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Massive	concrete	elements	register	considerable	rise	in	temperature	because	of	poor	dissipation	of	heat,	therefore	significant	thermal	shrinkage	occurs	on	cooling.	This	point	is	of	great	significance	in	the	design	of	mass-concrete	mixtures	(Chap.	2,	National	Ready	Mixed	Concrete	Association,	Silver	Springs,	MD.]	(a)	Progressive	expansion	of
unprotected	(nonair-entrained)	cement	paste	by	repeated	freeze-thaw	cycles	leads	to	deterioration	of	concrete	by	cracking	and	spalling.	3-10	show	that,	compared	to	the	standard	specimens,	the	average	strength	of	5-	by	10-cm	and	7.5-	by	15-cm	cylindrical	specimens	was	106	and	108	percent,	respectively.	5-3)	into	two	categories:	(a)	surface	wear	or
loss	of	mass	due	to	abrasion,	erosion,	and	cavitation;	(b)	cracking	due	to	normal	temperature	and	humidity	gradients,	crystallization	of	salts	in	pores,	structural	loading,	and	exposure	to	temperature	extremes	such	as	freezing	or	fire.	In	well-hydrated,	low	water-cement	ratio	pastes,	the	capillary	voids	may	range	from	10	to	50	nm;	in	high	water-cement
ratio	pastes,	at	early	ages	of	hydration,	the	capillary	voids	may	be	as	large	as	3	to	5	μm.	EN	197-1	outlines	the	specification	requirements	for	27	different	cements	that	are	classified	into	five	main	cement	types,	described	as	follows:	1.	High-strength	concrete	is	used	for	special	Introduction	15	TABLE	1-1	Typical	Proportions	of	Materials	in	Concrete
Mixtures	of	Different	Strength	Low-strength	(kg/m3)	Cement	Water	Fine	aggregate	Coarse	aggregate	Cement	paste	proportion	percent	by	mass	percent	by	volume	Water/cement	by	mass	Strength,	MPa	255	178	801	1169	18	26	0.70	18	Moderate-strength	(kg/m3)	356	178	848	1032	22.1	29.3	0.50	30	High-strength	(kg/m3)	510	178	890	872	28.1	34.3
0.35	60	applications.	In	the	time	range	normally	required	to	test	the	specimens	(2	to	5	min),	the	strain	is	increased	by	15	to	20	percent,	hence	the	elastic	modulus	decreases	correspondingly.	A	transducer	placed	on	the	concrete	surface	can	measure	the	displacements	caused	by	the	reflected	waves	from	which	the	location	of	the	reflecting	interface
can	be	determined.	The	size	of	the	Mg2+	ion	is	such	that,	in	the	MgO	structure,	the	oxygen	ions	are	in	close	contact	and	the	Mg2+	ions	are	well	packed	in	the	interstices.	Symptoms	of	general	decomposition	of	cement	and	severe	corrosion	of	the	reinforcement	were	superimposed	on	the	evidence	for	the	primary	deleterious	agents,	such	as	freezing-
thawing	and	alkali-aggregate	reaction.	Cathodic	protection	techniques	involve	suppression	of	current	flow	in	the	corrosion	cell,	either	by	supplying	externally	a	current	flow	in	the	opposite	direction	or	by	using	sacrificial	anodes.	Under	some	conditions	(e.g.,	when	concrete	has	high	permeability	and	alkalies	and	most	of	the	calcium	hydroxide	have
either	been	carbonated	or	leached	away),	the	pH	of	concrete	in	the	vicinity	of	steel	may	have	been	reduced	to	less	than	11.5.	This	would	destroy	the	passivity	of	steel	and	set	the	stage	for	the	corrosion	process.	Formation	of	ettringite	and	hydration	of	hard-burnt	CaO	are	the	two	phenomena	known	to	cement	chemists	that	can	cause	disruptive
expansion	in	concrete	(Chap.	The	high	frequency	(short	wavelength)	waves	will	not	penetrate	deep	and	will	provide	information	on	the	properties	of	the	top	layer	close	to	the	surface.	5.9.2	Frost	action	on	aggregate	Depending	on	how	the	aggregate	responds	to	frost	action,	a	concrete	containing	entrained	air	in	the	cement	paste	matrix	can	still	be
damaged.	The	relationship	between	current	i	and	potential	V	is	given	by	Ohm’s	law:	i=	V	R	(11-23)	where	R	is	the	resistance	of	the	system.	2,	microstructural	investigations	of	ordinary	concrete	show	that	unlike	most	structural	materials	concrete	contains	many	fine	cracks	even	before	it	is	subjected	to	external	stresses.	30.	656–666,	1969.	2/3	The
lowest	plot	ft	=	1.7fc	represents	actual	tensile	strength	under	long-time	or	2/3	static	loading.	Cast-in-place	and	precast	concrete	elements	can	be	assembled	to	produce	large	structures	of	different	shapes.	My	recommendation	to	those	who	may	be	searching	Copyright	©	2006	by	The	McGraw-Hill	Companies,	Inc.	Marchand,	and	I.	In	many	countries
the	ratio	of	concrete	consumption	to	steel	consumption	exceeds	ten	to	one.	Explain	why	concrete	fails	in	a	brittle	manner	in	tension	but	not	in	compression.	For	instance,	each	aggregate	particle	may	contain	several	minerals	in	addition	to	microcracks	and	voids.	Similar	case	histories	of	bridge	deck	damage	on	numerous	highways,	including	those	in
Pennsylvania	have	been	reported	(Fig.	The	influence	of	different	types	of	5000	Primary	wave	5000	Velocity,	m/s	Velocity,	m/s	Primary	wave	4000	3000	2000	Shear	wave	1000	0	0.2	Shear	wave	3000	2000	0.3	0.4	Porosity	(a)	Figure	11-14	4000	0.5	0.6	0	0.1	0.2	0.3	0.4	Sand	content	(b)	Effect	of	porosity	and	sand	concentration	on	the	wave	velocities.
The	pH	of	seawater	varies	between	7.5	and	8.4;	the	average	value	in	equilibrium	with	the	atmospheric	CO2	is	8.2.	Under	certain	conditions,	such	as	sheltered	bays	and	estuaries,	pH	values	lower	than	7.5	may	be	encountered	due	to	high	concentration	of	dissolved	CO2,	which	would	make	the	seawater	more	aggressive	to	portland-cement	concrete.
distance	plot	(Fig.	For	example,	a	possible	chemical	interaction	between	calcium	hydroxide	and	the	calcareous	aggregate	is	probably	the	reason	for	the	relatively	large	increase	in	the	tensile	strength	of	concrete,	as	shown	by	the	data	in	Table	3-2.	Manufactured	in	the	United	States	of	America.	45–51,	1982.	6,	a	summary	of	the	composition	will	be
helpful	before	discussing	how	the	microstructure	of	the	hydrated	cement	paste	develops	as	a	result	of	chemical	reactions	between	portland-cement	compounds	and	water.	showed	that	the	reinforcing	bars	embedded	in	concrete	can	be	located	from	surface	measurements	of	resistivity	and	that	the	electrical	impedance,	also	measured	at	the	surface	of
the	reinforced	concrete,	can	assess	the	state	of	corrosion	existing	in	the	steel	bars.	It	should	be	mentioned	that	the	CEB-FIP	expression	is	valid	for	characteristic	strengths	up	to	80	MPa,	whereas	the	ACI	equation	is	valid	up	to	41	MPa	only.	The	second	plot	ft	=	2.3fc	is	also	for	static	loading	but	takes	into	account	the	nonlinearity	of	concrete	and	is	to
be	used	with	finite	element	analy2/3	ses.	For	instance,	limestone,	dolomite,	and	sandstone	may	contain	opal	or	clay	minerals	which	adversely	affect	the	behavior	of	aggregate	under	certain	conditions	of	exposure.	In	contrast	to	the	C-S-H,	calcium	hydroxide	is	a	compound	with	a	definite	stoichiometry,	Ca(OH)2.	5-25a).	This	500,000	tonne/year	plant,
which	in	1979	replaced	a	200,000	tonne/year	wet	process	plant,	contains	a	4.35	by	66	m	long	rotary	kiln	equipped	with	a	four-stage	suspension	preheater.	From	Table	3-1	it	may	be	observed	that	with	ordinary	concrete,	in	the	high	compressive	strength	range	(55	to	62	MPa),	the	direct-tensile-compressive	strength	ratio	is	about	7	percent	(the	splitting
tensile-compressive	strength	ratio	will	be	slightly	higher).	If	other	possessions	are	destroyed,	these	shall	be	restored,	and	the	damaged	parts	of	the	home	shall	be	reconstructed	at	builder’s	cost.”	To	those	engaged	on	the	concrete	construction	industry,	Hammurabi’s	code	should	be	a	reminder	of	the	individual’s	responsibility	toward	durability	of
structures.	There	are	also	separate	chapters	on	proportioning	of	concrete	mixtures,	properties	of	concrete	at	early	ages,	and	nondestructive	test	methods.	P	wave	Compressions	(a)	Dilations	S	wave	(b)	Double	amplitude	Wavelength	Love	wave	(c)	Rayleigh	wave	(d)	Figure	11-10	The	two	main	modes	of	propagation	in	the	bulk	of	a	material	are	(a)	the
compression	or	P-wave	and	(b)	the	shear	or	S-wave.	4-3	shows	that	concrete	behavior	can	be	divided	into	four	distinct	stages.	Service	life	of	concrete	can	be	shortened	under	conditions	of	repeated	attrition	cycles,	especially	when	the	cement	paste	in	concrete	is	of	high	porosity	or	low	strength,	and	is	inadequately	protected	by	an	aggregate	which
itself	lacks	wear	resistance.	These	limitations	are	overcome	by	using	a	special	low-temperature	scanning	electron	microscope	that	is	able	to	maintain	the	sample	frozen	for	a	long	period	of	time.	Portland	cement	and	modified	portland	cements	are	hydraulic	cements	because	they	do	not	require	the	addition	of	a	pozzolanic	material	to	develop	water-
resisting	properties.	3-14).	CEM	IV	covers	two	portland-pozzolan	cements	containing	11	to	35	percent	or	36	to	55	percent	pozzolan.	III,	Paris,	1980.	Aggregates	Preview	7.1	Significance	7.2	Classification	and	Nomenclature	7.3	Natural	Mineral	Aggregates	7.3.1	Description	of	rocks	7.3.2	Description	of	minerals	7.4	Lightweight	Aggregate	7.5
Heavyweight	Aggregate	7.6	Blast-Furnace	Slag	Aggregate	7.7	Aggregate	from	Fly	Ash	7.8	Aggregates	from	Recycled	Concrete	and	Municipal	Waste	7.9	Aggregate	Production	7.10	Aggregate	Characteristics	and	Their	Significance	7.10.1	Density	and	apparent	specific	gravity	7.10.2	Absorption	and	surface	moisture	7.10.3	Crushing	strength,	abrasion
resistance,	and	elastic	modulus	7.10.4	Soundness	7.10.5	Size	and	grading	7.10.6	Shape	and	surface	texture	7.10.7	Deleterious	substances	Test	Your	Knowledge	References	Suggestions	for	Further	Study	205	205	207	209	210	213	213	214	215	219	220	222	224	224	228	230	238	239	240	242	243	246	249	251	251	253	253	253	254	254	255	257	258	261
262	263	263	265	266	268	268	270	270	270	273	276	277	279	279	Contents	Chapter	8.	1	Powers	found	that	the	28-day	compressive	strength	fc	of	three	different	mortar	mixtures	was	related	to	the	gel/space	ratio,	or	the	ratio	between	the	solid	Strength	0.	Chen,	W.F.,	Plasticity	in	Reinforced	Concrete,	McGraw-Hill,	New	York,	pp.	Due	to	large
differences	in	the	density,	considerable	volumetric	expansion	is	associated	with	the	transformation	of	the	anhydrous	form	of	these	salts	into	their	hydrated	form.	Most	scaling	is	caused	by	(i)	inadequate	air	entrainment,	(ii)	application	of	calcium	and	sodium	chloride	deicing	salts,	(iii)	performing	finishing	operations	while	bleed	water	is	still	on	the
surface,	and	(iv)	insufficient	curing	before	exposure	of	the	concrete	to	frost	action	in	the	presence	of	moisture	and	deicing	salts.	To	facilitate	the	formation	of	the	desired	compounds	in	portland	cement	clinker	it	is	necessary	to	homogenize	the	raw-mix	before	heat	treatment.	Figure	6-6	6.2.5	Fineness	In	addition	to	the	compound	composition,	the
fineness	of	cement	also	affects	its	reactivity	with	water.	For	a	beam	simply	supported	at	the	ends	and	loaded	at	midspan,	ignoring	the	shear	deflection,	the	approximate	value	of	the	modulus	is	calculated	from:	E=	PL3	48	IΔ	where	Δ	=	midspan	deflection	due	to	load	P	L	=	span	length	I	=	moment	of	inertia	The	flexural	modulus	is	commonly	used	for
design	and	analysis	of	pavements.	Solutions	freeze	at	lower	temperatures	than	pure	water;	generally,	the	higher	the	concentration	of	salts	in	a	solution,	the	lower	the	freezing	point.	6-16b	shows	similar	data	for	cements	containing	40,	50,	or	60	percent	granulated	slag.	Both	manifestations	are	typical	of	viscoelastic	materials.	At	first,	receivers	close	to
the	transmitter	will	only	sense	the	top	layer	and	the	time	vs.	5-7b).	For	the	purpose	of	obtaining	a	clear	understanding	of	the	chemical	and	physical	changes	during	the	hydration	of	portland	cement,	it	is	desirable	to	discuss	separately	the	hydration	reactions	of	aluminates	and	silicates.	Because	corrosion	requires	permeation	of	seawater	and	air	to	the
embedded	steel,	poor	consolidation	of	concrete	and	structural	microcracking	were	diagnosed	to	be	the	probable	causes	of	the	increase	in	the	permeability	which	made	the	corrosion	of	steel	possible.	This	void	size	is	too	small	to	have	an	adverse	effect	on	the	strength	and	permeability	of	the	hydrated	cement	paste.	The	modern	version	TABLE	1-2
Multiple	and	Submultiple	SI	Units	and	Symbols	Multiplication	factor	9	1	000	000	000	=	10	1	000	000	=	106	1	000	=	103	100	=	102	10	=	101	0.1	=	10−1	0.01	=	10−2	0.001	=	10−3	0.000	001	=	10−6	0.000	000	001	=	10−9	Prefix	SI	symbol	giga	mega	kilo	hecto∗	deka∗	deci∗	centi∗	milli	micro	nano†	G	M	k	h	da	d	c	m	μ	n	Not	recommended	but
occasionally	used.	If	not,	why?	Several	theories	have	been	postulated	to	explain	the	mechanism	of	retardation	of	C3A	by	gypsum.	Mehta,	P.K.,	Cem.	Click	here	for	terms	of	use.	At	the	same	time,	if	the	hydroxyl	ions	in	the	cement	paste	are	being	leached	away	and	replaced	by	chloride	or	sulfate	ions,	the	calcium	silicate	hydrate	will	decompose	and	the
concrete	will	suffer	a	loss	of	adhesion	and	strength.	3-17).	Quartz	is	present	in	acidic-type	igneous	rocks	(>65	percent	SiO2),	such	as	granite	and	rhyolites.	It	is,	therefore,	desirable	to	know	the	relationship	between	the	concrete	strength	under	laboratory	testing	conditions	and	actual	loading	conditions.	For	instance,	in	biaxial	compression	(Fig.
Barnes,	ed.,	Spon	Press,	London,	2002.	Shifting	the	base	line	by	50	microstrain	is	recommended	to	correct	for	the	slight	concavity	that	is	often	observed	at	the	beginning	of	the	stress-strain	curve.	In	fact,	differences	between	the	reactivity	of	two	compounds	having	a	similar	chemical	composition	can	only	be	explained	from	the	degree	of	their
structural	instability.	With	further	increase	in	stress	level	up	to	about	75	percent	of	the	ultimate	load,	not	only	does	the	crack	system	in	the	interfacial	transition	zone	becomes	unstable	but	also	the	proliferation	and	propagation	of	cracks	in	the	matrix	increases,	causing	the	s	−	e	curve	to	bend	considerably	toward	the	horizontal.	The	existence	of	local
salt	concentration	gradients	between	capillaries	is	envisaged	as	the	source	of	osmotic	pressure.	With	concrete	containing	calcareous	aggregate	or	mineral	admixtures	it	is	possible	to	obtain,	after	adequate	curing,	a	relatively	high	tensile-compressive	strength	ratio	even	at	high	levels	of	compressive	strength.	2-1),	the	two	phases	that	can	easily	be
distinguished	are	aggregate	particles	of	varying	size	and	shape,	and	the	binding	medium	composed	of	an	incoherent	mass	of	the	hydrated	cement	paste.	At	a	given	temperature	of	hydration,	the	degree	of	hydration	is	time	dependent	and	so	is	the	strength.	In	compression,	the	failure	mode	is	less	brittle	because	considerably	more	energy	is	needed	to
form	and	to	extend	cracks	in	the	matrix.	In	massive	elements,	when	no	measures	for	temperature	control	are	taken,	for	a	long	time	the	temperature	of	concrete	will	remain	at	a	much	higher	level	than	the	environmental	temperature.	Tognon	for	allowing	us	to	use	parts	of	the	Roman	concrete	video	David	Trejo	for	the	fresh	concrete	videos	P.	Above	30
percent	of	the	ultimate	load,	with	increasing	stress,	the	interfacial	transition	zone	microcracks	begin	to	increase	in	length,	width,	and	number.	Hydraulic	Cements	Suspension	preheater	207	Cement	grinding	Raw	mix	blending;	storage	Rotary	kiln	Clinker	storage	Raw	mix	grinding	Aerial	view	of	the	Ash	Grove	Cement	(West)	portland	cement	plant	at
Durkee,	Oregon.	(d)	Using	a	compression	test	loading	rate	of	3	MPa/s	vs.	20,	No.	2,	Portland	Cement	Association,	August	1999.	This	explains	why	analytical	methods	of	material	science	that	work	well	in	modeling	and	predicting	the	behavior	of	microstructurally	stable	and	homogeneous	materials	do	not	seem	to	be	satisfactory	in	the	case	of	concrete
structures.	However,	the	ability	of	a	mineral	admixture	to	react	at	normal	temperatures	with	calcium	hydroxide	(present	in	the	hydrated	portland	cement	paste)	and	to	form	additional	calcium	silicate	hydrate	can	lead	to	significant	reduction	in	porosity	of	both	the	matrix	and	the	interfacial	transition	zone.	Both	invariably	contain	small	amounts	of
magnesium,	aluminum,	iron,	potassium,	sodium,	and	sulfur	ions.	75–77,	March/April,	2002.	One	of	the	objectives	of	this	book	is	to	present	the	art	and	science	of	concrete	in	a	simple,	clear,	and	scientific	manner.	In	fact,	significant	corrosion	is	not	observed	as	long	as	the	electrical	resistivity	of	concrete	is	above	50	to	70	×	103	Ω	⋅	cm.	a	considerable
increase	in	the	volume	of	pores	due	to	the	C-S-H	interlayer	space	and	small	capillaries,	the	permeability	is	greatly	reduced.	Depending	on	the	particle	size	distribution	of	the	anhydrous	cement	and	the	degree	of	hydration,	some	unhydrated	clinker	grains	may	be	found	in	the	microstructure	of	hydrated	cement	pastes,	even	long	after	hydration.	The
transducers	can	be	placed	on	opposite	faces	thereby	originating	a	direct	transmission,	or	they	can	be	placed	on	the	same	face	generating	an	indirect	transmission	(Fig.	Ople,	F.S.,	and	C.L.	Hulsbos,	J.	Admixtures	capable	of	accelerating	or	retarding	cement	hydration	obviously	would	have	a	great	influence	on	the	rate	of	strength	gain;	however,	the
ultimate	strengths	may	not	be	significantly	affected.	This	is	because	aggregate	porosity	determines	its	stiffness,	which	in	turn	controls	the	ability	of	aggregate	to	restrain	the	matrix	strain.	Modern	cement	plants	favor	the	dry	process,	which	is	more	energy	efficient	than	the	wet	process	because	the	water	in	the	slurry	must	be	evaporated	before
clinkering.	40.	Bellport,	B.P.,	in	Performance	of	Concrete,	Swenson,	E.G.,	ed.,	University	of	Toronto	Press,	Toronto,	pp.	439–446,	1990.	Type	HS—High	Sulfate	Resistance.	From	the	standpoint	of	hydration	of	portland	cement,	it	is	also	convenient	to	discuss	the	hydration	reactions	of	C3A	and	ferroaluminate	together	because	216	Concrete	Materials,
Mix	Proportioning,	and	Early-Age	Properties	when	the	latter	reacts	with	water	in	the	presence	of	sulfate,	the	products	formed	are	structurally	similar	to	those	formed	from	the	hydration	of	C3A.	(a)	axial	and	lateral	strains,	and	(b)	volumetric	strains.	A	brief	review	of	the	failure	modes,	however,	will	be	useful	in	understanding	and	control	of	the	factors
that	influence	concrete	strength.	Lean	concrete	(1:3:6)	blocks	lost	some	material	and	were	much	softer	(Fig.	Stone	(sculpture)	is	an	interpretation	of	an	original	work	and	more	often	than	not	is	carried	out	by	another	artist.	101,	No.	ST-8,	Aug.	Thus	by	lowering	the	iron	content	of	clinker,	light-colored	cements	can	be	produced.	They	can	also	form	if
the	concrete	is	exposed	to	aggressive	environmental	conditions.	The	coarse	aggregates	were	separately	stockpiled	into	gradations	of	150,	75,	38,	and	19	mm	maximum	size.	Anode:	Fe	2e–	+	Fe2+	(metallic	iron)	FeO	.	Because	chemical	reactions	are	a	function	of	temperature,	it	was	first	thought	that	the	alkali-silica	reaction	may	not	be	a	problem	in
colder	countries,	such	as	Denmark,	Germany,	and	England.	It	is	obvious	from	Fig.	The	metric	system	is	simpler	than	the	old	English	system	and	has	recently	been	modernized	in	an	effort	to	make	it	universally	acceptable.	The	section	that	is	between	high-	and	lowtide	lines	will	be	vulnerable	to	cracking	and	spalling,	not	only	from	frost	action	and	steel
corrosion	but	also	from	wet-dry	cycles.	Time	and	humidity	are	therefore	important	factors	in	the	hydration	process	controlled	by	water	diffusion.	Hilsdorf,	and	H.	11-14a).	Highly	permeable	concrete	2.	Similarly,	comparison	between	Cement	no.	Statfjord	B,	the	largest	concrete	platform,	built	in	1981,	has	a	base	area	of	18,000	m2,	24	oil	storage	cells
with	about	2	million	barrels	of	storage	capacity,	four	prestressed	concrete	shafts	between	the	storage	cells	and	the	deck	frame,	and	42	drilling	slots	on	the	deck.	Depending	on	the	exposure	to	environment,	solutions	penetrating	from	the	surface	into	the	interior	of	concrete	sometimes	dissolve	the	cement	hydration	products	causing	an	increase	in
porosity	which	reduces	the	strength	and	durability	of	concrete;	conversely,	when	the	products	of	interaction	recrystallize	in	the	voids	and	microcracks,	it	may	enhance	the	strength	and	durability	of	the	material.	Thus	the	effects	that	we	have	just	described,	and	in	the	case	alluded	to,	become	the	more	marked,	the	further	we	deviate	from	these	exact
proportions.54	State-of-the-art	reviews55,56	on	the	performance	of	structures	in	marine	environment	confirm	that	Vicat’s	observation	is	equally	valid	for	portland	cement	concrete.	The	stress-strain	curve	(Fig.	Concrete	exposed	to	marine	environment	may	deteriorate	as	a	result	of	combined	effects	of	chemical	action	of	seawater	constituents	on	the
cement	hydration	products,	alkali-aggregate	expansion	(when	reactive	aggregates	are	present),	crystallization	pressure	of	salts	within	concrete	if	one	face	of	the	structure	is	subject	to	wetting	and	others	to	drying	conditions,	frost	action	in	cold	climates,	corrosion	of	the	embedded	steel	in	reinforced	or	prestressed	members,	and	physical	erosion	due
to	wave	action	and	floating	objects.	50,	p.	Figure	11-23	M++	+	2e−	->	M	io,x	io,m	icorr	Current	density	must	achieve	an	intermediate	potential	between	the	two	equilibrium	potentials.	Recent	Advances	and	Concrete	in	the	Future	Chapter	12.	Similarly,	when	a	hydrated	cement	paste	is	subjected	to	a	sustained	stress,	depending	on	the	magnitude	and
duration	of	applied	stress,	the	C-S-H	will	lose	a	large	amount	of	the	physically	adsorbed	water,	and	the	paste	will	show	a	creep	strain.	11-24,	the	voltmeter	connects	the	steel	with	the	reference	electrode	such	that	the	steel	is	at	the	positive	terminal	of	the	voltmeter.	The	transmitter	sends	the	pulse	and,	according	to	the	Huygen’s	principle,	each	point
on	a	wavefront	behaves	as	a	point	source	for	generation	of	secondary	spherical	waves	and	creates	a	series	of	wavefronts,	as	indicated	in	Fig.	According	to	the	diagrammatic	representation	of	sulfate	attack	by	Collepardi	(Fig.	For	instance,	as	will	be	discussed	later,	the	anhydrous	particles	of	cement	have	a	tendency	to	attract	each	other	and	form
flocks,	which	entrap	large	quantities	of	mixing	water.	On	the	contrary,	this	air-entrained	paste	showed	contraction	during	freezing	(Fig.	Among	other	factors,	development	of	internal	stress	depends	on	the	amount,	size,	and	type	of	the	reactive	aggregate	present	and	the	chemical	composition	of	the	alkali-silicate	gel	formed.	Durability	(a)	(b)	(c)	Figure
5-6	Types	of	frost	action	damage	in	concrete:	(a)	deterioration	of	a	non-air-entrained	concrete-retaining	wall	along	the	saturation	line	(Lock	and	Dam	No.	3,	Monongahela	River,	Pittsburg,	PA);	(b)	severe	D-cracking	along	longitudinal	and	transverse	joints	of	a	9-year-old	pavement;	(c)	scaling	of	a	concrete	surface.	7.1	Nomenclature	and	significance
12.7.2	Polymer	concrete	12.7.3	Latex-modified	concrete	12.7.4	Polymer-impregnated	concrete	Heavyweight	Concrete	for	Radiation	Shielding	12.8.1	Significance	12.8.2	Concrete	as	a	shielding	material	12.8.3	Materials	and	mix	proportions	12.8.4	Important	properties	Mass	Concrete	12.9.1	Definition	and	significance	12.9.2	General	considerations
12.9.3	Materials	and	mix	proportions	12.9.4	Application	of	the	principles	Roller-Compacted	Concrete	12.10.1	Materials	and	mix	proportions	12.10.2	Laboratory	testing	12.10.3	Properties	12.10.4	Construction	practice	12.10.5	Applications	Test	Your	Knowledge	References	Suggestions	for	Further	Study	Chapter	13.	11-9).	However,	as	a	result	of
environmental	exposure,	cracks	as	well	as	microcracks	occur	and	propagate.	4-2),	it	becomes	immediately	apparent	that	unlike	the	aggregate	and	the	cement	paste,	concrete	is	not	an	elastic	material.	The	real	problem	is	not	that	the	residual	strength	is	inadequate	for	structural	purposes	but	that,	as	a	result	of	the	increase	in	porosity,	the	resistance	to
atmospheric	carbonation	and	to	corrosion	of	the	embedded	steel	in	concrete	is	reduced.	A	letter	notation	identifies	the	blending	constituents	that	include	blast	furnace	slag,	siliceous	fly	ash,	calcareous	fly	ash,	natural	uncalcined	pozzolan,	natural	calcined	pozzolan,	burnt	shale,	limestone,	and	silica	fume.	As	long	as	it	is	held	at	100	percent	relative
humidity	(RH),	practically	Solid/space	ratio	(1	−	P)	(a)	0.3	Water-cement	ratio	38	0.4	100%	Hydration	75%	50%	25%	0.5	0.6	0.7	0	0.1	(b)	Influence	of	water-cement	ratio	and	degree	of	hydration	on	strength	and	permeability.	Microstructure	of	Concrete	35	Interlayer	water	Capillary	water	Physically	adsorbed	water	Diagrammatic	model	of	the	types	of
water	associated	with	the	calcium	silicate	hydrate.	First,	unless	the	full	polarization	curve	is	known,	the	kinetic	corrosion	rate	cannot	be	predicted.	4-5.	Many	of	the	structures	contained	concrete	made	with	inadequately	washed,	sea-dredged	sand.	structural	elements	are	subjected	to	a	dead	load	for	an	indefinite	period	and,	at	times,	to	repeated	loads
or	to	impact	loads.	3-13a)	shows	a	linear-elastic	behavior	up	to	about	30	percent	of	the	ultimate	strength	fc′,	because	under	short-term	loading	the	microcracks	in	the	interfacial	transition	zone	remain	undisturbed.	The	C-S-H	structure	shrinks	considerably	when	the	interlayer	water	is	lost.	This	is	because	the	transition-zone	characteristics	and	the
moisture	state	of	the	specimen	at	the	time	of	testing	do	not	have	a	similar	effect	on	the	strength	and	elastic	modulus.	Corrosion	of	the	reinforcing	steel	was	implicated	as	one	of	the	causes	of	damage	in	the	majority	of	cases,	and	the	total	repair	cost	was	estimated	at	$90	billion	dollars.45	The	damage	to	concrete	resulting	from	the	corrosion	of
embedded	steel	manifests	in	the	form	of	expansion,	cracking,	and	eventual	spalling	of	the	cover	(Fig.	Separate	chapters	contain	state-of-the-art	reviews	on	composition	and	properties	of	cements,	aggregates,	and	admixtures.	With	prestressed	concrete	by	tensioning	the	steel	tendons,	a	precompression	is	introduced	such	that	the	tensile	stresses	during
service	are	counteracted	to	prevent	cracking.	Garboczi,	E.J.,	Cem.	Although	composed	of	the	same	elements	as	hydrated	cement	paste,	the	microstructure	and	properties	of	the	interfacial	transition	zone	are	different	from	bulk	hydrated	cement	paste.	1,	Wiley,	New	York,	pp.	(Photograph	courtesy	of	the	State	of	California,	Department	of	Water
Resources.)	In	California,	about	three-fourths	of	the	fresh	water	in	the	form	of	rain	and	snowfall	is	found	in	the	northern	one-third	of	the	state;	however,	three-fourths	of	the	total	water	is	needed	in	the	lower	two-thirds,	where	major	centers	of	population,	industry,	and	agriculture	are	located.	Cast-in-place	concrete	cylinders	for	Piers	30	and	39.	On	the
other	hand,	as	explained	below,	it	has	been	observed	that	the	higher	the	casting	and	curing	temperature,	the	lower	will	be	the	ultimate	strength.	6.14	Assuming	the	chemical	composition	of	the	calcium	silicate	hydrate	formed	on	hydration	of	C3S	or	C2S	corresponds	to	C3S2H3,	make	calculations	to	show	the	proportion	of	calcium	hydroxide	in	the
final	products	and	the	amount	of	water	needed	for	full	hydration.	In	seawater	exposure,	a	well-cured	concrete	containing	a	large	amount	of	slag	or	a	pozzolan	in	the	cementitious	materials	usually	outperforms	concrete	containing	only	portland	cement.57	This	happens,	in	part,	because	the	former	contains	less	uncombined	calcium	hydroxide	after
curing.	The	durability	of	concrete	to	aggressive	waters	is	responsible	for	the	fact	that	its	use	has	been	extended	to	severe	industrial	and	natural	environments	(Fig.	Among	the	coarse	aggregate	characteristics	that	affect	the	elastic	modulus	of	concrete,	porosity	seems	to	be	the	most	important.	3-7b),	improved	the	56-day	strength	of	concrete
significantly.	Proc.,	Vol.	Test	Your	Knowledge	5.1	What	do	you	understand	by	the	term	durability?	When	the	compression	and	shear	waves	interact	with	heterogeneity	or	an	external	boundary,	they	are	reflected	and	return	to	the	surface.	Concrete	in	this	area	was	very	weak.	53	Typical	failure	mode	of	concrete	in	compres-	cement	mortar	matrix	and
the	interfacial	transition	zone	between	the	matrix	and	the	coarse	aggregate.	Also,	from	theoretical	considerations	it	may	be	anticipated	that,	independent	of	the	water-cement	ratio,	the	size,	shape,	surface	texture,	and	mineralogy	of	aggregate	particles	would	influence	the	characteristics	of	the	interfacial	transition	zone	and	therefore	affect	concrete
strength.	The	specimen	containing	2	percent	entrained	air	showed	about	800	millionths	elongation	on	freezing,	and	a	residual	elongation	of	less	than	300	millionths	on	thawing	(Fig.	→	C6	AS3H32	(6-5)	[	AlO4	]−	+	[	SO4	]2	−	+	4	[Ca]2	+	+	aq.	Most	concrete	elements	are	therefore	designed	under	the	assumption	that	the	concrete	would	resist	the	72
Microstructure	and	Properties	of	Hardened	Concrete	compressive	but	not	the	tensile	stresses.	8,	pp.	5.6	Under	what	conditions	may	salt	solutions	damage	concrete	without	involving	chemical	attack	on	the	portland	cement	paste?	The	phenomenon	is	attributed	mainly	to	a	significant	improvement	in	the	strength	of	the	interfacial	transition	zone	at	very
low	water-cement	ratios.	By	volume,	the	largest	manufactures	product	in	the	world	today	is	concrete.	591–601,	1990.	As	shown	in	Fig.	6-20a)	and	a	loss	in	strength	associated	with	this	phenomenon	(Fig.	Figure	6-5	common	compound	corresponds	approximately	to	the	equimolecular	composition,	C4AF.	Continued	availability	of	water	to	the	concrete
causes	enlargement	and	extension	of	the	microcracks,	which	eventually	reach	the	outer	surface	of	the	concrete.	The	lack	of	oxygen	near	the	reinforcement	results	in	more	negative	potentials	as	compared	to	more	aerated	zones.	Feld,	J.,	Construction	Failures,	Wiley,	New	York,	pp.	4-1.	Noncrystalline	minerals	are	referred	to	as	glass.	This	is	the	final
stage	(Stage	4).	List	two	additional	factors	that	have	a	significant	influence	on	the	concrete	strength.	Since	the	strength	of	concrete	is	a	function	of	the	cement	hydration	process,	which	is	relatively	slow,	traditionally	the	specifications	and	tests	for	concrete	strength	are	based	on	specimens	cured	under	standard	temperature-humidity	conditions	for	a
period	of	28	days.	3-7	are	shown	in	Table	3-2.	Although	the	exact	structure	of	C-S-H	is	not	known,	several	models	have	been	proposed	to	explain	the	properties	of	the	materials.	Cement	retarders.	McGraw-Hill	eBooks	are	available	at	special	quantity	discounts	to	use	as	premiums	and	sales	promotions,	or	for	use	incorporate	training	programs.	Second,
oceans	make	up	80	percent	of	the	surface	of	Durability	187	the	earth;	therefore,	a	large	number	of	structures	are	exposed	to	seawater	either	directly	or	indirectly	(e.g.,	winds	can	carry	seawater	spray	for	a	few	miles	inland	from	the	coast).	McGraw-Hill	has	no	responsibility	for	the	content	of	any	information	accessed	through	the	work.	For	the
clinkering	operation,	the	dry-process	kilns	equipped	with	multi-stage	suspension	preheaters,	which	permit	efficient	heat	exchange	between	hot	gases	and	the	raw-mix,	require	a	fossil-fuel	energy	input	on	the	order	of	800	kcal/kg	of	clinker	compared	to	about	1400	kcal/kg	for	the	wetprocess	kilns.	1-11),	the	strain	no	longer	remains	proportional	to	the
applied	stress,	and	also	becomes	permanent	(i.e.,	it	will	not	be	reversed	if	the	specimen	is	unloaded).	However,	the	holistic	model	of	deterioration	can	be	helpful	in	designing	cost-effective	strategies	for	prolonging	the	service	life	of	concrete	exposed	to	aggressive	environments.	A	buff-colored	cement	marketed	in	the	United	States	under	the	name
warm	tone	cement	is	produced	from	the	clinker	made	from	a	portland	cement	raw	mix	containing	a	higher	iron	content	(approximately	5	percent	Fe2O3)	than	normal,	and	processed	under	reducing	conditions.	(Data	from	students	experiments,	University	of	California	at	Berkeley.)	For	a	given	water-cement	ratio	and	cement	content,	the	strength	of
concrete	can	be	significantly	affected	by	the	choice	of	aggregate	size	and	type.	At	ordinary	temperature	ASTM	Type	III	portland	cement,	which	has	a	higher	fineness,	hydrates	more	rapidly	than	other	types;	therefore,	at	early	ages	of	hydration	(e.g.,	1,	3,	and	7	days)	and	a	given	water-cement	ratio,	a	concrete	containing	Type	III	portland	cement	will
have	a	lower	porosity	and	correspondingly	a	higher	strength.	5-23b).	To	reduce	the	setting	time	of	cement	for	early	strength	development	when	needed	(i.e.,	in	permafrost	zone)	3.	4-3	and	a	review	of	their	work	by	Glucklich2).	Concrete	Materials,	Mix	Proportioning,	and	Early-Age	Properties	calcination	of	gypsum	or	calcium	carbonates	are
nonhydraulic	because	their	products	of	hydration	are	not	resistant	to	water.	The	formation	of	acid	is	undesirable,	due	to	potential	for	corrosion	of	steel	in	prestressed	and	reinforced	concrete	structures.	3-21a	show	that	the	level	of	uniaxial	compressive	strength	of	concrete	virtually	does	not	affect	the	shape	of	the	biaxial	stress	interaction	curves	or
the	magnitude	of	values	(the	uniaxial	compressive	strength	of	concretes	tested	was	in	the	range	18.6	to	57.6	MPa).	Microstructure	and	Properties	of	Hardened	Concrete	Chapter	13	describes	this	phenomenon	in	greater	details	and	presents	mathematical	equations	for	the	scaling	law.	(From	Rusch,	H.,	J.	Dr.	Monteiro’s	professional	experience	includes
working	on	a	number	of	projects	using	mass	concrete.	The	methods	presented	so	far	have	only	used	P-waves	to	assess	the	quality	in	a	concrete	structure.	Introduction	17	between	toughness	and	strength	should	be	noted;	the	former	is	a	measure	of	energy,	whereas	the	latter	is	a	measure	of	the	stress	required	to	fracture	the	material.	Large	expansion
occurring	in	an	unrestrained	cement	paste	can	cause	cracking;	however,	if	the	expansion	is	properly	restrained,	its	magnitude	will	be	reduced	and	a	prestress	will	develop.	Thereafter,	penetration	of	the	salt	water	promoted	the	corrosion-cracking	corrosion	type	of	chain	reaction,	eventually	leading	to	the	serious	damage.	Both	MgO	and	CaO	form
cubic	structures,	with	each	magnesium	or	calcium	ion	surrounded	by	six	oxygens	in	a	regular	octahedron.	The	same	analysis	could	be	performed	here	but	it	would	be	cumbersome	because	of	the	multiple	reflections	between	the	surfaces	and	the	flaws.	The	influence	of	time-temperature	history	on	concrete	strength	has	several	important	applications	in
the	concrete	construction	practice.	Both	phenomena	have	been	harnessed	to	produce	expansive	cements.	Many	offshore	concrete	drilling	platforms	and	oil	storage	tanks	have	been	installed	during	the	last	30	years.	This	classification	is	useful	in	understanding	the	volume	changes	that	are	associated	with	water	held	by	small	pores.	The	aggregate	size
does	not	seem	to	have	much	effect	on	the	strength	in	the	case	of	low-strength	or	high	water-cement	ratio	concrete.	First,	in	freshly	compacted	concrete,	water	films	form	around	the	large	aggregate	particles.	Moderate-strength	concrete,	also	referred	to	as	ordinary	or	normal	concrete,	is	used	for	most	structural	work.	This	is	why,	unlike	portland
cement	clinker,	the	CAC	clinker	is	in	the	form	of	a	completely	fused	melt	that	requires	a	specially	designed	furnace.	In	hydrated	cement	paste,	the	interlayer	space	with	the	C-S-H	structure	and	the	small	voids,	which	are	within	the	influence	of	the	van	der	Waals	forces	of	attraction,	are	not	considered	detrimental	to	strength	because	stress
concentration	and	subsequent	rupture	on	application	of	load	begin	at	large	capillary	voids	and	microcracks	that	are	invariably	present.	A	survey44	of	collapsed	buildings	in	England	showed	that	from	1974	to	1978,	the	immediate	cause	of	failure	of	at	least	eight	concrete	structures	was	the	corrosion	of	reinforcing	or	prestressing	steel.	In	short,	above
75	percent	of	the	ultimate	load,	with	increasing	stress	very	high	strains	are	developed,	indicating	that	the	crack	system	is	becoming	continuous	due	to	the	rapid	propagation	of	cracks	in	both	the	matrix	and	the	interfacial	transition	zone.	Water	in	the	capillaries	is	not	pure;	it	contains	several	soluble	substances,	such	as	alkalies,	chlorides,	and	calcium
hydroxide.	The	volume	of	capillary	voids	can	be	found	from	the	difference	between	the	total	available	space	and	the	total	volume	of	solids.	For	more	information,	please	contact	George	Hoare,	Special	Sales,	at	[email	protected]	or	(212)	904-4069.	The	degree	of	crystallinity	and	the	grain	size	of	igneous	rocks,	therefore,	vary	with	the	rate	at	which
magma	was	cooled	at	the	time	of	rock	formation.	58.	Biot	rang	a	bell	in	one	extremity	of	the	pipe	and	a	collaborator	measured	the	time	difference	between	the	wave	arrival	in	the	pipe	and	in	the	air.	Mineral	admixtures,	such	as	condensed	silica	fume,	are	also	being	used	to	obtain	high	strength	and	impermeability.	Also,	a	1-year-old	paste	of	the
reference	portland	cement	contained	20	percent	calcium	hydroxide,	whereas	there	was	only	8.4	percent	calcium	hydroxide	in	a	similarly	hydrated	paste	of	the	cement	containing	30	mass	percent	of	the	Greek	pozzolan.	However,	when	exposed	to	environmental	humidity,	which	normally	is	much	lower	than	100	percent,	the	material	begins	to	lose
water	and	shrink.	Aggregates	255	An	elementary	review	of	aspects	of	rock	formation	and	the	classification	of	rocks	and	minerals	is	essential	for	understanding	why	some	materials	are	more	abundantly	used	as	aggregates	than	others,	and	also	understanding	the	microstructureproperty	relations	in	different	aggregate	types.	As	there	is	a	continuous
loss	of	water	from	a	saturated	cement	paste	when	the	relative	humidity	of	the	environment	is	reduced,	the	dividing	line	between	the	different	states	of	water	is	not	rigid.	5.4	How	does	aggregate	size	influence	the	coefficient	of	permeability	of	concrete?	32,	January	5,	1984.	2)	tends	to	reduce	the	van	der	Waals	force	of	attraction,	thus	lowering	the
strength.	Finally,	microstructureproperty	relationships	are	discussed	with	respect	to	their	influence	on	strength,	dimensional	stability,	and	durability	of	concrete.	A	low-magnification	(200¥)	electron	micrograph	of	a	hydrated	cement	paste	shows	that	the	structure	is	not	homogeneous;	while	some	areas	are	dense,	the	others	are	highly	porous.	(c)
Concrete	scaling	or	flaking	of	the	finished	surface	from	freezing	and	thawing	generally	starts	as	localized	small	patches	which	later	on	may	merge	and	extend	to	expose	large	areas.	This	is	shown	by	curve	‘A	−	B’	in	Fig.	Due	to	quicker	cooling,	the	rocks	formed	near	the	surface	of	the	earth	contain	minerals	with	smaller	crystals.	Standard	operating
procedures	normally	require	the	water	in	the	locks	to	remain	at	upper	pool	level	during	the	winter	so	that	the	concrete	is	protected	from	free-thaw	cycles.	The	cementing	constituents,	C-S-H	gel	and	Ca(OH)2,	were	not	detected.	Figure	2-9	2.5.4	Microstructure-property	relationships	in	the	hydrated	cement	paste	The	desirable	engineering
characteristics	of	hardened	concrete—strength,	dimensional	stability,	and	durability—are	influenced	not	only	by	the	proportion	but	also	by	the	properties	of	the	hydrated	cement	paste,	which,	in	turn,	depend	on	the	microstructural	features	(i.e.,	the	type,	amount,	and	distribution	of	solids	and	voids).	Experience	shows	that	disruptive	pressures	will	be
developed	in	a	saturated	specimen	of	paste	unless	every	capillary	cavity	in	the	paste	is	not	farther	than	three	or	four	thousandths	of	an	inch	from	the	nearest	escape	boundary.	78,	No.	5,	p.	321–330,	1996.).	6.15	Define	the	terms	initial	set	and	final	set.	Also	penetration	of	the	pressure	fluid	into	microcracks	and	pores	on	the	surface	of	concrete	must
be	prevented	by	placing	the	specimen	into	a	suitable	membrane.	[Lea,	F.M.,	The	Chemistry	of	Cement	and	Concrete,	Chemical	Publishing	Company,	New	York,	1971,	by	permission	of	Edward	Arnold	(Publishers)]	The	irregular	coordination	of	the	oxygen	ions	around	calcium	leaves	large	voids,	which	account	for	the	high	reactivity	of	C3S.	Due	to	its
resistance	to	weathering,	it	is	an	important	constituent	of	many	sand	and	gravel	deposits,	and	sandstones.	21	Copyright	©	2006	by	The	McGraw-Hill	Companies,	Inc.	Thermal	shrinkage	is	of	great	importance	in	massive	concrete	elements.	Neville	suggests	that	this	is	in	accord	with	the	general	observation	that	the	ratio	of	uniaxial	resilient	strength	to
compressive	strength	decreases	as	the	compressive	strength	level	rises	(see	Table	3-2).	Besides	enabling	hardened	concrete	to	become	less	permeable	after	moist	curing,	fresh	concrete	mixtures	containing	mineral	admixtures	are	less	prone	to	bleeding.	275–299,	1978.	Figure	2-3	26	Microstructure	and	Properties	of	Hardened	Concrete	Visible	bleed
water	Internal	bleed	water	(a)	(b)	(a)	Diagrammatic	representation	of	bleeding	in	freshly	deposited	concrete;	(b)	shear-bond	failure	in	a	concrete	specimen	tested	in	uniaxial	compression.	Carneiro	noticed	that	the	tensile	stresses	normal	to	the	plane	of	the	load	were	uniform	and,	therefore,	concluded	that	this	configuration	would	be	appropriate	for
measuring	the	indirect	tensile	strength	of	concrete.	Yutama	et	al.20	presented	a	case	study	from	Japan	where	AE	was	applied	in	order	to	ensure	the	safety	of	an	arch	dam	under	construction	in	severe	climate	conditions.	Brunauer	and	Copeland	aptly	described	the	significance	of	portland	cement	hydration	to	concrete	technology:	The	chemistry	of
concrete	is	essentially	the	chemistry	of	the	reaction	between	portland	cement	and	water.	5.15	Hydration	of	Crystalline	MgO	and	CaO	Numerous	reports	including	a	review	by	Mehta,43	indicate	that	crystalline	MgO	or	CaO,	when	present	in	substantial	amounts	in	cement,	hydrate	and	cause	expansion	and	cracking	in	concrete.	This	approach	was
widely	appreciated,	which	is	evident	from	the	fact	that	the	book	has	been	translated	and	published	in	several	foreign	languages.	Type	I	portland	cement	with	14	to	17	percent	C3A	was	used.	4-3.	Nature,	we	see,	labors	to	arrive	at	exact	proportions,	and	to	attain	them,	corrects	the	errors	of	the	hand	which	has	adjusted	the	doses.	316–341,	1955.	In	the
case	of	dense	particles	of	glass	and	flint,	reaction	rims	form	around	the	particles	with	the	onion-ring	type	of	progressive	cracking	and	peeling.	Compared	to	clinker	compounds,	gypsum,	the	principal	form	of	calcium	sulfate,	dissolves	rather	quickly	in	water.	General	repairs	commenced	after	8	years	of	service.	There	is	a	critical	difference	between
ultrasonic	and	acoustic	emission	methods.	However,	as	described	in	Chap.	The	different	types	of	concrete	deterioration	due	to	frost	action	are	shown	by	the	photographs	in	Fig.	These	Durability	193	lessons	confirm	the	validity	of	the	holistic	model	of	concrete	deterioration	already	discussed:	1.	Exothermic	reactions	between	cement	compounds	and
water	tend	to	raise	the	temperature	of	concrete	(see	Chap.	Figure	6-17b	shows	the	effect	of	increasing	the	slag	content	on	the	amount	of	calcium	hydroxide	in	portland	blast-furnace	slag	cements	at	3	and	28	day	after	hydration.	This	chapter	describes	the	three	components	of	the	concrete	microstructure,	namely,	hydrated	cement	paste,	aggregate,
and	interfacial	transition	zone	between	the	cement	paste	and	aggregate.	[(a)	From	Mehta,	P.K.,	Cem.	Alkali-Aggregate	Expansion	Blank,	R.F.,	and	H.O.	Kennedy,	The	Technology	of	Cement	and	Concrete,	Vol.	Concrete	containing	natural	sand	and	gravel	or	crushed-rock	aggregates,	generally	weighing	about	2400	kg/m3	(4000	lb/yd3),	is	called	normal-
weight	concrete,	and	it	is	the	most	commonly	used	concrete	for	structural	purposes.	It	is	desired	that	the	slurry	must	remain	sufficiently	fluid	under	the	service	conditions	for	the	several	hours	needed	to	pump	it	into	position,	and	then	harden	quickly.	He	was	a	pioneer	of	“ferro-cement”	technology,	which	involves	embedding	a	thin	metallic	mesh	in	a
rich	cement	mortar	to	form	structural	elements	with	high	ductility	and	crack-resistance.	As	different	test	methods	were	used,	the	data	in	the	two	figures	are	not	directly	comparable;	however,	the	trend	is	similar	in	both	cases.	Figure	6-3	6.2.2	Chemical	composition	Although	portland	cement	consists	essentially	of	various	compounds	of	calcium,	the
results	of	routine	chemical	analysis	are	reported	in	terms	of	oxides	of	the	elements	present.	The	size	and	concentration	of	calcium	hydroxide	crystals	in	the	interfacial	transition	zone	can	be	reduced	by	chemical	reactions	when	either	a	pozzolanic	admixture	(see	Fig.	This	is	because,	depending	on	the	aggregate	characteristics,	such	as	the	maximum
size	and	grading,	it	is	possible	to	have	large	differences	in	the	watercement	ratio	between	the	mortar	matrix	and	the	interfacial	transition	zone.	I	stopped	arguing	because	his	action	brought	to	my	mind	an	old	story	from	the	Sanskrit	literature.	When	they	interconnect,	a	concrete	structure	loses	its	watertigthness,	and	becomes	vulnerable	to	one	or
more	processes	of	deterioration.	This	is	because	the	specimen	preparation	technique	calls	for	drying	the	specimen	under	high	vacuum.	41,	No.	1,	pp.	With	a	given	pore	size	distribution,	permeability,	degree	of	saturation,	and	freezing	rate	the	large	particles	of	an	aggregate	may	cause	damage	but	smaller	particles	of	the	same	aggregate	would	not.
Quartzite	may	be	sedimentary	or	metamorphic.	The	American	Society	of	Testing	Materials	provides	for	eight	types	of	portland	cements	(covered	by	ASTM	Standard	C	150)	and	eight	types	of	blended	portland	cements	(covered	by	ASTM	Standard	C	595),	which	contain	restrictions	on	chemical	composition,	physical	properties,	and	characteristics	as
well	as	proportion	of	blending	materials.	Unlike,	ASTM	C	595,	this	specification	contains	no	restrictions	whatsoever	on	the	composition	of	blended	cements	or	the	proportion	of	their	constituents.	Laboratory	and	field	experience	with	CAC	concrete	show	that	on	prolonged	storage	the	hexagonal	CAH10	and	C2AH8	phases	tend	to	convert	to	the	cubic
C3AH6.	11-18	c	from	Ohtsu,	M.,	The	History	and	Development	of	Acoustic	Emission	in	Concrete	Engineering,	Concr.	The	anode	process	cannot	occur	until	the	protective	or	the	passive	iron	oxide	film	is	either	removed	in	an	acidic	environment	(e.g.,	carbonation	of	concrete)	or	made	permeable	by	the	action	of	Cl	−	ions.	This	phenomenon	is
responsible	for	the	shear-bond	failure	at	the	surface	of	the	aggregate	particle	marked	in	the	photograph.	5-22a)	was	suffering	from	alkali-silica	reaction,	possibly	as	a	result	of	the	use	of	a	crushed	diorite	rock	containing	veins	of	amorphous	silica.	Concrete	piers,	decks,	breakwater,	and	retaining	walls	are	widely	used	in	the	construction	of	harbors	and
docks.	Like	the	solid	and	the	void	phases	discussed	above,	water	can	exist	in	the	hydrated	cement	paste	in	many	forms.	The	fundamental	chemical	changes	occurring	at	the	anodic	and	cathodic	areas47	are	as	follows	(see	also	Fig.	Assuming	that	under	the	ASTM	standard	curing	conditions,∗	the	volume	of	cement	hydrated	at	7,	28,	and	365	days	is	50,
75,	and	100	percent,	respectively,	the	calculated	volume	of	solids	(anhydrous	cement	plus	the	hydration	product)	is	150,	175,	and	200	cm3.	In	most	codes	of	practice,	the	allowable	concrete	stresses	are	limited	to	about	50	percent	of	the	ultimate	strength;	thus	the	fatigue	strength	of	concrete	is	generally	not	a	problem	1.2	Components	of	Modern
Concrete	Although	composition	and	properties	of	materials	used	for	making	concrete	are	discussed	in	Part	II,	here	it	is	useful	to	define	concrete	and	the	principal	concrete-making	components.	Famy,	C.,	K.L.	Scrivener,	and	H.F.W.	Taylor,	Delayed	Ettringite	Formation,	Structure	and	Performance	of	Cements,	Bensted,	J.,	and	P.	Hobbs,	D.W.,	Alkali-
Silica	Reaction	in	Concrete,	Thomas	Telford	Publishing,	London,	1988.	22,	No.	8,	pp.	1.4	What	are	the	typical	unit	weights	for	normal-weight,	lightweight,	and	heavyweight	concretes?	At	75	to	80	percent	of	the	ultimate	load,	the	rate	of	strain	energy	release	seems	to	reach	the	critical	level	necessary	for	spontaneous	crack	growth	under	sustained
stress,	and	the	material	strains	to	failure.	As	a	consequence	of	the	CAH10–C3AH6	conversion,	a	hardened	CAC	paste	would	show	more	than	50	percent	reduction	in	the	volume	of	solids,	which	causes	an	increase	in	porosity	(Fig.	For	example,	a	1991	report	from	the	Federal	Highway	Administration	to	the	U.S.	Congress	said	that	134,000	reinforced
concrete	bridges	in	the	United	States	∗	Conversion	of	CaCO3	to	CaO	can	occur	at	900	to	1000°C.	1781–1812,	1940.	Smith,	W.F.,	Foundations	of	Materials	Science	and	Engineering,	3d	ed.	56.	Monteiro	et	al.	The	excellent	conditions	of	the	2700-year-old	concrete	lining	of	a	water	storage	tank	on	the	Rodos	Island	in	Greece	and	several	aqueducts	built
in	Europe	built	by	the	Romans	nearly	2000	years	ago,	are	a	living	testimony	to	the	long-term	durability	of	concrete	in	moist	environments.	29.	12).	Unfortunately,	it	is	sometimes	difficult,	if	not	impossible,	to	take	measurements	when	no	reinforcing	bars	are	close	by.	Friction	reducers.	In	this	chapter,	causes	of	nonlinearity	in	the	stress-strain	relation
of	concrete	are	discussed,	and	different	types	of	elastic	moduli	and	the	methods	of	determining	them	are	described.	For	various	reasons,	as	discussed	in	Chap.	With	a	highly	flocculated	cement	paste	system,	not	only	the	size	and	shape	of	pores	but	also	the	crystalline	products	of	hydration	would	be	different	when	compared	to	a	well-dispersed	system.
(After	Ohtsu,	M.,	The	History	and	Development	of	Acoustic	Emission	in	Concrete	Engineering,	Concr.	What	about	the	use	of	seawater	for	this	purpose?	However,	with	reinforced	and	prestressed	concrete	it	increases	the	risk	of	steel	corrosion;	therefore,	the	use	of	seawater	as	concrete-mixing	water	should	be	avoided	under	these	circumstances.	439–
446,1990,	(c)	From	Swamy,	R.N.,	ACI	,	SP	144,	pp.	Compared	to	other	considerations,	how	much	importance	should	be	given	to	durability	in	the	design	and	construction	of	concrete	structures?	In	longitudinal	waves	the	particles	move	back	and	forth	along	the	direction	of	wave	propagation,	similar	to	sound	waves	in	a	fluid,	leading	to	a	volume
change.	3,	No.	1,	1981,	ASTM,	Philadelphia,	PA.]	Pozzolans	and	slags	are	generally	very	effective	in	reducing	the	expansion	due	to	the	alkali-aggregate	reaction.	Ohtsu	showed	examples	of	the	possibilities	of	using	AE	to	detect	damages	caused	by	alkali-silica	reaction	and	freezing-thawing	cycles.	28,	No.	2,	1983)	wrote:	“The	architect	had	wanted	the
building	and	specially	the	great	dome,	27-m	diameter,	to	be	as	white	as	possible,	but	not	with	a	dull	and	chalky	appearance.	76,	p.	Mixing	water.	Generally,	when	aggregates	larger	than	the	critical	size	are	present	in	a	concrete,	freezing	is	accompanied	by	pop-outs,	that	is,	failure	of	the	aggregate	in	which	a	part	of	the	aggregate	particle	remains	in
the	concrete	and	the	other	part	pops	out	with	the	mortar	flake.	For	a	P-wave,	particles	move	parallel	to	the	direction	of	wave	propagation.	Analysis	of	the	waveforms	in	frequency	domain.	Heavy-duty	industrial	floors	or	pavements	may	be	designed	to	have	a	25-	to	75-mm-thick	topping,	consisting	of	a	low	water-cement	ratio	concrete	mixture	and	a
hard	aggregate	of	12.5	mm	maximum	size.	The	characteristics	of	the	interfacial	transition	zone	also	influence	the	durability	of	concrete.	In	the	cold	climates	of	Denmark	and	Norway,	concrete	mixtures	unprotected	by	entrained	air	were	subject	to	expansion	and	cracking	by	frost	action.	For	instance,	if	the	purpose	of	the	study	is	to	identify	the
thickness	and	properties	of	the	materials	existing	in	a	concrete	pavement	and	the	subgrade,	a	natural	model	will	consist	of	a	series	of	layers	parallel	to	each	other.	Powers	data	are	shown	in	Fig.	Also,	it	is	customary	to	express	the	individual	oxides	and	clinker	compounds	by	using	the	following	abbreviations:	Oxide	Abbreviation	Compound	CaO	SiO2
Al2O3	Fe2O3	MgO	SO3	H2O	C	S	A	F	M	−	S	H	3CaO⋅SiO2	2CaO⋅SiO2	3CaO⋅Al2O3	4CaO⋅Al2O3⋅Fe2O3	4CaO⋅3Al2O3⋅SO3	3CaO⋅2SiO2⋅3H2O	CaSO4⋅2H2O	Abbreviation	C3S	C2S	C3A	C4AF	−	C4A3S	C3S2H3	−	CSΗ2	208	Concrete	Materials,	Mix	Proportioning,	and	Early-Age	Properties	TABLE	6-1	Oxide	Analyses	of	Portland	Cements	(%)	Oxide
Cement	no.1	Cement	no.	In	regard	to	the	effect	of	loading	rate	on	concrete	strength,	it	is	generally	agreed	that	the	more	rapid	the	rate	of	loading,	the	higher	the	observed	strength.	Knowledge	of	reaction	speed	is	important	because	it	determines	the	time	of	setting	and	hardening.	When	many	scholarly	princes	failed	to	win	her	in	debates	on
philosophical	and	religious	issues,	they	decided	to	play	a	practical	joke.	Progress	in	Concrete	Technology	Preview	12.1	Structural	Lightweight	Concrete	12.1.1	Definition	and	specifications	12.1.2	Mix-proportioning	criteria	12.1.3	Properties	12.1.4	Applications	12.2	High-Strength	Concrete	12.2.1	A	brief	history	of	development	12.2.2	Definition	12.2.3
Significance	12.2.4	Materials	12.2.5	Mixture	proportioning	12.2.6	Microstructure	12.2.7	Properties	of	fresh	and	hardened	concrete	12.2.8	High-strength,	lightweight	aggregate	concrete	12.3	Self-Consolidating	Concrete	12.3.1	Definition	and	significance	12.3.2	Brief	history	of	development	12.3.3	Materials	and	mixture	proportions	12.3.4	Properties	of
SCC	12.3.5	Applications	12.4	High-Performance	Concrete	12.4.1	A	brief	history	of	development	12.4.2	ACI	definition	and	commentary	on	high-performance	concrete	12.4.3	Field	experience	12.4.4	Applications	12.4.5	High-performance,	high-volume	fly	ash	concrete	12.5	Shrinkage-Compensating	Concrete	12.5.1	Definition	and	the	concept	12.5.2
Significance	12.5.3	Materials	and	mix	proportions	12.5.4	Properties	12.5.5	Applications	12.6	Fiber-Reinforced	Concrete	12.6.1	Definition	and	significance	12.6.2	Toughening	mechanism	12.6.3	Materials	and	mix	proportioning	12.6.4	Properties	449	449	450	450	451	453	457	458	458	460	460	460	463	466	466	473	475	475	476	477	478	479	480	480	480
481	482	485	490	490	492	492	493	496	501	501	502	506	511	xiv	Contents	12.7.	12.8	12.9	12.10	12.6.5	Development	of	ultra-high-performance	fiber-reinforced	composites	12.6.6	Applications	Concrete	Containing	Polymers	12.	From	the	surface	to	the	interior	of	concrete,	what	is	the	typical	pattern	of	chemical	attack	in	sea	structures?	Since	the
uniaxial	strength	in	compression	is	commonly	accepted	as	a	general	index	of	the	concrete	strength,	the	relationships	between	the	uniaxial	compressive	strength	and	other	strength	types	like	tensile,	flexural,	shear,	and	biaxial	strength	are	discussed.	In	the	previous	section,	the	analysis	was	performed	in	the	time	domain,	which	is	appropriate	for
ultrasonic	testing	done	at	high	frequency.	It	may	be	noted	that	cellular	organic	materials	such	as	wood	chips	should	not	be	used	as	aggregate	because	they	would	not	be	durable	in	the	moist	alkaline	environment	within	portland-cement	concrete.	Consider	a	layer	with	thickness	h	and	wave	velocity	V1,	which	is	lower	than	the	velocity	V2	of	the	sound
concrete	(Fig.	(Unpublished	data	from	student	experiments,	University	of	California	at	Berkeley.)	Figure	4-5	92	Microstructure	and	Properties	of	Hardened	Concrete	TABLE	4-1	Effect	of	Type	of	Aggregate	on	Modulus	of	Elasticity	Aggregate	type	αe	Basalt,	dense	limestone	Quartzitic	Limestone	Sandstone	1.2	1.0	0.9	0.7	According	to	ACI	Building
Code	318,	with	a	concrete	unit	weight	between	1500	and	2500	kg/m3,	the	modulus	of	elasticity	can	be	determined	from	Ec	=	w1c	.5	×	0.043	fc′1/2	where	Ec	=	static	modulus	of	elasticity	(MPa)	wc	=	unit	weight	(kg/m3)	fc	=	28-day	compressive	strength	of	standard	cylinders	(MPa)	In	the	CEB-FIP	Model	Code	(1990),	the	modulus	of	elasticity	of
normal-weight	concrete	can	be	estimated	from	Ec	=	2.15	×	104	(	fcm	/10	)1/3	where	Ec	is	the	28-day	modulus	of	elasticity	of	concrete	(MPa)	and	fcm	the	average	28-day	compressive	strength.	For	the	cathode	process,	therefore	the	presence	of	both	air	and	water	at	the	surface	of	the	cathode	is	absolutely	necessary.	Irrespective	of	the	mechanism	by
which	the	sulfate	expansion	associated	with	ettringite	is	suppressed	in	high-C3A	portland	cement	concrete	exposed	to	seawater,	the	influence	of	chloride	on	the	sulfate	expansion	clearly	demonstrates	the	error	too	often	made	in	modeling	the	behavior	of	materials	when,	for	the	sake	of	simplicity,	the	effect	of	an	individual	factor	on	a	phenomenon	is
predicted	without	sufficient	regard	to	the	other	factors	that	may	be	present,	and	may	modify	the	effect	significantly.	From	the	standpoint	of	impermeability	and	durability	the	effects	of	the	pozzolanic	reaction	are	probably	more	important	in	concrete	than	in	the	hydrated	cement	paste.	This	can	be	illustrated	with	the	help	of	three	cases:	concrete	cast
and	cured	at	the	same	temperature,	concrete	cast	at	different	temperatures	but	cured	at	a	normal	temperature,	and	concrete	cast	at	a	normal	temperature	but	cured	at	different	temperatures.	6-14)	or	a	reactive	aggregate	is	present.	Thus,	cement	hydration	may	be	looked	upon	as	a	process	during	which	the	space	originally	occupied	by	cement	and
water	is	being	replaced	more	and	more	by	the	space	filled	by	hydration	products.	8.	Cordon,	W.A.,	and	H.A.	Gillispie,	J.	However,	from	standpoint	of	aggressive	action	to	cement	hydration	2−	2+	products,	sufficient	amounts	of	Mg	and	SO4	are	present,	typically	1400	and	2700	mg/l,	respectively.	Suggestions	for	Further	Study	General	ACI	Committee
201,	Guide	to	Durable	Concrete,	ACI	Manual	of	Concrete	Practice,	2002.	No	cases	of	structural	distress	due	to	the	presence	of	periclase	in	modern	portland	cements	are	reported	from	countries	such	as	Brazil,	where	raw	material	limitations	compel	some	cement	producers	to	manufacture	portland	cements	containing	more	than	6	percent	MgO.
Setting	times	as	low	as	10	minutes	can	be	achieved	by	using	mixtures	of	either	portland	cement	and	plaster	of	paris	(CaSO4	⋅	1/2H2O)	or	portland	cement	and	calcium	aluminate	cement.	Nondestructive	Methods	401	These	surface	waves	are	similar	to	waves	produced	by	throwing	a	stone	into	a	placid	lake.	Lesnikoff,	J.	Crushed	rocks	have	a	rough
texture;	depending	on	the	rock	type	and	the	choice	of	crushing	equipment,	the	crushed	aggregate	may	contain	a	considerable	proportion	of	flat	or	elongated	particles	that	adversely	affect	many	properties	of	concrete.	TABLE	7-1	Characteristics	of	Aggregates	from	Sedimentary	Rocks	Rock	type	Siliceous	rocks	Mechanically	deposited	either	in	an
unconsolidated	or	physically	consolidated	state.	For	the	typical	concrete	mixtures	normally	used	in	practice,	the	threshold	chloride	content	to	initiate	corrosion	is	reported	to	be	in	the	range	0.6	to	0.9	kg	Cl−	per	cubic	meter	of	concrete.	Concrete	weakened	by	microcracking	and	chemical	attacks	will	eventually	disintegrate	by	eroding	action	and	the
impact	of	sand,	gravel,	and	ice;	thus	maximum	deterioration	occurs	in	the	tidal	zone.	Puerto	Rican	sand	and	white	portland	cement	were	used	to	create	a	combination	that	reflected	light	and	imparted	a	bright	glow	to	the	exposed-aggregate	concrete	surface.	This	permitted	considerable	percolation	of	water	through	the	caisson	walls	and	the	interior
mass	concrete	filling.	7.3.2	Description	of	minerals	ASTM	Standard	C	294	contains	the	descriptive	nomenclature	that	is	useful	for	understanding	the	terms	used	to	designate	aggregate	constituents.	With	properly	selected	materials,	mixture	proportions,	processing,	and	curing	conditions,	it	is	possible	to	produce	concrete	structures	that	will	remain
sufficiently	dry	in	the	interior	during	service.	Because	the	bond	energies	of	the	individual	water	molecules	decrease	with	distance	from	the	solid	surface,	a	major	portion	of	the	adsorbed	water	can	be	lost	when	hydrated	cement	paste	is	dried	to	30	percent	relative	humidity.	Microcracking	during	weathering	and	loading	effects	sometimes	destroys	the
water-tightness	and	makes	the	concrete	permeable.	The	beams	3	were	made	in	1963	with	a	high-quality	concrete	(370	kg/m	cement,	0.45	watercement	ratio).	(Continued)	192	Microstructure	and	Properties	of	Hardened	Concrete	TABLE	5-5	Performance	of	Concrete	Exposed	to	Seawater	(Continued)	History	of	structures	Results	of	examination
Highway	Bridge,	North	Jutland:	Severe	cracking	and	spalling	of	concrete	at	the	mean	water	level	provided	a	typical	hourglass	shape	to	the	piers.	Fire	Physical	causes	of	concrete	deterioration.	The	Rayleigh	surface	wave	(d)	is	a	combination	of	P-	and	S-waves	whereby	the	particles	vibrate	in	an	elliptical	movement.	Thus	the	through-solution
mechanism	envisages	complete	reorganization	of	the	constituents	of	the	original	compounds	during	the	hydration	of	cement.	In	fact,	the	stiffening	(loss	of	consistency)	and	setting	(solidification)	characteristics	of	a	portland	cement	paste,	are	largely	determined	by	the	hydration	reactions	involving	the	aluminates.	The	mechanism	underlying	the
development	of	internal	pressure	on	freezing	a	saturated	cement	paste	is	also	applicable	to	other	porous	bodies;	this	includes	aggregates	produced	from	porous	rocks,	such	as	certain	cherts,	sandstones,	limestones,	142	Microstructure	and	Properties	of	Hardened	Concrete	Sequence	of	ice	propagation	in	an	air-entrained	void.	Steel	structures,	on	the
other	hand,	are	susceptible	to	rather	heavy	corrosion	in	offshore	environments,	require	costly	surface	treatment	and	other	methods	of	protection,	and	entail	considerable	maintenance	and	repair	costs.	Heavyweight	concrete,	used	for	radiation	shielding,	is	a	concrete	produced	from	high-density	aggregates	and	generally	weighs	more	than	3200	kg/m3
(5300	lb/yd3).	However,	it	is	not	practical	to	extend	long	cables	to	establish	the	“far	away”	condition	required	by	integration	up	to	infinite.	In	addition	to	vapor	in	empty	or	partially	water-filled	voids,	water	exists	in	the	hydrated	cement	paste	in	the	following	states:	This	is	the	water	present	in	voids	larger	than	about	50	Å.	Which	other	compound	can
cause	unsoundness	in	portland	cement	products?	Further,	according	to	Litvan,	the	moisture	transport	associated	with	cooling	of	saturated	porous	bodies	may	not	necessarily	lead	to	mechanical	damage.	Minerals	with	the	amphibole	and	pyroxene	arrangements	of	crystal	structure	are	referred	to	as	hornblende	and	augite,	respectively.	Whereas	in
hardened	cement	paste	or	mortar	the	porosity	can	be	related	to	strength,	with	concrete	the	situation	is	not	simple.	A	king	in	ancient	India	had	a	very	beautiful	daughter,	named	Tilotama,	who	refused	to	marry	until	she	could	find	someone	wiser	than	herself.	6,	7,	and	8;	however,	some	of	the	aspects	that	are	important	from	the	standpoint	of	concrete
strength	are	considered	here.	Additionally,	in	direct	tension	tests	the	entire	volume	of	the	specimen	is	under	applied	stress,	whereas	in	the	flexure	test	only	a	small	volume	of	concrete	near	the	bottom	of	the	specimen	is	subjected	to	high	stresses.	As	illustrated	by	the	diagrammatic	representation	of	a	reinforced	concrete	cylinder	exposed	to	seawater
(Fig.	∗	†	Introduction	TABLE	1-3	19	Conversion	Factors	from	the	U.S.	to	SI	Units	To	convert	from:	yards	(yd)	feet	(ft)	inches	(in.)	cubic	yards	(yd3)	U.S.	gallons	(gal)	U.S.	gallons	(gal)	pounds,	mass	(lb)	U.S.	tons	(t)	pounds/cubic	yard	(lb/yd3)	kilogram	force	(kgf	)	pounds	force	(lbf	)	kips	per	square	inch	(ksi)	Degrees	Fahrenheit	(°F)	To:	meters	(m)
meters	(m)	millimeter	(mm)	cubic	meters	(m3)	cubic	meters	(m3)	liters	kilograms	(kg)	tonnes	(T)	kilograms/cubic	meter	(kg/m3)	newtons	(N)	newtons	(N)	megapascal	(MPa	or	N/mm2)	degrees	Celsius	(°C)	Multiply	by:	0.9144	0.3048	25.4	0.7646	0.003785	3.785	0.4536	0.9072	0.5933	9.807	4.448	6.895	(°F	−	32)/1.8	of	the	metric	system,	called	the
International	System	of	Units	(Syst`eme	International	d’Unités),	abbreviated	SI,	was	approved	in	1960	by	many	participating	nations	in	the	General	Conference	on	Weights	and	Measures.	13,	No.	3,	pp.	Telford,	459	p.,	1997.	Adsorbed	water.	Typical	s	−	e	curves,	with	sample	computations	for	the	secant	elastic	moduli	of	the	three	concrete	mixtures	of
Fig.	The	most	common	carbonate	mineral	is	calcite	or	calcium	carbonate,	CaCO3.	That	is	why	the	materials	are	subjected	to	a	series	of	crushing,	grinding,	and	blending	operations.	The	aggregate	phase	is	predominantly	responsible	for	the	unit	weight,	elastic	modulus,	and	dimensional	stability	of	concrete.	This	page	intentionally	left	blank	Chapter	7
Aggregates	Preview	Aggregate	is	relatively	inexpensive	and	does	not	enter	into	complex	chemical	reactions	with	water;	it	has	been	customary,	therefore,	to	treat	it	as	an	inert	filler	in	concrete.	46.	To	develop	a	truly	biaxial	stress	state,	the	friction	between	the	concrete	cylinder	and	the	steel	plates	must	be	avoided.	If	the	slave	of	the	home	owner	dies,
he	shall	be	given	a	slave	of	the	same	value.	2-8	are	replotted	after	omitting	the	large	pores	(i.e.,	>	1320	Å,	it	was	found	that	a	single	curve	could	fit	the	pore	distributions	in	the	28-day-old	pastes	made	with	four	different	water-cement	ratios.	84	Microstructure	and	Properties	of	Hardened	Concrete	References	1.	As	large	amounts	of	concrete	aggregate
are	derived	from	the	sedimentary	and	igneous	rocks,	a	description	of	the	rock	types	in	each	class,	principal	minerals	present,	and	characteristics	of	the	aggregates	are	summarized	in	Tables	7-1	and	7-2,	respectively.	Vicat	made	the	profound	observation:	On	being	submitted	to	examination,	the	deteriorated	parts	exhibit	much	less	lime	than	the	others;
what	is	deficient	then,	has	been	dissolved	and	carried	off;	it	was	in	excess	in	the	compound.	Ferromagnesium	minerals,	which	occur	in	many	igneous	and	metamorphic	rocks,	consist	of	silicates	of	iron	or	magnesium	or	both.	14	Microstructure	and	Properties	of	Hardened	Concrete	used	hydraulic	cement	for	making	concrete	is	portland	cement,	which
consists	essentially	of	reactive	calcium	silicates;	the	calcium	silicate	hydrates	formed	during	the	hydration	of	portland	cement	are	primarily	responsible	for	its	adhesive	characteristic,	and	are	stable	in	aqueous	environment.	7.3	Natural	Mineral	Aggregates	Natural	mineral	aggregates	form	the	most	important	class	of	aggregates	for	making	portland
cement	concrete.	2-10	that	the	degree	of	cement	hydration	has	a	direct	effect	on	porosity	and	consequently	on	strength.	The	gross	elements	of	the	microstructure	of	a	material	can	readily	be	seen	from	a	cross	section	of	the	material,	whereas	the	finer	elements	are	usually	resolved	with	the	help	of	a	microscope.	5.17	With	respect	to	the	corrosion	of
steel	in	concrete,	explain	the	significance	of	the	following	terms:	carbonation	of	concrete,	passivity	of	steel,	Cl−/OH−	molar	ratio	of	the	contact	solution,	electrical	resistivity	of	concrete,	state	of	oxidation	of	iron.	2-9).	It	is	estimated	that	water	in	the	gel	pores	does	not	freeze	above	−78°C.	As	stated	earlier,	the	volume	of	capillary	voids	in	a	hydrated
cement	paste	depends	on	the	amount	of	water	mixed	with	the	cement	at	the	start	of	hydration	and	the	degree	of	cement	hydration.	(It	may	be	noted	that	air	entrainment	was	not	prevalent	before	the	1950s).	Second,	each	of	the	three	phases	is	itself	a	multiphase	in	character.	Humidity	and	temperature	gradients	2.	Corrosion	of	embedded	steel	is,
generally,	the	major	cause	of	concrete	deterioration	in	reinforced	and	prestressed	concrete	structures	exposed	to	seawater,	but	in	lowpermeability	concrete	this	does	not	appear	to	be	the	first	cause	of	cracking.	The	CEB-FIP	Model	Code	(1990)	recommends	that	the	increase	in	compressive	strength	due	to	impact,	with	rates	of	loading	less	than	106
MPa/s,	can	be	computed	using	the	relationship:	fc	,imp	fcm	α	⎛	σ	⎞	s	=⎜	⎟	⎝	σ	0	⎠	s	(3-6)	where	fc,imp	=	impact	compressive	strength	fcm	=	compressive	strength	of	concrete,	s˙	0	=	−1.0	MPa/s	s˙	s	=	impact	stress	rate	as	=	1/(5	+	9	fcm/fcmo,	fcmo	=	10	MPa	Ople	and	Hulsbos8	reported	that,	repeated	or	cyclic	loading	has	an	adverse	effect	on
concrete	strength	at	stress	levels	greater	than	50	percent	of	fc.	At	a	curing	temperature	near	freezing,	the	28-day	strength	was	about	one-half	of	the	strength	of	the	concrete	cured	at	21°C;	hardly	any	strength	developed	at	the	below-freezing	curing	temperature.	12.	6-3.	35–60,	1978.	Bentur,	The	Science	and	Technology	of	Civil	Engineering
Materials,	Prentice	Hall,	Upper	Saddle	River,	NJ,	p.	Using	Eq.	(11-5)	sin	θ	ic	=	V1	V2	(11-13)	After	trigonometric	simplifications,	Eq.	(11-12)	can	be	rearranged	as	t=	2	h	cos	θ	ic	x	+	V1	V2	(11-14)	Using	Eq.	(11-13)	and	trigonometric	relationships,	cosqic	can	be	expressed	as	a	function	of	the	two	velocities	and	the	previous	equation	can	be	rewritten	as
t=	2	h	1	−	(V1/V2	)2	V1	+	x	V2	(11-15)	or	t=	2	h	V22	−	V12	V1	V2	+	x	V2	(11-16)	As	before,	the	experimental	results	are	plotted	in	a	time	vs.	6-5a).	The	severity	of	leaching	can	be	evaluated	from	the	content	of	dissolved	CaO.	Can	you	give	some	idea	of	the	fineness	range	in	industrial	portland	cements?	Later,	it	was	found	that	for	applications	above
82°C,	the	cement	must	be	further	retarded	by	addition	of	lignosulfonates,	cellulose	products,	or	salts	of	acids	containing	one	or	more	hydroxyl	groups	(Chap.	Calculated	values	of	secant	E	(based	on	curve	no.	3-20c),	the	average	value	of	the	maximum	principal	tensile	microstrain	is	only	about	80.	5	S	A	F	C	−	S	Rest	21.1	6.2	2.9	65.0	2.0	2.8	21.1	5.2
3.9	65.0	2.0	2.8	21.1	4.2	4.9	65.0	2.0	2.8	20.1	7.2	2.9	65.0	2.0	2.8	21.1	7.2	2.9	64.0	2.0	2.8	Since	properties	of	portland	cement	are	related	to	the	compound	composition,	it	is	difficult	to	draw	any	conclusions	from	the	cement	oxide	analyses,	such	as	those	shown	in	Table	6-1.	It	appears	that	ettringite	expansion	is	suppressed	in	the	envi−	−	ronments
where	(OH)	ions	have	essentially	been	replaced	by	Cl	ions.	318–342,	1955.	To	appreciate	at	a	glance	the	complex	web	of	numerous	variables	that	influence	the	strength	of	concrete,	a	summary	is	presented	in	Fig.	Finally,	trends	in	cement	specifications	in	Europe	and	North	America	are	reviewed.	CEM	III	covers	three	varieties	of	blended	portland-slag
cements	containing	more	than	35	percent	granulated	blastfurnace	slag,	namely	36	to	65	percent,	66	to	80	percent,	and	81	to	95	percent	slag.	Long-time	performance	of	epoxy-coated	rebars	is	still	under	investigation	in	Durability	183	many	countries.	It	is	suggested	that	the	process	of	pore-size	and	grain-size	refinement	strengthens	the	cement	paste
in	the	transition	zone,	thus	reducing	the	microcracks	and	increasing	the	impermeability	of	concrete.	According	to	Lea,1	a	notable	feature	of	the	ionic	packing	is	that	the	coordination	of	oxygen	ions	around	the	calcium	is	irregular	so	that	the	oxygen	ions	are	concentrated	on	one	side	of	each	of	the	calcium	ion.	On	freezing	of	water	in	the	pores,	the
elastic	strain	in	the	particle	is	accommodated	without	causing	fracture.	2-15).	On	the	other	hand,	compared	to	ASTM	Type	I,	Type	II,	and	Type	III	portland	cements,	the	rates	of	hydration	and	strength	development	with	Type	IV	and	Type	V	cements	(Chap.	Amount	and	Type	of	Aggregate.	The	creativity	of	Louis	Bourgeois	and	the	superbly	crafted
concrete	from	Earley	Studios	have	acted	in	concert	to	produce	this	great	performance.”	Aggregate	is	the	granular	material,	such	as	sand,	gravel,	crushed	stone,	crushed	blast-furnace	slag,	or	construction	and	demolition	waste	that	is	used	with	a	cementing	medium	to	produce	either	concrete	or	mortar.	Nondestructive	Methods	E	i	dEapp	Ecorr	di	to	t
to	Input	t	Response	(a)	Potentiostatic	measurement	i	E	dEapp	Ecorr	diapp	to	t	Input	to	Response	t	(b)	Galvanostatic	measurement	Figure	11-25	Linear	polarization	resistance	measurement.	Alas,	time	stays;	we	go.”	Concrete	is	an	extraordinary	material	because	it	can	be	not	only	cast	into	a	variety	of	complex	shapes,	but	also	given	special	surface
effects.	The	damage	was	confined	to	the	underside	and	to	the	windward	faces	exposed	to	seawater	spray,	and	occurred	only	in	the	precast,	steam-cured	beams.	2-7b	illustrates	a	similar	range	using	the	height	of	a	human	being	as	a	starting	point	and	planet	Mars	as	the	ending	point.	The	half-cell	potential	measurement	has	been	widely	used	in	the	field
and	the	method	provides	a	quick	and	inexpensive	means	of	identifying	zones	that	need	further	analysis	or	repair;	however,	the	results	of	the	test	may	be	affected	by	the	following:	Degree	of	humidity	in	concrete.	Chalcedony	is	a	porous	silica	mineral,	generally	containing	microscopic	fibers	of	quartz.	The	mechanisms	by	which	frost	damage	occurs	in
the	cement	paste	and	how	air-entrainment	prevents	the	damage,	are	described	next.	A	change	in	the	maximum	size	of	well-graded	coarse	aggregate	of	a	given	mineralogy	can	have	two	opposing	effects	on	the	strength	of	concrete.	Mg	ion	attack	3.	Sandstones	and	quartzite	consist	of	rock	particles	in	the	sand-size	range;	if	the	rock	breaks	around	the
sand	grains,	it	is	called	sandstone;	if	the	grains	are	largely	quartz	and	the	rock	breaks	through	the	grains,	it	is	called	quartzite.	(Canada),	Vol.	This	explains	the	phenomenon	that	the	components	of	concrete	(i.e.,	aggregate	and	hydrated	cement	paste	or	mortar)	usually	remain	elastic	until	fracture	in	a	uniaxial	compression	test,	whereas	concrete	itself
shows	inelastic	behavior.	Another	possibility	of	damage	to	hydraulic	structures	is	by	cavitation,	which	relates	to	loss	of	mass	by	formation	of	vapor	bubbles	and	their	subsequent	collapse	due	to	sudden	change	of	direction	in	a	rapidly	flowing	water.	11.6.2	Ultrasonic	pulse	velocity	methods	The	ultrasonic	pulse	velocity	method	consists	of	measuring	the



travel	time	of	a	pulse	of	longitudinal	ultrasonic	waves	passing	through	the	concrete.	All	coarse	aggregate	and	about	70	percent	of	the	fine	aggregate	was	obtained	by	crushing	basalt	rock	available	at	the	site.	On	the	other	hand,	by	improving	the	workability	and	compactibility	of	the	mixture,	entrained	air	tends	to	improve	the	strength	of	the	interfacial
transition	zone	(especially	in	mixtures	with	very	low	water	and	cement	contents)	and	thus	improves	the	strength	of	concrete.	6-17a).	For	a	well-hydrated	cement	paste,	the	inhomogeneous	distribution	of	solids	and	voids	alone	can	perhaps	be	ignored	when	modeling	the	behavior	of	the	material.	Concrete	structures	of	the	San	Francisco	Ferry	Building,
built	in	1912.	The	adverse	influence	of	air-entraining	admixtures	on	concrete	strength	has	already	been	discussed.	21.	Proceedings	of	the	Seventh	International	Congress	on	the	Chemistry	of	Cement	(Paris,	1980),	Eighth	Congress	(Rio	de	Janeiro,	1986),	Ninth	Congress	(New	Delhi,	1992);	Tenth	Congress	(Gothenberg,	1998).	(Troxell,	G.E.,	H.E.	Davis,
and	J.W.	Kelly,	Composition	and	Properties	of	Concrete,	McGraw-Hill,	New	York,	p.	Mechanical	damage	occurs	when	the	rate	of	moisture	transport	is	considerably	less	than	demanded	by	the	conditions	(e.g.,	a	large	temperature	gradient,	a	low	permeability,	and	a	high	degree	of	saturation).	The	cements	differ	from	the	Type	K	cement	and	from	each
other	with	respect	to	the	source	of	aluminate	ions	for	ettringite	formation.	Longitudinal	waves	with	frequencies	in	the	range	of	20	to	150	kHz	are	normally	used.	In	the	beginning,	the	area	of	the	hysteresis	loop	decreases	with	each	successive	Strength	71	Compression	fc′	Stress	Envelope	curve	ft′	Strain	Response	of	concrete	to	repeated	uniaxial
loading.	53,	No.	8/9,	pp.	The	term	abrasion	generally	refers	to	dry	attrition,	such	as	in	the	case	of	wear	on	pavements	and	industrial	floors	by	vehicular	traffic.	A	small	amount	of	air	usually	gets	trapped	in	the	cement	paste	during	concrete	mixing.	Of	the	coastal	structures,	about	40	percent	showed	overall	deterioration,	and	about	35	percent	showed
from	severe	surface	damage	to	slight	deterioration.	1–20,1980.)	The	type	and	severity	of	attack	on	a	concrete	sea	structure	depend	on	the	conditions	of	exposure.	The	preheater	exhaust	gases	go	to	an	electrostatic	precipitator	designed	for	an	emission	efficiency	of	99.93	percent.	F.	Durability	197	9.	By	extrapolating	the	linear	curve	of	slope	1/V2	to	x
=	0,	the	intercept	with	the	vertical	axis,	of	ti,	is	obtained.	The	discovery	that	the	thickening	time	of	cement	slurries	at	high	temperatures	can	be	increased	by	reducing	the	C3A	content	and	fineness	of	ordinary	portland	cement	(i.e.,	by	using	coarsely	ground	cement)	led	to	the	development	of	initial	oil-well	cements.	Close	to	the	surface	two	other	types
of	waves	can	also	be	present:	Love	and	Rayleigh.	The	chemistry	underlying	the	gypsum	and	lime	cements	is	illustrated	in	Fig.	Due	to	variations	in	the	microstructure	and	microclimate	at	different	points	within	a	given	concrete	structure,	a	precise	determination	of	the	length	of	each	stage	is	difficult.	Several	hydraulic	calcium	aluminates	can	occur	in
the	CaO-Al2O3	system;	however,	the	tricalcium	aluminate	(C3A)	is	the	principal	aluminate	compound	in	portland	cement	clinker.	Harnik,	A.B.,	U.	(Photograph	courtesy	from	David	Solzman.)	The	Baha’i	Temple	is	an	example	of	the	exceedingly	beautiful,	ornamental	architecture	that	can	be	created	in	concrete.	In	spite	of	the	use	of	high-C3A	portland
cements,	expansion	and	cracking	of	concrete	due	to	ettringite	was	not	observed	in	low-permeability	concretes.	Since	density	is	oppositely	related	to	porosity,	obviously	the	factors	that	affect	the	porosity	of	aggregate,	cement	paste	matrix,	and	the	interfacial	transition	zone	would	be	important.	Surface	waves	can	also	be	employed	to	characterize	the
interior	of	a	concrete	member.	Even	when	the	individual	components	are	of	high	stiffness,	the	stiffness	of	the	composite	is	reduced	because	of	the	broken	bridges	(i.e.,	voids	and	microcracks	in	the	interfacial	transition	zone),	which	do	not	46	Microstructure	and	Properties	of	Hardened	Concrete	permit	stress	transfer.	Lea,	F.M.,	The	Chemistry	of
Cement	and	Concrete,	Chemical	Publishing	Company,	New	York,	Chap.	2.6	What	would	be	the	volume	of	capillary	voids	in	an	0.2-water-cement	ratio	paste	that	is	only	50	percent	hydrated?	Mehta,	P.K.,	ASTM	STP	663,	pp.	[Based	on	Feldman,	R.F.,	and	P.J.	Sereda,	Eng.	Test	methods	for	the	evaluation	of	wear	resistance	of	concrete	are	not	always
satisfactory	because	simulation	of	the	field	conditions	of	wear	is	not	easy	in	the	laboratory.	5.3	Define	the	coefficient	of	permeability?	Interlayer	space	in	C-S-H.	Marked	deterioration	due	to	the	alkali-silica	reaction	occurs	under	continuous	moist	exposure,	and	in	field	practice,	under	wet	environmental	conditions.	They	range	from	pure	limestone
consisting	of	the	mineral	calcite	to	pure	dolomite,	which	consist	of	the	mineral	dolomite.	Owing	to	the	high	water-cement	ratio,	these	crystalline	products	in	the	vicinity	of	the	coarse	aggregate	consist	of	relatively	larger	crystals,	and	therefore	form	a	more	porous	framework	than	in	the	bulk	cement	paste	or	mortar	matrix.	Grout	is	a	mixture	of
cementitious	material	and	aggregate,	usually	fine	aggregate,	to	which	sufficient	water	is	added	to	produce	a	pouring	consistency	without	segregation	of	the	constituents.	Furthermore,	when	large	amounts	of	chloride	are	present,	concrete	tends	to	hold	more	moisture,	which	also	increases	the	risk	of	steel	corrosion	by	lowering	the	electrical	resistivity
of	concrete.	Limestones	are	the	most	widespread	of	carbonate	rocks.	Because	the	water	in	small	capillaries	(5	to	50	nm)	exerts	hydrostatic	tension,	its	removal	D	A	100	0	ng	Old	Free	water	B	You	Loss	of	water	Adsorbed	water	Shrinkage	C	C	Bound	water	Combined	water	B	A	Relative	humidity	Loss	of	water	(a)	(b)	Figure	2-12	(a)	Loss	of	water	as	a
function	of	the	relative	humidity	and	(b)	shrinkage	of	a	cement	mortar	as	a	function	of	the	water	loss.	The	light	weight	of	the	aggregate	is	due	to	the	cellular	or	highly	porous	microstructure.	For	a	given	compound	composition	the	rate	of	reactivity	and	hence	the	strength	development	can	be	enhanced	by	finer	grinding	of	cement;	however,	the	cost	of
grinding	and	the	heat	evolved	on	hydration	set	some	limits	on	the	fineness.	Mehta,	P.K.,	and	D.	Some	high-alumina	slags	and	fly	ashes	tend	to	increase	the	content	of	calcium	aluminate	hydrates	and	monosulfate	(which	are	vulnerable	to	sulfate	attack)	in	the	hydrated	cement	paste.	In	1992,	a	performance-based	standard	for	blended	hydraulic
cements,	C	1157,	was	issued	by	ASTM.	It	should	be	emphasized	again	that,	in	practice,	many	mixture	design	parameters	are	interdependent,	and	therefore	their	influences	cannot	really	be	separated.	1	to	3,	1981.,	Microstructure	of	Cement	Paste.	The	angles	of	incidence,	reflected,	and	transmitted	rays	are	related	according	to	Snell’s	law:	sinθ1	sinθ
2	sin	Φ1	sin	Φ2	=	=	=	Vp1	Vp2	Vs1	Vs	2	(11-11)	where	Vp	and	Vs	are	the	compressive	and	shear	wave	velocities,	respectively,	and	subscripts	1	and	2	refer	to	the	two	dissimilar	materials	(Fig.	Cement	type.	Maso,	J.C.,	ed.,	Interfacial	Transition	Zone	in	Concrete,	E	&	FN	SPON,	London,	1996.	These	three	aspects	of	a	reaction	have	great	practical
importance	for	the	user	of	portland	cement.	10°C.	The	elastic	modulus	of	the	cement	paste	matrix	is	determined	by	its	porosity.	Sometimes	found	as	coatings	on	sand	and	gravel,	gypsum	and	anhydrite	increase	the	chances	of	internal	sulfate	attack	in	concrete.	Str.	Most	natural	mineral	aggregates,	such	as	sand	and	gravel,	have	a	bulk	density	of	1520
to	1680	kg/m3	(95	to	100	lb/ft3)	and	produce	normal-weight	concrete	with	approximately	2400	kg/m3	(150	lb/ft3)	unit	weight.	As	a	result,	the	cement	content	of	the	mass	concrete	was	limited	to	as	low	as	108	kg/m3,	and	the	adiabatic	temperature	rise	to	19∞C	at	28	days.	357–358,	1967.	Atkinson	Construction	Co.]	Figure	5-4	133	134	Microstructure
and	Properties	of	Hardened	Concrete	of	their	very	low	water-cement	ratio,	concrete	toppings	containing	admixtures	or	superplasticizing	admixtures	are	becoming	increasingly	popular	for	use	against	abrasion	or	erosion.	Modified	(accelerated)	ASTM	C	227	test	method	0.7	nd	ali	portla	0.6	High-alk	Expansion,	%	0.4	0.3	an	20%	pozzol	0.2	an	30%
pozzol	0.1	0	1	2	3	4	Curing	period,	months	(a)	5	6	Expansion,	%	0.3	0.5	0	ASTM	C227	test	method	0.4	cement	High-alkali	ment	portland	ce	0.2	40%	slag	50%	slag	65%	slag	0.1	0	0	5	10	15	20	Curing	period,	months	(b)	Influence	of	pozzolan	or	slag	addition	on	alkali-aggregate	expansion.	Silica	minerals.	5.5	What	is	the	difference	between	erosion	and
abrasion?	Comeau,	E.,	Chunnel	Vision,	NFPA	Journal,	pp.	In	thin	concrete	elements,	if	water	is	lost	by	evaporation	from	the	capillaries,	air-curing	conditions	prevail,	and	strength	will	not	increase	with	time	(Fig.	Attack	on	concrete	due	to	any	one	of	these	causes	tends	to	increase	the	permeability;	not	only	would	this	make	the	material	progressively
more	susceptible	to	further	action	by	the	same	destructive	agent	but	also	by	other	types	of	attack.	You	may	use	the	work	for	your	own	noncommercial	and	personal	use;	any	other	use	of	the	work	is	strictly	prohibited.	However,	the	part	played	by	the	ferroaluminate	compound	in	the	early	setting	and	hardening	reactions	of	the	portland	cement	paste
depends	mainly	on	its	chemical	composition	and	temperature	of	formation.	Tricalcium	silicate	(C3S)	and	beta-dicalcium	silicate	(bC2S)	are	the	two	hydraulic	silicates	commonly	found	in	industrial	portland	cement	clinkers.	2-10,	case	A).	There	are	many	methods	available	to	count	the	occurrence	of	acoustic	emission	events.	Figure	3-20	shows	the
typical	stressstrain	curves	for	concrete	under	(a)	biaxial	compression,	(b)	combined	tensioncompression,	and	(c)	biaxial	tension.	76	Microstructure	and	Properties	of	Hardened	Concrete	TABLE	3-1	Relation	between	Compressive,	Flexural,	and	Tensile	Strength	of	Concrete	Strength	of	concrete	(MPa)	Ratio	(%)	Compressive	Modulus	of	rupture	Tensile
7	14	21	28	34	41	48	55	62	2	3	3	4	5	5	6	6	7	1	1	2	2	3	3	4	4	4	SOURCE:	Modulus	of	rupture	to	compressive	strength	Tensile	strength	to	compressive	strength	23.0	18.8	16.2	14.5	13.5	12.8	12.2	11.6	11.2	Tensile	strength	to	modulus	of	rupture	11.0	10.0	9.2	8.5	8.0	7.7	7.4	7.2	7.0	48	53	57	59	59	60	61	62	63	Price,	W.H.,	J.	A	convenient	way	of	generating
surface	waves	with	a	range	of	frequencies	is	to	hit	the	surface	with	a	hammer.	3-1	confirms	the	general	validity	of	the	strength-porosity	relationship	in	solids.	Figg,	J.W.,	Concrete,	Cement	and	Concrete	Association,	Grosvenor	Crescent,	London,	Vol.	In	concrete	technology,	an	overemphasis	on	the	relationship	between	water-cement	ratio	and	strength
has	caused	some	problems.	12	(see	high-strength	concrete).	It	should	be	noted	that	the	evidence	of	alkali-aggregate	reaction	in	a	cracked	concrete	does	not	necessarily	prove	that	this	reaction	is	the	principal	cause	of	cracking.	Had	these	crystals	formed	in	the	cement	paste,	the	matrix	would	have	expanded,	leading	to	cracking	and	loss	of	stiffness.
From	the	microstructural	model	of	the	hydrated	cement	paste	shown	in	Fig.	The	influence	of	the	water-cement	ratio	and	cement	content	on	the	response	of	concrete	to	applied	stress	can	be	explained	from	the	two	opposing	effects	caused	by	incorporation	of	air	into	concrete.	Figure	6-18	238	Concrete	Materials,	Mix	Proportioning,	and	Early-Age
Properties	6.8.3	Expansive	cements	Expansive	cements	are	hydraulic	cements	which,	unlike	portland	cement,	expand	during	the	early	hydration	period	after	setting.	1-11	is	typical	of	specimens	loaded	to	failure	in	a	short	time	in	the	laboratory.	This	is	not	to	suggest	that	there	are	no	other	causes	contributing	to	creep	in	concrete;	however,	the	loss	of
adsorbed	water	under	sustained	pressure	appears	to	be	the	most	important	cause.	53.	(Photograph	from	Ediciones	Dolmen.)	Nervi	was	a	creative	engineer	with	full	appreciation	of	structural	concept,	practical	constructability,	and	new	materials.	This	characteristic	of	the	structure	of	concrete	plays	a	decisive	role	in	determining	the	behavior	of	the
material	under	various	stress	states	that	are	discussed	next.	33–50,	1973.	75	by	150	mm.	24	Microstructure	and	Properties	of	Hardened	Concrete	will	be	seen	that,	in	general,	the	volume	of	capillary	voids	in	the	hydrated	cement	paste	decrease	with	decreasing	water-cement	ratio	or	with	increasing	age	of	hydration.	Again,	as	stated	in	Chap.	The	size
of	capillary	voids	ranges	from	10	nm	to	1	μm,	but	in	well-hydrated	pastes	with	low	water/cement,	they	are	less	than	100	nm.	Although	the	water-cement	ratio	is	important	in	determining	the	porosity	of	both	the	matrix	and	the	interfacial	transition	zone	and	hence	the	strength	of	concrete,	factors	such	as	compaction	and	curing	conditions	(degree	of
cement	hydration),	aggregate	size	and	mineralogy,	admixtures	types,	specimen	geometry	and	moisture	condition,	type	of	stress,	and	rate	of	loading	can	also	have	an	important	effect	on	strength.	In	hydrauliccement	concrete,	the	binder	is	formed	from	a	mixture	of	hydraulic	cement	and	water.	Being	stronger	than	the	other	two	phases	of	concrete,	the
aggregate	phase	has	usually	no	direct	influence	on	the	strength	of	normal	concrete	except	in	the	case	of	some	highly	porous	and	weak	aggregates,	such	as	pumice.	The	size	and	the	shape	of	coarse	aggregate	can,	however,	affect	the	strength	of	concrete	in	an	indirect	way.	3-1b).	For	very	slow	loading	rates,	the	elastic	and	the	creep	strains	would	be
superimposed,	thus	lowering	the	elastic	modulus	further.	C3S,C2S	C3S,C2S	C3S,C2S	C3S,C2S	C3A	C3S	C4AF	C	2S	29	30	31	32	33	43	35	Degrees	2q,	CuKa	(a)	(b)	(a)	Photomicrograph	of	a	polished	clinker	specimen	by	reflected	light	microscopy;	(b)	X-ray	diffraction	pattern	of	a	powdered	clinker	specimen.	Manmohan,	Proceedings	of	the	Seventh
International	Congress	on	the	Chemistry	of	Cements,	Editions	Septima,	Vol.	At	its	full	capacity,	the	pumping	plant	consumes	nearly	6	billion	kilowatthours	a	year.	This	is	important	because	of	the	water	shortage	in	many	areas	of	the	world.	First,	concrete	is	not	a	truly	elastic	material;	second,	neither	the	strains	nor	the	restraints	are	uniform
throughout	a	concrete	member;	therefore,	the	resulting	stress	distributions	tend	to	vary	from	point	to	point.	Initially	developed	by	the	Onoda	Cement	Company	of	Japan,	the	expansive	portland	Hydraulic	Cements	239	cement	deriving	its	expansion	from	hard-burnt	CaO	is	called	Type	O	expansive	cement.	Freshly	formed	concrete	is	moist;	it	undergoes
drying	shrinkage	when	exposed	to	the	ambient	humidity.	Investigations	of	reinforced	concrete	structures	have	shown	that,	generally,	concrete	fully	immersed	in	seawater	suffered	only	a	little	or	no	deterioration;	concrete	exposed	to	salts	in	air	or	water	spray	suffered	some	deterioration,	especially	when	permeable;	and	concrete	subject	to	tidal	action
suffered	the	most.	Hydration	of	periclase	to	magnesium	hydroxide	is	a	slow	and	expansive	reaction	that,	under	certain	conditions,	can	cause	unsoundness	(i.e.,	cracking	and	pop-outs	in	cementbased	products).	Swamy,	R.N.,	ACI	SP-144,	pp.	However,	knowledge	of	the	microstructure	and	properties	of	the	individual	components	of	concrete	and	their
relationship	to	each	other	is	useful	for	exercising	control	on	the	properties.	342,	1968.)	Under	restraining	conditions	in	concrete,	the	interplay	between	the	elastic	tensile	stresses	induced	by	shrinkage	strains	and	the	stress	relief	due	to	the	viscoelastic	behavior	is	at	the	heart	of	deformations	and	cracking	in	most	structures.	Within	24	h	of	hydration,
the	strength	of	a	normally	cured	CAC	concrete	can	attain	values	equal	to	or	exceeding	the	7-day	strength	of	ordinary	portland	cement	(Fig.	2-8.	2.7b.	The	composition	and	properties	of	concrete-making	materials	are	discussed	in	detail	in	Chaps.	Figure	1-2	5	6	Microstructure	and	Properties	of	Hardened	Concrete	Structural	elements	exposed	to
moisture,	such	as	piles,	foundations,	footings,	floors,	beams,	columns,	roofs,	exterior	walls,	and	pipes,	are	frequently	built	with	reinforced	and	prestressed	concrete	(Fig.	574–575,	1975.)	Specimen	geometry	can	affect	the	laboratory	test	data	on	concrete	strength.	All	hydraulic	projects	of	the	Corps	built	since	1940s	have	been	constructed	with	air-
entrained	concrete.	Durability	Water-tight	reinforced	concrete	structure	containing	discontinuous	macrocracks,	microcracks,	and	voids	Environmental	action	(Stage	I)	(No	visible	damage)	Weathering	effects	(heating	and	cooling,	wetting	and	drying	Loading	effects	(cyclic	loading,	impact	loading)	Gradual	loss	of	water-tighness	as	macrocracks,
microcracks,	and	voids	become	interconnected	Environmental	action	(Stage	II)	(Initiation	and	propagation	of	damage)	Penetration	of	water	Penetration	of	O2	and	CO2	Penetration	of	acidic	ions,	e.g.chloride	and	sulfate	Expansion	of	concrete	due	to	increasing	hydraulic	pressure	in	pores	caused	by	Corrosion	of	steel	Sulfate	attack	on	cement	paste
Alkali	attack	on	aggregate	Freezing	of	water	and	simultaneous	reduction	in	the	strength	and	stiffness	of	concrete	due	to	loss	of	OH–	Cracking,	spalling,	and	loss	of	mass	A	holistic	model	of	deterioration	of	concrete	from	commonly	encountered	environmental	effects	(Mehta,	P.K.,	ACI,	SP-144,	pp.	After	the	initial	rapid	hardening	period,	these	cements
continue	to	harden	subsequently	at	a	normal	rate	due	to	the	formation	of	C-S-H	from	hydraulic	calcium	silicates.	Recent	projects	include	working	with	roller-compacted	concrete	and	architectural	concrete.	Figure	4-3	88	Dimensional	Stability	89	In	regard	to	the	relationship	between	stress	level	(expressed	as	percent	of	the	ultimate	load)	and
microcracking	in	concrete,	Fig.	Deterioration	of	pillars	in	the	tidal	zone	was	ascribed	mainly	due	to	frost	action	on	poor-quality	concrete.	10,	1971,	The	Setting	and	Hardening	of	Portland	Cement.	All	the	compounds,	however,	do	not	hydrate	at	the	same	rate.	Such	anomalies	in	the	behavior	of	concrete	can	be	explained	on	the	basis	of	its
microstructure,	specially	the	important	role	of	the	interfacial	transition	zone	between	coarse	aggregate	and	cement	paste.	Microstructure	and	Properties	of	Hardened	Concrete	21ºC	%	of	28	day	strength	of	specimens	continuously	cured	at	21ºC	100	ºC	46	38	29	80	60	13	Mix	data:	w/c	=	0.50	Type	II	cement	No	air-entrainment	C	4º	40	20	0	Note:
Specimens	were	cast,	sealed	and	maintained	at	indicated	temperature	45	Compressive	strength,	MPa	64	10	15	20	25	30	29ºC	38ºC	35	Mix	data	w/c	=	0.53	Type	II	cement	No	air-entrainment	ºC	46	30	25	20	Note:	Specimens	were	cast,	sealed	and	maintained	at	indicated	temperatures	for	2	h,	then	stored	at	21ºC	until	tested.	Figure	4-1	4.2	Elastic
Behavior	The	elastic	characteristics	of	a	material	are	a	measure	of	its	stiffness.	Typical	curves	illustrating	the	relationship	between	water-cement	ratio	and	strength	at	a	given	moist-curing	age	are	shown	in	Fig.	6-19b)	is	much	better	than	with	portland	cement;	hence	the	material	is	quite	attractive	for	cold	weather	applications.	Baronio,	ACI	SP	145,
pp.	The	crack	pattern	is	irregular	and	is	referred	to	as	map	cracking.	11-18c.	For	some	materials	the	relationship	between	stress	and	strain	is	independent	of	the	loading	time;	for	others	it	is	not.	List	some	of	the	rock	types	that	are	vulnerable	to	attack	by	alkaline	solutions.	The	tensile	ductility	is	greater	in	biaxial	compression	than	in	uniaxial
compression.	Concrete	is	a	dispersive	medium	and	many	of	the	theoretical	and	analytical	tools	available	for	metals	are	not	necessarily	valid	for	AE	signals	from	concrete.	By	way	of	contrast,	another	crystallographic	form	of	dicalcium	silicate,	namely,	g	C2S,	has	a	regularly	coordinated	structure	(Fig.	[From	ACI	Committee	201,	ACI	Mat.	What	factors
govern	it?	Now,	the	authors	have	brought	out	the	third	edition,	which,	while	retaining	the	uniqueness	and	simplicity	of	earlier	editions,	extends	the	coverage	to	several	topics	of	great	importance	for	both	students	and	professional	engineers	interested	in	concrete.	Figure	6-4	Hydraulic	Cements	209	6.2.3	Determination	of	the	compound	composition
from	chemical	analysis	The	Bogue	equations	for	estimating	the	theoretical	or	the	potential	compound	composition	of	portland	cement	are	as	follows:	%C3S	=	4071C	−	7.600S	−	6.718A	−	1.430F	−	2.850	S	%C2S	=	2867S	−	0.7544C3S	%C3A	=	2650A	−	1.692F	%C4AF	=	3.043F	(6-1)	(6-2)	(6-3)	(6-4)	The	equations	are	applicable	to	portland	cements
with	an	A/F	ratio	0.64	or	higher;	should	the	ratio	be	less	than	0.64	another	set	of	equations	apply,	which	are	included	in	ASTM	C	150.	Properly	constituted,	placed,	consolidated,	and	cured	concrete	is	essentially	watertight	and	should	therefore	have	a	long	service	life	under	most	conditions.	According	to	the	theory	advanced	by	Litvan,13	the	rigidly
held	water	by	the	C-S-H	(both	interlayer	and	adsorbed	in	gel	pores)	in	cement	paste	cannot	rearrange	itself	to	form	ice	at	the	normal	freezing	point	of	water	because	the	mobility	of	water	existing	in	an	ordered	state	is	rather	limited.	Hardened	cement	paste	does	not	possess	a	high	resistance	to	attrition.	Metal	is	cast,	it	is	an	exact	mechanical
reproduction	of	the	artist’s	work,	as	in	concrete	.	The	ratio	between	uniaxial	tensile	and	compressive	strengths	is	generally	in	the	range	of	0.07	to	0.11.	This	may	occur	as	a	result	of	crystallization	of	new	products	in	the	voids	of	the	interfacial	transition	zone	by	slow	chemical	reactions	between	the	cement	paste	constituents	and	the	aggregate,
formation	of	calcium	silicate	hydrates	in	the	case	of	siliceous	aggregates,	or	formation	of	carboaluminate	hydrates	in	the	case	of	limestone.	As	a	general	guideline,	from	standpoint	of	the	concrete	strength,	the	presence	of	excessive	amounts	of	algae,	oil,	salt,	or	sugar	in	the	mixing	water	should	send	a	warning	signal.	ASTM	C	418	describes	the
sandblasting	test,	which	covers	the	abrasion	resistance	characteristics	of	concrete	by	subjecting	it	to	the	impingement	of	pneumatically	driven	silica	sand.	No	cracking	and	corrosion	were	in	evidence	in	the	naturally-cured,	castin-place	beams	made	at	the	same	time	with	a	similar	concrete	mixture.	3.10	What	do	you	understand	by	the	term	curing	of
concrete?	Similar	to	the	calcium	silicates,	in	industrial	clinkers	both	C3A	and	C4AF	contain	significant	amounts	of	magnesium,	sodium,	potassium,	and	silica	in	their	crystal	structure.	2,	a	minor	cause	of	the	contraction	of	the	system,	either	as	a	result	of	drying	or	applied	stress	is	the	removal	of	water	held	by	hydrostatic	tension	in	small	capillaries
(100	nm)	capillary	voids	in	the	paste	matrix	will	reduce	the	permeability.	The	wave	velocities	in	concrete	increase	for	saturated	conditions.	This	enables	the	strength	development	process	that	is	associated	with	progressive	filling	of	voids	with	hydration	products,	to	proceed	unhindered.	4-4:	1.	The	disadvantage	of	the	method	is	that	it	is	dependent	on
the	skill	level	of	the	operator	and	does	not	provide	quantitative	information	on	the	amount	of	damage	in	the	interior	of	the	concrete.	The	permeability	curve	of	this	figure	will	be	discussed	later.	2-10)	that	the	water-cement	ratio	(i.e.,	original	capillary	space	between	cement	particles)	and	the	degree	of	hydration	determine	the	total	capillary	porosity,
which	decreases	with	the	decreasing	water-cement	ratio	and/or	increasing	degree	of	hydration.	In	practice,	the	use	of	portland	cement	for	concrete	exposed	to	high	temperature	is	rather	limited	to	about	500°C,	because	at	higher	temperatures	the	free	CaO	formed	on	decomposition	of	calcium	hydroxide	would	cause	the	concrete	to	become	unsound
on	exposure	to	moist	air	or	water.	6.2	In	regard	to	sulfate	resistance	and	rate	of	strength	development,	evaluate	the	properties	of	the	portland	cement	which	has	the	following	chemical	analysis:	SiO2	=	20.9	percent;	Al2O3	=	5.4	percent;	Fe2O3	=	3.6	percent;	CaO	=	65.1	percent;	MgO	=	1.8	percent;	and	SO2	=	2.1	percent.	3.3	Strength-Porosity
Relationship	In	general,	there	exists	a	fundamental	inverse	relationship	between	porosity	and	strength	of	solids.	Maso,	J.C.,	Proceedings	of	the	Seventh	International	Congress	on	the	Chemistry	of	Cements,	Editions	Septima,	Paris,	1980.	Also	some	coarse	aggregates	in	concrete	slabs	are	known	to	cause	cracking,	usually	parallel	to	joints	and	edges,
which	eventually	acquires	a	pattern	resembling	a	large	capital	letter	D	(cracks	curving	around	two	of	the	four	corners	of	the	slab).	1,	The	American	Ceramic	Society,	1989.	11.8.3	Polarization	resistance	It	is	instructive	to	continue	the	analysis	started	in	the	introduction	of	electrochemistry	of	reinforced	concrete	corrosion	where	the	concepts	of
polarization	potential	were	introduced.	Suggestions	for	Further	Study	Brooks,	A.E.,	and	K.	The	final	chapter	contains	some	reflections	on	current	challenges	to	concrete	as	the	most	widely	used	building	material,	with	special	emphasis	on	ecological	considerations.	It	is	generally	agreed	that,	in	a	uniaxial	compression	test	on	medium-	or	low-strength
concrete,	no	cracks	are	initiated	in	the	matrix	up	to	about	50	percent	of	the	failure	stress;	at	this	stage	a	stable	system	of	cracks,	called	shear-bond	cracks,	already	exists	in	the	vicinity	of	coarse	aggregate.	1–6,	1958.	Third,	unlike	other	engineering	materials,	the	microstructure	of	concrete	is	not	an	intrinsic	characteristic	of	the	material	because	the
two	components	of	the	microstructure,	namely,	the	hydrated	cement	paste	and	the	interfacial	transition	zone,	are	subject	to	change	with	time,	environmental	humidity,	and	temperature.	Calcium	hydroxide.	Strength	is	a	measure	of	the	amount	of	stress	required	to	fail	a	material.	To	understand	the	reason	why	a	concrete	element	may	not	crack	at	all
or	may	crack	but	not	soon	after	exposure	to	the	environment,	we	have	to	consider	how	concrete	would	respond	to	sustained	stress	or	to	sustained	strain.	When	a	large	amount	of	the	reactive	material	is	present	in	a	finely	divided	form	(i.e.,	under	75	μm),	there	may	be	considerable	petrographic	evidence	of	the	alkali-silica	reaction	yet	no	significant
expansion.	2,	9,	and	11,	1968.	11-12a).	In	general,	the	lower	the	curing	temperature,	the	lower	would	be	the	strength	up	to	28	days.	Subsequent	experience	with	certain	alkalireactive	rocks	has	shown	that	this	assumption	was	incorrect.	He	used	an	ingenuous	and	inexpensive	test	equipment:	a	1000-m	iron	water	pipeline	in	Paris.	(From	Design	and
Control	of	Concrete	Mixtures,	13th	ed.,	Portland	Cement	Association,	Skokie,	III.,	p.	5	shows	that	a	1	percent	decrease	in	CaO	with	a	corresponding	increase	in	SiO2	caused	the	C3S	to	drop	11.6	percent,	and	the	C2S	to	rise	by	the	same	amount.	2.	This	may	be	due	to	the	higher	interfacial	bond	strength	with	limestone	aggregate	at	late	ages.	5.6
Classification	of	the	Causes	of	Concrete	Deterioration	Mehta	and	Gerwick2	grouped	the	physical	causes	of	concrete	deterioration	(Fig.	This	seems	no	longer	to	be	the	case	in	high-strength	(i.e.,	very	low	water-cement	ratio)	concrete	mixtures.	Gypsum	(hydrous	calcium	sulfate)	and	anhydrite	(anhydrous	calcium	sulfate)	are	the	most	abundant	sulfate
minerals	that	may	be	present	as	impurities	in	carbonate	rocks	and	shales.	If	beach	sand	or	sea-dredged	sand	and	gravel	are	to	be	used,	they	should	be	washed	with	sweet	water	to	ensure	that	the	total	alkali	content	from	the	cement	and	aggregates	in	concrete	does	not	exceed	3	kg/m3.	It	is	also	needed	for	computing	the	design	stresses	under	load	in
simple	elements,	and	moments	and	deflections	in	complicated	structures.	Download	Concrete:	Microstructure,	Properties,	and	Materials	PDF	book	free	online	–	From	Concrete:	Microstructure,	Properties,	and	Materials	PDF:	THE	MOST	COMPREHENSIVE	AND	CURRENT	GUIDE	TO	THE	PROPERTIES,	BEHAVIOR,	AND	TECHNOLOGY	OF
CONCRETE	Download	Latest	Free	Engineering	Books	PDF	This	thoroughly	updated	edition	contains	new	information	on:	Recently	built	construction	projects	worldwideShrinkage-reducing	admixturesSelf-consolidating	concrete,	pervious	concrete,	internal	curing,	and	other	cutting-edge	innovationsModeling	of	ice	formation	and	alkali-aggregate
reaction	in	concreteEnvironmental	impact	of	concrete	Each	chapter	begins	with	a	preview	of	the	contents	and	ends	with	a	self-test	and	a	guide	for	further	reading.	The	size	of	gel	pores,	or	the	solid-to-solid	distance,∗	is	reported	to	be	about	18Å.	204–275,	1924.	For	practical	purposes,	therefore,	designers	do	not	treat	concrete	as	a	ductile	material	and
do	not	recommend	it	for	structures	that	are	subject	to	heavy	impact	loading	unless	reinforced	with	steel.	The	authors	are	to	be	commended	for	successfully	shifting	the	focus	from	strength	to	durability	of	concrete.	Using	a	modified	portland	cement	clinker	containing	mainly	alite	and	a	calcium	fluoroaluminate	(11CaO	⋅	7Al2O3	⋅	CaF2),	a	suitable
proportion	of	the	clinker	is	blended	with	normal	portland	cement	clinker	and	calcium	sulfate	so	that	the	final	cement	contains	20	to	25	percent	of	the	fluoroaluminate	compound	and	about	10	to	15	percent	calcium	sulfate.	Durability	is	defined	as	the	service	life	of	a	material	under	given	environmental	condition.	The	green	or	the	unfired	strength	of	the
CAC	concrete	drops	considerably	during	the	first-heating	cycle	due	to	the	CAH10-to-C3AH6	conversion	phenomenon.	Brunauer,	S.,	and	L.E.	Copeland,	The	Chemistry	of	Concrete,	Sci.	Also,	compared	to	igneous	rocks,	sedimentary	rocks	frequently	contain	impurities,	which	at	times,	jeopardize	their	use	as	aggregate.	Aggregates,	Vol.	However,	tensile
stresses	cannot	be	ignored	altogether	because	cracking	of	concrete	is	frequently	the	outcome	of	a	tensile	failure	caused	by	restrained	shrinkage;	the	shrinkage	is	usually	due	either	to	lowering	of	the	concrete	temperature	or	to	drying	of	moist	concrete.	Figure	6-2	shows	a	simplified	flow	diagram	of	the	dry	process	for	portland	cement	manufacture;	an
aerial	view	of	a	modern	cement	plant	is	shown	in	Fig.	Type	IS	cements	behave	in	a	similar	manner.	What	modifications	have	been	made	to	this	hypothesis?	The	compression	and	shear	waves	can	change	their	mode	of	propagation	when	they	strike	an	interface	between	two	dissimilar	materials.	Sandstone,	10	mm	max.	For	concrete,	the	direct	relation
between	strength	and	elastic	modulus	arises	from	the	fact	that	both	are	affected	by	the	porosity	of	the	constituent	phases,	although	not	to	the	same	degree.	Unless	concrete	is	very	permeable,	no	damage	results	from	the	chemical	action	of	seawater	on	cement	paste	because	the	reaction	products	(aragonite,	brucite,	and	ettringite),	being	insoluble,
tend	to	reduce	the	permeability	and	stop	further	ingress	of	seawater	into	the	interior	of	concrete.	After	some	days,	depending	on	the	alumina-to-sulfate	ratio	of	the	portland	cement,	ettringite	may	become	unstable	and	will	decompose	to	form	monosulfoaluminate	hydrate,	which	has	a	hexagonal-plate	morphology.	For	other	types	of	aggregates,	the
modulus	of	elasticity	can	be	obtained	by	multiplying	Ec	with	factors	ae	from	Table	4-1.	Compared	to	the	compressive	strength,	how	would	the	elastic	modulus	be	affected,	and	why?	6,	1988.)	Figure	3-3	0.5	0.55	0.6	Water-cement	ratio	0.65	0.7	Compressive	strength	of	concrete	is	a	function	of	the	water-cement	ratio	and	degree	of	cement	hydration.
Therefore,	a	normal	(nonair	entrained)	concrete	should	not	expand	and	crack	when	exposed	to	freezing	and	thawing	cycles.	References	1.	Mehta,	P.K.,	ACI,	SP-144,	pp.	With	the	same	cement	content	and	consistency,	concrete	mixtures	containing	larger	aggregate	particles	require	less	mixing	water	than	those	containing	smaller	aggregate.	343–366,
1975;	and	Mehta,	P.K.,	J.	The	similarity	of	the	three	curves	in	Fig.	7.	The	cement,	composed	mainly	of	a	bC2S	clinker,	is	ground	to	about	200	m2/kg	Blaine,	with	40	mass	percent	silica	flour.	2,	a	saturated	cement	paste	will	not	remain	dimensionally	stable	when	exposed	to	ambient	humidities	that	are	below	saturation,	mainly	because	the	loss	of
physically	adsorbed	water	from	C-S-H	results	in	a	shrinkage	strain.	The	elastic	modulus	of	concrete	in	compression	varies	from	14	×	103	to	40	×	103	MPa	(2	×	106	to	6	×	106	psi).	A	H	H	C	1	mm	Figure	2-6	Model	of	a	well-hydrated	portland	cement	paste.	57–61,	2000.	Strength.	However,	several	structural	failures	due	to	gradual	strength	loss	with
concrete	containing	CAC	have	been	instrumental	in	limiting	the	use	of	this	cement	for	structural	applications.	Also,	it	has	been	found	that	compared	to	a	typical	7	to	8	percent	splitting	tension/compressive	strength	ratio	(	fst/fc)	for	a	high-strength	concrete	with	no	fly	ash,	the	ratio	was	considerably	higher	when	fly	ash	was	present	in	the	concrete
mixtures.	As	the	number	of	loading	cycles	increases,	the	unloading	curves	show	nonlinearity	and	a	characteristic	hysteresis	loop	is	formed	on	reloading.	The	solutions	most	commonly	used	for	this	purpose	are	magnesium	and	zinc	fluosilicate,	or	sodium	silicate,	which	react	with	calcium	hydroxide	present	in	the	portland	cement	paste	to	form	insoluble
reaction	products,	thus	sealing	the	capillary	pores	at	or	near	the	surface.	This	lack	of	uniqueness	can	be	problematic.	It	may	be	pictured	as	the	bulk	water	that	is	free	from	the	influence	of	the	attractive	forces	exerted	by	the	solid	surface.	With	concrete	the	values	of	Poisson’s	ratio	generally	vary	between	0.15	and	0.20.	What	are	their	typical
dimensions?	Durability	143	To	explain	the	frost	damage	to	concrete	that	is	attributable	to	aggregate,	Verbeck	and	Landgren14	proposed	three	classes	of	aggregate.	Microstructure	of	Concrete	Preview	Definition	Significance	Complexities	Microstructure	of	the	Aggregate	Phase	Microstructure	of	the	Hydrated	Cement	Paste	2.5.1	Solids	in	the	hydrated
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the	capillary	pore,	thus	also	causing	contraction	of	the	system.	In	any	chemical	reaction	the	main	features	of	interest	are	the	changes	in	matter,	the	changes	in	energy,	and	the	speed	of	the	reaction.	For	producing	colored	cements	with	pigment,	it	should	be	noted	that	not	all	the	pigments	that	are	used	in	the	paint	industry	are	suitable	for	making
colored	cements.	The	monosulfate	is	also	called	low-sulfate	and	crystallizes	as	thin	hexagonal	plates.	Therefore,	application	of	transmission	and	scanning	electron	microscopy	techniques	has	made	it	possible	to	resolve	the	microstructure	of	materials	to	a	fraction	of	one	micrometer.	Naturally	occurring	calcium	carbonate	materials	such	as	limestone,
chalk,	marl,	and	sea-shells	are	the	common	industrial	sources	of	calcium,	but	clay	or	dolomite	(CaCO3⋅MgCO3)	are	usually	present	as	impurities.	Introduction	7	Figure	1-4	Statfjord	B	offshore	concrete	platform,	Norway.	6.2.1	Manufacturing	process	Since	calcium	silicates	are	the	primary	constituents	of	portland	cement,	the	raw	material	for	the
production	of	cement	must	provide	calcium	and	silica	in	suitable	forms	and	proportions.	If	a	concrete	specimen	is	held	for	a	long	period	under	a	constant	stress,	for	instance	50	percent	of	the	ultimate	strength	of	the	material,	it	will	exhibit	plastic	strain.	It	is	suggested	that	during	the	second	stage,	the	hydraulic	pressure	of	the	pore	fluid	in	a	saturated
concrete	will	rise	due	to	one	or	more	phenomena	of	volumetric	expansion	(e.g.,	freezing	of	water,	corrosion	of	reinforcing	steel,	and	swelling	of	ettringite	or	alkali-silica	gel).	Gratten-Belleue,	P.E.,	ed.,	Proceedings	of	7th	International	Conference	on	Alkali-Aggregate	Reactions,	National	Research	Council,	Ottawa,	Canada,	1987.	Durability	175	In
addition	to	reducing	the	effective	alkali	content,	the	use	of	pozzolanic	admixtures	results	in	the	formation	of	less	expansive	alkali-silicate	products	with	a	high	silica/alkali	ratio.	This	is	because	hydration	can	proceed	satisfactorily	only	under	conditions	of	saturation;	it	almost	stops	when	the	vapor	pressure	of	water	in	capillaries	falls	below	80	percent
of	the	saturation	humidity.	This	is	illustrated	by	comparing	the	computed	compound	composition	(Table	6-2)	of	five	samples	of	portland	cements	the	oxide	analysis	of	which	are	shown	in	Table	6-1.	Also,	ACI	224R	specifies	0.15	mm	as	the	maximum	permissible	crack	width	at	the	tensile	face	of	reinforced	concrete	structures	subject	to	wettingdrying	or
seawater	spray.	The	net	effect	will	vary	with	the	water-cement	ratio	of	the	concrete	and	the	type	of	applied	stress.	In	the	United	States,	the	standard	specimen	for	testing	the	compressive	strength	of	concrete	is	a	15-	by	30-cm	cylinder.	Materials	with	high	attenuation,	such	as	concrete,	quickly	decrease	the	wave	amplitude	while	materials	with	low
attenuation,	such	as	metals,	maintain	the	wave	amplitude.	10).	Geophysicists	were	among	the	pioneers	in	the	experimental	study	of	wave	propagation,	particularly	in	regards	to	measuring	waves	generated	during	earthquakes.	It	is	important	to	point	out	that	surface	waves	are	not	confined	to	the	surface	but,	rather,	are	capable	of	penetrating	a	finite
depth	inside	the	material,	sensing	its	Spectral	analysis	of	surface	waves	(SASW).	6.1	Hydraulic	and	Nonhydraulic	Cements	6.1.1	Chemistry	of	gypsum	and	lime	cements	Cements	that	not	only	harden	by	reacting	with	water	but	also	form	a	waterresistant	product	are	called	hydraulic	cements.	In	the	porous	area,	it	is	possible	to	resolve	the	individual
hydrated	phases	by	using	higher	magnifications.	In	the	former,	a	known	signal	is	imparted	into	a	material	and	the	material’s	response	to	the	signal	is	studied,	while	in	the	latter	the	signal	is	generated	by	the	material	itself.	6.6	Why	is	gypsum	added	to	the	cement	clinker?	Similarly,	shrinkage	strains	result	when,	due	to	the	heat	generated	by	cement
hydration,	hot	concrete	is	cooled	to	the	ambient	temperature.	The	second	part	of	the	book	deals	with	concrete-making	materials	and	concrete	processing.	The	two	receivers	are	used	to	measure	the	surface	displacement	caused	by	the	surface	wave	created	by	the	impact.	Ashby,	M.F.,	and	D.R.H.	Jones,	Engineering	Materials	1,	Butterworth-
Heinemann,	Oxford,	1996.	Rusch,	H.,	J.	Compared	to	other	engineering	materials	like	steel,	plastics,	and	ceramics,	the	microstructure	of	concrete	is	not	a	static	property	of	the	material.	Univ.,	Copenhagen,	Denmark,	1967.	(Photograph	courtesy	of	Norwegian	Contractors,	Inc.)	Since	1971,	twenty	concrete	platform	requiring	about	1.3	million	cubic
meters	of	concrete	have	been	installed	in	the	British	and	Norwegian	sectors	of	the	North	Sea.	16.	5.20	A	heavily	reinforced	and	massive	concrete	structure	is	to	be	designed	for	a	coastal	location	in	Alaska.	Therefore,	in	the	future	it	is	expected	that	the	use	of	pure	portland	cement	would	be	limited	to	special	applications	whereas	performance-based
blended	portland	cements	with	low	portland	clinker	content	will	find	increasing	use	for	all	types	of	concrete	construction.	6.	2.11	Everything	else	remaining	the	same,	the	strength	and	impermeability	of	a	mortar	will	decrease	as	coarse	aggregate	of	increasing	size	is	introduced.	Part	(c)	shows	that,	depending	on	the	oxidation	state,	the	corrosion	of
metallic	iron	can	result	in	up	to	six	times	increase	in	the	solid	volume.	4-1).	Phan,	L.T.,	and	J.N.	Carino,	Review	of	Mechanical	Properties	of	HSC	at	Elevated	Temperature,	Journal	of	Materials	in	Civil	Engineering,	American	Society	of	Civil	Engineers,	Vol.	Johansen;	Hydration	Mechanisms	by	E.M.	Gartner	and	J.M.	Gaidis;	The	Microtextures	of	Concrete
by	K.L.	Scrivener.	78,	No.	4,	1981.)	As	a	result	of	short-tem	loading,	drying	shrinkage,	and	creep,	the	interfacial	transition	zone	in	concrete	contains	microcracks.	Calcium	ferrites	are	not	found	in	normal	portland	cement	clinker;	instead,	calcium	ferroaluminates	which	belong	to	the	C2A-C2F	ferrite	solid	solution	(Fss)	series	are	formed,	and	the	most
Calcium	aluminate	and	ferroaluminate.	3.6.5	Behavior	of	concrete	under	shearing	stress	Pure	shear	is	not	encountered	in	concrete	structures,	however,	an	element	may	be	subject	to	the	simultaneous	action	of	compressive,	tensile,	and	shearing	Strength	Tensile	strength,	MPa	12	th	ng	tre	s	sile	10	en	ic	t	8	t	ren	pa	Ap	6	m	eis	es	nsil	ic	te	sm	gth	tren	s
Sei	79	ile	tens	ngth	stre	t	aren	App	th	treng	sile	s	tic	ten	4	Sta	2	0	0	10	20	30	40	50	60	Compressive	strength,	MPa	70	Figure	3-18	Design	chart	for	tensile	strength.(From	Raphael,	J.,	J.	In	fact,	many	aspects	of	concrete	behavior	under	stress	can	be	explained	only	when	the	cement	paste-aggregate	interface	is	treated	as	a	third	phase	of	the	concrete
microstructure.	Figure	5-28	magnesium	ion	attack	is	found	below	the	surface	of	concrete,	and	the	evidence	of	some	ettringite	formation	in	the	interior	shows	that	sulfate	ions	are	able	to	penetrate	even	deeper.	In	general,	everything	else	remaining	the	same,	the	larger	the	aggregate	size	the	higher	the	local	water-cement	ratio	in	the	interfacial
transition	zone	and,	consequently,	the	weaker	and	more	permeable	would	be	the	concrete.	distance	plot.	1–5,	1958;	and	Brunauer,	S.,	Am.	Sci.,	Vol.	Assuming	that	1	cm3	of	cement	produces	2	cm3	of	the	hydration	product,	Powers	made	simple	calculations	to	demonstrate	the	changes	in	capillary	porosity	with	varying	degrees	of	hydration	in	cement
pastes	of	different	water-cement	ratios.	R=ρ	L	A	(11-24)	where	L	is	the	length	and	A	is	the	cross	section.	Pulverized	coal,	oil,	or	a	fuel	gas	is	injected	at	the	lower	end	in	the	burning	zone,	where	temperatures	on	the	order	of	1450	to	1550∞C	may	be	reached	and	the	chemical	reactions	involving	the	formation	of	portland	cement	compounds	are
completed.	Lime	mortars	that	were	used	in	ancient	structures	built	by	Greeks	and	Romans	were	rendered	hydraulic	by	the	addition	of	pozzolanic	materials,	which	reacted	with	lime	to	produce	a	waterresistant,	cementitious	product.	The	strength	test	was	performed	at	56	days	to	allow	the	slower	reacting	materials,	such	as	fly	ash,	to	contribute	to	the
strength	gain.	0.05	percent	maximum	expansion	in	6	months	with	mortar	bars	immersed	in	a	standard	sulfate	solution	(ASTM	C	1012)	5.	It	should	be	noted	that	mineral	admixtures	are	especially	effective	in	increasing	the	tensile	strength	of	concrete.	2-14.	Important	parameters	that	influence	the	drying	shrinkage	and	creep	are	discussed,	such	as
aggregate	content,	stiffness,	water	content,	cement	content,	time	of	exposure,	relative	humidity,	and	size	and	shape	of	the	concrete	member.	To	understand	the	properties	of	portland	cement,	it	is	helpful	to	acquire	some	familiarity	with	its	manufacturing	process,	chemical	and	mineralogical	composition,	and	reactivity	of	the	constituent	compounds
such	as	calcium	silicates	and	calcium	aluminates.	Written	primarily	for	the	use	of	students	in	civil	engineering,	it	covers	a	wide	spectrum	of	topics	in	modern	concrete	technology	that	should	be	of	considerable	interest	to	practicing	engineers.	3-20a)	may	be	up	to	27	percent	higher	than	the	uniaxial	strength.	100%	50	0	W/C	0.7	0.6	0.5	26	cm3	or	11	%
Total	volume=	100	+	314	×	0.4	=	225	cm3	100	Total	volume=	100	+	314	×	0.5	=	257	cm3	150	57	cm3	or	22	%	Total	volume=	100	+	314	×	0.6	=	288	cm3	200	88	cm3	or	30	%	250	Ttotal	volume=	100	+	314	×	0.7	=	320	cm3	300	320	–	100	=	120	cm3	or	37	%	100	cm3	of	cement,	100%	hydration,	varying	W/C	as	shown	CASE	B:	Total	volume	of	paste,
cm3	7d	None	0.4	Changes	in	the	capillary	porosity	with	varying	water-cement	ratio	and	degree	of	hydration.	London:	Arnold;	1053	p.,	1998.	(e)	Testing	the	specimens	in	a	saturated	condition	vs.	In	the	field,	the	electrical	resistivity	is	determined	by	measuring	the	potential	differences	at	the	concrete	surface	caused	by	injecting	a	small	current	at	the
surface.	Tech.	that	influence	the	drying	shrinkage	also	influence	the	creep	generally	in	the	same	way;	fourth,	in	concrete	the	microstrain	of	each	phenomenon,	400	to	1000	×	10−6,	is	large	and	it	cannot	be	ignored	in	structural	design;	and	fifth,	both	drying	shrinkage	and	creep	are	partially	reversible.	Examination	of	concrete	piers	of	the	highway
bridge	showed	evidence	of	poor	concrete	quality	(high	w/c).	[(a)	From	Liu,	T.C.,	J.	Depending	on	how	the	stress	is	acting	on	the	material,	the	stresses	are	further	distinguished	from	each	other:	for	example,	compression,	tension,	flexure,	shear,	and	torsion.	Neither	is	the	strain	on	instantaneous	loading	of	a	concrete	specimen	found	to	be	directly
proportional	to	the	applied	stress,	nor	is	it	fully	recovered	upon	unloading.	In	fact,	the	cracking	tendency	of	the	material	is	one	of	the	serious	disadvantages	in	structures	built	with	concrete.	This	is	the	water	that	is	close	to	the	solid	surface.	Thus	unlike	portland	and	modified	portland	cements,	in	which	C3S	and	C2S	are	the	principal	cementing
compounds,	CAC	contains	monocalcium	aluminate	(CA)	as	the	principal	cementing	compound	with	C12A7,	CA,	C2AS,	bC2S,	and	Fss	as	minor	compounds.	fc	=	k1	k2w	/	c	(3-3)	where	w/c	represents	the	water-cement	ratio	of	the	concrete	mixture	and	k1	and	k2	are	empirical	constants.	In	general,	mixing	water	is	rarely	a	factor	in	concrete	strength,
because	many	specifications	for	making	concrete	mixtures	require	that	the	quality	of	water	used	should	be	fit	for	drinking,	and	municipal	drinking	waters	seldom	contain	dissolved	solids	in	excess	of	1000	ppm	(parts	per	million).	Monteiro	Department	of	Civil	and	Environmental	Engineering	University	of	California	at	Berkeley	Third	Edition	McGraw-
Hill	New	York	Chicago	San	Francisco	Lisbon	London	Madrid	Mexico	City	Milan	New	Delhi	San	Juan	Seoul	Singapore	Sydney	Toronto	Copyright	©	2006	by	The	McGraw-Hill	Companies,	Inc.	But	there	is	sufficient	evidence	in	the	published	literature	that	this	is	not	always	the	case.	Type	M	expansive	cement	is	a	mixture	of	portland	cement,	calcium
aluminate	cement	(with	CA	is	the	principal	compound),	and	calcium	sulfate.	These	are	referred	to	as	natural	mineral	aggregates.	The	stress	effects	resulting	from	the	drying	shrinkage	and	the	viscoelastic	strains	in	concrete	are	not	the	same;	however,	with	both	phenomena	the	underlying	causes	and	the	controlling	factors	have	much	in	common.	3.2
In	general,	discuss	how	strength	and	porosity	are	related	to	each	other.	The	photograph	shows	the	sport	stadium	at	Candlestick	Park	in	San	Francisco,	California,	which	was	constructed	in	1958	with	about	60,000	seating	capacity.	3.6.6	Behavior	of	concrete	under	biaxial	and	multiaxial	stresses	Biaxial	compressive	stresses	s1	=	s2	can	be	generated
by	subjecting	a	cylindrical	specimen	to	hydrostatic	pressure	in	radial	directions.	The	other	common	mineral,	dolomite,	consists	of	equimolecular	proportions	of	calcium	carbonate	and	magnesium	carbonate	(corresponding	to	54.27	and	45.73	percent	by	mass	CaCO3	and	MgCO3,	respectively).	For	normally	hydrated	portland	cement	mortars,	Powers
showed	that	there	is	an	exponential	relationship	of	the	type	fc	=	ax3	between	the	compressive	strength	fc	and	the	solids-to-space	ratio	(x),	where	a	is	a	constant	equal	to	34,000	psi	Microstructure	and	Properties	of	Hardened	Concrete	(234	MPa).	Usually,	there	are	separate	specifications	governing	portland	cements	and	different	types	of	blended
portland	cements	that	prescribe	their	blending	constituents,	their	proportions	and	physical	characteristics.	In	general,	pozzolan	and	slag	cements	showed	the	better	resistance	to	seawater	than	portland	cement.	Poor	grouting	of	ducts	and	the	use	of	2	to	4	percent	calcium	chloride	by	weight	of	cement	as	an	accelerating	admixture	for	concrete	were
diagnosed	as	the	factors	responsible	for	the	corrosion	of	steel.	The	sculpture	is	a	larger-than-life	representation	of	100	individual	human	figures,	all	cast	in	place	in	the	exposed	aggregate	finish.	5.16.3	Control	of	corrosion	Because	water,	oxygen,	and	chloride	ions	play	important	roles	in	the	corrosion	of	embedded	steel	and	cracking	of	concrete,	it	is
obvious	that	permeability	of	concrete	is	the	key	to	control	the	various	processes	involved	in	the	phenomena.	The	loss	of	adsorbed	water	is	responsible	for	the	shrinkage	of	the	hydrated	cement	paste.	Lorado	Taft	made	the	model	for	this	sculpture	in	1920	after	7	years	of	work.	[From	Piltner,	R.,	and	P.J.M.	Monteiro,	Cem.	In	the	vicinity	of	reinforcing
steel	concentration	cells	may	be	formed	due	to	differences	in	the	concentration	of	dissolved	ions,	such	as	alkalies,	and	chlorides.	442,	481,	1971,	by	permission	of	Edward	Arnold	(Publishers)].	For	instance,	according	to	Fig.	6-20b	show	that	this	may	not	be	the	case.	Therefore,	laboratory	methods	are	not	intended	to	provide	a	quantitative
measurement	of	the	length	of	service	that	may	be	expected	from	a	given	concrete	surface;	they	can	be	used	for	a	qualitative	evaluation	of	the	effects	of	concrete	materials	and	curing	and	finishing	procedures	on	the	abrasion	resistance	of	concrete.	Lerch,	W.,	Proceedings	of	the	American	Society	for	Testing	and	Materials,	Vol.	Permeability	is	the	key
to	durability.	The	alkali	feldspars	containing	potassium	or	sodium	occur	typically	in	igneous	rocks	of	high	silica	content,	such	as	granites	and	rhyolites,	whereas	those	of	higher	calcium	content	are	found	in	igneous	rocks	of	lower	silica	content	such	as	diorite,	gabbro,	and	basalt.	Minimum	compressive	strength	10	and	17	MPa	at	age	1	and	3	days,
respectively.	Extensive	remedial	measures	were	needed	to	ensure	the	safety	of	the	dam.	At	early	ages,	especially	when	a	considerable	internal	bleeding	has	occurred,	the	volume	and	size	of	voids	in	the	transition	zone	are	larger	than	in	the	bulk	cement	paste	or	mortar.	When	the	voltage	is	not	in	phase	with	the	current,	the	resistivity	becomes	complex
and	it	is	referred	to	as	electrical	impedance,	and	22	will	be	discussed	later.	6-4),	is	not	necessary	for	routine	quality	control.	Dr.	Monteiro	is	a	Member	of	the	American	Society	of	Civil	Engineers	(ASCE)	and	of	the	American	Concrete	Institute	(ACI).	In	concrete,	therefore,	strength	is	related	to	49	Copyright	©	2006	by	The	McGraw-Hill	Companies,	Inc.
Compared	to	gypsum	and	lime	cements,	portland	cement	and	its	various	modifications	are	the	principal	cements	used	today	for	making	structural	concrete.	6-1.	3-8).	144	Microstructure	and	Properties	of	Hardened	Concrete	The	aggregates	that	are	likely	to	cause	D-cracking	seem	to	have	a	specific	pore-size	distribution	characterized	by	a	large
volume	of	very	fine	pores	less	than	0.6	percent	equivalent	Na2O)	and	certain	siliceous	aggregates	used	for	making	concrete	for	several	U.S.	dams	showed	undesirably	large	expansions	in	a	mortar	prism	test.	A	scanning	electron	micrograph	illustrating	the	typical	morphology	of	phases	prepared	by	mixing	a	calcium	aluminate	solution	with	calcium
sulfate	solution	is	shown	in	Fig.	The	flexural	modulus	of	elasticity	may	be	determined	from	the	deflection	test	on	a	loaded	beam.	These	characteristics	are	derived	from	mineralogical	composition	of	the	parent	rock	(which	is	affected	by	geological	rock-formation	processes),	exposure	conditions	to	which	the	rock	has	been	subjected	to	before	mining,
and	the	type	of	equipment	used	for	producing	the	aggregate.	A	major	step	in	the	process	is	the	clinkering	operation	carried	out	in	a	rotary	kiln,	which	consists	of	an	inclined	steel	cylinder	lined	with	refractory	bricks.	3-18	for	the	composition	and	strength	characteristics	of	concrete	mixtures.	Nine	classes	of	oil-well	cements	(Classes	A	to	J	in	Table	6-8)
that	are	applicable	for	use	at	different	well	depths	are	covered	by	the	American	Petroleum	Institute	(API)	Standard	10A.	The	expansive	effect	of	high	MgO	in	cement	was	first	recognized	in	1884	when	a	number	of	concrete	bridges	and	viaducts	in	France	failed	two	years	after	the	construction.	In	the	case	of	creep,	a	sustained	external	stress	becomes
the	driving	force	for	the	movement	of	the	physically	adsorbed	water	and	the	water	held	in	small	capillaries.	The	third	reason	for	the	popularity	of	concrete	with	engineers	is	that	it	is	usually	the	cheapest	and	most	readily	available	material	on	the	job.	5.17	Development	of	a	Holistic	Model	of	Concrete	Deterioration	Field	experience	shows	that,	in	order
of	decreasing	importance,	the	principal	causes	for	deterioration	of	concrete	structures	are	the	corrosion	of	reinforced	steel,	exposure	to	cycles	of	freezing	and	thawing,	alkali-silica	reaction,	and	sulfate	attack.	It	is	more	convenient	to	perform	the	analysis	in	the	frequency	domain	using	a	fast	Fourier	transform	technique.	At	the	microscopic	level,	the
complexities	of	the	concrete	microstructure	are	evident.	3.5.1	Characteristics	and	proportions	of	materials	Before	making	a	concrete	mixture,	the	selection	of	proper	component	materials	and	their	proportions	is	the	first	step	toward	obtaining	a	product	that	would	meet	the	specified	strength.	From	the	standpoint	of	durability	to	severe	abrasion,	what
recommendations	would	you	make	in	the	design	of	concrete	and	construction	of	an	industrial	floor?	Microstructure	and	Properties	of	Hardened	Concrete	Calculating	the	Elastic	Moduli	T′	30	Stress,	MPa	90	ft	=	26	MPa	40%	ft	=	10.4	MPa	=	SO	Secant	Modulus:	Slope	of	the	line	corresponding	to	stress	SO	10.4/(417	×	10–6)	=	24.9	GPa	20	T	S	10	0.68
water-cement	ratio	15	×	30	cm	concrete	cylinder	cured	for	28	days	D	C	O	50	500	1000	1500	2000	2500	Strain,	×10–6	Figure	4-4	Chord	Modulus:	Slope	of	the	line	corresponding	to	stress	SC	(10.4	–	1.6)/	(417	×	10–6	–	50	×	10–6)	=	24.0	GPa	Tangent	Modulus:	Slope	of	the	line	TT′	drawn	tangent	to	any	point	on	the	s	–	e	curve	(30	–	14.6)/(1445	×	10–6
–	625	×	10–6)	=	18.8	GPa	Dynamic	Modulus	(Initial	Tangent	Modulus):	Slope	of	the	line	OD	from	the	origin	5/143	×	10–6	=	34.9	GPa	Different	types	of	elastic	moduli	and	the	method	by	which	these	are	determined.	Because	with	low-	or	medium-strength	concrete,	the	strength	is	not	affected	by	normal	variations	in	the	aggregate	porosity,	this	shows
that	all	variables	may	not	control	the	strength	and	the	elastic	modulus	in	the	same	way.	In	the	macrostructure	of	concrete	two	phases	are	readily	distinguished:	aggregate	of	varying	shapes	and	size,	and	the	binding	medium,	which	consists	of	an	incoherent	mass	of	the	hydrated	cement	paste.	Furthermore,	as	discussed	next,	some	of	the	assumptions
underlying	the	Bogue	equations	must	be	noted.	Cyclic	loading	Exposure	to	temp.	Kupfer,	Hilsdorf,	and	Rusch10	investigated	the	biaxial	strength	of	three	types	of	concrete	(18.6,	30.7,	and	57.6	MPa	unconfined	uniaxial	compressive	strengths),	when	the	specimens	were	loaded	without	longitudinal	restraint	by	replacing	the	solid	bearing	platens	of	a
conventional	testing	machine	with	brush	bearing	platens.	11-15b)	the	frequency	peak	was	at	7.32	kHz.	Using	Eq.	(11-20),	the	computed	position	of	the	reflecting	interface	is:	h	=	3420/(2	×	7320)	=	0.23	m	which	is	close	to	the	actual	depth	of	0.25	m.	EN	197-1	also	provides	six	strength	grades	according	to	which	the	cements	may	be	manufactured	for
marketing.	Similarly,	750	precast	concrete	piles	driven	in	1932	near	Ocean	City,	New	Jersey,	had	to	be	repaired	in	1957	after	25	years	of	service;	some	of	the	piles	had	been	reduced	from	the	original	550	mm	diameter	to	300	mm.	More	sophisticated	schemes	are	available	when	the	amplitude	of	the	AE	waves	is	small	and	not	much	above	the	noise
level.	On	the	contrary,	larger	aggregates	tend	to	form	weaker	interfacial	transition	zone	containing	more	microcracks.	With	regard	to	the	ASTM	Standard	C	150	covering	portland	cements,	a	1998	survey	of	the	U.S.	cement	manufacturers	conducted	by	the	8	Portland	Cement	Association,	shows	that,	in	general,	the	cement	industry	is	making	only	one
type	of	cement-clinker	which	meets	the	requirements	of	the	Type	I,	II,	and	III	cements,	except	that	in	the	case	of	Type	II	cement,	the	C3A	content	is	somewhat	lower	than	8	percent.	3.7	In	regard	to	concrete	strength,	discuss	the	two	opposing	effects	that	are	caused	by	an	increase	in	the	maximum	size	of	aggregate	in	a	concrete	mixture.	Stray
currents.	(From	Mehta,	P.K.,	and	B.C.	Gerwick,	Jr.,	Concr.	The	second	method	which	is	also	applicable	to	pulverized	cements,	involves	X-ray	diffraction	of	powder	specimens.	The	crystalline	MgO,	periclase,	in	a	portland	cement	clinker	that	has	been	exposed	to	1400	to	1500°C	is	essentially	inert	to	moisture	at	room	temperature	because	the	reactivity
of	periclase	drops	sharply	when	it	is	heated	above	900°C.	Figure	6-13	containing	more	than	50	percent	slag	show	approximately	60	cal/g	heat	of	hydration	at	7	days,	which	is	comparable	to	30	percent	pozzolan	cements.	Berthelot	and	Robert	found	that	a	damage	zone	appeared	to	grow	in	size	as	the	crack	progressed,	reaching	a	length	of	up	412
Concrete	Materials,	Mix	Proportioning,	and	Early-Age	Properties	to	160	mm	and	a	width	of	up	to	120	mm.	Figure	1-7	changes	in	geometry,	such	as	from	thin	web	to	thick	frame	connections.	CEM	II	covers	19	varieties	of	blended	portland	cements	containing	at	least	65	percent	portland-cement	clinker.	Sometimes	the	alkali	content	of	pozzolans	and
slags	are	high,	but	if	the	alkali-containing	mineral	is	not	soluble	in	the	high-pH	environment	of	portland-cement	concrete,	the	high-alkali	content	of	the	blended	cement	generally	does	not	cause	any	problem.	Cement	paste	matrix.	Unlike	cement,	although	the	aggregate	in	concrete	occupies	60	to	80	percent	of	the	volume,	it	is	frequently	looked	upon	as
an	inert	filler	and	253	Copyright	©	2006	by	The	McGraw-Hill	Companies,	Inc.	By	increasing	the	porosity	of	the	matrix,	entrained	air	will	have	an	adverse	effect	on	the	strength	of	the	composite	material.	338–359,	623–676,	1971.	15,	No.	3,	pp.	Generally,	the	capillary	voids	in	a	well-cured	concrete	structure	exposed	to	air	are	not	saturated.	Marcasite
and	some	forms	of	pyrite	and	pyrrohotite	are	suspected	of	being	responsible	for	expansive	reactions	in	concrete,	causing	cracks	and	pop-outs.	Figure	4-7	presents	a	summary	showing	all	the	factors	discussed	above,	which	affect	the	modulus	of	elasticity	of	concrete.	5-27c.	Diamond,	and	N.S.	Berke,	Steel	Corrosion	in	Concrete:	Fundamentals	and	Civil
Engineering	Practice,	E	&	FN	Spon,	London,	1997.	Taylor,	H.W.F.,	Cement	Chemistry,	2d	ed.,	T.	The	third	edition	of	the	book	also	contains	a	comprehensive	chapter	on	nondestructive	testing	methods	and	a	thoroughly	revised	chapter	on	recent	advancements	in	concrete	technology	including	high-performance	concrete,	high-volume	fly	ash	concrete,
and	self-consolidating	concrete.	Capillary	voids.	Similarly,	the	structure	of	belite	in	industrial	cements	is	irregular,	but	the	interstitial	holes	thus	formed	are	much	smaller,	and	this	makes	belite	far	less	reactive	than	alite.	26.	In	a	plate,	for	instance,	the	depth	of	a	reflecting	interface,	h,	can	be	determined	as	function	of	the	P-wave	velocity,	Vp,	and	the
peak	frequency	f:	h=	Vp	2f	(11-20)	12	To	validate	the	method,	Sansalone	and	Carino	used	laboratory	samples	containing	controlled	flaws	and	carried	out	many	numerical	simulations	using	the	finite	element	method.	329–346,	1975;	Vol.	Thus	a	maze	of	interwoven	chemical	and	physical	causes	of	deterioration	is	at	work	when	a	concrete	structure
exposed	to	seawater	is	an	advanced	stage	of	degradation.	27.	Figure	3-14	70	Microstructure	and	Properties	of	Hardened	Concrete	However,	Jones	and	Richart6	found	that	within	the	range	of	customary	testing,	the	effect	of	rate	of	loading	on	strength	is	not	large.	Mechanically	deposited	and	consolidated	usually	with	chemical	cements	Chemically
deposited	and	consolidated	Common	name	Principal	minerals	present	Aggregate	characteristics	Cobbles	(>75	mm)	Gravel	(4.75–75	mm)	Sand	(0.075–4.75	mm)	Silt	(0.002–0.075	mm)	Clay	(	V1	q2	Refracted	wave	Reflection	and	refraction	of	an	incident	wave	striking	an	interface	between	dissimilar	materials.	Nevertheless,	the	flexure	test	is	usually
preferred	for	quality	control	of	concrete	for	highway	and	airport	pavements,	where	the	concrete	is	loaded	in	bending	rather	than	in	axial	tension.	The	galvanic	cell	constitutes	an	anode	process	and	a	cathode	process.	Li	et	al.19	have	shown	that	AE	techniques	are	capable	of	detecting	rebar	corrosion	in	an	early	corrosion	stage.	351–356,	1976.
Compared	to	the	secant	modulus,	instead	of	the	origin	the	line	is	drawn	from	a	point	representing	a	longitudinal	strain	of	50	μm/m	to	the	point	that	corresponds	to	40	percent	of	the	ultimate	load.	(From	Ngab,	A.J.,	F.O.	Slate,	and	A.M.	Nilson,	J.	6.16	Discuss	the	two	methods	that	the	cement	industry	employs	to	produce	cements	having	different	rates
of	strength	development	or	heat	of	hydration.	In	general,	the	larger	the	amount	of	coarse	aggregate	with	a	high	elastic	modulus	in	a	concrete	mixture,	the	greater	would	be	the	modulus	of	elasticity	of	concrete.	Although	they	permit	easy	entry	and	egress	of	water,	they	are	also	capable	of	causing	durability	problems.	Type	and	severity	of	deterioration
may	not	be	uniform	throughout	the	structure.	5.14	What	chemical	reactions	are	generally	involved	in	sulfate	attack	on	concrete?	In	biaxial	tension-compression	(Fig.	(50	to	150	mm)	of	slump,	there	was	about	12	percent	decrease	in	the	average	7-day	compressive	strength.	Moist	curing	is	provided	by	spraying	or	ponding	or	by	covering	the	concrete
surface	with	wet	sand,	sawdust,	or	cotton	mats.	Gravel	is	the	coarse	aggregate	resulting	from	natural	disintegration	by	weathering	of	rock.	This	would	be	combined	with	a	small	amount	of	translucent	quartz	to	provide	brilliance	and	life.	For	instance,	chemical	admixtures	can	modify	the	setting	and	hardening	characteristic	of	the	cement	paste	by
influencing	the	rate	of	cement	hydration.	The	total	volume	of	a	typical	cement-water	Entrapped	air	void	Hexagonal	crystals	of	Ca(OH)2	or	low	sulfate	in	cement	paste	Entrained	air	bubbles	Interparticle	spacing	between	C-S-H	sheets	Max.	If	large	heterogeneities	are	present,	the	plot	will	deviate	from	this	unique	straight	line.	Assuming	that	both
aggregates	cost	$10/ton,	and	cement	costs	$60/ton,	the	computed	costs	of	one	cu	yd	of	concrete	are:	Mix	1	$30.35	Mix	2	$31.30	11	Mix	3	$31.90	2.2	2.0	10	1.8	9	59	Average	of	six	tests	1.6	Cost	per	cubic	meter	of	unit	strength,	$/MPa	Cost	per	cubic	yard	of	unit	strength,	$/ksi	Strength	8	1(2.54)	2(5.08)	3(7.62)	4(10.16)	5(12.7)	6(15.24)	Note:	All
concretes	have	constant	0.60	water/cement	ratio	MIX	1	MIX	2	MIX	3	Average	of	six	tests	25	3000	20	Mix	proportions	lb/cu	yd	2000	1000	Mix	1	Mix	2	Mix	3	Cement	460	500	600	Water	276	300	318	Sand	1360	1310	1250	Gravel	1950	1950	1950	15	MPa	7-day	compressive	strength,	psi	4000	10	5	0	1(2.54)	2(5.08)	3(7.62)	4(10.16)	5(12.7)	6(15.24)
Concrete	slump,	in(cm)	Influence	of	the	concrete	slump	on	compressive	strength	and	cost.	Although	the	actual	response	of	concrete	to	applied	stress	is	a	result	of	complex	interactions	between	various	factors,	to	facilitate	a	clear	understanding	of	these	factors	they	can	be	separately	discussed	under	three	categories:	(1)	characteristics	and	proportions
of	materials,	(2)	curing	conditions,	and	(3)	testing	parameters.	Figure	11-24	Nondestructive	Methods	TABLE	11-2	419	ASTM	Criteria	for	Corrosion	of	Steel	in	Concrete	(ASTM	C	876)	Measured	potential(mV	vs.	Permeability	plays	a	dual	role:	first,	it	determines	the	degree	of	saturation	or	the	rate	at	which	water	will	be	absorbed	in	a	given	period	of
time;	and	second,	it	determines	the	rate	at	which	water	will	be	expelled	from	the	aggregate	on	freezing	(and	thus	development	of	hydraulic	pressure).	5-9).	Sulfate	Attack	Skalny,	J.,	J.	In	solutions	saturated	with	calcium	and	hydroxyl	ions,	the	former	crystallizes	as	short	prismatic	needles	and	is	also	referred	to	as	high-sulfate	or	by	its	mineralogical
name,	ettringite.	In	regard	to	organization	of	the	subject	matter,	the	first	part	of	this	three-part	book	is	devoted	to	hardened	concrete	microstructure	and	properties,	such	as	strength,	modulus	of	elasticity,	drying	shrinkage,	thermal	shrinkage,	creep,	tensile	strain	capacity,	permeability,	and	durability	to	various	processes	of	degradation.	3-13b).	54,
1958.	The	original	products	of	portland	cement	hydration,	C-S-H	and	Ca(OH)2	were	no	longer	present.	From	the	shape	of	the	stress-strain	curve	it	seems	that,	with	a	stress	level	that	is	between	30	to	50	percent	of	fc′,	the	microcracks	in	the	interfacial	transition	zone	show	some	extension	due	to	stress	concentration	at	the	crack	tips;	however,	no
cracking	occurs	in	the	mortar	matrix.	The	best	solution	lies	in	removal	of	the	causes	of	cavitation,	such	as	surface	misalignments	or	abrupt	changes	of	slope.	The	452-m	high	structure	composed	of	two,	88-story	buildings	and	their	pinnacles,	optimized	the	use	of	steel	and	reinforced	concrete.	Waterproof	membranes,	usually	preformed	and	of	the
sheet-type	variety,	are	used	when	they	are	protected	from	physical	damage	by	asphaltic	concrete	wearing	surfaces;	therefore,	their	surface	life	is	limited	to	the	life	of	the	asphaltic	concrete,	which	is	about	15	years.	Proceedings	of	Katherine	and	Bryant	Mather	Conference	on	Concrete	Durability,	Scanlon	,	J.M.,	ed.	In	brief:	Age.	It	should	be	noted	that
with	permeable	concrete	the	normal	amount	of	CO2	present	in	seawater	is	sufficient	to	decompose	the	cementitious	products	eventually.	A	Simple	Code	for	Builders	Hammurabi,	a	king	of	Babylon,	who	lived	four	thousand	years	ago,	had	the	following	rule	about	the	responsibility	of	builders	enforced:	“If	a	building	falls	down	causing	the	death	of	the
owner	or	his	son,	whichever	may	be	the	case,	the	builder	or	his	son	will	be	put	to	death.	In	the	steel-ball	abrasion	test,	load	is	applied	to	a	rotating	head	containing	steel	balls	while	the	abraded	material	is	removed	by	water	circulation.	6.3	What	do	you	understand	by	the	following	terms:	alite,	belite,	periclase,	langbeinite,	plaster	of	paris,	tobermorite
gel?	32.	Natural	mineral	aggregates	are	derived	from	rocks	of	several	types	and	most	rocks	are	themselves	composed	of	several	minerals.	Capillary	voids	larger	than	50	nm,	referred	to	as	macropores	in	modern	literature,	are	probably	more	influential	in	determining	the	strength	and	impermeability	characteristics,	whereas	voids	smaller	than	50	nm,
referred	to	as	micropores,	play	an	important	part	in	drying	shrinkage	and	creep.	(Data	from	student	experiments,	University	of	California	at	Berkeley.)	For	a	given	water-cement	ratio,	concrete	mixtures	with	higher	slumps	tend	to	bleed	and	therefore	give	lower	strength.	Consequently,	water	and	ions	which	play	an	active	role	in	the	processes	of
deterioration,	can	now	be	transported	readily	into	the	interior.	J.	15	10	5	0	ºC	10	21º	C	40	0	50	100	Age,	days	Age,	days	(a)	(b)	150	200	%	Relative	strength	(21ºC	at	28	days)	Note:	Specimens	were	cast	at	21ºC	and	maintained	at	21ºC	for	6	h,	then	stored	in	molds	at	indicated	temperature.	2	0	0	Capillary	porosity,	%	20	40	50	Porosity,	%	60	(b)	(a)
Mortar	120	Cube	strength,	MPa	Mix	A	100	Mix	B	Mix	C	80	60	40	fc	=	234x	3	20	0	0	0.2	0.4	0.6	0.8	1	Gel-space	ratio	(x)	(c)	Porosity-strength	relation	in	solids:	(a)	normally	cured	cements,	autoclaved	cements,	and	aggregates;	(b)	iron,	plaster	of	Paris,	sintered	alumina,	and	zirconia;	(c)	portland	cement	mortars	with	different	mix	proportions.	At	about
60	percent	slag	content,	the	amount	of	calcium	hydroxide	becomes	so	low	that	even	slags	containing	large	amounts	of	reactive	alumina	can	be	safely	used	to	make	sulfateresisting	cements.	The	clay	minerals,	which	consist	mainly	of	hydrous	aluminum,	magnesium,	and	iron	silicates,	are	major	constituents	of	clays	and	shales.	4	Microstructure	and
Properties	of	Hardened	Concrete	Figure	1-1	Itaipu	Dam,	Brazil.	This	phenomenon,	shown	by	curve	‘B	−	C	’	in	Fig.	7.1	Significance	From	Chap.	Due	to	their	colloidal	dimensions	and	a	tendency	to	cluster,	C-S-H	crystals	could	only	be	resolved	with	the	advent	of	electron	microscopy.	Where	such	designations	appear	in	this	book,	they	have	been	printed
with	initial	caps.	[(b),	(c),	Beton-Bogen,	Aalborg	Denmark,	1981.]	Figure	(a)	shows	that	deterioration	of	concrete	due	to	corrosion	of	embedded	steel	manifests	in	the	form	of	expansion,	cracking,	and	loss	of	cover.	18.	Cron	(Concrete	Construction,	Vol.	The	electrode	is	moved	on	the	concrete	surface	to	assess	the	risk	of	corrosion	at	various	locations.
While	maintaining	the	height/diameter	ratio	equal	to	2,	if	a	concrete	mixture	is	tested	in	compression	with	cylindrical	specimens	of	varying	diameter,	the	larger	the	diameter	the	lower	will	be	the	strength.	Dense	aggregates	have	a	high	elastic	modulus.	In	compression	tests	it	has	been	observed	that	air-dried	specimens	show	20	to	25	percent	higher
strength	than	corresponding	specimens	tested	in	a	saturated	condition.	A	method	of	calculating	the	total	volume	of	capillary	voids,	popularly	known	as	porosity,	in	portland	cement	pastes	having	either	different	water-cement	ratios	or	different	degrees	of	hydration	will	be	described	later.	Special	cements	have	been	developed	to	fill	those	needs.	This	is
because	two	of	the	three	components	of	the	microstructure,	namely,	the	bulk	cement	paste	and	the	interfacial	transition	zone	between	aggregate	and	cement	paste	change	with	time.	6.10	Discuss	the	major	differences	in	the	physical	and	chemical	composition	between	an	ordinary	(ASTM	Type	I)	and	a	high	early	strength	(ASTM	Type	III)	portland
cement.	In	the	splitting	tension	test	a	15-	by	30-	cm	concrete	cylinder	is	subjected	to	compression	loads	along	two	axial	lines	which	are	diametrically	opposite.	The	presence	of	reinforcement	should	be	avoided	when	measuring	the	wave	velocity	in	concrete.	Frost	Action	and	Fire	ACI,	Behavior	of	Concrete	under	Temperature	Extremes,	SP-39,	1973.
There	are	many	sources	available	when	long	concrete	structures	are	going	to	be	analyzed,	however,	for	thin	members	it	is	required	that	the	contact	time	be	significantly	reduced	because	the	duration	of	the	impact	must	be	less	than	the	round-trip	travel	of	the	P-wave.	Second,	due	to	contrast	in	size	between	the	reinforcing	steel	or	reinforcing	cage
and	the	reference	electrode,	the	location	along	the	reinforcement	where	potential	is	measured	is	uncertain.	Lobo	Carneiro,	the	young	engineer	in	charge	of	testing	the	load-bearing	capacity	of	the	concrete	cylinders	when	loaded	diametrically	(without	the	steel	plates),	noticed	that	the	cylinders	had	a	uniform	and	consistent	splitting	failure	in	all	the
tests.	18,	No.	1,	p.	the	stress-strain	behavior.	0.5	0.6	406	Concrete	Materials,	Mix	Proportioning,	and	Early-Age	Properties	rocks	on	the	effective	velocities	of	the	composite	can	be	estimated	by	using	the	equations	developed	in	Chap.	Concrete	cylinder	d	=	L/3	Specimen	Plane	of	tensile	failure	Bed	plate	of	testing	machine	Load-applying	and	support
blocks	(typ.)	Rigid	loading	structure	Steel	rod	Steel	ball	L/3	L/3	L/3	Bed	of	testing	machine	Span	length	Distance	from	top	of	specimen	Tension	Compression	Compression	Assumed	stress	distribution	0	Actual	stress	distribution	D/6	D/3	Natural	axis	D/2	2D/3	5D/6	0	2	0	2	4	6	8	10	12	14	Stress	×	πLD/2P	(a)	16	18	20	Tension	(b)	(a)	Splitting	tension	test
(ASTM	C	496):	top,	diagrammatic	arrangement	of	the	test;	bottom,	stress	distribution	across	the	loaded	diameter	of	a	cylinder	compressed	between	two	plates.	The	use	of	admixtures	in	concrete	is	now	widespread	due	to	many	benefits	which	are	possible	by	their	application.	Jones,	P.G.,	and	F.E.	Richart,	ASTM	Proc.,	Vol.	Also,	a	magma	may	be
supersaturated,	saturated,	or	undersaturated	with	respect	to	the	amount	of	silica	present	for	mineral	formation.	293–331,	1980.]	Calcium	aluminate	or	high-alumina	cements	are	able	to	develop	very	high	strengths	in	relatively	short	periods	of	time.	A	separate	chapter	deals	with	advances	of	concrete	mechanics	covering	composite	models,	creep	and
shrinkage,	thermal	stresses,	and	fracture	of	concrete.	Figure	6-16	with	the	pozzolanic	reaction	and	the	increase	in	C-S-H	and	other	hydration	products	at	the	expense	of	calcium	hydroxide.	Blum.)	The	Loma	Pietra	earthquake	caused	damage	in	the	eastern	span	of	the	San	Francisco	Bay	Bridge.	46,	p.	5,	pp.	TABLE	5-4	Deleteriously	Reactive	Rocks,
Minerals,	and	Synthetic	Substances	Reactive	substance	Chemical	composition	Opal	Chalcedony	SiO2	nH2O	SiO2	Certain	forms	of	quartz	SiO2	Cristobalite	Tridymite	Rhyolitic,	dacitic,	latitic,	or	andesitic	glass	or	cryptocrystalline	devitrification	products	Synthetic	siliceous	glasses	SiO2	SiO2	Siliceous,	with	lesser	proportions	of	Al2O3,	Fe2O3,	alkaline
earths,	and	alkalies	Siliceous,	with	less	proportions	of	alkalies,	alumina,	and/or	other	substances	Physical	character	Amorphous	Microcrystalline	to	cryptocrystalline;	commonly	fibrous	Microcrystalline	to	cryptocristalline;	Crystalline,	but	intensely	fractured,	strained,	and/or	inclusion-filled	Crystalline	Crystalline	Glass	or	cryptocrystalline	material	as
the	matrix	of	volcanic	rocks	or	fragments	in	tuffs	Glass	The	most	important	deleteriously	alkali-reactive	rocks	(that	is,	rocks	containing	excessive	amounts	of	one	or	more	of	the	substances	listed	above)	are	as	follows:	Opaline	cherts	Chalcedonic	cherts	Quartzose	cherts	Siliceous	limestones	Siliceous	dolomites	Rhyolites	and	tuffs	Dacites	and	tuffs
Andesites	and	tuffs	Siliceous	shales	Phyllites	Opaline	concretions	Fractured,	strained,	and	inclusion-filled	quartz	and	quartzites	NOTE:	A	rock	may	be	classified	as,	for	example,	a	“siliceous	limestone”	and	be	innocuous	if	its	siliceous	constituents	are	other	than	those	indicated	above.	291,	1967.	3.5	Why	does	air	entrainment	reduce	the	strength	of
moderate-	and	high-strength	concrete	mixtures	but	may	increase	the	strength	of	low-strength	concrete	mixtures?	The	incidence	angle	is	equal	to	the	reflected	angle	and	the	relationship	between	incidence	angle	q1	and	refracted	angle	q2	is	given	by	Snell’s	law.	This	is	because	at	the	high	temperatures	prevalent	during	clinker	formation	the	elements
present	in	the	system,	including	the	impurities	such	as	magnesium,	sodium,	potassium,	and	sulfur,	are	able	to	enter	into	solid	solutions	with	each	of	the	major	compounds	of	the	cement	in	clinker.	In	practice,	most	200	%	Strength	of	cylinder	with	H/D	=	2	66	Average	from	tests	by	G.W.	Hutchinson	and	others,	reported	in	bulletin	16,	Lewis	institute,
Chicago	180	160	Age	of	specimens,	28	days	140	120	100	80	0	0.5	1	1.5	2	2.5	3	3.5	4	H/D,	ratio	of	height	of	cylinder	to	diameter	Figure	3-11	Influence	of	varying	the	length/diameter	ratio	on	concrete	strength.	291,	1967.]	Unreinforced	concrete	tests	blocks	(1.75-	by	-1.75	by	-1.07	m)	partially	submerged	in	seawater	at	San	Pedro	harbor	in	Los



Angeles,	California,	were	examined	after	67	years	of	continuous	exposure.	Many	researchers	have	Strength	61	pointed	out	the	tendency	toward	a	higher	ultimate	strength	of	concrete	when	the	rate	of	strength	gain	at	early	ages	was	retarded.	The	book	is	splendidly	designed	so	that	it	can	be	used	equally	by	undergraduate	and	graduate	students,	and
structural	designers	and	engineers.	This	page	intentionally	left	blank	For	more	information	about	this	title,	click	here	Contents	Foreword	xvii	Preface	xix	Part	I.	This	is	Stage	3.	Calcium	atoms	are	labeled.	3-19,	the	strength	of	concrete	in	pure	shear	is	represented	by	the	point	at	which	the	failure	envelope	intersects	the	vertical	axis,	t0.	Scherer,	(c)
micrograph	from	Corr,	D.J.,	P.J.M.	Monteiro,	J.	On	the	other	hand,	the	fully	submerged	part	of	the	structure	will	only	be	subject	to	chemical	attack	by	seawater.	Stanton,	T.E.,	Proc.	At	later	ages,	when	the	differences	in	the	degree	of	cement	hydration	disappear,	so	do	the	differences	in	the	concrete	strength.	Also,	if	several	specimens	of	concrete
containing	the	same	amount	of	cement	but	different	amounts	of	water	are	examined	at	various	time	intervals,	it	200	×	100	mm	2000	×	10	mm	4	mm	5000	×	Figure	2-2	Microstructure	of	a	hydrated	cement	paste.	Also,	there	are	no	requirements	on	the	physical-chemical	properties	Hydraulic	Cements	249	of	the	constituents.	99,	No.	2,	pp.	Suaris	and
Van	Mier18	compared	crack	propagation	in	tension	(mode	I)	and	in	shear	(mode	II)	in	mortar.	Gravel	and	coarse	sands	usually	consist	of	rock	fragments;	fine	sands	and	silt	consist	predominately	of	mineral	grains,	and	clays	consist	exclusively	of	mineral	grains.	3-12.	1235,	1950.	In	other	words,	with	most	natural	aggregates	the	strength	of	the
aggregate	is	hardly	utilized	because	the	failure	is	determined	by	the	other	two	phases.	Earth’s	crust	consists	of	95	percent	igneous	and	5	percent	sedimentary	rocks.	1991.	That	is	why,	with	concrete	structures	exposed	to	corrosive	environment,	Section	7.7	of	the	ACI	Building	Code	318	specifies	minimum	concrete	cover	requirements.	Initially,	when
the	strain	is	proportional	to	the	applied	stress	and	is	reversible	on	unloading	the	specimen,	it	is	called	the	elastic	strain.	[(a)	and	(b)	courtesy	of	George	W.	It	should	be	emphasized	again	that	the	distinction	between	the	physical	and	chemical	causes	of	deterioration	is	purely	arbitrary;	in	practice,	the	two	are	frequently	superimposed	on	each	other.	53,
No.	8/9,	1970.]	In	the	hydrated	cement	paste,	water	can	exist	in	many	forms;	these	can	be	classified	depending	on	the	degree	of	ease	with	which	water	can	be	removed.	There	are,	however,	aggregate	characteristics	other	than	strength,	such	as	the	size,	shape,	surface	texture,	grading	(particle	size	distribution),	and	mineralogy,	which	are	known	to
affect	concrete	strength	in	varying	degrees.	1679–1686,	1975;	(c),	adapted	from	Biczok,	I.,	Concrete	Corrosion	and	Concrete	Protection,	Chemical	Publishing	Company,	New	York,	p.	(From	Bolt,	B.A.	Nuclear	Explosions	and	Earthquakes:	The	Parted	Veil,	W.H.	Freeman,	San	Francisco,	1976.)	402	Nondestructive	Methods	Transmitter	403	Receiver
Transmitter	Receiver	d	h	(b)	(a)	Configuration	of	the	transmitter	and	receiver	for	(a)	direct	and	(b)	indirect	trans-	Figure	11-11	mission.	A	trained	operator	can	delineate	zones	of	high	and	low	pitch	using	this	method.	Type	K	expansive	cement	used	in	the	U.S.	construction	practice	is	covered	by	ASTM	Standard	C	845.	3-15.	Rocks	normally	used	as
aggregate	in	concrete	have	higher	wave	velocities	than	the	cement	paste,	so	increasing	the	amount	of	aggregate	for	a	given	cement	paste	matrix	also	increases	the	average	wave	velocity	of	the	composite	(see	Fig.	Although	in	practice	most	concrete	is	subjected	simultaneously	to	a	combination	of	compressive,	shearing,	and	tensile	stresses	in	two	or
more	directions,	the	uniaxial	compression	tests	are	the	easiest	to	perform	in	laboratory,	and	the	28-day	compressive	strength	of	concrete	determined	by	a	standard	uniaxial	compression	test	is	accepted	universally	as	a	general	index	of	the	concrete	strength.	Although	some	sedimentary	deposits	are	up	to	13	km	thick,	over	the	continental	areas	the
average	is	about	2300	m.	Due	to	their	greater	potential	use,	the	aggregates	from	industrial	by-products	such	as	blastfurnace	slag,	fly	ash,	municipal	waste,	and	recycled	concrete	are	also	described.	Vicat,	L.J.,	A	Practical	and	Scientific	Treatise	on	Calcareous	Mortars	and	Cements,	1837	(translated	by	J.T.	Smith,	London).	(b)	Diagrammatic
representation	of	the	interfacial	transition	zone	and	bulk	cement	paste	in	concrete.	For	instance,	in	some	areas	the	hydrated	cement	paste	mass	appears	to	be	as	dense	as	the	aggregate,	while	in	others	it	is	highly	porous	(Fig.	Type	MH—Moderate	Heat	of	Hydration.	If	one	returns	at	night,	the	lights	from	within	and	the	floodlights	that	play	on	its
surface	turn	the	building	into	a	shimmering	jewel.	Thus,	in	addition	to	the	evolution	of	the	microstructure	as	a	result	of	the	chemical	changes,	which	occur	after	cement	comes	in	contact	with	water,	attention	has	to	be	paid	to	certain	rheological	properties	of	freshly	mixed	cement	paste	that	also	influence	the	microstructure	of	the	hardened	paste.
Generally,	the	aggregates	with	bulk	densities	less	than	1120	kg/m3	(70	lb/ft3)	are	called	lightweight	and	those	weighing	more	than	2080	kg/m3	(130	lb/ft3)	are	called	heavyweight.	Hydraulic	Cements	(a)	215	(b)	(c)	Figure	6-7	Scanning	electron	micrograph	of	a	fractured	specimen	of	a	3-day-old	portland	cement	paste.	77–92,	1968.	Since	the	amount	of
mixing	water	used	in	a	concrete	mixture	is	usually	more	than	needed	for	portland	cement	hydration	(estimated	to	be	about	30	percent	by	weight	of	cement),	proper	application	of	an	impermeable	membrane	soon	after	the	concrete	placement	provides	an	acceptable	way	to	maintain	the	strength	development	at	a	satisfactory	rate.	Radical
enhancements	in	the	durability	of	concrete	to	commonly	known	causes	of	deterioration	can	be	achieved	by	preventing	the	loss	of	watertightness	during	service	through	control	in	the	growth	of	microcracks	that	interlink	the	surface	cracks	with	the	interior	voids	and	microcracks.	Type	GU—General	Use	Hydraulic	Cement.	Its	magnitude	can	be
controlled	by	controlling	the	coefficient	of	thermal	expansion	of	aggregate,	cement	content	and	type,	and	temperature	of	concrete-making	materials.	CAC	cements	meant	for	making	very	high-temperature	furnace	lining,	contain	very	low	iron	and	silica,	and	can	be	made	by	sintering	in	a	rotary	kiln.	In	1975,	the	U.S.	Congress	passed	the	Metric
Conversion	Act,	which	declares	that	it	will	be	the	policy	of	the	United	States	to	coordinate	and	plan	the	increasing	use	of	the	metric	system	of	measurement	(SI	units).	11,	No.	4,	Copyright	1981,	Pergamon	Press,	New	York;	(b),	reprinted	with	permission	from	Hogan,	F.J.	and	J.M.	Meusel,	Cem.	It	was	suggested	that	a	combination	of	heavy
reinforcement	and	differential	cooling	rates	immediately	following	the	steam-curing	operation,	in	the	massive	beams	might	have	resulted	in	the	formation	of	microcracks	in	concrete,	which	were	later	enlarged	due	to	severe	weathering	conditions	on	the	windward	side	of	the	beams.	About	60	percent	of	the	structures	were	reinforced	concrete	wharves
of	the	slender-pillar	type	containing	tremie-poured	underwater	concrete.	5-7a)	while	the	cement	paste	containing	10	percent	entrained	air	showed	contraction	during	freezing	(Fig.	Kumar	Mehta	Paulo	J.	Therefore,	for	practical	purposes,	it	is	not	the	hydration	reactions	of	C3A	alone	but	the	hydration	reactions	of	C3A	in	the	presence	of	gypsum	which
are	important.	Thus	100	cm3	of	cement	at	full	hydration	would	produce	200	cm3	of	solid	hydration	products	in	every	case;	however,	because	the	total	available	space	in	the	0.7,	0.6,	ASTM	C31	requires	moist	curing	at	23	±	1°C	until	the	age	of	testing.	3-21.	Based	on	this	standard,	a	brief	description	of	the	constituent	minerals	that	commonly	occur	in
natural	rocks	is	given	below.	Verbeck,	G.J.,	and	R.	In	solids,	microstructural	inhomogeneities	can	lead	to	serious	effects	on	strength	and	other	related	mechanical	properties	because	these	properties	are	controlled	by	the	microstructural	extremes,	not	by	the	average	microstructure.	The	test	data	show	that	the	strength	of	concrete	subjected	to	biaxial
compression	(Fig.	8).	6-21).	H	represents	hexagonal−crystalline	products	such	as	CH==C4AH19==C4ASH18.	Poor	workmanship	was	held	responsible	for	differences	in	behavior	of	concrete,	which	was	of	the	same	quality	in	all	the	structures.	After	a	number	of	hours	when	the	concrete	has	solidified	and	hardened	to	a	strong	mass,	the	formwork	can
be	removed	for	reuse.	It	may	be	noted	that	the	rate	of	heat	liberation	from	a	freshly	hydrated	CAC	can	be	as	high	as	9	cal/g	per	hour,	which	is	about	three	times	the	rate	with	high-early	strength	portland	cement.	The	stress-strain	behavior	of	the	material	shown	in	Fig.	By	1981,41	evidence	of	concrete	deterioration	attributable	to	alkali-silica	reaction
was	found	in	23	structures,	6	to	17	years	old,	located	in	Scotland,	the	Midlands,	Wales,	and	other	parts	of	southwestern	England.	The	amount	of	microcracks	depends	on	numerous	parameters,	including	aggregate	size	and	grading,	cement	content,	water-cement	ratio,	degree	of	consolidation	of	fresh	concrete,	curing	conditions,	environmental
humidity,	and	thermal	history	of	concrete.	This	is	why	concrete	fails	in	a	brittle	manner	in	tension	but	is	relatively	tough	in	compression.	In	cold	climates,	reinforced	concrete	bridge	decks	are	frequently	exposed	to	the	application	of	deicing	chemicals	containing	chlorides.	In	the	case	of	portland-pozzolan	and	portland-blast-furnace	slag	cements	the
reduction	of	calcium	hydroxide	in	the	hydrated	cement	paste,	which	is	due	to	both	the	dilution	effect	and	the	pozzolanic	reaction,	is	one	reason	that	concrete	made	from	such	cements	tends	to	show	superior	resistance	to	sulfate	and	acidic	environments.	In	order	to	prolong	the	reducing	environment	around	the	clinker	particles	by	increasing	the
amount	of	oil	sprayed	on	hot	clinker	before	leaving	the	burning	zone,	I	requested	a	heat-resisting	steel	pipe	of	a	larger	diameter.	It	has	already	been	stated	that	during	the	early	stages	of	hydration	the	sulfate/alumina	ionic	ratio	of	the	solution	phase	generally	favors	the	formation	of	trisulfate	hydrate,	−	C6AS3H32,	also	called	ettringite,	which	forms
needle-shaped	prismatic	crystals.	It	seems	that	drying	of	concrete	produces	a	different	effect	on	the	cement	paste	matrix	than	on	the	interfacial	transition	zone;	while	the	former	gains	in	strength	owing	to	an	increase	in	the	van	der	Waals	force	of	attraction	in	the	hydration	products,	the	latter	loses	strength	due	to	microcracking.	Reaction	products
from	cement	decomposition	were	aragonite,	ettringite,	gypsum,	brucite,	and	alkali-silica	gel.	78	Microstructure	and	Properties	of	Hardened	Concrete	TABLE	3-2	Effect	of	Aggregate	Mineralogy	and	Size	on	Tensile-Compressive	Strength	Relations	in	HighStrength	Concretes	(60-Days	Moist	Cured)	Sandstone,	25	mm	max.	2.3	Complexities	From
examination	of	a	cross	section	of	concrete	(Fig.	ACI	SP	100,	1987.	In	a	Love	surface	wave	(c),	the	particles	have	a	horizontal	transverse	movement	perpendicular	to	the	direction	of	wave	propagation.	Why	is	entrainment	of	air	effective	in	reducing	the	expansion	due	to	freezing?	Admixtures	Preview	8.1	Significance	8.2	Nomenclature,	Specifications,
and	Classifications	8.3	Surface-Active	Chemicals	8.3.1	Nomenclature	and	chemical	composition	8.3.2	Mechanism	of	action	8.3.3	Applications	8.3.4	Superplasticizers	8.4	Set-Controlling	Chemicals	8.4.1	Nomenclature	and	composition	8.4.2	Mechanism	of	action	8.4.3	Applications	8.5	Mineral	Admixtures	8.5.1	Significance	8.5.2	Classification	8.5.3
Natural	pozzolanic	materials	8.5.4	By-product	materials	8.5.5	Applications	8.6	Concluding	Remarks	Test	Your	Knowledge	References	Suggestions	for	Further	Study	Chapter	9.	The	gray	color	of	ordinary	portland-cement	clinker	is	generally	due	to	the	presence	of	iron.	0.3	MPa/s.	3-21b),	it	is	observed	that	the	relative	strength	Strength	fc′	=	32	MPa	fc′
=	32	MPa	e2	e3	e1	1.2	e1,e2	1.0	1.2	e3	e2,	e3	s1/fc′	0.8	s1	0.6	0.4	e1	s1	/s2	s2	0.2	m	–1/0	–1/1	–1/–0.52	0.05	m	0.2	m	0.2	e1	e1,	e2	e1	e2	0.8	s2/fc′	1.0	81	e2	0.6	e1	e2	0.4	e1	s1	/s2	–1/0	–1/–0.52	–1/–0.103	–1/–0.103	0.2	0	0	3	2	Tensile	strain	0	0	–1	–2	–3	Compressive	strain	Strain,	×10–3	1.5	1.0	0.5	0	–0.5	Strain,	×10	–1.0	–1.5	–2.0	–3	(b)	(a)	fc′	=	30	MPa
0.12	s1/fc′	0.10	e3	e2	=	e3	e3	e2	e1	=	e2	e1	e1	0.8	0.6	s1/s2	0.4	1/0	1/1	1/-0.55	0.2	0	–0.06	–0.04	–0.02	0	0.02	0.04	0.06	0.08	0.10	0.12	Compressive	strain	Tensile	strain	Strain,	×10–3	(c)	Experimental	stress–strain	curves	for	concrete	under	(a)	biaxial	compression,	(b)	combined	tension	and	compression,	and	(c)	biaxial	tension.	Only	when	the	rate	of
migration	of	the	salt	solution	through	the	interconnected	pores	of	the	material	is	slower	than	the	rate	of	replenishment,	the	drying	zone	occurs	substantially	beneath	the	surface.	Pore	size	distributions	are	affected	by	water-cement	ratio,	and	the	age	(degree)	of	cement	hydration.	These	platens	consisted	of	a	series	of	closely	spaced	small	steel	bars
that	were	flexible	enough	to	follow	the	concrete	deformations	without	generating	appreciable	restraint	of	the	test	piece.	Also,	the	strength	of	concrete	goes	down	as	the	coarse	aggregate	size	is	increased.	¶	Gjorv,	O.E.,	Durability	of	Reinforced	Concrete	Wharves	in	Norwegian	Harbors,	The	Norwegian	Committee	on	Concrete	in	Sea	Water,	1968.
Regulated-set	cement,	also	called	Jet	cement	in	Japan,	is	manufactured	under	patents	issued	to	the	U.S.	Portland	Cement	Association.	58	Microstructure	and	Properties	of	Hardened	Concrete	a	decrease	in	the	size	of	coarse	aggregate,	at	a	given	water-cement	ratio,	will	increase	the	tensile-compressive	strength	ratio.	Litvan,	G.G.,	and	P.J.	Sereda,
eds.,	Durability	of	Building	Materials	and	Components,	ASTM	STP	691,	American	Society	for	Testing	and	Materials,	Philadelphia,	PA,	1980.	Since	the	curve	for	concrete	is	nonlinear,	three	methods	for	computing	the	modulus	are	used.	2-11	can	be	understood	from	the	influence	that	various	pore	types	exert	on	permeability.	Unlike	wood	and	ordinary
steel,	the	ability	of	concrete	to	withstand	the	action	of	water	without	serious	deterioration	makes	it	an	ideal	material	for	building	structures	to	control,	store,	and	transport	water.	Compared	to	a	steel	structure,	an	added	benefit	of	using	reinforced	concrete	was	efficient	damping	of	vibrations,	which	was	an	important	consideration	for	the	building’s
occupants	in	light	of	the	structure’s	potential	exposure	to	moderate	and	high	winds.	In	regard	to	the	deleterious	expansion	associated	with	the	alkali-aggregate	reaction,	combinations	of	high-alkali	portland	cement	with	pozzolan	or	slag	are	generally	known	to	produce	durable	products	(Fig.	Mohr	rupture	envelope	Shear	Compression-tension	Simple
uniaxial	tension	Simple	uniaxial	compression	Triaxial	compression	to	g	Compression	f	ed	c	ba	Tension	Typical	Mohr	rupture	diagram	for	concrete.	It	should	be	obvious	that	the	size	and	continuity	of	the	pores	in	the	microstructure	of	the	solid	would	determine	its	permeability.	Capillary	water.	The	petroleum	industry	generally	prefers	the	basic	low-
C3A,	coarse-ground	portland	cements	(API	Classes	G	and	H),	to	which	one	or	more	admixtures	of	the	type	listed	below	are	added	at	the	site:	1.	Raphael	recommends	the	values	obtained	by	the	splitting	test	or	the	modulus	of	rupture	test,	augmented	by	the	multiplier	found	appropriate	by	dynamic	tensile	tests,	or	about	1.5.	Alternatively,	depending	on
the	loading	conditions,	the	plots	of	tensile	strength	as	a	function	of	compressive	strength	(Fig.	Under	the	assumptions	made	here,	with	a	0.32	water-cement-ratio	paste,	there	would	be	no	capillary	porosity	when	the	cement	had	completely	hydrated.	3-19,	it	is	generally	described	from	a	phenomenological	point	of	view.	Generally,	the	reactivity	of	the
ferrite	phase	is	somewhat	slower	than	C3A,	but	it	increases	with	increasing	alumina	content	and	with	decreasing	temperature	of	formation	during	the	clinkering	process.	The	potentiostatic	measurement	is	used	more	often	in	practice.	Hydraulic	Cements	211	1	Ca	(3)	2	C	1/3C	Ca	(2)	A	1	2	D	3	B	Ca	(1)	1	IA	Calcium	(a)	(b)	Oxygen	Crystal	structures	of
(a)	3CaO-SiO2	(b)	g	–	2CaO-SiO2.	250	Concrete	Materials,	Mix	Proportioning,	and	Early-Age	Properties	6.4	Why	is	C3S	more	reactive,	and	g	C2S	nonreactive	with	water	at	normal	temperatures?	Improper	proportioning	of	raw	materials,	inadequate	Magnesium	oxide	and	calcium	oxide.	A	comprehensive	report	on	the	causes,	mechanisms,	and	control
of	cracking	in	concrete	is	also	published	by	the	ACI	Committee	224.3	Deterioration	of	concrete	by	surface	wear,	crystallization	of	salts	in	pores,	freeze-thaw	cycles,	fire,	and	a	number	of	chemical	processes	mentioned	above	are	discussed	in	this	chapter.	Stage	2	marks	the	initiation	of	the	damage,	which	occurs	at	a	slow	rate	at	first,	then	proceeds
rather	rapidly.	Heat	treatment	CaSO4	·2H2O	Natural	gypsum	130–150oC	CaSO4	·1/2H2O	+	CaSO4	Hemihydrate	Soluble	anhydrite	Gypsum	cement	H2O	CaSO4	·2H2O	(a)	Heat	treatment	Quick	lime	Ca(OH)2	Hydrated	lime	and	reactive	SiO2	CaO	o	Limestone	900–1000	C	H2O	CaCO3	H2O	204	CaO-SiO2-H2O	Calcium	silicate	hydrate	(b)	Chemistry	of
gypsum	and	lime	cements:	(a)	production	of	gypsum	cement,	and	hydration	reaction;	(b)	production	of	lime	cements,	and	hydration	reactions	both	with	and	without	pozzolans.	Popularly	known	as	Abrams’	water-cement	ratio	rule,	this	inverse	relation	is	represented	by	the	expression	Water-cement	ratio.	A	similar	illustration	of	cracking	process	due	to
freezing	and	thawing	cycles	was	presented	by	Moukuwa50	(Fig.	Opal	is	a	hydrous	silica	mineral	(3	or	9	percent	water)	that	appears	noncrystalline	by	optical	microcopy	but	may	show	short-order	crystalline	arrangement	by	x-ray	diffraction	analysis.	extremes	1.	The	factors	controlling	the	porosity	of	the	interfacial	transition	zone	are	listed	in	Fig.
Marcasite,	which	is	found	mainly	in	sedimentary	rocks,	readily	oxidizes	to	form	sulfuric	acid	and	iron	hydroxides.	80	80	HAC	Rapid-hardening	portland	cement	60	Compressive	strength,	MPa	Compressive	strength,	MPa	244	Ordinary	portland	cement	40	20	0	0	5	10	15	20	Age,	days	(a)	25	30	18	ºC	60	0	ºC	–3	ºC	40	20	0	0	1	2	3	4	5	6	7	Age,	days	(b)	(a)
Strength	development	rates	for	various	cements	at	normal	temperature;	(b)	effect	of	low	curing-temperatures	on	the	strength	of	high-alumina	cement	concrete.	The	significance	of	the	elastic	limit	in	structural	design	lies	in	the	fact	that	it	represents	the	maximum	allowable	stress	before	the	material	undergoes	permanent	deformation.	5.18	Briefly
describe	the	measures	that	should	be	considered	for	the	control	of	corrosion	of	embedded	steel	in	concrete.	This	page	intentionally	left	blank	Part	II	Concrete	Materials,	Mix	Proportioning,	and	Early-Age	Properties	Copyright	©	2006	by	The	McGraw-Hill	Companies,	Inc.	The	chord	modulus	is	given	by	the	slope	of	a	line	drawn	between	two	points	on
the	stress-strain	curve.	Generally,	the	elastic	modulus	of	lightweight-aggregate	concrete	ranges	from	14	to	21	GPa	(2.0	to	3.0	×	106	psi),	which	is	between	50	and	75	percent	of	the	modulus	for	normal-weight	concrete	of	the	same	strength.	Explain	how	the	expansive	cements	function	to	make	concrete	crack-free.	This	marks	the	beginning	of	Stage	2
of	the	“structure-environmental	interaction”	during	which	the	deterioration	of	concrete	takes	place	through	successive	cycles	of	expansion,	cracking,	loss	of	mass,	and	increased	permeability.	This	approach,	often	called	sonic-echo	or	seismic	echo,	has	been	used	successfully	to	evaluate	the	integrity	of	piles	and	caissons.	Santorin	Earth	from	Greece
was	used	for	the	test	data	shown	in	part	(a);	a	granulated	blastfurnace	slag	from	the	United	States	was	used	for	the	test	data	shown	in	part	(b).	In	short,	as	a	first	approximation,	the	strength	loss	due	to	air	entrainment	can	be	related	to	the	general	level	of	concrete	strength.	Seventeen	of	the	20	megacities,	each	with	a	population	of	10	million	or
more,	happen	to	be	situated	in	developing	countries	where	enormous	quantities	of	materials	are	required	for	the	construction	of	housing,	factories,	commercial	buildings,	drinking	water	and	sanitation	facilities,	dams	and	canals,	roads,	bridges,	tunnels,	and	other	infrastructure.	The	most	severe	deterioration	is	likely	to	take	place	in	the	tidal	zone
because	here	the	structure	is	exposed	to	all	kinds	of	physical	and	chemical	attacks.	For	example,	in	197140	it	was	discovered	that	concrete	of	the	Val	de	la	Mare	dam	in	the	United	Kingdom	(Fig.	04.02	(Concrete	and	Mineral	Aggregates),	Philadelphia,	PA,	2005.	Figure	5-23	Durability	179	tendency	to	imbibe	water	and	expand.	Calibration	curves
based	on	known	mixtures	of	pure	compounds	and	an	internal	standard	are	required;	an	estimate	of	the	compound	is	made	by	using	these	curves	and	the	intensity	ratios	between	a	selected	diffraction	peak	of	the	compound	and	the	internal	standard.	However,	from	standpoint	of	distinct	differences	in	the	microstructure-property	relationships,	which
will	be	discussed	later,	it	is	useful	to	divide	concrete	into	three	general	categories	based	on	compressive	strength:	■	Low-strength	concrete:	less	than	20	MPa	(3000	psi)	■	Moderate-strength	concrete:	20	to	40	MPa	(3000	to	6000	psi)	■	High-strength	concrete:	more	than	40	MPa	(6000	psi).	Therefore,	fundamentals	of	rock	formation,	classification
and	description	of	rocks	and	minerals,	and	industrial	processing	factors	that	influence	aggregate	characteristics	are	briefly	described	in	this	chapter.	9);	therefore,	it	is	inappropriate	to	treat	the	aggregate	with	any	less	respect	than	cement.	622–663,	1969.)	Figure	3-20	at	any	particular	biaxial	stress	combination	decreases	as	the	level	of	uniaxial	11
compressive	strength	increases.	This	is	accomplished	by	pumping	the	large	body	of	water	in	a	single	587-m	lift.	However,	they	show	excellent	workability.	Sulfate	attack	Diagrammatic	representation	of	a	reinforced	concrete	cylinder	exposed	to	seawater.	Therefore,	compared	to	the	strength	of	the	specimens	cured	at	normal	laboratory	temperature,
the	in	situ	concrete	strength	will	be	higher	at	early	ages	and	lower	at	later	ages.	Sedimentary	rocks	are	stratified	rocks	that	are	usually	laid	down	under	water	but	are,	at	times,	accumulated	by	wind	and	glacial	action.	The	term	microstructure	is	used	for	the	microscopically	magnified	portion	of	a	macrostructure.	Under	identical	conditions,	the	larger
the	aggregate	size	the	thicker	the	water	film.	Approximately	half	of	the	total	coarse	aggregate	consumed	by	the	concrete	industry	in	the	United	States	consists	of	gravel;	most	of	the	remainder	is	crushed	rock.	The	lower	strength	of	the	saturated	concrete	is	attributed	to	the	disjoining	pressure	within	the	cement	paste.	TERMS	OF	USE	This	is	a
copyrighted	work	and	The	McGraw-Hill	Companies,	Inc.	Bastacky,	ACI	Mat.	5.16.2	Selected	case	histories	A	survey	of	the	collapsed	buildings	and	their	immediate	causes	by	the	British	Building	Research	Establishment48	showed	that,	in	1974,	a	sudden	collapse	of	one	main	beam	of	a	12-year-old	roof	with	post-tensioned	prestressed	concrete	beams
was	due	to	the	corrosion	of	tendons.	The	causes	of	deterioration	of	hardened	concrete	by	frost	action	136	Microstructure	and	Properties	of	Hardened	Concrete	(a)	(b)	Salt	scaling	in	mortar	prisms	partially	submerged	in	solutions	of	(a)	sodium	sulfate	and	(b)	sodium	carbonate.	The	interlayer	water,	present	as	a	mono-molecular	water	film	within	the	C-
S-H	layer	structure,	can	also	be	removed	by	severe	drying	conditions.	58,	1975,	reprinted	with	permission	from	Construction	Press	(Longman	Group	Ltd.)]	Calcium	aluminate	cement	concretes	are	generally	not	recommended	for	structural	use.	6,	pp.	(From	Concrete	Manual,	8th	ed.,	U.S.	Bureau	of	Reclamation,	1981.)	Figure	3-8	0	50	100	150	Age,
days	200	The	curing	age	would	not	have	any	beneficial	effect	on	the	concrete	strength	unless	curing	is	carried	out	in	the	presence	of	moisture.	min	Steel	ball	6	×	12	in.	Generally,	with	massive	structures	(e.g.,	nearly	1	m	or	more	in	thickness),	the	drying	shrinkage	is	less	important	a	factor	than	the	thermal	shrinkage.	In	one	investigation	it	was	found
that,	compared	to	portland	cement,	the	depth	of	penetration	of	water	was	reduced	by	about	50	percent	in	1-year-old	pastes	of	cements	containing	30	mass	percent	of	a	Greek	volcanic	ash.	This	task	is	generally	accomplished	by	the	addition	of	gypsum.	The	two	new	twin	precast	segmental	bridges	will	accommodate	five	lanes	of	traffic	in	each	direction
and	a	bike	path	on	one	side.	11.7	Electrical	Methods	11.7.1	Resistivity	The	resistivity	of	concrete	is	an	important	parameter	in	the	corrosion	of	reinforced	concrete	structures.	This	explains	satisfactorily	why	cement	paste	containing	no	entrained	air	showed	a	large	elongation	(Fig.	This	kind	of	protective	action	would	not	be	available	under	dynamic
loading	conditions	in	the	tidal	zone,	where	the	reaction	products	would	be	washed	away	by	wave	action	as	soon	as	they	are	formed.	33	34	Microstructure	and	Properties	of	Hardened	Concrete	humidity	and	the	porosity	of	the	paste,	the	untreated	cement	paste	is	capable	of	holding	a	large	amount	of	water.	Typical	pore	size	distribution	plots	of	several
hydrated	cement	paste	specimens	tested	by	the	mercury	intrusion	technique	are	shown	in	Fig.	(a)	Concrete	cast	at	5°C	and	cured	at	21°C.	4.3.1	Causes	As	described	in	Chap.	These	findings	became	the	basis	for	the	development	of	numerous	cement	additives	for	application	to	the	oil-well	cement	industry.	The	roof	canopy	is	supported	by	24-ft	(7.3-m)
cantilevered	precast	concrete	girders.	6),	and	with	portland-slag	and	portlandpozzolan	cements	are	slower	up	to	28	days;	however,	the	differences	usually	disappear	thereafter	when	they	have	achieved	a	similar	degree	of	hydration.	94	Microstructure	and	Properties	of	Hardened	Concrete	variety	it	varies	from	21	to	49	GPa	(3	to	7	×	106	psi).
According	to	ASTM	C	219	definitions,	calcium	aluminate	cement	is	the	product	obtained	by	pulverizing	calcium	aluminate	cement	clinker;	the	clinker	is	a	partially	fused	or	a	completely	fused	product	consisting	of	hydraulic	calcium	aluminates.	Discuss	how	admixtures	and	aggregate	mineralogy	can	affect	the	relationship.	11.	For	applications	such	as
emergency	repair	of	leaking	joints	and	shotcreting,	hydraulic	cements	are	needed	that	not	only	are	rapid	hardening	but	also	rapid	setting.	McInnis,	Cem.	permeability,	followed	by	other	destructive	processes,	such	as	alkali-aggregate	attack	and	corrosion	of	the	reinforcing	steel.	48.	Thus	creep	strain	can	occur	even	at	100	percent	RH.	The	images
were	obtained	using	the	directional	solidification	method,	which	permits	the	controlled	cooling	and	warming	of	a	relatively	large	sample.	10.	Interlayer	water.	V.	The	best	way	to	determine	the	suitability	of	a	water	of	unknown	Microstructure	and	Properties	of	Hardened	Concrete	Sandstone	aggregate	10	mm	maximum	size	Compressive	strength,	MPa
60	50	25	mm	maximum	size	40	30	20	10	0	0	10	20	30	40	Moist	curing	period,	days	(a)	50	25	mm	maximum	size	limestone	aggregate	70	Compressive	strength,	MPa	60	60	60	50	40	25	mm	maximum	size	sandstone	aggregate	30	20	10	0	0	10	20	30	40	50	60	Moist	curing	period,	days	(b)	Influence	of	the	aggregate	size	and	mineralogy	on	compressive
strength	of	concrete.	Figure	6-1	Hydraulic	Cements	205	6.2	Portland	Cement	ASTM	C	150	defines	portland	cement	as	a	hydraulic	cement	produced	by	pulverizing	clinkers	consisting	essentially	of	hydraulic	calcium	silicates,	and	a	small	amount	of	one	or	more	forms	of	calcium	sulfate	as	an	interground	addition.	Introduction	11	Figure	1-8	Baha’i
Temple,	Wilmette,	Illinois.	6.11	Why	do	the	ASTM	Specifications	for	Type	IV	cement	limit	the	minimum	C2S	content	to	40	percent	and	the	maximum	C3A	content	to	7	percent?	317–337,1971.	What	are	Types	K,	M,	S,	and	O	expansive	cements?	As	shown	above,	when	the	incident	wave	penetrates	a	medium	with	higher	velocity,	as	shown	in	the	figure,
the	refracted	wave	moves	away	from	the	normal	to	the	interface	(q2	>	q1).	Ah,	no.	To	illustrate	how	wide	the	range	is,	Fig.	For	concrete	specimens	cured	at	20°C,	the	CEB-FIP	Models	Code	(1990)	suggests	the	following	relationship:	fcm	(t	)	=	⎛	⎛	⎜	exp⎜	s⎜⎜1	−	⎜⎜	⎜	⎝	⎝	⎞⎞	28	⎟	⎟	⎟	⎟	fcm	t/t	1	⎟⎠	⎟⎟⎠	(3-5)	where	fcm(t)	=	mean	compressive	strength	at	age	t
days	fcm	=	mean	28-day	compressive	strength	s	=	coefficient	depending	on	the	cement	type,	such	as	s	=	0.20	for	high	early	strength	cements,	s	=	0.25	for	normal	hardening	cements;	s	=	0.38	for	slow	hardening	cements	t1	=	1	day	Humidity.	3-18)	may	be	used	for	this	purpose.	The	strength	of	the	concrete	used	in	the	building	and	foundation	ranged
from	35	to	80	MPa.	The	concrete	mixture	for	the	80	MPa	concrete,	contained	260	kg/m3	portland	cement,	260	kg/m3	of	cementitious	and	pozzolanic	blending	material	with	30	kg/m3	silica	fume,	and	10	l/m3	high-range	water	reducer	to	obtain	a	water-cement	ratio	of	0.27.	(Photograph	courtesy	of	Luis	Arouche.)	Strength	75	In	the	third-point	flexural
loading	test,	a	150-	by	150-	by	500	mm	concrete	beam	is	loaded	at	a	rate	of	0.8	to	1.2	MPa/min	(125	to	175	psi/min.).	Shotcrete	refers	to	a	mortar	or	concrete	that	is	pneumatically	transported	through	a	hose	and	projected	onto	a	surface	at	high	velocity.	Waves	with	long	wavelengths	penetrate	deeper	than	short	wavelength	waves.	Seawater,	which
contains	about	35,000	ppm	dissolved	salts,	is	not	harmful	to	the	strength	of	plain	concrete.	The	elastic	modulus	values	used	in	concrete	design	computations	are	usually	estimated	from	empirical	expressions	that	assume	direct	dependence	of	the	elastic	modulus	on	the	strength	and	density	of	concrete.	Also,	ordinary	iron	and	steel	products	are
normally	covered	by	a	thin	iron-oxide	film	that	becomes	impermeable	and	strongly	adherent	to	the	steel	surface	in	an	alkaline	environment,	thus	making	the	steel	passive	to	corrosion.	Concrete,	treated	as	in	the	Foundation	of	Time,	presents	a	surface	almost	entirely	of	stone	with	all	its	visual	advantages	while	at	the	same	time	offering	the	precision	of
casting	that	would	otherwise	only	be	attained	in	metal.”	Figure	1-6	the	advantages	of	concrete	are	most	evident.	44.	20,	No.	3,	pp.	Gypsum	is	not	stable	in	water;	therefore,	the	gypsum	cement	is	nonhydraulic.	Suitable	strength	may	be	attained	by	low	water-cement	ratio,	proper	grading	of	fine	and	coarse	aggregate	(limit	the	maximum	size	to	25	mm),
lowest	consistency	(e.g.,	75	mm	max.	Traditionally,	the	deformation	occurring	as	a	result	of	applied	load	is	expressed	as	strain,	which	is	defined	as	the	change	in	length	per	unit	length;	the	load	is	expressed	as	stress,	which	is	defined	as	the	force	per	unit	area.	Your	right	to	use	the	work	may	be	terminated	if	you	fail	to	comply	with	these	terms.	(cm/s
×10	–12)	Compressive	strength,	ksi	(MPa)	Dimensional	stability.	5,	high-resistivity	concrete	has	little	possibility	of	developing	reinforcement	corrosion.	3-4a.	7.2	Classification	and	Nomenclature	Classification	of	aggregates	according	to	particle	size,	bulk	density,	or	source	have	given	rise	to	a	special	nomenclature,	which	should	be	clearly	understood.
Bazant,	Z.P.,	International	Workshop	on	Fire	Performance	of	High-Strength	Concrete,	NIST	Special	Publication	919,	National	Institute	of	Standards	and	Technology,	Gaithersburg,	MD,1997.	The	small	church	of	Sá´o	Pedro,	built	in	1740,	occupied	a	section	of	the	redesigned	roadway	system	and	therefore	plans	were	made	for	its	relocation.	23.	Today,
Vol.	101,	No.	ST-8	,	pp.	∗	Regourd,	M.,	Annales	de	l’Institute	Technique	du	Bâtiment	et	des	Travaux	Publics,	No.	329,	June	1975,	and	No.	358,	Feb.	These	maps	can	be	constructed	using	arrays	of	electrodes	arranged	in	various	configurations.	2.6.4	Influence	of	the	interfacial	transition	zone	on	properties	of	concrete	The	interfacial	transition	zone,
generally	the	weakest	link	of	the	chain,	is	considered	as	the	strength-limiting	phase	in	concrete.	Thus,	this	is	a	performance-based	cement	standard	that	covers	all	hydraulic	cements.	380–391,	1936.	6-8,	and	are	discussed	below:	Case	I.	Test	cores	showed	that	concrete	was	very	porous	and	weak.	45–51,	1982.)	131	132	5.7	Microstructure	and
Properties	of	Hardened	Concrete	Surface	Wear	Progressive	loss	of	mass	from	a	concrete	surface	can	occur	due	to	abrasion,	erosion,	and	cavitation.	For	applications	where	a	higher	strength-to-weight	ratio	is	desired,	it	is	possible	to	reduce	the	unit	weight	of	concrete	by	using	natural	or	pyro-processed	aggregates	with	lower	bulk	density.	The	main
purpose	of	this	additive	is	to	retard	the	quick-setting	tendency	of	ground	portland	clinker,	attributable	to	the	highly	reactive	C3A	phase.	Consequently,	in	multiphase	materials	such	as	concrete,	the	porosity	of	each	component	of	the	microstructure	can	become	strength-limiting.	In	1998,	ASTM	C	1157	was	amended	to	include	portland	cements.	The
third	plot	ft	=	2.6fc	is	the	actual	tensile	strength	of	concrete	under	seis3/2	mic	loading,	and	the	highest	plot	ft	=	3.4fc	is	the	apparent	tensile	strength	under	seismic	loading	that	should	be	used	with	linear	finite	element	analyses.	Mehta	and	Gerwick2	gave	a	diagrammatic	presentation	of	concrete	cracking	process	due	to	the	reinforcement	corrosion
(Fig.	The	fact	that	uncombined	calcium	hydroxide	in	a	mortar	or	concrete	can	cause	deterioration	by	an	exchange	reaction	involving	magnesium	ions	was	known	as	early	as	1818	from	investigations	on	the	disintegration	of	lime-pozzolan	concretes	by	Vicat,	who	undoubtedly	is	regarded	as	one	of	the	founders	of	the	technology	of	modern	cement	and
concrete.	Besides	the	particle	size	and	the	temperature	of	hydration,	the	reactivity	of	the	portland	cement	compounds	with	water	is	influenced	by	their	crystal	structure.	Under	the	influence	of	attractive	forces,	water	molecules	are	physically	adsorbed	onto	the	surface	of	solids	in	the	hydrated	cement	paste.	Concrete	is	neither	as	strong	nor	as	tough
as	steel,	so	why	is	it	the	most	widely	used	engineering	material?	Due	to	progressive	microcracking	at	sustained	loads,	a	concrete	will	fail	at	a	lower	stress	than	that	induced	by	instantaneous	or	short-time	loading	normally	used	in	the	laboratory.	Am.,	April	1964.	A	suitable	apparatus	and	a	standard	procedure	are	described	in	ASTM	C	597.	Strength	55
in	the	water-cement	ratio.	The	presence	of	microcracks	in	the	interfacial	transition	zone	between	the	coarse	aggregate	and	the	matrix	makes	concrete	too	complex	a	material	for	prediction	of	strength	by	precise	strength-porosity	relations.	Brunauer	and	L.E.	Copeland,	two	eminent	scientists	in	the	field	of	cement	and	concrete,	wrote:	The	most	widely
used	construction	material	is	concrete,	commonly	made	by	mixing	portland	cement	with	sand,	crushed	rock,	and	water.	4,	No.	10,	pp.	5,	the	permeability	of	concrete	is	generally	much	higher	than	the	permeability	of	cement	paste	because	of	microcracks	in	the	cement	paste-aggregate	interfacial	transition	zone.	Furthermore,	with	low	water-cement
ratio	the	crystal	size	of	the	hydration	products	is	much	smaller	and	the	surface	area	is	correspondingly	higher.	(From	Massazza,	F.,	and	U.	The	number	and	width	of	these	cracks	in	a	concrete	specimen	depend,	among	other	factors,	on	the	bleeding	characteristics,	and	the	curing	history	of	concrete.	When	restrained,	shrinkage	strains	result	in
complex	stress	patterns	that	often	lead	to	cracking.	Also,	a	combination	of	tensile,	compressive,	and	shear	stresses	usually	determines	the	strength	when	concrete	is	subjected	to	flexural	or	bending	loads,	such	as	in	highway	pavements.	The	platelike	calcium	hydroxide	crystals	tend	to	form	in	oriented	layers,	for	instance,	with	the	c-axis	perpendicular
to	the	aggregate	surface.	5-7.	For	instance,	the	influence	of	aggregate	on	concrete	strength	is	not	generally	appreciated.	2-11a.	Generally,	natural	gravel	has	a	rounded	shape	and	a	smooth	surface	texture.	Durability	141	observed11	even	when	benzene,	which	contracts	on	freezing,	was	used	as	a	pore	fluid	instead	of	water.	30,	p.	Capillary	voids
represent	the	space	not	filled	by	the	solid	components	of	the	hydrated	cement	paste.	Protective	coatings	for	reinforcing	steel	are	of	two	types:	anodic	coatings	(e.g.,	zinc-coated	steel)	and	barrier	coatings	(e.g.,	epoxy-coated	steel).	Nondestructive	Methods	Preview	Surface	Hardness	Methods	Penetration	Resistance	Techniques	Pullout	Tests	Maturity
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image	11.10.3	Backscattering	microwave	tomography	Test	Your	Knowledge	References	Suggestions	for	Further	Readings	xiii	429	429	431	435	437	438	440	441	443	444	445	Part	III.	As	a	result,	besides	the	calcium	silicate	compounds,	the	portland	cement	clinker	also	contains	aluminates	and	aluminoferrites	of	calcium.	3-19)	offers	a	way	of
representing	the	failure	under	combined	stress	states	from	which	an	estimate	of	the	shear	strength	can	be	obtained.	7	In	the	literature,	the	terms	salt	scaling,	salt	weathering,	and	salt	hydration	attack	have	been	used	to	describe	the	physical	manifestation	of	a	phenomenon	that	has	been	observed	with	masonry	and	porous	concrete	exposed	to
hydratable	salts	such	as	sodium	sulfate	and	sodium	carbonate.	ACI,	Proc.,	Vol.	According	to	this	model,	a	well-constituted,	properly	consolidated,	and	cured	concrete	remains	essentially	water-tight	as	long	as	the	microcracks	and	pores	within	the	interior	do	not	form	an	interconnected	network	of	pathways	leading	to	the	surface	of	concrete.	This	water
is	not	lost	on	drying;	it	is	evolved	when	the	hydrates	decompose	on	heating.	The	considerable	influence	that	the	aggregate	component	can	exercise	on	the	strength,	dimensional	stability,	and	durability	of	concrete	has	been	discussed	in	Chaps.	A	thin	sheet	of	lead	is	used	to	couple	the	concrete	surface	and	the	transducer.	This	is	the	reason	why	under
ordinary	curing	temperatures	the	presence	of	a	significant	quantity	of	crystalline	CaO	in	portland	cement	may	cause	unsoundness	in	cement-based	products,	whereas	a	similar	amount	of	crystalline	MgO	may	prove	harmless.	The	microstructure	of	the	interfacial	transition	zone,	especially	the	volume	of	voids	and	microcracks	present,	has	a	great
influence	on	the	stiffness	or	the	elastic	modulus	of	concrete.	Accordingly,	for	obtaining	abrasion	resistance	concrete	surfaces,	ACI	Committee	201	recommends	that	the	compressive	strength	of	concrete	should	not	be	less	than	4000	psi	(28	MPa).	Therefore,	when	a	saturated	cement	paste	is	subjected	to	freezing	conditions,	the	water	in	large	cavities
turns	into	ice	while	the	gel	pore	water	continues	to	exist	as	liquid	water	in	a	supercooled	state.	Dense	black	or	gray	cherts,	which	are	quite	hard,	are	called	flint.	Microstructure	of	Concrete	(a)	C-S-H	CH	C-A-S-H	(Ettringite)	Aggregate	Interfacial	transition	zone	(b)	Bulk	cement	paste	Figure	2-14	(a)	Scanning	electron	micrograph	of	the	calcium
hydroxide	crystals	in	the	interfacial	transition	zone.	This	is	consistent	with	the	hypothesis	that	an	alkaline	environment	is	necessary	for	the	swelling	of	ettringite	by	water	adsorption.	3.1	Definition	The	strength	of	a	material	is	defined	as	the	ability	to	resist	stress	without	failure.	For	stress	levels	between	50	and	75	percent	of	fc′,	a	gradual	degradation
occurs	in	both	the	elastic	modulus	and	the	compressive	strength.	These	hydration	products	of	portland	cement	tend	to	adhere	strongly	not	only	to	each	other,	but	36	Microstructure	and	Properties	of	Hardened	Concrete	also	to	low	surface-area	solids,	such	as	calcium	hydroxide,	anhydrous	clinker	grains,	and	fine	and	coarse	aggregate	particles.	It
appears	that	progressive	chemical	deterioration	of	cement	paste	by	seawater	from	the	surface	to	the	interior	of	the	concrete	follows	a	general	pattern.59	The	formation	of	aragonite	and	bicarbonate	by	CO2	attack	is	usually	confined	to	the	surface	of	concrete,	the	formation	of	brucite	by	194	Microstructure	and	Properties	of	Hardened	Concrete
Concrete	Atmospheric	zone	Cracking	due	to	corrosion	of	steel	Hide	tide	Cracking	due	to	freezing	thawing,	and	normal	thermal	and	humidity	gradients	Physical	abrasion	due	to	wave	action,	sand	and	gravel	and	floating	ice	Tidal	zone	Alkali	aggregate	reaction,	and	chemical	decomposition	of	hydrated	cement	Low	tide	Reinforcing	steel	Chemical
decomposition	patern	1.	Most	bauxite	ores	contain	considerable	amount	of	iron	as	an	impurity	that	accounts	for	the	10	to	17	percent	iron	(expressed	as	Fe2O3)	usually	present	in	ordinary	CAC.	The	various	frequency	components	in	the	R-wave	propagate	with	different	velocities	in	a	layered	system	and	they	are	called	phase	velocities.	Crane,	A.P.,	ed.,
Corrosion	of	Reinforcement	in	Concrete	Construction,	Ellis	Horwood	Chichester,	West	Sussex,	U.K.,	1983.	Strength	development.	Just	for	information	the	size	range	of	several	objects	ranging	from	human	height	to	Mars’	diameter	is	shown	in	Fig.	The	highly	heterogeneous	and	dynamic	nature	of	the	microstructure	of	concrete	are	the	primary	reasons
why	the	theoretical	microstructure-property	relationship	models,	that	are	generally	so	helpful	for	predicting	the	behavior	of	engineering	materials,	are	not	of	much	practical	use	in	the	case	of	concrete.	The	process	of	transformation	of	a	system	containing	large	grains	of	a	component	into	a	product	containing	smaller	grains	is	referred	to	as	“grainsize
refinement.”	Both	the	pore	size	and	the	grain-size	refinement	processes	strengthen	the	cement	paste.	Under	normal	atmospheric	exposure	conditions	(when	a	concrete	element	is	subjected	to	drying	or	thermal	shrinkage	effects)	due	to	the	differences	in	their	elastic	moduli	differential	strains	are	set	up	between	the	matrix	and	the	coarse	aggregate,
causing	cracks	in	the	interfacial	transition	zone.	On	the	other	hand,	under	tensile	loading,	cracks	propagate	rapidly	and	at	a	much	lower	stress	level.	Examination	of	the	severely	deteriorated	concrete	blocks	from	Groin	71	showed	very	weak,	soapy	matrix	with	loose	aggregate	pebbles.	Permeable	specimens	showed	considerable	loss	of	mass
associated	with	magnesium	ion	attack,	CO2	attack,	and	calcium	leaching.	Even	small	differences	in	the	oxide	analyses	of	two	cements	can	result	in	large	differences	in	their	compound	composition.	Concrete	Exposed	to	Elevated	Temperatures	Bazant,	Z.P.,	and	M.F.	Kaplan,	Concrete	at	High	Temperatures,	Longman	Group,	Essex,	1996.	20
Microstructure	and	Properties	of	Hardened	Concrete	1.5	What	is	the	significance	of	elastic	limit	in	structural	design?	It	should	be	noted	that	the	penetration	of	air	and	water	is	a	necessary	prerequisite	to	corrosion	of	the	embedded	steel	in	concrete.	Normally,	the	deformations	are	measured	by	a	linear	variable	differential	transformer.	With	a	high
cement	content	of	the	concrete,	however,	the	green	strength	may	be	adequate	to	prevent	damage	until	the	strength	increases	again	due	to	the	development	of	the	ceramic	bond	(Fig.	Type	LH—Low	Heat	of	Hydration.	Other	properties	of	expansive	cement	concretes	are	similar	to	portland	cement	concrete	except	durability	to	sulfate	attack.	The
chemical	composition	of	the	principal	clinker	compounds	corresponds	approximately	to	C3S,∗	C2S,	C3A,	−	Cement	chemists	use	the	following	abbreviations:	C	=	CaO;	S	=	SiO2;	A	=	Al2O3;	F	=	Fe2O3;	S	=	SO3;	H	=	H2O.	2-6,	it	may	be	noted	that	the	various	phases	are	neither	uniformly	distributed	nor	are	they	uniform	in	size	and	morphology.	Since
portland	cement	is	composed	of	a	heterogeneous	mixture	of	several	compounds,	the	hydration	process	consists	of	simultaneously	occurring	reactions	of	the	anhydrous	compounds	with	water.	The	phenomenon	is	virtually	unknown	with	modern	concrete	because	better	manufacturing	controls	on	the	quality	of	portland-cement	clinker	have	assured	that
the	content	of	uncombined	or	free	CaO	in	clinker	seldom	exceeds	1	percent.	Skalny,	J.P.,	ed.,	Material	Science	of	Concrete,	The	American	Ceramic	Society,	1989;	Cement	Production	and	Cement	Quality	by	V.	However,	microstructural	studies	have	shown	that	this	cannot	be	done	for	the	hydrated	cement	paste	present	in	concrete.	Comparison	between
Cement	no.1	and	Cement	no.	It	is,	therefore,	treated	as	a	separate	phase	of	the	concrete	microstructure.	88,	No.	1,	pp.	A	good	acoustic	coupling	between	the	surface	of	the	concrete	and	that	of	the	transducers	is	critical	for	the	reliable	measurements.	Alternatively,	capillary	porosity	variations,	for	a	given	degree	of	hydration	but	variable	water-cement
ratios,	can	be	determined.	Note	that	with	groundwaters,	sulfate	attack	is	classified	as	severe	when	the	sulfate	ion	concentration	is	higher	than	1500	mg/l;	similarly,	portland	cement	paste	can	deteriorate	by	cation-exchange	reactions	when	magnesium	ion	concentration	exceeds,	for	instance,	500	mg/l.	For	instance,	a	concrete	mixture	containing	poorly
graded	aggregate	is	more	prone	to	segregation	during	consolidation;	thus,	thick	water	films	can	form	around	the	coarse	aggregate,	especially	beneath	the	particle.	Subsequently,	the	whitest	clinker	I	have	ever	seen	came	out	of	the	kiln.	As	a	result	of	these	two	damaging	processes	there	will	be	a	further	loss	of	watertightness	and	acceleration	of	the
damage.	When	ice	is	formed	in	an	empty	air	void	(Fig.	Acoustic	emission	techniques	have	been	used	extensively	to	assess	the	nature	of	“the	process	zone,”	the	region	of	discontinuous	microcracking	ahead	of	the	con16	tinuous	(visible)	crack.	Young,	Concrete,	p.	The	critical	distance	for	pressure	relief	in	a	hardened	cement	paste	is	of	the	order	of	0.2
mm;	it	is	much	greater	for	most	rocks	because	of	their	higher	permeability	than	cement	paste.	At	a	given	watercement	ratio,	the	presence	of	water-reducing	admixtures	in	concrete	generally	has	a	positive	influence	on	the	rates	of	cement	hydration	and	early	strength	development.	These	considerations	have	given	rise	to	the	concept	of	critical
aggregate	size	with	respect	to	frost	damage.	(H2O)x	(rust)	Cathode:	1	O	+	H	O	+	2e–	2	2	2	(	i	)	(	)	(5-9)	2(OH)–	The	transformation	of	metallic	iron	to	rust	is	accompanied	by	an	increase	in	volume	that,	depending	on	the	state	of	oxidation,	may	be	as	large	as	600	percent	of	the	original	metal	(Fig.	Newman,	J.,	and	B.S.	Choo,	eds.,	Advanced	Concrete
Technology:	Concrete	Properties,	Oxford,	England;	Burlington,	MA:	Butterworth-Heinemann,	2003.	6).	The	previous	editions	of	the	text	on	concrete	technology	by	Professors	P.	5.14.4	Control	of	expansion	From	the	foregoing	description	of	case	histories	and	mechanisms	underlying	expansion	associated	with	the	alkali-aggregate	reaction,	it	may	be
concluded	that	the	most	important	factors	influencing	the	phenomenon	are:	(1)	the	alkali	content	of	the	cement	and	the	cement	content	of	concrete;	(2)	the	alkali-ion	contribution	from	sources	other	than	portland	cement,	such	as	admixtures,	saltcontaminated	aggregates,	and	penetration	of	seawater	or	deicing	salt	solution	into	concrete;	(3)	the
amount,	size,	and,	reactivity	of	the	alkali-reactive	constituent	present	in	the	aggregate;	(4)	the	availability	of	moisture	to	the	concrete	structure;	and	(5)	the	ambient	temperature.	Strength	57	effect	of	aggregate	characteristics	on	concrete	strength	can	be	traced	to	a	change	of	water-cement	ratio.	When	the	rate	of	evaporation	is	lower	than	the	rate	of
supply	of	water	from	inside	the	masonry,	the	salt	crystallization	takes	place	on	the	external	surface,	without	causing	any	damage.	Even	for	low	water-cement	ratio	concrete,	at	early	ages	the	volume	and	size	of	voids	in	the	interfacial	transition	zone	will	be	larger	than	in	bulk	mortar;	consequently,	the	former	is	weaker	in	strength.	One	of	the	early
design	decisions	for	the	California	Aqueduct	was	to	build	a	concrete	canal	rather	than	a	compacted	earth-lined	canal,	because	concrete-lined	canals	have	relatively	lower	head	loss,	pumping	and	maintenance	costs,	and	seepage	loss.	These	properties	of	concrete	depend	to	a	large	extent	on	the	bulk	density	and	strength	of	the	aggregate,	which	in	turn
are	determined	by	physical	rather	than	chemical	characteristics	of	the	Microstructure	of	Concrete	25	aggregate.	First,	coastal	and	offshore	sea	structures	are	exposed	to	simultaneous	attack	by	a	number	of	physical	and	chemical	deterioration	processes,	which	provide	an	excellent	opportunity	to	understand	the	complexity	of	concrete	durability
problems	in	the	field	practice.	1252,	1946.	Several	cases	of	expansion	and	cracking	of	concrete	structures	were	reported	from	Oakland,	California	where	the	aggregate	used	for	making	concrete	was	found	to	have	been	accidentally	contaminated	with	crushed	dolomite	bricks	containing	large	amounts	of	MgO	and	CaO,	calcined	at	temperatures	much
lower	than	1400°C.	Uncombined	or	free	calcium	oxide	is	rarely	present	in	significant	amounts	in	modern	portland	cements.	We	hope	you	enjoy	this	McGraw-Hill	eBook!	If	you’d	like	more	information	about	this	book,	its	author,	or	related	books	and	websites,	please	click	here.	However,	there	are	some	important	differences	in	the	behavior.	TABLE	4-2
Elastic	Moduli	for	Normal-Weight	Concretes	(Quartzitic	Aggregate)	ACI	building	code	f′cm	psi	(MPa)	3000	(21)	4000	(27)	5000	(34)	6000	(41)	Ec	6	×10	psi	(GPa)	3.1	(21)	3.6	(25)	4.1	(28)	4.4	(30)	CEB-FIP	model	code	f′cm	psi	(MPa)	3000	(21)	4000	(27)	5000	(34)	6000	(41)	Ec	6	×	10	psi	(GPa)	4.0	(28)	4.3	(30)	4.7	(32)	5.0	(34)	Dimensional	Stability	93
From	the	following	discussion	of	the	factors	affecting	the	modulus	of	elasticity	of	concrete,	it	will	be	apparent	that	the	computed	values	shown	in	Table	4-2,	which	are	based	on	strength	and	density	of	concrete,	should	be	treated	as	approximate	only.	When	the	magnitude	of	expansion	is	large	enough	to	produce	prestress	levels	on	the	order	of	1000	psi
(6.9	MPa),	the	cement	is	called	self-stressing	and	can	be	used	for	the	production	of	chemically	prestressed	concrete	elements.	5-26).	6.3.3	Hydration	of	the	aluminates	The	reaction	of	C3A	with	water	is	immediate.	The	implication	of	the	loss	of	calcium	hydroxide	by	the	hydrated	cement	paste,	whether	it	has	occurred	by	magnesium	ion	attack	or	by
CO2	attack,	is	obvious	from	Fig.	Failure	is	sometimes	identified	with	the	appearance	of	cracks.	1.2	Compared	to	steel,	what	are	the	engineering	benefits	of	using	concrete	for	structures?	In	modern	literature,	it	is	customary	to	call	them,	interlayer	spaces.	0.1	percent	maximum	expansion	in	6	months	with	mortar	bars	immersed	in	a	standard	sulfate
solution	(ASTM	C	1012)	4.	Microcracking.	5.14.3	Selected	case	histories	From	published	reports	of	concrete	deterioration	due	to	alkali-aggregate	reaction,	it	is	apparent	that	availability	of	alkali-reactive	aggregates	is	widespread	∗	In	the	case	of	sedimentary	rocks	composed	of	clay	minerals	such	as	phyllites,	graywackes,	and	argillites,	exfoliation	of
the	sheet	structure	due	to	hydroxyl	ion	attack	and	water	adsorption	is	the	principal	cause	of	expansion.	Lea,	F.M.,	The	Chemistry	of	Cement	and	Concrete,	Chemical	Publishing	Company,	New	York,	pp.	This	helps	to	improve	the	density	and	hence	the	strength	of	the	interfacial	transition	zone.	2	that,	even	before	any	load	has	been	applied,	a	large
number	of	microcracks	exist	in	the	interfacial	transition	zone	(i.e.,	the	region	between	the	cement	paste	matrix	and	coarse	aggregate).	The	compressive	strength	of	the	concrete	increases	when	the	matrix	is	strength-determining;	however,	the	elastic	modulus	is	reduced	because	increases	in	the	transition-zone	microcracking	greatly	affects
Dimensional	Stability	95	50	Modulus	of	elasticity,	GPa	48	MPa	62	MPa	40	31	MPa	30	21	MPa	20	10	Relationship	between	the	compressive	strength	and	elastic	modulus.	In	fact,	some	of	the	earliest	known	applications	of	the	material	consisted	of	aqueducts	and	waterfront	retaining	walls	constructed	by	the	Romans.	3.6	For	the	ASTM	Types	I,	III,	and	V
of	portland	cements,	at	a	given	water-cement	ratio	would	the	ultimate	strength	values	be	different?	Which	one	of	the	two	shrinkage	strains	will	be	dominant	under	a	given	condition	depends,	among	other	factors,	on	the	size	of	the	member,	characteristics	of	concrete-making	materials,	and	mix	proportions.	This	is	not	true	of	the	heterogeneous
multiphase	materials	like	concrete.	Sc.	dissertation,	Tech.	49.	With	increasing	stress,	the	matrix	cracks	gradually	spread	until	they	join	the	cracks	originating	from	the	interfacial	transition	zone.	2-7a.	198	Microstructure	and	Properties	of	Hardened	Concrete	50.	43	44	Microstructure	and	Properties	of	Hardened	Concrete	2.6.3	Strength	As	in	the	case
of	hydrated	cement	paste,	the	cause	of	adhesion	between	hydration	products	and	the	aggregate	particle	is	van	der	Waals	force	of	attraction;	therefore,	the	strength	of	the	interfacial	transition	zone	at	any	point	depends	on	the	volume	and	size	of	voids	present.	In	the	Rayleigh	wave	the	particles	vibrate	in	an	elliptical	movement.	Some	phyllites	are
reactive	with	the	alkalies	present	in	portland	cement	paste.	Although	the	distinction	between	these	four	members	is	made	on	the	basis	of	particle	size,	there	is	a	general	trend	in	the	mineral	composition.	Tennis,	P.D.,	Concr.	Therefore,	cracking	due	to	freeze-thaw	cycles	was	probably	responsible	for	increase	in	the	Durability	TABLE	5-5	191
Performance	of	Concrete	Exposed	to	Seawater	History	of	structures	Results	of	examination	Mild	Climate	Forty-centimeter	mortar	cubes	made	with	different	cements	and	three	different	cement	contents,	300,	450,	and	600	kg/m3,	were	exposed	to	seawater	at	La	Rochell,	southern	France,	in	1904–1908.∗	After	66	years	of	exposure	to	seawater,	the
cubes	made	with	600	kg/m3	cement	were	in	good	condition	even	when	they	contained	a	high-C3A	(14.9	percent)	portland	cement.	24–27,	1981.	With	moist-cured	concrete	the	influence	of	temperature	on	strength	depends	on	the	time-temperature	history	of	casting	and	curing.	With	respect	to	carbonic	acid	attack	on	concrete,	what	is	the	significance
of	balancing	CO2?	Strength-retrogression	reducers.	First,	concrete∗	possesses	excellent	resistance	to	water.	6-20b).	3-2.	A	diagrammatic	illustration	of	Powers’	hypothesis	is	shown	in	Fig.	7.3.1	Description	of	rocks	According	to	their	origin,	rocks	are	classified	into	three	major	groups:	igneous,	sedimentary,	and	metamorphic;	these	groups	are	further
subdivided	according	to	mineralogical	and	chemical	composition,	texture	or	grain	size,	and	crystal	structure.	Cohen	M.D.,	and	B.	(2)	50%	of	ultimate	stress	(4)	Failure	stress	(1)	30%	of	ultimate	stress	Stress,	percent	of	ultimate	100	4	75	3	50	2	30	(3)	75%	of	ultimate	stress	1	Strain	Microcracks	in	the	interfacial	transition	zone	Diagrammatic
representation	of	the	stress-strain	behavior	of	concrete	under	uniaxial	compression.	6.19	Write	short	notes	on	the	compositions	and	special	characteristics	of	the	following	cements:	regulated-set	cement,	very	high	early	strength	cement,	API	Class	J	cement,	white	cement,	and	calcium	aluminate	cement.	When	used	as	a	partial	replacement	for	portland
cement,	mineral	admixtures	usually	have	a	retarding	effect	on	the	strength	at	early	ages.	(c)	Concrete	emission	(Fig.	The	maximum	amplitude	of	the	AE	wave	shown	in	Fig.	Similarly,	as	will	be	discussed	later	in	this	chapter,	the	authors	grouped	the	chemical	causes	of	deterioration	into	three	categories:	(1)	hydrolysis	of	the	cement	paste	components
by	soft	water;	(2)	cationexchange	reactions	between	aggressive	fluids	and	the	cement	paste;	and	(3)	reactions	leading	to	formation	of	expansive	products,	such	as	in	the	case	of	sulfate	attack,	alkali-aggregate	reaction,	and	corrosion	of	reinforcing	steel	in	concrete.	Clays	known	as	montmorillonites	in	the	United	States	and	smectites	in	the	United
Kingdom	undergo	large	expansions	on	wetting.	The	micas	are	abundant	and	occur	in	all	three	major	rock	groups.	The	chapter	on	durability	leads	the	reader	in	a	systemic	manner	through	the	primary	causes	of	deterioration	of	concrete	and	their	control,	and	concludes	with	a	holistic	approach	for	building	highly	durable	concrete	structures.	Carbonate
minerals.	Figure	5-7	139	140	Microstructure	and	Properties	of	Hardened	Concrete	Cement	paste	Cement	paste	Water	flow	Water	flow	Ice	Void	ice	Void	Pore	Water	flow	Ice	Pore	(a)	(b)	Air	void	Ice	Cement	paste	(c)	Figure	5-8	(a)	Schematic	diagram	of	ice	forming	in	capillary	voids;	(b)	ice	forming	in	an	air	void;	and	(c)	scanning	electron	micrograph	of
ice	crystals	growing	in	an	air	void.	During	the	last	100	years,	the	world	population	has	grown	from	1.5	to	6	billion	and	nearly	3	billion	people	now	live	in	and	around	the	cities.	The	durability	and	ultimate	strength	of	the	hardened	product	are	generally	low.	This	is	the	water	that	is	an	integral	part	of	the	microstructure	of	various	cement	hydration
products.	20.	That	is	why	a	submarine	trip,	in	a	stormy	weather,	becomes	more	comfortable	once	the	submarine	reaches	greater	depths	(around	100	m	from	the	surface	waves).	In	normally	retarded	portland	cements,	which	contain	5	to	6	percent	gypsum,	the	precipitation	of	ettringite	contributes	to	stiffening	(loss	of	consistency),	setting
(solidification	of	the	paste),	and	early	strength	development.	Like	MgO,	the	crystalline	CaO	that	has	been	exposed	to	high	temperature	in	the	cement	kiln	hydrates	slowly	and	the	hydration	reaction	is	capable	of	causing	unsoundness	in	cement-based	products.	However,	after	complete	hydration,	all	the	pastes	would	contain	the	same	quantity	of	the
solid	hydration	product.	0.1	nanometer	(nm)	=	1	angstrom	(Å)	is	a	non-SI	unit	which	is	commonly	used.	Gjorv,	O.E.	J.	The	compressive	stress	produces	a	transverse	tensile	stress,	which	is	uniform	along	the	vertical	diameter.	The	external	diameter	of	the	air	void	is	outlined	to	determine	the	change	in	its	dimension	during	freezing	of	concrete.	Although
the	Coulomb-Mohr	theory	is	not	exactly	applicable	to	concrete,	the	Mohr	rupture	diagram	(Fig.	Unlike	the	previous	models	of	concrete	deterioration	based	on	a	reductionist	approach,	the	holistic	model	is	not	“cause	specific”	in	the	sense	that	all	of	the	primary	causes	of	concrete	deterioration	are	addressed	in	the	model.	Such	differential	movements
commonly	arise	either	on	drying	or	on	cooling	of	concrete.	3,	No.	1,	1981,	ASTM,	Philadelphia,	PA.]	The	upper	figures	show	the	compressive	strength	of	portland	cements	(500	m2/kg)	made	with	an	American	granulated	blast-furnace	slag.	A	number	of	similar	mishaps	in	Britain	provided	support	for	the	1979	amendment	to	the	British	Code	of	Practice
110	that	calcium	chloride	should	never	be	added	to	prestressed	concrete,	reinforced	concrete,	and	concrete	containing	embedded	metal.	11-18c	is	a	good	indication	of	the	relative	size	of	the	event.	Alkali	and	sulfate	compounds.	More	discussion	of	cracking-corrosion	interaction	and	case	histories	of	seawater	attack	on	concrete	are	presented	later.
Because	electrical	resistivity	is	determined	by	applying	current	at	the	concrete	surface	and	measuring	the	changes	of	potential	at	specific	points	at	the	surface,	it	is	appropriate	to	study	the	simple	case	of	determining	the	potential	at	one	Nondestructive	Methods	413	P	a	S	Current	flow	dr	r	Equipotential	surfaces	Determination	of	the	potential	at	point
P	due	to	a	point	source	of	current	S.	⎛	⎞	t	fcm	(t	)	=	fc	28	⎜	⎟	⎝	4	+	0.85t	⎠	(3-4)	Microstructure	and	Properties	of	Hardened	Concrete	140	Compressive	strength,	%	of	28	day	moist-cured	concrete	62	Moist-cured	entire	time	120	In	air	after	7	days	100	In	air	after	3	days	80	In	air	entire	time	60	40	20	0	Influence	of	curing	conditions	on	strength.	However,
the	splitting	test	proposed	by	Carneiro	for	measuring	the	tensile	strength	of	brittle	materials	became	popular.	Strength	77	depends	on	the	general	level	of	the	compressive	strength;	the	higher	the	compressive	strength,	the	lower	the	ratio.	Mortar	is	a	mixture	of	sand,	cement,	and	water.	3	d	i	i	⎝	app,c	⎠	η→	0	corr	(	βa	+	βc	)	(11-37)	or	Rp	=	B	icorr	(11-
38)	where	B	is	given	by	B=	βa	βc	2.3	(	βa	+	βc	)	(11-39)	24	Equation	(11-38)	was	proposed	by	Stern	and	Geary	and	it	provides	an	important	relationship	to	determine	the	corrosion	rate	of	a	metal	from	the	polarization	resistance.	Below	about	30	percent	of	the	ultimate	load,	the	interfacial	transition	zone	cracks	remain	stable;	therefore,	the	s	−	e	curve
remains	linear.	Another	unique	feature	of	the	text	is	the	inclusion	of	approximately	250	line	drawings	and	numerous	photographs	to	illustrate	the	topics	discussed.	With	the	very	−	high-early-strength	(VHE)	cement,	C4A3S	is	the	main	source	of	aluminate	for	−	the	ettringite	formation	whereas	with	high-iron	cement	(HIC)	both	C4A3S	and	a	reactive
C4AF	provide	the	aluminate	ions.	The	amount	of	energy	dissi-	Receiver	Crack	propagation	Propagation	of	AE	waves	Propagation	of	fracture	sound	Generation,	propagation,	and	detection	of	acoustic	emission	(AE).	Actually,	from	the	standpoint	of	the	behavior	of	capillary	water	in	the	hydrated	cement	paste,	it	is	desirable	to	divide	the	capillary	water
into	two	categories:	the	water	in	large	voids	of	the	order	of	>50	nm	(0.05	μm),	which	may	be	called	free	water	(because	its	removal	does	not	cause	any	volume	change),	and	the	water	held	by	capillary	tension	in	small	capillaries	(5	to	50	nm),	the	removal	of	which	may	cause	shrinkage	of	the	system.	Therefore,	the	selection	and	proportioning	of
materials	for	the	concrete	mixture	was	governed	primarily	by	consideration	of	the	speed	of	construction	by	slip-forming	and	durability	of	hardened	concrete	to	the	hostile	environment.	Reflected	S-wave	Φ1	Incident	P-wave	Material	with	velocity	V1	Reflected	P-wave	q1	q2	Material	with	velocity	V2	Φ2	Refracted	P-wave	Refracted	S-wave	Figure	11-9
Conversion	of	a	P	wave	striking	an	interface	between	dissimilar	materials,	always	following	Snell’s	law.	In	fact,	it	is	stated	in	the	ACI	318R-21,	Building	Code	Commentary,	that	cements	with	C3A	up	to	10	percent	may	be	used	if	the	maximum	water-cement	ratio	is	further	reduced	to	0.40.	(Photographs	courtesy	of	the	Thornton	Tomasetti	Group.)	The
Petronas	Towers	in	Malaysia’s	capital	city,	Kuala	Lumpur,	is	the	tallest	building	in	the	world.	However,	due	to	increasing	awareness	of	the	role	played	by	aggregates	in	determining	many	important	properties	of	concrete,	the	traditional	view	of	the	aggregate	as	an	inert	filler	is	being	seriously	questioned.	3-11.	In	addition	to	these	important	properties
of	hardened	concrete,	the	aggregate	also	plays	a	major	role	in	determining	the	cost	and	workability	of	concrete	mixtures	(Chap.	It	may	be	noted	that	slurry	thickening	times	and	strength	values	for	oil-well	cements	are	determined	with	special	procedures	set	forth	in	API	RP-10B,	Recommended	Practice	for	Testing	Oil-Well	Cements	and	Cement
Additives.	When	the	total	iron	in	clinker	corresponds	to	less	than	0.5	percent	Fe2O3,	and	the	iron	is	held	in	the	reduced	Fe2+	state,	the	clinker	is	usually	white	(see	the	story	below).	Poisson’s	ratio	is	not	generally	needed	for	most	concrete	design	computations;	however,	it	is	needed	for	structural	analysis	of	tunnels,	arch	dams,	and	other	statically
indeterminate	structures.	Rapid	setting	and	hardening	cements	should	have	a	considerable	appeal	to	the	construction	industry	because	under	normal	curing	temperatures	(i.e.,	without	steam	curing)	they	are	capable	of	developing	compressive	strengths	of	15	and	25	MPa	within	8	and	24	h,	respectively,	with	about	50	MPa	ultimate	strength.	The
foreman	installed	the	two	small	pipes	for	spraying	oil	on	hot	clinker.	Since	portland	cement	clinker	is	heat-treated	to	1400	to	1500°C,	any	uncombined	CaO	present	is	called	hard-burnt,	and	it	hydrates	slowly.	Unfortunately,	the	plans	for	relocating	the	church	were	abandoned	when	studies	indicated	that	the	masonry	was	weak	and	there	was	a	risk	of
collapse	during	transport.	Strength	and	permeability	of	the	hydrated	cement	paste	are	two	sides	of	the	same	coin	in	the	sense	that	both	are	closely	related	to	the	capillary	porosity	or	the	solid-space	ratio.	54,	No.	4,	pp.	Some	limestones	and	sandstones	may	have	less	than	a	100	MPa	crushing	strength	which	makes	them	unsuitable	for	use	in
highstrength	concrete.	Therefore,	the	paste	with	the	greatest	total	space	would	end	up	with	a	correspondingly	larger	volume	of	capillary	voids.	58–64,	1998.	(b)	Concrete	cast	at	21°C	and	cured	at	5°C.	By	making	certain	assumptions,	calculations	can	be	made	to	show	how,	with	a	given	water-cement	ratio,	the	capillary	porosity	of	a	hydrated	cement
paste	would	vary	with	varying	degrees	of	hydration.	Lightweight	or	heavyweight	additives.	As	a	first	approximation,	the	assumption	is	valid;	however,	this	may	not	always	be	the	case.	American	Society	for	Testing	and	Materials,	Annual	Book	of	ASTM	Standards,	Vol.	To	relieve	land	from	pressures	of	urban	congestion	and	pollution,	floating	offshore
platforms	made	of	concrete	are	being	considered	for	location	of	new	airports,	power	plants,	and	waste	disposal	facilities.	The	following	definitions	are	adapted	from	ASTM	C	125∗	(Standard	Definition	of	Terms	Relating	to	Concrete	and	Concrete	Aggregates),	and	ACI	Committee	116	(A	Glossary	of	Terms	in	the	Field	of	Cement	and	Concrete
Technology):	Concrete	is	a	composite	material	that	consists	essentially	of	a	binding	medium	within	which	are	embedded	particles	or	fragments	of	aggregate.	w/c	=	0.53	21ºC	100	80	10ºC	60	1ºC	40	20	−	9ºC	0	0	5	10	15	20	25	30	Age,	days	(c)	Influence	of	casting	and	curing	temperatures	on	concrete	strength.	Reinforced	concrete	members	in	a	mild
climate	(Piers	26	and	28	of	the	San	Francisco	Ferry	Building	in	California).	It	has	been	suggested	that	when	confined	to	narrow	spaces	between	two	solid	surfaces,	the	adsorbed	water	causes	disjoining	pressure.	Large	calcium	hydroxide	crystals	possess	less	adhesion	capacity,	not	only	because	of	the	lower	surface	area	and	correspondingly	weak	van
der	Waals	forces	of	attraction,	but	also	because	they	serve	as	preferred	cleavage	sites	owing	to	their	tendency	to	form	an	oriented	structure.	In	these	locations,	the	aggregate-cement	paste	interfacial	transition	zone	tends	to	be	weak	and	easily	prone	to	microcracking.	At	a	given	stress	level	the	rate	of	crack	propagation,	and	hence	the	modulus	of
elasticity,	is	dependent	on	the	rate	at	which	load	is	applied.	For	instance,	Compressive	strength,	MPa	50	w/c	=	0.40	40	0.55	30	0.70	20	10	0	10	Maximum	size	aggregate,	mm	100	Figure	3-5	Influence	of	the	aggregate	size	and	the	water-cement	ratio	on	concrete	strength.	It	should	be	noted	that	the	time-strength	relations	in	concrete	technology
generally	assume	moist-curing	conditions	and	normal	temperatures.	180	Microstructure	and	Properties	of	Hardened	Concrete	A	survey	by	the	Kansas	State	Transportation	Department	showed	that	with	bridge	decks	exposed	to	deicing	salt	treatment	there	was	a	strong	relation	between	the	depth	of	the	cover	and	concrete	deterioration	by
delaminations	or	horizontal	cracking.	This	is	because	at	lower	water-cement	ratios	the	reduced	porosity	of	the	interfacial	transition	zone	begins	to	play	an	important	role	in	the	concrete	strength.	3.8	At	a	given	water-cement	ratio,	either	a	change	in	the	cement	content	or	aggregate	grading	can	be	made	to	increase	the	consistency	of	a	concrete
mixture.	The	initial	reaction	must	be	slow	enough	to	enable	the	concrete	to	be	poured	into	place.	2,	1994.	Note	the	decrease	of	air	void	diameter	as	freezing	continues	in	the	matrix,	indicating	shrinkage	of	the	matrix.	The	various	types	of	voids	and	their	amount	and	significance	are	discussed	next.	2-10.	The	source	of	magnesium	oxide	in	cement	is
usually	dolomite,	which	is	present	as	an	impurity	in	most	limestones.	The	potential	at	point	P1	can	be	obtained	by	using	Eq.	(11-26)	and	subtracting	the	contribution	from	the	sink	(note	that	the	distance	between	P1	and	the	sink	is	b).	However,	an	estimate	of	the	relative	rates	of	reactivity	of	cements	with	similar	compound	composition	cannot	be	made
without	knowing	the	complete	particle	size	distribution.	Microcracks	reduce	the	elastic	moduli	of	the	concrete	and,	consequently,	reduce	the	wave	velocity	in	its	interior.	57,	pp.	Finally,	it	should	be	remembered	that	subsequent	to	or	simultaneously	with	the	progress	of	the	reaction,	the	availability	of	moisture	to	the	structure	is	essential	for	the
expansion	to	occur.	As	stated	earlier,	the	clinker	particles	in	modern	portland	cement	generally	conform	to	the	size	range	1	to	50	μm.	Figure	3-15	shows	that	the	stress-strain	curve	for	monotonic	loading	serves	as	a	reasonable	envelope	for	the	peak	values	of	stress	for	concrete	under	cyclic	loading.	After	years	of	studying	the	seismic	performance	of
the	bridge,	the	engineers	decided	that	the	best	solution	was	to	construct	a	new	span	connecting	Oakland	to	the	Yerba	Buena	Island.	Due	to	a	direct	relationship	between	the	abrasion	and	erosion	resistance,	the	abrasion	resistance	data	can	be	used	as	a	rough	guide	for	the	erosion	resistance.	Struct.	When	a	pozzolan	(reactive	silica)	is	present	in	the
system,	the	calcium	silicate	hydrates	formed	as	a	result	of	the	reaction	between	lime	and	pozzolan	are	stable	in	water.	(From	Mindess,	S.,	and	J.	1063–1079,	1960.	The	dynamic	modulus	of	elasticity,	corresponding	to	a	very	small	instantaneous	strain,	is	approximately	given	by	the	initial	tangent	modulus,	which	is	the	tangent	modulus	for	a	line	drawn
at	the	origin.	Typically,	the	chemical	analysis	of	ordinary	CAC	corresponds	to	approximately	40	percent	Al2O3	and	some	cements	contain	even	higher	alumina	content	(50	to	80	percent);	therefore,	this	cement	is	also	called	high-alumina	cement	(HAC).	2-12,	is	attributed	mainly	to	the	loss	of	adsorbed	water	and	the	water	held	in	small	capillaries	(see
Fig.	Cruz,	C.R.,	J.	It	may	be	of	interest	to	point	out	that	the	concrete	strength	testing	based	on	15-cm	(6-in.)	standard	cube,	which	is	prevalent	in	Europe,	is	reported	to	give	10	to	15	percent	higher	strength	than	the	same	concrete	mixture	tested	in	accordance	with	the	standard	U.S.	practice.	Power,	T.C.,	The	Physical	Structure	and	Engineering
Properties	of	Concrete,	Bulletin	90,	Portland	Cement	Association,	Skokie,	IL,	1958.	For	example,	when	14-day-old	concrete	specimens	containing	a	50:50	mixture	of	varying	sizes	of	quartz	and	chert	aggregate	were	exposed	to	freeze-thaw	cycles,	those	containing	25-	to	12-mm	chert	required	183	cycles	to	show	a	50	percent	reduction	in	the	modulus	of
elasticity,	compared	to	448	cycles	for	similarly	cured	concretes	containing	12-	to	5-mm	chert.15	There	is	no	single	critical	size	for	an	aggregate	type	because	this	will	depend	on	the	freezing	rate,	degree	of	saturation,	and	permeability	of	the	aggregate.	The	rate	of	corrosion	of	steel	is	greatly	influenced	by	the	permeability	of	concrete.	Resistance	to
deterioration	by	permeating	fluids	and	reduction	in	dusting	due	to	attrition	can	also	be	achieved	by	the	application	of	surface-hardening	solutions	to	wellcured	new	floors	or	abraded	old	floors.	This	is	evident	from	the	permeability	curve	shown	in	Fig.	Common	rock	types	belonging	to	this	group	are	marble,	schist,	phyllites,	and	gneiss.	5.8	Discuss
Powers’	hypothesis	of	expansion	on	freezing	of	a	saturated	cement	paste	containing	no	air.	Generally,	watertight	concrete	structures	endure	for	a	long	time.	Although	expansion	due	to	hydration	of	crystalline	CaO	has	been	known	for	a	long	time	in	the	United	States,	the	deleterious	effect	associated	with	the	phenomenon	was	recognized	in	the	1930s
when	certain	2-	to	5-year-old	concrete	pavements	cracked.	[Based	on	Lea,	F.M.,	The	Chemistry	of	Cement	and	Concrete,	Chemical	Publishing	Company,	New	York,	pp.	Figure	3-6	As	a	rule,	a	water	that	is	unsuitable	for	drinking	may	not	necessarily	be	unfit	for	mixing	concrete.	(Based	on	Hsu,	T.C.,	ACI	Monograph	6,	p.	242	Concrete	Materials,	Mix
Proportioning,	and	Early-Age	Properties	6.8.6	White	and	colored	cements	The	universally	gray	color	of	portland	cement	products	limits	an	architect’s	opportunity	for	creating	surfaces	with	aesthetic	appeal.	All	process	loops	are	monitored	and	controlled	with	a	2000	microprocessor-based	distributed	control	system	utilizing	fuzzy	logic.	Chemically
combined	water.	However,	clay	minerals	may	be	present	as	contaminants	in	a	natural	mineral	aggregate.	A	free-flowing	concrete	mixture	(220-mm	slump),	containing	380	kg/m3	of	finely	ground	portland	cement,	20	mm	of	maximum-size	coarse	aggregate,	a	0.42	water-cement	ratio,	and	a	superplasticizing	admixture	was	found	satisfactory	for	the	job.
In	general,	however,	when	the	strength	of	a	material	goes	up,	the	ductility	and	the	toughness	go	down;	also,	very	high-strength	materials	usually	fail	in	a	brittle	manner	(i.e.,	without	undergoing	any	significant	plastic	strain).	5-26.	For	a	normal	portland	cement	draw	a	typical	heat	evolution	curve	for	the	setting	and	early	hardening	period,	label	the
ascending	and	descending	portions	of	the	curve	with	the	underlying	chemical	processes	at	work,	and	show	the	points	where	the	initial	set	and	final	set	are	likely	to	take	place.	Due	to	its	complexity	and	high	cost,	the	system	is	finding	limited	applications.	It	should	be	noted	that	compared	to	igneous	rocks,	the	aggregates	produced	from	stratified
sediments	can	vary	widely	in	characteristics,	such	as	the	shape,	texture,	porosity,	strength,	and	soundness.	As	pointed	out	earlier	(Chap.	(a)	geometric	construction	for	determination	of	the	thickness	h,	(b)	graphical	procedure	to	determine	the	value	of	ti	and	consequently	the	thickness	h.	I	could	not	speak	Spanish	and	the	plant	foreman	did	not
understand	English.	This	volume	increase	is	believed	to	be	the	principal	cause	of	concrete	expansion	and	cracking.	The	electrochemical	potentials	to	form	the	corrosion	cells	may	be	generated	in	two	ways:	1.	This	phenomenon	was	attributed	to	the	large	pressures	produced	by	crystallization	of	salts	from	their	supersaturated	solutions.	For	instance,



maximum	water-soluble	Cl−	ion	concentration	in	hardened	concrete,	at	an	age	of	28	days,	from	all	ingredients	(including	aggregates,	cementitious	materials,	and	admixtures)	should	not	exceed	0.06,	0.15,	and	0.30	percent	by	mass	of	cement,	182	Microstructure	and	Properties	of	Hardened	Concrete	for	prestressed	concrete,	reinforced	concrete
exposed	to	chloride	in	service,	and	other	reinforced	concretes,	respectively.	Funny	things	can	happen	in	real	life–the	interior	columns	of	an	exposed	bridge,	sheltered	from	sunshine	and	rain,	showed	no	cracking	whilst	the	exterior	columns	developed	extensive	cracking.	Half-cell	measurements	may	be	made	relatively	easily,	using	only	a	high
impedance	voltmeter	and	a	standard	reference	electrode,	such	as	a	copper-copper	sulfate	electrode.	For	example,	loss	of	mass	by	surface	wear	and	cracking	increases	the	permeability	of	concrete,	which	then	becomes	the	primary	cause	of	one	or	more	processes	of	chemical	deterioration.	A	stronger	physical	bond	between	the	aggregate	and	the
hydrated	cement	paste	is	assumed	to	be	responsible	for	this.	That	this	may	not	be	entirely	true	in	practice	is	evident	from	the	high	frequency	with	which	even	some	properly	built	reinforced	and	prestressed	concrete	structures	begin	to	show	premature	deterioration	due	to	steel	corrosion.	At	later	ages,	due	to	the	lack	of	available	space,	in	situ
hydration	of	clinker	particles	results	in	the	formation	of	a	very	dense	hydration	product,	the	morphology	of	which	may	resemble	the	original	clinker	particle.	The	amplitude	of	the	surface	waves	decreases	exponentially	with	increasing	distance	from	the	surface.	34.	The	principal	cement	compound	is	CA	which	usually	ranges	between	50	and	60
percent.	The	most	commonly	used	tests	for	estimating	the	tensile	strength	of	concrete	are	the	ASTM	C	496	splitting	tension	test	and	the	ASTM	C	78	third-point	flexural	loading	test	(Fig.	1-5	to	1-10).	(b)	Effect	of	curing	age	and	proportion	of	slag	on	the	lime	content	of	the	portland-slag	cement	paste.	On	the	other	hand,	g-C2S	has	a	regularly
coordinate	structure	and	is,	therefore,	nonreactive.	The	definitions	given	here	are	from	the	ASTM	standard	approved	in	the	year	2004.	Examination	of	deteriorated	concrete	from	the	Oddesund	Bridge	indicated	decomposition	of	cement	and	loss	of	strength	due	to	sulfate	attack	below	low-tide	level	and	cracking	due	to	freezing	and	thawing	as	well	as
alkaliaggregate	reaction	above	hightide	level.	The	splitting	tension	strength	is	computed	from	the	formula	T=	2P	π	ld	(3-7)	where	T	=	tensile	strength	P	=	failure	load	l	=	length	d	=	diameter	of	the	specimen	Compared	to	direct	tension,	the	splitting	tension	test	is	known	to	overestimate	the	tensile	strength	of	concrete	by	10	to	15	percent	(see	box).
(Photograph	courtesy	of	Joseph	A.	Microstructure	of	Concrete	23	At	the	macroscopic	level,	therefore,	concrete	may	be	considered	as	a	two-phase	material,	consisting	of	aggregate	particles	dispersed	in	a	matrix	of	cement	paste.	Typical	causes	of	insufficient	watertightness	are	poorly	proportioned	concrete	mixtures,	absence	of	properly	entrained	air	if
the	structure	is	located	in	a	cold	climate,	inadequate	consolidation	and	curing,	insufficient	concrete	cover	on	the	reinforcing	steel,	badly	designed	or	constructed	joints,	and	microcracking	in	hardened	concrete	attributable	to	the	loading	conditions	and	other	factors,	such	as	thermal	shrinkage,	drying	shrinkage,	and	alkaliaggregate	reaction.
Frequently	the	Aggregate.	In	compression	the	test	piece	is	considered	to	have	failed	even	when	no	signs	of	external	fracture	are	visible;	however,	the	internal	cracking	has	reached	such	an	advanced	state	that	the	specimen	is	unable	to	carry	a	higher	load.	(3-12)	The	relationship	between	the	compressive	strength	and	the	tensile-tocompressive
strength	ratio	seems	to	be	determined	by	the	combined	effect	of	various	factors	on	properties	of	both	the	matrix	and	the	interfacial	transition	zone	in	concrete.	However,	moist-curing	should	be	the	preferred	method	when	control	of	cracking	due	to	autogenous	shrinkage	or	thermal	shrinkage	is	important.	On	one	bridge	deck,	a	combination	of	the
freeze-thaw	cracking	and	corrosion	of	steel	extended	the	area	of	concrete	delamination	about	eightfold	in	5	years	so	that	45	percent	of	the	deck	surface	had	spalled	by	the	time	the	bridge	was	only	16	years	old.	The	behavior	of	concrete	under	multiaxial	stresses	is	very	complex	and,	as	was	explained	in	Fig.	This	is	because	the	chemical	reaction	of
cement	with	water,	commonly	referred	to	as	the	hydration	of	cement,	214	Concrete	Materials,	Mix	Proportioning,	and	Early-Age	Properties	yields	products	that	possess	setting	and	hardening	characteristics.	The	manufacturing	process	for	portlandcement	clinker	is	not	only	energy-intensive	but	also	produces	large	amounts	of	CO2,	which	is	a	primary
greenhouse	gas.	Vp	=	E	(1	−	ν	)	ρ	(1	−	2	ν	)(1	+	ν	)	(11-8)	400	Concrete	Materials,	Mix	Proportioning,	and	Early-Age	Properties	and	Vs	=	E	2	ρ	(1	+	ν	)	(11-9)	As	stated	before,	the	longitudinal	wave	is	always	faster	than	the	shear	wave.	It	has	been	observed	that	a	concrete	mixture	containing	a	rough-textured	or	crushed	aggregate	would	show
somewhat	higher	strength	(especially	tensile	strength)	at	early	ages	than	a	corresponding	concrete	containing	smooth	or	naturally	weathered	aggregate	of	similar	mineralogy.	11-25.	Differences	in	the	mineralogical	composition	of	aggregates	are	also	known	to	affect	the	concrete	strength.	Odler,	Sulfate	Attack	on	Concrete,	Spon	Press,	London,	2002.
A	simple	method	consists	of	measuring	the	number	of	times	the	amplitude	of	the	acoustic	emission	wave	is	higher	than	a	preset	threshold	value.	ASTM	C	779	describes	three	optional	methods	for	testing	the	relative	abrasion	resistance	of	horizontal	concrete	surfaces.	It	may	be	noted	that	grain	size	has	a	significant	effect	on	the	rock	characteristics;
rocks	having	the	same	chemical	composition	but	different	grain	size	may	behave	differently	under	the	same	condition	of	exposure.	Typically,	how	much	is	the	amount	of	added	gypsum?	At	a	given	curing	age,	the	tensile-compressive	ratio	also	decreases	with	decrease	in	the	watercement	ratio.	Rapid	propagation	and	interlinkage	of	the	crack	system,
consisting	of	preexisting	cracks	at	the	interfacial	transition	zone	and	newly	formed	cracks	in	the	matrix,	account	for	the	brittle	failure.	(b)	In	Fig.	290	kJ/kg	(70	cal/g)	max.,	heat	of	hydration	in	7	days	6.	In	the	mild	climates	of	southern	France	and	southern	California,	unreinforced	mortar	and	concrete	specimens	remained	in	excellent	condition	after
more	than	60	years	of	seawater	exposure,	except	when	the	permeability	of	concrete	was	high.	From	the	standpoint	of	the	physical	bond	with	cement	paste,	it	may	be	noted	that	a	smooth-looking	particle	of	weathered	gravel,	when	observed	under	a	microscope	would	appear	to	possess	adequate	roughness	and	surface	area.	The	secant	modulus	is	given
by	the	slope	of	a	line	drawn	from	the	origin	to	a	point	on	the	curve	corresponding	to	a	40	percent	stress	of	the	failure	load.	Because	the	flow	of	electric	current	in	concrete	is	an	electrolytic	process,	increasing	ionic	activity	causes	a	decrease	in	the	resistivity	of	concrete.	256	Concrete	Materials,	Mix	Proportioning,	and	Early-Age	Properties	Gravel,
sand,	silt,	and	clay	are	the	important	members	of	the	group	of	unconsolidated	sediments.	2-14).	Feldspars,	ferromagnesium,	micaceous,	and	clay	minerals	belong	to	this	category.	[(a)	From	Verbeck,	G.J.,	and	R.A.	Helmuth,	Proceedings	of	Fifth	International	Symposium	on	Chemistry	of	Cements,	Tokyo,Vol.	Use	of	this	work	is	subject	to	these	terms.	On
a	visit	to	the	Temple	of	Light	one	can	marvel	at	its	brilliance	in	sunlight.	The	reference	electrode	can	be	moved	over	the	concrete	surface	to	develop	a	potential	map	that	shows	the	possible	sites	of	active	corrosion	in	the	structure.	What	are	the	typical	amounts	of	C3A	and	C4AF	in	ordinary	(ASTM	Type	I)	portland	cement?	Powers,	T.C.,	Properties	of
Fresh	Concrete,	Wiley,	New	York,	Chaps.	The	permeability	of	concrete	depends	not	only	on	mix	proportions,	compaction,	and	curing,	but	also	on	microcracks	caused	by	the	ambient	temperature	and	humidity	cycles.	Composition	cells	may	be	formed	when	two	dissimilar	metals	are	embedded	in	concrete,	such	as	steel	rebars	and	aluminum	conduit
pipes,	or	when	significant	variations	exist	in	surface	characteristics	of	the	steel.	At	higher	stress	levels,	cracks	are	initiated	within	the	matrix;	their	number	and	size	increases	progressively	with	increasing	stress	levels.	Compared	to	a	portland	cement	paste	(see	Fig.	Eventually	extending	more	than	900	km	from	north	to	south	to	provide	supplemental
water,	flood	control,	hydroelectric	power,	and	recreational	facilities,	this	project	called	for	the	construction	of	23	dams	and	reservoirs,	22	pumping	plants,	750	km	of	canals	(California	Aqueduct),	280	km	of	pipeline,	and	30	km	of	tunnels.	This	is	because	the	closer	contact	of	the	interlayer	water	with	the	solid	surface,	and	the	tortuosity	of	the	transport
path	through	the	capillary	network	call	for	a	stronger	driving	force.	Among	the	common	sources	of	chloride	in	concrete	are	admixtures,	salt-contaminated	aggregate,	and	penetration	of	deicing	salt	solutions	or	seawater.	The	presence	of	stray	currents	will	significantly	affect	the	measurements	of	the	half-cell	potential.	Figure	2-15	stress	level	than	the
strength	of	either	of	the	two	main	components.	Rusch,	J.	Very	small	amounts	of	impurities	in	solid	solution	may	not	significantly	alter	the	crystal	structure	and	reactivity	of	a	compound,	but	larger	amounts	can	do	so.	The	internal	crystal	structure	of	C-S-H	also	remains	unresolved;	previously	it	was	assumed	to	resemble	the	natural	mineral	tobermorite
and	that	is	why	C-S-H	was	sometimes	called	tobermorite	gel.	P.	In	homogeneous	materials,	the	elastic	modulus	is	a	measure	of	the	interatomic	bonding	forces	and	is	unaffected	by	microstructural	changes.	11-14b).	According	to	the	1	Powers-Brunauer	model,	the	material	has	a	layer	structure	with	a	very	high	surface	area.	55.	Again,	the	classifications
of	igneous	rocks	on	the	basis	of	crystal	structure	and	silica	content	are	useful	because	it	is	the	combination	of	the	acidic	character	and	grain	size	of	the	rock	that	seems	to	determine	whether	an	aggregate	would	be	vulnerable	to	alkali	attack	in	portland-cement	concrete.	11-12b	with	slope	1/V1;	but	as	the	distance	(or	time)	increases,	the	influence
from	the	lower	layer	is	felt.	Interestingly,	in	spite	of	undesirably	high	sulfate	content	of	seawater,	field	experience	shows	that	even	when	a	high-C3A	portland	cement	has	been	used	and	significant	amounts	of	ettringite	present	as	a	result	of	sulfate	attack	on	the	188	Microstructure	and	Properties	of	Hardened	Concrete	cement	paste,	the	deterioration
of	concrete	did	not	happen	by	expansion	and	cracking;	instead,	it	usually	took	the	form	of	erosion	or	loss	of	solid	constituents	from	the	mass.	Adhesion	between	two	solid	surfaces	can	be	attributed	to	these	physical	forces,	the	degree	of	the	adhesive	action	being	dependent	on	the	extent	and	the	nature	of	the	surfaces	involved.	Woods,	H.,	Durability	of
Concrete,	ACI	Monograph	4,	p.	Price,	W.H.,	J.	Goude	and	Vilas,	Salt	Weathering	Hazards,	Wiley,	New	York,	1997.	Unhydrated	clinker	grains.	Magma	intruded	at	great	depths	cools	at	a	slow	rate	and	forms	completely	crystalline	minerals	with	coarse	grains	(>5	mm	grain	size);	rocks	of	this	type	are	called	intrusive	or	plutonic.	Unlike	portland	cements,
they	can	develop	high	strengths	even	at	lower	than	normal	temperatures.	With	concrete	mixtures	cast	at	21°C	and	subsequently	cured	at	different	temperatures	from	below	freezing	to	21°C,	the	effect	of	the	curing	temperature	on	strength	is	shown	in	Fig.	(From	Mehta	P.K.,	and	D.	The	travel	times	between	the	initial	onset	and	reception	of	the	pulse
are	measured	electronically.	When	cement	is	the	only	source	of	alkali	ions	in	concrete	and	alkali-reactive	constituents	are	suspected	to	be	present	in	the	aggregate,	experience	shows	that	the	use	of	low-alkali	portland	cement	(less	than	0.6	percent	equivalent	Na2O)	offers	the	best	protection	against	the	alkali	attack.	4.2.1	Nonlinearity	of	the	stress-
strain	relationship	From	typical	s	−	e	curves	for	aggregate,	hardened	cement	paste,	and	concrete	loaded	in	uniaxial	compression	(Fig.	What	are	the	physical	manifestations	of	these	reactions?	Acoustic	emission	waves	consist	of	P-waves	(longitudinal	waves)	and	S-waves	(shear	waves)	and	may	include	surface,	reflected,	and	diffracted	waves	as	well.	It
is	the	slow	hydration	of	hard-burnt	CaO	in	a	hardened	cement	paste	that	causes	expansion.	Dimensional	Stability	91	4.2.3	Determination	of	the	static	elastic	modulus	ASTM	C	469	describes	a	standard	test	method	for	measurement	of	the	static	modulus	of	elasticity	(the	chord	modulus)	and	Poisson’s	ratio	of	150	by	300	mm	concrete	cylinders	loaded	in
longitudinal	compression	at	a	constant	loading	rate	within	the	range	0.24	±	0.03	MPa/s.	Based	on	the	holistic	approach	of	concrete	deterioration,	it	is	obvious	that	the	period	of	no-damage	corresponds	to	Stage	1	of	environmental	action	and	the	gradually	escalating	period	of	damage	corresponding	to	Stage	2	of	environmental	action	shown	in	Fig.	The
term	sand	is	commonly	used	for	fine	aggregate	resulting	from	either	natural	weathering	or	crushing	of	stone.	4.3	Drying	Shrinkage	and	Creep	For	a	variety	of	reasons	it	is	desirable	to	discuss	the	drying	shrinkage	and	the	viscoelastic	phenomena	(creep	and	stress	relaxation)	together.	04.01	(Cement,	Lime,	and	Gypsum),	Philadelphia,	PA,	2005.	Based
on	his	work,	two	illustrations	of	the	process	of	progressive	reduction	in	the	capillary	porosity,	either	with	increasing	degrees	of	hydration	(Case	A)	or	with	decreasing	water-cement	ratios	(Case	B),	are	shown	in	Fig.	(From	Concrete	Manual,	U.S.	Bureau	of	Reclamation,	pp.	Finally,	with	the	progress	of	hydration,	poorly	crystalline	C-S-H	and	a	second
generation	of	smaller	crystals	of	ettringite	and	calcium	hydroxide	start	filling	the	empty	space	that	exists	between	the	framework	created	by	the	large	ettringite	and	calcium	hydroxide	crystals.	He	writes:	In	spite	of	the	alkali-aggregate	reaction	occurring	in	a	concrete,	the	expansion	and	deleterious	cracking	would	not	take	place	unless	the
environment	is	highly	saturated.	Overloading	and	impact	2.	Figure	2-11	Microstructure	of	Concrete	39	no	dimensional	change	will	occur.	This	subject	is	discussed	in	greater	detail	in	Chaps.	Fountain	of	Time	is	a	massive	120	by	18	by	14	ft	(36	by	5	by	4	m)	work	of	art	in	concrete	on	the	south	side	of	the	University	of	Chicago	campus.	Soc.,	Vol.	The
CAH10-to-C3AH6	conversion	is	associated	with	a	large	increase	in	porosity	and	therefore	a	corresponding	decrease	in	strength.	Classification	of	portland	cement	types	and	cement	specifications	are	also	reviewed.	5.18	Concrete	in	the	Marine	Environment	For	several	reasons,	effect	of	seawater	on	concrete	deserves	special	attention.	Mindess,	S.,	R.J.
Gray,	and	A.	Some	aggregate	particles	are	shown	in	Fig.	Properties	of	engineering	materials	are	governed	by	their	microstructure.	The	princess	raised	one	finger	and	the	fool,	assuming	that	the	princess	was	threatening	to	poke	one	of	his	eyes,	raised	two	fingers.	When	freshly	hardened	concrete	(whether	loaded	or	unloaded)	is	exposed	to	the	ambient
temperature	and	humidity,	it	generally	undergoes	thermal	shrinkage	(shrinkage	strain	associated	with	85	Copyright	©	2006	by	The	McGraw-Hill	Companies,	Inc.	(b)	Flexural	test	by	third-point	loading	(ASTC	C	78):	top,	diagrammatic	arrangement	of	the	test;	bottom,	stress	distribution	across	the	depth	of	a	concrete	beam	under	flexure.	Thus,	the	e/s
ratio	increases	and	the	curve	begins	to	deviate	appreciably	from	a	straight	line.	Once	the	conditions	for	significant	corrosions	are	established,	a	progressively	escalating	cycle	of	cracking-corrosionmore-cracking	begins,	eventually	leading	to	considerable	structural	damage.	By	this	method	it	has	been	found	that	the	shear	strength	is	approximately	20
percent	of	the	uniaxial	compressive	strength.	Experimentally,	it	is	difficult	to	see	the	ice	crystals	inside	an	air	void	because	the	traditional	scanning	electron	microscopy	requires	that	the	sample	be	dried.	The	elastic	modulus	of	concrete	is	also	dependent	on	the	characteristics	of	concrete-making	materials	and	mix	proportions,	but	not	necessarily	to
the	same	degree	as	the	shrinkage	strains.	Aci.	Suggestions	for	Further	Study	ACI	Committee	Report	116R,	Cement	and	Concrete	Terminology,	ACI	Manual	of	Concrete	Practice,	Part	1,	American	Concrete	Institute,	Farmington	Hills,	MI,	2002.	18–22,	1981.	2-4	that	the	larger	the	size	of	aggregate	in	(a)	(b)	(c)	(d)	(e)	(f)	Shape	and	surface	texture	of	a
coarse	aggregate	particles:	(a)	gravel,	rounded	and	smooth;	(b)	crushed	rock,	equidimensional;	(c)	crushed	rock,	elongated;	(d)	crushed	rock,	flat;	(e)	lightweight,	angular	and	rough;	(f	)	lightweight,	rounded	and	smooth.	86	Microstructure	and	Properties	of	Hardened	Concrete	cooling)∗	and	drying	shrinkage	(shrinkage	strain	associated	with	the
moisture	loss).	Concrete	expands	because	weathering	and	other	environmental	effects	produce	cracks	and	microcracks,	which	increases	the	permeability	of	concrete	and	the	degree	of	saturation	of	capillary	voids.	fraction	P	0.6	Permeability	coeff.	1–28,	1960.	See	Fig.	A	mineral	is	defined	as	a	naturally	occurring	inorganic	substance	of	more	or	less
definite	chemical	composition	and	usually	of	a	specific	crystalline	structure.	Therefore,	the	engineer	must	know	the	elastic	modulus	of	the	material	because	it	influences	the	rigidity	of	a	design.	Many	analytical	expressions	are	described	in	Chap.	The	rocks	are	dense	but	frequently	foliated.	It	is	generally	agreed	that	cement	particles	larger	than	45	μm
are	slow	to	hydrate	and	those	larger	than	75	μm	may	never	hydrate	completely.	Stark,	from	Report	RD	023.01P,	Portland	Cement	Association,	Skokie,	IL.,1974;	(c)	photograph	courtesy	of	R.C.	Meininger,	from	Concrete	in	Practice,	Publ.	Therefore,	both	the	entrapped	and	entrained	air	voids	in	the	hydrated	cement	paste	are	much	bigger	than	the
capillary	voids,	and	are	capable	of	adversely	affecting	the	strength.	Because	properties	of	portland	cement	are	influenced	by	the	proportion	and	the	type	of	the	compounds	present,	the	Bogue	equations	serve	a	useful	purpose	by	offering	an	easy	method	of	providing	a	first	estimate	of	the	compound	composition	of	portland	cement	from	oxide	analysis.
Thus,	two	materials	may	have	identical	strength	but	different	values	of	toughness.	The	formation	of	secondary	hydration	products	(mainly	calcium	silicate	hydrates)	around	the	pozzolan	particles	tends	to	fill	the	large	capillary	voids	with	a	microporous,	low-density	material.	2-9.	Since	an	adequate	concrete	cover	on	reinforcement	or	tendons	is
required	for	structural	integrity	in	reinforced	and	prestressed	concrete	structures,	the	protection	against	failure	due	to	excessive	heat	is	provided	at	the	same	time.	K.	Reinforcing	bar	coatings	and	cathodic	protection	provide	other	approaches	to	prevent	corrosion;	however,	they	are	costlier	than	producing	a	low-permeability	concrete	through	quality,
design,	and	construction	controls.	To	reduce	the	formation	of	a	weak	surface,	called	laitance	(the	term	is	used	for	a	layer	of	fine	particles,	removed	from	the	cement	paste	and	aggregate),	it	is	recommended	to	delay	the	floating	and	trowelling	operations	until	the	concrete	has	lost	its	surface	bleedwater.	Reports	show	that,	with	identical	mix
proportions,	the	substitution	of	a	calcareous	for	a	siliceous	aggregate	can	result	in	strength	improvement.	Use	of	sensitive	broadband	transducer	at	the	surface.	For	example,	Stage	1	can	be	prolonged	to	last	for	hundreds	of	years	by	using	concrete	mixtures	that	are	impermeable	and	will	remain	crack-free	during	the	service.	Depending	on	the
measurement	technique,	surface	areas	on	the	order	of	100	to	700	m2/g	have	been	proposed	for	C-S-H,	and	the	strength	of	the	material	is	attributed	mainly	to	van	der	Waals’	forces.	A	review	of	the	properties	and	applications	of	expansive	cement	concrete	is	included	in	Chap.	The	working	stress	theory	for	concrete	design	considers	concrete	as	mostly
suitable	for	bearing	compressive	load;	this	is	why	it	is	the	compressive	strength	of	the	material	that	is	generally	specified.	If	the	quantity	and	size	of	solids	is	small,	such	as,	silt	in	an	irrigation	canal,	the	erosion	loss	will	be	negligible	at	bottom	velocities	up	to	1.8	m/s	(velocity	at	or	above	which	a	given	particle	can	be	transported).	2-13).	Other
properties	of	aggregate	also	influence	the	modulus	of	elasticity	of	concrete.	When	the	diameter	is	increased	beyond	45	cm	(18	in.),	a	much	smaller	reduction	in	strength	is	observed.	63,	pp.	Also,	the	strength	gain	characteristic	under	subzero	curing	condition	(Fig.	Certain	design	parameters	also	influence	permeability.	The	reason	for	such	a	large
difference	Microstructure	and	Properties	of	Hardened	Concrete	between	the	tensile	and	compressive	strength	is	attributed	to	the	heterogeneous	and	complex	microstructure	of	concrete.	Direct	tension	tests	of	concrete	are	seldom	carried	out,	mainly	because	the	specimen	holding	devices	introduce	secondary	stresses	that	cannot	be	ignored.	Because
the	free	water	is	not	attached	to	the	microstructure	of	the	hydration	products	by	any	physical-chemical	bonds,	its	loss	would	not	be	accompanied	by	shrinkage.	This	is	because,	compared	to	most	other	properties,	testing	of	strength	is	relatively	easy.	28.	A	model	of	the	system	is	created	that	matches	the	observed	results.	The	language	problem	added
to	the	difficulty.	Chemical	attacks,	and	leaching	of	the	cement	paste	4.	For	water-cement	ratios	under	0.3,	disproportionately	high	increases	in	the	compressive	strength	can	be	achieved	with	very	small	reductions	in	water-cement	ratio.	The	plagioclase	or	soda-lime	feldspars	include	sodium	aluminum	silicates	(albite),	calcium	aluminum	silicates
(anorthite),	or	both.	A	change	in	the	aggregate	grading	without	any	change	in	the	maximum	size	of	coarse	aggregate,	and	with	water-cement	ratio	held	constant,	can	influence	the	concrete	strength	when	this	change	causes	a	corresponding	change	in	the	consistency	and	bleeding	characteristics	of	the	concrete	mixture.	The	long-time	failure	limit	was
found	to	be	about	80	percent	of	the	ultimate	short-time	stress	(Fig.	The	strength	of	cylindrical	specimens	with	a	slenderness	ratio	(H/D)	above	2	or	a	diameter	above	30	cm	is	not	much	influenced	by	the	size	effects.	If	the	current	sink	is	placed	far	away,	the	current	flows	radially	from	the	source	and	generates	hemispherical	equipotential	surfaces.
237–238,	1976.	Thus,	under	the	restraining	conditions	present	in	concrete,	the	interplay	between	the	elastic	tensile	stresses	induced	by	shrinkage	strains	and	the	stress	relief	due	to	viscoelastic	behavior	is	at	the	heart	of	deformations	and	cracking	in	most	structures.	Moisture	Condition.	Freeze-thaw	cycles,	overloads,	and	any	other	factors	that	would
increase	the	permeability	of	concrete.	19.	The	same	aggregates	showed	only	small	expansions	when	a	low-alkali	cement	was	used	in	the	test.	Microstructure	and	Properties	of	Hardened	Concrete	Chapter	1.	Building	Research	Establishment	News,	see	Ref.	Many	Corps	of	Engineers	lock	walls	which	were	built	prior	to	the	use	of	air	entrainment	in
concrete	suffer	from	freezing	and	thawing	deterioration	in	moist	environment.	Also,	in	contrast	to	erosion	or	abrasion,	a	strong	concrete	may	not	necessarily	be	effective	in	preventing	cavitation	damage.	4,	pp.	A	brief	description	of	the	major	concrete	types	is	given.	The	stress	relief	associated	with	creep	has	important	implications	for	the	behavior	of
plain,	reinforced,	and	prestressed	concrete	structures.	ACI	Report	224R-00,	Manual	of	Concrete	Practice,	Part	3,	2001.	As	soon	as	the	RH	drops	below	100	percent,	the	free	water	held	in	large	cavities	(e.g.,	>50	nm)	begins	to	escape	to	the	environment.	Thenardite	(Na2SO4)	converts	into	its	hydrated	form,	Mirabalite	(Na2SO4⋅10Η2Ο)	at	20°C	when
the	relative	humidity	is	more	than	72	percent,	and	at	32°C	when	the	relative	humidity	is	81percent	or	more.	Also,	recycled	waters	from	cities,	mining,	and	many	industrial	operations	can	be	safely	used	as	mixing	waters	for	concrete.	3-1a	represent	normally-cured	cements,	autoclaved	cements,	and	a	variety	of	aggregates.	0.4.	(b)	Moist	curing
temperature	of	25°C	vs.	This	happens	at	the	compressive	stress	levels	above	75	percent	of	fc′,	when	complete	fracture	of	the	test	specimen	can	occur	by	bridging	of	the	cracks	between	the	matrix	and	the	interfacial	transition	zone.	When	the	magnitude	of	expansion	is	small	such	that	the	prestress	developed	in	concrete	is	on	the	order	of	15	to	100	psi
(0.1	to	0.7	MPa),	which	is	usually	adequate	to	offset	the	tensile	stress	from	restrained	drying	shrinkage,	the	cement	is	known	as	shrinkage	compensating.	It	is	believed	that	with	concrete	pavements	exposed	to	frost	action,	some	sandstone	or	limestone	aggregates	are	responsible	for	the	D-cracking	phenomenon.	Aggregate	from	construction	and
demolition	waste	refers	to	the	product	obtained	from	recycling	of	concrete,	brick,	or	stone	rubble.	This	can	be	easily	proven	by	taking	the	ratio	between	the	two	velocities	and	noting	that	the	maximum	value	of	Poisson’s	ratio	is	0.5:	Vp	Vs	=	2	(1	−	ν	)	1	−2ν	(11-10)	For	concrete,	0.2	is	a	typical	value	of	Poisson’s	ratio,	therefore	the	velocity	ratio	for
longitudinal	and	shear	waves	is	1.63.	Most	wharves	had	decks	of	the	beam	and	slab	type.	2.12	When	concrete	is	exposed	to	fire,	why	the	elastic	modulus	shows	a	relatively	higher	drop	than	the	compressive	strength?	3.6.4	Tensile	strength	of	mass	concrete	Engineers	working	with	reinforced	concrete	ignore	the	low	value	of	the	tensile	strength	of
concrete	and	use	steel	to	pick	up	tensile	loads.	(Photographs	courtesy	of	Harvey	Haynes.)	Figure	5-5	can	be	related	to	the	complex	microstructure	of	the	material;	however,	the	deleterious	effect	depends	not	only	on	characteristics	of	the	concrete	but	also	on	the	specific	environmental	conditions.	Figure	5-22	alkali	content	in	concrete	can	be	reduced
by	replacing	a	part	of	the	high-alkali	cement	with	cementitious	or	pozzolanic	admixtures	such	as	granulated	blast-furnace	slag,	volcanic	glass	(ground	pumice),	calcined	clay,	fly	ash,	or	silica	fume.	158–164,	1984.	Portland	cement	mortars	containing	polymer	emulsion	(latex)	also	show	excellent	impermeability	and	have	been	used	for	overlay	purposes;
however,	vinylidene	chloride	type	latex	emulsions	are	suspected	to	be	the	cause	of	corrosion	problems	in	some	cases,	and	it	is	now	preferred	that	styrene	butadiene	type	products	be	used.	31.	Today,	the	rate	at	which	concrete	is	used	is	much	higher	than	it	was	40	years	ago.	found	that	beyond	the	peak	load	most	of	the	AE	events	occurred	near	the
crack	tip	in	a	process	zone	extending	about	25	mm	ahead	of	the	crack	tip,	and	a	longer	distance	behind	it	indicating	ligament	con17	nections	behind	the	visible	crack	tip.	With	massive	concrete	structures,	such	as	dams,	it	is	impractical	to	use	steel	reinforcement.	The	fatigue	strength	of	steel	structures	is	greatly	influenced	by	local	stress	fields	in
welded	joints,	corrosion	pitting,	and	sudden	10	Microstructure	and	Properties	of	Hardened	Concrete	Candlestick	Park	Stadium,	San	Francisco,	California.	The	judges,	interpreting	one	finger	to	mean	that	God	is	the	only	important	thing	in	the	universe	and	two	fingers	to	mean	that	nature	is	equally	important	as	it	reveals	the	glory	of	God,	awarded
victory	to	the	fool.	As	a	consultant	to	the	primary	contractor,	write	a	report	explaining	the	state-of-the-art	on	the	choice	of	cement	type,	aggregate	size,	admixtures,	mix	proportions,	concrete	placement,	and	concrete	curing	procedures.	spacing	of	entrained	air	for	durability	to	frost	action	Capillary	voids	Aggregation	of	C-S-H	particles	0.001	µm	1	nm
0.01	µm	10	nm	0.1	µm	100	nm	1	µm	1000	nm	10	µm	104	nm	100	µm	105	nm	1	mm	106	nm	10	mm	107	nm	(a)	Humans	Mount	everest	Whales	Large	moon	craters	Eiffel	tower	1m	10	m	100	m	Span	of	the	golden	gate	bridge	Hurricane	floyd	104	m	1000	m	Mars	diameter	105	m	106	m	107	m	(b)	(a)	Dimensional	range	of	solids	and	pores	in	a	hydrated
cement	paste.	It	is	produced	by	pulverizing	a	clinker	with	a	small	amount	of	calcium	sulfate,	the	clinker	being	a	heterogeneous	mixture	of	several	compounds	produced	by	high-temperature	reactions	between	calcium	oxide	and	silica,	alumina,	and	iron	oxide.	14	and	15,	1994.	One	chapter	is	devoted	to	composition,	properties,	and	applications	of
special	types	of	concrete,	such	as	lightweight	concrete,	high-strength	concrete,	high-performance	concrete,	self-consolidating	concrete,	shrinkage-compensating	concrete,	fiberreinforced	concrete,	concretes	containing	polymers,	and	mass	concrete.	It	is	important	to	maintain	a	good	contact	between	the	reference	electrode	and	the	concrete.
According	to	the	authors,	ten	years	after	construction,	deterioration	was	first	observed	in	1922	at	the	Buck	hydroelectric	plant	on	the	New	River,	Virginia.	The	siliceous	sedimentary	rocks	are	derived	from	existing	igneous	rocks.	However,	over	a	period	of	time	many	useful	empirical	relations	have	been	found,	which,	for	practical	use,	provide	enough
indirect	information	about	the	influence	of	numerous	factors	on	compressive	strength	(compressive	strength	being	widely	used	as	an	index	of	all	other	types	of	strength).	Palmer,	D.,	Concrete,	Cement	and	Concrete	Association,	Vol.	Proportioning	Concrete	Mixtures	Preview	9.1	Significance	and	Objectives	9.2	General	Considerations	9.2.1	Cost	9.2.2
Workability	9.2.3	Strength	and	durability	9.2.4	Ideal	aggregate	grading	9.3	Specific	Principles	9.3.1	Workability	9.3.2	Strength	9.3.3	Durability	9.4	Procedures	9.5	Sample	Computations	9.6	ACI	Tables	in	the	Metric	System	9.7	Proportioning	of	High-Strength	and	High-Performance	Concrete	Mixtures	Appendix:	Methods	of	Determining	Average
Compressive	Strength	from	the	Specified	Strength	Test	Your	Knowledge	References	Suggestions	for	Further	Study	Chapter	10.	This	is	the	first	step	necessary	for	the	onset	of	the	anodic	and	cathodic	reactions	in	a	corrosion	cell.	For	equal	compressive	stresses	in	two	principal	directions,	the	strength	increase	is	approximately	16	percent.	11-20	where
a	small	current	is	impressed	on	the	concrete	surface	and	removed	at	the	sink	placed	within	a	finite	distance	from	the	source.	The	material	is	expected	to	crack	when	a	combination	of	the	elastic	modulus	and	the	shrinkage	strain	induces	a	stress	level	that	exceeds	its	tensile	strength	(Fig.	Neville,	A.,	Hardened	Concrete:	Physical	and	Mechanical
Aspects,	ACI	Monograph	No.	6,	pp.	Therefore,	it	is	highly	desirable	that	structural	designers	and	engineers	interested	in	the	properties	of	concrete	become	familiar	with	the	microstructure	of	the	material.	5.12	What	is	the	effect	of	pure	water	on	hydrated	portland	cement	paste?	Similarly,	the	detrimental	effects	of	the	chemical	phenomena	are
physical;	for	instance,	leaching	of	the	components	of	hardened	cement	paste	by	soft	water	or	acidic	fluids	would	increase	the	porosity	of	concrete,	thus	making	the	material	more	vulnerable	to	abrasion	and	erosion.	Also,	like	the	swelling	of	poorly	crystalline	ettringite,	the	poorly	crystalline	iron	hydroxides	may	have	a	178	Microstructure	and
Properties	of	Hardened	Concrete	Cathode	process	O2	+	2H2O	+	4e−	→	4OH−	O2	Anode	process	Fe→	Fe+++	2e−	O2	Fe++	Cathode	Fe++	Iron	oxide/hydroxide	surface	film	on	steel	Anode	e−	e−	Moist	concrete	as	an	electrolyte	e−	Current	flow	(a)	(b)	Fe	FeO	Fe3O4	Fe2O3	Fe	(OH)2	Fe	(OH)3	Fe	(OH)3	3H2O	0	1	2	3	4	Volume,	5	6	7	cm3	(c)
Expansion	and	cracking	of	concrete	due	to	corrosion	of	the	embedded	steel.	The	CaO	thus	formed	can	hydrate	rapidly	and	is	called	soft-burnt	lime.	The	rocks	tend	to	be	porous	and	weak	when	formed	under	a	relatively	low	pressure.	Furthermore,	probably	as	a	result	of	microcracking	in	the	interfacial	transition	zone	caused	by	drying	shrinkage,	a
slight	retrogression	of	strength	occurs	in	thin	members	of	moist-cured	concrete	when	they	are	subjected	to	air	drying.	11,	No.	4,	Pergamon	Press;	(b)	reprinted	with	permission	from	Hogan,	F.J.	and	J.W.	Meusel,	Cem.	30	(210)	120	20	(140)	80	Strength	Permeability	10	(70)	40	0	1.0	0.9	0.8	0.7	0.6	0.5	0.4	0.3	0.2	0.4	0.5	Capillary	porosity,	vol.	The
phenomenon	of	gradual	increase	in	strain	with	time	under	a	sustained	stress	is	called	creep.	Chert	and	flint	belong	to	the	third	group	of	siliceous	sedimentary	rocks.	wt,	g	1014	378	312	g/cm3	1.72	2.52	2.4	Mol.	Synthetic	lightweight	aggregates	are	manufactured	by	thermal	treatment	of	a	variety	of	materials,	for	instance,	clays,	shale,	slate,	diatomite,
pearlite,	vermiculite,	blast-furnace	slag,	and	fly	ash.	Nondestructive	Methods	409	properties.	The	factors	include	properties	and	proportions	of	materials	that	make	up	the	concrete	mixture,	degree	of	compaction,	and	conditions	of	curing.	3-16).	The	CEB-FIP	Model	Code	(1990)	suggests	the	following	relationship	between	direct	tension	strength	(	fctm)
and	flexural	strength	(	fct,fl)	fctm	=	fct,	fl	2.0(	h/h0	)0.7	1	+	2.0(	h/h0	)0.7	(3-10)	where	h	is	the	depth	of	the	beam	in	mm,	h0	=	100	mm,	and	strengths	are	expressed	in	MPa	units.	In	other	words,	the	chemical	or	the	mineralogical	composition	of	the	solid	phases	in	aggregate	is	usually	less	important	than	the	physical	characteristics,	such	as	volume,
size,	and	distribution	of	pores.	Introduction	1.1	1.2	1.3	1.4	1.5	Preview	Concrete	as	a	Structural	Material	Components	of	Modern	Concrete	Types	of	Concrete	Properties	of	Hardened	Concrete	and	Their	Significance	Units	of	Measurement	Test	Your	Knowledge	Suggestions	for	Further	Study	Chapter	2.	It	is	interesting	to	point	out	that	engineers	on	the
forefront	of	concrete	technology	are	becoming	increasingly	conscious	of	the	significance	of	the	permeability	of	concrete	to	durability	of	structures	exposed	to	aggressive	waters.	A	schematic	acoustic	emission	waveform	obtained	from	concrete	is	shown	in	Fig.	Res.	The	term	coarse	aggregate	refers	to	the	aggregate	particles	larger	than	4.75	mm	(No.	4
sieve),	and	the	term	fine	aggregate	refers	to	the	aggregate	particles	smaller	than	4.75	mm	but	larger	than	75	μm	(No.	200	sieve).	Solubility	of	the	alkali	silicate	gels	in	water	accounts	for	their	mobility	from	the	interior	of	aggregate	particles	to	the	microcracked	regions	both	within	the	aggregate	and	the	concrete.	50	Microstructure	and	Properties	of
Hardened	Concrete	the	stress	required	to	cause	failure	and	it	is	defined	as	the	maximum	stress	the	concrete	sample	can	withstand.	The	same	structural	member,	partly	sheltered	and	partially	exposed	by	the	nature	of	the	structure,	may	show	extensive	cracking	on	the	exposed	faces	and	little	or	no	cracking	in	the	sheltered	parts.	Figure	6-20	245	246
Concrete	Materials,	Mix	Proportioning,	and	Early-Age	Properties	⎧<	10°C	⎪→	CAH10	⎪	⎪	−	20°C	CA	+	H	⎨10	→	C2	AH8	+	AH3	⎪	⎪>	30°C	⎪	→	C3	AH6	+	2AH3	⎩	3CAH10	→	C3AH6	+	2AH3	+	18H↑	Mol.	In	older	literature,	the	material	is	often	referred	to	as	C-S-H	gel.	ACI	Committee	201	recommends	at	least	7	days	of	continuous	moist	curing	after
the	finishing	of	concrete.	Where	additional	measures	for	improving	the	durability	of	concrete	to	abrasion	or	erosion	are	needed	it	is	worth	remembering	that	the	process	of	physical	attrition	of	concrete	occurs	at	the	surface;	therefore,	particular	attention	should	be	paid	to	ensure	that,	at	least,	the	concrete	at	the	surface	is	of	high	quality.	Under
biaxial	compression-tension	(Fig.	Figure	5-8	indicates	how	the	presence	of	air-voids	can	reduce	the	stresses	caused	by	ice	formation	in	the	concrete.	Approximately	3	million	cubic	meters	of	concrete	were	used	for	the	construction	of	tunnels,	pipelines,	pumping	plants,	and	canal	lining.	Therefore,	it	is	becoming	increasingly	important	that	scientists
and	engineers	throughout	the	world	speak	the	same	language	of	measurement.	47.	Using	a	special	test	method,	Liu4	found	a	good	correlation	between	the	watercement	ratio	and	abrasion	resistance	of	concrete	(Fig.	Therefore,	it	is	very	difficult	to	constitute	realistic	models	of	its	microstructure	from	which	the	behavior	of	the	material	can	be	reliably
predicted.	Engineering	New	Record,	p.	1029–1050,	1963.	Comprehensive	coverage	includes:	Microstructure	of	concreteStrengthDimensional	stabilityDurabilityHydraulic	cementsAggregatesAdmixturesProportioning	concrete	mixturesConcrete	at	early	ageNondestructive	methodsProgress	in	concrete	technologyAdvances	in	concrete	mechanicsGlobal
warming	and	concrete	in	the	future	Theory	of	Machines	and	Mechanisms	PDF	5th	Edition(Opens	in	a	new	browser	tab)	Current	Diagnosis	and	Treatment	Surgery	PDF(Opens	in	a	new	browser	tab)	About	the	Author	Paulo	J.	Man	consumes	no	material	except	water	in	such	tremendous	quantities.	This	is	an	attractive	method	when	planning	repairs	or
monitoring	cathodic	protection.	Silicate	minerals.	847,	2000.]	Figure	5-9	and	shales.	The	analytical	theory	of	spheres	hitting	a	surface	is	well	understood,	and	it	shows	that	the	contact	time	is	proportional	to	the	diameter	of	the	spheres;	therefore	it	is	possible	to	cover	a	large	spectrum	of	contact	times	simply	by	changing	the	sizes	of	the	spheres.
Furthermore,	by	adding	appropriate	pigments,	white	cement	can	be	used	as	a	base	for	producing	cements	with	varying	colors.	xvii	xviii	Foreword	for	an	outstanding	book	on	modern	concrete	technology,	either	for	classroom	teaching	or	for	professional	use,	is	to	search	no	more.	Explain	your	answer.	Acknowledgments	This	thoroughly	revised	third
edition	of	the	book	including	the	companion	CD	would	not	have	been	possible	without	the	help	and	cooperation	of	many	friends	and	professional	colleagues.	6-6.	5.9.1	Frost	action	on	hardened	cement	paste	Powers	aptly	described	the	mechanisms	of	frost	action	in	cement	paste,	and	also	explained	why	air	entrainment	is	effective	in	reducing	the
expansion	associated	with	this	phenomenon:	When	water	begins	to	freeze	in	a	capillary	cavity,	the	increase	in	volume	accompanying	the	freezing	of	the	water	requires	a	dilation	of	the	cavity	equal	to	9	percent	of	the	volume	of	frozen	water	or	forcing	of	the	amount	of	excess	water	out	through	the	boundaries	of	the	specimen,	or	some	of	both	effects.
slump)	needed	for	proper	placing	and	consolidation,	and	a	minimum	air	content	consistent	with	exposure	conditions.	3	Cement	no.	The	Kansas	survey	also	reported	that	the	corrosion	of	the	reinforcing	steel	produced	vertical	cracks	in	the	concrete	deck	that	contributed	to	corrosion	of	the	steel	girders	supporting	the	deck.	As	hydration	proceeds,	the
void	space	between	the	originally	discrete	cement	particles	gradually	begins	to	fill	up	with	the	hydration	products.	The	properties	discussed	are	strength,	elastic	modulus,	toughness,	dimensional	stability,	and	durability.	As	the	value	of	the	sustained	stress	approaches	that	of	the	ultimate	short-time	stress,	the	time	to	failure	decreases.	1.1	Concrete	as
a	Structural	Material	In	an	article	published	by	the	Scientific	American	in	April	1964,	S.	First,	both	the	drying	shrinkage	and	creep	originate	from	the	same	source,	that	is,	the	hydrated	cement	paste;	second,	the	strain-time	curves	are	very	similar;	third,	the	factors	96	Microstructure	and	Properties	of	Hardened	Concrete	Factors	Affecting	Modulus	of
Elasticity	of	Concrete	Moisture	state	of	the	specimens	and	loading	conditions	Elastic	modulus	of	cement	paste	matrix	Porosity	and	composition	of	the	interfacial	transition	zone	Porosity	Testing	parameters	Figure	4-7	Cement	paste	matrix	Elastic	modulus	of	the	aggregate	Volume	fraction	Porosity	Interfacial	transition	zone	Aggregate	Various
parameters	that	influence	the	modulus	of	elasticity	of	concrete.	When	the	fracture	is	outside	by	more	than	5	percent	of	the	span	length,	the	results	of	the	test	are	rejected.	From	the	standpoint	of	strength,	the	relationship	between	water-cement	ratio	and	porosity	is	undoubtedly	the	most	important	factor	because,	independent	of	other	factors,	it
affects	the	porosity	of	both	the	Strength	Figure	3-2	sion.	6-19a).	Give	typical	values	of	the	coefficient	for	(a)	fresh	cement	pastes;	(b)	hardened	cement	pastes;	(c)	commonly	used	aggregates;	(d)	high-strength	concretes;	and	(e)	mass	concrete	for	dams.	Durability	5.8	135	Crystallization	of	Salts	in	Pores	Under	certain	environmental	conditions,	for
example,	when	one	side	of	a	retaining	wall	or	slab	of	a	permeable	solid	is	in	contact	with	a	salt	solution	and	the	other	sides	are	subject	to	loss	of	moisture	by	evaporation,	the	material	can	deteriorate	by	stresses	caused	by	crystallization	of	salts	in	the	pores.	In	SI	measurements,	meter	and	kilogram	are	the	only	units	permitted	for	length	and	mass,
respectively.	When	most	of	the	free	water	has	been	lost,	it	is	found	on	continued	drying	that	further	loss	of	water	results	in	considerable	shrinkage.	Numerous	researchers	have	found	that	portland	cement	pastes,	mortars,	and	concretes	undergo	strength	loss	when	the	cementitious	products	are	decomposed	and	leached	out	as	a	result	of	attack	by
acidic	or	magnesiumcontaining	solutions.	Physical	Causes	of	Deterioration	of	Concrete	Surface	wear	Abrasion	Figure	5-3	Erosion	Cracking	Cavitation	Volume	change	due	to:	1.	THE	WORK	IS	PROVIDED	“AS	IS.”	McGRAW-HILL	AND	ITS	LICENSORS	MAKE	NO	GUARANTEES	OR	WARRANTIES	AS	TO	THE	ACCURACY,	ADEQUACY	OR
COMPLETENESS	OF	OR	RESULTS	TO	BE	OBTAINED	FROM	USING	THE	WORK,	INCLUDING	ANY	INFORMATION	THAT	CAN	BE	ACCESSED	THROUGH	THE	WORK	VIA	HYPERLINK	OR	OTHERWISE,	AND	EXPRESSLY	DISCLAIM	ANY	WARRANTY,	EXPRESS	OR	IMPLIED,	INCLUDING	BUT	NOT	LIMITED	TO	IMPLIED	WARRANTIES	OF
MERCHANTABILITY	OR	FITNESS	FOR	A	PARTICULAR	PURPOSE.	Abrams,	M.S.,	Temperature	and	Concrete,	ACI	SP-25,	pp.	5.16.1	Mechanisms	involved	in	concrete	deterioration	by	corrosion	of	embedded	steel	Corrosion	of	steel	in	concrete	is	an	electrochemical	process.	3,	4,	and	5,	respectively.	The	impure	forms	of	C3S	and	bC2S	are	known	as
alite	and	belite,	respectively.	Above	the	critical	stress	level,	concrete	shows	a	time-dependent	fracture;	that	is,	under	sustained	stress	conditions	the	crack	bridging	between	the	interfacial	transition	zone	and	the	matrix	would	lead	to	failure	at	a	stress	that	is	lower	than	the	short-term	loading	strength	fc′.	What	the	foreman	really	meant	was	that	he
would	like	to	install	two	pipes	of	the	smaller	diameter	because	he	did	not	have	a	pipe	with	a	larger	diameter.	The	use	of	steel	ball	bearings	is	a	creative	solution	to	generate	low-frequency	pulses	with	short	duration	but	they	are	still	capable	of	penetrating	the	concrete	member.	Also,	the	strength	of	concrete	is	usually	much	lower	than	the	individual
strength	of	the	two	components.	Thin-walled	precast	elements	with	higher	flexibility,	elasticity,	and	strength	capacity	were	created.	Winkler5	lists	a	number	of	salts	that	are	known	to	cause	cracking	and	spalling	type	of	damage	to	rocks	and	stone	monuments.	A	minimum	concrete	cover	of	50	mm	for	walls	and	slabs,	and	63	mm	for	other	members	is
recommended.	industry,	is	the	material	obtained	by	crushing	blast-furnace	slag	that	solidified	by	slow	cooling	under	atmospheric	conditions.	45–51,	1982,	(b)	From	Moukwa,	M.,	Moukwa,	Cem.	2-12).	As	the	tensile	strength	of	concrete	is	low,	concrete	structures	often	crack	as	a	result	of	restrained	shrinkage	caused	by	humidity	and	temperature
changes.	40	Compressive	strength,	MPa	Compressive	strength,	MPa	40	Non-air-entrained	35	30	25	20	Air-entrained	15	10	0.3	0.4	0.5	0.6	0.7	0.8	0%	entrained	air	4%	35	6%	30	25	20	15	10	450	400	350	300	250	Water-cement	ratio	Cement	content,	kg/m3	(a)	(b)	200	Figure	3-4	Influence	of	the	water-cement	ratio,	entrained	air,	and	cement	content	on
concrete	strength.	The	designed	compressive	strengths	of	concrete	ranged	from	as	low	as	14	MPa	at	1	year	for	mass	concrete	for	the	dam	to	as	high	as	35	MPa	at	28	days	for	precast	concrete	members.	A	white	cement,	with	exposed-aggregate	finish,	can	be	useful	in	creating	desired	aesthetic	effects.	53–59,	1970.	Justify	this	statement	by	discussing
how	the	phenomena	of	quick-set,	flash	set,	and	false	set	occur	in	freshly	hydrated	portland	cements.	The	influence	of	the	curing	humidity	on	concrete	strength	is	obvious	from	the	data	in	Fig.	xx	Preface	in	a	gradual	enhancement	of	strength.	Thus,	due	to	microcracking	on	exposure	to	fire,	the	elastic	modulus	of	concrete	drops	faster	than	the
compressive	strength.	3-17,	are	shown	in	Fig.	In	1984,	extensive	repairs	were	needed	for	the	concrete	lining	of	a	tunnel	of	the	Glen	Canyon	Dam	(Fig.	According	to	one	theory,	since	gypsum	and	alkalies	go	into	solution	quickly,	the	solubility	of	C3A	is	depressed	in	the	presence	of	hydroxyl,	alkali,	and	sulfate	ions.	8	200	Zirconia	150	Relative	strength
Compressive	strength,	MPa	51	100	50	0	70	60	50	40	30	20	10	0	Iron	0.	∗	Introduction	California	aqueduct	construction.	The	French	and	the	German	cements	contained	16	to	30	percent	and	27	percent	MgO,	respectively.	This	book	is	not	intended	to	be	an	exhaustive	treatise	on	concrete.	5-23a).	87,	Paper	1533,	pp.	The	porosity	and	the	opposite	of
porosity	(solid-space	ratio)	are	exponentially	related	to	both	the	strength	and	permeability	of	the	material.	For	special	needs,	aggregates	with	lighter	or	heavier	density	can	be	used	to	make	correspondingly	lightweight	and	heavyweight	concretes.	The	factors	controlling	the	porosity	of	the	cement	paste	matrix,	such	as	water-cement	ratio,	air	content,
mineral	admixtures,	and	degree	of	cement	hydration,	are	listed	in	Fig.	Figure	3-9	appears	that	adequate	temperature	levels	must	be	maintained	for	a	sufficient	time	to	provide	the	needed	activation	energy	for	the	reactions	to	begin.	In	Fig.	39–46,	1978.	During	this	process,	hydraulic	pressure	is	generated	and	the	magnitude	of	that	pressure	depends
on	the	distance	to	an	“escape	boundary,”	the	permeability	of	the	intervening	material,	and	the	rate	at	which	ice	is	formed.	Rock	core	tests	have	shown	that	the	elastic	modulus	of	natural	aggregates	of	low	porosity	such	as	granite,	trap	rock,	and	basalt	is	in	the	range	70	to	140	GPa	(10	to	20	×	106	psi),	while	with	sandstones,	limestones,	and	gravels	of
the	porous	Aggregate.	50,	No.	1,	pp.	42.	The	amount	of	time	after	the	freezing	front	passed	is	indicated	in	each	of	the	images.	Nondestructive	Methods	415	TABLE	11-1	CEB-192	Recommendation	Based	on	Concrete	Resistivity	to	Estimate	the	Likely	Corrosion	Rate	Concrete	resistivity	(Ω⋅m)	>200	100−200	50−100	X	+	2e−	Potential	Eeq	(X/X--)	M	->
M++	+	2e−	Ecorr	X	+	2e-	->	X--	Eeq(M/M++)	A	simple	corrosion	process	with	one	polarized	anodic	reaction	(M	−>	M++	+	2e−)	and	one	polarized	cathodic	reaction	(X	+	2e−	−>	X−−)	that	are	coupled.	The	presence	of	the	reinforcement	increases	the	apparent	wave	velocity	of	the	concrete.	For	example,	concrete	mixtures	for	offshore	structures	in
Norway	are	now	specified	to	meet	a	maximum	permissible	permeability	requirement	(k	≤	10−13	kg/Pa⋅m⋅sec).	6.20	Discuss	the	physical-chemical	factors	involved	in	explaining	the	development	of	strength	in	products	containing	the	following	cementitious	materials,	and	explain	why	portland	cement	has	come	to	stay	as	the	most	commonly	used
cements	for	structural	purposes:	(a)	lime	(b)	plaster	of	Paris	(c)	calcium	aluminate	cement	References	1.	■	On	exposure	to	fire,	the	elastic	modulus	of	a	concrete	drops	more	rapidly	than	its	compressive	strength?	(Photograph	courtesy	of	Ameron	Pipe	Division.)	The	largest	circular	precast	concrete	structure	ever	built	for	the	transportation	of	water	is
part	of	the	Central	Arizona	Project—a	$1.2	billion	U.S.	Bureau	of	Reclamation	development,	which	provides	water	from	the	Colorado	River	for	agricultural,	industrial,	and	municipal	use	in	Arizona,	including	the	metropolitan	areas	of	Phoenix	and	Tucson.	Overlay	of	watertight	concrete,	37.5	to	63	mm	thick,	provides	a	more	durable	protection	to	the
penetration	of	aggressive	fluids	into	reinforced	or	prestressed	concrete	members.	However,	in	compression-tension	and	in	biaxial	tension	(Fig.	Div	ASCE,	Vol.	To	increase	the	setting	time	of	cement	and	allow	time	for	placement	of	the	slurry	2.	Compared	with	C-S-H,	the	strength-contributing	potential	of	calcium	hydroxide	is	limited	as	a	result	of
considerably	lower	surface	area.	It	is	estimated	that	the	present	consumption	of	concrete	in	the	world	is	of	the	order	of	11	billion	metric	tonnes	every	year.	In	spite	of	this,	the	classification	is	useful	for	understanding	the	properties	of	the	hydrated	cement	paste.	11-19.	‡	Fluss,	P.J.,	and	S.S.	Gorman,	J.	Anderberg,	Y.,	International	Workshop	on	Fire
Performance	of	High-Strength	Concrete,	NIST	Special	Publication	919,	National	Institute	of	Standard	and	Technology,	Gaithersburg,	MD,	1997.	68	Microstructure	and	Properties	of	Hardened	Concrete	3.6.1	Behavior	of	concrete	under	uniaxial	compression	Stress-strain	behavior	of	concrete	subjected	to	uniaxial	compression	will	be	discussed	in	detail
in	Chap.	The	most	common	is	cracking	and	spalling	of	concrete	caused	by	progressive	expansion	of	the	cement	paste	matrix	from	repeated	freezing	and	thawing	cycles.	Because	it	does	not	take	very	high	energy	levels	to	extend	the	cracks	already	existing	in	the	interfacial	transition	zone,	even	at	50	percent	of	the	ultimate	strength,	higher	incremental
strains	may	be	obtained	per	unit	of	applied	stress.	1–34,	1994;	Concr.	6.9	Trends	in	Cement	Specifications	Most	countries	in	the	world	produce	a	variety	of	hydraulic	cements	according	to	their	national	standards.	The	difference	of	potential	is	measured	between	two	points	P1	and	P2.	11-12b).	5.10	Discuss	the	significance	of	critical	degree	of
saturation	from	the	standpoint	of	predicting	frost	resistance	of	a	concrete.	It	has	been	observed	that	the	relationship	among	various	types	of	strength	is	influenced	by	factors	like	the	methods	by	which	the	tensile	strength	is	measured	(i.e.,	direct	tension	test,	splitting	test,	or	flexure	test),	the	quality	of	concrete	(i.e.,	low-,	moderate-,	or	high-strength),
the	aggregate	characteristics	(e.g.,	surface	texture	and	mineralogy),	and	admixtures	(e.g.,	air-entraining	and	mineral	admixtures).	When	the	shrinkage	strain	in	an	elastic	material	is	fully	restrained,	it	results	in	elastic	tensile	stress;	the	magnitude	of	the	induced	stress	s	is	determined	by	the	product	of	the	strain	e	and	the	elastic	modulus	E	of	the
material	(s	=	Ee).	3-8,	which	show	that	after	180	days	at	a	given	water-cement	ratio,	the	strength	of	the	continuously	moist-cured	concrete	was	three	times	greater	than	the	strength	of	the	continuously	air-cured	concrete.	New	terms	are	indicated	in	italics	and	are	clearly	defined.	250	kJ/kg	(60	cal/g)	max.,	heat	of	hydration	in	7	days	The	performance-
based	cement	standards,	like	ASTM	C	1157,	are	expected	to	play	a	major	part	in	the	future	development	of	multi-component	hydraulic	cements	containing	large	amounts	of	industrial	by-products	and	a	correspondingly	small	proportion	of	portland	cement	clinker.	On	the	other	hand,	after	the	concrete	has	been	placed	rapid	hardening	is	often
desirable.2	6.3.2	Mechanism	of	hydration	Two	mechanisms	of	hydration	of	portland	cement	have	been	proposed.	Specimen	parameters.	The	structural	imperfections	thus	produced	explain	why	the	cement	compounds	are	unstable	in	an	aqueous	environment.	With	different	concrete	mixtures	of	varying	strength,	it	was	found	that	at	later	ages	(i.e.,	3
months	to	1	year)	the	elastic	modulus	increased	at	a	higher	rate	than	the	compressive	strength	(Fig.	Calcium	silicate	hydrate.	5-25c.	Seawater	Attack	Malhotra,	V.M.,	ed.,	Performance	of	Concrete	in	Marine	Environment,	ACI	SP-65,	Concrete	Institute,	Detroit,	1980.	Approximately	5	percent	gypsum	or	calcium	sulfate	is	usually	interground	with
clinker	in	order	to	control	the	early	setting	and	hardening	behavior	of	the	cement,	as	will	be	discussed.	Metamorphic	rocks	are	igneous	or	sedimentary	rocks	that	have	changed	their	original	texture,	crystal	structure,	or	mineralogical	composition	in	response	to	physical	and	chemical	conditions	below	the	earth’s	surface.	11-18	a	and	b	after	Mindess,
S.,	Acoustic	Emission	Methods,	Handbook	on	Nondestructive	Testing	of	Concrete,	Malhotra,	V.M.,	and	N.J.	Carino,	eds.,	CRC	Press,	Boca	Raton,	FL,	1991,	Fig.	The	problem	has	been	satisfactorily	resolved	by	blending	all	portland	cement	with	approximately	eight	percent	silica	fume,	a	highly	reactive	pozzolan	(see	Chap.	The	average	bulk	density	of
the	hydration	products∗	is	considerably	lower	than	the	density	of	anhydrous	portland	cement;	it	is	estimated	that	1	cm3	of	cement,	on	complete	hydration,	requires	about	2	cm3	of	space	to	accommodate	the	products	of	hydration.	1.7	Discuss	the	significance	of	drying	shrinkage,	thermal	shrinkage,	and	creep	in	concrete.	Values	in	the	range	7	to	28
GPa	(1	to	4	×	106	psi)	as	the	elastic	moduli	of	hydrated	portland	cement	pastes	of	varying	porosity	have	been	reported.	Lightweight	aggregates	are	highly	porous;	depending	on	the	porosity,	the	elastic	modulus	of	a	lightweight	aggregate	may	be	as	low	as	7	GPa	(1	×	106)	or	as	high	as	28	GPa	(4	×	106psi).	1.5	Units	of	Measurement	The	metric	system
of	measurement,	which	is	prevalent	in	most	countries	of	the	world,	uses	millimeters	and	meters	for	length;	grams,	kilograms,	and	tonnes	for	mass;	liters	for	volume;	kilogram	force	per	unit	area	for	stress;	and	degrees	Celsius	for	temperature.	It	appears	that	the	tensile-to-compressive	strength	ratio	is	approximately	10	to	11	percent	for	low-strength,	8
to	9	percent	for	moderate-strength,	and	7	percent	for	high-strength	concrete.	This	page	intentionally	left	blank	Chapter	3	Strength	Preview	The	strength	of	concrete	is	the	property	most	valued	by	designers	and	quality	control	engineers.	In	a	saturated	cement	paste	the	adsorbed	water	in	the	C-S-H	is	load-bearing,	therefore	its	presence	contributes	to
the	elastic	modulus;	on	the	other	hand,	the	disjoining	pressure	in	the	C-S-H	(see	Chap.	22.	4-6).	Collepardi,	M.,	Concr.	Frost	damage	in	concrete	can	take	several	forms.	459,	1997.	These	properties	can	be	anticipated	from	the	large	amounts	of	ettringite	formed	and	the	water-imbibing	characteristic	of	the	ettringite.	384,	1998.	The	removal	of	the
adsorbed	water	reduces	the	disjoining	pressure	and	brings	about	shrinkage	of	the	system.	Durability	173	in	the	United	States,	eastern	Canada,	Australia,	Brazil,	New	Zealand,	South	Africa,	Denmark,	Germany,	England,	and	Iceland.	For	simple	homogeneous	materials,	it	can	be	described	by	the	expression	S	=	S0	e	−kp	(3-1)	where	S	=	strength	of	the
material	which	has	a	given	porosity	p	S0	=	intrinsic	strength	at	zero	porosity	k	=	constant	For	many	materials	the	ratio	S/S0	plotted	against	porosity	follows	the	same	curve.	Chen	points	out	that	concrete	ductility	under	biaxial	stresses	has	different	values	depending	on	whether	the	stress	states	are	compressive	or	tensile.	2.9	Draw	a	typical	sketch
showing	how	the	microstructure	of	hydration	products	in	the	aggregate-cement	paste	interfacial	transition	zone	is	different	from	the	bulk	cement	paste	in	concrete.	In	heterogeneous,	multiphase	materials	such	as	concrete,	the	volume	fraction,	the	density	and	the	modulus	of	elasticity	of	the	principal	constituents,	and	the	characteristics	of	the
interfacial	transition	zone,	determine	the	elastic	behavior	of	the	composite.	Prestressed	and	reinforced	concrete	elements	often	fail	due	to	corrosion	of	embedded	steel.	And	the	principal	material	of	construction	is	portland	cement	concrete.	The	clay	mineral	group	covers	sheet-structure	silicates	less	than	2	μm	(0.002	mm)	in	grain	size.	Not	only	does
CAC	not	produce	any	calcium	hydroxide	on	hydration	but	also,	at	temperatures	above	1000°C,	CAC	is	capable	of	developing	a	ceramic	bond,	which	is	as	strong	as	the	original	hydraulic	bond.	Reinforced	concrete	members	that	remain	dry	or	protected	from	moisture	in	service	are	permitted	to	contain	up	to	1.00	percent	Cl−	by	mass	of	the	cementitious
material	in	concrete.	This	creates	a	thermodynamic	disequilibrium	between	the	frozen	water	in	capillaries,	which	acquires	a	lowenergy	state,	and	the	supercooled	water	in	gel	pores,	which	is	in	a	high-energy	state.	As	discussed	below,	the	absence	of	calcium	hydroxide	in	hydrated	CAC	is	also	beneficial	for	the	use	of	the	material	for	making	high-
temperature	concrete.	Hydration	reactions	of	the	aluminate	compounds	with	their	influence	on	setting	behavior	of	cement,	and	of	silicate	compounds	with	their	influence	on	strength	development	are	fully	discussed.	The	raw-mix	contained	more	iron	than	normally	acceptable,	and	the	clinker	from	the	kiln	was	persistently	off-white.	With	the	shallower
cover,	corrosion	of	steel	is	believed	to	be	responsible	for	the	horizontal	cracks	or	delaminations	in	concrete.	Biczok,	I.,	Concrete	Corrosion	and	Concrete	Protection,	Chemical	Publishing	Company,	New	York,	543	pp.,	1967.	36.	Figure	11-19	point	(P)	when	current	is	applied	at	one	source	(S),	as	shown	in	Fig.	Permeable	concretes	are,	of	course,	less
durable.	33.	Blanks	and	Kennedy39	describe	some	of	the	earlier	cases	in	the	United	States.	Broomfield,	J.P.,	Corrosion	of	Steel	in	Concrete:	Understanding,	Investigation,	and	Repair,	E	&	FN	Spon,	London,	1997.	Approximately	5	percent	of	the	total	portland	cement	produced	in	the	United	States	is	consumed	by	the	petroleum	industry,	therefore	it
may	be	desirable	to	have	an	idea	of	their	composition	and	properties.	The	casting	temperature	(i.e.,	the	temperature	during	the	first	2	h	after	making	concrete)	was	varied	between	10	and	46°C;	thereafter,	all	concrete	mixtures	were	moist-cured	at	a	constant	temperature	of	21°C.	3-20b),	the	compressive	strength	decreased	almost	linearly	as	the
applied	tensile	strength	increased.	For	instance,	the	term	coarse	aggregate	is	used	to	describe	particles	larger	than	4.75	mm	(retained	on	No.	4	sieve),	and	the	term	fine	aggregate	is	used	for	particles	smaller	than	4.75	mm.	It	gradually	transforms	into	a	stable	phase,	C3AH6,	which	has	a	cubic	structure	and	is	denser.	Theoretical	aspects	of	concrete
deterioration	by	seawater,	selected	case	histories,	and	recommendations	for	construction	of	durable	concrete	structures	in	the	marine	environment	are	discussed	by	Mehta,53	and	are	summarized	here.	It	is	true	that	aggregate	strength	is	usually	not	a	factor	in	normal	strength	concrete	because,	with	the	exception	of	lightweight	aggregates,	the
aggregate	particle	is	several	times	stronger	than	the	matrix	and	the	interfacial	transition	zone	in	concrete.	For	example,	compared	with	the	data	from	the	ASTMC	469	standard	test,	which	requires	the	rate	of	uniaxial	compression	loading	to	be	0.25	MPa/s,	a	loading	rate	of	0.007	MPa/s	reduced	the	indicated	strength	of	concrete	cylinders	by	about	12
percent;	on	the	other	hand,	a	loading	rate	of	6.9	MPa/s	increased	the	indicated	strength	by	a	similar	amount.	Therefore,	the	effect	of	cement	composition	on	durability	to	seawater	appears	to	be	less	significant	than	effect	of	the	permeability	of	concrete.	Freeze-thaw	cycles	2.	For	instance,	depending	on	the	sulfate	concentration,	the	hydration	of	C4AF
produces	either	−	−	C6A(F)S3H32	or	C4A(F)SH18,∗	which,	in	spite	of	differences	in	chemical	composition,	have	crystal	structures	that	are	similar	to	ettringite	and	low	sulfate,	respectively.	For	this	reason,	longitudinal	waves	are	also	called	primary	or	P	waves	and	the	transverse	waves	are	called	secondary	or	S	waves.	Subsequently,	it	was	also
discovered	that	with	oil-well	temperatures	above	110°C,	the	CaO/SiO2	ratio	of	the	cement	hydration	product	must	be	lowered	to	below	1.3	by	the	addition	of	silica	flour	in	order	to	achieve	high	strength	after	hardening.	In	short,	both	the	drying	shrinkage	and	creep	strains	in	concrete	are	assumed	to	be	related	mainly	to	the	removal	of	adsorbed	water
from	the	hydrated	cement	paste.	Oil-well	cements	are	modified	portland	cements	that	are	designed	to	serve	this	need.	It	has	been	suggested	that	up	to	six	molecular	layers	of	water	(15	Å)	can	be	physically	held	by	hydrogen	bonding.	11-12a.	The	typical	sizes	of	both	the	solid	phases	and	the	voids	in	hydrated	cement	paste	are	illustrated	in	Fig.	Figure
5-24	Durability	181	regarding	bridge	deck	corrosion	problems	due	to	deicing	salt	applications	should	be	noted:	The	wedding	of	concrete	and	steel	was	an	ideal	union	and	we	used	lots	of	reinforced	concrete	for	bridge	decks.	6.7	The	presence	of	high	free-lime	in	portland	cement	can	lead	to	unsoundness.	Compared	to	portland	cements,	the	ettringite-
forming	expansive	cements	are	quick	setting	and	prone	to	suffer	rapid	slump	loss.	Depending	on	the	side	slope	of	the	canal	section,	50-	to	100mm	thick	unreinforced	concrete	lining	is	provided.	Figure	2-10	0.5,	or	0.4	water-cement-ratio	pastes	was	320,	288,	257,	and	225	cm3,	the	calculated	capillary	voids	are	37,	30,	22,	and	11	percent,	respectively.
For	such	applications,	Sansalone11	developed	a	method	called	impact-echo.	According	to	ACI	Building	Code	318,	the	sulfate	exposure	in	seawater	is	classified	as	moderate	for	which	the	use	of	ASTM	Type	II	portland	cement	(maximum	8	percent	C3A)	with	a	0.50	maximum	water-cement	ratio	in	normal-weight	concrete	is	permitted.	The	sound	of
fracture	propagation	was	originally	called	acoustic	emission	since	it	is	acoustic	and	audible,	however,	the	frequency	of	these	emissions	can	range	from	the	audible	range	to	many	megahertz.	At	a	high	stress	level	(Fig.	Aggregates	made	from	industrial	by-products	(e.g.,	blast-furnace	slag	and	fly	ash)	also	belong	to	this	category.	Hall,	C.,	and	W.	In	low-
and	medium-strength	concrete	made	with	normal	aggregate,	both	the	interfacial	transition	zone	porosity	and	the	matrix	porosity	determine	the	strength,	and	a	direct	relation	between	the	water-cement	ratio	and	the	concrete	strength	holds.	15,	No.	7,	pp.	The	alkalies	(sodium	and	potassium)	in	portland	cement	clinker	are	derived	mainly	from	the	clay
components	present	in	the	raw	mix	and	coal;	their	total	amount,	expressed	as	Na2O	equivalent	(Na2O	+	0.64K2O),	may	range	from	0.3	to	1.5	percent.	Consequently,	white	cements	are	approximately	three	times	as	expensive	as	conventional	portland	cement.	The	presence	of	thaumasite	(calcium	silicocarbonate),	hydrocalumite	(calcium
carboaluminate	hydrate),	and	aragonite	(calcium	carbonate)	has	been	reported	in	the	cement	pastes	samples	obtained	from	deteriorated	concrete	structures	exposed	to	seawater	for	long	periods.	Typical	data	on	particle	size	distribution	and	Blaine	surface	area	for	two	samples	of	industrially	produced	portland	cements	are	shown	in	Fig.	Part	(a)	shows
a	vertical	section	of	the	bottom	layer	of	the	pseudo	structure	of	3CaO-SiO2	through	the	long	diagonal	of	the	cell.	6.17	With	the	help	of	the	“pozzolanic	reaction,”	explain	why	under	given	conditions,	compared	to	portland	cement,	portland	pozzolan,	and	portland	blast-furnace	slag	cements	are	likely	to	produce	concrete	with	higher	ultimate	strengths
and	superior	durability	to	sulfate	attack.	The	energy	required	to	break	the	material,	the	product	of	force	times	distance,	is	represented	by	the	area	under	the	stress-strain	curve.	It	tends	to	form	large	crystals	with	a	distinctive	hexagonal-prism	morphology.	Bloem,	D.L.,	Highway	Res.	0	n	mi	Ratio	of	concrete	stress	to	cylinder	strength	t=	2	1.0	0.8	Ec
0.6	t=	0	10	Fa	ilu	re	li	m	i	t	min	t=	ays	7d	t=	0.4	∞	Creep	limit	t	=	Time	under	load	0.2	0	0.002	0.004	0.006	Concrete	strain	0.008	0.010	Relationship	between	the	short-term	and	long-term	loading	strengths.	Cements	of	this	type	have	proved	very	useful	for	making	crack-free	pavements	and	slabs.	When	a	concrete	element	is	restrained,	the
viscoelasticity	of	concrete	will	manifest	into	a	progressive	decrease	of	stress	with	time	(Fig.	Figure	(b)	illustrates	the	electrochemical	process	of	steel	corrosion	in	moist	and	permeable	concrete.	If	the	actual	compressive	strength	is	not	known,	fcm	should	be	replaced	by	fck	+	8,	where	fck	is	the	characteristic	compressive	strength.	6	we	know	that
cements	consist	of	chemical	compounds	that	enter	into	chemical	reactions	with	water	to	produce	complex	hydration	products	with	adhesive	property.	In	this	case,	seawater	was	the	source	of	chloride	ions.	5-7d.	Chemical	Aspects	of	Durability	Biczok,	I.,	Concrete	Corrosion	and	Concrete	Protection,	Chemical	Publishing	Company,	New	York,	1967.	The
fire	resistance	of	concrete	is	perhaps	the	most	important	single	aspect	of	offshore	safety	and,	at	the	same	time,	the	area	in	which	Introduction	9	Fountain	of	Time:	a	sculpture	in	concrete.	Although	there	are	certain	basic	differences	in	their	composition,	both	cement	types	exhibit	setting	time	and	strength	development	rates	that	are	suitable	for
emergency	repair	jobs	and	for	application	to	precast	and	prestressed	concrete	products.	The	composition	and	properties	of	special	concretes	are	described	in	Chap.	3.14	In	general,	how	are	the	compressive	and	tensile	strengths	of	concrete	related?	Design	of	concrete	mixtures	should	also	take	into	account	the	possibility	of	increase	in	the
permeability	of	concrete	under	service	conditions	due	to	various	physical-chemical	causes,	such	as	thermal	gradients,	frost	action,	sulfate	attack,	and	alkali-aggregate	expansion.	549–560,	1976.	Under	these	conditions,	impermeability,	or	watertightness,	becomes	a	primary	factor	in	determining	the	durability.	Igneous	rocks	are	formed	by	cooling	of
the	magma	(molten	rock	matter)	either	above,	or	below,	or	near	the	earth’s	surface.	Each	acoustic	emission	event	is	a	signature	of	an	actual	mechanism,	a	discrete	event	that	reflects	a	given	material	response.	3-5)	showed	that,	in	the	No.	4	mesh	to	3	in.	The	relationship	between	the	chemistry	of	reactions	and	physical	aspects	of	setting	and	hardening
of	portland	cements	is	explained.	Approximately,	sedimentary	rocks	are	composed	of	4	percent	shale,	0.75	percent	sandstone,	and	0.25	percent	limestone.	Direct	determination	of	porosity	of	the	individual	structural	components	of	concrete—the	matrix	and	the	interfacial	transition	zone—is	impractical,	and	therefore	precise	models	of	predicting
concrete	strength	cannot	be	developed.	For	an	S-wave,	particles	move	perpendicular	to	the	direction	of	wave	propagation.	In	saturated	or	unsaturated	magma,	the	silica	content	is	insufficient	to	form	quartz.	This	lead	to	the	development	of	linear	polarization	resistance	methods	that	directly	measure	the	polarization	resistance	Rp	by	applying	a	small
DC	voltage	(dEapp)	as	a	perturbation,	and	the	response	as	a	current	flow	(dI)	is	recorded,	or	vice	versa.	The	sulfates	in	a	cement	kiln	generally	originate	from	fuel.	More	than	300	drawings	and	photographs	illustrate	the	topics	discussed	in	this	definitive	text	on	concrete.	Air	voids.	The	data	show	that	ultimate	strengths	(180-day)	of	the	concrete	cast	at
5	or	13°C	were	higher	than	those	cast	at	21,	30,	38,	or	46°C.	Hydraulic	pressure	(due	to	an	increase	in	the	specific	volume	of	water	on	freezing	in	large	cavities),	and	osmotic	pressure	(due	to	salt	concentration	differences	in	the	pore	fluid)	do	not	appear	to	be	the	only	causes	of	expansion	of	cement	pastes	exposed	to	frost	action.	81,	No.	2,	pp.	1975.
Natural	mineral	aggregates,	which	comprise	over	90	percent	of	the	total	aggregates	used	for	making	concrete,	are	described	in	more	detail.	414	Concrete	Materials,	Mix	Proportioning,	and	Early-Age	Properties	ration	is	shown	in	Fig.	The	location	of	the	imperfection	becomes	rather	easy.	Mehta,	P.K.,	and	B.C.	Gerwick,	Jr.,	Concr.	The	inciting	voltage
must	be	small	to	hold	the	assumption	that	the	system	is	linear,	see	Fig.	Sulfide	and	sulfate	minerals.	Two	methods	are	commonly	used	for	direct	quantitative	analysis	of	portland	cement	clinker.	CSE)	>	−200	−200		−350	<	−350	Corrosion	probability	Low,	less	than	10%	probability	of	corrosion	Uncertain	High,	greater	than	90%	probability	of
corrosion	described	in	ASTM	C	876	and	the	ASTM	criteria	for	corrosion	of	steel	in	concrete	are	shown	in	Table	11-2.	Tensile	strength	of	concrete	Stress	Stress	relief	(b)	Actual	tensile	stress	after	stress	relaxation	Delay	in	cracking	Time	Influence	of	shrinkage	and	creep	on	concrete	cracking.	All	rights	reserved.	Through	a	roof	girder	connection	the
cantilevered	concrete	member	is	supported	by	joining	it	to	a	cast-in-place	concrete	bleacher	girder.	CEM	V	covers	two	composite	portland	cements	containing	either	36	to	60	percent	or	61	to	80	percent	of	a	mixture	of	blending	components,	namely,	blastfurnace	slag,	fly	ash,	and	other	pozzolans.	Concrete,	containing	225	to	237	kg/m3	portland
cement	and	42	kg/m3	pozzolan,	showed	14	,	24	,	and	31	MPa	compressive	strength	in	test	cylinders	cured	for	7,	28,	and	91	days,	respectively.	Typical	causes	of	high	permeability	of	concrete	are	high	water-cement,	inadequate	consolidation,	and	cracking	due	to	adverse	weathering	and	loading	conditions.	11-13a).	In	general,	the	greater	the	ratio	of
the	specimen	height	to	diameter,	the	lower	will	be	the	strength.	An	effective	method	used	to	verify	the	homogeneity	of	a	member	is	to	place	a	series	of	receivers	along	the	surface	of	a	thick	member	of	concrete	(Fig.	210–212,	1971,	reprinted	with	permission	of	American	Ceramics	Society;	(b)	From	Neville,	A.,	High	Alumina	Cement	Concrete,	Halstead
Press,	New	York,	p.	The	small	crystals	of	C-S-H,	calcium	sulfoaluminate	hydrates,	and	hexagonal	calcium	aluminate	hydrates	possess	enormous	surface	areas	and	adhesive	capability.	Discuss	the	effect	of	aggregate	size	on	the	phenomenon.	The	net	effect	on	a	specimen	is,	obviously,	the	result	of	the	two	opposite	tendencies.	Concrete	belongs	to	the
latter	category.	The	compositions,	hydration	characteristics,	and	important	properties	of	pozzolan	cements,	blast-furnace	slag	cements,	expansive	cements,	rapid	setting	and	hardening	cements,	white	and	colored	cements,	oil-well	cements,	and	calcium	aluminate	cements	are	described.	Because	the	length	of	the	pipe	and	the	velocity	of	sound	in	air
were	known,	it	was	possible	to	make	a	fair	estimate	of	the	sound	velocity	in	the	metal	pipe.	In	ordinary	portland	cement	their	respective	amounts	usually	range	between	45	and	60,	15	and	30,	6	and	12,	and	6	and	8	percent.	Air	voids	can	provide	an	effective	escape	boundary	to	reduce	this	pressure.	The	crystal	structures	are	very	complex	but	are
characterized	by	large	structural	holes	that	account	for	high	reactivity.	Some	of	the	considerations	that	favor	the	use	of	concrete	over	steel	as	the	construction	material	of	choice	are	as	follows:	Maintenance.	Studies	at	the	concrete	laboratory	of	the	U.S.	Army	Engineer	240	Concrete	Materials,	Mix	Proportioning,	and	Early-Age	Properties	Waterways
Experiment	Station6	have	shown	that	the	high	heat	of	hydration	of	the	regulated-set	cement	can	help	produce	concrete	with	adequate	strength	even	when	the	concrete	is	placed	and	cured	at	temperatures	as	low	as	15°F	(−9.5°C).	M.	What	is	meant	by	the	term,	“unsoundness”?	Because	of	the	war,	steel	rollers	were	in	short	supply,	therefore,	concrete
cylinders	(0.3	m	diameter	and	1.2	m	long)	covered	by	9	mm	thick	steel	plates	were	investigated	for	use	as	rollers	to	transport	the	church.	184	Microstructure	and	Properties	of	Hardened	Concrete	Concrete	contains	microcracks	Frozen	concrete	1.	Mehta,	P.K.,	Concrete	in	the	Marine	Environment,	Elsevier,	London,	214	pp.	Dimensional	Stability
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many	types	of	water	are	associated	with	a	saturated	cement	paste?	Like	portland	cement,	the	properties	of	CAC	are	dependent	on	the	hydration	characteristics	of	the	cement	and	the	microstructure	of	the	hydrated	cement	Concrete	Materials,	Mix	Proportioning,	and	Early-Age	Properties	paste.	For	example,	the	current	ASTM	Standard	Specification
for	Portland	Cement	(ASTM	C	150-83)	requires	that	the	MgO	content	in	cement	shall	not	exceed	6	percent.	The	data	in	Fig.	(Courtesy	of	Locher,	F.W.,	Research	Institute	of	Cement	Industry,	Dusseldorf,	Federal	Republic	of	Germany.)	Figure	Ettringite	70	mm	28	Microstructure	and	Properties	of	Hardened	Concrete	A	model	of	the	essential	phases
present	in	the	microstructure	of	a	well-hydrated	portland	cement	paste	is	shown	in	Fig.	All	trademarks	are	trademarks	of	their	respective	owners.	During	the	1970s,	a	new	generation	of	cements	were	developed	which	derive	rapid	setting	and	hardening	characteristics	from	ettringite	formation.	In	the	preceding	discussion	on	factors	affecting	the
compressive	strength	of	concrete,	it	was	assumed	that	the	compressive	strength	is	an	adequate	index	for	all	types	of	strength,	and	therefore	a	direct	relationship	ought	to	exist	between	the	compressive	and	the	tensile	or	flexural	strength	of	a	given	concrete.	1	Cement	no.	The	interfacial	transition	zone	formed	under	these	conditions	will	be	susceptible
to	cracking	when	subjected	to	the	influence	of	tensile	stresses	induced	by	differential	movements	between	the	aggregate	and	hydrated	cement	paste.	The	measurement	is	very	sensitive	to	the	humidity	existing	in	the	concrete.	3-7a),	but	also	a	substitution	of	limestone	for	sandstone	(Fig.	293–331,	1980.]	Calcium	aluminate	cement	concretes	mostly
finds	application	in	monolithic	refractory	lining	for	high-temperature	furnaces.	11-11).	Testing	parameters.	1.3	Define	the	following	terms:	fine	aggregate,	coarse	aggregate,	gravel,	grout,	shotcrete,	hydraulic	cement.	The	classification	of	water	into	several	types	is	based	on	the	degree	of	difficulty	or	ease	with	which	it	can	be	removed	from	the
hydrated	cement	paste.	The	elastic	modulus-strength	relationship	was	developed	for	quartzitic	aggregate	concrete.	The	concepts	of	extensibility,	tensile	strain	capacity,	and	their	significance	to	concrete	cracking	are	also	discussed.	In	another	case,	the	crown	of	an	arch	dam	in	California	deflected	upstream	by	about	127	mm	in	9	years	after	the
construction.	Briefly	explain	which	one	of	the	two	options	listed	below	will	result	in	higher	strength	at	28	days:	(a)	Water-cement	ratio	of	0.5	vs.	Carbonate	rocks	comprise	about	two-thirds	of	the	crushed	aggregate;	sandstone,	granite,	diorite,	gabbro,	and	basalt	make	up	the	rest.	Microstructure	is	the	subtle	structure	of	a	material	that	is	resolved	with



the	help	of	a	microscope.	13,	1979.)	Figure	6-15	50	Hydraulic	Cements	50	Compressive	strength,	MPa	Compressive	strength,	MPa	30	20	Portland	cement	10%	pozzolan	20%	pozzolan	30%	pozzolan	10	0	235	0	10	20	40	30	10	0	30	Age,	days	Portland	cement	10%	pozzolan	20%	pozzolan	30%	pozzolan	20	0	2	4	6	8	Age,	months	10	12	(a)	Compressive
strength,	MPa	80	No	slag	(control)	40%	slag	50%	slag	65%	slag	60	40	20	0	Moist	cure	0	10	100	Age,	days	(b)	Strength	of	blended	cement	containing	a	pozzolan	or	a	blast-furnace	slag.	Except	as	permitted	under	the	Copyright	Act	of	1976	and	the	right	to	store	and	retrieve	one	copy	of	the	work,	you	may	not	decompile,	disassemble,	reverse	engineer,
reproduce,	modify,	create	derivative	works	based	upon,	transmit,	distribute,	disseminate,	sell,	publish	or	sublicense	the	work	or	any	part	of	it	without	McGraw-Hill’s	prior	consent.	Figure	6-2	The	chemical	reactions	taking	place	in	the	cement	kiln	may	be	expressed	as	follows:	Limestone	→	CaO	+	CO2	Clay	→	SiO2	+	Al	2O3	+	Fe2O3	Clay	+	Limestone
→	⎧	3CaO	⋅	SiO2	⎪	2CaO	⋅	SiO2	⎪	⎨	3	CaO	⋅	Al	2O3	⎪	⎪⎩4CaO	⋅	Al	2O3	⋅	Fe2O3	The	final	operation	in	the	portland	cement	manufacturing	process	consists	of	pulverizing	the	clinker	to	an	average	particle	between	10	and	15	μm.	(From	Chen,	W.F.,	Plasticity	in	Reinforced	Concrete,	McGraw-Hill,,	New	York,	p.	Verbeck,	ACI	SP-49,	pp.	The	exponential
relationship	between	permeability	and	porosity	shown	in	Fig.	0-07-158919-8	The	material	in	this	eBook	also	appears	in	the	print	version	of	this	title:	0-07-146289-9.	69–74,	1999.	Generally,	good	protection	to	steel	was	provided	when	the	cover	thickness	was	50	mm	or	more	(at	least	thrice	the	nominal	diameter	of	the	rebar,	which	was	15	mm);
however,	the	normal	distribution	of	variation	in	cover	depth	was	such	that	about	8	percent	of	the	steel	was	37.5	mm	or	less	deep.	Depending	on	curing	conditions,	portland-blast-furnace	slag	cements	with	60	percent	or	more	slag	may	contain	as	little	as	2	to	3	percent	calcium	hydroxide;	portland-pozzolan	cement	products	contain	higher	calcium
hydroxide	because	the	reactive	pozzolan	content	may	range	between	20	to	30	percent	in	a	cement	containing	40%	pozzolan.	Although	under	compression	concrete	appears	to	show	some	inelastic	strain	before	failure,	typically	the	strain	at	fracture	is	of	the	order	of	2000	×	10−6,	which	is	considerably	lower	than	the	failure	strain	in	structural	metals.
Erlin,	B.,	and	G.	41,	No.1,	pp.	At	later	ages,	when	chemical	interaction	between	the	aggregate	and	the	cement	paste	begins	to	take	effect,	the	influence	of	the	surface	texture	of	aggregate	on	strength	may	be	reduced.	574–575,	1975.)	Strength	67	Concrete	Strength	Specimen	Parameters	Strength	of	the	Component	Phases	Loading	Parameters
Dimensions	Geometry	Moisture	State	Matrix	Porosity	Water-Cement	Ratio	Stress	Type	Rate	of	Stress	Application	Aggregate	Porosity	Transition	Zone	Porosity	Water-Cement	Ratio	Mineral	Admixtures	Mineral	Admixtures	Degree	of	Hydration	Curing	Time,	Temp.,	Humidity	Bleeding	Characteristics	Aggregate	Grading,	Max.,	Size,	and	Geometry	Air
Content	Entrapped	Air	Entrained	Air	Degree	of	Consolidation	Degree	of	Hydration	Curing	Time,	Temp,	Humidity	Chemical	Interaction	between	Aggregate	and	Cement	Paste	Figure	3-12	Interplay	of	factors	influencing	the	concrete	strength.	Last	year	in	the	U.S.	63	million	tons	of	portland	cement	were	converted	into	500	million	tons	of	concrete,	five
times	the	consumption	by	weight	of	steel.	Linear	expansion	in	excess	of	0.5	percent,	caused	by	the	alkali-aggregate	reaction,	was	reported.	As	cement	is	one	of	their	most	important	construction	products,	the	harmonization	of	the	national	standards	was	a	formidable	task	which	was	accomplished	in	April	2002	with	the	release	of	EN	197	a	single
standard	to	replace	earlier	standards	and	certification	codes	for	all	types	of	portland	and	blended-portland	cements	throughout	Europe.	The	tapered	shafts	under	slip-forming	operation	are	shown	in	the	figure.	Naturally,	design	and	construction	engineers	need	to	know	more	about	concrete	than	about	other	materials	of	construction.	Impact	R-wave
Spectrum	analyzer	R-wave	Receiver	1	a	Receiver	2	Layer	1	Layer	2	Figure	11-16	The	set	up	for	the	SASW	method.	421	422	Concrete	Materials,	Mix	Proportioning,	and	Early-Age	Properties	TABLE	11-3	Typical	Polarization	Resistance	for	Steel	in	Concrete	Rate	of	corrosion	Polarization	resistance,	Rp	(kΩ⋅cm2)	Very	high	High	Low/moderate	Passive
0.25	<	Rp	<	2.5	2.5	<	Rp	<	25	25	<	Rp	<	250	250	<	Rp	Corrosion	penetration,	p(μm/year)	100	<	p	<	1000	10	<	p	<	100	1	<	p	<	10	p	Malhotra,	V.M.,	ed.,	Progress	in	Concrete	Technology,	CANMET,	Ottawa,	1994.	It	is	generally	assumed	that	the	impact	strength	is	directly	related	to	the	compressive	strength,	as	both	are	adversely	affected	by	the
presence	of	microcracks	and	voids.	When	creep	in	concrete	is	restrained,	it	manifests	itself	as	a	progressive	decrease	of	stress	with	time.	On	the	other	hand,	most	case	histories	of	expansion	and	cracking	of	concrete	attributable	to	the	alkali-aggregate	reaction	are	associated	with	the	sand-size	alkali-reactive	particles,	especially	in	the	size	range	1	to	5
mm.	The	data	in	Table	3-1	show	that	with	low-strength	concrete	the	modulus	of	rupture	can	be	as	high	as	twice	the	strength	in	direct	tension;	for	moderate	or	highstrength	concrete	the	values	are	about	70	percent	and	50	to	60	percent	higher,	respectively.	8	Microstructure	and	Properties	of	Hardened	Concrete	Figure	1-5	Interior	of	the	Sports	Palace
in	Rome,	Italy,	designed	by	Pier	Luigi	Nervi,	for	Olympic	games	in	1960.	Atwood,	W.G.,	and	A.A.	Johnson,	Trans.	5.18.3	Lessons	from	the	case	histories	For	the	future	construction	of	concrete	sea	structures,	the	following	lessons	from	the	case	histories	of	concrete	deteriorated	by	seawater	can	be	drawn.	The	material	is	assumed	to	be	homogeneous
and	uniform,	compare	the	wave	propagation	when	the	material	is	not	uniform,	such	as	shown	in	Fig	11-13,	where	a	low-velocity	layer	is	on	top	of	a	high-velocity	material.	The	answers	to	the	above	and	many	other	enigmatic	questions	on	concrete	behavior	lie	in	the	interfacial	transition	zone	that	exists	between	large	particles	of	aggregate	and	the
hydrated	cement	paste.	The	repair	and	replacement	costs	associated	with	concrete	bridge	decks	damaged	by	the	corrosion	of	reinforcing	steel	have	become	a	major	maintenance	expense.	48–53,	1971.	Under	no	circumstances	shall	McGraw-Hill	and/or	its	licensors	be	liable	for	any	indirect,	incidental,	special,	punitive,	consequential	or	similar
damages	that	result	from	the	use	of	or	inability	to	use	the	work,	even	if	any	of	them	has	been	advised	of	the	possibility	of	such	damages.	For	the	most	part,	concrete	aggregates	are	comprised	of	sand,	gravel,	and	crushed	rock	derived	from	natural	sources.	4;	only	a	summary	is	presented	here.	For	these	reasons,	ASTM	C	876	has	specified	that	the
standard	does	not	apply	in	certain	environments,	including	concrete	which	is	too	dry,	carbonated,	or	has	a	coated	surface	or	when	the	reinforcing	steel	has	a	metallic	coating.	Furthermore,	many	properties	of	concrete,	such	as	elastic	modulus,	watertightness	or	impermeability,	and	resistance	to	weathering	agents	including	aggressive	waters,	are
believed	to	be	dependent	on	strength	and	may	therefore	be	deduced	from	the	strength	data.	5-25a.	A	cement	is	called	hydraulic	when	the	hydration	products	are	stable	in	an	aqueous	environment.	In	tension	testing,	the	fracture	of	the	test	piece	usually	signifies	failure.	3),	elasticity,	shrinkage,	creep,	and	cracking	(Chap.	43.	Also	calculate	the	water-
cement	ratio	needed	to	obtain	zero	porosity	in	a	fully	hydrated	cement	paste.	Plywood	(Typ.)	lin.	A	few	hours	later,	large	prismatic	crystals	of	calcium	hydroxide	and	very	small	fibrous	crystals	of	calcium	silicate	hydrates	begin	to	fill	the	empty	space	formerly	occupied	by	water	and	the	dissolving	cement	particles.	5.13	List	some	of	the	common	sources
of	sulfate	ions	in	natural	and	industrial	environments.	It	has	been	suggested	that	a	monomolecular	water	layer	between	the	layers	of	C-S-H	is	strongly	held	by	hydrogen	bonding.	It	is	usually	found	in	sedimentary	rocks,	especially	chert,	and	is	the	principal	constituent	of	diatomite.	Eighteen	1.75	×	1.75	×	1.07	m	unreinforced	concrete	blocks	made
with	six	different	portland	cements	and	three	different	concrete	mixtures,	partially	submerged	in	seawater	in	the	Los	Angeles	harbor	in	1905.†	After	67	years	of	exposure,	the	dense	concrete	(1:2:4)	blocks,	some	made	with	14	percent	C3A	portland	cement,	were	still	in	excellent	condition.	2.4	How	many	types	of	voids	are	present	in	a	hydrated	cement
paste?	This	should	be	possible	by	using	a	low	water-cement	ratio,	adequate	cement	content,	and	proper	compaction	and	curing.	When	the	thought	of	Tilotama’s	fool	trying	to	blind	him	in	both	eyes	came	to	my	mind,	I	yielded	without	further	argument.	4.2.4	Poisson’s	ratio	For	a	material	subjected	to	simple	axial	load,	the	ratio	of	the	lateral	strain	to
axial	strain	within	the	elastic	range	is	called	Poisson’s	ratio.	One	of	the	critical	steps	for	the	success	of	the	impact-echo	is	to	have	a	reliable	source	of	impact	force	to	strike	Nondestructive	Methods	407	the	concrete	surface.	Test	Your	Knowledge	1.1	Why	is	concrete	the	most	widely	used	engineering	material?	Pores	and	microcracks	already	exist	in	the
interfacial	zone,	but	their	enlargement	through	a	variety	of	phenomena	other	than	corrosion	seems	to	be	necessary	before	conditions	exist	for	significant	corrosion	of	the	embedded	steel	in	concrete.	Phan,	L.T.,	and	J.N.	Carino,	Mechanical	Properties	of	High-Strength	Concrete	at	Elevated	Temperatures,	NISTIR	6726,	National	Institute	of	Standards
and	Technology,	Washington,	D.C.,	2001.	5.9	With	respect	to	frost	damage,	what	do	you	understand	by	the	term	critical	aggregate	size?	This	is	because	the	interfacial	transition	zone	between	the	aggregate	surface	and	the	cement	paste	matrix	may	be	damaged	when	water	under	pressure	is	expelled	from	an	aggregate	particle.	5.16	Corrosion	of
Embedded	Steel	in	Concrete	Deterioration	of	concrete	containing	embedded	metals,	such	as	conduits,	pipes,	and	reinforcing	and	prestressing	steel,	is	generally	attributable	to	the	combined	effect	of	more	than	one	cause;	however,	the	corrosion	of	the	embedded	metal	is	invariably	one	of	the	principal	causes.	623–638,	1971.	See	Eq.	(11-19).	5-25b).
Therefore,	even	before	the	application	an	external	load,	microcracks	already	exist	in	the	interfacial	transition	zone	between	the	matrix	mortar	and	coarse	aggregate.	139–148,	1974.	14.7	Technology	for	Sustainable	Development	References	Index	647	xv	630	630	633	633	633	636	637	637	638	640	641	642	644	This	page	intentionally	left	blank
Foreword	In	recent	years,	a	number	of	books	on	concrete	technology	have	become	available	for	use	by	students	in	civil	engineering.	Mercury-intrusion	porosimetric	studies	on	the	cement	pastes	shown	in	Fig.	In	spite	of	the	nonlinear	behavior	of	concrete,	an	estimate	of	the	elastic	modulus	(the	ratio	between	the	applied	stress	and	instantaneous	strain
within	an	assumed	proportional	limit)	is	necessary	for	determining	the	stresses	induced	by	strains	associated	with	environmental	effects.	3.2	Significance	In	concrete	design	and	quality	control,	strength	is	the	property	generally	specified.	The	minerals	of	the	feldspar	group	are	the	most	abundant	rock-forming	minerals	in	the	earth’s	crust	and	are
important	constituents	of	igneous,	sedimentary,	and	metamorphic	rocks.	%	Relative	strength	Height	of	cylinder	=	2	×	diameter	110	100	90	80	70	0	20	40	60	80	100	Diameter	of	cylinder,	cm	Figure	3-10	Influence	of	the	specimen	diameter	on	concrete	strength	when	the	height-diameter	ratio	is	equal	to	2.	Internal	bleed	water	tends	to	accumulate	in
the	vicinity	of	elongated,	flat,	and	large	pieces	of	aggregate.	Green,	H.,	Proceedings,	Institute	of	Civil	Engineers	(London),	Vol.	3.6	Behavior	of	Concrete	Under	Various	Stress	States	It	was	described	in	Chap.	What	is	the	origin	of	laitance;	what	is	its	significance?	5)	that	the	rate	of	sulfate	attack	Portland	cement	8	Portland-pozzolan	cement	containing
40%	pozzolan	0	10	100	Curing	age,	days	(a)	Calcium	hydroxide	content	expressed	as	CaO	28	days	Calcium	hydroxide	content	236	6	4	3	days	2	0	0	50	100	Slag	content,	%	(b)	(a)	Effect	of	curing	age	on	the	calcium	hydroxide	content	of	a	cement-sand	mortar	made	with	a	portland-pozzolan	cement.	As	with	CEM	II	of	EN197,	ASTM	cement	specifications
are	being	amended	to	permit	the	use	of	limestone	as	a	blending	material	in	blended	portland	cements.	Neither	McGraw-Hill	nor	its	licensors	shall	be	liable	to	you	or	anyone	else	for	any	inaccuracy,	error	or	omission,	regardless	of	cause,	in	the	work	or	for	any	damages	resulting	therefrom.	Under	uniaxial	tension,	relatively	less	energy	is	needed	for	the
initiation	and	growth	of	cracks	in	the	matrix.	Direct	determination	of	the	compound	composition,	which	requires	special	equipment	and	skill	(Fig.	Figure	6-19	(a)	70	Compressive	strength,	MPa	60	Water-cement	ratio	50	0.40	40	Laboratory	storage	0.64	30	Laboratory	20	0.40	Outdoors	10	0	Outdoors	storage	0.64	0	5	10	15	Age,	days	20	25	(b)	Scanning
electron	micrograph	of	a	partially	converted	calcium	aluminate	cement	system;	(b)	influence	of	water-cement	ratio	on	the	long	time	strength	of	calcium	aluminate	cement	concretes.	Ulm,	F.J.,	Fire	Damage	in	the	Eurotunnel,	International	Workshop	on	Fire	Performance	of	High-Strength	Concrete,	NIST	Special	Publication	919,	National	Institute	of
Standards	and	Technology,	Gaithersburg,	MD,	1997.	Verbeck,	G.J.,	in	Performance	of	Concrete,	Swenson,	E.G.,	ed.,	University	of	Toronto	Press,	Toronto,	1968.	It	becomes	obvious	that	the	two	phases	of	the	microstructure	are	neither	homogeneously	distributed	with	respect	to	each	other,	nor	are	they	themselves	homogeneous.	66,	No.	8,	pp.	A
scanning	electron	micrograph	and	diagrammatic	representation	of	the	interfacial	transition	zone	in	concrete	are	shown	in	Fig.	Rush,	J.	Biczok,	I.,	Concrete	Corrosion	and	Concrete	Protection,	Chemical	Publishing	Company,	New	York,	p.	Type	HE—High	Early	Strength.	Each	cement	type	is	available	either	with	6	to	20	percent	or	21	to	35	percent	of	the
blending	constituent	by	mass	except	the	silica-fume	cements,	which	shall	contain	6	to	10	percent	silica	fume.	This	is	because	freshly	made	concrete	is	of	a	plastic	consistency,	which	enables	the	material	to	flow	into	prefabricated	formwork.	2.5	Microstructure	of	the	Hydrated	Cement	Paste	The	term	hydrated	cement	paste	as	used	here	refers	to	pastes
made	from	portland	cement.	The	growth	of	ice	crystals	in	the	air	void	attracts	water	from	the	capillary	pores,	thus	reducing	the	hydraulic	pressure	and	inducing	shrinkage	in	the	cement	paste	(see	Fig.	It	may	be	recalled	that	three	types	of	water	are	physically	held	in	cement	paste;	in	order	of	increasing	rigidity	these	are	the	capillary	water	in	small
capillaries	(10	to	50	nm),	the	adsorbed	water	in	gel	pores,	and	the	innerlayer	water	in	the	C-S-H	structure.	2-6.	Any	subsequent	tendency	for	the	supercooled	water	to	flow	toward	the	ice-bearing	regions	would	obviously	cause	internal	pressure	and	expansion	of	the	system.	About	the	same	time,	the	town	hall	of	Kassel	in	Germany	had	to	be	rebuilt	as	a
result	of	expansion	and	cracking	attributed	to	crystalline	MgO	in	cement.	The	transformation	of	ice	from	liquid	water	generates	a	volumetric	dilation	of	9	percent.	15.	The	silicates,	which	make	up	about	75	percent	of	ordinary	portland	cement,	play	a	dominant	role	in	determining	the	hardening	(rate	of	strength	development)	characteristics.	[(a),	(b),
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constructed,	or	thoroughly	repaired	surfaces	of	reinforced	and	prestressed	concrete	elements	that	are	large	and	have	flat	configuration.	11-23	this	intermediate	potential	and	its	corresponding	current	density	are	referred	to	the	corrosion	potential	(Ecorr)	and	the	corrosion	current	density	(icorr),	respectively.	1-3).	Normal	temperature	and	humidity
gradient	2.	60,	No.	8,	pp.	In	a	laboratory	experiment,	with	a	constant	water-cement	ratio	of	0.6,	when	the	coarse/fine	aggregate	proportion	and	the	cement	content	of	a	concrete	mixture	were	progressively	raised	to	increase	the	consistency	from	2	to	6	in.	Hydrated	lime,	Ca(OH)2	is	also	not	stable	in	water.	For	example,	aggregate	size,	shape,	surface
texture,	grading,	and	mineralogical	composition	can	influence	the	microcracking	in	the	interfacial	transition	zone	and	thus	affect	the	shape	of	the	stress-strain	curve.	3,	pp.1–32,	1968;	(b)	from	Neville,	A.M.,	Properties	of	Concrete,	Pitman	Publishing,	Marshfield,	MA,	p.	However,	additional	research	is	needed	to	resolve	some	of	the	following	issues.
2.4	Microstructure	of	the	Aggregate	Phase	The	composition	and	properties	of	different	types	of	aggregates	are	described	in	detail	in	Chap.	In	addition	to	the	alkali-silica	gel,	the	presence	of	gypsum	and	brucite	was	confirmed.	79–95,	1988.	It	is	observed	that	not	only	the	curing	age	but	also	the	characteristics	of	the	concrete	mixture,	such	as	water-
cement	ratio,	type	of	aggregate,	and	admixtures,	affect	the	tensile-to-compressive	strength	ratio	to	varying	degrees.	For	a	given	sulfate	concentration,	explain	which	of	the	following	solutions	would	be	the	most	deleterious	and	which	would	be	the	least	deleterious	to	a	permeable	concrete	containing	a	high-C3A	portland	cement:	Na2SO4,	MgSO4,
CaSO4.	As	the	vapor	bubbles	flowing	downstream	with	water	enter	a	region	of	high	pressure,	they	implode	with	great	impact	because	of	the	entry	of	high-velocity	water	into	the	previously	vapor-occupied	space,	causing	severe	local	pitting.	346,	1981.	However,	with	increasing	age	the	strength	of	the	interfacial	transition	zone	may	become	equal	to	or
even	greater	than	the	strength	of	the	bulk	mortar.	Why	is	the	28-days	compressive	strength	of	concrete	generally	specified?	This	limitation	of	liability	shall	apply	to	any	claim	or	cause	whatsoever	whether	such	claim	or	cause	arises	in	contract,	tort	or	otherwise.	5.14.2	Mechanisms	of	expansion	Depending	on	the	degree	of	disorder	in	the	crystal
structure	of	the	aggregate,	the	porosity	and	the	particle	size,	alkali-silicate	gels	of	variable	chemical	composition	are	formed	in	the	presence	of	hydroxyl	and	alkali-metal	ions.	11-13b).	The	crystal	structure	of	pure	C3A	is	cubic;	however,	both	C4AF	and	C3A	contain	large	amounts	of	alkalies	and	are	therefore	orthorhombic.	Olivine	is	a	common	mineral
of	this	class,	which	occurs	in	igneous	rocks	of	relatively	low	silica	content.	The	effect	of	change	in	the	specimen	geometry	(height/diameter	ratio)	on	the	compressive	strength	of	concrete	is	shown	in	Fig.	Microscopic	observations	confirmed	that	when	ice	forms	inside	an	air-void,	there	is	shrinkage	in	the	cement	paste	(Fig.	These	phase	velocities	can
be	determined	at	each	frequency	by	measuring	the	time	it	takes	to	travel	between	two	receivers	with	a	known	spacing	(see	Fig.	Reprinted	by	permission	of	Prentice	Hall,	Englewood	Cliffs,	NJ.)	Figure	3-19	80	Microstructure	and	Properties	of	Hardened	Concrete	In	Fig.	Figure	11-15	illustrates	one	of	these	experimental	simulations.	Cement	is	a	finely
pulverized,	dry	material	that	by	itself	is	not	a	binder	but	develops	the	binding	property	as	a	result	of	hydration	(i.e.,	from	chemical	reactions	between	cement	minerals	and	water).	Impact	of	floating	objects	3.	Hydraulic	Cements	243	Colored	cements	fall	into	two	groups;	most	are	derived	from	the	addition	of	a	pigment	to	white	cement,	but	some	are
produced	from	clinkers	having	the	corresponding	colors.	The	stoichiometry	of	the	expansive	reactions	in	the	three	cements	can	be	expressed	as	follows:	Type	K	Type	M	Type	S	C4	A3	S	+	8CS	+	6CH	+	90H	→	3C6	AS3H32	(6-11)	CA	+	3CS	+	2CH	+	30H	→	C6	AS3H32	(6-12)	C3	A	+	3CS	+	32H	→	C6	AS3H32	(6-13)	The	CH	in	the	above	reactions	is
provided	by	the	portland	cement	hydration	although	Type	K	clinker	generally	contain	some	free	CaO.	(11-34)	and	(11-35),	Eq.	(11-36)	can	be	expressed	as:	iapp,c	=	icorr	(10ηc	/	βc	−	10ηa	/	βa	)	(11-36a)	The	slope	at	the	origin	of	the	polarization	curve	is	defined	as	the	polarization	resistance,	Rp:	⎛	dη	⎞	βa	βc	Rp	=	⎜	=	⎟	2	.	It	has	been	reported	that	the
strength	and	elastic	modulus	of	concrete	are	not	influenced	to	the	same	degree	by	curing	age.	Mohan	Malhotra	Scientist	Emeritus	Canada	Center	for	Mineral	and	Energy	Technology	Ottawa,	Canada	Preface	There	is	a	direct	relationship	between	population	and	urbanization.	The	relevant	chemical	reactions	may	be	expressed	as	follows:	Ettringite	[
AlO4	]−	+	3[	SO4	]2	−	+	6	[Ca]2	+	+	aq.	14,	ecological	and	sustainability	considerations	are	beginning	to	play	an	important	role	in	the	choice	of	materials	for	construction.	63–69,	1996.	Carlson	Distinguished	Professor,	Department	of	Civil	Engineering,	University	of	California	at	Berkeley	and	Faculty	Scientist,	Department	of	Materials,	Lawrence
Berkeley	Laboratory.	It	is	generally	20,	30,	and	40	percent	higher	than	the	static	modulus	of	elasticity	for	high-,	medium-,	and	low-strength	concretes,	respectively.	Newman,	eds.,	The	Structure	of	Concrete,	Proceedings	of	International	Conference,	London,	Cement	and	Concrete	Association,	Wesham	Springs,	Slough,	U.K.,	pp.	Until	this	point,	crack
propagation	is	assumed	to	be	stable	in	the	sense	that	crack	lengths	rapidly	reach	their	final	values	if	the	applied	stress	is	held	constant.	Also,	measurements	at	Parker	Dam	(California-Arizona)	showed	that	expansion	of	the	concrete	increased	from	the	surface	to	a	depth	of	3	m,	and	linear	expansions	in	excess	of	0.1	percent	were	detected.	range	(5	to
75	mm)	the	effect	of	increasing	maximum	aggregate	size	on	the	28-day	compressive	strengths	of	the	concrete	was	more	pronounced	with	a	high-strength	(0.4	watercement	ratio)	and	a	moderate-strength	(0.55	water-cement	ratio)	concrete	than	with	a	low-strength	concrete	(0.7	water-cement	ratio).	Litvan,	G.G.,	Cem.	5-7c).	The	recipient	of	the
Berkeley	Citation―the	highest	honor	for	contributions	to	his	field	and	to	the	University–Dr.	Mehta	is	an	Honorary	Member	of	the	American	Concrete	Institute	(ACI)	and	is	a	member	of	its	Committee	on	Sustainable	Development.	A	series	of	approved	prefixes,	shown	in	Table	1-2,	are	used	for	the	formation	of	multiples	and	submultiples	of	various	units.
From	chemical	analyses	of	the	stockpiled	materials,	their	individual	proportions	are	determined	by	the	compound	composition	desired	in	the	clinker;	the	proportioned	raw	materials	are	usually	interground	in	ball	or	roller	mills	to	particles	below	75	μm.	Later,	after	the	depletion	of	sulfate	when	the	concentration	of	aluminate	ions	in	the	solution	goes
up	again	due	to	renewed	hydration	of	C3A	and	C4AF,	ettringite	becomes	unstable	∗	In	recent	literature	the	terms	AFt	and	AFm	are	employed	to	designate	the	products	which	may	have	variable	chemical	compositions	but	are	structurally	similar	to	ettringite	and	monosulfate	hydrate,	respectively.	In	any	case,	it	may	be	noted	that	the	hydration	reaction
of	the	aluminates	described	below	are	applicable	to	both	the	C3A	phase	and	the	ferrite	phase	in	portland	cement	although,	for	the	sake	of	simplicity,	only	C3A	is	discussed.	The	load	is	applied	continuously	at	a	constant	rate	within	the	splitting	tension	stress	range	of	0.7	to	1.3	MPa	until	the	specimen	fails.	This	would	account	for	a	higher	water-cement
ratio	closer	to	the	larger	aggregate	than	away	from	it	(i.e.,	in	the	bulk	mortar).	Hydraulic	Cements	213	Cumulative	mass	percent	finer	100	High-early	strength	portland	cement	80	60	wt%	passing	40	20	7.5	mm	=	22	15	mm	=	46	30	mm	=	74	45	mm	=	88	Blaine	=	345	m2/kg	Blaine	=	546	m2/kg	wt%	Passing	7.5	mm	=	42	15	mm	=	66	30	mm	=	88	45
mm	=	97	Normal	strength	portland	cement	0	100	10	1	Equivalent	spherical	diameter,	microns	Typical	particle	size	distribution	data	from	ASTM	Type	I	and	III	portland	cement	samples.	In	ordinary	portland	cement	the	source	of	most	of	the	sulfate	(expressed	as	SO3)	is	calcium	sulfate	in	one	of	its	several	possible	forms,	added	to	the	clinker	during
grinding.	Along	the	Norwegian	seaboard,	716	concrete	structures	were	surveyed	in	1962–64.	Usually,	they	contain	both	the	calcium	and	magnesium	carbonate	minerals	in	various	proportions,	and	significant	amounts	of	noncarbonate	impurities,	such	as	clay	and	sand.	Rather	than	put	a	trademark	symbol	after	every	occurrence	of	a	trademarked
name,	we	use	names	in	an	editorial	fashion	only,	and	to	the	benefit	of	the	trademark	owner,	with	no	intention	of	infringement	of	the	trademark.	They	are	dense	and	strong	if	formed	under	a	high	pressure.	In	general,	capillary	voids,	microcracks,	and	oriented	calcium	hydroxide	crystals	are	relatively	more	common	in	the	interfacial	transition	zone	than
in	the	bulk	matrix;	therefore,	they	play	an	important	part	in	determining	the	stress-strain	relations	in	concrete.	11-15a	the	concrete	slab	contains	no	defects,	so	the	depth	of	the	reflecting	interface	h	is	equal	to	0.5	m.	Swamy,	R.N,	ACI,	SP-144,	pp.	Calcium	sulfate	can	occur	as	gypsum	(CaSO4	⋅2H2O),	plaster	of	paris	or	hemihydrate	(CaSO4	⋅1/2H2O),
and	anhydrite	(CaSO4).	6	Plaster	of	paris	Sintered	alumina	0.	Therefore,	a	reliable	estimate	of	the	tensile	strength	of	concrete	is	necessary,	especially	for	9	judging	the	safety	of	a	dam	under	seismic	loading.	3-20b),	the	magnitude	at	failure	of	both	the	principal	compressive	and	tensile	strains	decreases	as	the	tensile	stress	increases.	In	both	cases,	the
loss	of	material	was	associated	with	higher	than	normal	concentration	of	dissolved	CO2	in	the	seawater.	At	later	ages,	when	the	ionic	mobility	in	the	solution	becomes	restricted,	the	hydration	of	residual	cement	particle	may	occur	by	solid-state	reactions.	Because	of	the	limited	available	space	between	the	particles,	the	hydration	products	tend	to
crystallize	in	close	proximity	to	the	hydrating	clinker	particles,	which	gives	the	appearance	of	a	coating	formation	around	them.	[(a)	From	Mehta,	P.K.,	and	B.C.	Gerwick,	Jr.,	Concr.	Although	CAC	products	have	setting	times	comparable	to	ordinary	portland	cement,	the	rate	of	strength	development	at	early	ages	is	quite	high	due	to	the	high	reactivity
of	CA.	474–484,	1980.	37.	The	behavior	of	concrete	under	various	stress	states	is	described	in	the	next	section.	Hemihydrate	is	even	more	soluble	than	gypsum	and	is	invariably	present	in	cements	due	to	decomposition	of	gypsum	during	the	finish	grinding	operation.	This	observation	has	great	significance	from	the	standpoint	of	the	effect	of	water-
cement	ratio	on	strength	and	permeability,	which	are	controlled	by	large	pores.	The	fact	that	the	term	C-S-H	is	hyphenated	signifies	that	C-S-H	is	not	a	well-defined	compound;	the	C/S	ratio	varies	between	1.5	and	2.0	and	the	structural	water	content	varies	even	more.	But	stone	has	the	advantage	of	color	and	texture	which	enable	it	to	fit	easily	into
varied	surroundings,	a	capability	lacking	in	metal.	258	Concrete	Materials,	Mix	Proportioning,	and	Early-Age	Properties	Muscovite,	biotite,	chlorite,	and	vermiculite,	which	form	the	group	of	micaceous	minerals,	also	consist	of	silicates	of	iron	and	magnesium,	but	their	internal	sheet	structure	arrangement	is	responsible	for	the	tendency	to	split	into
thin	flakes.	5-8b	and	c),	the	crystals	do	not	exert	pressure	on	the	walls.	4),	and	durability	(Chap.	Initially	suspected	to	be	due	to	MgO,	the	expansion	and	cracking	were	attributed	later	to	the	presence	of	hard-burnt	CaO	in	the	cement	176	Microstructure	and	Properties	of	Hardened	Concrete	used	for	the	construction	of	the	pavements.∗	Laboratory
tests	showed	that	the	cement	pastes	made	with	a	low-MgO	portland	cement,	which	contained	2.8	percent	hard-burnt	CaO,	showed	considerable	expansion.	In	the	United	States,	concrete	mixtures	for	the	construction	of	decks	and	parking	garages	exposed	to	deicer	salts	are	being	specified	to	meet	2000	Coulombs	or	less	chloride	penetration	rating
according	to	the	ASTM	Standard	Test	Method	C1202.	59–81,	1966.	Such	effects	account	for	the	lower	strength	of	the	transition	zone	than	the	bulk	cement	paste	in	concrete.	Graywackes	belong	to	a	special	class	of	sandstone,	which	contains	angular	and	sand-size	rock	fragments	in	an	abundant	matrix	of	clay,	shale,	or	slate.	When	the	paste	sets,	it
acquires	a	stable	volume	that	is	approximately	equal	to	the	volume	of	the	cement	plus	the	volume	of	the	water.	Moderate	scaling	exposes	the	coarse	aggregate	and	may	involve	loss	of	up	to	3	to	9	mm	of	the	surface	mortar.	The	authors	thank	all	of	them	most	sincerely.	5-5).8	This	type	of	purely	physical	salt	attack	from	a	penetrating	salt	solution,	as
distinguished	from	the	attacks	involving	chemical	interactions	with	the	cement	hydration	products,	is	not	known	to	cause	structural	damage.9	5.9	Frost	Action	In	cold	climates,	damage	to	concrete	pavements,	retaining	walls,	bridge	decks,	and	railings,	attributable	to	frost	action	(freezing	and	thawing	cycles),	is	one	of	the	major	problems	requiring
heavy	expenditures	for	the	repair	and	replacement	of	structures.	Specimen	parameters	include	the	influence	of	size,	geometry,	and	the	moisture	state	of	concrete;	loading	parameters	include	stress	level	and	duration,	and	the	rate	at	which	stress	is	applied.	A	part	of	the	total	magnesium	oxide	in	portland	cement	clinker	(i.e.,	up	to	2	percent)	may	enter
into	solid	solution	with	the	various	compounds	described	above;	however,	the	rest	occurs	as	crystalline	MgO,	also	called	periclase.	The	force	required	to	accelerate	a	mass	of	1	kilogram	(kg)	at	the	rate	of	1	meter	per	second	per	second	(m/s2)	is	expressed	as	1	newton	(N),	and	a	stress	of	1	newton	per	square	meter	(N/m2)	is	expressed	as	1	pascal	(Pa).
3-20a)	the	average	maximum	compressive	microstrain	is	about	3000	and	the	average	maximum	tensile	microstrain	varies	from	2000	to	4000.	The	United	States	is	the	only	country	in	the	world	that	uses	old	English	units	of	measurement	such	as	inches,	feet,	and	yards	for	length;	pounds	or	tons	for	mass,	gallons	for	volume,	pounds	per	square	inch	(psi)
for	stress,	and	degree	Fahrenheit	for	temperature.	In	the	precast	concrete	products	industry,	steam	curing	is	used	to	accelerate	strength	development	to	achieve	quicker	mold	release.	There	are	at	least	three	primary	reasons.	The	advent	and	degree	of	nonlinearity	in	the	stress-strain	curve	obviously	would	depend	on	the	rate	of	application	of	load.
The	six	cement	types	conforming	to	this	specification,	along	with	some	of	the	key	requirements	are	as	follows:	1.	If	a	low-alkali	portland	cement	is	not	available,	the	total	174	Microstructure	and	Properties	of	Hardened	Concrete	(a)	(b)	(c)	Alkali-aggregate	expansion	in	concrete.	The	difference	of	potential,	dV,	between	two	equipotential	surfaces
separated	by	dr	is	given	by	dr	2π	r2	dV	=	i	dR	=	iρ	(11-25)	To	obtain	the	potential	at	point	P,	we	integrate	the	previous	expression	from	distance	“a”	to	infinity	and	use	the	usual	convention	that	the	potential	at	infinity	is	defined	as	zero.	Strength	83	3.3	Abrams	established	a	rule	that	relates	the	water-cement	ratio	to	strength	of	concrete.	This	is	the
water	associated	with	the	C-S-H	structure.	The	complexity	increases	when	it	is	used	to	detect	flaws	in	relatively	thin	concrete	structures,	such	as	slabs	and	walls.	(From	Kupfel,	H.,	H.	Both	carbonate	minerals	are	softer	than	quartz	and	feldspars.	57,	No.	1,	1960.)	The	ultimate	strength	of	concrete	is	also	affected	by	the	rate	of	loading.	Costa,	Il
Cemento,	Vol.	5-25d),30	deterioration	of	the	hydrated	cement	paste	as	a	result	of	interaction	with	sulfate	ions	from	external	source	requires	high	permeability	and	presence	of	water.	[(a)	Reprinted	with	permission	from	Mehta,	P.K.,	Cem.	From	a	supersaturated	magma,	the	free	or	uncombined	silica	crystallizes	out	as	quartz	after	the	formation	of
minerals	such	as	feldspars,	mica,	and	hornblende.	Furthermore,	since	the	interfacial	transition	zone	characteristics	have	more	effect	on	the	tensile	strength	of	concrete	compared	to	the	compressive	strength,	it	is	to	be	expected	that	with	a	given	concrete	mixture	any	changes	in	the	coarse	aggregate	properties	would	influence	the	tensile-compressive
strength	ratio	of	the	material.	The	term	toughness	is	used	as	a	measure	of	this	energy.	Intrigued,	he	studied	the	work	of	Hertz,	who	had	performed	theoretical	analysis	of	stress	distribution	for	concentrated	loads	applied	to	cylinders.	14.	List	other	factors	that	determine	the	permeability	of	concrete	in	a	structure.	Aesthetically	pleasing	sculpture,
murals,	and	architecture	ornaments	can	be	created	by	suitable	choice	of	concrete-making	materials,	formwork,	and	texturing	techniques.	Therefore,	in	the	1960s,	at	an	estimated	cost	of	$4	billion,	California	undertook	to	build	a	water	system	capable	of	handling	4.23	million	acre-feet	(5.22	billion	cubic	meter)	of	water	annually.	1.6	What	is	the
difference	between	strength	and	toughness?	This	leads	to	a	classification	of	igneous	rocks	based	on	the	total	SiO2	present;	rocks	containing	more	than	65	percent	SiO2,	55	to	65	percent	SiO2,	and	less	than	55	percent	SiO2	are	called	acid,	intermediate,	and	basic,	respectively.	Figure	3-7	performance	for	making	concrete	is	to	compare	the	setting	time
of	cement	and	the	strength	of	mortar	cubes	made	with	the	unknown	water	with	reference	water	that	is	clean.	2.2	Describe	some	of	the	unique	features	of	the	concrete	microstructure	that	make	it	difficult	to	predict	the	behavior	of	the	material	from	its	microstructure.	The	cement	produced	by	grinding	a	sulfoaluminate-type	clinker	is	called	Type	K
expansive	cement.	The	cubes	made	with	the	questionable	water	should	have	7-	and	28-day	compressive	strengths	equal	to	or	at	least	90	percent	of	the	strength	of	reference	specimens	made	with	clean	water;	also,	the	quality	of	mixing	water	should	not	affect	the	setting	time	of	cement	to	an	unacceptable	degree.	As	a	consequence	of	numerous	cycles
of	ambient	relative	humidity	and	temperature	changes,	a	progressive	deterioration	of	concrete	at	the	surface	occurs	(Fig.	Portland	cements	do	not	completely	satisfy	the	needs	of	the	concrete	construction	industry.	This	is	Stage	2	and	at	this	stage	the	matrix	cracking	is	negligible.	321–330,	1996.)	Figure	11-17	Nondestructive	Methods	(a)	411	(b)
Maximum	amplitude	Threshold	level	P	wave	t	Duration	Arrival	time	(c)	Figure	11-18	Basic	types	of	acoustic	emission	waveforms	(a)	continuous	emission	and	(b)	burst	emission.	(Based	on	Glucklich,	J.,	Proceedings	of	International	Conference	on	the	Structure	of	Concrete,	Cement	and	Concrete	Association,	Wexham	Springs,	Slough,	U.K.,	pp.	→	C4
ASH18	(6-6)	Monosulfate	Ettringite	is	usually	the	first	hydrate	to	crystallize	because	of	the	high	sulfate/aluminate	ratio	in	the	solution	phase	during	the	first	hour	of	hydration.	Calcium	silicates.	Most	so-called	normal-setting	portland	Reactivity	of	C3	A	in	clinker	Availability	of	sulfate	in	solution	Hydration	age	0.1	mm)	were	found	in	the	pastes	cured
for	1	year.	The	paramount	importance	of	making	durable	concrete	that	is	essential	for	sustainable	development	of	the	concrete	industry	is	a	hallmark	of	this	unique	book.	The	microstructure-property	relationships	in	concrete	are	not	yet	fully	developed;	however,	some	understanding	of	the	essential	elements	of	the	microstructure	would	be	helpful
before	discussing	the	factors	influencing	the	important	engineering	properties	of	concrete,	such	as	strength	(Chap.	When	severe	erosion	or	abrasion	conditions	exist,	it	is	recommended	that,	in	addition	to	the	use	of	hard	aggregates,	the	concrete	should	be	proportioned	to	develop	at	least	41	MPa	compressive	strength	at	28	days	and	adequately	cured
before	exposure	to	the	aggressive	environment.	Developed	originally	by	Alexander	Klein	of	the	University	of	California	at	Berkeley	in	the	1960s,	the	sulfoaluminate-type	clinker	is	a	modified	portland	cement	clinker	containing	significant	amounts	of	−	−	C4A3S	and	CS,	in	addition	to	the	principal	cementitious	compounds	such	as	C3S	and	C2S.
Furthermore,	to	prevent	thermal	cracking,	it	was	specified	that	the	temperature	of	freshly	cooled	concrete	would	be	limited	to	7∞C	by	precooling	the	constituent	materials.	383–396,	1964.	The	term	erosion	is	normally	used	to	describe	wear	by	the	abrasive	action	of	fluids	containing	solid	particles	in	suspension.	With	concrete	containing	the
conventional	low-porosity	or	high-strength	aggregates,	the	strength	of	the	material	will	be	governed	both	by	the	strength	of	the	matrix	and	the	strength	of	the	interfacial	transition	zone.	According	to	Swamy42:	Exclude	water	–	and	one	can	almost	have	a	trouble-free	concrete	even	if	it	contains	reactive	aggregates	and	mobile	alkalies.	It	is	not	possible
here	to	list	all	concrete	types.	54.	The	cathode	process	cannot	occur	until	a	sufficient	supply	of	oxygen	and	water	is	available	at	the	steel	surface.	Figure	3-1	hydration	products	in	the	system	and	the	total	space:	fc	=	ax	3	(3-2)	where	a	is	the	intrinsic	strength	of	the	material	at	zero	porosity	p,	and	x	the	solid/space	ratio	or	the	amount	of	solid	fraction	in
the	system,	which	is	there-	52	Microstructure	and	Properties	of	Hardened	Concrete	fore	equal	to	1	−	p.	Because	of	the	effect	of	moisture	state	on	the	concrete	strength,	the	standard	procedure	requires	that	the	specimens	continue	to	be	in	a	moist	condition	at	the	time	of	testing.	Furthermore,	the	model	recognizes	the	field	experience	that	the	degree
of	water	saturation	of	concrete	plays	a	dominant	role	in	expansion	and	cracking	irrespective	of	whether	the	primary	cause	of	deterioration	is	frost	action	(cycles	of	freezing	and	thawing),	corrosion	of	reinforcing	steel,	alkali-aggregate	reaction,	or	sulfate	attack.	Once	the	passivity	of	the	embedded	steel	is	destroyed,	it	is	the	electrical	resistivity	and	the
availability	of	oxygen	that	control	the	rate	of	corrosion.	In	general,	pozzolan	cements	are	somewhat	slower	than	slag	cements	in	developing	strength;	whereas	the	slag	in	Type	IS	cements	usually	makes	a	significant	contribution	to	the	7-day	strength,	a	Type	IP	cement	containing	an	ordinary	pozzolan	shows	strength	gain	from	the	pozzolanic
constituent	only	after	7	days	of	hydration.	The	foregoing	discussion	on	the	influence	of	microstructure	and	properties	of	the	interfacial	transition	zone	on	concrete	shows	that,	in	fact,	it	is	more	appropriate	to	think	in	terms	of	the	effect	of	the	water-cement	ratio	on	the	concrete	mixture	as	a	whole.	Figure	2-1	Polished	section	from	a	concrete	specimen.
35.	Because	Abrasion-erosion	loss,	%	by	mass	Durability	10	10	w/c	=	0.72	Limestone	8	8	0.54	4	4	0.40	2	2	0	Quartzite	Trap	rock	Chert	6	6	0	20	40	60	Test	time,	h	0	0.3	80	0.4	0.5	0.6	0.7	0.8	Water/cement	ratio	(a)	(a)	Influence	of	water-cement	ratio	and	aggregate	type	on	abrasion-erosion	damage	in	concrete;	(b)	cavitation	damage	to	concrete	lining
in	a	41-ft-diameter	(12.5	m)	tunnel	of	the	Glen	Canyon	Dam.	Strength	grading	of	cements	and	concrete	is	prevalent	in	Europe	and	many	other	countries	but	is	not	practiced	in	the	United	States.	If	the	fracture	is	outside	by	not	more	than	5	percent	of	the	span	length,	a	modified	formula	is	used:	R=	3	Pa	bd	2	(3-9)	where	a	is	equal	to	the	average
distance	between	the	line	of	fracture	and	the	nearest	support	measured	on	the	tension	surface	of	the	beam.	Except	as	permitted	under	the	United	States	Copyright	Act	of	1976,	no	part	of	this	publication	may	be	reproduced	or	distributed	in	any	form	or	by	any	means,	or	stored	in	a	database	or	retrieval	system,	without	the	prior	written	permission	of
the	publisher.	The	first	method	involves	reflected-light	microscopy	of	polished	and	etched	sections,	followed	by	a	point	count	of	areas	occupied	by	the	various	compounds.	The	general	validity	of	strength-porosity	relation,	however,	must	be	respected	because	porosities	of	the	component	phases	of	concrete,	including	the	interfacial	transition	zone,
indeed	become	strength-limiting.	Those	containing	300	kg/m3	were	destroyed;	therefore,	chemical	composition	the	cement	was	of	major	importance	for	the	low-cement-content	cubes.	Because	the	water-cement	ratio	is	generally	given	by	mass,	it	is	necessary	to	know	the	specific	gravity	of	portland	cement	(e.g.,	3.14)	in	order	to	calculate	the	volume	of
water	and	the	total	available	space,	which	is	equal	to	the	sum	of	the	volumes	of	water	and	cement.	Chert	is	usually	fine-grained	and	can	vary	from	porous	to	dense.	Primary	and	secondary	waves	travel	solid	material	in	all	directions.	Let	us	apply	an	overpotential	to	a	corroding	couple,	and	define	the	resulting	difference	between	the	cathodic	and
anodic	current	at	the	same	potential	as	the	applied	cathodic	current	density,	iapp,c:	iapp,c	=	ic	−	ia	(11-36)	Using	Eqs.	The	superstructure,	constructed	using	the	segmental	cantilever	method,	will	require	452	precast	girders,	each	weighting	as	much	as	750	tons.	The	total	world	consumption	of	concrete	last	year	is	estimated	at	three	billion	tons,	or
one	ton	for	every	living	human	being.	With	a	stress	level	between	50	to	75	percent	of	fc′,	increasingly	the	crack	system	tends	to	be	unstable	as	the	interfacial	transition	zone	cracks	begin	to	grow	again.	1.8	How	would	you	define	durability?	An	awesome	task	before	the	project	was	to	transport	water	from	an	elevation	near	the	sea	floor	in	the	San
Joaquin	Delta	across	the	Tehachapi	Mountains	over	to	the	Los	Angeles	metropolitan	area.	The	second	reason	for	the	widespread	use	of	concrete	is	the	ease	with	which	structural	concrete	elements	can	be	formed	into	a	variety	of	shapes	and	sizes	Figure	1-3	Central	Arizona	project	pipeline.	In	addition	to	loss	of	cover,	a	reinforced-concrete	member
may	suffer	structural	damage	due	to	loss	of	bond	between	steel	and	concrete	and	loss	of	rebar	cross-sectional	area—sometimes	to	the	extent	that	structural	failure	becomes	inevitable.46	A	review	of	the	mechanisms	involved	in	concrete	deterioration	due	to	corrosion	of	embedded	steel,	selected	case	histories,	and	measures	for	control	of	the
phenomenon	are	given	here.	Large	amounts	of	concrete	find	their	way	into	reinforced	or	prestressed	structural	elements.	The	morphology	usually	varies	from	nondescript	to	stacks	of	large	plates,	and	is	affected	by	the	available	space,	temperature	of	hydration,	and	impurities	present	in	the	system.	For	instance,	in	5000	cycles	of	repeated	loading,
concrete	failed	at	70	percent	of	the	ultimate	monotonic	loading	strength.	Durability	199	Tonini,	E.E.,	and	S.W.	Dean,	Jr.,	Chloride	Corrosion	of	Steel	in	Concrete,	ASTM	STP	629,	1977.	With	each	of	these	four	causes	of	concrete	deterioration,	the	permeability	and	the	presence	of	water	are	implicated	in	the	mechanisms	of	expansion	and	cracking.
Consequently,	considerable	improvements	in	the	ultimate	strength	and	watertightness	of	concrete	are	achievable	by	incorporation	of	mineral	admixtures.	3.5	Compressive	Strength	and	Factors	Affecting	It	The	response	of	concrete	to	applied	stress	depends	not	only	on	the	stress	type	but	also	on	how	a	combination	of	various	factors	affects	porosity	of
the	different	structural	components	of	concrete.	ACI	Committee	209	recommends	the	following	relationship	for	moist-cured	concrete	made	with	normal	portland	cement	(ASTM	Type	I):	Time.	Figure	11-10	summarizes	the	types	of	waves	that	may	propagate	in	a	structure.	If	the	degree	of	restraint	on	the	system	is	low,	the	hydraulic	pressure	developed
may	be	sufficient	to	cause	expansion	and	cracking	of	the	affected	aggregate	particles,	and	also	the	cement	paste	matrix	surrounding	the	aggregate.	Quartz	is	a	very	common	hard	mineral	composed	of	crystalline	SiO2.	There	are	numerous	modified	concretes	which	are	appropriately	named:	for	example,	fiberreinforced	concrete,	expansive-cement
concrete,	and	latex-modified	concrete.	Consequently	if	the	access	of	water	to	concrete	is	prevented	by	prompt	repair	of	any	leaking	joints,	deleterious	expansion	may	never	occur.	Discuss	the	significance	of	the	C-S-H	interlayer	space	with	respect	to	properties	of	the	hydrated	cement	paste.	To	be	suitable,	a	pigment	should	not	be	detrimental	to	the
setting,	hardening,	and	durability	characteristics	of	portland	cement,	and	should	produce	durable	color	when	exposed	to	light	and	weather.	†	Mehta,	P.K.,	and	H.	Lightweight	aggregate	particles	from	pumice,	which	is	highly	cellular,	are	also	angular	and	have	a	rough	texture,	but	those	from	expanded	clay	or	shale	are	generally	rounded	and	smooth.
In	the	dressing	wheel	test,	load	is	applied	through	rotating	dressing	wheels	of	steel.	∗	Dimensional	Stability	87	(a)	Predicted	cracking	without	stress	relaxation	Predicted	elastic	tensile	stress	when	shrinkage	strains	are	restrained.	In	other	words,	a	concrete	can	have	microcracks	in	the	interfacial	transition	zone	even	before	a	structure	is	loaded.
Unlike	the	laboratory	tests	for	determining	the	behavior	of	concrete	under	uniaxial	compression,	splitting	tension,	flexure,	and	biaxial	loading,	there	are	no	standard	tests	for	concrete	subjected	to	multiaxial	stresses.	Based	on	the	Feldman-Sereda	model,	different	types	of	water	associated	with	the	C-S-H	are	illustrated	in	Fig.	11-16).	Blanks,	R.F.,	and
H.L.	Kennedy,	The	Technology	of	Cement	and	Concrete,	Vol.	This	book	is	dedicated	to	students,	researchers,	and	practicing	engineers	in	the	concrete	community	who	are	faced	with	the	challenges	of	extending	the	uses	of	the	material	to	new	frontiers	of	human	civilization	and	to	make	it	more	durable,	sustainable,	and	environment	friendly.	2.6.2
Microstructure	Because	of	experimental	difficulties,	information	about	the	interfacial	transition	zone	in	concrete	is	scarce;	however,	based	on	a	description	given	by	Maso,4	some	understanding	of	its	microstructural	characteristics	can	be	obtained	by	following	the	sequence	of	its	development	from	the	time	concrete	is	placed.	(e)	Polished	section	of
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Test	Your	Knowledge	References	Suggestions	for	Further	Study	Chapter	7.	1-11).	As	presented	in	Chap.	The	phenomenon	of	a	gradual	increase	in	strain	with	time	under	a	given	level	of	sustained	stress	is	called	creep.	19,	No.	7,	pp.	It	may	be	noted	that	during	frost	action	on	cement	paste,	the	tendency	for	certain	regions	to	expand	is	balanced	by
other	regions	that	undergo	contraction	(e.g.,	loss	of	adsorbed	water	from	C-S-H).	Type	S	expansive	cement	is	composed	of	a	very	high	C3A	portland	cement	(approximately	20	percent	C3A)	and	large	amounts	of	calcium	sulfate.	Misleading	conclusions	regarding	the	risk	of	corrosion	may	result	in	a	structure	where	segments,	otherwise	identical,	are
exposed	to	dry	conditions	while	others	remain	moist.	Paul	Acker	for	insightful	comments	on	autogenous	shrinkage	Hakan	Atahan	for	assistance	in	typesetting	and	proofreading.	The	potential	recorded	in	the	half-cell	measurement	can	be	used	to	indicate	the	probability	of	corrosion	of	the	steel	reinforcement,	as	shown	in	Table	11-2.	Burger10	presents
a	clear	presentation	to	these	approaches.	Explain	the	principle	Hydraulic	Cements	251	behind	the	maximum	limit	on	the	C3A	content	in	the	ASTM	C	150	Standard	Specification	for	Type	V	portland	cements.	In	severe	scaling,	more	surface	has	been	lost	and	the	aggregate	is	clearly	exposed	and	stands	out.	The	ASTM	Standard	E	380-70	contains	a
comprehensive	guide	to	the	use	of	SI	units.	As	a	result,	one	of	the	two	metals	(or	some	parts	of	the	metal	when	only	one	type	of	metal	is	present)	becomes	anodic	and	the	other	cathodic.	Although	the	composition	and	properties	of	portland	cement	are	discussed	in	detail	in	Chap.	Since	the	curing	Strength	65	temperature	is	far	more	important	to	the
strength	than	the	placement	temperature,	ordinary	concrete	mixtures	that	are	placed	in	cold	weather	must	be	maintained	above	a	certain	minimum	temperature	for	a	sufficient	length	of	time.	5).	Kupfer,	H.,	H.K.	Hilsdorf,	and	H.	(From	Hermite,	R.	Current	practice	for	coastal	structures	in	the	North	Sea	requires	a	minimum	50	mm	of	cover	on
conventional	reinforcement,	and	70	mm	on	prestressing	steel.	Flexural	strength	is	expressed	in	terms	of	the	modulus	of	rupture,	which	is	the	maximum	stress	at	rupture	computed	from	the	flexure	formula	R=	PL	bd	2	(3-8)	where	R	=	modulus	of	rupture	P	=	maximum	indicated	load	L	=	span	length	b	=	width	d	=	depth	of	the	specimen	The	formula	is
valid	only	if	the	fracture	in	the	tension	surface	is	within	the	middle	third	of	the	span	length.	As	sedimentary	rocks	cover	75	percent	of	Aggregates	257	the	earth’s	landed	area,	most	of	the	natural	mineral	aggregates	used	in	concrete	namely	sand,	gravel,	and	crushed	rocks	are	derived	from	sedimentary	rocks.	20,	1982.)	Figure	3-13	Strength	69	The
stress	level	of	75	percent	of	fc′,	which	represents	the	onset	of	unstable	crack	propagation,	is	called	critical	stress;3	critical	stress	also	corresponds	to	the	maximum	value	of	volumetric	strain	(Fig.	On	the	other	hand,	thermally	processed	materials	such	as	expanded	clay	and	shale,	which	are	used	for	making	lightweight	concrete,	are	called	synthetic
aggregates.	ASTM,	Vol.	59.	As	discussed	in	Chap.	When	the	rates	of	availability	of	the	aluminate	ions	and	the	sulfate	ions	to	the	solution	phase	are	low,	the	cement	paste	will	remain	workable	for	about	45	min;	thereafter	it	will	start	stiffening	as	the	water-filled	space	begins	to	get	filled	with	ettringite	crystals.	Paulo	Barbosa	for	digitizing	many	of	the
graphs	Dale	Bentz	for	the	ITZ	computer	simulation	Luigi	Biolzi	for	giving	us	many	useful	examples	of	European	construction	Preface	xxi	Joshua	Blunt	for	the	final	proofreading	Nick	Carino	for	reviewing	the	chapter	on	nondestructive	tests	Mario	Collepardi	for	allowing	us	to	use	clips	of	this	video	on	durability	of	concrete	Harvey	Haynes	for	the
photographs	on	physical	sulfate	attack	Harold	Hirth	for	his	help	with	computer	animation	Claire	Johnson	for	careful	editing	of	the	manuscript	Carmel	Joliquer	for	the	superplasticizer	figures	David	Lange	for	permission	to	use	clips	of	videos	Mauro	Letizia	for	the	Powerpoint	layout	Mohan	Malhotra	for	permission	to	use	parts	of	CANMET	videos	on
flyash	and	NDT	Mauricio	Mancio	for	the	final	proofreading	Jose	Marques	Filho	for	the	RCC	video	Maryanne	McDarby	for	the	continuous	support	with	the	editing	process	Ana	Christina	and	Lucila	Monteiro	for	help	with	tables	and	layout	Joclyn	Norris	for	dedicated	work	with	illustrations	and	layout	of	the	CD	Patricia	Pedrozo	for	dedicated	work	in
compressing	the	videos	G.	At	U.C.	Berkeley,	he	and	his	students	are	creating	micromechanical	models,	characterizing	deleterious	reactions	in	concrete,	and	developing	new	microscopic	techniques,	such	as	low-temperature	scanning	electron	microscopy,	soft	x-ray	microscopy,	and	direction	cooling.	Manmohan,	Proceedings	of	the	Seventh
International	Congress	on	the	Chemistry	of	Cement,	Paris,	1980.)	Figure	2-13	When	the	data	of	Fig.	Powers	assumed	the	width	of	the	interlayer	space	within	the	C-S-H	structure	to	be	18	Å	and	determined	that	it	accounts	for	28	percent	porosity	in	solid	C-S-H;	however,	Feldman	and	Sereda	suggested	that	the	space	may	vary	from	5	to	25	Å.	Which
compound	or	compounds	are	responsible	for	rapid	stiffening	and	early	setting	problems	of	the	cement	paste?	From	an	understanding	of	the	factors	responsible	for	the	strength	of	hydrated	cement	paste	and	the	effect	of	increasing	the	water-cement	ratio	on	porosity	at	a	given	degree	of	cement	hydration	(Fig.	61,	No.	1,	pp.	This	is	because	the	principal
hydration	product,	CAH10,	is	unstable	under	ordinary	conditions.	Loss	of	steel-concrete	bond	and	reduction	of	rebar	cross	section	may	lead	to	structural	failure.	As	a	result,	worldwide,	the	standards	specifications	for	cement	are	undergoing	fundamental	change	that	is	reflected	by	recent	developments	in	Europe	and	North	America,	as	described
below.	Res.,	Vol.	Resistance	to	cyclic	loading.	LOAD	Head	of	testing	machine	Supplementry	steel	bar	1/8	by	lin.	Paulo	J.	Therefore,	the	failure	analysis	under	multiaxial	stresses	is	carried	out	from	a	phenomenological	rather	than	a	material	standpoint.	A	standard	test	procedure	is	High	impedance	voltmeter	Connection	to	reinforcing	bar	V	Reference
electrode	Sponge	Concrete	Reinforcing	bar	System	for	measuring	the	half-cell	potential.	Lea,	F.M.,	The	Chemistry	of	Cement	and	Concrete,	Chemical	Publishing	Co.,	New	York,	pp.	212	Concrete	Materials,	Mix	Proportioning,	and	Early-Age	Properties	grinding	and	homogenization	of	the	raw	mix,	and	insufficient	temperature	or	hold	time	in	the	kiln
burning	zone	are	among	the	principal	factors	that	account	for	the	presence	of	free	or	crystalline	calcium	oxide	in	portland	cement	clinker.	Influence	of	the	water-cement	ratio	on	tensile	and	compressive	strengths.	The	following	expression	is	obtained:	V=	iρ	2π	∞	dr	∫r	=a	r	2	=	iρ	2	πa	(11-26)	In	principle	this	equation	can	be	used	to	map	the	potential
at	any	point	in	the	concrete.	In	the	second	category	are	the	aggregates	of	intermediate	permeability,	that	is,	those	having	a	significant	proportion	of	the	total	porosity	represented	by	small	pores	of	the	order	of	500	nm	and	smaller.	At	the	time	of	survey,	about	two	thirds	of	the	structures	were	20	to	50	years	old.¶	Below	the	low-tide	level	and	above	the
high-tide	level	concrete	pillars	were	generally	in	good	condition.	Figure	6-17	Hydraulic	Cements	237	depends	on	the	permeability,	and	the	amount	of	calcium	hydroxide	and	reactive	alumina	phases	present.	Figure	5-26	185	186	Microstructure	and	Properties	of	Hardened	Concrete	Once	the	watertightness	of	concrete	is	lost,	the	interior	of	concrete
can	become	saturated.	Note	that	little	or	no	apparent	damage	will	be	observed	during	Stage	1,	which	represents	a	gradual	loss	of	watertightness.	In	this	chapter	the	composition	and	characteristics	of	the	principal	compounds	of	portland	cement	are	described.	Landgren,	Proc.	5-4a).	Given	the	low	tensile	strength	of	concrete,	this	does	happen	in
practice	but,	fortunately,	the	magnitude	of	the	stress	is	not	as	high	as	predicted	by	the	elastic	model.	105–139,	1994,	(d)	From	Collepardi,	M.,	Concr.	Finally,	the	principal	aggregate	characteristics	that	are	important	for	concrete	making	are	covered	in	detail.	3-6.	A	small	conical	piezoelectric	transducer,	originally	developed	for	acoustic	emission
monitoring	of	metals,	has	proven	to	be	successful	in	measuring	small	displacements	normal	to	the	concrete	surface.	The	total	time	t	that	the	wave	takes	to	travel	from	A	to	D	is	given	by	Path	1:	t	=	x/V1	Path	2	(ABCD):	t=	2h	x	−	2	h	tan	θ	ic	+	V1	cos	θ	ic	V2	(11-12)	Note	that	the	refracted	wave	between	B	and	C	travels	with	velocity	V2.	Note	that	the
mechanisms	that	are	responsible	for	drying	shrinkage	are	also	responsible	for	creep	of	hydrated	cement	paste.	J.,	Vol.	410	Concrete	Materials,	Mix	Proportioning,	and	Early-Age	Properties	11.6.4	Acoustic	emission	Acoustic	emission	(AE)	is	a	noninvasive,	nondestructive	method	that	analyzes	the	noises	created	when	materials	deform	or	fracture.
Figure	11-13a	shows	the	case	where	the	wave	hits	the	interface	at	the	critical	incidence	angle	qic	and	the	refracted	angle	is	parallel	to	the	interface	between	the	two	materials.	Reinforced	concrete	is	a	concrete	usually	containing	steel	bars,	which	is	designed	on	the	assumption	that	the	two	materials	act	together	in	resisting	tensile	forces.	This	led	to
restrictions	on	the	maximum	permissible	MgO	in	cement.	In	the	absence	of	chloride	ions	in	solution,	the	protective	film	on	steel	is	reported	to	be	stable	as	long	as	the	pH	of	the	solution	stays	above	11.5.	As	hydrated	portland	cement	contains	alkalies	in	the	pore	fluid	and	about	20	weight	percent	solid	calcium	hydroxide,	normally	there	is	sufficient
alkalinity	in	the	system	to	maintain	the	pH	above	12.	Inter-particle	spacing	within	an	aggregation	is	0.5	to	3.0	nm	(avg.	Chapter	8	contains	a	detailed	description	of	the	types	of	admixtures,	their	composition,	and	mechanism	of	action.	An	incident	compression	(p)	wave	striking	such	interface	generates	reflected	compression	and	shear	(s)	waves	and
refracted	p	and	s	waves.	Localized	corrosion	can	be	generated	by	microcracks	that	also	modify	the	concrete	resistivity,	consequently	affecting	the	corrosion	potential	measurement.	The	cements	derived	from	the	203	Copyright	©	2006	by	The	McGraw-Hill	Companies,	Inc.	(From	Concrete	Manual,	U.S.	Bureau	of	Reclamation,	1981,	and	Cordon,	W.A.,
Properties,	Evaluation,	and	Control	of	Engineering	Materials,	McGraw-Hill,	New	York,	1979.)	At	a	given	water-cement	ratio	or	cement	content,	entrained	air	generally	reduces	the	strength	of	concrete.	The	CEB	Model	Code	recommends	limiting	the	crack	widths	to	0.1	mm	at	the	steel	surface	for	concrete	members	exposed	to	frequent	flexural	loads,
and	0.2	mm	to	others.	This	fresh	supply	of	water	from	the	gel	pores	to	the	capillary	pores	increases	the	volume	of	ice	in	the	capillary	pores	steadily	until	there	is	no	room	to	accommodate	more	ice.	∗	Microstructure	of	Concrete	27	and	C4AF.	This	is	also	the	reason	why	in	France	and	Germany	the	cement	is	called	ciment	fondu	and	tonerdeschmelz
zement,	respectively.	1.4	Properties	of	Hardened	Concrete	and	Their	Significance	The	selection	of	an	engineering	material	for	a	particular	application	has	to	take	into	account	its	ability	to	withstand	the	applied	force.	Cracking	of	concrete	due	to	normal	temperature	and	humidity	gradients	was	discussed	in	Chap.	DOI:	10.1036/0071462899
Professional	Want	to	learn	more?	[From	Neville,	A.M.,	in	Progress	in	Concrete	Technology,	Malhotra,	V.M.,	ed.,	CANMET,	Ottawa,	Canada,	pp.	(Photograph	courtesy	of	Itaipu	Binacional,	Brazil.)	This	spectacular	12,600	MW	hydroelectric	project	at	Itaipu,	estimated	cost	$18.5	billion,	includes	a	180-m	high	hollow-gravity	concrete	dam	at	the	Paraná
River	on	the	Brazil-Paraguay	border.	(From	Mehta,	P.K.,	Performance	of	Concrete	in	Marine	Environment,	ACI	SP-	65,	pp.	Under	instantaneous	loading,	only	a	little	strain	can	occur	prior	to	failure,	and	the	elastic	modulus	is	very	high.	Fire	resistance.	By	1982	twelve	types	of	concrete,	totaling	12.5	million	cubic	meters,	had	been	used	in	the
construction	of	the	dam,	piers	of	diversion	structure,	and	the	precast	beams,	slabs,	and	other	structural	elements	for	the	power	plant.	The	slope	of	the	line	is	given	by	the	partial	derivative	of	t	with	respect	to	x:	∂t	1	=	∂	x	V2	(11-17)	Nondestructive	Methods	405	Now	it	is	easy	to	construct	graphical	representations	of	the	solution	(see	Fig.	Professional
judgment	in	the	selection	of	construction	materials	should	take	into	consideration	not	only	the	strength,	dimensional	stability,	and	elastic	properties	18	Microstructure	and	Properties	of	Hardened	Concrete	of	the	material	but	also	its	durability,	which	has	serious	implications	for	the	lifecycle	cost	of	a	structure.	For	stress	analysis	of	structures
subjected	to	earthquake	or	impact	loading	it	is	more	appropriate	to	use	the	dynamic	modulus	of	elasticity,	which	can	be	determined	more	accurately	by	a	sonic	test.	Meier,	and	A.,	Fösli,	ASTM	STP	691,	pp.	This	phenomenon,	known	as	bleeding,	is	discussed	in	detail	in	Chap.	What	would	be	the	effect	on	the	6-month	strength	when	a	concrete	mixture
is	placed	at	(a)	10°C	and	(b)	35°C.	The	ionic	con+	−	centrations	of	Na	and	Cl	are	the	highest,	typically	11,000	and	20,000	mg/l,	respectively.	Describing	the	concrete	materials	and	the	temple,	F.	The	shaded	area	shows	the	typical	capillary	porosity	range	in	hydrated	cement	pastes.	Admixtures.	Figure	2-7	31	32	Microstructure	and	Properties	of
Hardened	Concrete	mixture	remains	essentially	unchanged	during	the	hydration	process.	Crumpton,	C.F.,	ACI	Convention	Paper,	Dallas,	1981.	This	is	why	the	computed	compound	composition	is	also	referred	to	as	the	potential	compound	composition.	Depending	on	the	concentration	of	aluminate	and	sulfate	ions	in	the	solution,	the	precipitating
crystalline	product	is	either	calcium	aluminate	trisulfate	hydrate	or	the	calcium	aluminate	monosulfate	hydrate.	[(a)	From	Mehta,	P.K.,	and	G.	A	more	practical	configu-	Source	of	current	i	Sink	P1	P2	c	a	b	d	Figure	11-20	Determination	of	the	resistivity	of	a	material	using	two	potential	electrodes	at	P1	and	P2.	This	means	that	metallic	iron	is	not
available	for	the	anodic	reaction	until	the	passivity	of	steel	has	been	destroyed.	Binda,	L.,	and	G.	The	operation	is	carried	out	in	ball	mills,	also	called	finish	mills.	The	modulus	of	elasticity	is	defined	as	the	ratio	between	the	stress	and	the	reversible	strain.	The	specimen	containing	10	percent	entrained	air	showed	no	appreciable	dilation	during
freezing	and	no	residual	dilation	at	the	end	of	the	thawing	cycle.	The	beneficial	effect	on	the	fst/fc	ratio	by	reducing	the	maximum	size	of	coarse	aggregate,	or	by	changing	the	aggregate	type	is	clear	from	the	data.	The	difference	in	the	entropy	of	ice	and	supercooled	water	forces	the	latter	to	migrate	to	the	lower-energy	sites	(large	cavities)	where	it
can	freeze.	If	the	material	is	uniform,	a	unique	straight	line	is	obtained	in	a	time	vs.	Actually,	the	same	strengthporosity	relationship	is	applicable	to	a	very	wide	range	of	materials,	such	as	iron,	plaster	of	Paris,	sintered	alumina,	and	zirconia	(Fig.	Compared	to	portland	cement,	the	superior	durability	of	Type	IP	cement	to	sulfate	and	acidic
environments	is	due	to	the	combined	effect	of	higher	impermeability,	and	lower	calcium	hydroxide	content	of	the	hydrated	cement	Concrete	Materials,	Mix	Proportioning,	and	Early-Age	Properties	paste	(Fig.	From	investigations	of	masonry	damage	due	to	salt	crystallization,	Binda	and	Baronio6	discussed	the	microclimatic	conditions	that	influence
whether	or	not	any	serious	damage	would	occur.	401,	1981.	Progressive	microcracking	in	the	interfacial	transition	zone	and	the	matrix	are	responsible	for	this	phenomenon.	V1	=	iρ	iρ	−	2πa	2πb	(11-27)	Similarly	the	potential	at	point	P2:	V2	=	iρ	iρ	−	2πd	2πc	(11-28)	Therefore,	the	difference	of	potential	is	given	by:	ΔV	=	V1	−	V2	=	iρ	⎡⎛	1	1	⎞	⎛	1	1	⎞	⎤
−	−	−	⎥	⎢	2π	⎢⎣⎜⎝	a	b	⎟⎠	⎜⎝	d	c	⎟⎠	⎥⎦	(11-29)	and	the	following	expression	for	resistivity	is	obtained:	ρ	⎞	⎛	⎟	2πΔV	⎜	1	=	⎜	⎟	i	⎜1	1	1	1⎟	+	⎟	⎜	−	−	⎝a	b	d	c⎠	(11-30)	According	to	Ward21,	a	special	case	of	this	configuration,	where	the	spacing	between	the	source,	P1,	P2,	and	the	sink	are	equal	to	a,	was	developed	by	Wenner.	These	conditions	are	achieved	in
cement	manufacturing	by	using	iron-free	clay	and	carbonate	rock	as	raw	materials,	special	ball	mills,	with	ceramic	liners	and	balls	for	grinding	the	raw	mix,	and	clean	fuel	such	as	oil	or	gas	for	production	of	clinker	under	a	reducing	environment	in	the	hightemperature	zone	of	the	cement	rotary	kiln.	To	aid	quick	conversion	from	the	U.S.	customary
units	to	SI	units,	a	list	of	the	commonly	needed	multiplication	factors	is	given	in	Table	1-3.	(Photograph	courtesy	of	Gordon	Vrdoljak.)	Macrostructure	is	the	gross	structure	of	a	material	that	is	visible	to	the	unaided	human	eye.	If	no	a	priori	information	is	available,	it	is	challenging	to	guarantee	that	the	proposed	model	is	the	one	that	gives	the	best
results.	Verbeck,	G.J.,	and	C.W.	Foster,	Proceedings	of	the	American	Society	for	Testing	and	Materials,	Vol.	7.4	Lightweight	Aggregate	Aggregates	that	weigh	less	than	1120	kg/m3	(70	lb/ft3)	are	generally	considered	lightweight,	and	find	application	in	the	production	of	various	types	of	lightweight	concretes.	Crushed	stone	is	the	product	resulting
from	industrial	crushing	of	rocks,	boulders,	or	large	cobblestones.	The	cause	for	nonlinearity	of	the	stress-strain	relationship	is	explained	from	studies	on	progressive	microcracking	of	concrete	under	load	by	researchers,	from	the	Cornell	University1	(Fig.	41.	2-10,	case	B),	the	w/c-strength	relationship	in	concrete	can	easily	be	explained	as	the	natural
consequence	of	a	progressive	weakening	of	the	matrix	caused	by	increasing	porosity	with	increase	50	Non-air	entrained	concrete	Specimens:	150	×	300	mm	cylinders	made	with	ASTM	type	I	or	normal	portland	cement	40	Compressive	strength,	MPa	54	28	days	30	7	20	3	10	1	day	0	0.35	0.4	0.45	Influence	of	the	watercement	ratio	and	moist	curing
age	on	concrete	strength.	He	has	authored	and	co-authored	numerous	journal	articles,	conference	proceedings,	and	reports	in	addition	to	having	co-authored	the	Second	and	Third	editions	of	Concrete:	Structure,	Properties,	and	Materials.	The	application	of	linear	polarization	resistance	by	voltage	perturbation	is	called	potentiostatic,	and	when
performed	by	current	perturbation	the	technique	is	termed	galvanostatic,	as	shown	in	Fig.	196	Microstructure	and	Properties	of	Hardened	Concrete	5.11	Discuss	the	factors	that	influence	the	compressive	strength	of	concrete	exposed	to	a	fire	of	medium	intensity	(650°C,	short-duration	exposure).	100	Heat	of	hydration,	Cal/g	90	days	90	28	80	70	7	60
50	0	10	20	30	40	Pozzolan	content	in	cement,	%	234	Effect	of	substituting	an	Italian	natural	pozzolan	on	the	heat	of	hydration	of	portland	cement.	Many	researchers	find	no	direct	relation	between	crack	width	and	corrosion;	however,	it	is	obvious	that	by	increasing	the	permeability	of	concrete	to	water	and	harmful	ions	and	gases,	the	presence	of	a
network	of	interconnected	macrocracks	and	internal	microcracks	would	expose	the	structure	to	numerous	physical-chemical	processes	of	deterioration.	Iron	blast-furnace	slag,	a	by-product	of	the	iron	12	Microstructure	and	Properties	of	Hardened	Concrete	Figure	1-9	Precast	concrete	girders	under	installation	for	the	Skyway	Segment	of	the	eastern
span	crossing	the	San	Francisco	Bay.	4.1	Types	of	Deformations	and	their	Significance	Deformations	in	concrete,	which	often	lead	to	cracking,	occur	as	a	result	of	the	material’s	response	to	external	load	and	environment.	(11-22)	Force	Displacement	Concrete	Materials,	Mix	Proportioning,	and	Early-Age	Properties	Contact	time	t	Time	Time	Impact
Receiver	D	Flaw	Principle	of	the	impact-echo	method	0.25	m	0.5	m	(a)	(b)	1.2	1.2	3.42	kHz	1.0	0.8	Relative	amplitude	Relative	amplitude	408	(b)	Solid	slab	0.6	0.4	0.2	0.0	7.32	kHz	1.0	0.8	(c)	Void	in	slab	0.6	0.4	0.2	0.0	0	5	10	15	20	Frequency,	KHz	25	30	0	5	10	15	20	Frequency,	KHz	25	30	Figure	11-15	Application	of	the	impact-echo	method	to
identify	a	disk-shaped	void	in	a	slab	(After	ACI	228.2R-98,	Nondestructive	Test	Methods	for	Evaluation	of	Concrete	Structures).	5	C3S	C2S	C3A	C4AF	52.8	20.7	11.5	8.8	58.0	16.7	7.2	11.9	63.3	12.7	2.8	14.9	53.6	17.2	14.2	8.8	42.0	28.8	14.2	8.8	210	Concrete	Materials,	Mix	Proportioning,	and	Early-Age	Properties	6.2.4	Crystal	structure	and	reactivity
of	the	compounds	The	chemical	composition	of	the	compounds	present	in	industrial	portland	cements	is	not	exactly	what	is	expressed	by	the	commonly	used	formulas,	C3S,	C2S,	C3A,	and	C4AF.	The	presence	of	the	monosulfate	hydrate	in	portland	cement	concrete	makes	the	concrete	vulnerable	to	sulfate	attack.	Calcium	hydroxide	crystals	(also
called	portlandite)	constitute	20	to	25	percent	of	the	volume	of	solids	in	the	hydrated	paste.	Building	Research	Establishment	News,	Her	Majesty’s	Stationery	Office,	London,	Winter	1979.	Typically,	the	tensile	and	flexural	strengths	of	concrete	are	of	the	order	of	10	and	15	percent,	respectively,	of	the	compressive	strength.	The	stress-strain
relationships	in	materials	are	generally	expressed	in	terms	of	strength,	elastic	modulus,	ductility,	and	toughness.	The	term	macrostructure	is	generally	used	for	the	gross	microstructure	visible	to	the	human	eye;	the	limit	of	resolution	of	the	unaided	human	eye	is	approximately	one-fifth	of	a	millimeter	(200	μm).	From	long-term	studies	of	portland
cement	mortars	and	concrete	mixtures	exposed	to	seawater,	the	evidence	of	magnesium	ion	attack	is	well	established	by	the	presence	of	white	deposits	of	brucite	or	Mg(OH)2	and	by	magnesium	silicate	hydrate	which	can	be	detected	by	mineralogical	analysis.	Furthermore,	it	may	be	noted	that	the	elastic	modulus	of	the	aggregate	(which	controls	the
aggregate’s	ability	to	restrain	volume	changes	in	the	matrix)	is	directly	related	to	its	porosity,	and	the	measurement	of	the	unit	weight	of	concrete	happens	to	be	the	easiest	way	of	obtaining	an	estimate	of	the	aggregate	porosity.	There	are	no	satisfactory	tests	for	the	erosion	resistance.	37–45,	1966.	There	appears	to	be	no	consistent	relationship
between	Poisson’s	ratio	and	concrete	characteristics	such	as	water-cement	ratio,	curing	age,	and	aggregate	gradation.	[(a)–(c),	From	Powers,	T.C.,	The	Physical	Structure	and	Engineering	Properties	of	Concrete,	Bulletin	90,	Portland	Cement	Association,	Skokie,	IL,1958	(d)	From	Cordon,	W.A.,	Freezing	and	Thawing	of	Concrete	–Mechanism	and
Control,	ACI	Monograph	3,1967;	(e)	From	PCA,	Design	and	Control	of	Concrete	Mixtures,	1979.]	According	to	Powers,	a	saturated	cement	paste	containing	no	entrained	air	expands	on	freezing	due	to	the	generation	of	hydraulic	pressure	(a)	With	increasing	air	entrainment,	the	tendency	to	expand	decreases	because	the	entrained	air	voids	provide
escape	boundaries	for	the	hydraulic	pressure	[(b),	(c),	and	(d)].	When	adequately	reactive	materials	are	used	in	moderate	proportion	(e.g.,	15	to	30	percent	pozzolan	or	25	to	50	percent	slag),	and	moist	curing	is	available	for	long	periods,	the	ultimate	strengths	of	Types	IP	and	IS	cements	are	higher	than	the	strength	of	the	reference	portland	cement
without	the	blending	materials.	3)	Concrete	A	=	8.96/383	×	10–6	=	23.4	×	103	MPa	Concrete	B	=	11.6/468	×	10–6	=	24.8	×	103	MPa	Concrete	C	=	16.0/611	×	10–6	=	26.2	×	103	MPa	Concrete	C	1	2	3	Concrete	B	1	2	3	1	cm	=	2.71	MPa	Stress	Concrete	A	1	2	3	s	–	e	Curves	to	40	%	f	c′	1	cm	=	159	×	10–6	Strain	Determination	of	the	secant	modulus	in
the	laboratory	(ASTM	C	469).	5-6.	Crystalization	pressure	of	salts	in	pores	Structural	loading	1.	2-12.	Suggestions	for	Further	Study	Hewlett,	P.C.,	ed.,	Lea’s	Chemistry	of	Cement	and	Concrete,	4th	ed.	977,	1948.	Sometimes	large	amounts	of	sulfate	in	the	form	of	gypsum	are	purposely	added	to	the	raw	mix	either	for	−	lowering	the	burning
temperature	or	for	modification	of	the	C3A	phase	to	C4Α3S	,	which	is	an	important	constituent	of	certain	types	of	cements	that	will	be	described	later.	Haynes,	J.	The	process	of	transformation	of	a	system	containing	large	capillary	voids	into	a	microporous	product	containing	numerous	fine	pores	is	referred	to	as	“pore-size	refinement.”	Also,
nucleation	of	calcium	hydroxide	around	the	fine	and	well	distributed	particles	of	pozzolan	will	have	the	effect	of	replacing	the	large	and	oriented	crystals	of	calcium	hydroxide	with	numerous,	small,	and	less	oriented	crystals	plus	poorly	crystalline	reaction	products.	Light	scaling	does	not	expose	the	coarse	aggregate.	“A”	represents	aggregation	of
poorly	crystalline	C-S-H	particles	which	have	at	least	one	colloidal	dimension	(1	to	100	nm).	That	brought	irritation,	tensions,	and	erosion	of	previously	good	marital	relations.	Lepps,	T.M.	Second	International	Conference	on	Alkali-Aggregate	Reactions	in	Hydroelectric	Plants	and	Dams,	USCOLD,	Chattanooga,	Tennessee,	1995.	On	the	contrary,	with
increasing	degree	of	hydration,	although	there	is	Microstructure	of	Concrete	41	The	pore	size	distribution	of	pores	less	o	than	1320	A	for	the	0.6,	0.7,	0.8,	and	0.9	water-cement	ratio	specimens	at	28	days	Penetration	volume,	cc/g	0.3	0.2	0.1	0	0.6	0.7	0.8	0.9	1000	100	o	Pore	diameter,	A	Distribution	plots	of	small	pores	in	cement	pastes	of	varying
water-cement	ratios.	Municipal	wastes	and	recycled	concrete	from	demolished	buildings	and	pavements	are	also	being	investigated	for	use	as	aggregate	for	fresh	concrete.	The	aluminates	are	known	to	hydrate	at	a	much	faster	rate	than	the	silicates.	While	good-quality	concrete	shows	excellent	resistance	to	steady	flow	of	clear	water,	nonlinear	flow



at	velocities	exceeding	12	m/s	(7	m/s	in	closed	conduits)	may	cause	severe	damage	to	concrete	through	cavitation.	56	Microstructure	and	Properties	of	Hardened	Concrete	also	on	the	cement	content.	Table	5-4	gives	a	comprehensive	list	of	the	alkali-reactive	aggregate	types.	It	may	be	recalled	from	Fig.	Explanations	are	provided	as	to	why	and	how
the	aggregate,	the	cement	paste,	the	interfacial	transition	zone,	and	the	testing	parameters	affect	the	modulus	of	elasticity.	Progressive	penetration	of	chlorides	in	permeable	concrete	leads	to	scaling,	potholes,	and	delaminations	at	the	concrete	surface,	finally	rendering	it	unfit	for	use.	As	the	compressive	strength	of	concrete	increases,	the	tensile
strength	also	increases	but	at	a	decreasing	rate	(Fig.	49318,	1968.	Typically,	concrete	mixtures	used	for	overlay	are	of	low	slump,	very	low	water-cement	ratio	(made	possible	by	adding	a	superplasticizing	admixture),	and	high	cement	content.	Moukwa,	M.,	Cem.	Thus	the	unique	features	of	the	concrete	microstructure	can	be	summarized	as	follows:
First,	there	is	the	interfacial	transition	zone,	which	represents	a	small	region	next	to	the	particles	of	coarse	aggregate.	1,	2,	and	3	are	sections	of	SiO4	tetrahedron.	∗	Microstructure	of	Concrete	100	cm3	of	cement,	constant	W/C	=	0.63,	varying	degree	of	hydration	as	shown	CASE	A:	150	125	cm3	or	42	%	150	cm3	or	50	%	200	300	−	100	=	200	cm3	or
66	%	250	300	−	200	=	100	cm3	or	33%	300	Total	volume	of	paste,	cm3	37	Capilary	pores	Hydration	product	Anhydrous	cement	100	50	0	Days	hydrated	Days	degree	28d	50%	75%	1yr.	Microstructure	of	Concrete	29	2.5.1	Solids	in	the	hydrated	cement	paste	The	types,	amounts,	and	characteristics	of	the	four	principal	solid	phases	in	the	hydrated
cement	paste	that	can	be	resolved	by	an	electron	microscope	are	as	follows:	The	calcium	silicate	hydrate	phase,	abbreviated	as	CS-H,	makes	up	50	to	60	percent	of	the	volume	of	solids	in	a	completely	hydrated	portland	cement	paste	and	is,	therefore,	the	most	important	phase	determining	the	properties	of	the	paste.	6.8.7	Calcium	aluminate	cement
Compared	to	portland	cement,	calcium	aluminate	cement	(CAC)	possesses	many	unique	properties,	such	as	high	early	strength,	ability	to	harden	even	under	lowtemperature	conditions,	and	superior	durability	to	sulfate	attack.	Figure	2-4	concrete	and	the	higher	the	proportion	of	elongated	and	flat	particles,	the	greater	will	be	the	tendency	for	water
films	to	accumulate	next	to	the	aggregate	surface,	thus	weakening	the	interfacial	transition	zone.	This	is	because	of	the	pore	refinement	associated	Diagrammatic	representation	of	well-hydrated	cement	pastes	made	with	a	portland	pozzolan	cement.	However,	it	can	slowly	carbonate	in	air	to	form	a	stable	product	(CaCO3).	2-7a,	the	dimensional	range
covers	seven	orders	of	magnitude.	The	cement	is	generally	very	fast	setting	(2	to	5	min	setting	time)	but	the	setting	time	can	be	retarded	by	using	citric	acid,	sodium	sulfate,	calcium	hydroxide,	and	other	retarders.	Such	closely	spaced	boundaries	are	provided	by	the	correct	use	of	a	suitable	air-entraining	agent.10	Powers’	data	and	a	diagrammatic
representation	of	his	hypothesis	are	shown	in	Fig.	6.5	What	is	the	significance	of	fineness	in	cement?	In	addition,	it	is	not	easy	to	maintain	the	low	temperature	required	to	stabilize	the	ice	in	the	sample.	Concrete	cured	in	summer	or	in	a	tropical	climate	can	be	expected	to	have	a	higher	early	strength	but	a	lower	ultimate	strength	than	the	same
concrete	cured	in	winter	or	in	a	colder	climate.	For	instance,	compared	to	the	strength	of	the	standard	specimens	(height/	diameter	ratio	equal	to	2),	the	specimens	with	the	height/diameter	ratio	of	1	showed	about	15	percent	higher	strength.	3.6.3	Relationship	between	the	compressive	and	the	tensile	strength	Stress,	MPa	It	has	been	pointed	out
before	that	the	compressive	and	tensile	strengths	are	closely	related;	however,	there	is	no	direct	proportionality.	Beaudoin,	J.J.,	and	C.	In	such	cases,	the	aggregate	particles	themselves	are	not	damaged	as	a	result	of	frost	action.	On	the	average,	the	compressive	strength	drops	by	about	2	percent	when	1	percent	CaO	is	removed	from	the	portland
cement	paste	[part	(c)].	5-24b).	5.2	Write	a	short	note	on	the	structure	and	properties	of	water,	with	special	reference	to	its	destructive	effect	on	materials.	The	quantitative	analysis	of	acoustic	emission	in	concrete	is	difficult	because	the	actual	exact	source	mechanisms	are	not	known	or	fully	characterized	beforehand,	and	the	propagating	medium	is
not	a	homogeneous,	isotropic,	and	elastic	solid.	2-11,	which	is	based	on	the	experimentally	determined	values	of	permeability	by	Powers.	20,	No.	4,	pp.	Liu,	T.C.,	J.	It	should	be	noted	that	the	principal	source	of	strength	in	the	solid	products	of	the	hydrated	cement	paste	is	the	existence	of	the	van	der	Waals	forces	of	attraction.	Cady,	P.D.,	ASTM	STP
169B,	pp.	Types	M	and	S	cement	products	usually	contain	significant	amounts	of	compounds	that	are	vulnerable	to	sulfate	attack	and	therefore	are	not	recommended	for	use	in	sulfate	environments.	(Based	on	Shideler,	J.J.,	J.	In	spite	of	a	low-permeability	concrete	3	mixture	(390	kg/m	cement	content),	the	structures	showed	cracking	due	to	corrosion
of	the	reinforcing	steel	after	46	years	of	service.	The	presence	of	aluminum,	iron	and	magnesium	ions,	and	alkalies	in	the	raw	mix	has	a	mineralizing	effect	on	the	formation	of	calcium	silicates;	that	is,	they	facilitate	the	formation	of	the	calcium	silicate	at	considerably	lower	temperatures	than	would	otherwise	be	possible.	The	Feldman-Sereda	model2
visualizes	the	C-S-H	structure	as	being	composed	of	an	irregular	or	kinked	array	of	layers	which	are	randomly	arranged	to	create	interlayer	spaces	of	different	shapes	and	sizes	(5	to	25	Å).	The	evaluation	of	compressive	strength	with	time	is	of	great	concern	to	structural	engineers.	Klieger,	P.,	and	J.F.	Lamond,	eds.,	Concrete	and	Concrete	Making
Materials,	ASTM	STP,	169,	American	Society	for	Testing	and	Materials,	Philadelphia,	PA,	Chap.	ASCE,	Structure	Div.,	Vol.	Obviously,	local	variations	in	water-cement	ratio	would	be	the	primary	source	of	evolution	of	the	heterogeneous	microstructure.	This	will	not	occur	as	long	as	the	concrete	cover	surrounding	the	of	steel-cement	paste	interfacial
zone	remains	impermeable.	5.19	With	coastal	and	offshore	concrete	structures	directly	exposed	to	seawater,	why	does	most	of	the	deterioration	occur	in	the	tidal	zone?	Given	here	is	only	a	brief	description	of	the	elements	that	exercise	a	major	influence	on	properties	of	concrete.	The	results	from	the	modulus	of	rupture	test	tend	to	overestimate	the
tensile	strength	of	concrete	by	50	to	100	percent,	mainly	because	the	flexure	formula	assumes	a	linear	stress-strain	relationship	in	concrete	throughout	the	cross	section	of	the	beam.	With	large	pores	containing	deposits	of	a	white	precipitate	[part	(b)]	which	was	identified	as	Mg	(OH)2	by	X-ray	diffraction	analysis.	The	structure	was	built	and
assembled	at	a	dry	dock	in	Stavanger;	then	the	entire	assembly,	weighing	about	40,000	tonnes,	was	towed	to	the	site	of	the	oil	well,	where	it	was	submerged	to	a	water	depth	of	about	145	m.	Strength	resides	in	the	solid	part	of	a	material;	therefore,	voids	are	detrimental	to	strength.	Permeability	is	defined	as	the	ease	with	which	a	fluid	under
pressure	can	flow	through	a	solid.	On	freezing,	the	magnitude	of	pressure	depends	primarily	on	the	rate	of	temperature	drop	and	the	distance	that	water	under	pressure	must	travel	to	find	an	escape	boundary	to	relieve	the	pressure.	Typically,	C3S	appears	as	hexagonal-plate	crystals,	C2S	as	rounded	grains	with	twinning	bands,	and	C3A	and	C4AF	as
interstitial	phases.	In	the	splashing	zone,	about	50	percent	of	the	surveyed	pillars	were	in	good	condition;	14	percent	had	their	cross	sectional	area	reduced	by	30	percent	or	more,	and	24	percent	had	10–30	percent	reduction	in	area	of	cross	section.	Why?	That	is,	the	tensile	strength	of	concrete	with	a	lowporosity	interfacial	transition	zone	will
continue	to	be	weak	as	long	as	large	numbers	of	oriented	crystals	of	calcium	hydroxide	are	present	there	(see	Fig.	Depending	on	the	amount	of	sulfate	available,	−	−	soluble	double-sulfates	of	alkalies	such	as	langbeinite	(2CS	⋅ΝS	)	and	−	−	aphthitalite	(3NS	⋅	ΚS)	are	known	to	be	present	in	portland	cement	clinker.	Interestingly,	the	transformation	of
Thermonatrite	(Na2CO3⋅Η2Ο)	into	Natron	(Na2CO3⋅10Η2Ο)	occurs	at	similar	temperature	and	humidity	conditions,	which	happen	to	be	within	the	range	of	everyday	environmental	changes	in	many	parts	of	the	world.	Only	the	oxygen	atoms	in	the	symmetry	plane	are	shown	as	plain	circles.	At	a	given	water-cement	ratio,	the	longer	the	moist	curing
period	the	higher	the	strength	(Fig.	3-9c.	No	longer	could	the	two	exist	in	blissful	union;	the	seeds	of	destruction	had	been	planted	and	the	stage	had	been	set	for	today’s	bridge	deck	cracking	and	corrosion	problems.49	2	Mehta	and	Gerwick	reported	that	many	heavily	reinforced,	8-	by	3.7-	by	-1.8	m	spandrel	beams	of	the	San	Mateo-Hayward	bridge
at	the	San	Francisco	Bay	in	California	had	to	undergo	expensive	repairs	due	to	serious	cracking	of	concrete	associated	with	the	corrosion	of	embedded	steel	(Fig.	The	rate	of	surface	erosion	depends	on	the	porosity	or	the	strength	of	concrete,	and	on	the	amount,	size,	shape,	density,	hardness,	and	velocity	of	the	moving	particles.	Transmitter
Transient	time	x	Receivers	Slope	1/V	Velocity	V	Wavefront	Distance	from	transmitter	(a)	(b)	Figure	11-12	(a)	Configuration	of	many	receivers	using	the	indirect	transmission	method	and	(b)	typical	plot	to	determine	velocity	V	using	the	configuration	shown	in	(a).	As	a	first	approximation	this	makes	sense	because	the	stress-strain	behavior	of	the	three
components	of	concrete,	namely	the	aggregate,	the	cement	paste	matrix,	and	the	interfacial	transition	zone,	would	indeed	be	determined	by	their	individual	strengths,	which	in	turn	are	related	to	the	ultimate	strength	of	the	concrete.	30	Microstructure	and	Properties	of	Hardened	Concrete	a	minor	role	in	the	microstructure-property	relationships.	48,
pp.	3	Copyright	©	2006	by	The	McGraw-Hill	Companies,	Inc.	The	impact	is	usually	provided	by	hitting	the	surface	with	a	hammer.	It	is	a	well-known	fact	that	there	is	an	inverse	relationship	between	porosity	and	strength	in	solids.	(b)	D-cracking	in	highway	and	airfield	pavement	refers	to	a	D-shaped	pattern	of	closely	spaced	cracks	which	occur
parallel	to	longitudinal	transverse	joints.	Microcracks.	In	Iceland,	only	alkali-reactive	volcanic	rocks	are	available	for	use	as	aggregate,	and	the	cement	raw	materials	are	such	that	only	high-alkali	portland	cement	is	produced.	Moreover,	there	is	no	general	agreement	as	to	what	should	be	the	failure	criterion.	3.4	Explain	how	water-cement	ratio
influences	the	strength	of	the	cement	paste	matrix	and	the	interfacial	transition	zone	in	concrete.	Based	on	numerous	case	histories,	it	appears	that	cracking-corrosion	interactions	probably	follow	the	route	diagrammatically	illustrated	in	Fig.	For	quality	control	purposes	in	the	cement	industry,	the	fineness	is	easily	determined	as	the	residue	on
standard	sieves	such	as	No.	200	mesh	(75	μm)	and	No.	325	mesh	(45	μm).	Carl	Crumpton’s	humorous	observation	(a)	(b)	Damage	to	reinforced	concrete	structures	due	to	corrosion	of	steel.	Popovics,	S.,	Strength	and	Related	Properties	of	Concrete:	A	Quantitative	Approach,	New	York:	Wiley,	535	p.,	1998.	100,	1971.)	Figure	4-2	0	0	1000	2000	3000	–6
Strain,	10	The	properties	of	complex	composite	materials	need	not	to	be	equal	to	the	sum	of	the	properties	of	their	components.	Rapidly	cooled	magma,	as	in	the	case	of	rocks	formed	by	volcanic	eruptions,	contains	mostly	noncrystalline	or	glassy	matter;	the	glass	may	be	dense	(quenched	lava)	or	cellular	(pumice),	and	the	rock	type	is	called	extrusive
or	volcanic.	In	the	wet	process	of	cement	manufacture,	the	grinding	and	homogenization	of	the	raw	mix	is	carried	out	in	the	form	of	a	slurry	containing	30	to	40	percent	water.	Tridymite	and	cristobalite	are	also	crystalline	silica	minerals	but	are	metastable	at	ordinary	temperature	and	pressure,	and	are	rarely	found	in	nature	except	in	volcanic	rocks.
Considerable	energy	is	needed	for	the	formation	and	extension	of	matrix	cracks	under	a	compressive	load.	Raphael,	J.,	J.	X-ray	diffraction	analyses	of	the	weakened	concrete	showed	the	presence	of	brucite,	gypsum,	ettringite,	and	hydrocalumite.	Oddesund	bridge,	Pier	7:	History	of	the	structure	indicated	initial	cracking	of	caissons	due	to	thermal
stresses.	2-8,	hydrated	with	different	water-cement	ratios	and	to	various	ages,	demonstrate	that	the	decrease	in	total	capillary	porosity	was	associated	with	reduction	of	large	pores	in	the	hydrated	cement	paste	(Fig.	To	achieve	the	desired	effect	Earley	proposed	an	opaque	white	quartz	found	in	South	Carolina	to	reflect	light	from	its	broken	face.
Ohtsu15	proposed	the	following	relationship	between	the	number	of	AE	events,	N,	and	the	maximum	amplitude,	A:	log10	N	=	a	−	blog10	A.	The	through-solution	hydration	involves	dissolution	of	anhydrous	compounds	into	their	ionic	constituents,	formation	of	hydrates	in	the	solution	and,	due	to	their	low	solubility,	eventual	precipitation	of	the
hydrates	from	the	supersaturated	solution.	The	principal	components	for	making	concrete,	namely	aggregate,	water,	and	portland	cement	are	relatively	inexpensive	and	are	commonly	available	in	most	parts	of	the	world.	When	a	fluid	containing	suspended	solid	particles	is	in	contact	with	concrete,	the	impinging,	sliding,	or	rolling	action	of	particles
will	cause	surface	wear.	Concrete	is	a	composite	material,	however,	many	of	its	characteristics	do	not	follow	the	laws	of	mixtures.	Next,	as	in	the	bulk	paste,	calcium,	sulfate,	hydroxyl,	and	aluminate	ions,	produced	by	the	dissolution	of	calcium	sulfate	and	calcium	aluminate	compounds,	combine	to	form	ettringite	and	calcium	hydroxide.	In	spite	of
apparent	simplicity	of	the	technology	of	producing	concrete,	the	microstructure	of	the	product	is	highly	complex.	Because	seawater	analyses	seldom	include	the	dissolved	CO2	content,	the	potential	for	the	loss	of	concrete	mass	by	leaching	away	of	solid	calcium	hydroxide	Durability	(a)	189	(b)	Afte	100	rM	win	80	Strength,	%	osk	Av	er	60	ag	e	40	After
Be	20	0	reczky	0	5	10	15	20	25	30	Dissolved	calcium	hydroxide	expressed	as	%CaO	35	(c)	Strength	loss	in	permeable	concrete	due	to	lime	leaching.	Download	Concrete:	Microstructure,	Properties,	and	Materials	PDF	Concrete	This	page	intentionally	left	blank	Concrete	Microstructure,	Properties,	and	Materials	P.	Figure	3-16	73	74	Microstructure
and	Properties	of	Hardened	Concrete	Origin	of	the	Splitting	Tension	Test	Behind	the	origin	of	the	“splitting	tension	test,”	the	method	of	determining	the	tensile	strength	of	concrete	by	applying	diametrically	opposite	compressive	forces	on	a	plane	passing	through	the	center	of	a	cylinder,	is	an	interesting	story.	As	a	consequence	of	rapid	crack
propagation,	it	is	difficult	to	follow	the	descending	part	of	the	stress-strain	curve	in	an	experimental	test.	Rec.,	Vol.	Low	water-loss	additives.	3.9	Can	we	use	recycled	water	from	industrial	operations	as	mixing	water	in	concrete?	Newman,	J.,	and	B.S.,	Choo,	eds.,	Advanced	Concrete	Technology:	Constituent	Materials,	Butterworth-Heinemann,	Oxford,
2003.	pated	during	the	event	can	be	estimated	by	measuring	the	root	mean	square	of	the	wave.	38.	21,	No.	1,	pp.	Although	three	main	crystalline	forms	of	alite—triclinic,	monoclinic,	and	trigonal—have	been	detected	in	industrial	cements,	these	forms	are	a	slight	distortion	of	an	ideal	C3S	pseudostructure	built	from	SiO4	tetrahedra,	calcium	ions,	and
oxygen	ions	(Fig.	3.5.2	Curing	conditions	The	term	curing	of	concrete	involves	a	combination	of	conditions	that	promote	the	cement	hydration,	namely	time,	temperature,	and	humidity	conditions	immediately	after	the	placement	of	a	concrete	mixture	into	formwork.	To	overcome	these	limitations,	different	methods	were	developed	(a)	to	control	the
duration	of	the	impact	force	so	as	to	assure	the	reproducibility	of	the	test	and	(b)	to	characterize	the	surface	displacement	generated	by	the	impact	on	concrete.	In	the	revolving-disk	test,	revolving	disks	of	steel	are	used	in	conjunction	with	a	silicon	carbide	abrasive.	However,	the	low	frequency	(long	wavelength)	waves	will	penetrate	deeper	and
therefore	their	velocity	will	be	influenced	by	the	material	properties	in	the	interior.	Capillary	forces	in	such	small	pores	cause	the	aggregate	to	get	easily	saturated	and	to	hold	water.	4.	Terzaghi,	R.D.,	J.	Meier,	U.,	and	A.B.	Harnik,	Cem.	For	this	configuration,	the	frequency	peak	is	3.42	kHz.	Using	Eq.	(11-20),	the	P-wave	velocity	can	be	computed:	Vp
=	2	×	0.5	×	3420	=	3420	m/s	(11-21)	For	the	slab	containing	a	disk-shaped	void	(Fig.	Natural	lightweight	aggregates	are	made	by	crushing	igneous	volcanic	rocks	such	as	pumice,	scoria,	or	tuff.	52.	Because	it	is	not	exposed	to	subfreezing	temperatures,	there	will	be	no	risk	of	frost	damage.	[(a)	Photograph	courtesy	of	P.D.	Cady,	The	Pennsylvania
State	University,	University	Park,	Pennsylvania;	(b)	photograph	from	Mehta,	P.K.,	and	B.C.	Gerwick,	Jr.,	Concr.	42	Microstructure	and	Properties	of	Hardened	Concrete	■	The	compressive	strength	of	a	concrete	is	higher	than	its	tensile	strength	by	an	order	of	magnitude?	The	mode	of	attack	in	concrete	involves	depolymerization	or	breakdown	of	the
silica	structure∗	of	the	aggregate	by	hydroxyl	ions	followed	by	adsorption	of	the	alkali-metal	ions	on	newly	created	surface	of	the	reaction	products.	Microstructure	of	Concrete	28	days	0.6	0.9	w/c	Penetration	volume,	cc/g	0.5	0.8	0.4	0.7	0.6	0.3	0.5	0.2	0.4	0.1	0	0.3	10000	1000	100	o	Pore	diameter,	A	(a)	0.7	w/c	Penetration	volume,	cc/g	0.5	28	days	90
days	1	year	0.4	0.3	0.2	0.1	0	10000	1000	100	o	Pore	diameter,	A	(b)	Figure	2-8	Pore	size	distribution	in	hydrated	cement	pastes.	Part	(a)	shows	a	typical	concrete	failure	(scaling	and	potholes	in	the	surface	of	a	concrete	pavement	in	Pennsylvania)	due	to	a	combination	of	frost	action,	corrosion	of	the	embedded	reinforcement,	and	other	causes.	For
example,	massive	crystals	of	calcium	hydroxide,	long	and	slender	needles	of	ettringite,	and	aggregation	of	small	fibrous	crystals	of	calcium	silicate	hydrate	can	be	seen	at	2000	¥	and	5000	¥	magnifications.	Rayleigh	and	Love	waves	can	propagate	close	to	a	free	surface.	Shrinkage	strains	can	be	detrimental	to	concrete	because,	when	restrained,	they
manifest	into	tensile	stress.	III,	Paris,	1980.)	It	is	not	the	total	porosity	but	the	pore	size	distribution	that	actually	controls	the	strength,	permeability,	and	volume	changes	in	a	hardened	cement	paste.	3.4	Failure	Modes	in	Concrete	With	a	material	such	as	concrete,	which	contains	void	spaces	of	various	size	and	shape	in	the	matrix	and	microcracks	at
the	interfacial	transition	zone,	the	failure	modes	under	stress	are	very	complex	and	vary	with	the	type	of	stress.	It	has	been	shown	(Fig.	Concrete	Materials,	Mix	Proportioning,	and	Early-Age	Properties	Transmitter	A	Layer	with	velocity	V1	Receiver	x	D	Path	1	qic	Path	1	slope:	1/V1	qic	h	V2	>	V1	Path	2	B	Arrival	time	404	Path	2	slope:	1/V2	ti	C
Experimental	results	Material	with	velocity	V2	Distance	from	transmitter	(b)	(a)	Figure	11-13	Effect	of	a	low-velocity	layer	on	the	wave	propagation.	62–69,	1991.	It	should	be	noted	that,	similar	to	the	well-bound	alkalies	in	most	feldspar	minerals,	the	alkalies	present	in	slags	and	natural	pozzolans	are	acid-insoluble	and	probably	are	not	available	for
reaction	with	aggregate.	Owing	to	the	ease	with	which	cracks	can	propagate	under	a	tensile	stress,	this	is	not	surprising.	Similarly,	both	the	bulk	hydrated	cement	paste	and	the	interfacial	transition	zone	generally	contain	a	heterogeneous	distribution	of	different	types	and	amounts	of	solid	phases,	pores,	and	microcracks,	as	will	be	described	later.	3-
9b	represent	a	different	time-temperature	history	of	casting	and	curing.	206	Concrete	Materials,	Mix	Proportioning,	and	Early-Age	Properties	Air	filter	Quarry	Limestone	crusher	Limestone	storage	Clay	storage	4	X-ray	Pump	analizer	Blend	silo	Pump	Roller	mill	Coal	storage	Preheater	Air	filter	Clinker	storage	Clinker	load	out	Clinker	silos	Coal	unload
Coal	mill	Clinker	cooler	Kiln	Cement	silos	Gypsum	silo	To	town	plant	Bag	packing	Finish	mill	Bag	shipping	Clinker	unload	Pump	Truck	&	rail	bulk	shipping	Flow	diagram	of	the	dry	process	for	portland	cement	manufacture.	1)	the	compressive	strength	of	concrete	is	several	times	greater	than	other	types	of	strength,	therefore	a	majority	of	concrete
elements	are	designed	to	take	advantage	of	the	higher	compressive	strength	of	the	material.	Existing	as	a	thin	shell,	typically	10	to	50	μm	thick	around	large	aggregate,	the	interfacial	transition	zone	is	generally	weaker	than	either	of	the	two	main	components	of	concrete,	namely,	the	aggregate	and	the	bulk	hydrated	cement	paste;	therefore,	it
exercises	a	far	greater	influence	on	the	mechanical	behavior	of	concrete	than	is	reflected	by	its	size.	73,	No.	4,	pp.	565,	1991.]	171	172	Microstructure	and	Properties	of	Hardened	Concrete	few	cases	of	reaction	between	alkali	and	carbonate	rocks	are	also	reported	in	the	literature,	and	they	will	not	be	discussed	here.	5-8c,	ice	crystals	can	be	seen
forming	inside	an	air	void,	providing	an	important	open	space	for	the	crystals	to	develop.	The	use	of	plain	concrete	for	dams,	canal	linings,	and	pavements	is	now	a	common	sight	almost	everywhere	in	the	world	(Figs.	Chemical	attacks	due	to	alkali-aggregate	reaction	and	seawater-cement	paste	interaction	will	also	be	at	work	here.	A	belite-
ferritesulfoaluminate	type	cement	with	a	potential	compound	composition	of	50	per−	−	cent	C2S,	30	percent	C4A3S	and	C4ΑF,	and	20	percent	CS	gave	15.6,	28.3,	35.7,	and	54	MPa	compressive	strength	at	8-h,	1-d,	7-d,	and	120-day,	respectively.	Holden	had	concluded	from	petrographic	studies	of	the	concrete	that	the	expansion	and	cracking	were
caused	by	chemical	reaction	between	the	cement	and	the	phyllite	rock,	which	had	been	used	as	an	aggregate.	Another	point	worth	noting	is	that	the	anodic	reaction	involving	ionization	of	metallic	iron	will	not	progress	far	unless	the	electron	flow	to	the	cathode	is	maintained	by	the	consumption	of	electrons.	In	Case	A,	a	0.63	water-cement-ratio	paste
containing	100	cm3	of	the	cement	requires	200	cm3	of	water;	this	sums	to	300	cm3	of	paste	volume	or	total	available	space.	Multinational	activity	in	the	design	and	construction	of	large	engineering	projects	is	commonplace	in	the	modern	world.	137	138	Microstructure	and	Properties	of	Hardened	Concrete	Air	entrainment	has	proved	to	be	an
effective	means	of	reducing	the	risk	of	damage	to	concrete	by	frost	action.	Obviously,	short-term	impact	loads,	drying	shrinkage,	and	sustained	loads	at	high	stress	levels	will	have	the	effect	of	increasing	the	size	and	number	of	microcracks	(Fig.	5-8,	if	the	transformation	occurs	in	small	capillary	pores,	the	ice	crystals	can	damage	the	cement	paste	by
pushing	the	capillary	walls	and	by	generating	hydraulic	pressure.	6.9	Which	one	of	the	four	major	compounds	of	portland	cement	contributes	most	to	the	strength	development	during	the	first	few	weeks	of	hydration?	Pressure	relief	may	be	available	either	in	the	form	of	any	empty	pore	within	the	aggregate	(analogous	to	entrained	air	in	cement	paste)
or	at	the	aggregate	surface.	1978.	(Photograph	courtesy	of	David	Solzman.)	“Time	goes,	you	say?	11.8.2	Corrosion	potential	The	corrosion	potential	of	the	steel	in	reinforced	concrete	can	be	measured	as	the	voltage	difference	between	the	steel	and	a	reference	electrode	in	contact	with	the	surface	of	the	concrete.	How	the	water	loss	from	saturated
hydrated	cement	paste	is	related	to	RH	on	one	hand,	and	to	the	drying	shrinkage	on	the	other,	is	described	by	L’Hermite	(Fig.	Typically	fine	aggregates	contain	particles	in	the	size	range	75	μm	(No.	200	sieve)	to	4.75	mm,	and	coarse	aggregates	from	4.75	to	about	50	mm,	except	for	mass	concrete	that	may	contain	particles	up	to	150	mm.	Natural
aggregates	are	generally	dense	and	strong;	therefore,	it	is	the	porosity	of	the	cement	paste	matrix	as	well	as	the	interfacial	transition	zone	between	the	matrix	and	coarse	aggregate,	which	usually	determines	the	strength	characteristic	of	normal-weight	concrete.	Chemical	attack	3.	∗	The	ACI	committee	reports	and	the	ASTM	(American	Society	for
Testing	and	Materials)	standards	are	updated	from	time	to	time.	The	contrast	500	Yield	point	Loading	and	unloading	400	Stress	(MPa)	16	300	200	100	0	Plastic	strain	0	.05	0.1	0.15	0.2	Strain	Figure	1-11	Stress-strain	behavior	of	a	steel	specimen	subjected	to	incremental	loads.	They	are	soft	and	disintegrate	on	wetting.	24.	This	is	also	the	reason	why
the	tensile	strength	is	much	lower	than	the	compressive	strength	of	concrete.	Part	(b)	shows	deterioration	of	concrete	due	to	corrosion	of	the	reinforcing	steel	in	the	spandrel	beams	of	the	San	Mateo-Hayward	Bridge	after	17	years	of	service.	In	the	words	of	Steiger,	the	central	figure	is	Time	the	conqueror,	seated	on	an	armored	horse	and	surrounded
by	young	and	old,	soldiers,	lovers,	religious	practitioners,	and	many	more	participants	in	the	diversity	of	human	life,	finally	embracing	death	with	outstretched	arms.	According	to	the	authors,	the	extent	of	damage	depends	on	the	site	of	the	salt	crystallization,	which	is	determined	by	a	dynamic	balance	between	the	rate	of	evaporation	of	water	from	the
exposed	surface	of	the	material	and	the	rate	of	supply	of	the	salt	solution	to	that	site.	From	this	description	it	can	be	concluded	that	the	loading	condition	has	an	important	influence	on	the	strength.	The	path	length	between	transducers	divided	by	the	time	of	travel	gives	the	average	velocity	of	wave	propagation.	This	is	Stage	1	in	Fig.	The	resistivity
for	this	array	is	given	by	ρ=	2πaΔV	i	(11-31)	Across	an	inhomogeneous	substructure,	the	pattern	of	current	distribution	in	the	test	region	is	distorted	and	it	is	possible	to	create	zonal	maps	of	different	resistivities.	It	is	possible	to	take	advantage	of	this	property	to	develop	nondestructive	methods	that	use	surface	waves	with	different	frequencies	and
therefore	different	wavelengths	to	probe	different	depths	of	the	structure.	2	Cement	no.	Diamond,	S.,	Cem.	48–60,	1963.	It	is	a	common	practice	in	the	cement	industry	to	compute	the	compound	composition	of	portland	cement	from	the	oxide	analysis	by	using	a	set	of	equations	which	were	originally	developed	by	R.H.	Bogue.	These	waves	are
originated	by	microcrack	formation	or	propagation	in	concrete.	It	should	be	noted	that	both	ettringite	and	the	monosulfate	contain	small	amounts	of	iron,	which	can	substitute	for	the	aluminum	ions	in	the	crystal	structure.	Acoustic	emission	is	a	promising	technique	to	study	the	fracture	process	in	concrete,	and	to	monitor	concrete	structures	for	their
structural	integrity.	Figure	6-21	customary	minor	revisions	are	no	longer	sufficient	to	meet	the	needs	of	a	rapidly	changing	world.	1.3	Types	of	Concrete	Based	on	unit	weight,	concrete	can	be	classified	into	three	broad	categories.	Proceedings	of	CANMET/ACI	International	Conferences	on	Durability	of	Concrete,	Malhotra,	V.M.,	ed.,	ACI	Special
Publications,	SP	126,	1991;	SP	145,	1994;	SP	170,	1997;	SP	192,	2000;	and	SP	212,	2004.	These	structures	were	12	to	40	years	old	at	the	time	of	collapse,	except	for	one	that	was	only	2	years	old.	■	At	a	given	cement	content,	water-cement	ratio,	and	age	of	hydration,	cement	mortar	will	always	be	stronger	than	the	corresponding	concrete?	Explain
why.	166–177,	May	1980.	Figure	6-16a	shows	strength	development	rates	up	to	1	year	in	cements	containing	10,	20,	or	30	percent	pozzolan,	and	Fig.	Clinkers	are	5-	to	25-mm-diameter	nodules	of	a	sintered	material	that	is	produced	when	a	raw	mixture	of	predetermined	composition	is	heated	to	high	temperatures.	1-1	and	1-2).	Sansalone11	reports
that	small	ball	bearings	in	the	range	of	4	to	15	mm	of	diameter	generate	impacts	with	a	contact	time	in	the	range	of	15	to	80	μs.	The	magnification	capability	of	modern	electron	microscopes	is	of	the	order	of	105	times.	In	the	presence	of	chloride	ions,	depending	on	the	Cl−/OH−	ratio,	it	is	reported	that	the	protective	film	is	destroyed	even	at	pH
values	considerably	above	11.5.	It	seems	that	when	Cl−/OH−	molar	ratio	is	higher	than	0.6,	steel	is	no	longer	protected	against	corrosion	probably	because	the	iron-oxide	film	becomes	either	permeable	or	unstable	under	these	conditions.	Not	all	porous	aggregates	are	susceptible	to	frost	damage;	the	behavior	of	an	aggregate	particle	when	exposed
to	freeze-thaw	cycles	depends	primarily	on	the	size,	number,	and	continuity	of	pores	(i.e.,	on	the	pore	size	distribution)	and	permeability.	2-2).	Mehta,	P.K.,	World	Cement	Technology,	pp.	Knowledge	of	the	amount	of	heat	released	is	important	because	the	heat	is	sometimes	a	help	and	sometimes	a	hindrance.	For	the	most	part,	it	is	the	water-cement
ratio	that	determines	the	porosity	of	the	cement	paste	matrix	at	a	given	degree	of	hydration;	however,	when	air	voids	are	incorporated	into	the	system,	either	as	a	result	of	inadequate	compaction	or	through	the	use	of	an	air-entraining	admixture,	they	also	have	the	effect	of	increasing	the	porosity	and	decreasing	the	strength	of	the	system.	Therefore,
care	should	be	taken	when	analyzing	the	risk	of	corrosion	in	structures	where	the	lack	of	oxygen	near	the	reinforcement	is	expected,	such	as	submersed	or	underground	construction.	In	flowing	water,	vapor	bubbles	form	when	the	local	absolute	pressure	at	a	given	point	is	reduced	to	ambient	vapor	pressure	of	water	corresponding	to	the	ambient
temperature.	Biczok,	I.,	Concrete	Corrosion	and	Concrete	Protection,	Chemical	Publishing	Co.,	New	York,	pp.	Pleau,	Durability	of	Concrete	in	Cold	Climates,	E	&	FN	Spon,	London,	1995.	Monteiro	(Berkeley,	CA),	professor	and	group	leader	of	the	Structural	Engineering	Mechanics	and	Materials	Group,	Department	of	Civil	and	Environmental
Engineering	at	the	University	of	California	at	Berkeley,	received	his	engineering	degree	from	the	University	of	Sao	Paulo	and	master	and	Ph.D.	degrees	from	U.C.	Berkeley.	Deleterious	interactions	of	serious	consequence	between	constituents	of	hydrated	portland	cement	and	seawater	take	place	when	seawater	is	not	prevented	from	penetrating	into
the	interior	of	a	concrete.	2.5.3	Water	in	the	hydrated	cement	paste	Under	electron	microscopic	examination,	voids	in	the	hydrated	cement	paste	appear	to	be	empty.	Structural	loading	as	well	as	weathering	effects,	such	as	exposure	to	cycles	of	heating-cooling	and	wetting-drying,	facilitate	the	propagation	of	microcracks	that	normally	preexist	in	the
interfacial	transition	zone	between	the	cement	mortar	and	the	coarse	aggregate	particles.	22	Microstructure	and	Properties	of	Hardened	Concrete	2.2	Significance	Progress	in	the	field	of	materials	has	resulted	primarily	from	recognition	of	the	principle	that	the	properties	originate	from	the	internal	microstructure;	in	other	words,	properties	can	be
modified	by	making	suitable	changes	in	the	microstructure	of	a	material.	4	and	Cement	no.	2-3.	105–139,	1994.	Thus,	a	saturated	hydrated	cement	paste	exposed	to	slightly	less	than	100	percent	RH	can	lose	a	considerable	amount	of	total	evaporable	water	before	undergoing	any	shrinkage.	This	explanation,	however,	does	not	consider	the	influence	of
the	water-cement	ratio	on	the	strength	of	the	interfacial	transition	zone.	Hoff,	G.C.,	B.J.	Houston,	and	F.H.	Sayler,	U.S.	Army	Engineer	Waterway	Experiment	Station,	Vicksburg,	MS,	Miscellaneous	Paper	C-75-5,	1975.	Adequate	speed	of	construction	of	concrete	lining	was	assured	by	slip-forming	operation.	Div.,	Vol.	210–229,	1962.	Knowledge	of	the
substances	formed	when	portland	cement	reacts	is	important	because	the	cement	itself	is	not	a	cementing	material;	its	hydration	products	have	the	cementing	action.	2-6	for	identification	of	the	phases	present)	it	is	shown	here	that,	as	a	result	of	the	pozzolanic	reaction,	the	capillary	voids	are	either	eliminated	or	reduced	in	size,	and	crystals	of
calcium	hydroxide	are	replaced	with	additional	C-S-H	of	a	lower	density.	For	the	purpose	of	drawing	useful	lessons	for	construction	of	concrete	sea	structures,	several	case	histories	of	deterioration	of	concrete	as	a	result	of	long-term	exposure	to	seawater	are	summarized	in	Table	5-5,	and	are	discussed	next.	In	practice,	the	stress-strain	relations	in
concrete	are	much	more	complex	than	indicated	by	Fig.	Expansion	of	cement	paste	specimens	was	1000	2000	800	ΔL/L,	10−6	ΔL	/L,	10−6	1500	1000	500	600	400	200	0	−30	−20	−10	0	10	20	Temperature,	°C	0	−30	−20	−10	30	0	10	20	Temperature,	°C	(a)	(b)	1000	Cold	front	ΔL	/L,	10−6	800	600	Gel	pores	400	200	Air	void	0	Capillary	cavities	−200
−400	−30	−20	−10	0	10	Temperature,	°C	20	30	Escape	boundary	Water	in	gel	pores	Gel	pores	(c)	Gel	pores	Capillary	cavities	Water	Ice	(d)	(e)	Response	of	saturated	cement	paste	to	freezing	and	thawing	with	and	without	entrained	air.	3.	In	addition	to	regulated	set	cements,	two	other	modified	portland	cements	derive	their	rapid	setting	and
hardening	characteristics	from	the	formation	of	large	amounts	of	ettringite	during	the	early	hydration	period.	When	the	available	internal	energy	exceeds	the	required	crack-release	energy,	the	rate	of	crack	propagation	will	increase	and	the	system	will	become	unstable.	47,	pp.	The	degree	of	cement	hydration	depends	on	the	curing	conditions
(duration	of	hydration,	temperature,	and	humidity).	The	ultimate	strength	and	other	physical	properties	of	the	cement	are	comparable	to	those	of	portland	cement	except	that	due	to	the	high	content	of	the	reactive	aluminate,	the	sulfate	resistance	is	poor.	3-9,	it	is	evident	that	the	28-day	strength	of	specimens	cast	and	cured	at	5°C	was	about	80
percent	of	those	cast	and	cured	at	21	to	46°C.	In	fact,	the	word	concrete	comes	from	the	Latin	term	concretus,	which	means	to	grow.	To	reduce	the	CaO/SiO2	ratio	of	the	hydration	product	at	temperatures	above	110°C	(i.e.,	silica	flour	or	pozzolans)	Since	organic	retarders	are	unstable	at	high	temperatures,	API	Class	J	cement	represents	a	relatively
recent	development	in	the	field	of	modified	portland	cements	that	can	be	used	for	case-cementing	at	temperatures	above	150°C	without	the	addition	of	a	retarder.	3.6.2	Behavior	of	concrete	under	uniaxial	tension	The	shape	of	the	stress-strain	curve,	the	elastic	modulus,	and	the	Poisson’s	ratio	of	concrete	under	uniaxial	tension	are	similar	to	those
under	uniaxial	compression.	White	cement	is	produced	by	pulverizing	a	white	portland-cement	clinker.	In	biaxial	tension	(Fig.	In	general,	there	is	a	relationship	between	strength	and	durability	when	low	strength	is	associated	with	high	porosity	and	high	permeability.	68,	pp.	3-3.	View	of	the	Guanabara	Bay	in	Rio	de	Janeiro,	Brazil.	Rusch5	confirmed
this	in	his	tests	on	56-day-old,	34	MPa	(5000	psi)	compressivestrength	specimens.	The	Bogue	equations	assume	that	the	chemical	reactions	of	formation	of	clinker	compounds	have	proceeded	to	completion,	and	that	the	presence	of	impurities	such	as	MgO	and	alkalies	can	be	ignored.	A	material	can	generate	acoustic	emission	of	two	basic	waveforms:
continuous	and	burst	(see	Fig.	More	negative	potentials	result	for	concrete	with	higher	degree	of	saturation.	Discuss	the	significance	of	each.	Initially,	with	curing	the	calcium	hydroxide	content	of	the	cement	increases	due	to	hydration	of	the	portland	cement	present;	however,	later	it	begins	to	drop	with	the	progress	of	the	pozzolanic	reaction.	The
strength	of	concrete	depends	on	the	volume	of	the	cement	hydration	products	that	continue	to	form	for	several	years,	resulting	xix	Copyright	©	2006	by	The	McGraw-Hill	Companies,	Inc.	How	do	you	define	microstructure?	5-24a).	In	response,	the	foreman	waved	two	fingers	into	my	face.	It	is	not	cost-effective	to	produce	concrete	mixtures	with
slumps	higher	than	needed.	Sandstone,	quartzite,	and	graywacke	belong	to	the	second	category.	As	the	determination	of	particle	size	distribution	is	either	cumbersome	or	requires	expensive	equipment,	it	is	a	common	practice	in	the	industry	to	obtain	a	relative	measure	of	the	particle	size	distribution	from	surface	area	analysis	of	the	cement	by	the
Blaine	Air	Permeability	Method	(ASTM	C	204).	According	to	Feld,58	in	1955,	after	21	years	of	use,	the	concrete	piles	and	caps	of	the	trestle	bends	of	the	James	River	Bridge	at	Newport	News,	Virginia,	required	a	$1.4	million	repair	and	replacement	cost	involving	70	percent	of	the	2500	piles.	Ramachandran,	V.S.,	R.F.	Feldman,	and	J.J.	Beaudoin,
Concrete	Science,	Heyden,	London,	Chaps.	In	rock	mechanics,	this	test	is	often	referred	to	as	the	“Brazilian	test,”	but	in	concrete	technology	it	is	called	the	splitting	tension	test.	6.18	What	is	the	distinction	between	shrinkage-compensating	and	self-stressing	cements?	When	portland	cement	is	dispersed	in	water,	the	calcium	sulfate	and	the	high-
temperature	compounds	of	calcium	begin	to	go	into	solution,	and	the	liquid	phase	gets	rapidly	saturated	with	various	ionic	species.	4.2.2	Types	of	elastic	moduli	The	static	modulus	of	elasticity	for	a	material	under	tension	or	compression	is	given	by	the	slope	of	the	s	−	e	curve	for	concrete	under	uniaxial	loading.	In	the	precast	concrete	industry,	quick
turnover	of	forms	is	an	economic	necessity.	Therefore,	the	impact	strength	is	more	closely	related	to	the	tensile	strength.	Concrete	has	a	highly	heterogeneous	and	complex	microstructure.	Clay	minerals	contain	alumina	(Al2O3),	iron	oxide	(Fe2O3),	and	alkalies.	Entrapped	air	voids	may	be	as	large	as	3	mm;	entrained	air	voids	usually	range	from	50
to	200	μm.	158–164,	1984.)	stresses.	(Figs.	It	should	be	noted,	however,	that	the	lack	of	oxygen	actually	significantly	reduces	the	corrosion	rate,	even	though	it	causes	more	negative	potential.	Powers	showed	that	even	on	complete	hydration	a	0.6-water-cement-ratio	paste	can	become	as	impermeable	as	a	dense	rock	such	as	basalt	or	marble.	The
space	not	taken	up	by	the	cement	or	the	hydration	products	consists	of	capillary	voids,	the	volume	and	size	of	the	capillary	voids	being	determined	by	the	original	distance	between	the	anhydrous	cement	particles	in	the	freshly	mixed	cement	paste	(i.e.,	watercement	ratio),	and	the	degree	of	cement	hydration.	Their	presence	has	a	significant	influence
on	the	early	hydration	reactions	of	the	cement.	Applying	Huygen’s	principle,	the	refracted	wave	will	generate	secondary	waves	that	will	reach	the	receiver	before	the	direct	arrival.	417–432,	1951.	At	a	given	water-cement	ratio,	the	effect	on	the	compressive	strength	of	concrete	of	increasing	the	volume	of	entrained	air	is	shown	by	the	curves	in	Fig.
Microstructure	of	Concrete	47	2.8	In	a	hydrating	cement	paste	the	relationship	between	porosity	and	impermeability	is	exponential.	A	special	feature	of	the	book	is	the	inclusion	of	numerous	unique	diagrams,	photographs,	and	summary	tables	intended	to	serve	as	teaching	aids.	Oxygen	content	near	the	reinforcement.	Figure	6-14	C-S-H	of	low	density
1	mm	On	the	basis	of	scanning	electron	microscopic	and	pore-size	distribution	studies	of	hydrated	cement	pastes	both	with	and	without	a	pozzolan,	it	is	possible	to	conclude	that	there	are	two	physical	effects	of	the	chemical	reaction	between	the	pozzolanic	particles	and	calcium	hydroxide:	(i)	pore-size	refinement	and	(ii)	grain-size	refinement.	How	is
it	determined?	Durability.	Anhydrous	portland	cement	is	a	gray	powder	composed	of	angular	particles	typically	in	the	size	range	from	1	to	50	μm.	Int.,	Vol.	The	composition	of	the	hydration	products	shows	a	time-temperature	dependency;	the	low-temperature	hydration	product	(CAH10)	is	thermodynamically	unstable,	especially	in	warm	and	humid
storage	conditions,	under	which	a	more	stable	compound,	C3AH6,	is	formed	(see	the	equation	on	page	246).	Which	one	of	the	two	options	would	you	recommend?	Monteiro	University	of	California	at	Berkeley	This	page	intentionally	left	blank	Part	I	Microstructure	and	Properties	of	Hardened	Concrete	Copyright	©	2006	by	The	McGraw-Hill
Companies,	Inc.	McGraw-Hill	and	its	licensors	do	not	warrant	or	guarantee	that	the	functions	contained	in	the	work	will	meet	your	requirements	or	that	its	operation	will	be	uninterrupted	or	error	free.	5-27	a).	(From	Kupfel,	H.,	H.K.	Hilsdorf,	and	H.	1:5	concrete	mixture	contained	658	lb/yd3	(390	kg/m3)	cement.	Concrete	Materials,	Mix
Proportioning,	and	Early-Age	Properties	Chapter	6.	Satisfactory	explanations	for	these	observations	are	not	available	due	to	simultaneous	interplay	of	many	complex	factors;	however,	a	lower	water	adsorption	tendency	of	alkali-silica	gels	with	a	higher	silica/alkali	ratio,	and	relief	of	the	hydraulic	pressure	at	the	surface	of	the	reactive	particle	when	its
size	is	very	small	may	partially	explain	these	observations.	At	50	to	60	percent	of	the	ultimate	load,	cracks	begin	to	form	in	the	matrix.	The	general	pattern	of	chemical	attack	from	the	concrete	to	the	interior	is	shown.	11.6.3	Impact	methods	A	simple	method	of	assessing	the	condition	of	concrete	is	to	tap	the	surface	with	a	hammer	and	listen	to	the
resulting	tone.	Presence	of	microcracks	due	to	deflection	under	load	might	have	exposed	the	reinforcing	steel	to	corrosion	by	seawater.	429,	1951.	MgO	and	CaO	have	similar	crystal	structures,	but	their	reactivities	are	very	different	from	each	other.	However,	with	concrete	mixtures,	due	to	the	restraining	effect	of	the	aggregate,	relatively	large
amounts	of	hard-burnt	CaO	are	needed	to	obtain	a	significant	expansion.	Bolt	points	out	that	these	surface	waves	are	analogous	to	the	sound	waves	that	are	trapped	near	the	wall	surface	in	“whispering	galleries”	such	as	the	dome	of	St.	Paul’s	Cathedral	in	London.	Definition	of	each	property,	its	significance	and	origin,	and	factors	controlling	it	are	set
forth	in	a	clear	manner.	Powers	also	proposed	that,	in	addition	to	the	hydraulic	pressure	caused	by	water	freezing	in	large	cavities,	the	osmotic	pressure	resulting	from	partial	freezing	of	solutions	in	capillaries	can	be	another	source	of	destructive	expansion	in	cement	paste.	To	achieve	a	better	control	of	expansion	in	industrial	expansive	cements,	it	is
customary	to	blend	a	suitable	proportion	of	the	sulfoaluminate	clinker	with	normal	portland	cement	clinker.	Aggregates	of	high	permeability,	which	generally	contain	a	large	number	of	big	pores,	belong	to	the	third	category.	W.	In	each	of	the	tests,	the	degree	of	wear	can	be	measured	in	terms	of	weight	loss	after	a	specified	time.	However,	at	high
temperatures,	the	strength	increases	due	to	the	formation	of	a	stable	sintered	material	(ceramic	bond).	Presence	of	Reinforcing	Bar.	3-4b	show	that	at	a	given	water-cement	ratio,	high-strength	concretes	(containing	a	high	cement	content)	suffer	a	considerable	strength	loss	with	increasing	amounts	of	entrained	air,	whereas	low-strength	concretes
(containing	a	low	cement	content)	tend	to	suffer	only	a	little	strength	loss	or	may	actually	gain	some	strength	as	a	result	of	air	entrainment.	Testing	methods	for	tensile	strength.	2-5.	82	Microstructure	and	Properties	of	Hardened	Concrete	1.4	1.2	1.0	s2	/fc′	0.8	fc′	(MPa)	0.6	18.6	30.7	57.6	0.4	0.2	0	–0.2	0.2	0.4	0	0.6	0.8	1.0	1.2	1.4	s1/fc′	(a)	0.05	s1/fc′
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an	impermeable	hydrated	cement	paste	would	result	in	an	impermeable	concrete	(the	aggregate	in	concrete	is	generally	assumed	to	be	impermeable).	It	should	be	noted	that	concrete	members	are	almost	always	under	restraint,	sometimes	from	subgrade	friction	and	end	members,	but	usually	from	reinforcing	steel	and	from	differential	strains	that
develop	between	the	exterior	and	the	interior	of	concrete.	For	the	benefit	of	beginning	students,	an	introduction	to	important	properties	of	engineering	materials,	with	special	reference	to	concrete,	is	also	included	in	this	chapter.	&	Dev.,	Portland	Cement	Association,	Skokie,	IL,	No.	1,	pp.	Due	to	the	concern	for	long-term	durability	of	zinc-coated
rebars	in	concrete,	in	1976	the	U.S.	Federal	Highway	Administration	placed	a	temporary	moratorium	on	its	use	in	bridge	decks.	This	strain	is	called	the	plastic	or	inelastic	strain.	However,	until	about	50	percent	of	the	ultimate	stress,	a	stable	system	of	microcracks	appears	to	exist	in	the	interfacial	transition	zone.	3-4a),	but	Air	entrainment.	Note	that
Eq.	(11-16)	gives	for	x	=	0:	ti	=	2	h	V22	−	V12	(11-18)	V1	V2	and	therefore	the	thickness	h	is	given	by	h=	ti	V1	V2	(11-19)	2	V22	−	V12	The	method	can	be	extended	for	multiple	and	for	dipping	layers.	Advances	in	Concrete	Mechanics	Preview	13.1	Elastic	Behavior	13.1.1	Hashin-Shtrikman	(H-S)	bounds	13.2	Viscoelasticity	13.2.1	Basic	rheological
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tension	tests,	Chen	states:	The	direction	of	crack	propagation	in	uniaxial	tension	is	transverse	to	the	stress	direction.	54,	No.	4,	1957.)	Figure	4-6	0	0	20	40	60	80	Compressive	strength,	MPa	100	The	upward	tendency	of	the	E	–	f’c	curves	from	different-strength	concrete	mixtures	tested	at	regular	intervals	up	to	1	year	shows	that,	at	later	ages,	the
elastic	modulus	increases	at	a	faster	rate	than	the	compressive	strength.	■	The	components	of	concrete	when	tested	separately	under	uniaxial	compression	remain	elastic	until	fracture,	whereas	concrete	itself	shows	inelastic	behavior?	From	the	figure	it	may	be	noted	that	when	volumetric	strain	ev	=	e1	+	e2	+	e3	is	plotted	against	stress,	the	initial
change	in	volume	is	almost	linear	up	to	about	0.75fc′;	at	this	point	the	direction	of	the	volume	change	is	reversed,	resulting	in	a	volumetric	expansion	near	or	at	fc′.	Transition	zone.	Also,	instead	of	holding	only	one	of	the	components	of	the	cement	paste	or	concrete	responsible	for	the	damage,	the	model	considers	the	effect	of	agents	of	deterioration
on	all	the	components	of	the	cement	paste	and	concrete	together.	Under	the	high-temperature	and	nonequilibrium	conditions	of	the	cement	kiln,	and	with	a	variety	of	cations	present,	the	crystal	structures	formed	are	far	from	perfect.	CEM	I	covers	traditional	portland	cements	comprising	at	least	95	percent	portland-cement	clinker	and	up	to	5
percent	additional	constituents	(such	as	gypsum).	With	many	engineering	materials,	such	as	steel,	the	observed	stress-strain	behavior	when	a	specimen	is	subjected	to	incremental	loads	can	be	divided	into	two	parts	(Fig.	Concretes	containing	a	low	cement	content	(high	permeability)	showed	so	much	reduction	in	the	surface	hardness	that	deep
grooves	were	made	by	a	wire	rope	on	the	test	blocks	when	they	were	being	hauled	up	with	the	help	of	an	amphibious	crane	[part	(a)].	This	is	truly	an	energy-saving	cement	because	the	clinker	formation	temperature	was	250°C	lower	than	the	temperatures	normally	used	for	portlandcement	clinker	manufacture.7	6.8.5	Oil-well	cements	As	discussed
below,	oil-well	cements	are	not	used	for	making	structural	concrete.	For	stresses	above	this	point,	the	curve	shows	a	gradual	increase	in	curvature	up	to	about	0.75fc′	to	0.9fc′,	then	it	bends	sharply	(almost	becoming	flat	at	the	top)	and,	finally,	descends	until	the	specimen	is	fractured.	Neville,	A.M.,	Properties	of	Concrete,	New	York:	Wiley,	844	p.,
1996.	For	ecological	and	economic	reasons,	the	use	of	pozzolanic	and	cementitious	by-products	as	mineral	admixtures	in	concrete	is	gradually	increasing.	57.	However,	Poisson’s	ratio	is	generally	lower	in	highstrength	concrete,	and	higher	for	saturated	concrete	and	for	dynamically	loaded	concrete.	[Photographs	courtesy	of	(a)	J.	Depending	on	their
method	of	deposition	and	consolidation,	it	is	convenient	to	subdivide	them	into	three	groups:	(1)	mechanically	deposited	either	in	an	unconsolidated	or	physically	consolidated	state,	(2)	mechanically	deposited	and	consolidated	usually	with	chemical	cements,	and	(3)	chemically	deposited	and	consolidated.	176–185,	1968.)	The	progress	of	internal
microcracking	in	concrete	goes	through	various	stages,	which	depend	on	the	level	of	applied	stress.	TABLE	6-2	Compound	Composition	of	Portland	Cements	(%)	Compound	composition	Cement	no.	Mather,	ACI	Mat.	Accordingly,	ACI	Building	Code	318	specifies	a	maximum	0.4	water-cement	ratio	for	reinforced	normalweight	concrete	exposed	to
deicing	chemicals	and	seawater.	What	is	the	significance	of	curing?	Earley,	had	this	to	say:	“Concrete	as	an	artistic	medium	becomes	doubly	interesting	when	we	realize	that	in	addition	to	its	economy	it	possesses	those	properties	which	are	the	most	desirable	of	both	metal	and	stone.	Thus	a	concrete	that	is	frost	resistant	under	given	freeze-thaw
conditions	can	be	destroyed	under	a	different	set	of	conditions.	Low-permeability	concretes,	irrespective	of	the	portland	cement	composition	were	found	to	be	in	excellent	condition.	The	morphology	of	C-SH	also	varies	from	poorly	crystalline	fibers	to	reticular	network.	‡	After	46	years	of	service	(a)	was	found	in	excellent	condition,	and	90	percent	of
piles	in	(b)	were	in	good	condition.	In	an	investigation	by	Price4	when	the	sustained	stress	was	90	percent	of	the	ultimate	short-time	stress,	the	failure	occurred	in	1	h;	however,	when	the	sustained	stress	was	about	75	percent	of	the	ultimate	short-time	stress,	it	took	30	years.	254	Concrete	Materials,	Mix	Proportioning,	and	Early-Age	Properties
therefore	not	much	attention	is	given	to	its	possible	effect	on	properties	of	concrete.	The	influence	of	the	cement	paste	content	and	watercement	ratio	on	the	strength	of	concrete	is	obvious.	Deck	slabs	were	generally	in	good	condition	but	20	percent	deck	beams	needed	repair	work	because	of	major	damage	due	to	corrosion	of	reinforcement.	This
type	of	cracking	is	associated	with	coarse	aggregates	which	contain	a	proportionately	greater	pore	volume	in	the	narrow	pore	size	range	(0.1	to	1	mm).	In	(b),	silicon	atoms	are	not	shown;	they	occur	at	the	center	of	the	silica	tetrahedra.	3	and	4.	Orthoclase,	sanidine,	and	microcline	are	potassium	aluminum	silicates,	which	are	frequently	referred	to	as
the	potash	feldspars.	Loading	conditions.	3-7	not	only	a	decrease	in	the	maximum	size	of	coarse	aggregate	(Fig.	It	is	possible	that	the	beneficial	effect	of	improvement	in	the	density	of	the	interfacial	transition	zone,	as	a	result	of	slow	chemical	interaction	between	the	alkaline	cement	paste	and	aggregate,	is	more	pronounced	for	the	stressstrain
relationship	than	for	the	compressive	strength	of	concrete.	Building	Research	Establishment	Digest	250,	1981.	Concrete-mixture	parameters	to	ensure	low	permeability,	e.g.,	low	water-cement	ratio,	adequate	cement	content,	control	of	aggregate	size	and	grading,	and	use	of	mineral	admixtures	have	been	discussed	earlier.	Type	MS—Moderate
Sulfate	Resistance.	Therefore,	when	sufficient	amounts	of	iron	and	alumina	minerals	are	not	present	in	the	primary	raw	materials,	these	are	purposely	incorporated	into	the	raw	mix	through	addition	of	secondary	materials	such	as	bauxite	and	iron	ore.	The	sections	of	the	structure	that	remain	fully	submerged	are	rarely	subjected	to	frost	action	or
corrosion	of	the	embedded	steel.	For	the	corrosion	protection,	maximum	permissible	chloride	content	of	concrete	mixtures	is	also	specified	by	ACI	Building	Code	318.	Telford,	London,	p.	Besides	the	three	customary	strength	grades,	32.5,	42.5,	and	52.5	(minimum	28-day	compressive	strength,	MPa),	a	cement	may	also	be	classified	as	a	rapid-
hardening	or	normal-hardening	on	the	basis	of	its	early	strength	characteristics.	The	third	part	covers	special	topics	in	concrete	technology.	Large	pores	influence	mostly	the	compressive	strength	and	permeability;	small	pore	influence	mostly	the	drying	shrinkage	and	creep.	The	high	reactivity	of	the	cement	is	confirmed	by	the	high	heat	of	hydration
(100	to	110	cal/g	at	3	days),	and	over	1000	psi	(6.9	MPa)	compressive	strength	(ASTM	C	109	mortar)	at	1	h	after	hydration.	5-25a,	b,	c,	and	d,	Mehta	has	proposed	a	holistic	model	of	concrete	deterioration	from	the	commonly	encountered	environmental	effects	(Fig.	20,	1968.	4.2.5	Factors	affecting	modulus	of	elasticity	In	homogeneous	materials	a
direct	relationship	exists	between	density	and	modulus	of	elasticity.	Assuming	a	given	degree	of	hydration,	such	as	25,	50,	75,	and	100	percent,	it	is	possible	to	calculate	the	effect	of	increasing	the	water-cement	ratio,	first	on	the	porosity	and	subsequently	on	the	strength	by	using	Powers’	formula.	Definition.	6-18).	Water	permeability	tests	showed
that	these	cement	pastes	were	much	more	impermeable	than	the	reference	portland	cement	paste.	Most	of	these	books	deal	with	the	subject	in	a	traditional	manner,	i.e.,	describing	the	characteristics	of	concretemaking	materials	and	engineering	properties	of	concrete	without	adequate	reference	to	the	material	science	controlling	the	properties.	In
Case	B,	a	100	percent	degree	of	hydration	is	assumed	for	four	cement	pastes	made	with	different	amounts	of	water	corresponding	to	water-cement	ratios	of	0.7,	0.6,	0.5,	or	0.4.	For	a	given	volume	of	cement,	the	paste	with	the	largest	amount	of	water	will	have	the	greatest	total	volume	of	available	space.	Chapter	4	Dimensional	Stability	Preview
Concrete	shows	elastic	as	well	as	inelastic	strains	on	loading,	and	shrinkage	strains	on	drying	or	cooling.	5.16	What	is	the	alkali-aggregate	reaction?	Malhotra,	V.M.,	ed.,	Performance	of	Concrete	in	Marine	Environment,	ACI	SP198,	Concrete	Institute,	Detroit,	1988.	Cold	Climate	Many	20-	to	50-year	coastal	structures	were	included	in	a	1953–55
survey	of	431	concrete	structures	in	Denmark.§	Among	the	severely	deteriorated	structures	were	the	following	in	Jutland.	5-28),	the	section	that	always	remains	above	the	high-tide	line	will	be	more	susceptible	to	frost	action	and	corrosion	of	embedded	steel.	Relationship	between	the	compressive	and	tensile	strengths	in	the	fc	range	7.0	to	62	MPa	is
also	shown	in	Table	3-1.	Also,	with	a	given	cement	content,	somewhat	more	mixing	water	is	usually	needed	to	obtain	the	desired	workability	in	a	concrete	mixture	containing	rough-textured	aggregates;	thus	the	small	advantage	due	to	a	better	physical	bonding	may	be	lost	as	far	as	the	overall	strength	is	concerned.	Corrosion	of	reinforcement	was
everywhere	and	pronounced	in	longitudinal	girders.	Chapter	2	Microstructure	of	Concrete	Preview	Microstructure-property	relationships	are	at	the	heart	of	modern	material	science.	6-7),	it	appears	that	the	through-solution	mechanism	is	dominant	in	the	early	stages	of	cement	hydration.	About	the	choice	of	concrete	as	a	medium	of	art,	the	builder	of
the	sculpture,	John	J.	Under	normal	temperature	conditions	some	of	the	constituent	compounds	of	portland	cement	begin	to	hydrate	as	soon	as	water	is	added,	but	the	hydration	reactions	slow	down	considerably	when	the	products	of	hydration	coat	the	anhydrous	cement	grains.	5.7	Briefly	explain	the	causes	and	control	of	scaling	and	D-cracking	in
concrete.	The	properties	of	chalcedony	are	intermediate	between	those	of	opal	and	quartz.	The	phenomenon	of	gradual	decrease	in	stress	with	time	under	a	given	level	of	sustained	strain	is	called	stress	relaxation.	Although	national	standards	are	constantly	under	review,	it	seems	that	the	Hydraulic	Cements	247	Aggregate	Phonolite	Compressive
strength	as	percentage	of	initial	strength	100	Anorthosite	Ilmenite	80	Expanded	shale	60	40	20	0	0	200	400	600	800	1000	1200	Temperature,	ºC	Effect	of	temperature	rise	on	strength	of	calcium	aluminate	cement	concretes.	Typical	behavior	of	plain	concrete	subjected	to	cyclic	compressive	loading	is	shown	in	Fig.	Typical	proportions	of	materials	for
producing	low-strength,	moderatestrength,	and	high-strength	concrete	mixtures	with	normal-weight	aggregate	are	shown	in	Table	1-1.	A	high-frequency	pitch	indicates	a	sound	concrete	and	a	low-frequency	pitch	indicates	the	presence	of	flaws.	Kumar	Mehta,	Ph.D.,	is	Professor	Emeritus,	Civil	and	Environmental	Engineering,	at	the	University	of
California	at	Berkeley.	Calcium	sulfoaluminates	hydrates.	The	lowest	part	of	the	apron	collects	rainfall	and	as	a	consequence	the	ASR	has	been	more	pronounced	there	than	in	adjacent	rows	of	slabs,	resulting	in	large	differential	horizontal	movements,	and	very	large	cracks.	5.15	Critically	review	the	BRE	Digest	250	and	the	ACI	Building	Code	318
requirements	for	control	of	sulfate	attack	on	concrete.	While	the	half-cell	potential	technique	is	popular,	it	must	be	recognized	that	it	is	not	quan-	420	Concrete	Materials,	Mix	Proportioning,	and	Early-Age	Properties	titative.	47,	p.	Biaxial	stress	interaction	curves	are	shown	in	Fig.	Maji	et	al.	The	cementing	or	interstitial	materials	of	sandstone	may	be
opal	(silica	gel),	calcite,	dolomite,	clay,	or	iron	hydroxide.	In	the	first	category	are	the	aggregates	of	low	permeability	and	high	strength.	In	1808,	Biot	performed	the	first	experiment	to	determine	the	velocity	of	the	longitudinal	wave	in	a	solid.	Test	Your	Knowledge	2.1	What	is	the	significance	of	the	microstructure	of	a	material?	Calcium	hydroxide
crystals	are	massive,	C-S-H	crystals	are	poorly	crystalline	and	show	a	fibrous	morphology.	Limestone,	25	mm	max.	95,	No.	ST12,	Paper	6935,	1969.)	Figure	3-15	cycle	but	eventually	increases	before	fatigue	failure.	Thus	both	hydrated	cement	paste	and	aggregates	show	linear	elastic	properties,	whereas	concrete	does	not.	Type	K	shrinkage-
compensating	cements	made	with	blending	ASTM	Type	II	or	Type	V	portland	cement	show	excellent	durability	to	sulfate	attack	because	they	contain	little	reactive	alumina	or	monosulfate	after	hydration.	A	dumb	and	stupid	man	was	dressed	in	scholarly	robes	and	presented	to	her	for	a	debate.	In	(c),	20	to	30	percent	of	piles	were	attacked	in	tidal
zone,	and	about	35	percent	of	the	deep	transverse	girders	had	their	underside	and	part	of	the	vertical	face	cracked	or	spalled	due	to	corrosion	of	reinforcement.	High-strength	mixtures	were	used	in	the	lower	level	columns,	core	walls,	and	ring	beams.	ASTM	C	1157	classifies	cements	by	type	based	on	specific	performance	requirements	such	as
general	use,	high-early	strength,	resistance	to	attack	by	sulfates,	and	heat	of	hydration.	This	page	intentionally	left	blank	Chapter	6	Hydraulic	Cements	Preview	Hydraulic	or	water-resisting	cements	consist	essentially	of	portland	cement	and	its	several	modifications.	Just	as	ultimate	load	is	normalized	by	the	specimen	dimensions	to	determine	the
strength	of	the	material,	the	resistance	is	also	normalized	to	establish	resistivity	r	as	a	material	property.	Klieger,	P.,	and	J.F.,	Lamond,	eds.,	Concrete	and	Concrete	Making	Materials,	ASTM	STP	169,	American	Society	for	Testing	and	Materials,	Philadelphia,	Chaps.	Corrosion	of	Embedded	Steel	Bentur,	A.,	S.	28,	No.	3,	pp.	This	property	can	be	used	in
the	laboratory	to	study	the	changes	in	the	hydration	process	as	affected	by	different	admixtures,	and	in	the	field	to	monitor	the	hydration	evolution	as	affected	by	the	existing	conditions	of	temperature	and	humidity.	Also,	like	all	chemical	reactions,	temperature	has	an	accelerating	effect	on	the	hydration	reactions.	933–946,	1994.	To	reduce	or
increase	the	weight	of	the	column	of	cement	slurry	as	needed	4.	36,	pp.	17.	Some	blocks	disappeared	in	the	sea	in	the	course	of	20	years.	Therefore,	the	concrete	surface	affected	by	cavitation	is	irregular	or	pitted,	in	contrast	to	the	smoothly	worn	surface	by	erosion	from	suspended	solids.	In	regard	to	mineral	composition,	chert	consists	of	poorly
crystalline	quartz,	chalcedony,	and	opal;	often	all	three	are	present.	Haynes,	H.,	O’Neill,	and	P.K.	Mehta,	Concr.	69–76,	1997.	Figg,	Ove	Arup	Partnership,	U.K.,	(b)	Mark	Desrosiers,	California	Department	of	Transportation	and	(c)	U.S.	Navy,	NFESC.]	(a)	Parapet	of	the	Val-de-la-Mare	dam	(Jersey	Island,	U.K.)	showing	misalignment	caused	by
differential	movement	of	adjacent	blocks	resulting	from	expansion	due	to	alkali-aggregate	reactivity,	(b)	The	girder	pedestals	and	abutments	of	a	bridge	built	on	the	eastern	slope	of	the	Sierra	Nevada	were	seriously	damaged	by	the	alkali-silica	reaction;	(c)	Airfield	parking	apron	at	Naval	Air	Station	Point	Mugu,	California.	This	has	given	rise	to	the
three	types	of	elastic	moduli,	as	illustrated	by	Fig.	The	results	are	plotted	in	Fig.	The	decreased	frequency	of	crack	arrests	means	that	the	failure	in	tension	is	caused	by	a	few	bridging	cracks	rather	than	by	numerous	cracks,	as	it	is	for	compressive	states	of	stress.	3	Assuming	concrete	density	to	be	2320	kg/m	,	the	computed	values	of	the	modulus	of
elasticity	for	normal-weight	concrete	according	to	both	the	ACI	Building	Code	and	CEB-FIP	Model	Code	(1990)	are	shown	in	Table	4-2.	69–76,	1997.).	3.5.3	Testing	parameters	It	is	not	always	appreciated	that	the	results	of	concrete	strength	tests	are	significantly	affected	by	parameters	involving	the	test	specimen	and	loading	conditions.	Hexagonal-
plate	morphology	is	also	the	characteristic	of	calcium	aluminate	hydrates	that	are	formed	in	the	hydrated	pastes	of	either	undersulfated	or	high-C3A	portland	cements.	In	the	composite	material,	the	interfacial	transition	zone	serves	as	a	bridge	between	the	two	components:	the	mortar	matrix	and	the	coarse	aggregate	particles.	To	retain	water	in	the
slurry	when	passing	permeable	zones	downhole	(i.e.,	latex	additives)	6.	6.12	Explain	which	ASTM	type	cement	would	your	use	for:	(a)	Cold-weather	construction	(b)	Construction	of	a	dam	(c)	Making	reinforced	concrete	sewer	pipes	6.13	The	aluminate-sulfate	balance	in	solution	is	at	the	heart	of	several	abnormal	setting	problems	in	concrete
technology.	The	effects	of	increased	consistency	on	the	strength	and	the	cost	of	concrete	mixtures	are	shown	in	Fig.	In	the	temperature	range	5	to	46°C,	when	concrete	is	cast	and	cured	at	a	specific	constant	temperature,	it	is	generally	observed	that	up	to	28	days,	the	higher	the	temperature	the	more	rapid	the	cement	hydration	and	the	strength
gain.	Cement	accelerators.	The	compressive	strength	of	concrete	is	measured	in	the	laboratory	by	a	uniaxial	compression	test	(ASTM	C	469)	in	which	the	load	is	progressively	increased	to	fail	the	specimen	within	2	to	3	min.	(From	Concrete	Manual,	U.S.	Bureau	of	Reclamation,	1975.)	Concrete	casting	and	curing	temperatures	control	the	degree	of
cement	hydration	and	thus	have	a	profound	influence	on	the	rate	of	strength	development	as	well	as	the	ultimate	strength.	Material	properties	can	change	by	an	order	of	magnitude	over	short	distances.	From	the	data	in	Fig.	Since	there	was	none	in	stock	and	the	cement	plant	was	located	far	away	from	any	city,	I	was	getting	nowhere	while	the	low-
iron	raw-mix	specially	made	for	this	experiment	was	running	out	fast.	9.	The	hardness	of	quartz	as	well	as	that	of	feldspar	is	due	to	the	framework	Si-O	structure,	which	is	very	strong.	Concrete	at	this	exposure	condition	will	be	susceptible	to	chemical	attacks.	Cast-in-place	concrete	cylinders	and	transverse	girders	for	Piers	26	and	28.	Strength	63	A
minimum	period	of	7	days	of	moist-curing	is	generally	recommended	with	concrete	containing	normal	portland	cement;	obviously,	with	concrete	mixtures	containing	either	a	blended	portland	cement	or	a	mineral	admixture,	longer	curing	period	is	desirable	to	ensure	strength	contribution	from	the	pozzolanic	reaction.	(“McGraw-Hill”)	and	its	licensors
reserve	all	rights	in	and	to	the	work.	10,	No.	1,	pp.	11-26.	13	for	the	prediction	elastic	moduli	of	concrete.	Test	Your	Knowledge	6.1	When	producing	a	certain	type	of	portland	cement	it	is	important	that	the	oxide	composition	remains	uniform.	Strength	Preview	Definition	Significance	Strength-Porosity	Relationship	Failure	Modes	in	Concrete
Compressive	Strength	and	Factors	Affecting	It	3.5.1	Characteristics	and	proportions	of	materials	3.5.2	Curing	conditions	3.5.3	Testing	parameters	3.6	Behavior	of	Concrete	Under	Various	Stress	States	3.6.1	Behavior	of	concrete	under	uniaxial	compression	3.6.2	Behavior	of	concrete	under	uniaxial	tension	3.6.3	Relationship	between	the	compressive
and	the	tensile	strength	3.6.4	Tensile	strength	of	mass	concrete	3.6.5	Behavior	of	concrete	under	shearing	stress	3.6.6	Behavior	of	concrete	under	biaxial	and	multiaxial	stresses	Test	Your	Knowledge	References	Suggestions	for	Further	Study	3.1	3.2	3.3	3.4	3.5	Chapter	4.	The	size	and	concentration	of	crystalline	compounds	such	as	calcium	hydroxide
and	ettringite	are	also	larger	in	interfacial	transition	zone.	Clays	and	shales	are	therefore	not	directly	used	as	concrete	aggregates.	Water-reducing	admixtures	can	plasticize	fresh	concrete	mixtures	by	reducing	the	surface	tension	of	water;	airentraining	admixtures	can	improve	the	durability	of	concrete	exposed	to	cold	weather;	and	mineral
admixtures	such	as	pozzolans	(materials	containing	reactive	silica)	can	reduce	thermal	cracking	in	mass	concrete.	2.3	Discuss	the	physical-chemical	characteristics	of	the	C-S-H,	calcium	hydroxide,	and	calcium	sulfoaluminates	present	in	a	well-hydrated	portland	cement	paste.	In	addition	to	porosity,	the	shape	and	texture	of	the	coarse	aggregate	also
affect	the	properties	of	concrete.	The	CEP-FIP	Model	Code	(1990)	recommends	that	the	upper	and	lower	bound	values	of	the	characteristic	tensile	strength,	fctk,max	and	fctk,min	may	be	estimated	from	the	characteristic	strength	fck	(in	MPa	units):	⎛	f	⎞	fctk,min	=	0.95⎜	ck	⎟	⎝	fcko	⎠	2	/3	and	⎛	f	⎞	fctk,max	=	1.85⎜	ck	⎟	⎝	fcko	⎠	2	/3	(3-11)	where	fcko	10
MPa.	The	mean	value	of	the	tensile	strength	is	given	by	the	relationship:	fctm	⎛	f	⎞	=	1.40	⎜	ck	⎟	⎝	fcko	⎠	2	/3	.	Finally,	as	discussed	in	Chap.	From	the	biaxial	strength	envelope	of	concrete	(Fig.	Although	concrete	is	the	most	widely	used	structural	material,	its	microstructure	is	heterogeneous	and	highly	complex.	A	standard	test	procedure	is	described
in	ASTM	C	1383.	distance	plot	will	be	a	straight	line	similar	to	Fig.	There	will	be	little	or	no	corrosion	of	the	reinforcing	steel	due	to	lack	of	oxygen	.	Minimum	compressive	strength	10	and	17	MPa	at	age	3	and	7	days,	respectively.	The	prestressed	and	heavily	reinforced	concrete	elements	of	the	structure	are	exposed	to	the	corrosive	action	of
seawater	and	are	designed	to	withstand	31-m	high	waves.	Slightly	acidic,	alkaline,	salty,	brackish,	colored,	or	foulsmelling	water	should	not	be	rejected	outright.	5-4b);	the	damage	was	caused	by	cavitation	attributable	to	surface	irregularities	in	the	lining.	The	cracks	are	formed	easily	in	the	direction	perpendicular	to	the	c-axis.	A	broad	knowledge	of
the	important	features	of	the	microstructure	of	each	of	the	three	phases	of	concrete,	as	provided	below,	is	nevertheless	essential	for	understanding	and	control	of	properties	of	the	composite	material.	The	impact-echo	test	has	the	following	features:	Impact	forces	generated	by	steel	spheres.	In	1992,	all	member	states	of	the	European	Union	decided
to	establish	a	single	market	for	their	products.	Extensions	to	the	ACI	formulation	are	presented	in	Chap.	39.	25.	They	form	large	crystals,	typically	1	μm	wide.	Like	marine	soils	with	surface-adsorbed	sodium	or	potassium,	when	an	alkali-silicate	gel	comes	into	contact	with	water,	it	swells	by	imbibing	a	large	amount	of	water	through	osmosis.	The
section	above	the	high-tide	mark	will	be	vulnerable	to	both	frost	action	and	corrosion	of	the	embedded	steel.	[(a)	Photograph	courtesy	of	J.M	Scanlon,	U.S.	Army	Corps	of	Engineers,	Vicksburg,	MS);	(b)	photograph	courtesy	of	D.	With	mildly	reactive	aggregates,	another	approach	for	reducing	the	concrete	expansion	is	to	sweeten	the	reactive
aggregate	with	25	to	30	percent	limestone	or	any	other	nonreactive	aggregate,	when	this	is	economically	feasible.	The	Princess	and	the	Fool	The	importance	of	the	reducing	environment	in	making	white-cement	clinker	is	underscored	by	an	experience	that	the	author	(PKM)	had	during	a	consultation	visit	with	a	South	American	cement	plant.	Red,
yellow,	brown,	or	black	cements	can	be	produced	by	intergrinding	5	to	10	weight	percent	iron-oxide	pigments	of	the	corresponding	color	with	a	white	clinker.	1.5	nm).	190–195,	Mar–Apr,	2002].	4-1,	curve	b).	(Adapted	from	Karson,	P.,	and	J.O.	Jirsa,	ASCE	Jour.	It	is	beyond	the	scope	of	this	book	to	discuss	in	detail	the	highly	complex	crystal	structures
of	cement	compounds;	however,	essential	features	that	account	for	differences	in	the	reactivity	are	described	next.	Electron	microscopy	studies	of	deteriorated	specimens	showed	the	presence	of	aragonite,	brucite,	ettringite,	magnesium	silicate	hydrate,	and	thaumasite.	With	all	three	cement	types,	the	mean	compound	composition	was	56	percent
C3S	and	17	percent	C2S.	For	very	low	cement	contents,	entrained	air	may	actually	increase	the	strength.	545–551,	1978.	10,	No.	58,	1977.	Crystallization	of	gypsum	needles	from	a	hydrated	gypsum-cement	is	the	cause	of	setting	and	hardening.	The	mean	Blaine	fineness	for	Type	I	and	II	cements	was	380	m2/kg,	whereas	it	was	547	m2/kg	for	the
Type	III	cement.	It	is	like	concrete	without	a	coarse	aggregate.	Dr.	Monteiro	has	published	over	one	hundred	articles	in	archival	journals.	2.6	Interfacial	Transition	Zone	in	Concrete	2.6.1	Significance	of	the	interfacial	transition	zone	Have	you	ever	wondered	why:	■	Concrete	is	brittle	in	tension	but	relatively	tough	in	compression?	As	early	as	1935,	R.
Skalny,	J.P.,	ed.,	Material	Science	of	Concrete,	Vol.	This	assumption	is	not	completely	correct;	for	the	same	compressive	strength,	Green7	found	that	the	impact	strength	increased	substantially	with	the	angularity	and	surface	roughness	of	coarse	aggregate,	and	decreased	with	the	increasing	size	of	aggregate.	5.	2	shows	that	a	1	percent	decrease	in
Al2O3	with	a	corresponding	increase	in	Fe2O3	lowered	the	C3A	and	C2S	contents	by	4.3	and	4.0	percent,	respectively;	this	change	also	caused	an	increase	in	the	C4AF	and	C3S	contents	by	3.1	and	5.2	percent,	respectively.	During	World	War	II,	the	Brazilian	city	of	Rio	de	Janeiro	expanded	very	fast,	necessitating	enlargement	and	redesign	of	the
avenues	along	the	Guanabara	Bay.	Figure	11-8	Nondestructive	Methods	399	Simeon	Poisson,	a	French	engineer	(who	also	introduced	Poisson’s	ratio),	used	the	equations	of	the	theory	of	elasticity	to	demonstrate	that	only	two	independent	modes	of	wave	propagation	are	possible	in	the	interior	of	a	homogeneous	solid,	namely	longitudinal	and
transverse	(or	shear).	60,	pp.	Groin	71,	north	barrier,	Lim	Fjord:	Lean	concrete	blocks	(220	kg/m3	cement)	exposed	to	windy	weather,	repeated	wetting	and	drying,	high	salinity,	freezing	and	thawing,	and	severe	impact	of	gravel	and	sand	in	the	surf.	As	a	result	of	interaction	between	calcium,	sulfate,	aluminate,	and	hydroxyl	ions	within	a	few	minutes
of	cement	hydration,	the	needle-shaped	crystals	of	calcium	trisulfoaluminate	hydrate,	called	ettringite,	first	make	their	appearance.	The	sulfides	of	iron	(e.g.,	pyrite,	marcasite,	and	pyrrohotite)	are	frequently	present	in	natural	aggregates.	A	combination	of	water-cement	ratio	and	degree	of	hydration	determines	the	porosity	of	hydrated	cement	paste.
Hydraulic	Cements	217	and	is	gradually	converted	into	the	monosulfate	phase,	which	is	the	final	product	of	hydration	of	portland	cements	containing	more	than	5	percent	C3A:	C6	AS3H32	+	2C3	A	+	22H	→	3C4	ASH18	(6-7)	Since	the	aluminate-to-sulfate	balance	in	the	solution	phase	of	a	hydrated	portland	cement	paste	primarily	determines	whether
the	setting	behavior	is	−	normal	or	not,	various	setting	phenomena	affected	by	an	imbalance	in	the	A/S	ratio,	which	have	practical	significance	in	the	concrete	construction	practice,	are	illustrated	by	Fig.	In	most	countries,	now	CAC	is	used	mainly	for	making	castable	refractory	lining	for	high-temperature	furnaces.	C	represents	capillary	cavities	or
voids	which	exist	when	the	spaces	originally	occupied	with	water	do	not	get	completely	filed	with	the	hydration	products	of	cement.	The	interlayer	water	is	lost	only	on	strong	drying	(i.e.,	below	11	percent	relative	humidity).	The	preheated	and	partially	calcined	raw	mix	enters	at	the	higher	end	of	the	continuously	rotating	kiln	and	is	transported	to	the
lower	end	at	a	rate	controlled	by	the	slope	and	the	speed	of	the	kiln	rotation.	Natural	silica	sand	is	predominantly	used	as	fine	aggregate,	even	with	most	lightweight	concrete.	This	turns	out	to	be	50,	42,	and	33	percent,	respectively,	at	7,	28,	and	365	days	of	hydration.	In	an	earthquake,	longitudinal	waves	travel	faster	than	the	transverse	waves,
therefore,	a	seismograph	registers	the	longitudinal	waves	first.	3.12	Many	factors	have	an	influence	on	the	compressive	strength	of	concrete.	Based	on	a	report	by	Swamy,51	a	diagrammatic	presentation	of	expansion	and	cracking	of	concrete	due	to	alkali-aggregate	reaction	is	shown	in	Fig.	Schiessl,	P.,	ed.,	Report	of	the	Technical	Committee	60-CSC
RILEM,	Chapman	and	Hall,	London,	pp.	Would	the	early-age	strength	values	be	different?	There	is	yet	another	explanation	for	the	phenomenon.	Hydrated	cement	paste	is	alkaline;	therefore,	exposure	to	acidic	waters	is	detrimental	to	the	material.	6.8.4	Rapid	setting	and	hardening	cements	It	may	be	noted	that	ASTM	Type	III	cement	is	rapid
hardening	(i.e.,	high	early	strength)	but	not	rapid	setting	because	the	initial	and	final	setting	times	of	the	cement	are	generally	similar	to	Type	I	portland	cement.	2.1	Definition	The	type,	amount,	size,	shape,	and	distribution	of	phases	present	in	a	solid	constitute	its	microstructure.	Reading,	T.E.,	ACI-SP-47,	pp.	Note	that	the	porosities	represented	by
the	C-S-H	interlayer	space	and	small	capillaries	do	not	contribute	to	the	permeability	of	hydrated	cement	paste.	A	series	of	receivers	are	placed	on	the	surface,	as	shown	in	Fig.	The	Future	Challenges	in	Concrete	Technology	Preview	14.1	Forces	Shaping	Our	World—an	Overview	14.2	Future	Demand	for	Concrete	14.3	Advantages	of	Concrete	over



Steel	Structures	14.3.1	Engineering	considerations	14.4	Environmental	Considerations	14.5	Concrete	Durability	and	Sustainability	14.6	Is	There	a	Light	at	the	End	of	the	Tunnel?	Consequently,	the	crystalline	MgO	formed	from	a	high-temperature	(>1400°C)	melt	in	a	portland	cement	kiln	is	much	less	reactive	with	water	than	the	crystalline	CaO
formed	under	the	same	temperature	conditions.	(Photograph	courtesy	of	Vagn	Johansen,	F.L.	Smidth,	Copenhagen,	Denmark.)	An	aerial	photograph	of	the	Ash	Grove	Cement	(West)	dry	process	plant	located	near	Durkee,	Oregon,	is	shown.	The	wave	velocities	in	concrete	are	affected	by	a	number	of	variables.	Concrete	at	Early	Age	Preview	10.1
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depending	on	the	environmental	∗	Note	that	the	interlayer	space	within	the	C-S-H	phase	is	considered	as	a	part	of	the	solids	in	the	hydrated	cement	paste.	Concrete	contains	a	heterogeneous	distribution	of	many	solid	compounds	as	well	as	voids	of	varying	shapes	and	sizes	that	may	be	completely	or	partially	filled	with	alkaline	solution.	51.	271,	1981;
(c)	from	Powers,	T.C.,	J.	66,	pp.	Saturated	hydrated	cement	paste	is	not	dimensionally	stable.	6-5b)	thus	rendering	this	compound	nonreactive.	Because	the	corrosion	rate	depends	on	the	cathode/anode	area,	significant	expansion	accompanying	the	corrosion	of	steel	should	not	Durability	195	occur	until	there	is	sufficient	supply	of	oxygen	at	the
surface	of	the	reinforcing	steel	(i.e.,	an	increase	in	the	cathode	area).	2.7	When	a	saturated	cement	paste	is	dried,	the	loss	of	water	is	not	directly	proportional	to	the	drying	shrinkage.	67–70,	1971.	The	principal	components	of	modern	concrete	are	identified	and	defined.	Why	is	it	desirable	to	distinguish	between	the	free	water	in	large	capillaries	and
the	water	held	in	small	capillaries?	45.	It	is	interesting	to	point	out	here	that	the	impact	strength	of	concrete	increases	greatly	with	the	rate	at	which	the	impact	stress	is	applied.	After	the	signal	processing	of	the	waveforms	is	performed,	it	is	possible	to	create	a	curve	of	the	wave	velocity	as	a	function	of	the	wavelength	(KrstulovicOpara	et	al.13	and
Nazarian	and	Desai14).	Whereas	capillary	voids	are	irregular	in	shape,	air	voids	are	generally	spherical.	The	rate	of	water	loss	from	concrete	soon	after	the	placement	depends	not	only	on	the	surface/volume	ratio	of	the	concrete	element	but	also	on	temperature,	relative	humidity,	and	velocity	of	the	surrounding	air.	However,	published	literature
contains	reports	on	large	number	of	both	plain	and	reinforced	concrete	that	has	suffered	serious	deterioration	in	the	marine	environment.	It	seems	that	with	concrete	mixtures	of	low	cement	content,	when	air	entrainment	is	accompanied	by	a	significant	reduction	in	the	water	content,	the	adverse	effect	of	air	entrainment	on	the	strength	of	the	matrix
is	more	than	compensated	by	the	beneficial	effect	on	the	interfacial	transition	zone.	ASCE,	Vol.	Concrete	does	not	corrode,	needs	no	surface	treatment,	and	its	strength	increases	with	time;	therefore,	concrete	structures	require	much	less	maintenance.	Such	interactions	are	strength	contributing	because	they	also	tend	to	reduce	the	concentration	of
the	calcium	hydroxide	in	the	interfacial	transition	zone.	Due	to	the	cumbersome,	prescriptive,	requirements	hardly	any	blended	cements	meeting	the	ASTM	C	595	requirements	are	being	manufactured	in	the	United	States.	It	may	be	recalled	(see	Chap.	The	data	demonstrate	the	economic	significance	of	making	concrete	mixtures	at	the	stiffest
possible	consistency	that	is	acceptable	from	the	standpoint	of	constructibility.	In	transverse	waves	the	particles	move	transverse	to	the	direction	of	wave	propagation	and	cause	no	volume	change.	McGraw-Hill,	New	York,	2003.	Microcracks	form	when	the	concrete	member	has	been	exposed	to	a	stress	higher	than	50	percent	of	its	compressive
strength.	Betonghandboken	(in	Swedish),	Svensk	Byggtjanst,	Stockholm,	1980;	and	Report	of	RILEM	Committee	4	CDC,	Materials	and	Structures,	Vol.	In	general,	what	concrete	types	are	expected	to	show	better	long-time	durability?	s/fc′	s/fc′	1.0	1.0	Critical	stress	Lateral	strain	Proportionality	limit	0.3	Axial	strain	Volumetric	strain	eu	(a)	ev	=	e1	+
e2	+	e3	(b)	Typical	plots	of	compressive	stress	vs.	Mehta,	P.K.,	Concr.	The	equation,	which	has	a	negative	slope,	indicates	that	number	of	events	with	small	amplitudes	is	larger	than	the	number	of	events	with	large	amplitudes.	11-17,	acoustic	emission	waves	propagate	through	the	material	and	can	be	detected	on	the	surface	by	a	sensor,	which	turns
the	vibrations	into	electrical	signals.	By	their	ability	to	reduce	the	water	content	of	a	concrete	mixture,	at	a	given	consistency,	the	water-reducing	admixtures	can	enhance	both	the	early	and	the	ultimate	strength	of	concrete.	Clays	and	shales,	rather	than	quartz,	are	the	preferred	sources	of	additional	silica	in	the	raw-mix	for	making	calcium	silicates
because	quartzitic	silica	does	not	react	easily	with	lime.	It	seems	that	the	impact	strength	is	more	influenced	by	the	interfacial	transition	zone	characteristics	than	by	the	compressive	strength.	For	example,	after	about	1	month	of	curing	the	tensile	strength	of	concrete	is	known	to	increase	more	slowly	than	the	compressive	strength;	that	is,	the
tensile-compressive	strength	ratio	decreases	with	the	curing	age.	During	freezing	to	−24°C,	the	saturated	cement	paste	specimen	containing	no	entrained	air	elongated	about	1600	millionths,	and	on	thawing	to	the	original	temperature	about	500	millionths	permanent	elongation	was	observed	(Fig.	Durability	177	(23	percent	of	the	total)	required
immediate	repair	and	226,000	(39	percent	of	the	total)	were	also	deficient.	However,	in	the	case	of	the	CaO	structure,	due	to	the	much	larger	size	of	the	Ca2+	ion,	the	oxygen	ions	are	forced	apart	so	that	the	Ca2+	ions	are	not	well	packed.	Calcium	sulfoaluminate	hydrates	occupy	15	to	20	percent	of	the	solid	volume	in	the	hydrated	paste	and,
therefore,	play	only	*	In	some	old	literature,	the	solid-to-solid	distances	between	C-S-H	layers	were	called	gel	pores.	Mehta	and	Paulo	Monteiro,	both	of	the	prestigious	University	of	California	at	Berkeley,	adopted	the	microstructure-property	relationship	approach	commonly	used	in	all	materials	science	books	to	provide	scientific	explanations	for
strength,	durability,	and	other	engineering	properties	of	concrete.	8,	admixtures	may	be	added	to	concrete	to	entrain	purposely	tiny	air	voids.	Suggestions	for	Further	Study	Hewlett	P.,	C.,	ed.,	Lea’s	Chemistry	of	Cement	and	Concrete,	4th	ed.,	Arnold,	London,	1053	p.,	1998.	air-dry	condition.	In	hydrated	cement	paste	a	direct	relationship	was	noted
between	the	permeability	and	the	volume	of	pores	larger	than	about	100	nm.3	This	is	probably	because	the	pore	systems,	comprised	mainly	of	small	pores,	tend	to	become	discontinuous.	6.3	Hydration	of	Portland	Cement	6.3.1	Significance	Anhydrous	portland	cement	cannot	bind	sand	and	rock;	it	acquires	the	adhesive	property	only	when	mixed	with
water.	Furthermore,	properties	of	concrete	containing	portland	cement	develop	as	a	result	of	chemical	reactions	between	the	portland	cement	compounds	and	water,	because	the	hydration	reactions	are	accompanied	by	changes	in	matter	and	energy.	44,	p.	From	electron	microscopic	studies	of	hydrating	cement	pastes	(Fig.	3.11	From	the	standpoint
of	concrete	strength,	which	of	the	two	options	is	undesirable,	and	why?	11-18).	The	difference	is	that	in	one	case	the	differential	relative	humidity	between	concrete	and	the	environment	is	the	driving	force,	while	in	the	other	it	is	the	sustained	applied	stress.	They	are	almost	as	hard	as	quartz,	and	various	members	of	the	group	are	differentiated	by
chemical	composition	and	crystallographic	properties.	6.8	Approximately,	what	is	the	combined	percentage	of	calcium	silicates	in	portland	cement?	Proper	consolidation	and	curing	of	concrete	are	equally	essential.	This	is	because	the	conditions	under	which	they	are	consolidated	vary	widely.	5.18.2	Case	histories	of	deteriorated	concrete	Compared
to	other	structural	materials,	generally,	concrete	has	a	satisfactory	record	of	performance	in	seawater.	Instead,	blending	materials	are	added	at	the	readymixed	concrete	batching	plant	to	produce	concrete	mixtures	meeting	certain	performance	standards.	The	most	commonly	Introduction	13	Figure	1-10	Construction	sequence	of	the	Petronas	Twin
Towers.	Generally,	the	finer	the	cement,	the	more	rapidly	it	will	react.	Admixtures	are	defined	as	materials	other	than	aggregates,	cement,	and	water,	which	are	added	to	the	concrete	batch	immediately	before	or	during	mixing.	A	combination	of	several	aggregates	containing	different	size	fractions	was	necessary	to	reduce	the	void	content	and,
therefore,	the	cement	content	of	the	mass	concrete	mixtures.	The	electrical	resistivity	of	concrete	is	also	reduced	in	the	presence	of	moisture	and	salts.	Strains	can	arise	even	in	unloaded	concrete	as	a	result	of	changes	in	the	environmental	humidity	and	temperature.	4	0.	A	computer	program	can	vary	the	thickness	and	material	properties	of	each
layer,	assess	the	global	response,	and	then	compare	with	the	experimental	results	to	identify	the	configuration	that	best	fits	the	observed	data.	The	amount	of	inelastic	strain	that	can	occur	before	failure	is	a	measure	of	the	ductility	of	the	material.	Cordon	and	Gillispie2	(Fig.	However,	in	many	practical	applications	information	is	available	that
constrains	the	model.	346,	1981;	(b)	photograph	courtesy	of	U.S.	Bureau	of	Reclamation	and	William	Scharf	of	Guy	F.	Taylor,	H.F.W.,	Cement	Chemistry,	2d	ed.,	T.	Green	and	blue-colored	cements	can	be	made	by	using	chromium	oxide	and	cobalt	blue,	respectively.	Erosion	takes	place	in	hydraulic	structures,	for	instance	canal	linings,	spillways,	and
concrete	pipes	for	water	or	sewage	transport.	Elastic	behavior	45	Stress,	MPa	Aggregate	Concrete	30	Cement	paste	15	Typical	stress-strain	behaviors	of	cement	paste,	aggregate,	and	concrete.	Microstructure	and	Properties	of	Hardened	Concrete	In	1918,	as	a	result	of	extensive	testing	at	the	Lewis	Institute,	University	of	Illinois,	Duff	Abrams	found
that	a	relation	existed	between	water-cement	ratio	and	concrete	strength.	The	tangent	modulus	is	given	by	the	slope	of	a	line	drawn	tangent	to	the	stress-strain	curve	at	any	point	on	the	curve.	Most	seawaters	are	fairly	uniform	in	chemical	composition,	which	is	characterized	by	the	presence	of	about	3.5	percent	soluble	salts	by	mass.	ASTM	C	845
covers	two	other	expansive	hydraulic	cements	which	also	derive	their	expansion	characteristic	from	ettringite	but	are	not	produced	in	the	United	States.	For	stress	levels	at	about	75	percent	of	fc′,	the	unloading-reloading	curves	exhibit	strong	nonlinearity	(i.e.,	the	elastic	property	of	the	material	has	greatly	deteriorated).	The	term	lightweight
concrete	is	used	for	concrete	that	weighs	less	than	about	1800	kg/m3	(3000	lb/yd3).	Lea,	F.M.	The	Chemistry	of	Cement	and	Concrete,	Chemical	Publishing	Company,	I	New	York,	pp.	Depending	on	the	components’	transportation	cost,	in	certain	geographical	locations	the	price	of	concrete	may	be	as	high	as	U.S.	$75	to	$100	per	cubic	meter,	at	others
it	may	be	as	low	as	U.S.	$60	to	$70	per	cubic	meter.	The	system	contains	1560	pipe	sections,	each	6.7-m	long,	7.5-m	outside	diameter	(equivalent	to	the	height	of	a	two-story	building),	6.4-m	inside	diameter,	and	weighing	up	to	225	tonnes.	For	instance,	to	reduce	the	environmental	impact	of	concrete,	roles	of	pozzolanic	and	cementitious	by-products
as	well	as	superplasticizing	admixtures	in	producing	highly	durable	products	are	thoroughly	covered.	Aggregate	characteristics	that	are	significant	for	making	concrete	include	porosity,	grading	or	size	distribution,	moisture	absorption,	shape	and	surface	texture,	crushing	strength,	elastic	modulus,	and	the	type	of	deleterious	substances	present.	For
instance,	under	compressive	loading	both	the	aggregate	and	the	hydrated	cement	paste,	if	separately	tested,	would	fail	elastically,	whereas	concrete	itself	shows	inelastic	behavior	before	fracture.	This	page	intentionally	left	blank	Chapter	1	Introduction	Preview	This	chapter	describes	important	applications	of	concrete,	and	examines	the	reasons	that
made	concrete	the	most	widely	used	structural	material	in	the	world	today.	Bauxite,	a	hydrated	alumina	mineral,	is	the	commonly	used	source	of	alumina	in	raw	materials	for	the	manufacture	of	CAC.	Incidentally,	this	shows	why	the	results	from	freeze-thaw	and	soundness	tests	on	aggregate	alone	are	not	always	reliable	in	predicting	its	behavior	in
concrete.	For	instance,	the	data	in	Fig.	Because	the	presence	of	significant	amounts	of	calcium	hydroxide	in	the	system	is	necessary	for	the	ettringite-related	expansion	to	occur,	both	laboratory	and	field	experience	show	that	IS	cements	containing	60	to	70	percent	or	more	slag	are	highly	resistant	to	sulfate	attack,	irrespective	of	the	C3A	content	of
portland	cement	and	the	reactive	alumina	content	of	the	slag.	Which	salt	solutions	commonly	occur	in	natural	environments?	To	allow	placement	of	slurry	with	less	frictional	pressure	(2	to	3	percent	bentonite	clay	is	commonly	used	for	this	purpose)	5.	Feldman,	R.F.,	and	P.J.	Sereda,	Eng.	2-11	it	is	obvious	that	the	coefficient	of	permeability	registered
an	exponential	drop	when	the	fractional	volume	of	capillary	pores	was	reduced	from	0.4	to	0.3.	This	range	of	capillary	porosity,	therefore,	seems	to	correspond	to	the	point	when	both	the	volume	and	the	size	of	capillary	pores	in	a	hydrated	cement	paste	are	reduced	such	that	the	interconnections	between	them	no	longer	exist.	(c)	Using	test	cylinder	of
size	150	by	300	mm	vs.	Each	chapter	begins	with	a	preview	of	the	contents,	and	ends	with	a	self-test	and	a	guide	for	further	reading.	2.5.2	Voids	in	the	hydrated	cement	paste	In	addition	to	solids,	the	hydrated	cement	paste	contains	several	types	of	voids	which	have	an	important	influence	on	its	properties.	5-23c).	Suppose	we	want	to	study	the
presence	of	horizontal	layers	that	are	formed	when	concrete	is	exposed	to	an	aggressive	environment	such	as	fire.	The	effect	of	the	water-cement	ratio	on	the	permeability	and	strength	of	concrete	is	generally	attributed	to	the	relationship	that	exists	between	the	watercement	ratio	and	the	porosity	of	hydrated	cement	paste	in	concrete.	In	addition	to
the	large	volume	of	capillary	voids	and	oriented	calcium	hydroxide	crystals,	a	major	factor	responsible	for	the	poor	strength	of	the	interfacial	transition	zone	in	concrete	is	the	presence	of	microcracks.	3-1c;	he	found	the	value	of	a	to	be	34,000	psi	(234	MPa).	Freezing	and	thawing	cycles	4.	In	other	words,	the	tensile-compressive	strength	ratio	40
Concrete	C	30	Concrete	B	Concrete	A	20	Mix	Proportions	and	Properties	of	Non-AirEntrained	Concrete*	10	0	0	500	1000	1500	Strain,	×10–6	Figure	3-17	2000	2500	Mix	No.	→	A	B	C	Water-cement	ratio	Slump,	mm	f¢c,	MPa	f¢st,	MPa	f¢st	/	f¢c	0.68	165	22.4	2.6	0.11	0.57	180	29.0	2.9	0.10	0.48	170	40.0	3.5	0.09	∗	Unpublished	data	from	students
experiments,	University	of	California	at	Berkeley.	In	this	book,	the	term	concrete	refers	to	portland-cement	concrete	unless	stated	otherwise.	This	arrangement	leaves	large	structural	holes,	which	account	for	the	high	lattice	energy	and	reactivity.	Unfortunately,	we	began	tossing	salt	to	melt	snow	and	ice	instead	of	rice	for	good	fertility.	At	stress
levels	higher	than	about	70	percent	of	the	ultimate	strength,	the	stress	concentrations	at	large	voids	in	the	mortar	matrix	become	large	enough	to	initiate	cracking.	Once	an	oil	well	(or	gas	well)	has	been	drilled	to	the	desired	depth,	cementing	a	steel	casing	to	the	rock	formation	offers	the	most	economic	way	to	achieve	the	following	purposes:	■	To
prevent	unwanted	migration	of	fluids	from	one	formation	to	another	■	To	prevent	pollution	of	valuable	oil	zone	■	To	protect	the	casing	from	external	pressures	that	may	be	able	to	collapse	it	■	To	protect	the	casing	from	possible	damage	due	to	corrosive	gases	and	water	For	the	purposes	of	cementing	a	casing,	a	high	water-cement	ratio	mortar	or
cement	slurry	is	pumped	to	depths	which,	in	some	instances,	may	be	below	6100	m	and	where	the	slurry	may	be	exposed	to	temperatures	above	204°C	and	pressures	above	140	MPa.	In	the	Gulf	coast	region	the	static	bottom	hole	Hydraulic	Cements	241	temperature	increases	by	0.8°C	for	every	30	m	of	the	well	depth.	105–131	1994.	Concrete	slabs
exposed	to	freezing	and	thawing	cycles	in	the	presence	of	moisture	and	deicing	salts	are	susceptible	to	scaling	(i.e.,	the	finished	surface	flakes	or	peels	off	).	Impurities	in	water	used	for	mixing	concrete,	when	excessive,	may	affect	not	only	the	concrete	strength	but	also	setting	time,	efflorescence	(deposits	of	white	salts	on	the	surface	of	concrete),
and	the	corrosion	of	reinforcing	and	prestressing	steel.	Resistance	is	not	a	material	property	as	it	depends	on	the	dimensions	of	the	system.	§	Idorn,	G.M.,	Durability	of	Concrete	Structures	in	Denmark,	D.	Figure	5-27	190	Microstructure	and	Properties	of	Hardened	Concrete	from	the	hydrated	cement	paste	due	to	carbonic	acid	attack	is	often
overlooked.	This	happens	during	Stage	1	of	the	structure-environmental	interaction.	With	increasing	temperatures,	the	cement	hydration	products	decompose	and	this	causes	a	loss	in	strength.	1991	Status	of	the	Nations	Highways	and	Bridges:	Conditions,	Performance,	and	Capital	Investment	Requirements,	Federal	Highway	Administration,	July	2,
1991.	According	to	the	other	proposed	mechanism,	called	the	topochemical	or	solid-state	hydration	of	cement,	the	reactions	take	place	directly	at	the	surface	of	the	anhydrous	cement	compounds	without	the	compounds	going	into	solution.	It	is	possible	to	determine	the	elastic	moduli	of	a	homogeneous	and	isotropic	material	by	measuring	the	P	and	S
wave	velocities:	Vp	=	K	+	4	/3	G	ρ	(11-6)	G	ρ	(11-7)	and	Vs	=	where	r	=	density	of	the	material	K	and	G	=	bulk	and	shear	moduli,	respectively	Vp	and	Vs	=	primary	and	secondary	wave	velocities,	respectively	Using	the	relationship	between	the	elastic	moduli	(see	Eq.	13-12),	the	compression	wave	velocity	can	also	be	expressed	in	terms	of	Young’s
modulus	E	and	Poisson’s	ratio	n.	622–663,	1969.)	Figure	3-21	Test	Your	Knowledge	3.1	Why	is	strength	the	property	most	valued	in	concrete	by	designers	and	quality	control	engineers?	Unless	the	rapid	hydration	of	C3A	is	slowed	down	by	some	method,	portland	cement	cannot	be	used	for	most	construction	applications.	Hoff,	Water	Transport	in
Brick,	Stone,	and	Concrete,	Spon	Press,	New	York,	2002.	Monteiro,	Ph.D.,	is	Roy	W.	Steel	was	used	primarily	in	the	long-span	floor	beams,	while	reinforced	concrete	was	used	in	the	central	core,	in	the	perimeter	columns,	and	in	the	tower	perimeter	ring	beams.	It	is	observed	that	regardless	of	mix	proportions	or	curing	age,	concrete	specimens	that
are	tested	in	wet	conditions	show	about	15	percent	higher	elastic	modulus	than	the	corresponding	specimens	tested	in	a	dry	condition.	■	The	permeability	of	a	concrete	containing	even	a	very	dense	aggregate	will	be	higher	by	an	order	of	magnitude	than	the	permeability	of	the	corresponding	cement	paste?	Idorn,	G.,	Concrete	Progress:	From
Antiquity	to	the	Third	Millennium,	Thomas	Telford,	London,	1997.	13.	When	sufficient	sulfate	is	not	present	in	the	kiln	system,	the	alkalies	are	preferentially	taken	up	by	C3A	and	C2S,	which	may	then	be	modified	to	compositions	of	the	type	NC8A3	and	KC23S12,	respectively.	The	existence	of	microcracks	in	the	interfacial	transition	zone	at	the
interface	with	steel	and	coarse	aggregate	is	the	primary	reason	that	concrete	is	more	permeable	than	the	corresponding	hydrated	cement	paste	or	mortar.	Precast	concrete	cylinders	jacket	for	Pier	17.	It	should	be	noted	that	these	values	are	similar	to	the	elastic	moduli	of	lightweight	aggregates.	As	cement	hydration	continues,	the	porosity	decreases
and	waves	propagate	faster	in	the	solid	medium	(see	Fig.	Salt	crystallization	under	such	conditions	may	result	in	sufficient	expansion	to	cause	flaking	or	spalling.	Pigeon,	M.,	and	R.	At	the	point	of	impact,	spherical	compressive	and	shear	waves	are	generated	and	travel	radially	inside	the	material,	while	the	surface	wave	travels	away	from	the	point	of
impact.	It	is	to	be	expected	that	when	the	embedded	steel	is	protected	from	air	by	an	adequately	thick	cover	of	a	low-permeability	concrete,	the	corrosion	of	steel	and	other	problems	associated	with	it	would	not	arise.	Humidity	and	temperature	gradients	Internal	destruction	of	the	surface	layer	Increased	saturation	(a)	(b)	Capillary	pores	(High	w/c,
and	poor	curing)	Water	Water	ESA	AAR	Reactive	aggregate	Alkalies	Macrovoids	(Improper	compaction	of	a	very	low	w/c	concrete	related	to	inadequate	workability)	Sulfate	from	external	environment	High	permeability	AAR:	Alkali-aggregate	reaction	ESA:	External	sulfate	attack	(c)	(d)	Microcracks	(Structural	loading,	heating/cooling,	and	wetting	and
drying	cycles	in	service)	Diagrammatic	presentation	of	damage	to	concrete	from	(a)	corrosion	of	reinforced	concrete,	(b)	cycles	of	freezing	and	thawing,	(c)	alkali-silica	reaction,	(d)	external	sulfate	attack.	2.10	Discuss	why	the	strength	of	the	interfacial	transition	zone	is	generally	lower	than	the	strength	of	the	bulk	hydrated	cement	paste.	The	surface
waves	can	be	used	to	detect	imperfections	close	to	the	surface	of	a	concrete	structure,	as	it	will	be	described	later.	CO2	attack	Submerged	zone	2.	Analogous	to	the	formation	of	ice	lenses	in	soil,	a	capillary	effect,12	involving	large-scale	migration	of	water	from	small	pores	to	large	cavities,	is	believed	to	be	the	primary	cause	of	expansion	in	porous
bodies.	From	microscopic	studies	many	researchers	have	concluded	that,	with	low	temperature	casting,	a	relatively	more	uniform	microstructure	of	the	hydrated	cement	paste	(especially	the	pore	size	distribution)	accounts	for	the	higher	strength.	The	above	photograph	shows	the	Palazzo	dello	Sport	Dome	built	with	a	100-m	span,	for	a	seating
capacity	of	16,000.	Crystalline	hydrates,	such	as	C3AH6,	C4AH19,	and	C2AH8,	are	formed	quickly,	with	liberation	of	a	large	amount	of	heat	of	hydration.	In	this	chapter,	the	influence	of	various	factors	on	concrete	strength	is	examined	in	detail.	Interestingly,	the	compressive	strength	of	the	specimen	behaves	in	the	opposite	manner;	that	is,	the
strength	is	higher	by	about	15	percent	when	the	specimens	are	tested	in	dry	condition.	Crystallization	Highly	permeable	concrete	Seawater	and	air	Corrosion	of	the	embedded	steel	Crack	growth	1.	Meanwhile,	a	bilinguality	in	the	units	of	measurement	is	being	practiced	so	that	engineers	should	become	fully	conversant	with	both	systems.	The
incidence	of	damage	is	especially	large	in	the	structures	exposed	to	deicing	chemicals	or	marine	environment.	Similarly,	proper	attention	to	the	aggregate	size	and	grading,	thermal	and	drying	shrinkage	strains,	and	premature	or	excessive	loading	are	necessary	steps	to	reduce	microcracking	in	the	interfacial	transition	zone,	which	is	the	major	cause
of	high	permeability	of	concrete	in	field	practice.	From	hydration	reaction	of	CAC,	it	may	be	noted	that	there	is	no	calcium	hydroxide	in	the	hydration	product;	this	feature	also	distinguishes	CAC	from	portland	cement	and	is	the	reason	why	CAC	concrete	shows	excellent	resistance	to	acidic	environments	(4	to	6	pH),	seawater,	and	sulfate	waters.
(From	Cordon,	W.A.,	and	H.A.	Gillespie,	J.	88,	No.	5,	p.	69–74,	1999.]	Figure	5-25	52	Integrating	the	concepts	presented	by	Figs.	Monosulfate	hydrate	2-5	Scanning	electron	micrograph	of	typical	hexagonal	crystals	of	monosulfate	hydrate	and	needlelike	crystals	of	ettringite	formed	by	mixing	calcium	aluminate	and	calcium	sulfate	solutions.
Nevertheless,	it	is	important	to	know	the	elastic,	drying	shrinkage,	thermal	shrinkage,	and	viscoelastic	properties	of	concrete	and	the	factors	affecting	them.	At	a	given	water-cement	ratio,	the	porosity	of	a	hydrated	cement	paste	is	determined	by	the	degree	of	cement	hydration	(Fig.	3-21a)	it	can	be	seen	that	the	strength	of	concrete	under	biaxial
tension	is	approximately	equal	to	the	uniaxial	tensile	strength.	Am.	Ceram.	The	initiation	and	growth	of	every	new	crack	will	reduce	the	available	load-carrying	area,	and	this	reduction	causes	an	increase	in	the	stresses	at	critical	crack	tips.	Only	when	the	ear	is	placed	near	the	wall	can	the	opposite	wall	be	heard.9	In	the	Love	wave,	the	particles	move
from	side	to	side	in	a	horizontal	plane	perpendicular	to	the	direction	of	wave	propagation.	45–51,	1982.]	When	the	Cl-/(OH)-	ratio	of	the	moist	environment	in	contact	with	the	reinforcing	steel	in	concrete	exceeds	a	certain	threshold	value,	the	passivity	of	steel	is	broken.	5-7a).	The	foregoing	definition	of	concrete	as	a	mixture	of	hydraulic	cement,
aggregates,	and	water	does	not	include	a	fourth	component,	namely	admixtures	that	are	frequently	used	in	modern	concrete	mixtures.	Both	assumptions	are	not	valid;	hence	in	some	cases	the	computed	compound	compositions,	especially	the	amounts	of	C3A	and	C4AF	in	cement,	are	known	to	deviate	considerably	from	the	actual	compound
composition	determined	directly.	Finally,	it	should	also	be	noted	that	tortuosity	of	the	path	of	fluid	flow	that	determines	the	permeability	also	depends	on	the	thickness	of	the	concrete	member.	In	the	presence	of	aggregate,	the	microstructure	of	hydrated	cement	paste	in	the	vicinity	of	large	aggregate	particles	is	usually	very	different	from	the
microstructure	of	bulk	paste	or	mortar	in	the	system.	It	has	been	observed	that	the	extent	of	strength	loss	as	a	result	of	entrained	air	depends	not	only	on	the	water-cement	ratio	of	the	concrete	mixture	(Fig.	Concr.	fc	(MPa)	fst	(MPa)	fst/fc	55.8	63.9	58.9	5.2	7.0	5.9	0.09	0.11	0.10	Whereas	factors	causing	a	decrease	in	the	porosity	of	the	matrix	and
the	interfacial	transition	zone	lead	to	a	general	improvement	of	both	the	compressive	and	the	tensile	strengths	of	concrete,	it	seems	that	the	magnitude	of	increase	in	the	tensile	strength	of	concrete	remains	relatively	small	unless	the	intrinsic	strength	of	hydration	products	comprising	the	interfacial	transition	zone	is	improved	at	the	same	time.	5.18.1
Theoretical	aspects	In	regard	to	chemical	attack	on	the	constituents	of	the	hydrated	cement	paste,	it	may	be	expected	that	sulfate	and	magnesium	ions	are	the	harmful	constituents	in	seawater.	In	pastes	of	ordinary	portland	cement,	ettringite	eventually	transforms	to	the	−	monosulfate	hydrate,	C4ASH18,	which	forms	hexagonal-plate	crystals.	As	the
uniaxial	tension	state	of	stress	tends	to	arrest	cracks	much	less	frequently	than	the	compressive	states	of	stress,	the	interval	of	stable	crack	propagation	is	expected	to	be	short.	20–21,	1982.	Why	is	it	not	desirable	to	produce	concrete	mixtures	of	a	higher	consistency	than	necessary?	The	microstructure-property	relationships	of	the	hydrated	cement
paste	are	discussed	next.	.	4	Cement	no.	These	finegrained	rocks	(1	to	5	mm	grain	size)	may	also	contain	some	glass	and	are	called	shallow-intrusive	or	hypabyssal.	It	has	been	suggested	that	the	pore	size	distribution,	not	the	total	capillary	porosity,	is	a	better	criterion	for	evaluating	the	characteristics	of	a	hydrated	cement	paste.	It	is	because	of	the
presence	of	the	interfacial	transition	zone	that	concrete	fails	at	a	considerably	lower	Microstructure	of	Concrete	(a)	(b)	45	(c)	Typical	cracking	maps	for	normal	(medium-strength)	concrete:	(a)	after	drying	shrinkage;	(b)	after	short-term	loading;	(c)	for	sustained	loading	for	60	days	at	65	percent	of	the	28-day	compressive	strength.	1-4).	(From	Mehta,
P.K.,	and	D.	3.13	The	temperature	during	the	placement	of	concrete	is	known	to	have	an	effect	on	later	age	strength.	As	a	result,	the	permeability	of	a	fully	hydrated	cement	paste	may	be	of	the	order	of	106	times	less	than	that	of	a	young	paste.	Since	the	hydration	reactions	of	portland	cement	compounds	are	slow,	it	Temperature.	Winkler,	E.M.,
Stone:	Properties,	Durability	in	Man’s	Environment,	Springer-Verlag,	New	York,	1975.	These	long	structures	permit	that	the	time	difference	between	the	impact	and	the	reflection	to	be	large	enough	to	perform	reliable	analysis.	This	shows	that	in	hardened	cement	pastes,	the	increase	in	total	porosity	resulting	from	increasing	water-cement	ratios
manifests	itself	in	the	form	of	large	pores	only.	60,	No.	8,	1963.)	Generally,	the	compressive	strength	of	high	strength	(i.e.,	low	water-cement	ratio)	concrete	is	adversely	affected	by	increasing	the	size	of	aggregate.	Generally,	the	more	rigidly	a	water	is	held,	the	lower	will	be	the	freezing	point.	How	would	you	define	high-strength	concrete?	With	the
progress	of	the	hydration	process,	the	smaller	particles	dissolve	first	and	disappear	from	the	system,	then	the	larger	particles	become	smaller.	In	solids,	there	exists	a	fundamental	inverse	relationship	between	porosity	(volume	fraction	of	voids)	and	strength.	L,	Proceedings	of	the	Fourth	International	Symposium	on	Chemistry	of	Cements,
Washington,	D.C.,	1960.)	From	a	saturated	cement	paste,	it	is	the	loss	of	adsorbed	water	that	is	mainly	responsible	for	the	drying	shrinkage.	It	is	critical	that	the	noise	be	minimized	or	it	will	interfere	with	the	P-wave,	making	it	hard	to	detect	its	arrival	time.	This	type	of	cracking	is	described	by	the	term	D-cracking.	3-3),	assuming	that	the	hydration	of
anhydrous	cement	particles	is	still	going	on.	Splitting	tension	data	for	the	high-strength	concrete	mixtures	of	Fig.	However,	as	discussed	below,	water	in	these	small	voids	can	be	held	by	hydrogen	bonding,	and	its	removal	under	certain	conditions	may	contribute	to	drying	shrinkage	and	creep.	1–6,	1958.]	The	inverse	relationship	between	porosity	and
strength	is	not	limited	to	cementitious	products;	it	is	generally	applicable	to	a	very	wide	variety	of	materials.	The	cracks	in	the	matrix	and	the	interfacial	transition	zone	(shear-bond	cracks)	eventually	join	up,	and	generally	a	failure	surface	develops	at	about	20°	to	30°	from	the	direction	of	the	load,	as	shown	in	Fig.	Potential,	mV	20	Ecorr	Rp	=	ΔE/Δi
−20	0	Current,	mA	Figure	11-26	A	representation	of	the	polarization	resistance	curve.	251–255,	1968.	When	the	crack	system	becomes	continuous,	the	material	ruptures.	According	to	the	author,	portland	cements	contain	some	soluble	alkalies	and	many	aggregates	contain	alkali-reactive	minerals,	therefore	alkali-aggregate	reaction	can	be	found	in
most	concretes.	To	emphasize	my	need	for	one	pipe	with	a	larger	diameter	I	raised	one	finger.	vol.,	cm3	590	150	136	Formerly,	it	was	assumed	that	the	strength-loss	problem	in	concrete	could	be	ignored	when	low	water-cement	ratios	were	used,	and	the	height	of	casting	was	limited	to	reduce	the	temperature	rise	due	to	heat	of	hydration.	Powers,
T.C.,	J.	Is	this	relationship	independent	of	concrete	strength?	18,	pp.
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