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INTRODUCTION 

A significant amount of tests have been performed on in the test pavements at the National 
Airport Pavement Test Facility (NAPTF). A single slab test is the third full-scale PCC slab test 
conducted at the NAPTF. A 15 by 15 ft (4.52 by 4.52 meter) test slab was constructed at the 
beginning of June, 2003 on the surface of a cracked slab in the tested pavement section defined 
as MRS, see Figure 2. The detailed one full month curing was executed by watering the burlap 
covered slab routinely to keep the slab always continuously wet. Then three testing periods were 
experienced. During a three and a half month drying period, under the indoor natural 
environment condition, all sensors were monitored. At the end of that period, the measured 
average corner curling reached almost 200 mils (5.1 mm). Static load plate tests of up to 40,000 
lbs (18160 kg), using increments of 5,000 lbs (2270 kg) or 10,000 lbs (4540 kg), were conducted 
at the end of this period to measure the displacements and strains of the seriously curled slab.  

The next period consisted of about a two month wet period achieved by routinely watering 
the slab surface. At the end of this period, the measured average corner curling was found to be 
stable and dropped down to 60 to 80 mils (1.5 to 2 mm).  Then, at the beginning of December 5, 
2003, similar static plate load tests up to 40,000 lbs (18160 kg) were conducted to investigate the 
slab response under a different curling degree. Different plate sizes with diameters of 18, 12 and 
6 inches (45.7, 30.5 and 15.25 cm) were also used to find their effects on the critical strains and 
displacements. The plate load setup is presented in Figure 1 and the sensor locations are given in 
Figure 3. 

The detailed pavement information, from structure to materials, is available. All load-time 
histories have been recorded during the tests. Therefore, the test results can be analyzed and 
further understood by comparing them with the results predicted by different models. In the past 
ten years, the FAA sponsored several projects for investigating the 3D model to be used for the 
new FAA airport pavement design specifications and analysis [1], [5] and [6]. The 3D model 
used in the above program was taken from a general purpose 3D finite element program Nike3D 
[9]. Numerical comparisons presented in this paper also include the results calculated by using 
the 3D program EverFe [12] and the 2D program Jslab2002 [7].  

DETERMINATION OF THE INITIAL SHAPE OF A CURLED SLAB 

Temperature and moisture variations are two major factors causing the slab in-plane and out-of-
plane movements. The slab in-plane movements are responsible for the joint formation and opening 
width variation. The out-of-plane slab movements lead to the slab shape variation – not only from 
winter to summer, but also from day to night. Vertical displacement sensors were installed at the 
slab corners and one edge, as shown in Figure 3. More than six months of corner displacements 
(VD1, VD4 and VD5) and edge displacement (VD2) are presented in Figure 4(a). The sensor VD3 
did not work well, so it was disconnected on June 16, 2003. The three corner displacements were 
relatively close to each other, and the maximum values were between 190 to 210 mils (4.82 to 5.33 
mm) achieved the morning of October 20, 2003 shortly before the first loading test was conducted.  

The initial shape of a slab must be clearly defined in order to calculate the load induced 
responses for a curled slab. Therefore, it is necessary to find a way to define the initial shape. When 
the temperature of the slab at the surface is lower than that at the bottom, or when the relative 
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humidity of the concrete near the slab surface is lower than that near the slab bottom, the upper 
portion of the slab shrinks and the lower portion expands. This leads to the four corners of the slab 
curling upward. If the temperature and relative humidity distribution along the slab depth are 
opposite (top temperature or the relative humidity are higher than the bottom), the four corners of 
the slab curl downward. Though the curling can be predicted by a 3D finite element program, if 
sufficient temperature and moisture information are available, it is still a very difficult task. First, 
the distributions along the slab depth are nonlinear rather than linear, and they vary continuously. 
Second, the distributions in the slab plane are different, more or less, at the slab corner, edge and 
interior points. Third, though temperature and moisture sensors were installed at two locations, four 
sensors through the depth of the slab at each location, it is still not enough to define the detailed 
three dimensional distributions of the temperature and relative humidity.   

If the slab is under an environment with temperature variation only (moisture and other effects 
are assumed negligible), and the temperature distribution along the slab depth is linear, the gradient 
of the temperature (ETG) may be written as:   
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With a value of ETG given, later it is defined as “Equivalent Temperature Gradient” to 
represent all effects to cause the slab curling [8], the vertical displacements at the corner and edge 
may be easily calculated. Figure 4(b) shows the results calculated by the following five models: 

(1) Nike3D program [9]; 
(2) EverFe program using dense liquid (DL) foundation [12]; 
(3) EverFe program using multiple layer foundation(ML) [12]; 
(4) Jslab2002 program using DL foundation [7]; 
(5) Simplified equations (2 & 3) below [11]:    
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 where ETG can be obtained by Equation (1), α is the thermal coefficient of concrete, L is 
the slab width or length, see Figure 3. Equations (2 & 3) were obtained by assuming the slab is 
curled in such a way that the slab becomes a portion of a circular shell with radius R. For a high 
ETG, R is small. For a low ETG, R is large. For an uncurled (flat) slab, R is infinitely large. 
Therefore, the curling at the corner (∆Corner) and edge (∆Edge) can be determined simply by 
geometrical relations, and the effects of the slab self weight have been neglected. 

Findings in Figure 4(b) are summarized as follows: 

(1) All models predict higher curling for higher ETG; 
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(2) Results by using model (2) and (4) (E of concrete = 6,000,000 psi, and k of foundation = 
600 pci) are almost identical, which indicates that the 2D thin plate elements and the 3D 
solid elements perform almost the same for the slab in curling displacement analysis 
under environmental variation. More numerical examples show that the curling is not 
sensitive to the input values E and k. The numerical results implicitly support the 
assumption used by Equations (2 & 3) in which the curling is independent of the values 
of E and k.   

(3) The interface boundary conditions between the slab and foundation have been defined as 
frictionless – shear stress always equals zero, and the vertical displacements at the slab 
bottom always equal those at the foundation top at the same point when they are in 
contact, and the slab bottom can freely separate from the foundation top. However, it has 
been found in the results using Nike3D that a tensile stress could develop between the 
slab bottom and the foundation top when they are separated. This leads to the curling 
predicted by Nike3D being significantly smaller than that predicted by EverFe even if 
all input data for model (1) (Nike3D) and (3) (EverFe) are the same (see Figure 2). The 
above phenomenon was found only when the slab bottom was separated from the base 
top. Further study is needed to solve the problem and make the Nike3D program 
workable for the curling analysis.  

(4) The curling predicted by the complete 3D models in the EverFe program (both slab and 
foundation layers are modeled by solid elements with 27 nodes) is only slightly larger 
than those predicted by model (2) (3D model for slab and dense liquid for foundation) 
and model (4) (thin plate for slab and dense liquid for foundation). 

(5) When the input for the self weight is set as 1/10,000 of the true value, the results 
predicted by Jsla2002 are almost identical to those predicted by the simple geometrical 
equations (2). The entire curling process may be approximately divided into two steps: 
(I) The flat slab shape is changed by shrinkage and expansion of the concrete due to 
thermal effects defined by ETG. The curling of slab in this step should be predicted well 
by geometric equations (2) and (3); (II) The curled slab as a portion of a circular shell, is 
pulled down by the slab self weight which reduces the curling and changes the circular 
shell into a different shape as it is under the combined effects of ETG and the slab self 
weight. Therefore, the differences between results from models (2, 3, 4) and (5) show 
the effects of self weight of the concrete during the slab curling;   

(6) Equations (2) and (3) provide good approximations for slab curling. They can also be 
used to evaluate the reliability of any 3D or 2D programs which are used for curling 
analysis. When the self weight is set close to zero in any 2D or 3D program, the results 
should be almost identical to those calculated by equations (2) and (3).  

 
Figure 4(b) indicates that the initial slab shape may be expressed by a single parameter ETG 

which is defined as the Equivalent Temperature Gradient (ETG) used to represent all environmental 
effects on the slab shape, including moisture change. For example, since the measured vertical 
displacements in the Morning of October 20, 2003 were between 190 to 210 mils, a slab shape due 
to ETG = -6.0 F°/in may be defined as the approximate initial shape if the program Jslab2002 is 
used, ETG = -5.5 F°/in may be defined as the initial shape if the program EverFe is used. Similarly, 
the average corner curling displacement measured in the morning of December 5, was 79 mils.  
Therefore, the initial shape at that time has been defined as a slab shape under an ETG between -2 
to -3 F°/in. In this paper, the initial shapes are defined as the slab shape due to an ETG = - 6.0 F°/in 
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and an ETG = -5.5 F°/in for the tests conducted on October 20, 2003 when programs Jslab2002 and 
EverFe are used to do the analysis respectively. And, the slab shape due to an ETG = -3 F°/in for the 
tests conducted on December 5, 2003, and ETG = -2 F°/in for the tests conducted on January 9, 
2004 for both programs. 

CURLING DISPALCEMENTS AND INTERIOR STRAIN RESPONSES WHEN THE 
SLAB REACHED ITS HIGHEST CURLING ON OCTOBER 20, 2003 

On October 20, 2003, the slab had been under a one month wet curing period (the slab was 
covered by burlap and watered routinely) plus 110 days natural drying period (the burlaps was 
removed and the surface was exposed to the indoor environment.) Figure 4(a) indicates that the slab 
kept flat until the end of the wet curing period. Then both corner and edge curling displacements 
were measured, and the slab received the maximum curling at the end of September after drying for 
about three months. The first static load tests were conducted on October 20, 2003. Four corner 
curling displacements were also measured by using a feeler gage, a simple tool available in 
hardware store. It has many pieces of thin steel sheets with different thickness. The thinnest one is 
0.005 inches. The feeler gage results were 200, slightly higher than 200 (the capability of the feeler 
gage is 200 mils), 189 and 187 mils at the VD1, VD3, VD4 and VD5 locations respectively, shown 
in Figure 3. These results match the readings from VD1, DV4 and DV5 very well in Figure 4(a).  

An eighteen inch plate was placed at the north-west corner. The load on the plate was increased 
from 0 to 30,000 lbs in 5,000 lb increments. The major input data used for the analysis are given in 
Figure 2. Since the plate load test conducted on the surface of econocrete layer were 475 and 514 
pci, the comprehensive k value on the surface of existing 9.75 inches slab was selected as 600 pci si 
for analysis. For all cases, the E value of the slab was 6,000,000 psi as obtained by the Lab tests.  

The predicted and measured curling displacements VD1 and VD5 are presented in Figure 5(a). 
All measured data and the results predicted by the 2D and 3D models show rocking of the slab; the 
VD1 corner was pushed down and the VD5 corner was lifted up. Both models significantly 
overestimate the rocking actions by using ETG=-6 F°/in for Jslab2002 and ETG=-5.5 F°/in for 
EverFe to define the initial slab shape. However, when ETG = -3 F°/in was used in the calculation, 
the predicted VD1 and VD5 were close to the measured ones. 

The predicted and measured strains at CSG2, 1.5 in from the slab top and defined as “upper”, in 
the middle of the slab and 1.5 in from the slab bottom and defined as “lower” in this paper, are 
shown in Figure 5(b). The strains are calculated by the following strain-stress relationship equation: 

65.5
4)(

×
××−

= YX
X

σµσ
ε         (4) 

Where εX is the strain at the sensor location in Micro Strains, σX and σY are the stresses 
calculated at the slab top or bottom in psi, and the Poisson’s ratio µ = 0.15. The factor 4/5.5 is to 
convert the surface stress into the strain at the measurement point 1.5 inch from the surface. It seems 
that the 2D model (JSLAB) underestimates while the 3D model (EverFe) overestimates the strains, 
but both overestimate the curling displacements. Careful observation of Fig 5(b) indicates that the 
strain changes due to the load from 10,000 lbs to 30,000lbs predicted by the two models are 
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relatively close to what were measured – if the upper or lower sections of the three curves are 
examined between 10,000 to 30,000 lbs in Fig 5(b), they will be found to match well. 

CURLING DISPALCEMENTS AND EDGE STRAIN RESPONSES WHEN THE SLAB 
REACHED ITS LOWEST CURLING ON DECEMBER 5, 2003 

On October 20, when the slab experienced the highest curling, the load tests were conducted. 
Immediately after the tests were completed, the slab was again covered with burlap and then 
watered routinely to assure that the burlap was completely wet. Figure 4(a) indicates that the slab 
quickly curled back, and after about fifteen days the slab experienced another stable period. 
Unfortunately, VD2 did not work well a few days after the watering started so the sensor was finally 
disconnected. Records of VD1, VD4 and VD5 behaved similarly before the watering, but VD1 
behaved differently after the watering and showing that VD1 curled back more than the other two. 
Before the second static test was conducted on December 5, all corner curling displacements were 
again measured by using the feeler gage. The VD1 and DV4 readings were 54 and 74 mils, and the 
VD5 and VD3 readings were 87 and 100 mils. This indicates that the watering made the slab curl 
down unevenly. Based on Figure 4 (b), the curled initial shape of the slab, on December 5, 2003, 
was between ETG ≈ -2 to -3 F°/in.  The displacements at VD4 under the load are presented in 
Figure 6(a). The phenomena observed in Figure 5(a) are observed again:  

(1)  Regardless if ETG=-3 F°/in or =-2 F°/in is used in analysis, the measured and predicted 
displacements by the two models under the load from 10,000 lbs to 25,000 lbs are much 
closer than those under the load from 0 to 10,000 lbs;  

(2)       The results by using smaller ETGs in the analysis generally provide a better match with the 
test data; 

(3) Even if the initial slab shape is assumed to be flat, the Jslab2002 and EverFe finite element 
models perform differently. First, corner displacements by the Jslab2002 are completely 
linear while the displacements by EverFe are slight softening nonlinear (the displacement 
due to the load increment from 15,000 to 25,000 lbs is slightly higher than that due to the 
load increment from 0 to 10,000 lbs). Both are different from the measured ones – slightly 
hardening nonlinear (the displacement due to the load increment from 15,000 to 25,000 lbs 
is higher than that due to the load from 0 to 10,000 lbs); second, the foundation in Jslab2002 
shows slightly stiffer than the foundation in EverFe.  

The comparisons of strains at CSG3 are given in Figure 6(b). Comparison of Figure 6(b) and 
6(a) indicates that when ETG = -3 F°/in is assumed, EverFe predicts that the slab contacted the 
base after a 5,000 lb load was applied while  predicts that the slab contacted the base after a 
20,000 lb load was applied. Therefore, the strain slope calculated by EverFe remains constant 
after the load > 5,000 lbs while the strain slope calculated by the Jslab2002 varies until the load 
> 20,000 lbs. Another difference between the measured and predicted response is caused by 
friction effects between the slab and base. The measured magnitude of upper strains, 1.5 inches 
from the slab surface, was higher than that of the lower strains, 1.5 inches from the slab bottom. 
Since Jslab2002 is developed based on a dense liquid foundation no friction effect can be 
considered. Therefore, the predicted upper and lower strain magnitudes are always the same. The 
EverFe program has the capability of considering the friction effects. However, the results 
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presented in this paper were obtained by assuming a frictionless interface. It is not clear why 
significant differences were calculated by EverFe, especially for the case when ETG = 0. 

INFORMATION WORTHY OF CONSIDERATION IN PAVEMENT DESIGN       

The following are some observed test results which may provide useful information for the  
development of, or modification to, the pavement design procedures.       

Figure 7 presents the measured and predicted strains in CSG3 under an edge load above on top 
of the strain gage. It can be seen in Figure 7 that the load induced maximum strain is overestimated 
by the results calculated by both the Jslab2002 and Nike3D programs if the loaded edge is modeled 
by a “Cliff” type edge (Figure 7). The magnitudes of Jslab2002 results are even higher. However, 
when the second and lower layers are extended 30 inch, the loaded edge looks like a “Step” and is 
defined as “Step Model”, see Figure 7. The results predicted by the 3D finite element program 
Nike3D match the measured one much better. The comparisons in Figure 7 indicate that the “Step 
Model” seems more appropriate than the “Cliff Model” for predicting the maximum edge stress of a 
PCC pavement resting on econo-concrete subbase layer. Therefore, the “Step Model” has been 
proposed in FEDFAA – the next generation FAA Airport Pavement Design Procedure which is 
developed based on the 3D finite element model [5].  

In the static tests, a load on different plate sizes, from 18 inches down to 6 inches, was applied at 
the slab center. The strain-load curves for CSG2 are presented in figure 8(a). The CSG2 was six 
inches from the slab center. The following information has been noted. 

(1) When the test was first conducted, October 20, 2003, using an18 inch plate, the slab had 
reached its highest curling. The friction force in the interface shifted the neutral axis of the 
cross section from the middle of the slab thickness to approximately 1.5 inches from the slab 
bottom surface. The strains in CSG2A, 1.5 inches from the slab bottom, were almost 
holding to zero when the load increased from 0 to 20,000 lbs.  

(2) On December 5, 2003, the static test was conducted after the slab curling reduced to the 
lowest curling state (the four corner curling displacements dropped from an average 195 
down to 79 mils after watering the surface). The load was applied at the slab center again on 
an 18 inch plate. Figure 8(a) shows that the upper micro stain was -12.5 and the lower micro 
strain was about 9. The sensor at the middle of the slab thickness received a micro strain = -
1.5 which indicates the interface friction had less effect than it had on October 20, 2003. 

(3) On January 9, 2004, the test was repeated by using a six inch plate. The results are also 
shown in Figure 8(a). The maximum difference in micro strains between the measured 
upper and lower strains under a six inch plate (20 + 6 = 26) was slightly higher than that 
under an 18 inch plate (12.5 + 9 = 21.5). This indicated the bending under a 6 inch plate was 
higher than that under an 18 inch plate. However, the measured middle strain under a six 
inch plate was -7 which indicated stronger friction effects than the test on December 5, 
2003.  

(4) Figure 8(b) presents the strain histories predicted by Nike3D, EverFe and Jslab2002 with 
different interface models. When an unbonded interface (frictionless) is used all three 
models significantly overestimate the strains (only Nike3D results are shown in Figure 
8(b)). However, when the interface between the top and second layers is assumed fully 
bonded, the lower strains predicted by all three models are closer to the measured ones.  The 
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elastic modulus of the broken slab (the second layer) is set at 3,000,000 psi in the 
calculation, however, it is difficult to precisely estimate the E value for a broken slab. The 
adjustment of the E value can bring the predicted results even closer to the measured ones.  

(5) All measured strains indicate that more or less bonded behavior is experienced when a load 
is applied at the slab center. However, the friction effects were more significant in the center 
loading cases than the edge loading cases. It is also true that the bonding reduces the 
maximum stress at the bottom of the slab. The test results verify that the fully unbonded 
interface condition overestimates the maximum interior stress at the slab bottom. Therefore, 
in conjunction with the sensitivity analysis and the information provided in other 
investigations [2], [3] and [10], though the maximum interior stress has been considered in 
determining the critical stress [4], it will not be considered in [5] for pavement design.  

 
CONCLUSIONS 

Two types of interface characteristics significantly influence the critical stresses of a PCC slab 
under a static load. The first type is the degree of interface unevenness which has significant effects 
on the predicted top-down critical stresses. The unevenness of the interface leads to the slab 
contacting the concrete (or econoconcrete) base earlier than predicted by both 2D and 3D finite 
element models. The models also considerably overestimate the maximum load induced top-down 
stress for a slab curled up at the corners.  The comparison between the measured strains in the test 
slab and the strains predicted by 2D and 3D finite element programs indicates that the major 
discrepancy occurs when a slab experiences a great degree of curling. When the slab keeps contact 
(or almost keeps contact) with the second layer, the measured strains and those predicted by both 
models are close.  The second type is the bonding condition of the interface which mainly 
influences the bottom-up critical stresses. The bonding is always observed though it varies when a 
load is applied near the slab center. The bonding always reduces the critical bottom-up stress from 
the fully debonded condition. Reliable test data and reliable computer programs are both necessary 
to obtain above conclusions.  The analysis of the test data supports two suggestions for modifying 
the FAA airport pavement design procedures: (1). The “Cliff model” should be replaced by the 
“Step model”, in the finite element analysis, in order to calculate the critical bottom-up edge 
stress. (2). Considering the bonding characteristics, the critical interior stress at the bottom of a 
slab is always lower than the predicted critical edge stress, so that it does not need to be 
calculated in the procedure for pavement thickness design.         

ACKNOWLEDGEMENTS 

The FAA Airport Technology R&D Branch Manager, Dr. Satish K. Agrawal, supported the 
work described in this paper.  The contents of the paper reflect the views of the authors, who are 
responsible for the facts and accuracy of the data presented within.  The contents do not 
necessarily reflect the official views and policies of the FAA.  This paper does not constitute a 
standard, specification, or regulation. Special thanks are also given to Dr. Gordon Hayhoe for his 
technical leadership in planning the tests, to Mr. Chuck Teubert for his leadership in managing 
the construction and testing, to Mr. Frank Pecht for his careful installation and maintenance of all 
sensors, to Dr. David Brill for his valuable comments after reviewing the paper. Our sincere 
thanks are also given to all people who have provided valuable assistance during the construction 
and testing but not mentioned above.    



Guo, Dong, Daiutolo and Ricalde 8

 

Hc = 11 inches, E=6,000,000 psi 

HSub1 = 5.875 inch, E=700,000 psi  

HSub2 = 8.625 inch, E=24200 psi 

HExistPCC = 9.75 inches, cracked slab, E=3,000,000 psi 

Subgrade, CBR = 7 to 8, k=141 pci for EverFe, E=15,000 psi for NIKE3D 

Figure 1  A Single Load is Applied at the Edge        Figure 2  Input Data of the Slab for 3D Analysis                          
Of 15 ft by 15 ft Slab (1 ft = 30.5 cm)                              1 in = 2.54 cm, 1 psi = 6.895 KPa                             
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Figure 3 Plane View of the Test Slab and the Sensor Locations (VD6 and 7 were added on 
December 5, 2003, and VD3 was disconnected on June 16, 2003) 

 (1 ft = 0.3048 meter, 1 inch = 2.54 cm) 
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Measured Vertical Displacements
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(a) Measured Vertical Displacements 
Curling at the Corner and the Edge vs. ETGs 
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(b) Corner and Edge Vertical Displacements Predicted by Different Models 

Figure 4 Initial Slab Shape Defined by ETG 
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Measured and Predicted Vertical Displacements, 
Corner Load, 18in Plate, 10/20/2003
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(a) VD1 and VD5 
Measured and Predicted Strains at CSG2,

Corner Load, 18 in Plate, 10/20/2003
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 ( b) Bending Strains at CSG2 
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Figure 5 Measured and Predicted Slab Rocking under a Corner Load, Initial Slab Shape: 
ETG = -6.0 F°/ inch for Jslab, ETG=-5.5 F°/ inch for EverFe (See Figure 4(b)) 
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Measured and Predicted Displacements at VD4,
Corner Load, 18" Plate, 12/5/04
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(a) VDs 

Measured and Predicted Strain at CSG3,
Corner Load, 18" Plate, 12/5/04 
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(b) Strains at CSG2, West Edge Load 

Figure 6 Measured and Predicted Slab Rocking and Edge Strain under a Corner Load
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Measured and Predicted Strain at CSG3,
South Edge Load, R12, 12/5/04  
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Figure 7 Measured and Predicted Edge Strain under an Edge Load 
 



Guo, Dong, Daiutolo and Ricalde 14

Measured Strains at CSG2,
Center Load, Different Load Size and ETGs
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(a) Measured Strains 

Effects of Different Interface Models, 
18 inch Center Plate Load, 12/5/2003
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(b) Effects of Interface Models in Programs 

Figure 8 Uncertain Interface Behavior and Modeling   
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