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Development of a Computer Model to Predict
Curling of Poured Concrete Slabs on Grade

By George A. Merlo, PE. (NAFE 142S) and Anthony C. Merlo, PE. (NAFE 636S)

Abstract

This paper addresses the causative factors associated with curling of concrete slabs poured on grade. The
study was initiated when the owner of a newly constructed warehouse brought legal action against the designer/
contractor for excessive concrete slab curling. Subsequent to settling with the owner, the designer/contractor
brought legal action against the subcontractors who prepared the subgrade and placed the concrete. A computer
model was developed by the defendant’s expert to evaluate the effect selected parameters have on curling of
the concrete slab on grade. The parametric study was used to evaluate the most probable causes of the curling,

which led to settlement of the case.

Keywords

Forensic engineering, construction defect, curling of concrete slab on grade, foundation modulus, concrete

shrinkage

Introduction

This case involves curling of a 7-inch unreinforced
concrete slab on grade (SOG) at a newly constructed
warehouse facility. Subsequent to settling with the
owner of the warehouse for excessive slab curling, the
designer/contractor proceeded to bring legal action
against the subcontractors who prepared the subgrade
and constructed the concrete slab.

The concrete subcontractor entered into a contract
with the designer/contractor to form, place, and finish
388,000 square feet of 7-inch unreinforced SOG, ex-
cluding weather protection, concrete material, and con-
crete pumping. The designer/contractor was respon-
sible for the concrete design mix and selection of the
slab thickness and joint spacing. The slab covered an
area 970 feet by 400 feet and was poured in sections as
noted in Figure 1A, 1B and 1C.

After placing the concrete slab, it was saw cut into
15-foot by 13-foot sections, providing control joints.
Subsequent to the slab installation, the ends of the slab
began to curl, resulting in voids between the subgrade
and underside of the slab. Numerous elevation mea-
surements were conducted with differential curling —
ranging from approximately .25 inch up to 1 inch (see
Figure 2A and 2B). These differentials were detrimen-
tal to the equipment operating in the warehouse.

Factors Affecting Slab Curling

All SOG concrete slabs curl due to the inherent na-
ture of concrete shrinkage during the curing process.
It is noted that “Evaporation of moisture from the up-
per surface of slabs is what causes drying shrinkage.
Curling is caused by the difference in drying shrinkage
between the top and bottom of the slab'"*3”

The primary factor associated with slab curling is
the shrinkage gradient that develops through the slab
thickness during the curing process. Placement of con-
crete on a dry subgrade provides two surfaces for excess
water to be reduced, thus providing a lesser shrinkage
gradient. Placement of concrete on a moist subgrade
will increase the tendency of the slab to curl because
the top surface will shrink more than the bottom, result-
ing in a slab with a concave shape. A similar condition
will occur if the slab is poured on a vapor barrier.

Factors affecting shrinkage'*? are the water/cement
ratio (higher water content results in greater shrinkage),
temperature of concrete at discharge point, high concrete
slump (higher slump indicates higher water content), ex-
cessive haul time in transit mixer, too long of a waiting
period at the job site, too many revolutions at mixing
speed, use of cement having relatively high shrink-
age characteristics, use of aggregates with potential of
high shrinkage, and use of additives that produce high
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shrinkage. None of these factors were under the control
of the subcontractor responsible for forming, pouring,
and finishing the slab. The designer/general contractor
(plaintiff) was responsible for selecting the design mix,
purchasing the concrete, and supervising the delivery
and discharge of the concrete at the job site.

Counteracting the tendency for the edge of the
slab to curl upward is the dead weight of the slab (slab
thickness). Also affecting curling is the soil subgrade
modulus k (coefficient of subgrade reaction), which
can be defined as the ratio between the bearing pressure
against the slab and deflection of the subgrade.

Typical units for k are pounds per cubic inch (pci)
or psi per inch of deflection with values ranging on the
order of 80 to 350 pci; the larger the k value, the stiffer
the subgrade. Placement of a slab on a less-than-stiff
subgrade will result in the curled slab “sinking” into
the soil, reducing the net curling. On a stiffer subgrade,
less area is required to support the dead weight of the
slab, resulting in greater net curling.

Plaintiff Allegations

With the plaintiff being responsible for the factors
adversely affecting concrete shrinkage, the allegations
were directed at the subcontractors responsible for
preparation of the subgrade and placing the concrete.

With respect to the concrete subcontractor, the alle-
gation was directed at the slab thickness being less than
specified. The allegation directed at the subcontractor
responsible for the subgrade preparation and compac-
tion was that the subgrade was prepared too stiff (450
pci vs. specified 150 pci). It should be noted that the
project specifications did not require field testing of
the subgrade, nor did they require measured finish slab
elevations within 72 hours of completion of the pour.

Computer Model

In order to evaluate the effects slab thickness and
subgrade modulus have on the net curling of the SOG, a
computer model was developed using the commercially
available finite element program STAAD.Pro (licensed
by Bentley Architectural and Structural Software). This
involved treating the SOG as a mat supported by springs
representing the soil subgrade modulus. The springs were
treated as compression springs — only with no resistance
when subjected to uplift due to curling. The shrinkage
gradient was represented by an equivalent temperature
difference between the top and bottom of the slab.
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In order to substantiate the validity of the model, it
was first compared with the test results*. The test slab
consisted of a 6-inch-thick concrete slab 24 feet by 13
feet with a modulus of elasticity of 3,000 ksi, subgrade
modulus of 80 pci, and an equivalent shrinkage gradi-
ent of 30.5°F.

Results of the test indicated that the maximum curl
at the edges was on the order of .10 inches above the
original floor finish, with an unsupported length at the
edge of 4 feet. Maximum deflection at the center of
the slab was measured at -.02 inches. Results of the
computer analysis indicated the maximum curl equaled
.102 inches with an unsupported cantilever length of
4.25 feet and a maximum deflection in the middle of
the slab equal to -.021 inches (see Figure 3). Therefore,
it was concluded that the computer model was verified
with the test results and could be used to analyze the
SOG at the subject warehouse.

Effects of Slab Thickness and Soil Subgrade
Modulus

The plaintiff alleged that the curling of the slab
was the result of inadequate slab thickness and im-
proper preparation of the subgrade. Specifications de-
fined the slab thickness as being 7 inches founded on a
subgrade modulus equal to 150 pci. The plaintiff con-
cluded based on 31 core samples that the average slab
thickness was 6.5 inches; this was less than the speci-
fied 7 inches (see Figure 4). Laboratory testing of the
plaintiff’s core samples resulted in a concrete modulus
of elasticity equal to 5,000 ksi (see Figure 5), and the
plaintiff’s geotechnical expert concluded that the soil
subgrade modulus equaled 450 pci.

A parametric analysis was conducted to evalu-
ate the effects of varying the slab thickness and the
soil subgrade modulus. With typical shrinkage strain
for Portland cement of approximately .0004 to .0008
inches/inch, the finite element computer analysis was
conducted to predict slab curling.

Using a shrinkage strain of .0006 inches/inch, and
based on an evaluation of the elevation measurements
(see Figure 2A and 2B), the slab thickness and sub-
grade modulus were varied to evaluate the predicted
curl. Results of the analysis, which are contained in
Figure 6A, 6B, and 6C, can be summarized as fol-
lows for a shrinkage strain of .0006 inches per inch
(see Figure 7):
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Subgrade Slab Thickness, Maximum Curl,
Modulus, pci inches inches
100 7 42
100 6 51
100 5 .60
200 7 44
200 6 52
200 5 .62
400 7 46
400 6 .54
400 5 .64
Figure 7

Shrinkage strain summarized.

As can be observed, the degree of curling is for all
practical purposes independent of the subgrade modu-
lus. However, the extent of the curling is to a minor
degree dependent on the slab thickness. The plaintiff
was asserting that the primary cause of the curling was
attributable to the slab thickness measured as low as 5
inches in some locations (see Figure 4). The fallacy
with this rationale is twofold.

First, the 5-inch cores do not represent the average
thickness around the perimeter of the slab. It should be
noted that the weight of the slab around the perimeter
provides the dead weight, counteracting the effects of
curl with lesser importance given to thicknesses toward
the middle.

Secondly, no correlation exists between core thick-
nesses vs. slab curl based on the physical evidence. A
comparison was made between core thicknesses and
elevation differences. In several instances, areas with
a 7-inch thickness exhibited greater than or equal curl
as compared with areas of lesser thickness (see Figure
1A, 1B, and 1C). For example, sample WE7 (with a
7-inch slab thickness) exhibited the same curl as sam-
ple WE4 with a thickness of 5 inches. The same can
be stated with respect to aisle 27B to C.75 vs. aisle 27
C75t0F

It was the authors’ opinion that the number of core
samples taken were statistically inadequate to support
the conclusion that slab thickness caused the curling. A
review of the concrete delivery tickets indicated that a
total of 8,350 cubic yards was delivered to the job site
for the slab. It was calculated that the average thickness
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of the poured slab equaled 6.73 inches — approximate-
ly equal to the specified 7 inches.

With the slab thickness and subgrade modulus ruled
out as causative factors, the cause of the slab curling
remained unresolved. Clearly, the primary parameter af-
fecting the degree of curling is the amount of shrinkage
during the curing process. The subcontractor cured the
concrete utilizing blankets furnished by the plaintiff. A
comparison of the weather conditions vs. slab curl did
not reveal any correlation (see Figure 2A and 2B).

Only one factor remained as a possible consider-
ation: the shrinkage characteristics of the mix itself.
The designer/contractor should have conducted shrink-
age tests of the design mix to ensure that the shrinkage
was within allowable expectations. More important is
the fact that the batch tickets contained evidence that
calcium chloride was added to the approved mix at the
request of the designer/contractor. With the slab being
placed during periods of cold weather, calcium chloride
was added to the mix to enhance curing and minimize
freezing. The addition of the calcium chloride resulted
in an increase in the heat of hydration and thus an in-
crease in slab curling.

Conclusions
As a result of the authors’ testing and analysis, the
following opinions were presented:

1. Based on the range of parameters considered,
neither slab thickness nor subgrade modulus
were primary factors associated with the slab
curling.

2. The primary cause of the curling can be at-
tributed to one or both of the following: lack of
proper evaluation of the design mix or the addi-
tion of calcium chloride to the design mix (both
of which were under the control of the designer/
contractor).

3. No allegations were made that the slab thick-
ness and subgrade modulus adversely affected
the structural integrity of the unreinforced slab.
Repeated attempts requesting the design calcu-
lations (including the loads imparted by stor-
age racks and warehouse equipment) proved
unsuccessful.
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