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Fig. 1. Cracked massive element and close-up view of cracking.

General
In the mid-to-late 1990s, both the Texas Department of Transportation 

(TxDOT) and the Florida Department of Transportation (FDOT) began no-
ticing cracking in many of the larger cast-in-place concrete transportation 
structures. Although the Standard Specifications and Design Guidelines 
relating to concrete construction for these agencies provide general guid-
ance requirements to address heat generation for structural members 
based on minimum dimensional requirements, implementation was not 
always addressed properly. In some cases, the steps to limit temperature 
rise and temperature differential within the concrete member soon after 
concrete placement did not get implemented correctly. Thus, much of the 
cracking that was observed then can be attributed to temperature rise as-
sociated with concrete hydration. In the early 2000s, TxDOT implemented 
the results of research discussed in a previous issue of this newsletter.(1) 
During the same time period, FDOT incorporated the results from several 
research projects into the standard specification for road and bridge con-
struction.(2) Both specifications adopted the methods outlined in ACI 207.
(3) This article further discusses what TxDOT and FDOT have learned from 
their implementation of mass concrete requirements.. TxDOT recently 
updated the standard specifications for highway construction.(4) The sec-
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tion addressing concrete struc-
ture construction--in particular, 
mass concrete construction--was 
modified slightly to address what 
to do if the temperature controls 
shown in Table 1 were exceeded. 
As the use of the ConcreteWorks 
software to predict thermal pro-
file in the member progressed, 
along with actual observation of 
the in-situ monitoring, it became 
clear that the biggest challenge 
was to keep the differential 
temperature within the member 
below the allowed temperature. 
Additional guidance is provided 
to instruct the contractor and 
inspection staff as to placement 
of sensors within the member. In 
practice, it is not the worst-case 
scenario related to delta rise 
that may be critical, but rather, 
the delta producing the highest 
temperature gradient that results 
in concrete cracking. The simple 
approach recommended is to 
compare the core temperature to 
the temperature at the nearest 
side face, 3 inches from the sur-
face, in the same plane.
TxDOT has greater concern with 

limiting the maximum core tem-
perature. Because the majority of 

aggregates locally available have 
potential for Alkali-Silica Reactiv-
ity (ASR), and therefore may be 
more prone to Delayed Ettringite 
Formation (DEF), keeping the 
core temperature below 160°F is 
strictly enforced. If the core tem-
perature is measured to exceed 
the 160°F, removal of the mem-
ber could be necessary unless 
material testing and petrographic 
analysis shows little chance for 
future occurrence of DEF.
Like Texas, Florida has recently 

updated the Standard Speci-
fication for Road and Bridge 
Construction. The FDOT specifi-
cations generally align with the 
TxDOT Specifications. However, 
there are some differences be-
tween the two states. The max-
imum allowable temperature 
per the Florida specification is 
180°F. This is based on research 
indicating that the potential for 
DEF is mitigated in concrete 
which contains class F fly ash and 
slag.(5) FDOT has not approved 
a concrete mixture to be used 
for Mass Concrete applications 
without slag or fly ash since prior 
to 1980.(6) Thus, the pairing of 
warm climates and conventional 

use of high-quality pozzolans 
provides an extra degree of flexi-
bility given the relative difficulty 
involved with minimizing tem-
perature rise in concrete placed 
in warm climates.
Information and field experience 

collected by FDOT have shown 
that temperature differentials 
are often the cause of early-age 
cracking. Figure 1 shows a mas-
sive concrete footing that expe-
rienced full-depth cracking due 
to the temperature differential 
being exceeded at early ages. 
Therefore, the FDOT specifica-
tions have strict requirements 
for early-age control measures 
to prevent cracking due to tem-
perature differentials and ther-
mal shock. Florida requires the 
maximum allowable temperature 
differential between the core and 
2" from the surface to be 35°F. 
However, the specification has 
recently introduced a tempera-
ture control measure to prevent 
thermal shock, which requires 
the temperature control mecha-
nisms to remain in place until the 
core temperature is within 50°F 
of the ambient temperature.
The use of the thermal control 

plans, per the specifications in 
Texas and Florida respectively, 
has produced mass concrete that 
remains relatively uncracked 
based on field experience. If 
the collected field data shows 
non-compliance, the contractor 
is requested to revise the thermal 
plan for future placements and 
the member is thoroughly in-
spected for cracks. Crack sealing 
or other repair techniques are 
required if cracking is found.
References
1. Kevin Pruski and Ralph 

Browne, “Mass Concrete 

Florida Texas

Modeling ACI - Schmidt Model Texas - ConcreteWorks

Review PE review required Review Required

Dimensions Minimum Dimension 
greater than 3'* Per Plan Requirements*

Max Temperature 180° F 160° F

Max Differential 35° F 35° F

Major Concern Temperature Differntials, 
Cracking Maximum Temperature, DEF

 

Table 1: Specification Requirements - Mass Concrete, Thermal Control Plan
(*Drilled shaft elements have a 6' minimum dimension requirement)   
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Fig. 1. Cooling pipes (white PVC) in a 12-ft diameter drilled shaft prior to placement of the concrete.
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Drilled Shafts as Mass Concrete?
John Gajda, PE, Senior Principal Engineer, CTLGroup, and Jonathan Poole, PhD, PE, Senior Engineer, CTLGroup

We are often asked, ”Should 
drilled shafts be considered mass 
concrete?” Historically, drilled 
shafts and caissons have not 
been considered mass concrete, 
except for particular projects 
with unique considerations or 
owner requirements. However, 
concretes for drilled shafts often 
have a high cementitious materi-
als content and a corresponding-
ly high maximum temperature. 
Little can be done to control the 
environment surrounding the 
shaft, which means the tem-
perature difference within the 
placement can be quite high. The 
choice to treat an element of a 
structure as mass concrete is 
meant to prevent damage from 
an excessive maximum tempera-
ture, and to minimize/prevent 
thermal cracking which occurs 
due to an excessive temperature 
difference within the placement.
The 2010 FHWA publication 

“Drilled Shafts: Construction 
Procedures and LRFD Design 
Methods”1 states that drilled 
shafts “larger than about 5 ft 
diameter have characteristics 
of mass concrete”. This publi-

cation also extensively discuss-
es self-consolidating concrete 
(SCC), which implies that drilled 
shafts should only be construct-
ed with SCC. Based on the ben-
efits of SCC, some owners and 
engineers require SCC to be 
used in drilled shafts, and also 
use industry-standard limits of 
160°F (70°C) for the maximum 
temperature and 35°F (20°C) for 

the temperature difference. SCC 
typically requires a high ce-
mentitious materials content to 
achieve the desired rheology. The 
use of concretes with a higher 
cementitious materials content 
are commonly used in “wet hole” 
shaft placements to help ensure 
the concrete does not segregate 
or washout.
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In many cases, these require-
ments appear to conflict, espe-
cially when high levels of cement 
replacement with supplementary 
cementing materials (SCMs) 
are not permitted. Desired SCM 
replacement levels for thermal 
control are typically 50 percent 
by weight for ASTM C618 class F 
fly ash or 75 percent by weight of 
ASTM C989 slag cement. Further-
more, concrete producers who 
have little to no experience with 
SCC are asked to develop and 
produce SCC which is very differ-
ent from concrete which they are 
typically accustom to working 
with or set up to produce (this is 
a separate issue which has un-
fortunately resulted in too many 
litigations due to segregated or 
poorly performing concrete).
The maximum temperature of 

concrete in a drilled shaft can be 
conservatively estimated as the 
sum of the concrete temperature 
at placement and the tempera-
ture rise of concrete based on 
the published Equation 12 below: 

Equation 1 was developed based 
on project experiences from 6+ 
ft. thick above-grade mass con-
crete placements. Equation 1 is 

also generally applicable to 6+ 
ft. diameter drilled shafts that 
are surrounded by subsurface 
material with typical drilled shaft 
concretes.
Thermal modeling of the drilled 

shaft with the specific boundary 
conditions and with information 
on the specific concrete mixture 
to be used is needed to fully 
evaluate whether or not to treat 
a smaller-diameter drilled shaft, 
or shafts that are surrounded by 
water (lake, river, bay, or ocean), 
as mass concrete. Table 1 shows 
an estimate of the temperature 
rise at the centerline of the 
drilled shaft, based on 2D ther-
mal modeling, of the effect of the 
“rise” as determined by Equation 
1 above as a function of the shaft 
diameter, concrete, temperature 
conditions, and the surrounding 
conditions. The modeling results 
shown in Table 1 do not consider 
admixtures such as corrosion 
inhibitor or accelerator which 
accelerate temperature rise and 
make smaller-diameter shafts be-

have as if they are larger diame-
ter (the opposite is generally not 
true when a retarder or hydra-
tion stabilizer is used).

Note that Table 1 does not 
address temperature differences 
within the shaft concrete. This is 
intentional as the temperature 
difference within a drilled shaft 
within a permanent steel cas-
ing that extends through open 
water will be very close to the 
difference between the maximum 
temperature of the concrete and 
water temperature. For a shaft 
where the perimeter is surround-
ed by rock or subsurface mate-
rial, the temperature difference 
will be lower, but may not be less 
than the commonly specified lim-
it of 35°F (20°C) depending on 
the temperature rise and diame-
ter of the shaft (larger diameters 
and higher “rise” values give a 
higher temperature difference).
Regarding the temperature 

difference, as noted above, lim-
iting the temperature difference 
is intended to minimize/prevent 
thermal cracking. When the 
shaft is within a permanent steel 
casing, it is our experience that 
thermal cracking does not occur 
because the steel casing heats 
and cools with the surface con-
crete. Also, the casing significant-
ly confines the placement, which 
restrains cracks from forming 
and opening in the concrete. The 
steel shell will have a high stress 
when the maximum tempera-
ture of the shaft concrete occurs. 
However, in the cases we have 
analyzed, the stress has not been 
above the yield stress of the steel 
or the compressive strength of 
the concrete. For this reason, the 
temperature difference within a 
steel cased shaft is typically ig-
nored. Rock sockets may provide 
similar restraint, depending on 
the properties and fracturing of 
the rock.
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For uncased shafts, when a high-
er temperature difference limit is 
not appropriate or feasible, and 
when precooling of the concrete 
and/or concrete mixture de-
sign changes are not feasible or 
practical, cooling pipes (such as 
shown in Figure 1) are often used 
in the concrete to reduce the 
effective temperature rise of the 
in-place concrete and associated 
temperature difference.
So what is the answer to the 

question, “should drilled shafts 
be considered mass concrete?” 
The answer is yes and for the 
same reasons that above-grade 
placements are treated as mass 
concrete. The concrete mixture, 

shaft diameter, and temperatures 
of the concrete and surroundings 
all determine if mass concrete 
treatment is warranted.
For more information, please 

contact John Gajda, (JGajda@CT-
LGroup.com) or Jonathan Poole, 
(JPoole@CTLGroup.com)
1. https://www.fhwa.dot.

gov/engineering/geotech/
foundations/nhi10016/
nhi10016.pdf

2. Gajda, J., et al, “A Low Tem-
perature Rise Concrete for 
Mass Concrete”, Concrete 
International, American Con-
crete Institute, August 2014.

(articles continue on next page)

Table 1 – Percentage of the temperature rise at the centerline of the drilled shaft from equation 1 
based on shaft diameter, concrete mixture, surroundings, and temperature
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Evaluation of Performance Based Concrete for Bridge Decks in Washington State
Bijan Khaleghi, PhD, PE, SE, Washington State DOT

Bridge decks are not typically 
classified as mass concrete, but 
as is the case with mass concrete, 
the need to reduce or prevent 
cracking is a high priority. Tem-
perature control is one of many 
criteria used to achieve this. The 
Washington State Department of 
Transportation (WSDOT) re-
vised its concrete specification 
for bridge decks in 2011 to be 
more performance based with 
the desired effect of having less 
early-age shrinkage cracking.
A report comparing bridges con-

structed with the traditional WS-
DOT specification to those con-
structed with the performance 
based specification showed much 
less early-age shrinkage cracking 
for the performance based ap-
proach.
The WSDOT bridge deck con-

crete specifications were revised 
to eliminate or reduce early-age 
restraint cracking in bridge 
decks, caused by length changes 
due to shrinkage coupled with 
the restraint by girders and inter-
nal reinforcement and show up 
primarily as transverse through-
cracks. Many of the revisions 
came from recommendations 
from a WSDOT report “Mitigation 
Strategies for Early-Age Shrink-
age Cracking in Bridge Decks.” 
The study showed that cracking 
of bridge decks is variable within 
the same bridge and even within 
the same concrete placement, 
indicating that there are many 
factors that affect the cracking 
performance of a bridge deck 
that change during the construc-
tion of the bridge.
The performance based specifi-

cation was first implemented in 
mid-2011 and is now included in 
the WSDOT Standard Specifica-
tions.
To evaluate the effectiveness 

of the revised concrete specifi-
cation, a sample of bridges con-
structed with the performance 
based specification and the 
traditional specification were 
compared for cracking severity.
WSDOT Traditional and Con-

tractor Performance-Based Mix 
Design
The revisions to the “Contractor 

Mix Design” remove some of the 
prescriptive requirements and 
replace them with performance 
based requirements. The most 
significant change was removal of 
the prescriptive requirement for 
a minimum cementitious content 
for the Class 4000D concrete. The 
performance based requirement 
for minimum concrete compres-
sive strength at 28 days remains 
in the specification as 4,000 psi. 
Added were performance limits 
on permeability, length change 

(“shrinkage”) and scaling (as well 
as an optional requirement for 
freeze-thaw durability to reduce 
prescribed air content). In addi-
tion to the performance limits, 
modulus of elasticity and density 
are required to be provided (but 
no limits attached).
Another significant change 

resulting from recommendations 
of WA-RD Report 747.1 was to 
increase the aggregate size. The 
nominal maximum aggregate size 
increased from 1 in. to 1½ in.
The overall intent of the changes 

to the Class 4000D mix design is 
to focus on the behavior (or per-
formance) of the concrete rather 
than providing a set “recipe.” 
This puts more burden on the 
Contractor and concrete supplier 
but allows for more flexibility 
and provides more informa-
tion on the needed properties 
of the concrete being placed. 
The comparison of class 4000D 
traditional and Contractor per-
formance-based mix designs is 
shown in Table 1.

Fig. 1. Fogging of Bridge Deck.
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Concrete Placement, Texturing 
and Curing
In addition to revisions to the 

mix design, changes were made 
to the placement, finishing and 
texturing portions of the specifi-
cation. The ultimate goal of these 
revisions is to begin adequate 
wet curing as soon as possible. 
The original specifications for 
placing and texturing typically 
resulted in a delay of application 
of wet burlap to the surface of the 
bridge deck, but now, revisions to 
the curing portion of the specifi-
cation require fogging (Figure 1) 
of the deck immediately after the 
finishing machine passes, elimi-
nating tining, and applying pre-
soaked burlap almost immediate-

ly. The use of curing compound 
is explicitly forbidden. Fogging 
continues until the concrete has 

achieved initial set when soaker 
hoses are added. The wet burlap 
and soaker hoses remain in place 
for 14 consecutive days as shown 
in Figure 2.
After the concrete has hardened, 

the bridge deck is textured using 
diamond-tipped saw blades that 
create longitudinal grooves (Fig-
ure 3).
Bridge Deck Temperature
Another change to the (Class 

4000D) specification requires 
the concrete temperature at the 
time of placement to be between 
55°F and 75°F, a tighter tolerance 
than the original specification of 
between 55°F and 90°F, intended 
to reduce the peak temperature 
of the concrete during placement 
and curing. Concrete typically 
heats up as it sets and hardens 
(Figure 4). If concrete tempera-
ture is much higher than ambient 
temperature when it achieves 
initial set, stresses will be locked 
in which can lead to cracking.
Additionally, requirements were 

added to monitor both ambient 
temperature and temperature 
of the bridge deck concrete for 7 

Table 1: Specification Requirements - Mass Concrete, Thermal Control Plan
(*Drilled shaft elements have a 6' minimum dimension requirement)

Figure 2 - Burlap and Soaker Hoses.



Page 8

days after placement. The Con-
tractor is then required to submit 
this data to WSDOT; however, 
no other contractual limits are 
placed on this information.
Recommendations regarding 
temperature:
To achieve reduced early-age 

cracks in bridge decks:
1. Indicate locations for embed-

ded temperature monitors in 
the contract plans. Use multi-
ple temperature monitors 
for each deck placement, a 
minimum of one at each end 
and one mid-span. The em-

bedded monitors should be 
located as close to mid-slab 
thickness as possible.

2. Require that temperature 
monitor data received from 
the Contractor include, at a 
minimum, the following ele-
ments: date and time which 
concrete placement started, 
where concrete placement 
started, location of monitor, 
temperature measurements 
at hour max intervals.

3. Establish peak temperature 
and maximum temperature 
limits. This may provide a 
tool to reject a deck that 
performs very poorly due 
to extreme temperature or 
temperature differences. 
While no evidence of type 
of this behavior was seen in 
this study, adding contrac-
tual limit requirements may 
result in better temperature 
data.

4. During the mix design 
phase, evaluate tempera-
ture changes over time for a 
specific concrete mix. This 
helps compare one mix to 
the other and possibly aids 
in developing performance 
based limits that can be add-
ed to the concrete mix design 
requirements.

The Evaluation of Performance 
Based Concrete for Bridge Decks 
in Washington State report was 
prepared by Eric Ferluga and 
Patrick Glassford could be down-
loaded from: http://www.wsdot.
wa.gov/research/reports/fullre-
ports/845.1.pdf

Figure 3 - Bridge Deck Texturing Machine.

Figure 4 - Example of Concrete Temperature Rise


