining walls, 
bridge piers; and other types of structures show the 
effects of the use of nondurable materials (fig. 1). If 
a petrographic examination of the rocks had been made 
prior to their use, the inferior materials could have been 
detected. and rejected as unfit for use. 

The earliest rocks were solidified from molten magma 
emanating from the interior of the earth. Upon ex- 
posure to weathering and erosion, these igneous rocks 
in turn have produced sedimentary rocks. Continued 
burial of igneous and sedimentary rocks, heat, and 
pressure have altered their composition into the meta- 
morphic type of rock. Elevation of new beds of these 
rock, together with weathering and erosion, produce new 
sedimentary rocks, thus these new rocks contain frag- 
ments of the original igneous strata. Consequently 
there exists today a great variety of rocks differing 
widely in texture, mineralogical character, alteration 
products, etc. These various types of rock are shown 
in table 1. 

TaBLE 1.—General classification of rocks } 

Family Class Type 

Granite. 
||Syenite. 

Diorite. 
Gabbro. 
Peridotite. 
Rhyolite. 
Trachyte. 
Andesite. 
Basalt. 
Diabase. 

J Limestone. 
\ Dolomite. 
| Shale. 

SnUIV Ob RS Be ates Se ee 4 Sandstone. 
|Chert (flint). 
{schist 

inbrasive (plutonic) . 22. —- esse 

i re 

bixtrusive: (volcanic) = —.22--.----.22-. 

GIQIGATEOUSS sete a= oan ae ae esosn 

Sedimentary. .__..___- i 

HGuaLOd Soc eee Leese eee. oases Schist. 
M , Amphibolite. 

etamorphic.._.._..- fee 
Quartzite. 
Eclogite. 
Marble. 

INOMPOUATOG. = oe ees eee een ee 

1 From U.S. Department of Agriculture Bulletin 348, by E. C. E. Lord, 1916. 

145535°—37 

Dr ar 

Figure 1.—Tue Lerr Hautr or Tuis Concrete RETAINING 
Wa Lu Contains Satisractory AGGREGATE; THE Riaut HALF 
Contains Unsounp LimEstrone. 

(Photograph by H. S. Mattimore, Pennsylvania Department of Highways) 

THIN SECTIONS OF ROCK EXAMINED UNDER THE MICROSCOPE 

Petrography may be defined as the descriptive and 
systematic classification of rocks. This is accom- 
plished with the aid of the petrographic microscope 
(fig. 2). At this time it might be well to describe 
briefly how the rocks are prepared for study by this 
type of microscope. <A cursory examination of coarse- 
grained rocks, such as the granites, enables one to 
obtain a comprehensive idea of the constituent 
minerals. However, the minerals contained in fine- 
grained rocks, such as the basalts, are more difficult to 
identify. A study of the innermost sections of rock 
often reveals textural and mineralogical conditions 
that are interesting and of considerable practical 
importance. 

The first step in making a microscopic examination 
of a rock is to prepare a small piece so thin that it is 
transparent to the naked eye. ‘The sample is prepared 
by first breaking a small chip from the hand sample. 
This fragment is ground smooth on one side on a 
revolving lap using an abrasive powder such as emery. 
(See fig. 3.) The smooth side is cemented to a small 
glass slide with Canadian balsam and the opposite side 
is ground smooth. This grinding is continued until 
the rock slice is about 0.03 millimeter thick, and a thin 
protective cover glass is then cemented over it. When 
a specimen is prepared in this manner and examined 
in the microscope, an accurate idea of the texture and 
mineral content of the rock can be obtained. 

Figure 4 shows a sample data sheet upon which 
petrographic descriptions of rock specimens are re- 
corded. 

All rocks are subjected to weathering by natural 
agencies, and some materials are more susceptible to 
this weathering than are others. Each mineral of 
which a rock is composed has a different rate of decom- 
position under exposure. 

69 
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Figure 2.—Microscorre Usep IN PETROGRAPHIC WoRK. 

Figure 3.—Saw AND GRINDING LAp USED IN PREPARING THIN 
SEecTIONS oF Rock. 

Igneous rocks are composed of several different min- 
erals, while sedimentary rocks consist essentially of one 
mineral. ‘The minerals of the former are usually inter- 
locking, while those of the latter are united by thin 
coats of cementing material. Because of inequalities 
in the rate of expansion of the different particles, 
stresses are set up in igneous rocks which tend to dis- 
rupt the rock. Sedimentary rocks, containing nearly 
equal-size grains of one mineral, are quite often less 
injured by temperature changes than are igneous rocks. 
Other actions that hasten rock decay are: The solvent 
action of water, carbon dioxide, sulphurous acids, and 
organic acids; the wedging action of rocks; mechanical 
abrasion; etc. : 

Rock strata that have weathered unevenly are illus- 
trated in figure 5. ‘Table 2 gives the alteration products 
of some common minerals. 

TABLE 2.—Alteration products of some common minerals 

Mineral Formula Alteration product 

PYtltOresss eee ee See Wop Waray ah a a ae EN, aes ee Oxide of iron. 
Magnetitenmas:2p==-254 KesO 72 eee ee ee Hematite, limonite. 
Timenite: 2s Se ee FeliQsse a a eee Leucoxene. 
Quartz ee seca eee SiO3 ae ae eee ee None. 
Stave see eee eee IMgS1O3. 2 ease eee nee ee Serpentine. 
Ghrysolites ee (Meiie)sSiO 72a: See eee Do. 
(AT DITOMen eee oe ae RSiOg ae ee eee Chlorite, serpentine. 
Horn blendemses ss soso SiO S32. oe eee Sere tale, serpen- 

ine. 
Biotite’ (mica)-.--------- (HK)2(MgFe)2Al2(SiO2)3_-__-_-- Chlorite. 
Muscovite (mica) __-___- ETS KEATS (SiO 8) ga eee None. 
OrthoclaseiGeldspar)a-2- |) KeAISic © glean sae eee eee Kaolin, muscovite. 
Plagioclase: (feldspar)=---| IN@AISI;Osoo. 22a ee ee Kaolin, zeolite. 
Sodalitea se =a oNaAislLOINS Clan Sericite. 
FET QIN OG Se ease tae oo | Rees co eee cae a ee eee ee Tale. 
LAT COR es eee eee eee LE OVS Opp eeee eee ee eee None 

i“ 

PYRITE AND FELDSPARS MOST DETRIMENTAL MINERALS FOUND 

IN GRANITES 

Regarding the granites, Washington has stated ! 
that: 

* * * almost any light-colored, more or less coarse-grained, 
nonfoliated, igneous rock is called granite by quarrymen, irre- 
spective of its composition, whereas to the petrographer granite 
denotes a definite species of coarse-grained igneous rock, com- 
posed of quartz, alkali (mostly potash), feldspar, and white or 
black mica or both, in some cases other dark minerals taking the 
place of the mica. The mineral that is most hurtful to the 
quality and lasting power of granite is the sulphide of iron, 
pyrite. On exposure to the action of air and rain this oxidizes, 
the sulphur forming sulphuric acid, which decomposes the 
feldspar of the rock and thus disintegrates it, while the iron 
oxide forms a brown stain. If pyrite is present in granite it is 
almost always in such small amount and in such small grains that 
in spite of its usual bright brassy luster, it is seldom visible to 
the naked eye or by using a hand lens, but its presence is clearly 
shown under the microscope in the thin section. 

Biotite, or black mica, is another mineral common 
to granites. This mineral alters readily but its effect 
upon the durability of granite is not so marked as the 
effect of pyrite and feldspars. Biotite alters in several 
ways. It may change in color from brown to green 
while still retaining its micaceous character, the optical 
constants changing with the chemical change. The 
most common alteration product is chlorite, but the 
peculiar cleavage of biotite is retained. Quite often 
the alteration is accomplished by the deposition of 
lenticular accumulations of carbonates between the 
Jaminae of the mica. _ ; 

Orthoclase feldspar is another easily altered mineral 
found in granite. This mineral is composed essentially 
of potassium-alumina-silicate, with some replacement 
by sodium. The process of alteration is not likely to 
be the same in all instances but usually commences 
along cleavage cracks, and when it has progressed very 
far the whole mass appears cloudy when viewed through 
the microscope. The common alteration products are 
muscovite (sericite), or kaolin, and quartz. Hence the 
microscopic examination shows at once, by the absence 
or presence of clouded feldspar, whether the rock is 
fresh or has begun to weather. ; 

Nephelite, a mineral somewhat akin to the feldspar 
family and sometimes found in the so-called “‘granites”’ 
quarried for building stone, weathers much more 
readily than the feldspars and it consequently lessens 
the durability of the rock. Pyroxene and amphibole 

1 How Petrography Can Aid the Stone Producers, by H. S. Washington, The 
Explosives Engineer, October 1925, 
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PETROGRAPHIC DESCRIPTION 

I. FIELD NOTES 

orIGINAL No. LI1A LocaLity Westerly, Khode Islend 

OCCURRENCE: 

II HAND SPECIMEN DESCRIPTION 

GENERAL appearance: Fine grained pink rock consisting of feldspar, 
UAV GZ. ~angdeb.oOLLce 

III. MICROSCOPIC STUDY FOR CLASSIFICATION 

TEXTURE: Hypidi omorphic SIZE OF GRAINS: 

ORIGINAL STRUCTURE: Cooled from magma 

PRIMARY PROCESS REPRESENTED: 

SECONDARY STRUCTURE: 

SECONDARY PROCESS REPRESENTED: 

MINERALOGY (MINERALS ARE GROUPED FOR INTERPRETATION PURPOSES AND ARE ARRANGED IN EACH GROUP IN 

APPROXIMATE ORDER OF ABUNDANCE) 

(IN SOME CASES APPROXIMATE PERCENTAGES ARE GIVEN) 

PRIMARY % (Z) SECONDARY (M) METAMORPHIC 9% (T) TERTIARY CHANGES AND 

(X) ESSENTIAL MINERALS ALTERATION PRODUCTS RECRYSTALLIZATION MINERALS ENRICHMENT EFFECTS 

Quartz 45 Chlorite 
Plagioclase 10 Sericite 
Orthoclase 15 
Biotite is 
Muscovite 4 

Microcline 10 

(Y) ACCESSORY MINERALS (O) INTRODUCED SUBSTANCES 

Magnetite il OR MINERALIZATION 

SPECIAL FEATURES: 

Some of the biotite mica has been bleached into chlorite. 

Microcline shows lattice twinning. 

ORIGIN OF THE Rock: Plutonic 

cLassiFicaTion: Biotite granite 
Figure 4.—SampLte Data SHEET Upon Wuicu PrEerroGcraPHic DEscRipTiONS OF ROCK SPECIMENS ARE RECORDED. 
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are more durable constituents than the black micas, 
although when long exposed they decompose and dis- 
integrate slowly. Those varieties of granite rich in 
iron weather most readily, and because of large per- 
centages of iron oxide resulting from the decomposition 
are classed as undesirable. 

Ficure 5.—Rock Strata THat HavE WEATHERED UNEVENLY 
BECAUSE OF VARIATIONS IN RESISTANCE TO WEATHERING. 
(UPPER), THE ProsectiIna Seams Contain THE MORE 
DuRABLE Rock; (LOWER), DIFFERENTIAL WEATHERING OF 
LIMESTONE. 

Table 3 shows the effect of weathering upon some of 
the minerals commonly found in granite, and table 4 
gives the chemical analyses of three rocks before and 
after weathering. 

CLAY MOST HARMFUL IMPURITY!/FOUND IN LIMESTONES 

Limestones and marbles are examples of rock that to 
the eye appear to be pure and unadulterated. How- 
ever, upon examination by the petrographic micro- 
scope, they are quite often found to contain minute 
particles of pyrite or marcasite. Here again the sul- 
phuric acid produced by the oxidation of pyrite Gron 
disulphide) reacts with the calcium carbonate to cause 
decomposition of the rock. Marcasite, another iron 
disulphide, is even more harmful than pyrite because 
of the rapidity with which it oxidizes and decomposes. 
The clay contained in some limestones is not visible 
to the eye but is readily discernible with the micro- 
scope. The clay contained by some lmestones has 
often been the cause of unsoundness when used in 
concrete. 

TaBsLE 3.—The effect of weathering upon the minerals commonly 
found in granite 

F Chemical Ultimate 
Mineral composition Changes product 

QuatiZaese aeeeee SiQstessseee= Remains undecomposed_--___.---- Sand grains. 
Goes into solution as carbonate, 

chloride, ete. 
KO titeeaaee Soluble mate- 

BilgOgeoeean= [ Brdron and combined to form 
rial. 

Clay, soluble 
material. 

Orthoclase (feld- 

spar). 6510922 se hydrous aluminum silicate, with 
liberation of soluble silica. 

SIN Gee eee Goes into solution as carbonate, | Soluble mate- 
chloride, ete. rial. 

Oligoclase (feld- ||CaO--.-_-_- Forms carbonate ,which is soluble Do. 
spar). in. bbe containing carbon di- 

oxide. 

perieniae ae }Decomposes MB ripe cate alah Bo Sas 2 Clay. 

2s @) Seer 

ec Ree ho Pitaier crs Remains undecomposed_--__..---- Mica flakes. 

(mica). a Bee eee wre 
50 RE ten core eae eae ae ater. 

Kis O See osees Goes into solution as carbonate or | Soluble mate- 
chloride. rial. 

2(Mg, Fe) O | Goes into solution as carbonate or Do. 
chloride; iron carbonate oxidizes 

Biotite (mica) __- to hematite or limonite. 
AlsOs eee ae | Ae hydrous aluminum silicate | Clay, soluble 
Rio KOT eae and soluble silica. material. 

7 ALCON See ZrOz, Si02e_-| Remains unaltered--_._._.--_.--_- Zircon grains. 
AD AtItOr sso face Caz" (PO.)s,a| sisoliblo sae Soluble mate- 

(F, Cl). rial. 

TaBuE 4.—Chemical analyses of rocks before and after alteration by 
weathering 

Micaceous granite Diabase Diorite 

Chemical 
Unweath-| Weath- |Unweath-| Weath- |Unweath-| Weath- 

ered ered ered ered ered ered 

Percent | Percent | Percent | Percent | Percent | Percent 
SiOp seeees fae es 69.3 66.8 47.3 44.4 46.8 42.4 
ALSO Ree ees) 14.3 15.6 a : 23.2 17.6 25.5 
Je) (07 2 = = Se cee 1.9 ' 
ip Vehe tee RERER 3.6 L7 8.9 12.7 16.8 19, 2 

IN gy Oe eer ee 2.4 2.8 3.2 2. 5.1 2 
C3 Oe ea ee 3.2 3.1 Upil 6.0 9.5 4 
ING? (0p ee. Sie ee 2.7 2.6 3.9 3.9 2.6 -6 
All‘otherses ia asceee 4.5 5.5 O27 7.0 1.6 1b Es 

Total esesess 100.0 100. 0 100.0 100.0 100.0 100.0 

Loss on ignition____ 12 3.3 Dern 3.7 .9 11.0 

Chert is another material that is used quite exten- 
sively in certain parts of the United States. It is 
often found in limestone and dolomite deposits, and 
is found in many deposits of gravel. Its durability 
when used in concrete has been questioned by some 
authorities. Chert is composed essentially of opaline 
silica together with some impurities such as calcite, 
pyrite, and organic matter. ‘To the eye, chert appears 
to contain nothing but silica. However, examination 
with the microscope sometimes reveals the presence of 
disseminated pyrite and minute fractures, that may be 
partly responsible for the reported failures of chert in 
service. 

Kriege has stated: ” 

* * * one of the most common minerals associated with 
cherts is pyrite. This has been seen in every chert sample exam- 
ined by the author. In most cases it is microscopically visible, 
some samples having been found in which the pyrite crystals are 
several millimeters in length. A very finely divided pyritic mass 
is sometimes seen coating a chert piece and giving it a brassy 
green color. More often these sulfide minerals are, as micro- 
scopic units, distributed as a specular deposit throughout the 
mass or in seams and planes. These pyritic bodies soon become 
oxidized on exposure of the chert and grow into dark iron oxide 
spots and in time stain the chert mass yellow or brown. 

Argillaceous limestones, or those containing fairly 
large percentages of clay, have been known to cause 

2 The Stability of Chert, by H. F. Kriege, Rock Products, vol. 32, no. 9, Apr 27, 
1929. 
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disintegration when used in concrete. Miller*® has 
stated that: 

* * * a concrete road and a retaining wall where the stone 
had been used went to pieces after a few years and the cause was 
traced to the disintegrating effect of the limestone aggregate. 
Careful microscopic work showed the presence of considerable 
argillaceous matter, especially the mineral beidellite, which has 
adsorptive and absorptive properties. The rock fragments in 
the concrete road were wet after each rain and with the clay 
absorbing an undue amount of moisture the rocks were shattered 
after a limited number of freezings. 

Lang * has stated that: 

* * * use of argillaceous limestones as coarse aggregate in 
concrete subjected to exposure has probably resulted in more 
concrete failures than could be attributed to the use of any other 
unsound type of aggregate. 

KIND OF CEMENTING MATERIAL GREATLY AFFECTS DURABILITY 
OF SANDSTONE 

The mineral content has less effect on the quality of 
sandstones than do the shape of grains and the kind of 
cementing materials that bind the grains together. 
Quartz, in more or less rounded grains, is by far the 
most abundant constituent of sandstones. This is 
because the chemical processes of weathering do not 
destroy quartz, except with extreme slowness. Other 
constituents of sandstones include feldspar, mica, and 
such accessory minerals as zircon, magnetite, and 
hematite. Sandstones containing more than about 5 
percent of feldspar are usually called ‘‘feldspathic 
sandstone.”’ 

The kind of cementing material between the grains 
of sand greatly affects the durability of the rock. A 
cementing medium of silica produces a hard rock, while 
calcium carbonate cement produces one less durable. 
Argillaceous and ferruginous materials and gypsum may 
also act as cements. The argillaceous cement does not 
form a strong bond, and when it is abundant the sand- 
stone tends to break down into sand. 
Many sandstones contain layers in which flakes of 

white mica are abundant. This mica may be mixed 
with clay material, and may weaken the rock so that it 
can be easily split into thin slabs. The value of the 
cementing medium depends chiefly upon its adhesive 
and cohesive powers. It may be observed that sand- 
stones with silica cement, or limestones with little or no 
quartz, are relatively strong and durable. Apparently 
the reason is that the force binding like materials is 
stronger than that uniting unlike materials. 
By means of the microscope the cementing medium 

can be readily detected and, with the character and 
shape of the individual constituents determined, the 
probable durability of the rock can be stated. In dis- 
cussing the durability of aggregates, Walker® has 
stated that: 
Certain shales, soft, loosely bound sandstones, argillaceous sand- 
stones and limestones, ochers, ete., are typcial of unsound aggre- 
gate particles causing pits. Their effect on the durability of a 
concrete structure is approximately in proportion to the amount 
of pitting which occurs. For ordinary quantities of unsound 
particles of this nature, the surface pits are usually the only 
obvious effect. Large proportions of such unsound particles, 
however, may lead it to progressive disintegration, particularly 
in the wear surfaces of concrete road slabs. 

3 Limestones of Pennsylvania, by B. L. Miller, Bulletin M20, Pennsylvania 
Topographic and Geologic Survey, 1934. ; 

4 Report on Significance of Tests of Concrete and Concrete Aggregates, Proceedings, 
American Society for Testing Materials, 1935, p. 98. 

5 Report on Significance of Tests of Concrete and Concrete Aggregates, Proceed- 
ings, American Society for Testing Materials, 1935, p. 75. 

FOLIATED VARIETIES OF METAMORPHIC ROCK APT TO BE 

UNSATISFACTORY 

Marble (crystalline limestone) is usually considered 
to be the metamorphic equivalent of limestone, chalk, 
etc. It is quite definitely distinguished from limestone 
by the crystalline and coarse-grained structure. How- 
ever, we have dolomitic marbles as well as the calcitic 
(or limestone) marble, but the distinction is not appar- 
ent to the eye, and a chemical or petrographical 
analysis is usually necessary to bring out the real 
difference between the two marbles. The probable 
durability of calcitic and dolomitic marbles may be 
indicated by knowledge of the accessory minerals 
present in the original limestone or dolomite. The 
chief varieties of limestone, based on mineral composi- 
tion, are named from the accessory minerals listed 
below: 

ACCESSORY MINERAL VARIETY 

Aluminum silicate. Argillaceous limestone. 
Siderite. Ferruginous limestone. 
Detrital quartz. Arenaceous limestone. 
Chalcedony. Cherty limestone. 
Glauconite. Glauconitic limestone. 

A relatively pure limestone, when metamorphosed, 
may develop into a compact marble, but the impurities 
shown in the above tabulation produce a broad range of 
end products. For example, if quartz is the only major 
impurity, it may react with calcium carbonate to form 
wollastonite. 

Dolomite is essentially a double carbonate of calcium 
and magnesium. However, this combination is never 
quite attained to perfection in nature, as there are 
usually some impurities in the rock. For example, the 
effect caused by metamorphism on the siliceous or argil- 
laceous impurities may be illustrated by the following 
equations: 

Dolomite-+silica=calcite+forsterite+carbon dioxide. 

With an increase in the quantity of silica, the following 
reaction takes place: 

Dolomite- silica=diopside+ carbon dioxide. 

With alumina as an impurity the reaction is as follows: 

Dolomite+alumina=spinel+ calcite+carbon dioxide. 

Common usage of the term marble leads one to be- 
lieve that there is no difference between marbles; how- 
ever, petrographically there is a decided difference be- 
tween the two types of marbles as shown by the impuri- 
ties in the original limestone or dolomite. 

Of the metamorphic rocks, the foliated varieties such 
as gneiss and schist are most liable to be unsatisfactory.. 
Loughlin has stated ° that: 
* * * the outstanding feature from the standpoint of weath- 
ering is the foliated structure. The more finely foliated a rock 
is, the greater is its tendency to crush into small scaly fragments 
undesirable for concrete aggregate. Concentration of the 
micaceous minerals along foliation planes furthermore tends to 
promote disintegration. The comparatively small amount of 
mica in gneisses and some schists renders them less subject to 
disintegration than the highly micaceous schists. Unusually 
fine-grained schists that appear to consist entirely of mica may 
exfoliate appreciably after a few months of exposure in humid 
regions. ‘The beginnings of weathering may extend a consider- 
able distance below the surface of outcrops, and rock that looks 
satisfactory when newly quarried may soon begin to disintegrate. 

6 Qualifications of Different Kinds of Natural Stone for Concrete Aggregate, by 
G. F. Loughlin, Proceedings American Concrete Institute, vol. 23, 1927. 
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DURABILITY OF ROCK PARTLY A FUNCTION OF ITS TEXTURE 

The texture of rocks depends upon the shape, size, 
physical condition, and manner of arrangement of their 
constituents. The durability of a rock is in part a 
function of its texture. For example, a coarse- grained 
sandstone consisting of well-rounded grains is not as 
durable as an extremely dense, fine-grained sandstone. 
Likewise a coarse-grained granite is less durable than a 
dense diabase or basalt. 

The uniformity and size of the mineral particles in- 
fluence the manner in which the rock weathers. For 
example, in a porphyritic granite the large crystals of 
feldspar decompose more quickly than the smaller ones, 
thus pitting the surface of the rock. This differential 
weathering is usually noted in coarse-grained rocks 
composed of minerals having various degrees of hardness. 

Figure 6 shows photomicrographs of four rocks hav- 
ing different textures. 

DIABASE QUARTZITE 

FigurRE 6.-—PHOTOMICROGRAPHS OF Rocks Havine DIFFEREN? 
TEXTURES. 

The grains of sedimentary rocks are usually limited to 
one size in each particular bed, and may be fine, medi- 
um, or coarse. ‘Thus the texture is usually of nearly 
uniform character, in contrast to the many-sized crys- 
tals found in igneous rocks. Because of this, the follow- 
ing discussion will be confined chiefly to igneous rocks. 

The texture of a rock depends chiefly upon the mode 
of formation as shown by the size, shape, and arrange- 
ment of the grains of the minerals. ‘The chemical com- 
position of the magma is reflected in the texture of 
igneous rocks because the original composition deter- 
mines the minerals that are finally formed. Magmas 
cooling beneath the earth crystallize slowly. In con- 
trast, the lavas pour out on the earth’s surface and cool 
quickly, sometimes so quickly that they form glass. 
Between these two extremes of slow and of rapid cooling 
various rates of cooling occur and cause all gradations 
of texture. 

One common textural term is “granular.”’ This term 
is applied when most of the constituent minerals are of 
about the same size, as is often found in the granites. 
Rocks more basic in composition than the granites have 
different textures, because of differences in crystalliza- 
tion and the absence of quartz. 

“Porphyritic” texture is descriptive of rocks having 
large crystals, fragments, or flakes contained in a dense 
eround mass. In ‘such rock structures the crystals have 
had opportunity to grow unimpeded by other mineral 
crystals. 

“Micrographic” texture refers to the structure pro- 
duced when quartz simultaneously crystallizes with 
another mineral, the two interpenetrating and giving a 
mottled appearance as exemplified by graphic granite. 

“Flow” texture is common to the glassy ground mass 
of extrusive rocks, and has been produced by the 
cooling of the lava in swirling lines. There are other 
textural terms such as ‘‘ophitic’’, “cataclastic’”’, and 
‘noikilitic’, but these are restricted more or less to 
special cases and will not be considered here. 

SUMMARY 

Whenever possible, the engineer should visit the 
quarry site to note and examine the degree of rock 
weathering. This examination is particularly advisable 
in an old quarry where much of the rock to be used has 
been exposed to the weather. Such features in the rock 
as laminations, schistose structure, and weathered 
minerals can be seen with the unaided eye. Weathered 
feldspar in granites is readily discernible inasmuch as it 
is usually soft, yellowish to white in color, and is found 
scattered throughout that portion of the rock directly 
exposed to weathering. It is not expected that an 
examination of the quarry will show whether a rock is 
durable or not, but an examination in connection with a 
petrographic study will give a fairly definite idea of the 
lasting quality of the rock. 

Loughlin has stated ® that: 

* * * general review of the weathering qualities of natural 
rocks used as concrete aggregates shows that most of them, if 
free from weathering, are satisfactory; that certain minerals, 
particularly the clay group and certain zeolites are very objec- 
tionable and that others including micas concentrated in fine 
grained flaky masses and calcite in finely disseminated grains 
among other minerals may promote disintegration under certain 
conditions; that certain textures and structures, notably frag- 
mental texture and shaly structure in sedimentary rocks, flow 
structure in voleanic rocks, and highly schistose structure in 
metamorphic rocks, aid in the disintegration of rocks that are 
mainly composed of durable minerals. 

Microscopic study enables an estimate to be made 
of the probable durability of aggregates. Component 
minerals can be identified and, having a knowledge of 
their characteristics, an approximation can be made of 
the rock’s durability. Rock features such as segrega- 
tions of clay, weathered feldspar, mica, variations in 
texture, kind of cementing medium, shape of particles, 
etc., have an important bearing upon the rock’s 
durability. 

It is realized that this paper has treated the subject 
matter in the briefest manner. For more detailed 
study of the petrographic microscope and the durability 
of aggregates, the appended list of references may be 
consulted. 

6 Qualifications of Different Kinds of Natural Stone for Concrete Aggregate, by 
G. F. Loughlin, Proceedings American Concrete Institute, vol. 23, 1927. 
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Pa tCik SPEEDS ONS CONNEC Gal 

HIGHWAYS 
Abstract of report by C. J. TILDEN, Professor of Engineering Mechanics, Yale University ! 

STUDY to determine the speeds of vehicles on 
Connecticut highways was made during the period 
from November 14, 1933, to September 26, 1934, 

in connection with a highway traffic survey carried on 
by the United States Bureau of Public Roads and the 
Connecticut State Highway Department.? Observers 
timed passing vehicles at 78 stations along straight or 
nearly straight stretches of road. The speeds recorded 
ranged from that of a heavy truck moving at 9 miles 
per hour on a wet pavement to the 80-mile-per-hour 
speed of passenger cars observed on two occasions. 
The speeds of 91,044 vehicles were measured, and the 
average was found to be 38.9 miles per hour. 

Vehicles were timed by means of a speed detector. 
This consisted of an L-shaped box, open at each end 
and painted black on the inside, with a 5- by 7-inch 
mirror fixed upright across the inner angle of the L. 
It was mounted on a tripod and set on the roadside in 
such a position that one end of the box pointed straight 
across the road, while the other end was directed toward 
the observer. The mirror was then at an angle to each 
of these sight lines. 

The observer, looking parallel to the road and into 
the open end of the box, could see in the mirror the 
reflection of any vehicle on the section of the road 
directly opposite the box. Each passing car caused a 
distinct flash or flicker that was readily seen by the 
observer. The instant the observer saw the flash he 
pressed the starting button of a stop watch graduated 
in tenths of a second. At the end of the measured dis- 
tance (usually 176 feet) the car was reflected in the 
mirror of another detector, and the observer stopped 
the watch and recorded the time elapsed. Observations 
at night were made with the aid of a flashlight set up 
in such a position that passing cars momentarily cut 
off the reflection of the light beam in the mirror. 

1 The full report, Motor Vehicle Speeds on Connecticut Highways, has been pub- 
lished by the Committee on Transportation, Yale University. The Bureau of Public 
Roads does not have copies for distribution. 
2A digest of the report on the Connecticut traffic survey was published in PupLic 

Roaps, vol. 16, no. 11, January 1936. The Bureau of Public Roads does not have 
copies of the full report for distribution. 

The observations were made from a car parked beside 
the road. Thus, observers were protected from the 
weather, while the presence of a car alongside the road 
aroused less suspicion or curiosity on the part of drivers 
than would the sight of two men holding stop watches 
and making notes. 

The survey was divided into three main periods: 
Winter, from November 14 to March 29; spring, from 
April 4 to June 2; and summer from June 16 to Sep- 
tember 10. A summary of the observations made during 
these periods (table 1) reveals the surprising fact that 
the average speeds of passenger cars and busses were 
highest in winter and lowest in summer, despite the 
fact that 25 percent of the winter observations were 
made in bad weather. Trucks also made their lowest 
average speeds in summer, but ran slightly faster in 
spring than in winter. It seems probable that the 
slower speed of passenger cars in summer results from 
the presence of numerous pleasure drivers. 

OUT-OF-STATE CARS DRIVEN FASTER THAN CONNECTICUT CARS 

The effects of weather and road-surface conditions 
upon the speed of passenger cars at different seasons 
were also studied. The results are shown in table 2. 
The effect of weather on speed ranged from stopping 
altogether during bad snowstorms to driving at high 
speeds on clear, crisp winter mornings when the road 
was free from snow or ice. Practically every kind of 
weather was encountered during the study. The low- 
est average passenger-car speed recorded (28.4 miles 
per hour) was on a clear winter day, when the road 
was covered with 3 inches of hard-packed snow. 

That passenger cars from outside the State are driven 
at markedly higher rates of speed than Connecticut 
cars was revealed by the study. The recorded speeds 
also show that the driver farthest from home drives the 
fastest. During the summer period, for the daylight 
hours, cars from Massachusetts and New York aver- 
aged, respectively, 40.3 and 41.3 miles per hour, and 
those from more distant States averaged 41.3 miles 

TasLeE 1.—Summary of average speeds of vehicles on Connecticut highways 

Winter period (Nov. 14,} Spring period (Apr. 4- | Summer period (June | Complete survey (Nov. 
1933-Mar. 29, 1934) June 2, 1934) 16-Sept. 10, 1934) 14, 1933-Sept. 10, 1934) 

Vehicle classification 

Vehicles Average Vehicles Average Vehicles Average Vehicles Average 
observed speed observed speed observed speed observed speed 

Passenger cars (daytime): Miles per Miles per Miles per Miles per 
een pay Number hour Number hour Number hour Number hour 

SE CERCCmRRY SEL) NIE ee ee See a eS 1, 839 45. 2 1, 259 43.6 6, 020 41.3 9, 118 42,4 
PRES OLISICO LES eer e kee ee eS Oe ee ee eae eee 1, 473 45. 4 813 44,4 3, 435 40. 3 Ley eas 42, 2 

Haier |. = 2 a a ee ee ee ne See ee 1, 385 45. 6 873 44.0 4,928 41.3 7, 186 42.5 

PNMBOTS Oteeee sob et. eee es We ee eee es 4, 697 45, 4 2, 945 44.0 14, 383 41.1 22, 025 42.4 
rrerccareni HoT r} eee eer eee By Ss ns On ee ee gasses 14, 003 41.4 6, 370 39.9 20, 273 38. 2 40, 646 39. 6 

MEDASSONCD CALS Sy LINO) oon an oan sr ec eseeeno—-ne eran ane 18, 700 42.4 9, 315 41.2 34, 656 39. 4 62, 671 40. 6 
oy sy Cen SUS) GEARY Ged A a bas) ee ee ee eee 3, 196 37.8 1, 821 38. 6 5, 483 35. 2 10, 500 36. 6 

ParCelenl nAssencer CALS set eee 2a. oan oe eens ene ease 21, 896 41.8 11, 136 40.8 40, 139 38. 8 pea bal 40. 0 
ant nner iS he x Pee, fy ee Sask 5, 498 34. 2 1, 746 34.4 4, 723 33. 0 11, 967 33.8 
0 COTES hs AEE Se Se ee ee ee ee ee eee 764 43.5 305 42.5 1, 003 39.9 2, 072 41.6 

CEFR ATL SPSL ENG ge a es ee ne ee ee een 28, 158 40. 3 13, 187 40. 0 45, 865 38. 2 87, 210 39. 2 
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TABLE 2.—Effect of weather on passenger-car speeds 

Bad weather conditions Normal conditions 

Road type eartind i” weticl 2 Decrease in speed 
Date r wis ehicles verage ehicles verage 

(1933-34) Weather and road condition observed speed observed speed 

Miles per Miles per | Miles per 
Number hour Number hour hour Percent 

4-lane concrete__----- IDYetoy. LWA satan A rihuba MGS Ree PON RI Cl Se Ao nde oa acess oo eee 915 39. 2 812 43.7 4.5 10.3 
2-lane concrete_-_-__-- Dae. 15; |sleot stontand ce yoROaGtSUriACe sae = seo ne = ae ere 212 35. 4 925 46.3 10.9 23.5 

IDI it ee eee Dee. 27 | Clear; road 30 percent snow covered. Some cars using chains__-_-_---- 177 ahi? 231 36.8 6 4.4 
ID Ocoee eee Jan, 7 Steady Palle oe icee a 22 oS enon nn nosiecnsas oe cee caea ane an ae aeaen soare™ 206 37.8 675 43.8 6.0 13.7 
i) Ouees o ee Jan 1S Snow, all ands shee ee aes ee Se Ee ee Sees ers 81 38.1 103 46. 4 8.3 17.9 

4-lane concrete_--_--- Feb. 5 Clear: SNOW OD TOQdS 2. sess oe hs eee ce ae ees 394 38.8 812 43.7 4.9 Ths 
2-lane concrete_------ Mare 2a Clear sinchesthardpackedisnoyw ass. es cae eee ee eee eee eee 182 28. 4 298 45.4 17.0 37.5 
Macadam.-_-_..------ Mar: 4:3.) ight snowete sae oe oe a gee ea ee ee eee 805 36. 2 386 40.8 4.6 8.9 
2-lane concrete__-__--- (Mare 2s s|plaigit Palme. so. Soko a ee ee ee a oe eee ee eee 269 43.1 197 44.7 1.6 3.6 
MMisvadsammcs sss JuNGedO; bard rai Soe 225 F lt Te ee ee eee ue ee ee eee oe 129 34,3. oo f= ee Se ee Ce ee | 

ID Oe. ee eee James 27s Clearwinesh. OllWOnr Oa tees oe tee a Se eee ee ee aero eee eae 147 80.7 ||eeeedec canes Soe as a ee ee 
ID Oh a-e cee ee AUS Gey). WODSe Tor = tee os so ee ee ee ee ee eee 35 35. 3 640 87.1 1.8 4.9 

2-lane concrete_-_-__-- ATI 165) ake Gor air eee ee ee are oe eee ee 324 39. 4 205 42.6 Sag 7.5 
Macadam) .2.---=-.-- Sept. Gil *ensevor ates a. sa sae oe ee ee ae ee eee 20 31.4 603 40.8 9.4 23.0 

per hour as compared to 38.2 miles per hour for Con- 
necticut cars. Cars from four midwestern States 
averaged 44.9 miles per hour. The conclusions drawn 
from these figures are that the driver of the foreign car, 
because he is farther from home, places a higher value 
on his time, and that since he is making a longer trip, 
his car is probably newer or in better mechanical 
condition, and accordingly can travel faster than the 
average. 

A comparison was made of the daytime and nighttime 
speeds of passenger cars operated on different types of 
road surface. The results, shown in table 8, were as 
anticipated. Daytime speeds were higher than night- 
time speeds; and speeds on concrete roads exceeded 
speeds on macadam roads. 

TABLE 3.—Comparison of daytime and nighttime passenger-car 
speeds by road type and by season of the year 

Daytime Nighttime 
observations observations 

Season, and type of road 

Vehicles | Average | Vehicles | Average 
observed speed observed speed 

Miles Miles 
Winter (Nov. 14 to Mar. 29): Number | perhour | Number | per hour 

Plane: concrete. seas eee ae 9, 400 42.8 1, 108 Bred 
4lane concrete... 2 ==. eee. 7, 071 42.2 1, 858 37.9 
INGE YER (s (ae) sel ae SR Oe CoP eA 2, 229 41.5 230 37.9 

PT otal. oraversgess cs. cee eee 18, 700 42.4 3, 196 37.8 

Spring (Apr. 4 to June 2): 
2elane iconcretes= ==. 2 aceueee eee 4, 403 41.6 1, 228 39.9 
4-lane concrete._-_..-_---------- 4,912 40.8 593 85.9 

Total omaveral oss ee seen 9, 315 41.2 1, 821 38. 6 

Summer (June 16 to Sept. 10): Fs 
Blane COUCLOLOs a a2ee a. = ae eee 13, 591 41.3 1, 260 36. 2 
4-lane concrete... -.i......-_-. 6, 348 39.3 2, 841 35.4 
Macadam’. case ose k=: nee 14, 717 7.8 1, 382 83.6 

POU Oma velag Olea. Se eee 34, 656 89.4 5, 483 Sigs 

Complete survey: 
Z-1ANe CONCTOUN sae == ace a see ae 27, 394 41.9 3, 596 37.9 
4-lane concreté-22--_-.-.---- eee 18, 331 40.8 5, 292 36.4 
Macadam sie Sci ree eee ue 16, 946 38. 2 1, 612 34.2 

Toaval or sverages- =e 62, 671 40.6 10, 500 36. 6 

With respect to speed during the day, observations at 
certain stations from 6 a. m. to 10 p. m. showed that 
the average speed decreased as the day progressed. 
The highest speed occurred shortly after daybreak. 
Speeds then decreased gradually until late afternoon, 
rose to a minor peak between 5 and 6 p. m., and fell 
rather sharply after nightfall to the lowest average of 

the day—about 7 or 8 miles per hour less than the 
morning peak. 

One objective of the survey was to determine the 
manner in which speed might be affected by traffic 
volume. Unfortunately, analysis of the data collected 
indicated that they were inadequate as a basis for any 
conclusions in this respect. The relationship between 
speed and volume of traffic, if any exists, depends upon 
factors such as width and type of pavement, visibility, 
and general weather conditions. 

An answer to the much-debated question of whether 
women drive faster than men, or vice versa, was sought 
during two periods of the survey. The conclusion 
‘reached was that there is no significant difference. 
During the period from November 24 to January 31, 
the men drove 1.1 miles per hour faster than the women; 
but during the period from July 12 to September 6, 
the women drove 0.6 mile per hour faster than the 
men. During the first period, only 9.8 percent of the 
observed drivers were women; during the second period 
17.1 percent of the observed drivers were women. 

FAST DRIVERS FOUND TO HAVE WORST ACCIDENT RECORDS 

The driving speeds of drivers with and without 
passengers were studied during these same two periods. 
It was found that during the winter drivers with pas- 
sengers drove at a rate only 0.5 mile per hour slower 
and during the summer they drove 2 miles per hour 
slower than unaccompanied drivers. 

The relation between speed and accidents, a widely 
discussed and important traffic safety problem, was 
studied for 6 months during the winter and spring 
periods. The method used was to select two groups 
containing nearly the same number of cars: One group 
included cars observed to be traveling at moderate 
speeds (35 to 45 miles per hour); the other group 
included cars whose speeds were 50 miles per hour or 
more. ‘The observers recorded the license numbers as 
well as the speeds of these cars. A list of the license 
numbers was sent to the office of the Connecticut 
Department of Motor Vehicles, where the name of the 
owner of each car and his accident record since 1928 
were ascertained. Because of duplications, the final 
figures included 981 cars observed at high speeds and 
1,054 observed at moderate speeds. 

Results of these observations given in table 4 show 
that 27.8 percent of the drivers observed traveling at 
high speeds had been involved in accidents, as com- 
pared with 21.3 percent of the drivers observed traveling 

Ry ee ~ eee Ee Oe El pe ee 
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at moderate speeds. In other words, 30 percent more 
of the fast drivers had been in accidents. Moreover, 
those fast drivers who had been involved in accidents 
had had more of them and accounted for 45 percent 
more accidents. 

TaBLE 4.—Accident records of owners of cars observed traveling at 
high and at moderate speeds 

Owners with the following number 
Owners of accidents— ee meas | Tom |. with | Toe 

ears | accident done 
records 

im) wo 4 5 6 

Num- |Num-| Num-| Num-| Num-| Num-| Num- Num- 
ber Number | ber ber ber ber ber ber ber 

(Shi) ee. 981 273 438 168 71 15 13 5 1 
Moderate...-.---- 1, 054 225 324 152 54 13 5 1 0 

ACCIDENTS PER THOUSAND CARS 

TEE Gal ie ae ee 
Moderate..-.----- 

1, 000 
1, 000 

278 
213 

446 
307 

171 
144 

72 
51 

15 
12 

13 
5 

mor or 

The objections can be raised that since each car was 
observed only once, a car in the high-speed group may 
have been going fast only during the interval when it 
was timed, and vice versa; also, that while the record 
of the driver was consulted, the owner may not have 
been the driver at the time the car was observed. The 
effect of any such errors, however, is to minimize the dif- 
ferences between the records of the two classes of drivers. 

Observations were made at a dangerous curve on the 
Boston Post Road (US 1) in Madison during 4 days 
of good weather—2 days in January and 2 in September. 
Observations were also made during 1 day in February 
when the road was covered with hard-packed snow. 
On the days of good weather, the average speed of all 
the cars observed was 30.4 miles per hour. This in- 
cluded one car that was recorded at 43 miles per hour. 
On the day when snow covered the road, the average 
speed was 25.8 miles per hour. For comparison, the 
speeds of cars were observed during the same 2 days in 
September on a long straight stretch of road 0.7 mile 
west of the curve, and were found to be 9.2 miles per 
hour faster than on the curve. 

(Continued from p. 74) 
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PUBLICATIONS of the BUREAU OF PUBLIC ROADS 

Any of the following publications may be purchased from 

the Superintendent of Documents, Government Printing Office, 
Washington, D. C. As his office is not connected with the 

Department and as the Department does not sell publications, 

please send no remittance to the United States Department of 
Agriculture. 

ANNUAL REPORTS 

Report of the Chief of the Bureau of Public Roads, 1924. 
5 cents. 

Report of the Chief of the Bureau of Public Roads, 1927. 
5 cents. 

Report of the Chief of the Bureau of Public Roads, 1928. 
5 cents. 

Report of the Chief of the Bureau of Public Roads, 1929. 
10 cents. 

Report of the Chief of the Bureau of Public Roads, 1931. 
10 cents. 

Report of the Chief of the Bureau of Public Roads, 1933. 
5 cents. 

Report of the Chief of the Bureau of Public Roads, 1934. 
10 cents. 

Report of the Chief of the Bureau of Public Roads, 1935. 
5 cents. 

Report of the Chief of the Bureau of Public Roads, 1936. 
10 cents. 

DEPARTMENT BULLETINS 

No. 583D..Reports on Experimental Convict Road Camp, 
Fulton County, Ga. 25 cents. 

No. 1279D..Rural Highway Mileage, Income, and Expendi- 
tures, 1921 and 1922. 15 cents. 

TECHNICAL BULLETINS 

No. 265T. . . Electrical 
35 cents. 

MISCELLANEOUS PUBLICATIONS 

No. 76MP..The Results of Physical Tests of Road-Building 
Rock. 25 cents. 

Federal Legislation and Rules and Regulations Relating to 
Highway Construction. 15 cents. 

Movable Bridges. Equipment on 

No. 191.....Roadside Improvement. 10 cents. 

The Taxation of Motor Vehicles in 1932. 35 cents. 

An Economic and Statistical Analysis of Highway-Construction 
Expenditures. 15 cents. 

Highway Bond Calculations. 10 cents. 

Single copies of the following publications may be obtained 

from the Bureau of Public Roads upon request. They cannot 

be purchased from the Superintendent of Documents. 

SEPARATE REPRINT FROM THE YEARBOOK 

No. 1036Y..Road Work on Farm Outlets Needs Skill and 
Right Equipment. 

TRANSPORTATION SURVEY REPORTS 

Report of a Survey of Transportation on the State Highway 
System of Ohio (1927). 

Report of a Survey of Transportation on the State Highways 
of Vermont (1927). 

Report of a Survey of Transportation on the State Highways 
of New Hampshire (1927). 

Report of a Plan of Highway Improvement in the Regional 
Area of Cleveland, Ohio (1928). 

Report of a Survey of Transportation on the State Highways 
of Pennsylvania (1928). 

Report of a Survey of Traffic on the Federal-Aid Highway 
Systems of Eleven Western States (1930). 

UNIFORM VEHICLE CODE 

Act JI.—Uniform Motor Vehicle Administration, Registra- 
tion, Certificate of Title, and Antitheft Act. 

Act II.—Uniform Motor Vehicle Operators’ and Chauffeurs’ 
License Act. 

Act I]].—Uniform Motor Vehicle Civil Liability Act. 

Act IV.—Uniform Motor Vehicle Safety Responsibility Act. 

Act V.—Uniform Act Regulating Traffic on Highways. 

Model Traffic Ordinances. 

A complete list of the publications of the Bureau of Public 

Reads, classified according to subject and including the more 

important articles in Pustic Roaps, may be obtained upon 
request addressed to the U. S. Bureau of Public Roads, Willard 

Building, Washington, D. C. 
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