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#b ecently, Califorma Polytechme State University at
San Luis Obispo undertook the major task of a
comprehensive utility upgrade program. Among the
primary clements of the upgrade was a new (1.5 million gal.
(2 million L) culinary water reservoir. The original bid
documents specified a wire wound tank. An unsolicited bid
proposing an internally post-tensioned tank was submitted.
After an cxtensive review, the University elected Lo
accept the unsolicited design/build internally post-tensioned
proposal. Their decision was not only based on the cost effi-
clency of the internally post-tensioned tank, but also its cor-
rosion protection, construction schedule, and overall high
performance and long-term durablity. Although this was not
a large tank, the sizable savings achieved would be even
greater as the size of the rank increases. 1t 1s also important
1o note that this is not a proprietary system. [t can be built by
any well-gualified contractor and uses construction means
and methods readily available and uscd in daily construc-
tion activities today.

The tank was to be partially buried below grade approxi-
mately 1¥ ft (5.5 m). The bottom of the tank i1s located at an
elevation of approximately 652 ft (200 m) above sea level
and will scrvice the university, which is located at an
approximate average elevation ol 150 fi (46 m) above sea
level. The exasting soil contamed water-soluble sulfates in
the mid-range of moderate (0.10 10 0.20 % of SO, by weight)
as outlined in ACI 318 Table 4.3.1

Structural design

Slab-on-ground: The slab-on-ground was designed with
1/2 1. (12 mm) dia. 270 ks1(2 GPa) unbonded encapsulated
post-tenstoned tendons in both orthogonal directions along
with asubstantial amount of bonded mild reinforcement. The
slab thickness was designed as 5 in. (125 mm) but was
installed as # in. (200 mm) to facilitate additional needs of
the owner, The slab was placed monolithically with both the
continuous perimeter wall footing and the upturned column
pedestal type pad foundations (see above Fig.). This method
also helped to reduce restramt [.:t‘ﬂ:.,k:lng The design required
concrete with a 28-day compressive swrength of 4000 psl
(28 MPa).

Suspended roof slab: The suspended roof slab was also
designed as a two-way post-tensioned slab with banded
tendons n one direction and umiformly distributed tendons
in the other (Fig. 2). Slab spans were a maximum of 26 fi
(8 m). The slab mamtained a constant soffit elevation and
the thickness varied from 6 to 10 . (150 to 255 mm) for
drainage. The design required concrete with a 28-day
compressive strength of 4000 psi.

Columns: Supporting interior columns were 14 in.
{355 mm) dia. conventionally reinforced and spaced at a
maximum 26 1t span in either direction. The design reguired
concrete with a 28 day compressive strength of 4000 psi.
Perimeter tank wall: The vertical and horizontal wall
reinforcement was desipned with a combination of 0.5 m.
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(13 mm) and 0.6 in. {15 mm) bonded tendons in 2 in.
(50 mm) round ducts. The vertical design consisted of alter-
nating groupings of two and three (.5 in. strands spaced at
30in. (760 mm) on center. The bottom 2 ft (0.6 m) approxi-
marely ot the duct was deleted so that the dead-end strand
anchors could be splaved to allow for additional anchorage.
The horizontal forees were developed with the use of alter-
nating groups of 0.5 in. and (.6 in. mono strands in bundles
of four (Fig. 3). The strands were stressed at alternating pi-
lasters (a total of 3) with the strands being divided in
270 degree and 90 degree sections (Fig. 4). Stressing of the
bundled, multistrand horizontal tendons was done with a
single strand stressing jack in progressive elongations as
opposed to the use of a larger multistrand jack.

Corrosive environment: To protect the slab-on-ground and
the rool slab from the ageressive corrosive environment of
waler-soluble sulfaics, the unbonded monostrand tendons
were encapsulated (Fig. 5). The water-cementitious mate-
nal ratio (w/em) was reduced to 048 per ACI 318 for
sulfates in the mid-range of moderate. To further protect the
pernimeter tank walls, the vertical and horzontal tendons were
bonded in grouting ducts and the exterior of the tank wall
was coated with a 120 mil (3 mm) waterproofing membrane
(mil x 0.001 = inch).

Durability/material selection

Conerete mixture:  As with many arcas outside of large
urban centers, ready-mix suppliers and users do not all have
access 1o the same materials or knowledge of materials. Since
the concrete mixture design is one of the most important
items ensuring a quality and durable concrete project, care-
ful research was done to define the desired results of the
concrete’s performance in placing, finishing, strength gain,
shrinkage, curing, heavy congestion within the form surfaces,
and reactiveness.

w/em: For this project, a mixture design was selected that
used a good quality | in. (25 mm) granite aggregate that was
available through one of the local readv-mix suppliers. Type
IT cement and a low w/em of 0.48 was used (less than the 0.5
required per ACI 318). Type V cement was not required be-
cause of the mid-range of moderate water-soluble sulfates
contained in the onsite soil as shown in ACT 318 Table 4.3.1.
To help obtain the 0.48 w/iom and provide other valuable fea-
tures to the mix. a mid-range water reducing agent was uscd.
T reduce the specific amount of cement. increase the
Hlowability, and help compensate for the aceelerated hydra-
tion process resulting from leng distance hydraulic placing
methods, approximately 17 percent flv ash was also used in
the mix. -

Superplasticizer: A through review for reinforcement, other
embedded items, and anchorage congestion within the
formwork was conducted. It was determined that enough
space cxisted n all areas to allow the use of the 1 in.
(25 mm) aggregate mixture design: however, at the bottom
2 ft (0.6 m) of the exterior tank wall there was a concern. In
addition to the upper and lower bundled No. & (19M) right
angle dowels spaced at 12 in. (300 mm) on center for the
connection of the closure stnip and the No, 8 (25M) “1" bars
x4 ft (1.2 m) spaced 12 in. on center at the bottom of
the wall, the alternating groups of two- and three-strand ten-
dons were required to be terminated with dead-end anchors
and backup bars. Full-scale details were drawn to review
Lhis section.

As aresult of this investigation, it was determined that the
aggregate, with its allowable variations in size, would work:
but to ensure that sufficient amounts of high quality paste
would encompass all elements of the reinforcement, a high-
range superplasticizer was added to the concrete mix for the
bottom 4 ft of the perimeter tank wall. Additional durability
advantages were also obtamned from the use of the
superplasticizer, such as increased placing performance and
easter consolidation to encapsulate the horizontal waterstop.
[t should be noted that additional formwork considerations
must be accounted for when using superplasticizers. Since
the plasticizer has an effect sinular o clectrically charging
the molecules of the ready-mix concrete, formwork pres-
sures are increased. Additionally, the hydration process 1s
altered and time and sequencing become extremely critical,

Therefore, adjustments to the strength of the forms and

rates of placement were thoroughly considered. To accurately
control the quality and desired performance of the concrete,
the ready-mixed concrete was delivered to the site at an
approximate 2 in. (50 mm) slump and then reduced to an
approximate 7 in. { |80 mm) slump at the point of placement
by adding a specific amount of superplasticizer to the
concrete onsite,
Placement method: Placement 15 another key element to
durability. All portions of this project were placed with large
hydraulic boom pumps (91 to 171 t [28 to 52 m]). Pump
selections were based on manpower requirements, job site
accessibility, overall distances to be reached during a given
placement operation, and the quantity of ready-mix conerete
required to be placed to maintain proper scheduling within
budget. Certan clements, such as the grade slab and founda-
tions. as well as the columns and walls, were placed simul-
taneously. One column was placed simultaneously with wall
sepments No. 2, 3, 4, and 5.

The walls of this tank are approximately 21 fi (6.4 m) tall.
A 4in. (100 mm) metal tremie pipe was used in conjunction
with the boom pump to deliver the concrete for the vertical
elements. This performance enhancement method was se-
lected to limit free falling, avord excessive placement port-
holes through the formwork, and increase labor efficiencies.
This method also
reduced and/or
climinated other
factors that could
jeopardize the fi-
nal product such
as hosc entangle-
ment and reduced
rates of place-
ment, cold joints,
and additional la-
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hor that can be associated with the use of methods such as
chutes and plastic elephant trunks. Boom pump/tremie place-
ment also reduced the risk of damage 10 the horizontal ducts.
Additional mixture design modifications which are normally
necessary to allow for the friction-related drying (hydration)
associated with this method of delivery were unnccessary.
Vibration/consolidation: Poor vibration techniques have
ruincd more than one project. With respeet to the slab-on-
ground and the suspended roof slab, good concrete consoh-
dation is cntical to encapsulate the post-tensioning fully and,
most importantly, to obtain proper consolidation at the stress-
ing and dead-end anchors. Proper vibration methods also
mcrease labor efficiency. All of the concrete for this project
wis consolidated with electric vibrators that were placed di-
rectly o the plastic state concrete. DilTerent size and
strength equipment was used as dictated by the needs of the
structural element

The wall concrete was placed in 2 ft (L6 m) lifts. The
forms were designed to withstand a vertical rate of pour of
R ft (2.5 m) per hour, plus a safcty factor. With each succes-
sive lift, the vibration equipment (internal type) was deliv-
ered (inserted) through the newly placed lift and the two pre-
vious hifis below (total of & ft [2 m]). To avoid cold joints
and honeycombing, it is important o ensure that vibrating
crews do not insert or remove the equipment too [4st or space
it (distance between msertions) oo far apart. For wall place-
ments, bwo vibration crews were used: one positioned ahead
of the point of placement and the other behind. Each crew
was additionally equipped with flashhighis to help with con-
tinuous visual inspection during the placement.

Observation/access holes (pour holes) were placed at 5 fi
(2.5 m) max. on center horizontally and at 4, 10, and 16 fi
(1. 3, and 5 m} verucally. It is important that formwork
design accommaodate properly sized pour holes bascd on the
specific equipment that will be vsed. If the placement hole
cannot be made large enough or wide enough because of the
talsework, placing may be jeopardized. Pour holes were
sealed once the concrete height reached that level, Ongce the
concrete was at a height of approximately 10 ft (3 m), one
vibration crew was repositioned to the top of the wall with
vibration equipment that would adequately reach and deliver
suflicient vibration, Special attention was given to vibration
equipment’s capacity when developing the placement
sequencing.
Finishing: The slab-on-ground received a hard wrowel
tinish. The suspended roof slab received a ine broom fin-
ish. To produce a proper finish, the finishing process cannot
be starlcd too early. If fimshing had begun prematurely, the
durability of the concrete would be jeopardized. Premature

finishing can trap hlcedwater in the concrete, tear the sur-
face layer and decrease the floor’s flamess tolerance, and
promote slab curl. amongst other things. The slabs were 1ni-
tially struck level with wood roods (straightedges) approxi-
mately T ft (3.3 m) m berween 1.5 in. (40 mm) dia. metal
elevated pipe screcds, They were then tamped and floated
with & i (2 m) wood bull floats and 10 fi (3 m) channel
Noats,

Once the blecdwater dissipated and the concrete supported

the weight of a finisher without leaving more than a .25 in.
(6 mm) depression, the slab surfaces were broken open
{mortar brought to surface) with power trowels using
combination blades. The floors were then restraightened with
12 ft (3.6 m) bump cutters in two directions and then finally
closed again with power trowcls, The edges were worked
with 6 ft (2 m) tools to limit any edge curl. When the floor
slabs require a greater degree of flainess, it 1s this author’s
normal procedure to use pan machines i conjunction with
the bump cutters to restraighten the floor. Once the floors
were complewcly sealed, the specitied swface linish was
implemented and the slabs immediately covered with a
liquid curing compound.
Curing: Proper curing was obtained through a combination
of in-form, bur-leen (a combmnation of burlap and polyeth-
vlene sheeting) blankets, visgueen (polyethylene), water, and
spray-applied liguid curing compounds. At the completion
of the concreting process of the slab-on-grade, a uniformly
applied liguid curing compound was applicd with Hudson
sprayers to all exposcd surfaces. Immediately following the
application of the curing compound, the entire slab surface
was covered with 10 mil (0.3 mm) visqueen (mil x (LR =
mch). The slab was allowed to cure i this stale for seven
days. Since potential curing discoloration of the slab was
nol 4 concemn, there were no objections to the vse of the
visqueen. It should be mentioned that this method was used
instead of water tlood curing as outlined in AWWA D115,

The vertical elements required a more labor intensive cur-
ing process. When developing the casting eycle for the wall
forms, special consideration was given 1o the curing se-
quence. Since only 1/6 of the total wall surface formwork
was 10 be used, it was critical that the casting cycle be devel-
oped o0 maximize the equipment and not unduly delay the
overall construction schedule. As a result of balancing re-
sources (manpower and equipment), a schedule was devel-
oped that allowed each wall section to be placed on a Friday
(with the exception of one that was mterrupted by a lcgal
holiday). The wall forms were left in place for three days.
Once the forms were initially cracked, the wall was flooded
with water. As soon as the forms were removed, a liquid
curing compound was spray-applied to the ends of the wall
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section. Along the
top of the wall,
a “soaker™ hose
was installed and
which allowed
for maintaining
correcl moisture
beneath the bur-
leen. The bur-leen

¥ blankets were then
installed over the walls and secured in place. The total cur
ing process was seven days (Fig. 6), The suspended roof
slab was timshed and cured with a similarly approved liguid
curing compound as was used on the slab-on-grade.

Quality construction

Pre-construction project management: In the design/build
industry, pre-construction management is essential. Design/
build teams live and dic by communication and management
skills. Since the team is forced to conceplualize the entire
project both in design and construction priot to any working
documents, 1t 15 essential that all team members be techm-
cally strong in both their respective disciplines and in their
working knowledge of the other team members. It is impor-
tant 1o alert all ot the concerned members in how each ele-
ment of the structure will be designed and constructed. It is
important that the construcior nolfy the designers of why
they would prefer one method for construction versus
another and together develop the most efficient application
for the project.

A constant dialogue between all the members is essential

all the way to the presentation of the bid proposal. The team
has to remain flexible and have the ability o make last minute
changes in the design and construction technigues w ensurc
they propose the most efficient, durable, and quality project
possible. Beeause of this particular project team efforl, a very
cost efficient, durable, and high quality project was devel-
oped, designed, and constructed. This design 15 not one of
an extremely large tank. If this were a design for a higher
volume tank, the cost efficiencies recogmzed on this project
would have been even greater.
Construction project management: The actual construc-
tion project management 18 a continuation of the
pre-construction management, Management entails contin-
ued cost estimating, scheduling, and proper sequencing of
material and manpower, refinements o details, accurate
project records and constant communication between the
field personnel, subcontractors, design professionals, the
design/build contractor’s main office, the owner, and local
authorities. The design/build contractor used a proprietary,
custom-designed computer program to track and record all
correspondence, transmittals, submittals, subcontracts,
insurance requirements, RFI's (request for information),
change orders, modifications to the consiructnon schedule,
manpower and eguipment resource availability and costs.
Consequently, the contractor was able to avoid potential
delays and make caleulated adjustments during the project
o keep the project running smoothly,

The vpdated construction schedule was also maintained
on computer, which allowed for accurate tracking and con-
trol. Additionally, another specially developed software pro-
gram by the contractor was used to track the actual job costs
and constantly compare them to the original budget. Finally,
an integrated accounting program encompassed all of the
elements to produce comprehensive project financing con-

trols and records for an accurate picture of the overall prujh:t.

Another unique management tool was site specific weather
forecasting. The design/build contractor retained a meteo-
rologist to provide daily site specific weather updates. The
advantages to having constant site speci fic weather forecasts
allowed the contractor to better coordinate work and avord
weather-induced delays. Furthermore, 1t provided for an
impressive case history and additional critical documenia-
tion. A thorough review of shop drawings and interface
details was also a key element in avoiding delays and poor
construction conditions.

Formwork selection

Slab-on-ground: The slab-on-ground required edge form-
ing and hanging forms for the monolithic elevated pedestal-
type column pad foundations. The perimeter form was made
with a plywood face. The backup was of radius ripped
plywood plates top and bottom with 2 x 4 in. (50 x 100 mm)
vertical backups ar 24 1n, (610 mm) on center. The hanging
forms were made of 2 x 12 in. {50 x 300 mm) solid lumber,
Column forms: The column forms were one picee, of spht
fiberglass material.

Wall forms: Form selcction was considered critical to both
time and cost of the project. A modified gang type form sys

tem was selected lor the wall work. It incorporated steel
walers (horizontal reinforcement). steel channel stiffeners,
aluminum vertical backups, two lavers of plywood (one sub-
strate and one faced), lapered ties and through bolts. It was
most cost efficient to provide 1/6 of the total wall surface
area in forms. This maximized the reuse of the equipment
and mimmized the learning curve of the field crews. It also
allowed for all the components of the wall to be utihzed in
the most efficient, ceonomical means possible o ensure
a quality product and reduce exposure Lo error, oversights,
and inclement weather conditions. Time of completion s al-
ways a key element to any project. The material and labor
savings offset the increased cost of cranc hotsting equipment
to move the gang forms. Another advantage to using larger
forming members was the reduction in tie penetrations
through the forms, which also resulted in less cost for labor
and material.

Suspended roof slab: An alumnum tower frame system
was used. The frames (4 {1 [1.2 m] wide) were required to be
stacked three high. Alurmnum siringers and joist were the
primary horizontal elements supplemented with 4 x 4 in.
(100 x 100 mm) umbers, 38 . (16 mm) MDO (abrasion
and water resistant)
plywood was used
as the sheeting, The
perimeter edge form
and safety handrail
Syslem was con-
structed with wood
and secured to the
perimeter tank wall
by using the exisi-
ing through bholt-
holes at the top of the wall and coil tie bolis. The intermeds-
ate backups for the cdge forms were wedge anchored
between the coil bolted horizontal members. The curbs on
the deck were placed monolithically and the wooden forms
were suspended mechamcally (Fig. 7).

Total quality control: Total quality control is not just a
calch phrase. It is a comprehensive thought process and
project atitude that results in great effort from all partici-
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pants involved in the project and 15 necessary to produce
high quality and durable concrete projects. No part of the
process can be ignored from the design to the type of
concrete, procedures for installation, sequencing of trades,
selection of materials, considerations of the climate and
terrain, availability oFmaterials, desired finishes, manpower
and equipment avatlability, project documentation, payment
procedures, or site observations, Each step must be and was
dissected, discussed, and refined to ensure that all require-
ments would be met 1o ensure the project’s Success.

Communication

As repeatedly mentioned throughout this article, communi-
cation is key to every step of the project from the inmal de-
cision to get into the race for a project and, if one is lucky
enough to be awarded the project, to sce it through to comple-
tion. Poor communication between the participants will have
obvious undesirable consequences. This project team,
through its excellent communication was able to develop and
maintain a “partnering” type alliance with all of the partici-
pants, resulting in a very successful project, The typical
adversarial relanonship between an owner/construction man-
ager and the contractor was completely precluded from this
project.

Summary

Through good design, careful material selection, proper con-
siruction praciices, and continuous communicaiion from the
beginning through to completion, a durable and quality con-
crete construction project was achieved. It should further be
noted that this project was honored as “The Hest Concrete

Project in Califormia for 1997 by McGraw-Hill/F., W.
Daodpe's California Construction Link magarine and featured
in the December, 1997 “Best of California™ issue.
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THE VisIBLE AND INviSIBLE CRACKING OF CONCRETE

When concrete deterlorates, e blame usually falls on the curing, the aggregare, the mixture, or the quality

conlrol. The cement 18 seldom blamed. Perhaps this 1s because all cements of the same type are belicved to be cqual if they have
passed the same standard tests. However, cements of the same type, bui from different planes, can vary widely in the property of
extensibility (the resistance to cracking).

Causes of self-stress are discussed in rclation 1o cement content, water-cement ratio, cement fineness,
alkalies, admixtures, and other factors, Cases are described where drying shrinkage cracking due to high-alkaline cement was
incorrectly diagnosed as alkali-silica reaction,

it Is time that we stop doctoring concrete wih an cndiess array of replacements, admixtures and steel and

plastic reinforcements, It is ime w look directly at the glue that holds the rocks together... the cement,

Author Richard W. Eurruws, a graduate of Colorado School of Mines, began his studies of the durability of
concrete with the LS. Burean of Reclamation in 1946, He is a recipient of the 1958 Wason medal for the best paper on concrele,
e was mvolved in the Long Time Test Program at Green Moutain Dam in Colorado and this document includes a discussion of
the |04 concrele test panels after 53 years of weathering.
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