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INTRODUCTION 

This 
shoulders on 

this study, 
test sections in 
test "'''-'-uv. 

was 
performance 
Colorado 

• Section 1: 
• Section 2: 
• 3: 

to evaluate effects of slabs and concrete 
portland cement concrete (PCC) 

of Transportation (CO constructed 
lanes of the summer of 

with 

are as follows: 

shoulder. 
shoulder. 

shoulder. 

The test sec:ncm are 2 mi west border, near 
Burlington. 
are as follows: 

• 
• 
• 

location is shown in figure 1. exact location the test 

Mile Westbound, 1365+03 to 
Mile 447.8, Westbound, 1302+10 to 1300+00. 
Mile 446.9, Westbound, Station to 

1. illustration the site 

1 

2 miles west from Kansas 
border on Interstate 70 

-



Through field analysis, and monitoring of test 
hoped that the of widened slabs and tied concrete shoulders on 
of jointed concrete pavement OCP) will determined. 

widened slabs tied shoulders in an effort to 
enhance fatigue of (NCHRP Project "widened slabs are 
used extensively Wisconsin and Minnesota. Wisconsin uses and wide slabs 
on the outside lane. Minnesota uses 13.5-ft 14-ft wide on the outside and 

wide on The other that have widened 
include Iowa, Illinois, Texas. The widened are typically provided on 

outside lane, and 14-ft shoulders are typically 
provided on widened-slab sections. 

use of 
performance of the 

is more prevalent than widened although the 

A thorough 
measured 
obtained values. 

2 

been mixed (Smith et aL 
observed 

whether 
analytically 



.. 

.. 

.. edge strains at 
at various transverse 
at various locations. 

load 
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ANALYSIS OF DATA FROM INSTRUMENTED SLABS 

and corners to measure slab deflections due to 

• 

measurements 

bending stresses can 
concrete restrains curling. stresses at (","'T'T::>'''' 

load stresses in 
the of 

Curling Measurements 

study, curling was measured directly dial gauges installed at 
longitudinal of slabs. This was accomplished by 

rods 6 ft below the pavement surface, thus isolating the rods from the movements of 
upper layers, and measuring the movements of the corners and edge with to 
the rods using dial gauges. The dial on the 
the end bearing on the reference rod to of the relative 
movements. dial installation is 

measurements were at about 30 
a.m. on 7/12/94 

6:00 p.m. on 7/13/94). 

throughout the day, 
a.m. on 7/13/94) until late 

curling measurements 
The curling measurements tables are 

4 



Figure 2. Dial gauge installed at a slab comer for curling measurements. 

relative values. Because only t,1:e changes in the elevation at the monitorlllg points cail 
be measured/ whether t.lte slab is curled up or dOVv"TI cannot be deterrrdned from the field 
measurements. The slabs are not necessarilv flat at zero temDerature gradient b€cause 

J ;. U 

r!lolsture gradients also affect curling and some residual c .. ding may have been built in 
duThl.g COnsn-;lCtiOD. The smallest number from each set of dial gauge readings ·was used 
to determine the amount of curling at eac..l-t location. 

Si...-nilar lTL2.gnitudes of curling were observed on bol.l: days. Several of the readings 
of 32 on the leave corner c..rrli.i.g shown L.""l table 1 were caused by a frozen dial gauge. 
Because no wb.eelloads were applied, the curling of the approac.:. .... comer should not be 
different thCh"l. that of t..h.e leave corner. This is ShOWTl. better in table 2 t,.l-lan in table L 
The curli.:.'!.g reversed (indicaf.i..!.'!.g that ~i-.,e point of maximum effect of positive temperati.:re 
~radients had been reached~ at 2:45 D.I!:L on j-ulv 12th Clll.d at 3:35 p.!T •. on t.~e 13th. 
"-' "..1 ~ .. 

Temperature Measurements 



Table L measurements taken on July 12, 1994. 

Table Curling measurements taken on July 1994. 

6 



;:: 
.2 -

5 

4 

e 3 o 
,...l 

2 

July 12, 

Bottom 1 +------.,f----;~~ ........ C~-_+_'_(S--_r__-____!'---__+--__i 

60.0 65.0 70.0 75.0 80.0 85.0 90.0 95,0 100.0 

Temperature, of 

Figure Through-thickness variations. 
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.. 5:30am, 

6:00 a,m. 

9:00a.m. 

10:30 a.m. 

12:30 p.m. 

2:00 p,m. 

• 4:30 p.m. 

6:00p.m. 



Table 4. Temperature data for July 1994. 
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4. The temperature 

similar cur ling, as 
ranged from -14 of to +22 
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Time 

through the test slabs on 

. -6' Comer, 7/12/94 

A Comer, 7/13/94 

0 7112194 

• 7/13/94 

7:30 8:30 9:30 10:30 1 :30 12:30 13:30 14:30 15:30 16:30 17:30 18:30 

Time 

5. Measured curling. 
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• 
• 

two 
two 

Many finite 
between the 
sufficiently 
base has a 
the ", ... ,;>r"n 

stiff base 
Significantly 

are 
are 

structural response of the 
Even on pavements with 
significant effect on load stresses 

Until recently, the 
using 3-D finite element 
incorporates a new 
1994). The new 
multi-layered pavement 
finite element analysis 
distributed springs (Winkler 
plate (Kirchhoff plate). 
foundation but models 
places springs between 
layers and the layer COlnpresslbi1l1t 

on a stabilized base is a difficult phenomenon to 
can cause the pavement slab to lift off the 

10 

for pee pavements allow analysis of two
is accomplished by converting the 

system. conversion is 

they assume same deflection profile. 

layers, most 
the 

do model the separation 
however, if the base is 

0,...'\70<: ..... the slab and the 

to model the layer 
response values that need 

due to temperature curling 
comers are very sensitive 

action of the two 

only be modeled 
1L5L2, 

problem {Khazanovich 
(Totsky 1981), models the 

springs and plates. In 
modeled as 

IUU.t::U:;U as a medium-thick 
slab and the 

plates) and 
nQT,Ar~>pn the two 

model). The 



between the two pavement 
only. 

The curling problem in the Totsky 
of the interface springs in 

the pavement layers are 
the first iteration, those 

continues until an equilibrium 
that have been removed during 

The use of Totsky model incorporated in 
of the curling problem. 

The following parameters were used in 

III Slab 
o Elastic modulus, Eo == 3,000 kpsi 
o Poisson's ratio, ].lc == 0.15 
o Thickness, he ::;; 11.5 in 

III Base 

III 

o Elastic modulus, EAC == 700 kpsi 
o Poisson's ratio, ].lAC::;; 0.35 
o Thickness, hAC ::;; 7 in 

c Modulus of subgrade reaction, k == 

represents the average 
are in appendix 

to 11.8 in, and averaged 11.6 
provided by CO DOT. 

obtained on July 13th were 

test 

the maximum temperature gradients measured on July 
.... \C,,_u ..... ,,\C, only the relative curling values are available, 

on the of the range of curling deflections (i.e., the 

are to resist 

analysis begins 
seJ.hveight of the 

c"n~'n'\rrc are in tension at 
reanal yzed. The 

The interface 
the layer 

accurate 

at the maximum negative temperature gradient 
gradient). The range of measured curling at the slab corners was 

the range of calculated curl, two ILSL2 runs were made using the 
temperature gradients -12 OF and +23 OF. The Totsky model assumes 

two pavement layers are unbonded and does not consider any interface 
the slab free to off the base during upward curling, downward 

by any frictional forces at the slab-base 
the range of the calculated corner 

11 



Totsky is that it can only 
at the outer corners and 

of 

Within the gradients to which pavement was 
during the field the large curling deflections measured at the slab corners and 
longitudinal possible only if the curling was allowed to occur with the 
amount of restraint. The slab faces the least amount resistance to curling during 
upward curling only slab edges to be lifted for this to occur. 
means the must have some initial upward curling the slab up at zero 
temperature gradient). 

Several can cause the slab to including following: 

.. gradient during the concrete has any 
when it hardens, the slab curl up when slab 

it had a temperature the 
the same as applying a negative temperature 

Studies have shown the magnitude of this OF lin (which 
translates to a temperature difference 29 the top and bottom for the 
test slabs) or more in highway pavements and Leykauf 1990a). 
Temperature gradients at hardening of up to about 4 OF lin were observed 
construction of SHRP C-206 test where high early-strength mixes were 
used (Whiting et al. 1994). 

.. Differential shrinkage concrete--field moisture measurements have shown that 

.. 

surface of concrete occurs only to a 
pavement remains at 80 or 
1990b). The net phenomenon is an 
gradient of about OF for the test slabs. 

Moisture slabs. A 
top and causes slab to curl. 
are typically higher at the bottom than at 
slabs. 

Moisture contents 
top, causing upward 

amount of built-in negative 
to match calculated 

of -10 OF, 
a residual temperature gradient -20 

amount calculated and -10 



did not give enough. Although 
field measurements, the use of a 

.!l ..... 
e 

..... O.hA7'~"'''' the calculated 

calculated and measured 
measured curling 

values. The 
curling 

Table 5. 

80.0 

70.0 

60.0 

50.0 

40.0 

30.0 

20.0 

10.0 

0.0 

-10.0 

·15.0 ·10.0 -50 

Figure 6. 

analysis was 
residual temperature 

curling values. 

are summarized in 
are relative values, 

values were 
zero adjusted curling 

measured 

0,0 50 10.0 

a limited number 
gave an excellent 

5 and plotted in 
to be shifted to 

by matching 
are shown in figure 7. 

U!<l.lCU curl. 

II Edge, Measured 

---"'.r-- Edge. Calculated , 

15.0 20.0 25.0 

Temperature t::H::U\,;t::. of 

of calculated curl. 
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<Il 
:::: 
E 

70.0 
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40,0 
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50.0 
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30,0 

20.0 

10.0 

0.0 

-10.0 

-15.0 

1 
1 

I 

1 
1 
1 

t 
-15.0 

8. 

-10.0 

match, figure 7 still not show a good 
calculated This may be by examining 2. 

minimum curling lags 
ms. The suspected cause 

If the measured 

-5.0 0,0 5.0 10.0 

Temperature Difference, of 

15.0 20,0 25,0 

7. Comparison of measured and calculated curl, zero 

A Corner, Measured 

--fr- Corner. Calculated 

• Edge, Measured 

-----0- Edge, Calculaled 

-10.0 ·5,0 0.0 5,0 10.0 15,0 20.0 25.0 

of 

calculated curl, zero and curl-lag adjusted. 



According to the the actual 
the effect of a -32 to temperature gradient on 
built-in temperature This shift in "",rn"n,Qr::l 

critical bending stresses at longitudinal 
The bending stresses 

or exceed 
~ .... ~~~.~ that this 

gradient of -12 of to 
pavement slabs 

gradients has a 
a correspondingly "'J.1".J.LLlJ.l..<ll 

high 
however, 
positive 

are counteracted by the 

Because fatigue of concrete is an exponential 
to modulus of rupture (a/MR), the virtual removal 
drastically increased Since the effects of 
not considered in existing pavement models, a new 

may be needed to accurate performance 

Many assumptions were 
these 

measurements further 
measurements provided 

were random or 

in this analysis, some 
on a rational 

research. 
validity of the 
conflicting data. 

it would not have 

ratio of the applied stress 
stresses would to 

conventional than 
all can be supported 

performed for the 
made. The field 

and strain The introduction of temperature 
is unconventional, but supports the substantial negative 

temperature concrete highway pavements, perhaps the most 
of which are measured 

Surface-mounted strain were used to measure 
(of a shoulder slab), at longitudinal edges of 
tied, and 14-ft nontied and at the outer 

The instrumentation layout is shown in 
using a truck that was loaded to provide an single-axle load. 

"'~'_ ... '_~ installed on slab are shown in figure close-up of the 
strain gauges is Figure 14 instrumented slab 

loaded by an 18-kip 

data were 
of sampling 20,000 

and under 
times throughout 

load strains. 

of the collected 
edge sections are 

equipment that was 
The measurements were taken at both 

to see the effects of loading, and at 
to evaluate the effects of variations on 

In these 
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Figure 12. Strah gauges installed or:. the 14-ft slab sectlo!":.. 

:..! 



Figme 14. Instrumented slab being loaded by an 18-kip single axle. 

figures, the measured strains are plotted agai,-lst the sampling nu..rnber, which is directly 
related to time. As expected, as the front axle of the loaded truck approaches the strain 
gauge, the strai~ first i...'1.creases slightly (indicating te:nsion at the sur"face)/ drops to the 
maximurn negative value (compression at the slab suiface due to slab bending), and then 
h"lcre.a:Ses to 6e maxi.:..· .. n:.un positive value (t.i,.e strain gauge is now located between the 
front and rear 2..xle of t'\e loaded truc.'!()- As the rear axle approaches the strain gauge, 
the strain r2pidly drops to tt>,e second maximum negative value (the strai."1 due to the 18-
kip axle load) before dissipating as the truck axles move away from the gauge.. The field 
rneaS .... lrements of the maxirm.i.m strains due to the rear axle load are summarized in 
appendix B. 

.?--"'lal vsis 

h'1.e ioad strains at both t.l-te free edge and along the lane-shoulder jOLl1t were 
analy-zeci. The effects of the follOwing fadors on load strains need to be evaluated in this 
a."ruysis: 

• 
• 
• 
• 

T h ,. t 
empera~u.re gracnen . 

Load transfer efficiency. 
Load location (transverse -placement of load)_ .. 
Strah.!. location (strains at various locations across t.ite pavem~lt). 

The temperaf"'..tre effects were evaluated using h'i.e ed.ge strair-. data OrJYi t..~e rernamt."!.g 
factors were evaluated at zero effective temperature gradient condition. TI.--is 

18 
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Figure 15. Example strain vs time plot for the 14-ft tied pee shoulder section. 
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Figure 16. Example strain vs time plot for the 14-ft non-tied pee shoulder section. 
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Figure 17. Example strain vs time plot for the 12-ft tied pee shoulder section. 
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combination 
limiting the 

the number of cases that must without 

The lateral Dl"lCemtmt of load and the location of strain measurements strain 
magnitudes. that the strains 
at the interior 
comparisons 
evaluation 
significantly 

It 
during the 
and cannot 
analysis of 
temperature 
temperature 
affect the 

The 
as low as 
be very 
equivalent rn1rln"''''CC:'''C 

conditions can 
1992). 

only the wheel load-induced 
measurement of combined 

using only the 
therefore, was also 

load-induced strains only. 
load-induced strains is 

PCC slab. 

of measured strains has shown 
the effective stiffness 

when the AC base bonded to 
two-layer systems for bonded 

using equations 1 3, T",c'n"',..'M 

h 
e Bonded [ hi + h; + 12 [ (x - ~')2 h, + ( hI 

where 

Bonded = of two bonded 
= in. 
= in. 

modulus of elasticity, psi. 
modulus of elasticity, psi. 

x to natural axis, in (determined 

23 

X + 

were measured 
complicated 

gauges. The 
of the 

of 

load strains to be 

)' h,] (1) 

(2) 



Where 

h3 
2 

J

l/3 

Unhanded ::::: of two unbonded layers, 

As given the test sections have the following structural properties: 

• Slab 
[] modulus,::::: 3,000 kpsi 
[] Poisson's ratio, Pc ::::: 
[] Thickness, =: 

• AC 
[] Elastic modulus, EAC =: 700 kpsi 
[] Poisson's ratio, PAC =: 0.35 
[] hAc = 7 

[] Modulus k = 180 

(3) 

the above system, the effective pavement layer thickness is 14.5 in if pavement 
layers are bonded (equation 1) and 11.7 in if they are unbonded (equation 3). 

bonded thickness determined above in) corresponds to the "tt,prr."", 

slab thickness is needed to obta,in the measured strain response. Some 
that this thickness can result following: 

• The and act as if they are bonded when subjected to wheel 

• The slab is 11.5 
• The is 

The-second can be dismissed, because none of the cores the test sections 
measured more than .8 in. The structural stiffness of the base may be 

increasing its thickness or its modulus. base modulus used 
a relatively high value for AC. At modulus value, the 

18.7 in thick to provide the effective slab thickness of 14.5 if the base 
were 1,000 the would to 16.6 thick to provide the 

on the above discussion, the only reasonable model that provides 
"j"j",prt"."" slab thickness is the bonded base-slab interface model. Numerous 

have shown an actual bond between the and slab is not necessary 

24 



for the pavement 
is often sufficient to 
one airfield 
bonded 

to exhibit bonded behavior; 
bonded behavior, particularly 
testing results showed that the 

slab 
thicker pavements. On 

cn,:t.:>1rr1 exhibits 
even though the 

the no effective temperature gradient condition (+20 of measured gradient), 
calculated free strain for bonded condition was x 1O.{} pc). 
free strains measured throughout the day ranged from 24.3 to 31.4 test 
slab was subjected to different temperature gradients at different times of the day. 
following analysis was conducted to the effects of temperature gradients on 
load strains. 

Temperature Effects on Load Strains at the Longitudinal 

1. Run a of the Totsky model with a and 
determine the load at which the two pavement come in contact at the 
loaded nodes (the closure load). 

2. Analyze the 
gradient to 
stress. 

system using the Totsky model with only the 
curling component of the 

3. Subtract the curling stresses from combined stresses at the 
the load-only stresses resulting from 

load to 

4. Obtain the stresses to the (i.e., the wheel load 
after the closure load) by ILLI-SLAB with no 
gradients. 

5. Add the stresses in steps 3 4 to obtain total stress. 



assumes that Totsky model is accurate up to the point where 
two full contact the bonded 

It pavement structure 
under the pavement). 
without temperature gradients 

Using this procedure, the at various temperature gradients were 
determined and compared to the measured values. Table 6 shows the results of 

calculations at various temperature gradients. The closure load is shown terms 
of the applied pressure. The total load area used in the analysis is in2

, corresponding 
to hvo 6-in by 8-in rectangular areas. the total wheel load is 9 the pressure 
at the full load is 93.75 psi. Each rectangular area represents the contact area of a tire; 
center-to-center spacing between the two loaded areas was 12 in, and the load was 
placed 2 in from the to model the actual location of truck during the 
testing. 

6. at 

-10 10 

+23 3 32 

This analysis showed that the load strains are not significantly affected by 
temperature gradients. calculated load strain at +23 of actual temperature gradient 
(3 of effective) represents the theoretical minimum, because this strain was determined 

full bond and no temperature effects (zero closure load). load 
at of actual is the maximum 

Note at the two extreme is 
only 4 pE.. According to slightly with 
increasing magnitude of 

The measured strains at the longitudinal edge are summarized 7, along with 
the calculated strains. At lane-shoulder joints, the load strains are distributed 
between the mainline slab and the shoulder slab. The amount strain picked up by the 

slab is determined by the load capacity of the joint. The on 
side the joint should sum to the However, on the nontied 14-ft 

the amount of the shoulder slab is of 
not load the edge strain for 
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Table 7. Summary of 

*Strains are in millionths 

mainline slab. 
and 

edge 

For sections, the measurement of the day 
measurements closely the 
exception of the 12 ft tied section, 
calculated On the two 

the day 

measured substantially 
discrepancy could not analytically, 
range normal measurement errors (about ±2 

calculated 

highest strains. 
most cases. With the 

the 

'.Uu.eL'-'- values. 
are well beyond 

cases except free edge 
the most discrepancy 

behavior is difficult to 
midday (from about 8:00 a.m. to 4:00 

because no consistent could 
might explain behavior. temperature between 
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than to 
are substantially 

during do not appear reasonable. 
(-1311c, static) was measured at 12:08 p.m. from 

"""'1-.",~ (table 7). measured at that on the 
loaded was.6 l1C. at a.m. and 3:10 p.m. from 
the tied 14-ft section are also questionable. The loaded and unloaded side strains 
measured at a.m. were 11£ and -5.9 l1c, respectively, and those measured at 
p.m. were l1c and -2.2 pc, respectively. These values that the tied lane-
shoulder joint had no capacity to transfer load. However, stress load transfer 
efficiency (LTEa) values for determined from the 7:00 a.m. and 5:10 
measurements were 51 percent and percent, respectively. In any case, if lane-
shoulder had very poor LTE, the edge should been much 

is close to 50 cannot have a The 
strains are 

by about 1 (possibly 
is the last strain measurements day"''''''''''''''''';:,,,,,,,,, 
positive effective temperature gradient. magnitudes the measured strains at the 
tvvo extreme gradients are very similar, as the analytical evaluation has shown. 

Further analysis is needed to determine whether the intermediate temperature 
can substantially reduce load However, this seems highly unlikely, 

the are about half those of the maximum measured 
Although the all a more likely 

Load 

Load transfer to the ability of a pavement joint to part the 
load from the loaded to the adjacent unloaded slab. A high is desirable at 
transverse joints lane-shoulder joints (if a shoulder is provided) to reduce 

critical bending stresses in mainline slabs. As a part of the load is transferred 
loaded slab to an adjacent slab, the stresses loaded slab are reduced by 

the amount of load transferred. 

LTE ""M,..,,,,r; in terms of Qrrll"1t"1 or stress (or as follows: 

(4) 

30 



where 
LTEs = 

= 
= 
= 

(ju = 
(jL 

is 
LTE 

has to do with the deflected shape 
is achieved 
hea\'Y dowels are used, most 

the shape unloaded sides 
deflection at joint can be matched without having the 
further away from the joint the unloaded matching 
corresponding the loaded side. Hence, amount of load 
the unloaded the deflection of the loaded at the 
considerably being carried by the loaded and amount of load 
transferred considerably than indicated by the deflection LTE. 

load transfer is more commonly measured, because it can be 
in the To perform a stress however, LTEa 
The and can established analytical 

shows such a relationship established using The load 

~ 
100% 
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>; 
<J 80% c:: 
ill 

T:: 
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at the lane-shoulder joint was 
interlock factor is the stiffness joint 

correspond to joints 

The determined from 
are LTEo. The suspected reason 
is again the instrumentation problem. 

">7'"1'.,,0'" in table 8. 
very small LTE 

not have been 
If the midday slab are to readings 

the shoulder shifted by the same amount, 
are observed. Ignoring the negative values and the very 

section, the L TE of the two tied shoulder sections was 
corresponds to an of about 96 percent. is a 
LTE, but not uncommon. Figure 23 shows that aggregate 

to the LTEo 55 percent about 500 kpsi. This 
lane-shoulder joint in analyzing the slab system the 
at locations and effects of load location on 

various locations. 

of Measurement Location and Load Placement on Load Strains 

The load strains tied, 14-ft nontied, and 12-ft shoulder 
the sections were evaluated to if the strains at various distances away 

slab edge and those to at different locations could be accurately 
determined by analytical means. allow this evaluation, the strain data were collected 
for the following combinations of measurement load locations: 

8. Measured load 

"Strains are in millionths 
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I-'~"'I...:;u. at the edge: strains at 

at 

the edge: strains at 

the d.istribution of edge load stresses across 
concrete shoulder. These figures are 

55 percent LTEO" The load for the 
2 in from the edge to correlate the 

The stresses are about 30 percent higher if 
As and 25 show, the addition of the concrete 
maximum bending stress in the slab (fro~ psi to 66 

stress profiles are Significantly different 
nontied concrete shoulder section (figure 25), 

24) show very similar maximum stresses and 
loading conditions. This is because the addition 

support along the longitudinal edge, 
slab even for the loads placed 

.V ... U ...... CL does not provide' a significant 
the pavement edge. Whereas 

stress by 32 percent when 
to the addition of tied 

..,"'w~"'~ 42 in from the pavement 
for fatigue damage is under the outer 

not provide much advantage. In 
stress can be significant; however, because the 

un,,,,,,,,..,,,,,,, slab sections, the additional 5 percent 
advantage. 

of the measured and calculated values of load strains at various 
the lane-shoulder edge and for various loading conditions is given 

26 through 28. Because the primary effect of interest 
relative magnitudes of strains (with respect to the edge 

condition), the measurements that gave the best fit in the 
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Table 9. 

Section 
14 ft Tied 

14 ft Non-tied 

12 It Tied 
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Figure 
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comparison of the edge strains (see figures 20, 21, and 22) were used in this evaluation. 
The calculated valued were obtained using ILU-SLAB, modeling the two pavement 
layers with a full bond and ignoring the temperature effects. As figures 26 through 28 
show, the measured values compared reasonably well with the calculated values. 

Conclusion 

The analysis of the data obtained from the instrumented slabs has shown that the 
strains (therefore stresses) in pee pavements can be detennined reliably by analytical 
means. The analytical work conducted for this evaluation has also shown that the 
addition of tied pee shoulder does not significantly reduce the critical stresses in the 
slab when widened slabs are provided. 

Another important finding of this evaluation, but one not directly related to the 
objectives of this study, is that there may be Significant built-in upward curling in pee 
slabs, resulting from residual temperature gradients and moisture gradients. The built-in 
upward curling of pee slabs could significantly affect the fatigue performance of pee 
pavements by counteracting the high positive temperature gradients that are responsible 
for most of the fatigue damage in pee pavements. 
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PERFORMANCE EVALUATION AND MONITORING 

conducted to the expected 
of the pavement c:.t:u'rrr\TlC this study provides 

recommendations long-term of the test sections. testing was 
conducted to obtain the data needed for 
determined based on fatigue analysis. 

and the expected performance was 

Deflection Testing Using FWD 

FWD testing was conducted to achieve the following: 

.. Determine foundation modulus (modulus of subgrade k). 

.. Determine load transfer efficiencies across transverse joints and lane-shoulder 
joints. 

.. Determine load response of the in-place n;:"(Jprnpl',t structure. 
old AC beneath the PCC and residual curling on 

of 
Foundation Mechanics 

was evaluated. 

The deflection testing was conducted on May 
the FWD to conduct the following tests: 

Three passes were made with 

at the outer determine 
joints. 

ho!·",",>O,... the two transverse 

The sensors were at a, 8, 
plate, and four drops were made at each 
kip, 12-kip, and 16-kip drops) to detect any 

for backcalculation. 

across transverse 

and sequence is similar to the SHRP procedure, the sensor located at 
26 in is nonstandard (the standard is 24 in), and the SHRP procedure required three 

at each load The sensor at 26 in was placed there because of the equipment 
A single drop was made at load level, rather than three, to facilitate the 

This was found to in all ..... ,..'''',,0., 

conducted by the analysis 
testing with three drops at load level may be 
under pavement due to slab curling (further discussion on 

of support 
topiC will follow). 

The weather during the was with overcast conditions 
fairly constant throughout the day. temperature ranged from 47 to 

For the of the curling discussed 
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conducted at 
have However, the 

testing did allow such validation to take place. 

backcalculation was ""O·I" .. r.'f"T'n 

employs '-.I.V''',-'''<.I.'J.I. 

foundations to 
is found 

deflections at 

where: 

spacing. 

weighing 
:::: calculated 

Wi :::::; measured 

The new backcalculation 
consideration the effects 
layers 
elastic 
fully 
and 

F 

The backcalculation results are 

n 

(r) - WY 

at sensor i. 
at sensor i. 

"u,~t.:, 1m as 

on 
foundation. 

calculated 

(6) 

results are examined, 
and unbonded assumptions 

in table 10. results clearly show the bonded 
response 
the 14-ft 

pavement structure. The average backcalculated PCC modulus (Ee) for 

The 
relative 
the slab 

the 12-ft tied is 3.2 million The backcalculated for the 

parameters 
Q and subgrade 

and k are 

million psi), but 

of reaction 
equation 7. 
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Table 10. Backcalculation 

Ec Assuming Nonbonded E Assuming Bonded Interface, Subgrade k 
Interface, ksi ksi psi/in 

Mean Min I Max 
Std 

Mean I Min I Max 
Std 

Mean Min Max 
Std 

Dey Dey Dey 
I 

14-fr 
6,152 5,258 6.922 447 3.122 2,668 3,512 227 193 176 210 9.5 I 

tied 

14-ft 
8,381 7,351 9,169 518 4,253 3,730 4.651 263 174 152 195 123 

nontied 

12-ft 
tied 

where 

6,398 

::: 

Q ::: 
II ::: 
k ::: 
h ::: 

5.200 7,532 621 3,246 2,638 3,822 

E :: Q4 12 (1 - Ji) k 

h3 

psi/in. 

315 154 137 169 

This equation was obtained by rearranging the of Q. As shown this 

9.7 

(7) 

equation, the backcalculated is a function of h3
• Therefore, relatively small changes in 

slab thickness can significantly affect the backcalculated The average obtained by 
core testing is 3 million 

in 
but for the 

The testing was conducted at both transverse joints (in the outer wheelpath) 
and at lane-shoulder joint (at mid slab, or halfway between transverse joints) to 
determine The transverse joints were tested with the load plate on the leave slab 

then again with the load plate on the approach slab at each joint that was tested. 
The equation 4. determining the across the 

was to the unloaded-side deflections 
were to the joint the loaded side. The unloaded-side 

deflections were measured by manually placing sensor next to 
the loaded-side sensor that was placed 12 in away from load 
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measurements were 
joint across 

analysis, 
deflection 6 away from the joint. The results are shown in 

deflections the values are listed in tables C2 in appendix 
values shown in 29 and 30 are the average of all of the drops made at each 

testing point. 

was 
deflection LTE across the transverse joints was 80 percent. 

The deflection correspond to stress of about 
to percent. than those determined based on strain 

measurements, but they are more consistent than based on strain measurements 
and are more representative of the actual condition, because they the average 
value 10 slabs, rather than 1. obtained from FWD testing were used the 
performance predictions. 

100% 

il) 
95% 

en 
'-' 
il) 

> 90% en 
c:; 
(\l 

!;: 
85% en 

<fJ 
0 
'-' u 80% ~ (\l 

t.I.l I 
f-<. 
,..J 75% c: 
.9 
U 70% il) 

~ 
il) 

a 65% 

0 20 

across the 
to the presence of the 

obtained 

40 60 

Station, ft 

80 

-11-- 14-ft lane w/tied shoulder 

---{J- 14-ft lane w/nontied shoulder 

-- 12-ft lane w/tied shoulder 

• 

v 
100 120 

Deflection load transfer efficiency across transverse joint. 

140 



100% ... 
QJ 

:9 95% ::l 

"-- 14-ft slab wIned shoulder 

0 ..c .--Q- 14·ft slab w/nontied shoulder 
<Il 
I 90% QJ c ,-+-- 12-fi slab w/tied shoulder 

,g 
00 85% <Il 
0 .... 
U 
<t! 80% t.I.l 

S 
c 75% 
.2 
ti 
QJ 70% ;::;:: 
QJ 

Cl 
65% 

0 50 100 150 200 250 

Station, ft 

30. Deflection across joint. 

The lane-shoulder in the was The cores cut 
through this joint verified that the saw cut 
any load transfer exhibited at this joint is a 

extend the full thickness. Therefore, 
of load achieved through 

the stabilized base. Because of the role played by the AC layer in transferring 
load across pavement joints, similar may be expected at all joints; however, the 
doweled transverse joints are t:>v..-,t:>t"tD" to provide better The 

provided bases do not provide the same ("1",,0;-,,'''' as 
interlock or dowels and not be as reliable over 

The greater variability observed on at transverse joints appears to be due largely 
to measurement errors. The deflections near slab edges and comers are highly 
to the load location; the closer the load is to the slab edge, the higher the deflection will 
be. of to the load location is even greater the 
sensor to measure the is a fixed distance away 

the load center. Consequently, if the is placed to 
sensor for the unloaded-side deflection will farther edge, 
leading to lower deflection readings of the unloaded-side. The LTE determined based on 
such measurements will be lower than the actual, because the calculation is based on the 
higher loaded-side deflection and lower unloaded-side deflection. The reverse is true 
if the load plate is placed away from the joint. The unloaded-side sensor would 
be placed to the to higher deflection readings and higher 
calculated Ideally, unloaded-side sensors 
equidistant joint to obtain accurate LTE values. 
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where 

c .::: .... 
U"'Cl 
<l) (1:l 

4: 0 
<l) ....... 

"'Cl::9 

LTEcr 
LTE6 = 

5.00 

4.50 

4.00 

3.50 

3.00 

2.50 

2.00 

1.50 

1.00 

0.50 

0.00 

0 

n"'I"Ur~>"'n deflection 
determined from 

1993): 

0.064787 + 

- 0.16478x 

percent. 
LTE, ..... .0,",..,.0 .... + 

under 9,000 lb 
are shown in 

the testing 
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ft 
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at transverse are significantly 
of the two widened-slab sections. 

in the 12-ft tied 
simply because 

is much closer to 

at all indicated bonded of the 
PCC slab and layer). The 

magnitude of 
structure 

of data from ins trumen ted 
foundation, but 

showed that curling cause parts of 
can reestablish contact under load 

a 
a 16,000 lb load, but 

loss of support 
corners at the same time 
foundation at some point. 

.\.J. ...... '" that the 

slabs were 
testing 

but 

to have a 
the bonded 

the 

relative 
through the 

intercept 
intercept is 
respect to 
smalL 

amount of 

not 

34,35, and 
ol'1"',('\'n at higher 

nnl1'ytc in the 

to curling cannot at both the slab center and the slab 
obvious reasons. slab has to be 

the load r.:>c:nn1nc:0 shovvn in 

at zero 
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Fatigue Analysis 

long-term performance test sections was evaluated by performing a 
Several were in this to ensure that reliable, 

results were obtained: 

• The structural contribution the AC was ignored. Although the 
testing showed that the pavement structure bonded behavior, the 
long-term reliability of behavior is particularl y at the slab 
comers and where large occur. widened-slab sections 
be to the bonded behavior the 

at the 
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.. For the analysis of transverse cracking that occurs as a result of accumulated 
fatigue damage at the longitudinal edge, the of built-in curling were 
ignored. built-in upward curling of the counteract the 
temperature gradients at the longitudinal edge. maximum stress at 
longitudinal edge occurs at the highest positive temperature gradient. The 
magnitude of built-in curling can be quite variable even within a single project 
because a significant portion of the built-in curling is the temperature 
gradient during construction (at time of concrete hardening), concrete is 
placed throughout the day continuously conditions in 
a typical paving operation. the built-in 
at the longitudinal edge and the amount of 

of 
o,rr<''''!"'' of built-in curling. 

stress 
gradient, 
due to negative 
curl was 
loading. 

temperature 
upward curling is additive to the 
Hence, the case of the built-in 

top-down cracking to comer 

fatigue analysis was performed for the cases where the cracking initiates at 
bottom of the slab, either at the longitudinal edge (in the case of standard-width lanes) or 
directly under the outer wheelpath (widened-slab). These are typically the locations 
where the fatigue cracking concrete slabs, unless a large, built-in upward 
curling is present in slab. If the slabs are initially curled up to a significant 
then the stress at the slab surface under comer loading can become more 
The magnitudes of stresses under the comer-loading conditions were determined and 
compared to those under the edge-loading conditions, but a detailed fatigue 
not the comer-loading condition because of in the 
tools of mode of and 

to 

stresses under the edge-loading condition were determined using the regression 
equations developed under NCHRP Project 1-26 (Salsili 1993). equations are 

by the program ILLI-SLAB, and they an 
determining the combined stress due to axle loads and 
condition. The regression equations make it feasible to 

to adequately address the effects of 



Load 

where 

The 
and 

The 

where 

stabilized 

for a 
by the ILU-SLAB 

following form: 

slab, and 
stress, 

Adjustment 
tied concrete 

obtained 
loads, psi. 

Westergaard's edge 

stress is calculated 
given below, 

radius 

(j ::: 
e 

3(1 + p)P 

n(3+p) 
---: + 

P applied load, 
p Poisson's ratio. 
E ;;;:: Modulus of elasticity of 
h ;;;:: 
k 
a 
Q 

subgrade 
the applied 

of relative 

equation given 
the radius of 

1948): 

4p + _1-=-_p + 1 
3 

defined as follows: 

solution to 

(1 + 2)l)~ 1 (10) 

(11) 



where 

E Modulus of elasticity of 
h = 
')l = 
k = 

radius wheel load is obtained using the following 

a 
-=:!. '" 0.909 + 
a 

-'.-''''''''i'Y'~ + 0.103946: 0.017881(SJ2- 0.045229(SJ2: 
a Q a a a 

:::.;; 1.0 

+ 0.000436 (! r -0.301805 ! [~r 0034664 (~ J + 0.001 5 ~ 

0:::; S/a :::; 20 
0:::; a/Q:::; 

:::.;; radius of dual wheels, in. 
a Radius applied load, in. 
S = Dual wheel spacing, 
q Radius of in. 

match 

(12) 

of 

• adjustment factor for the effect was not used, 
analysis performed to validate procedures used this project showed that 
use of this factor could result in overcompensation for the slab 
factor was originally introduced the load stress in short 
significantly less than that in an slab assumed in the 
The stresses are lower in short some of load on short is 

by (Le., slabs into subgrade). 
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If this rigid body motion is prevented, by the adjacent slabs for example, the 
stresses in short slabs can be even higher than that in infinite slabs. The analysis 
has shown that the response of a multiple slab system with even a poor load 
transfer efficiency (deflection LTE of 50 percent) at the transverse joints closely 
approximate that of an infinitely long slab. 

.. The effects of tied concrete shoulder were treated by directly considering the 
stress LTE. The stress LTE was determined from deflection L TE using equation 8 
(Seiler 1993). The average LTEL\ across the lane-shoulder joint in the tied concrete 
shoulder section was 84 percent. The corresponding LTEo at this joint is 28 
percent according to equation 8. For the sections provided with tied concrete 
shoulder, the load stress was multiplied by the following factor to account for the 
edge support: 

100 (13) 
100 + LTE a 

where 

fES = Adjustment factor for edge support (= 1.0 if no edge support). 
L TEo = Stress L TE, percent. 

Equation 13 gives fES of 0.78 for LTEcr equal to 28 percent, meaning that the tied 
shoulder provides 22 percent reduction in edge stress. 

.. The effects of stabilized bases were ignored in this study for reliability 
considerations. 

On widened slab sections, the critical location for fatigue damage is the bottom of the 
slab, directly under the wheelpath. Studies have shown that the slabs are almost never 
loaded at the outer edge on widened lane sections (Benekohal et al. 1990). Therefore, the 
following adjustment factor was used to obtain the maximum stress directly under the 
wheel load: 

where 

f = 0.454147 + 0.013211 + 0.386201 ~ 
)WL D /Q D 

0.24565 [; r 0.053891 [; 3 

f'NL = Adjustment factor for widen lane (= 1.0 if standard-width lane). 
a = Radius of loaded area, in. 

D = Mean wheel location, inches from outer edge. 
Q == Radius of relative stiffness, in. 

The load stress can now be determined using the following equation: 
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°Load 

fiA.'l. 

Oe 

::: 

::: 

= 
= 

Load stress, Ibf/in2. 
Adjustment factor for edge support (equation 13). 
Adjustment factor widened slab (equation 14). 
Westergaard's edge stress (equation 10), psi. 

Curling Stress 

The curling stress was using following equation 
with load stress coefficient the NCHRP 

where 

::: Curling stress, psi. 
C ::: Curling stress coefficient. 
E Concrete modulus of elasticity, psi. 

<X-r ::: Concrete coefficient of thermal expansion x 10-0). 
Ll. T Temperature difference between the top and bottom of slab, 

(15) 

(16) 

This equation was developed by Westergaard, and Bradbury developed the coefficients 
for solving this equation (Westergaard 1926; Bradbury 1938). For maximum stress at the 
longitudinal the curling stress coefficient by the following equation (Salsili 
et al. 1993): 

C = 1 -
2 COSA coshA (tanA + tanhA) (17) 

where 

L A = __ 

q/8 
(18) 

L ::: Slab length, in. 
a ::: Radius of stiffness, in. 



stress to load was following 

(19) 

where 

(}combined = Combined edge 
= Load 

R = 
= 

for R is given below: 

R 1.062 - 0.015757 dT 0.0000876k - 1.068":':' + 0.387317 dT L 
Q Q 

L051X10-9E(~ r kdT 

+ L84xlO-u E ~ - 1.7487(~ r + 0.000034351 

+ 86.97r LJ3 _ 0.00816396dT2 L 
'- Q Q 

(20) 

where 

dT = CtLlT x lOS. 
ex. = PCC of thermal expansion, 

ilT = Temperature difference through slab, 
k = Subgrade modulus reaction, psi/in 
L Slab length, 
Q Radius of relative stiffness, in (equation 

E = Modulus elasticity of psi. 

The coefficient R is needed because the load and curling stresses are not directly 
additive. Curling causes various parts of the slab to lift off of the base, invalidating the 
full contact assumption made the load stress calculation. The coefficient R 
provides the necessary adjustment to curling stress to give the correct combined 
stress. 
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"_U;ULLU~;<O was determined 
1945): 

(21) 

where 

FD = Fatigue 
n = Number applied load applications at stress level i. 
N ::: of allowable load at stress level i. 

In this study, the following fatigue damage model was used to determine N: 

log N 2.13 SR-1.2 (22) 

where 

N ::: Number of allowable load applications. 
SR = to strength ratio (a/MR). 

a ::: Critical tensile stress, psi. 
MR ::: PCC modulus of rupture, 

based on the Corps of Engineers (COE) from 
both highway 

applications (Darter 1988). 

Equation 21 is simple and straightforward, but it requires separate consideration of all 
cases that significantly affect N to obtain an accurate estimate of FD. N is a function 
of SR The variable SR on PCC pavements is temperature l;:,LClI_U'Cl 

slab. gradients continuously throughout 
day to day throughout the year. stresses from the 

temperature gradients can significantly affect stresses N is an 
exponential function of SR, an adequate number of cases for different temperature 
conditions must be considered to obtain accurate results. 

to the of load applications that occurred at 
corresponding to the N j • SR to N j equation is determined for 
the load placed directly at the longitudinal the actual 
about the mean wheel (which is 18 to away 
edge) and the edge stress is highly dependent on the load placement, the effective n i 

must be that corresponds to all traffic passes that occurred at the The 



of pass-to-coverage ratio (p / c) is used in this to determine effective n i 

that occurred at stress level. 

Temperature Distribution 

a computer model was to obtain distribu tion hourly 
through for the 

climatic data. Climatic-Materials-Structural 
University illinois (Dempsey et aL 1986) 
temperature gradients temperature, 

of the layer materials. 

using average 
program developed at the 

the distribution of average hourly 
speed, percent sunshine, and thermal 

results analysis the conditions at the test site are in figure 
results frequency distribution of gradients in 2 OF 

between the minimum and temperature gradients for the 
this case, -20 to OF for the slab). Assuming traffic is 
distributed across all temperature the shown in figure were 

to distribute to different temperature The fatigue damage caused 
at each temperature condition was then determined summed to obtain the total 
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Ratio 

The pic is the ratio that gives the number of traffic to produce the 
same amount of fatigue damage at the critical location as one traffic pass through the 

location (i.e., edge loading for the standard-width section). For example, if the 
pic is 100, this means that it takes 100 traffic passes to cause the same amount of 
damage as 1 load placed directly at the edge. The pic converts the applied traffic to an 
equivalent number of loading cycles (coverage) under the reference loading condition 
defined for the Because the pic is used to facilitate calculations, the 

loading condition is so selected the stresses under that loading 
condition are easily determined. For the standard-width the most sensible 
reference condition is the edge-loading condition; widened the use of 
maximum stress load is rnr,u""n1 

to the 
of 

application. this study, the concept 
pass" (FD/Pass) was to more precisely the 

amount of fatigue damage cause by the passing traffic. A more precise determination of 
pic is warranted because the edge load stress on concrete slabs is extremely sensitive to 
the load location. 

38. 
across slab due to the 

shown 38 
As shown in this 

the Even the load 
the edge produces stresses that are considerably (about 

drop) than the load placed directly at the In terms of fatigue damage, the stress 
trends shown in figure are much more significant (figure 39). To accurately determine 

accumulated fatigue damage at the critical location, the fatigue contribution by the 
traffic passing near the pavement to be determined more accurately. 

by the traffic at any point on a pavement slab 
The FD/Pass be defined as follows: 

::: E P(COVD) * FDDij (23) 
J 

FDDJPass ::::;; Fatigue damage 
:::: Probability that load will 
:::: Fatigue damage at location 
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Figure 38. Edge load stress distribution across a pavement slab at rnidslab. 
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Figure 39. Fatigue damage distribution across a pavement slab due to the 
loads placed at various distances from the pavement edge. 
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equation assumes 
shown 

the FD IPass is 
turn can be 

FD
D

, pic :::: = ____ 11 __ _ 

D, P(COV
Dj

) * 

where 

p/CDi ;;:: pic at location 

P(COVDj) 
FDDij == 

Fatigue at location D j due to the load at 
Probability load will pass through location 

damage at location to the load at Dj • 

38 is 

subscript on pic above that the pic determined above converts the traffic 
placed on the pavement to the equivalent number load applications loads 
placed directly at D j for fatigue damage at Di. Again, this location is longitudinal 

edge for standard-width lanes and directly under the wheel path for widened 
slab. Taking damage as 1 IN, this equation can be as follows: 

(25) 

NOli == load applications on stress at 
at D j • 

NDij = load based on stress at 
to the load at Dj • 

to following: 
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• 
• 
• 

• 

• 

These 

1 
pic Dj == ------,;:-:;--

equation 26 involves a 
it is a measure of relative damage 
it is not very sensitive to the 

case may be used. The p 

standard deviation 

standard deviation of 
effect on pic. 

were used: 

edge for standard-width 
for widened -slab 

on 1,300 observations. 

temperature gradient have 
affects pic because at higher stress 

from the edge become more significant. 
pic by altering the stress distribution across 

is zero, the edge stress drops rapidly as the load is 
when the slab is under high 

combined stress (as much as 
curling stress is slightly higher at 

gradient and stress 

stress ratios the pic under 
traffic passes required to cause one 

The pic versus SR 
however, the dependence 

it to this relationship. 
pic versus SR relationship was developed 

... ",,:rt'A,C':1nT'l equation: 
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41 stress ratios in pavement are likely to occur only high 
temperature gradients. Therefore, the pic versus relationship should follow 
the curve for the highest temperature gradient at the high 

41 The due to load stress typically ranges from 0.3 to 0.5 on highway slabs. 
Therefore, at the lower SRs, the combined curve should follow the curve for the 
zero temperature gradient. 

II The curling stresses to negative temperature gradients actually reduce edge 

where 

",fT"",,,,.,.:: but the FD contribution at such low SR is practically zero (actually, only 
uu",."<=,, at 5 or 6 are 

at pavement edge). error in pic at low SRs 
0.4) is not 

for pic versus 

pic - 1086SR + lOOlSR2 
-

pic ::: 84.86 - + 

curve shown in 

for SR < 1 
for ? 1 

SR = of stress to PCC modulus of rupture, cr IMR. 
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effects on p / c for widened-slab sections is shown in . As shown 
in this figure, p / c for widened-slab sections is relatively insensitive to especially 
in range of that is normally for considerations (0.2 to 0.5). This 
is the stress distribution across the slab at interior locations is fairly flat; that 
as the load is moved away from the location, the stress at the critical location 
does not rapidly off. In this study, the constant value of was taken as the p / c 
for widened-slab 

4.0 ,------------------------------, 
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Figure ",tTc>rt-c: of SR on p / c 

The FD calculation was performed on a spreadsheet using the equations and data 
presented in this An calculation is shown in table 11. The FD at 

temperature gradient is illustrated in traffic distribution is shown as 
white bars, and the distribution is shown as shaded The cumulative FD is 
shown As shown in this figure, most the damage is done by the small 

traffic passes that during highest 7 temperature 

Fatigue Damage Distribution Slab 
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Table 11. 

Be, :::: 3.2 Total Tralflc:::: 15 MESAL 
MR, psi 650 Wheel Load:: 9,0001bs F Damage = 0.289 

...... -~'" LTE= 0.2 Tire P - - 95 osi Cracking 3.5% 

h 
Slab Ec 

k 
Temp 

Freq 
Traffic Load Temp Stress FD 

L,ft MPsi Diff ESAL Stress Stress L+T ERES 

10.0 15 3.20 170 -28.0 0.000 0 177.7 -179.3 69.8 0.000 

10.0 15 3.20 170 -26.0 0.000 0 177.7 -166.5 67.7 0.000 

10.0 15 3.20 170 -24.0 0.000 0 177.7 -IS3.7 68.0 0.000 

10.0 15 3.20 170 -22.0 0.000 0 177.7 -140.9 70.4 0.000 

10.0 15 3.20 170 ·20.0 0.001 55 177.7 -128.1 74.7 0.000 

10.0 15 3.20 170 -\8.0 0.041 2,372 177.7 -115.3 80.7 0.000 

10.0 15 3.20 170 -16.0 0.071 4.216 177.7 -102.4 88.1 0.000 

10.0 15 3.20 170 -14.0 0.072 4353 177.7 -89.6 96.7 
.. ~ 

10.0 15 3.20 170 -12.0 0.082 5014 177.7 -76.8 1116.4 0.000 

10.0 15 3.20 170 -10.0 0.073 4,600 177.7 -64.0 117.0 0.000 

10.0 15 3.20 170 -8.0 0.062 4,020 177.7 -51.2 128.2 0.000 

10.0 15 3.20 170 -6.0 0.067 4531 177.7 -38.4 140.1 0.000 
10.0 15 3.20 170 -4.0 0.070 4,899 177.7 ·25.6 152.3 0.000 

10.0 15 3.20 170 -2.0 0.049 3,582 177.7 -12.8 164.9 0.000 

10.0 15 3.20 170 0.0 0.034 2,657 177.7 0.0 177.7 0.000 

10.0 15 3.20 170 2.0 0.028 2,235 177.7 12.8 190.6 0.000 
10.0 15 3.20 170 4.0 0.024 2,096 177.7 25.6 203.5 0.000 

10.0 15 3.20 170 6.0 0.019 1736 177.7 38.4 216.5 0.000 
10.0 15 3.20 170 8.0 0.027 2,661 177.7 51.2 229.4 0.000 

~ 15 3.20 170 10.0 0.029 2,984 177.7 64.0 242.1 0.000 

10.0 15 3.20 170 12.0 0.027 2,970 177.7 76.8 254.8 0.001 

10.0 15 3,20 170 14.0 0.037 4,381 177.7 89.6 267.3 0.003 

10.0 15 3.20 170 16.0 0.033 4,255 177.7 102.4 279.7 0.006 

'10.0 15 3.20 170 18.0 0.033 4526 177.7 lIS.3 292.1 0.012 

10.0 15 3.20 170 20.0 0.Q35 5,225 177.7 128.1 304.3 0.027 

10.0 15 3.20 170 22.0 0.031 4,948 177.7 140.9 316.6 0.044 
10.0 15 3.20 170 24.0 0.033 5,671 177.7 153.7 328.9 0.085 

10.0 15 3.20 170 26.0 0.019 3,610 177.7 166.5 341.4 0.088 
10.0 15 3.20 170 28.0 0.003 588 177.7 179.3 354.1 0.023 
10.0 15 3.20 170 30.0 0.000 0 177.7 192.1 367.1 0.000 
10.0 15 3.20 170 32.0 0.000 0 177.7 204.9 380.6 0.000 

10.0 15 3.20 170 34.0 0.000 0 177.7 217.7 394.7 0.000 

SUM 1.000 8.8213:+04 Total Fati~e Dama~e 0.289 
Te 17.29 

D= 38 
Df! = 1.068 
all", 0.193 

p p 

9,000 95 
9,000 95 
9,000 95 
9,000 95 
9,000 95 
9,000 95 
9,000 95 
9,000 95 
9,000 95 
9,000 95 
9,000 95 
9000 95 
9000 95 
9,000 95 
9,000 95 
9000 95 
9,000 95 
9,000 95 
9,000 95 
9,000 95 
9,000 95 
9,000 95 
9000 95 
9,000 95 
9,000 95 
9,000 95 
9,000 95 
9,000 95 
9,000 95 
9,000 95 
9,000 95 

_9,000 ,95 

a SR 
eq 

6.87 0.11 
6.87 0.10 
6.87 0.10 
6.87 0.11 

6.87 0.11 

6.87 0.12 
6.87 0.14 
6.87 0.15 
6.87 0.16 
6.87 0.18 

6.87 0.20 
6.87 0.22 
6.87 0.23 
6.87 0.25 

6.87 0.27 

6.87 0.29 
6.87 0.31 
6.87 0.33 
6.87 10.35 
6.87 0.37 
6.87 0.39 
6.87 0.41 
6.87 0.43 
6.87 0.45 
6.87 0.47 
6.87 0.49 
6.87 0.51 
6.87 10.53 
6.87 0.54 
6.87 0.56 
6.87 0.59 
6.87 0.61 

I C R 

35.6 0.73 0.602 
35.6 0.73 0.661 
35.6 0.73 0.714 
35.6 0.73 0.761 

35.6 0.73 0.804 

35.6 0.73 0.841 
35.6 0.73 0.874 
35.6 0.73 0.903 
35.6 0.73 0.928 
35.6 0.73 0.948 
35.6 0.73 0.965 
35.6 0.73 0.979 
35.6 0.73 0.990 
35.6 0.73 0.999 

35.6 0.73 1.004 
35,6 0.73 ~ 
35.6 0.73 1.010 
35,6 0,73 1.010 
35.6 0.73 1.009 
35.6 0.73 1.007 
35.6 0.73 1.004 
35.6 0.73 1.000 
35.6 0.73 0.996 
35,6 0.73 0.993 
35.6 0,73 0.989 
35.6 0.73 0.986 
35.6 0.73 0.984 

35.6 0.73 0.983 
35.6 0.73 0.984 
35.6 0.73 0.986 
35.6 0.73 0991 
35.6 0,73 0.997 

.~ .~ 

UI .01111 DT Lam pIc 

5.1 0.051 -15.400 1.788 262.5 
5.1 0.051 -14.300 1.788 263.3 
5.1 0.051 -13.200 1.788 263.2 
5.1 0.051 -12:100 1.788 262.2 
5.1 0.051 -11.000 1.788 260.4 
5.1 0.051 -9.900 1.788 257.7 
5.1 0.051 -8.800 1.788 254.1 
5.1 0.051 -7.700 1.788 249.5 
5.1 0.051 ·6,600 1.788 244.0 
5.1 0.051 -5.500 1.788 237.5 
5.1 0.051 ·4.400 1.788 230.2 
5.1 0.051 -3.300 1.788 222.1 
5.1 0,051 -2.200 1.788 213.4 
5.1 0,051 -1.100 1.788 204.1 
5.1 0.051 0.000 1.788 194.5 

~ 0.051 1.100 1.788 184.6 
5.1 0.051 2.200 1.788 174.6 
5.1 0.051 3.300 1.788 164.6 
5.1 0.051 4.400 1.788 154.7 
5.1 0.051 5.500 1.788 145.0 
5.1 0.051 6.600 1.788 135.6 
5.1 0.051 7.700 1.788 126.5 
5,1 0.051 8.800 1.788 117.8 
5.1 0.051 9.900 1.788 109.4 
5.1 .~ 11.000 1.788 1Ol.3 
5.1 0051 l2.100 L788 93.7 
5.1 0.051 13.200 l.788 86.4 
5.1 0.051 14.300 1.788 79.4 
5.1 0.051 15.400 1.788 72.7 
5.1 0.051 16.500 1.788 66.4 
5.1 0.051 17.600 1.788 60.3 
5.1 0.051 18.700 1.788 54.6 
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Typical distribution of fatigue damage across a widened-lane slab. 

The presence significant built-in upward curling in the test sections was discussed 
in the first part of this the analysis of the data the slabs 
is described. The residual 

up to -20 

load stress 
turn, 

("'TI'l''''<:::~'<::: the comer load stress. 
comer load stresses lead to fatigue that at the slab 

The effects the temperature shifts on the stresses in the are illustrated 
in figure 45. Because negative temperature gradients occur much more frequently than 
positive temperature gradients, the comer load stress does not have to be greater than 
the stress for top-down cracking to become critical. comer load stress 
could even higher widened-slab sections if the were placed directly at 
slab comer, because both the slab length and width affect the curling stresses at slab 
comers. However, according to Benekohol et (1990) the traffic on widened-slab 
sections do not wander out to the pavement edge. the comer load stress for the 
widened lane was determined for a load placed 10 in from the pavement edge, on 
field by et (1990). The edge stress for the widened slab shown 

stress tmder wheelpath. 

Figure shows that on if the ot"t",:>rH 

gradient is about or lower, the comer-load stress is more comer 
stresses become more critical if effective residual +0 ............. '''' ... ''' gradient is about 
or lower on standard-width Although the "",,.<''''01nro of the built-in may 

mode of failure, the amotmt of resulting from top-down cracking is 
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be predicted 
particular cases 

comer even if a 
than the stresses under edge 

This may not case if 
edge-load stresses are far more to slab 

expected performance was determined 
rnodet developed at ERES (Smith et 1995b): 
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This was developed on the 
46 shows a plot of 

on. 

of pavement 
data points that the model 
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Figure 46. model. 

sensitivity plots were 
test plots show 
The factors evaluated include the following: 

• Slab thickness. 
• Shoulder type. 
• Widened slab. 
• Shoulder 
• PCC modulus of rupture. 

section, no distinctions are made between the two widened slab because 
of shoulder not performance of widened slab 

PTn>r'T"': of on are 48 
shoulder and widened-slab respectively. figures, the 

expected fatigue life of the two designs (tied shoulder, widened slab 
with of shoulder) is well beyond the 15.4 million ESALs expected on the test 
pavement. Virtually no fatigue cracking is expected on these sections up to 100 million 
ESALs. 

a 
shoulders is shown 
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figures 47, 48, 
shown in figure 46. 
amount of slab 
reaches a 

A comparison 
shown figure 
standard-width 
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Figure 

the slab cracking versus FD 
characteristic curve is that the 

period; however, once the FD 

example, the curve for the 
amount of slab cracking as traffic 

same interval, the 
12 percent and 

is 

concrete shoulders and widened slabs may 
a widened slab is likely to provide more 

of a tied concrete shoulder 
joint. It is not uncommon for at 
of L TE on performance shown in figure 

over the course of the pavement life, a substantially 
can result. 

1.0 10.0 100.0 

Traffic, million ESALs 

ottor1rc of slab thickness on fatigue cracking in tied concrete 
shoulder sections. 
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Figure 48. The effects of slab on fatigue cracking in widened-lane sections. 
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shows the modulus of elasticity on 
./ 

possibility of the stresses in slabs 
with 

in 
are not likely to 
with 
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52. The effects of modulus of elasticity on fatigue cracking. 

Long-Tenn Monitoring 

• 

• 

Record visible 
Measure faulting at transverse joints. 

CTr",,,'::"'C and any unusual CT.,.",,,,::OC or conditions . 

Load transfer efficiency across lane-shoulder joints. 
Load transfer efficiency testing across transverse joints. 
Basin testing for deflection monitoring and back calculation. 

the long-term monitoring program to 
and the response of the PCC slab-AC 
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SUMMARY 

of this study were twofold: 

• Instrument and test in-place of 
these slabs to verify that deflections and stresses in 
be adequately determined by analytical means. 

• the effects of widened slab and concrete on performance 
<:>H"<:>rlrc that widened slab and tied concrete shoulders have on the 

slabs were examined to how the 
pavement is by these features. 

The two 

• The first July 1994 to instrument and test pavement to obtain 
and response data. 

• second part May 1995 to use in 
development performance 

thorough was ..,<>rt-rlrrn on the data. of the 
of the data collected from instrumented slabs showed the 

• is consistent with the calculated values, if the are 
assumed curled in their state. Such a phenomenon is not uncommon, 
and may result of temperature at or presence 

gradients, or both. The amount of equivalent temperature gradient 
to produce initial curling to field data was 

• A PCC constructed on a stiff base can present itself as a different 
structure to different conditions. slab may from the 

curling upward, but the slab and base can act 
when upon by a heavy wheel load. in 

stresses in slabs, 
life. 

• Load analytical means. 
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lower, which would to an even 
deflections. 

only way to explain seemingly conflicting measured to 
under loading conditions PCC from 

but under other loading conditions the 
to the high curling 
longitudinal edge are possible only if the slab is 
is initially curled up the slab is curled at zero t"t:>T1".,..,,::>r 

reasonable explanation for the low measured strains 
and AC 

finding that the pavement is curled up at zero temperature gradient, 
translating to having a significant amount of built-in temperature gradient, has 
a great impact on estimated fatigue life of the test sections. Curling caused by high 
positive temperature gradients can easily double the critical edge stresses most 
highway pavements. If this temperature is offset 
negative gradient, the curling stress would become 
a fatigue life. 

The analysis instrumented slabs that the edge stresses in test 
",,,,"FIr'THO are low of the structural contribution of the AC base. 
stresses are so that fatigue of concrete is highly unlikely to control the service life 
the test sections. The composite action of base and the slab has an even 
on red uction the stresses than tied concrete shoulder or 
widened slab on the structures evaluated; however, the AC may not reliably 
provide structural benefit at all locations in the and the base may not provide 
the same support over the life of the pavement. 

• 
concrete 

• structural 
similar, but for the 

high across the 
than 80 percent). 
achieved by providing 
in spacing). 

on concrete 
following: 

and 
plots were 

of 



• In the cases evaluated, structural contribution shoulders 
slabs were equivalent to 1 inch of slab 

sensitivity test sections on 1-70 are not L'<v"''''f"''.''' 
fatigue 

assumptions, 

showed that 
over their life. 

ignored in 
with 

shoulders 
ofPCC 
to the 

widened slabs can 

the LTE across lane-
to provide 

shoulders 
lane-shoulder 

not a good it simply means that 
measures must be taken to ensure that 

joint will maintained. 

shoulders is considered, 
provided at no additional cost to obtain more performance. 

• 

• 

• 

the 

2 ft further out the the 
of 2 ft is ""'f"''''''''' 

on 
wandering out to pavement 
it not possible to all traffic off of 

2 ft widening is 
especially 

widened slabs. 
beyond 2 ft 
critical stresses. 

slabs are not provided, 
edge. 

of using widened 
with 

of the slabs 
further reduction of the 

can develop transverse 

to a greater 
curling stresses 

stresses in the 
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cracking. 

can lead 

does at 
at the saw cuts (thus 



forming the contraction joint) are significantly lower in the transverse direction. 
curling stress responsible for the formation of longitudinal joints in pavements is 
the greatest at midpoint between the two free (near the centerline joint) and 

{"T<>"''''~'' to zero at the free (outer of the Thus, the stresses needed 
to cause the controlled is much at the lane-shoulder joint than at any other 
joints. When the lane-shoulder joint is moved even further out toward the edge, the 
joint-forming stresses are even lower. Therefore, proper sawing this joint is even more 
critical when both widened slab and tied PCC shoulders are provided. 

The potential problem with longitudinal cracking along lane-shoulder joint on 
widened slab sections may avoided by providing AC shoulders on widened slab 
sections. However, when both widened slabs and tied shoulders are used, the 
at the lane-shoulder joint is of little importance; therefore, this joint may be sawed very 
deep without the concern for performance penalties. If PCC shoulders are used on 
PCC pavements, the shoulder should tied to the pavement to prevent lane-
shoulder separation that can lead to other (e.g., moisture-related problems). 

Other factors for consideration when 
include the following: 

• Construction: 

the shoulder type and 

o Widened slabs are to construct than tied PCC shoulders. 

width 

a Tied shoulders require the construction and maintenance another joint. 

• Location: 
a In rural areas, widened slabs would provide the desired performance without 

the of another pavement joint. 
a areas, tied shoulders may be advantageous to accommodate "'~"""''-'JL'-'-4 

lane Widened also provided 
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APPENDIX CORE TESTING RESULTS 



I"; ~ ,"" .~ 

'u ~ \-~~',~"" 

t··'.;·' 
COMMERCIAL TESTING LABORATORIES 

., 
,. 
~, 

i 
10;;1 ~ 

August 2, 1994 

Colorado Department of Transportation 
4201 Arkansas Avenue 
Room 00 
Denver, Colorado 80222 

Attention: Mr. Ahmad Ardani 

Subject: Results of 

A 

Modulus of Elasticity, 6-inch Cores 
COOT Project ACIM 070-5 (53) 
Job No. 9370 

Gentlemen: 

OF INC. 

This report presents results of tests conducted on six 6-inch cores delivered to our laboratory 
for We understand that these cores were from pavement at the Burlington to 
Kansas project, but were not informed as to the dates of placement. The cores were soaked for 40 
hours in lime water, and for Modulus of (MOE) Strength. 

The tests were in accordance with ASTM C 469 using a mechanical frame to 
monitor versus stress. As specified, an initial stress reading was taken when a strain of 
0.00005 was achieved, and additional strain readings were taken at 5000 load pound increments up 
to 50% of the anticipated ultimate After two duplicate runs were achieved on each 
the frame was removed, and the core was tested for compressive strength. 

The MOE was calculated based on the stress-strain differential between the initial load and 
40% of the ultimate load. One core exhibited atypical elastic properties, in that it achieved only 2570 

nl"P.'S~I\'A strength 2.05 x 106 psi MOE. other cores values from 3990 
psi to 4920 psi for compressive strength and 2.88 x 106 psi to 3.30 x 106 psi MOE. Results are 

in Table NO.1. In our of concrete with local are not 
as high as predicted by the American Concrete Institute and other industry literature. Moreover, we 
have noticed that cores tend to yield lower MOE's than cast cylinders from the same materials. 
However, the MOE's of these cores are slightly lower than we expected for Class P concrete. 

If you any questions regarding this report, or if we can of further 
do not hesitate to call. 

Very truly yours, 

Orville R. Wemer II, 
Principal Consultant 

a RW/orw3 

cc COOT District 'I Materials Engineer (Gerald Peterson) 

22 LIPAN STREET DENVER, COLORADO 80223 303 I 825-3207 



No.1 

MODULUS ELASTICITY AND STRENGTH OF CONCRETE CORES 

Diameter Ultimate at 40% of 
Sample 10. (in) Unl k 

11.48 1 53,800 1).000546 
11 1 50,000 0.000581 
11.61 70,000 3400 28,000 0,000445 

2-2 11 1 4500 43,000 
3-3 11 11 4730 46,000 4210 . 

11,55 11 4800 46,000 

after 40 hours in water. Tested on Julv 1 

DENSITY OF CONCRETE CORES 

SSD 
Wt (Q) 

1-2 0.1 11 
1-3 0.181 11 1 

0.181 11,429 1 
0.1 11,444 140,2 

3-3 0.1 11,744 1 
0.1 11 140.4 

1 
9370 

22 LIPAN STREET DENVER, COLORADO 80223 , 303 I 825<3207 
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Tied PCC Shoulders - 14 ft Lanes 
Load Strain Measurement 
I Long. Long. 

Distance Distance 
Wheel From Strain From 

Time Path Speed Mid~mm Location I ~~span -. 
in. ill. millionths 

7:00 edge creep o edge 0 19.4 
1 shoulder 01 9.9 

edge 12 5.5 
shoulder 12 5.5 
edge 24 ~ shoulder 24 

12 edge 12 15.4 

I 12 9.0 
I 0 8.4 

0 ~ I 24 

I 
I 241 8.2 

24 21.6 
I shoulder 24 10.3 

1 1 1 ledge 0 ~I J shoulder 0 
edge 12 5.2j 

j 

shoulder 12 6.6 
9:10'edge • creep o edge I 0 13.6 

I shoulder O' 4.5 

• 

edge I 12 1.7 
shoulder 12 3.7 

! edge 24 ·3.5 
shoulder 1 24 ·1.9 

1 12 edge 12 12.5 
shoulder 12 4.1 
ledge 0 3.0 
shoulder 0 1.7 
edge 24 1.5 , 

I shoulder 24, 1.8 
24 edge I 24 13.3 I 

shoulder 241 2.5 
I edge 01 111 shoulder I 01 
i 

! edge I 12 3.5 , j 
I 

I i shoulder 121 3.9 

B-1 



Load Strain Measurement 

Long. Long. 
Distance 

Strain From 

Time 

B-2 



Tied PCC Shoulders - 14 ft Lanes 
Load Strain Measurement 

Long. Long. 
Distance Distance 

Wheel From Strain From 
Time Palh Midspan, Location Midspan, Strain, 

in. in. millionths 
17:101edge creep. o edge 0 25.~ 

shoulder 0 14.4 

Ledge 12 8.3 
I i shoulder 12 9.7 

edge 24 5.3 
shoulder 24 OA 

12 ~er 12 23:9' 
12 13.9 

edge 0 11.5 

i shoulder 0 7.1 
edge 24 9.0 

I shoulder 24 4.() 
24 edge 24 26.9 

I , shoulder 24 lL5 
! edge 0, 5.1 

shoulder ° 6.0 
edge 12 9.1 

, 
shoulder 12 10.5 

7:00 ed~e : Static o edKe 0 

~ shoulder 0 
edge 12 

shoulder 12 9.1 
edge 24 5.4 

I shoulder 24 2.5 
9:10 edge static o edge 0 11.8 

I shoulder 0 1.2 

I edge 12 -1.6 

i shoulder L 12 -1.4 
I edge 24 ·7.0 
! shoulder i 24J -6.9 

11 :251 e<!ge istatic o edge 1 01 8.3 

; shoulder ! 0) -5.9 
i ! I edge 12 4.5 
I I i shoulder 1 121 ·5.5 

! ) edge i 24: -13.9 
I i ! shouJder , 241 -12.6 ; 

B-3 



Tied PCC Shoulders 14 ftLanes 
Load Strain Measurement 

i J Long. I Long. 
Distance Distance 

Wheel From Strain From 
Time Path I Speed •. :Midspan, T n(,l'Iti, '>.8! .... 

, I· I 
. 

i i m. in. millionths 

15:10 edge !static o edge i 01 8.1 
I shoulder I 0 -2.2 

edge 12 

I shoulder 12, 4.6 

i edge 24 -13.8 
1 shoulder I 24: -13.7 

17: 10 ,edge 1 static o edge 0 18.7 
I shoulder 0 11.5 

! edge 12 6.3 
II shoulder 12 8.1 

edge 24 3.1 
shoulder 24 2.5 

7:00!24 in. creep 024 in. 01 14.8 
edge i 0 5.2 
shoulder I 0 2.3 

9:10 24 in. 0 24in. 01 11.1 
0 5.7 

shoulder 0 2.5 
11 :25 ! 24 in. creep 024 in. 01 10.7 

edge 0 4.0 
shoulder I 0 3.3 

15: 10 24 in. creep 024 in. I 0 13.4 

• 

0 1]1 I r 0 
17:10.24 in. creep 024 in. I 0 16.51 

f 
edge I 0 2.0 I should", 0 3.7 

7:00 24 in. static 0, 15.3 
0 5.9 

shoulder 0 

~I 9:10 24 in. static 1 024 in. 0 
edge 0 

~ 
I shoulder 01 4.7 

static 024 in. 0 7.0 
edge 0 4.6 

lIi5:10!24 in. 
I shoulder 0 4.2 

static 024 in. 0 16.4 

e.<lge 0 1.7 
I shoulder 0 -0.9 , 

B 4 



.k. . § l.w, 

Tied PCC Shoulders - 14 ft Lanes 
Load Strain .. IlW1U 

Long. Long. 
Distance Distance 

Wheel From Strain From I 
Time Path Spw:l Midspan. Location Midspan, Strain, 

in. in. 
o milliO~1 moc 024 in. 

I ~ 01 .1:2 
I 0 1.7 

7:00j42 in. creep 042 in. 0 20~ 

\ I 24 in. 0, 7,1 
edge 0 4.3 
shoulder 0.6 

9:10\42 ilL 
, 

0\42 ilL 0 12.7 creep , 

24 in. 0 

~l edge 0 
shoulder 0.9 

11:25 42 in. creep 042 ilL 0 
24 in. 0 3.5 
edge 0 3.7 
shoulder 4.6 

15:10 42 in. cree-'P o 42 in. 0 13.3 
24 in. a 9.3 
edge 0 5.9 
shoulder 4.4 

17:10.42 in. .~P a 42 in. 0 16~ 
24 in. 0 8.6 

I edge 0 5.9 
shoulder 2.2 

7:00 42 in. static 042 in.. 0 18.9 
24 in. Or 7.5 

~ 0 4.0 
, 0 3.3 

9:10 42 in. I static 042 in. 0 

i 
24 in. 0 

; i edge 01 1.4 
I shoulder 0 

11:25142 in. I static a 42 in. 0 L 
I 1 24 in. 01 

I ! edge i 01 
shoulder f 01 

15:10 42 in. istatic ! 042 in. I 0 

I j 24 in. I 01 8.7 

I 
~ edge i 01 2.8 

! i shoulder J O! 0.8 r 

B - 5 



Distance 
From Strain 

Midspan., Location 
in. 

B-6 



Nontied PCC Shoulders 14 ft Lanes 
Load Strain Measurement 

I Long. Long. 

I Distance Distance 

Wheel From Strain From 
Time Path ' Midspan, Location Mi(f~mm 

I 
. 

I in. I in. , millionths 

7:46 edge I creep o edge 01 25.6 

shoulder 01 2.2 
I edge Ii 7.21 
: 

shoulder 12 4.4 

edge i 241 -2.2 

I shoulder 24 4.9 
I 12 edge 121 22.0 

I shoulder 12 5.4 
I 

~ 
" 

, , 

I der 01 2.0 
I edge 24 1 4.2, 

I Td,r I 
24 6.4 , 
24 17.21 
24 6.1 
0 5.9 

! shoulder I 0 1 0.7 
edge 11 1Ii 71 

shoulder 12. 4.1 

9:50 creep I 0 edge 01 19.0 

shoulder 0 -2.3 

I edge 11' 2.8 
shoulder 12 -1.6 
edge 24 -6.41 
shoulder 24 -3.2 

12 edge 12 18.1 

I shoulder 12 -0.1 
I edge ! 0 4.5 

shoulder 01 -0.91 

.. 
i edge : 24 ·1.9 

I shoulder i 24 -0.6 
'-.-.. 

I I 24 edge 24, 11.71 

I 
shoulder 

, 
24. -1.4 J , 

I 0 -1.6 I 

I i I 
shoulder 0 -3'§J 

, 
I edge I 12 5.7 

! shoulder ! 121 -=b§jl 

B 7 



Nontied pee Shoulders - 14 ft Lanes 

Load Strain Measurement 
Long. Long. 

Distance Distance 
Wheel From Strain From 

Time Path Speed Midspan. Location Midspan, Strain, 
in. in. millionths 

12:08 creep o edge 0 17.7 
shoulder 0 -32 

I ed~e 12 2.3 

shoulder 12' -3.1 
edge 24 -6.0 
shoulder 24 -3.7 

12 edge 12 15.5 
shoulder 12 ·2.& 
edge 0 6.3 
shoulder 0 -3.4 
edge 24 -2.4 
shoulder 24 -3.5 

24 edge 24 11.6 

shoulder 24 -3.3 
erlRe 0 -4.4 
shoulder 0 -4.7 
edge 12 5.2 
shoulder 12 -4.1 

15:50 cr~ o edge 0 20.9 
shoulder 0 5.1 
edge 12 8.6 
shoulder 12 4.5 
edge 24 1.8 
shoulder 24 4.6 

12 edge 12 21.4 
shoulder 12 3.9 
edge 0 9.2 
shoulder 0 4.3 
edge 24 7.5 
shoulder 24 6.9 

24 edge 24 21.5 
shoulder 24 8.4 

ledge 0 4.7 

shoulder 0 1.8 
I edge 12 11.3 

shoulder 12 2.4 

B-8 



Nontied PCC Shoulders 14 ft Lanes 
Load Strain Measurement 

Long. I Long. 
Distance Distance 

Wheel I From Strain 1 From 
Time Path Speed I Mi~pan, Location I Midspan, Strain, 

i m. in. millionths 

17:36 creep I o edge 0
1 

24.2 
I shoulder 0 1]1 i edge 12j 

shoulder i 12 5.6 
! edge I 24; 0.2 

shoulder 1 24 4.9 ,--. 
I 121 23.7 12 edge 

i shoulder I 12 5.6 
I 
~ 0 13.6 

I 01 3.7 
edge 24 9.0 
shoulder 24 5.1 

24 edge 24 22.1 
shoulder 24 6.7 

! edge 0 5.7 
shoulder I 0 4.4 

I 

~ 12 11.0 
. 12 5.7 

7:461 edge I static I o edge 01 27.8 
~ shoulder 0 3.6 
I edge 12 7.0 

shoulder 12 3.4 
: edge 241 -2.5 
I shoulder 24 2.2 

9:50 edge i static o ed2e 0 16.0 
I shoulder 0 -7.3 
I edge 12 0.1 

I shoulder 12 -7.3 
I edge 241 -7.5 

I shoulder 24 -8.2 
)2:08 ed~e i static o edge O. 11.6 

1 shoulder 0 -13.0 

J edge 12 -5.2 
---' 

1 sh()1I1c1~r 12 ,10.9 

I 24 -13.~ 

I 241 14-1 

B - 9 



Nontied PCC Shoulders - 14 ft Lanes 
Load Strain Measurement 

Long. Long. 

Distance Distance 
Wheel From Strain rrom 

Time Path Speed Midspan. Location Midspan. StIain, 
m. in.. millionths 

15:50 ed~e static o edge 0 23.7 
shoulder 0 1.1 
edge 12[ 7.3 
shoulder 12 1..4 
edge 2A -0.7 
shouJder 24 -0.2 

17:36 edge 
I 

Static o edge 0 29.8 
shoulder 0 3.7 
edge 12 10.8 
shoulder 12 4.0 
ledge 24 2.6 
shoulder 24 2.2 

7:46 24 in. I creep 024in. 0 14.0 
edge 0 6.9 
shoulder 0 1~ 

9:50 24iJL creep 024 in. 0 12~ 

, edge 0 7.2 

i shoulder 0 0.4 

12:08 24i:n. creep 024 in. 0 16.0 
edge 0 6.5 

shoulder 0 1.4 
15:50 24 in. creep 024 in. 0 17.5 

edge 0 8.1 
shoulder 0 2.7 

17:36 24 in. I creep 024 in. 0 19.2 
edge 0 7.3 

shoulder 0 1.3 
7:46 24 in.. static o 24 in. 0 17.2 

edge 0 8.3 
shoulder 0 2.4 

9:50 24 in. static 024 in. I 0 11.0 
edge [ 0 9.3 
shoulder 0 2.3 

12:08 24 in. static 024 in. 0 7.5 
edge 0 7.7 
shoulder 0 -0.9 

15:50 24m. static o 2A in.. 0 17.4 
[edge 0 8.3 
shoulder 0 -0.9 

B -10 
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Nontied PCC Shoulders - 14 ft Lanes 
Load Strain Measurement 

I 
Long. i Long. I 

Distance ' Distance ' 

i Wheel From Strain \ From I 
Time I Path Speed Midspan, Location i MidsPan.) Strain, 

in. t in. millionths 
17:36J24 in. static 024 in. I 0 19.1 

I edge 0 4.7 
shoulder 0 i.e 

7:46 42 in creep 042 in. 0 12.5 
24 in. 0 8.2 
e<Ige 0 4.4 
shoulder 0 1.6 

9:50 42 in cree]? 042 in. 0 7~ 
24 in. 0 5.8 
edge 0 5.7 
shoulder 0 0.5 

12:08 42 in creep 042 in. 0 13.4 
24 in. 0 7.5 
edge ! 0 4.8 
shoulder 0 1.8 

15:50 42 in creep 042 in. 0 17.2 
24 in. 0 12.5 
edge 0 6.1 
shoulder 0 0.1 

17:36 42 in creep 042 in. 0 18.8 
24 in. 0 8.7 
edge 0 3.7 

shoulder 0, -2.2 
7:46 42 in static 042 in. 0 13.9 

I 24 in. 0 8.8 
edge 0 4.0 
shoulder I 0 0.2 

9:50 42 in static 042 in. , 01 8.8 
.I 24 in. 0; 7.5 

; edge 01 6.4 

! i , shoulder ! O! 1.8 
12:08[42 in , static 042 in. I O! 8.8 I 

i I 24m. ! oj 7.5 
,I edge ; 0: 6.4 

I , 
i shoulder 01 1.8 ; 

15:50142 in I static 042 in. oi 17.0 

I ! 24 in. OJ 10.6 
1 edge 01 5.1 i 

1 shoulder oj 0.1 

B -11 



Nontied PCC Shoulders - 14 ft Lanes 
Load Strain Measurement 

IWheclI 
Long. Long. ! 

Distance Di I stance I 
From Strain From i 

Time Path I Speed Midspan, Location Midspan, I Strain, 
in. in. J millionths 

17:36 42 in j static 042 in. 0 15~ 

I 24 in. O! 8.6 
i edge 0 3.8 
I shoulder 0 0.6 

B -12 



Tied PCC Shoulders - 12 ft Lanes 
L:Jad Strain Measw-ement 

I 
Long. L:Jng. I 

Distance Distance 

Wheel \ From Strain From I 
Time I Parh I Speed Midspan. Location Midspan. Strain, 

I in. in. millionTlls 

6:151edie ,cr~ o edge 0 19.6 

I shoulder 0 9.6 
edge 12, 6.4 

i shoulder 12 7.8 
I edge 24 2.9 

shoulder 24 1.9 
12 edge 12 17.3 

shoulder 12 11.3 

I edge 0 10.2 
shoulder 0 7.9 

I edge 24 6.4 
shoulder 24 6.4 

24 edge 24 19.3 
shoulder 24 9.8 
edge 0 5.1 

shoulder 0 5.7 

1 edge 12 6~ 
I shoulder 12 7.9 

8:15 edge creep o edge 0 17.8 
shoulder 

; 

OL lOA 
edge 12 5.4 
shoulder 12 8.8 

i edge 24 4.2 
shoulder 24 1.1 

I 12 edge 12 16.Q 
shoulder 12 10.1 

~ edge 0' 5.9 
1 shoulder 0 5.0 

1 ed~e j 24 6.4 
, shoulder 241 6.1 

1 J 24 edge ! 24t 18.3 
i 

l shoulder i 24) 9.4 i 

1 e4~ i 01 31 
! i shoulder ! 0\ 2.7 

, 
edge I 12: 6.2 

,! 
I shoulder j 12: 8.0 I 

B - 13 



Tied PCC Shoulders 12 ft Lanes 
Load Strain Measurement 

I i Long. 
! 

Long. 
Distance Distance 

Wheel From Strain From 
Time Path I Speed Mirl"",,,,.., T fV'<lliron "A,e.>, 

I 
-. -r 

in. in, millionths 

10:301 edge . creep o edge 01 1504 
! I i shoulder 01 5.t 

I ed~e 121 4.t 
I shoulder 12 4.4 

I ledge 24i 0.7 
shoulder 24 ~I I 

! 

12 edge 12 

I shoulder 12 8.6 
i I 

I edge 0 4.2 i 

I shoulder 0 3.41 

I edge 24' 5.8 
i shoulder 241 5,1 

ede I 241 18.4 
lder 24 9.0 

I I edge 0 -1.6 
I 0 -2.3 

I I 12 4.6 
der 121 4.5 

14:20· edge creep 01 17.9 
shoulder 0 10.3 

I edge 12. 5.1 
shoulder 

~~I 
I I edge 

shoulder 

. ~er 
edge I 0 6.6 
shoulder 0 6.1 

i edJ,!;e 24 9.81 

! shoulder 241 8,( 

. I 24 edge 241 19.7 
• shoulder I 24 ~l 0 

I Ee, 0 2.8 
I 

shoulder I 
12 7.3 

I 12 8 ':1 

B 14 



IieciPCC Shoulders 12 ft Lan.es 
Load Strain Measurement 

Long. Long. 
Distance Distance 

Wheel From Strain From 
Time Path I Midspan, Location Midspan, 

j in. in. I millionths 
16:30 _edge I creep i o edge 01 21.8 

shoulder i 0 _lbQ , i 

edge i 12 8.8 

: shoulder I 121 10.6 

I edge 24 2.8 
I I shoulder i 24 2.5 

I 12 edge 12 21.4 

I shuwuca 12 13.81 

I i edge 0 9.51 
I shoulder 1 0 8.3! 

edge 24 9.1
1 

i I shoulder 24 8.8 
24 edge ! 241 21.0 

J shoulder ~ 10.9 
edge 

1 0 4.1 
shoulder I 0: 3.9 
edge 12 9.6 
shoulder 121 12.3 

6:15 edge I static I o edge , 0 1 18.0 
I I shoulder I 0 9.6 
ledge I static edge J 12 8.8 
i shoulder 12 6.6 
ledge I static edge ! 241 3.1 

shoulder ! 24 2.2 
8:15:edge static o edge 01 15.7 

I I shoulder 
, 

0' 9.7 
ledge 1 static Oledge I 121 5.7 

I !':honlrler i 12- 4.9 
edge ' static I o ledge 24 1.5 

! l~holllOeT I M 2.2 
10:30 ledge I~c o edge 0 12.3 

I ~h(l11lt1~T 0 3.4 
ledge : static o edge 12 4.0 

I ~h('mlrl"'T 12 -0.3 
--

'edge !static o edge 24 -1.0 
I shoulder I 

2~ -QJ I 

14:20 edee lstatic o edge 0 12.8 

I 
' ~h()lllcl~r 0 5.2 

ledge i static 0 e 121 1·2 
shoulder 12 5.2 

edge , static o edge I 24 "~ 
i shoulder 24; 1.1 

B - 15 



Tied PCC Shoulders 12 ft LaI1es 
Load Strain Measurement 

I , Long. 

Distance 
Long. I 

Distance I 
Strain I From From 

I :Midspan, Location :Midspan,.' Strain, 
i in. in. millionths 

I static I ~ 0 18.3 
1 0 11.3 

I~--~ro-l--gle--I~sta-tt-'c--+----- -----1~2~1----7-.8~1 

shoulder. 12 6.1 

Time 

16:30 roge 

roge i static O~ 24 2.2' 
1~--~~~~~~~'----~T~~-r~-----24~'----~2.~2 

6:15 24 in. creep I 024 in. 01 17.2 
roge 01 9.4 
shoulder 0 3.8 

~~8=:1=5~124~in~._-+c~rre~~p~+-____ ~Or24~in~. __ +-_____ 0+-___ 131 
roge 0 
shoulder 0 3.8 

in. crrep I o 24 in. 0 1 13.~ 
edge 0, 6.c 

! shoulder 0 I.E 
14:20.24 in. crrep 024 in. I 01 15.7 

I roge 1 0 1.:§j1 
_~_-+ __ +-___ ~_er~ ___ O+-___ ~1 

I~024in. errep ~ 0 17.8 
roge- I 0 5.1 
shoulder 0 3.3 

6:15124 in. static o 24 in. 0 18.4 

1 roge 0 9.1 
shoulder i 0 4.9 

8: 15 24 in. 1 static 024 in. 0, 15.2 
roge 0 9.3 

__ ---.......--+-1: __ +-__ lshOulder I OJ 6.0 
10:30 24 in. I static 0 8.4 

roge 0 1 2.5 
shoulder 0 -3.4 

14:2024 in. I static 024 in. 0 11.7! 
roge 0 11.2 
shoulder 0 6.6 

16:3024 in. I static 024 in. 0 14.6 
~~~---+----r---~~----r---~01----~9.~31 

1 shoulder 0 4.3 

B-



Free Edge 
Load Strain Measurement 

Long. Long. 
Distance Distance 

Wheel From Strain From 
Time Path Midspan Location Midspan, 

~Iedge 
in. in. millionths 

I creep 0 26.6 
12 15.9 

! 24 5.1 
12 edge 12 28.6 

I 0 16.3 
24 12.3 

24 edge 24 26.9 
0 8.5 

12 18.1 
8:30 edge creep o edge 0 24.3 

• 12 11.8 
241 2.2 

12 edge 12 26.2 
I 0 HJ 1 24 

24 edge 241 25.1 

0 5.4 

I~ ~ 
12 13.4 

0' 26.1 

12 12.1 

241 4.1 
12 edge 121 27.8 

01 13.3 

24! 8.9 

I 24 edge 24i 24.5 
O! 4.4 

121 14.1 
14:30 edge • creep o edge 0 31.4 

121 17.3 
I I 24: 6.0 

I I 12 edge 12, 34.4 I 

I I 01 15. 
I i 1 241 15. 

i 24 edge 241 30. 
I 01 7. 

! 12 18.0 

B 



Distance I 
Strain From! 

Location Midspan, Strain, 
in. 

B - 18 



\Vheel 

Time I Path 

Load 

14:30 18 in. static 

Strain Measurement 
Long. 

Distance 
Strain From 

Distance 
From 

Midspan, 
in. 

Location Midspan, Strain, 

B - 19 



APPENDIX C: FWD DATA 



r'-"'--" 
Load - Defle<:!:ions Normalized to 9,000 Ib Load, n~~. I Temp SIn Measured Deflections, mils Time ,--_ .. - .-

Drop fSec ft I_·-'fest Ibf 0 12 18 26 36 60 0 12 18 26 36 60 hh:mm:ss of 
.-~.- - -- -

.~O~ I 0 Basin 1 2.77 2.57 2AO 2.26 1.98 1.39 2.76 2.56 2.39 2.25 1.98 1.39 16:07:18 54 
I~-·-· 

1.90 I 0 Basin 2 3.68 3.38 3.19 2.98 2.56 1.99 2.74_ 2.51 2.37 2.21 1.48 16:07:28 54 -- ---r·-------

-16,028' 
-- ----

J o Basin 3 4.75 4A7 4.14 3.91 3.35 2.44 2.67 2.51 2.32 2.20 1.88 1.37 16:07:36 54 
.-~.--~ 1-- '---

8,984 I 15 Basin I ,E7_ 2.63 2A8 232 1.99 1.37 2.88 2.63 2.48 2.32 1.99 1.37 16:08:35 54 
12,146 

----- r-- - -'-

J IS Basin 2 3.81 !-- 3.51 3.32 3.10 2.64 1.91 2.82 2.60 2.46 ~ 1.96 1.42 16:08:44 54 ....... -. -- .,..---- r----
1 15 .~~~ 3 16,052 5.03 4.70 4.36 4.07 3.50 2.43 2.82 2.64 2.44 2.28 1.96 1.36 16:08:51 54 - -----
1 30 Basin I 8,972 2.90 2.70 2.57 2.38 2.04 1.41 2.91 2.71 2.58 2.39 2.05 1.41 16:09:34 54 

!--- -
1 30 Basin 2 II ,914 3,79 3.50 3,36 3.11 2,64 1.95 2.86 2,64 2.54 2.35 1.99 1.47 16:09:45 54 -- .- -

15,906 16:09:53 1 30 Basin 3 4.96 4.75 4.39 408 3.50 1.48 2.81 2.69 2.48 2.31 1.98 1~ ~ --- .. _ .. r-
-~- !----- -- -------. ---~ ._-

1 45 Basin 1 8,936 .~ 2.78 2.57 2AO 2.06 1.43 2,97 2,80 2.59 2A2 2.07 1.44 16:10:32 54 
. . ---.--

1 45 Basin 2 !l 3.91 3.59 3.37 3.18 2.68 1.99 2.95 2.71 2.55 2.40 2.02 1.50 16:10:39 54 
- ._.-::-. -_. -- --- ----

15,808 -
- ..• r-

_5~ .... L. 45 Basin 3 5.12 4.86 4.40 4.13 3.58 2.48 2.91 2.77 2.51 2.35 2.04 I Al 16:10:45 
1"'60- - .... -- - .---

.-} Basin I 8,850 2.71 2.54 2.37 2.24 1.96 1.40 2.76 2.58 2.41 2.28 1.99 1.42 16:11:27 54 
60 Basin ----~ 11,865 3.57 3.35 3.16 2.97 2.59 1.98 2.71 2.54 2.40 2.25 1.96 1.50 16:11:36 54 .---'- .-

1 60 Basin 3 15,942 4.69 4.46 4.14 3.92 rD9 2.49 2.65 .~ 2.34 2.21 1.91 1.41 16:11:44 54 

-~. 
--

75 Basin 1 2.77 2.56 2.42 2.25 1.96 1.37 2,75 2.54 2.40 2.24 1.9~ c..l16 16:12:24 54 
1- --- - ~-

1 75 Basin 2 11,987 3.64 3.33 3.21 3.00 2.57 1.91 2.73 2.50 2.41 2.25 1.93 1.43 16:12:33 54 -.. !--. --
I 75 Basin 3 16,089 --~ 4~ 4.22 3.93 3.35 2A3 2.70 2.46 r236_ 2.20 1.87 1.36 16:12:40 54 

9,033 
--- ---

I 90 Basin 1 2.75 2.51 2.43 2.27 1.95 1.38 2.74 2.50 2.42 2.26 1.94 1.37 16:13:23 54 

~2,o:!8 
c---- -r- --. - ---f------ --- -- .-- --

90 Basin 2 3.60 3.30 3.15 2.96 2.51 1.80 2.69 2.47 2.35 2.21 1.88 1.34 16:13:31 54 ._,.-,,-

90 
- .~ 1-- ... --

15,991 
1- ---- --

I Basin 3 4,72 4.31 4.09 3.85 3.33 2.38 2.66 2.43 2.30 !_~.l2. 1.87 .,~ 16:13:38 54 
105 8,997 2.75 

I~"-
1 Basin 1 2.97 2.75 2.63 2.47 2.11 1.51 2.63 2.47 2.11 1.51 16:14:19 54 - ---1---

12,122 .J 105_ Basin 2 3.94 3.68 3,49 3.28 2.79 2.01 2.93 2.73 2.59 2.44 2.07 1.49 16:14:28 54 _. _ .. --'- ~-

!§,~~ I 105 Basin 3 5.13 4.83 4.55 4.27 3.68 2.69 2.87 2.70 2~ 2.39 2.06 1.50 16:14:34 54 --- .. -- --' --- 1-'- -
1 Basin 1 9,045 3.00 2.78 2.62 2.46 2.06 1.44 2.99 2.77 2.61 2.45 2.05 1.43 16:15:18 54 -,- 120' 

1·- ~.- --
Basin 2 11 ,914 3.95 3.68 3.47 3.25' 2.79 1.99 2.98 2.78 2.62 2.46 2.11 1.50 16:15:28 54 

1-- -- "--~-- --- --
15,930 _1_. I~ /-. Basin 3 5.15 4.86 4.60 4.28 3.72 2.61 2.91 2JJ... 2.60 2.42 2.10 1.47 16:15:35 54 

8,948 
-.- ---1---

1 135 Basin 1 2.79 2.52 2.40 2.26 1.88 1.36 2.81 2.53 2.41 2.27 1.~ .. 1.37 16:16:32 54 
-1 .. - 1-'-- . 

.l~,Q~_ 2.57 135 B 3sm 2 3.71 3.44 3.19 3.03 2.59 1.92 2.77 2.38 2.26 1.93 1.43 16:16:42 54 .... _ ...•• . - ". 1----:-. -.- ..--.... -
l'l~~mR-

1 .. ·--- --- --_. 1-- --- - --------,--
L. 135 Basin_ 3 4.80 4.53 4.2L, 3.90 3.36 2.4~. .119.. 2.54 2.36 2.19 1.89 1.38 16:16:49 54 ,.. 0 ---'--- _.- c--
2 Basin 1 8,~4 2.47 1- 2 .22 2.15 2.01 l.79 1.32 2.47 2.22 2.15 201 1.79 1.32 16:21 :36 54 

-2'- _._---- -- ---- --- ------ t-----. --
0 2 1~.073 3.27 2.97 2.82 -~ 2.35 1.92 2.44 2.21 2.10 2.03 1.75 1.43 16:21:46 54 ........ :-"0 I'" ----'--

.-.~ Basin 3 15.991 4.15 3.91 3.65 3.5Q... !---3.06 2.30 2.34 2.20 2.05 1.97 1.72 1.29 16:21:54 54 

15 Basin 1 8,911 2.43 2.21 2.14 2.02 1.77 1.29 2.45 2.23 2.16 2.04 1.79 1.30 16:22:34 54 -_._--- -.-._ . . - f- ._- ._----
~.Ql6 1]9 2 15 _Basin._ ._ ... :l. __ 3.30 2.86 2.75 1.77 2.47 2.27 2.14 I~ 1.79 1.32 16:22:44 54 ..... -." 1·--'- --

2.34 2 15 Basin 3 16,162 4.23 3.96 3.70 3.55 3.11 2.36 2.21 2.06 1.98 1.73 1.30 16:22:52 54 



, I 

Sin 
I Sec it Test Drop tbf 0 

-~ 

12 18 26 36 60 

I--?- 30 Basin 1 2.53 2.36 2.25 2.17 1.89 1.37 I~I 2.381 2.271 2.19 
--~ r-- '~-~~ I-- ~~ ,..--.--

2 30 Basin 2 12,134 3.41 3.20 3.04 2.91 2.53 1.97 2.53 
2 30 Basin 3 16,125 ~7 4.23 3.93 3.78 3.30 2.48 2.44 2.36 2.19 2.U 1.84 1.38 54 -~~ 

2 45 __ Basin 1 8,936 2.36 2.16 2.06 1.99 1.71 1.29 2.38 2.18 2.07 2.00 1.72 1.30 54 
2~ ~ Basin ,~~ 12,183 3.19 2.95 2.78 2.67 2.35 1.95 2.36 2.18 2.05 1.97 1.74 f---1.44 54 

J-6,101 
~+----- -~ -~ 

2 45 Basin 4.06 3.83 3.63 3.42 3.03 2.31 2.27 1--2.14 ' 2.03 1.91 1.69 1.29 54 '-- r---'-
-~- 60 Basin :-1 8,960 2.60 2.39 2.27 2.15 1.84 1.34 2.61 2.40 

'--~-

12,085 2 60 Basin 2 3.49 3.25 3.06 2.90 2.57 2.00 2.60 2.42 
"--- I-~-- --~ 

2 60 Basin 3 16,125 4.54 4.35 4.01 3.78 3.38 2,49 2.53 2.43 
2 75 Basin !-.-! 8,875 2.61 2.46 2.34 2.23 1.93 1.35 2.65 2.49 -
2 ~5 Basin 2 11,987 3.51 3.33 3.14 3.00 2.61 1.91 2.64 2.50 
2 I-~ i--Basin 3 15.808 4.53 4.30 4.08 3.88 3.37 2.49 2.58 2.45 

-'~ 

2 90 Basin 1 9,094 2.72 2.52 2.42 2.31 2.03 1.47 2.69 2.49 2.39 
2 90 Basin 2 11,902 3.57 3.31 3.17 3.00 2.65 2.05 2.70 2.50 2.40 2.27 

-~ 90 ~as~ 3 15,967 4.59 4.30 4.09 3.90 3.42 2.52 2.59 2.42 2.31 2.20 
!----

2 105 Basin 1 8,862 2.78 2.52 2.39 2.22 1.94 1.37 2.82 2.56 2.43 2.25 
2 105 Basin 2 11,914 3.75 3.45 3.22 3.01 2.68 1.92 2.83 2.61 2.43 2.27 
2 105 Basin 3 15,?9~_ t--4::~9 4.52 4.17 3.89 3.41 2.51 2.79 2.58 2.38 2.22 

?-~Q Basin 1 
~:ffi r--E-6 ,.2.54 2.42 2.32 1.99 1.50 2.80 2.58 2.45 2.35 

~ -~ f-~-~ -

2 120 Basin ~- 3.74 3.54 3.28 3.16 2.76 2.22 2.76 2.62 2.42 2.33 
f-C-

2 ~, ~sin_ 3 1~~} c---!72 4.46 4.17 3.98 3.48 2.65 2.67 2.52 2.36 2.25 
2 135 Basin 1 2.61 2.42 2.28 2.19 1.93 1.43 2.63 2,43 2.29 

~--f----'-

~~ r-J)5 
2 1-1~ 
3 0 
3 --

3 
3 30 Basin 
3 30 Basin 2 3.74 3.52 3.34 3.15 2.38 2.96 2.79 2.62 
3 30 Basin 3 4.85 4.59 4.35 3.78 2.72 2.89 2.74 2.60 1.54 
3 45 Basin 2.76 2.60 2,48 2.18 1.57 2.93 2.77 2.61 1.58 
3 45 Basin 2 3.67 3.47 2.91 2.27 2.92 2.73 2.58 1.69 
3 45 Basin 3 4.76 4.49 4.25 - 3.74 2.71 2.84 2.69 2.54 1.53 16:39:01 
3 60. Basin 8.997 3.21 2.95 2.85 2.66 2.29 1.64 3.21 2.95 2.85 2.29 1.64 16:39:41 



continued. 
--... ~ 
Sin Load Measured Deflections, mils Deflections Normaliz,cd to 9,000 lb Load, mils 

---~ - .--.. ~ ,--- .. _-
Sec ft Test Drop 1bf 0 12 18 26 36 60 0 12 18 26 36 60 --. -- - - .-~ - .-~, -.. -

3 60 Basin 2 Ib.o~ 4~ -~ 3.18 3,51 3.03 2_32 3.18 2.93 2.82 2.62 2.26 1.73 
'------ 1----

3 60 Basin 3 15,918 5.47 5.16 4.86 4,56 3.93 2.80 3.09 2.92 2.75 2.58 2.22 1.58 16:39:56 54 
"--~ 1--,-,-- ... - ---~ .. .. _- - ..~ L..... .. _ f----.. 
3 75 Basin 1 8,923 3.06 2.90 2.75 2.62 2.32 1.69 3.09 2.93 2.77 2.64 2.34 1.70 16:40:31 54 
-- ~-- -- - .. - --

12,097 
-----,-- .. - -- r--- -- 2:85' 1--.... _. ... -:--

3 __ 72. -.!3 asin 2 4.11 3.83 3.6~_ 3.46 3.03 2.32. 3.06 2.70 2.57 2.25 1.78 16:40:39 54 
.. --~--

15,918 3 75 Basin 3 5.27 4.97 4.71 4.47 3.90 2.88 2.98 2.81... 2.66 2.53 2.21 1.63 16:40:46 

* I--~ .. - '---_.._-
.. -------- .~~--

Basin 1 9,021 3.20 3.Ol 2.84 2.69 2.34 1.70 3.19 3.00 2.83 2.68 2.33 1.70 16:41 :25 -
12.RQO_ Basin 2 4.23 3.97 3.74 3.53 3.05 2.32 3.17 2.98 2.81 2.65 2.29 1.74 16:41:33 54 

f----.-
Basin 3 i,93Q 5.45 5.06 4.85 4.58 3.96 2.90 3.08 2.8~ 2.74 2,59 2.24 1.64 16:41:40 54 
-- ----1- 1 r 9,009 Basin 3.22 3.01 2.82 2.67 2.29 1.63 3.22 3.01 2.82 2.67 2.29 1.63 16:42:15 54 

3105 - fusi~~ .~ 
~---- .. -~ '------- _.-.--1------

11,914 4.30 3.96 3.78 3.56 3.34 2.44 3.25 2.99 2.86 2.69 2.52 1.84 16:42:22 54 .-r--' _. 
3_~Q? I. B ._. _3 __ f)5,991 5.53 r 5.2Q_ 4.90 ~ 3.95 _2~ _l.l!.. 2.93 2.76 2~ 2.22 1.60 16:42:28 I~t 3 120 Basin 1 8,997 3.32 3.12 2.97 2.~ ~2 1.66 3.32 3.12 2.97 2.81 2.42 1.66 16:43:07 .-

11,902 3 120 Basin 2 4.34 4.10 3.87 3.67 3.17 2.30 3.28 3.10 2.93 2.78 2.40 1.74 16:43:15 54 ---. ..t--:-.....-. ..--.. - .. - r-
3 120 Basin 3 16,089 5.76 5.43 5.15 4.84 4.18 2.89 3.22 3.04 2.88 2.71 2.34 1.62 16:43:21 54 _.- _.- - 1----
3 135 Basin 1_. 8,887 3.05 2.91 2.70 2.57 2.27 1.68 3.09 2.95 2.73 2.60 2.30 1.70 16:43:58 54 -- .. ---

2.19 3 135 Basin ._2 __ U,975 3.97 3.71 3.50 3.32 2.92 2.38 2.98 2.79 2.63 2.50 1.79 16:44:07 54 
·c--i----· .. -. - ..... 

·4~O-
--- .. __ . --' 

3 135 Basin ,_ 3 15,918 5.09 4.52 4.28 3.76 2.81 2.88 2.71 2.56 2.42 2.13 1.59 16:44:14 54 



- r-
Load Measured n",f1, Sin mils 

r- -- ~~~~ ~~~,--- ~~ ~~~ ~ 

Drop ft Test Ibf I 0 -12 12 18 26 36 60 0 
9,167~ 

r-"~~~ ~ ~~ -~~~ ~~-. I- ~f- - ~--
c~~~ _ 

* 
LTE-L 1 3.51 2.68 3.05 2.79 2.55 219 1.46 3.45 

.-f--- -- :--
LTE-L 2 12,061 4.57 3.44 3.94 3.59 3.29 2.80 1.97 ~ 
LTE-L 3 15,820 5.99 4.48 5.16 4.68 4.26 3.68 2.55 3,41 

.. - --.-.~ c--- --- ~~ - ~~~ r-----
LTE-A 1 J!:,1J. 3.38 2.67 2.90 2.67 2,49 2.08 1.46 3.28 --
LTE-A 2 4.34 ~ 3.72 ,_l:¥ 3.19 2.71 2.00 3.21 

c--- ~~- -~--

LTE-A 3 15,967 5.64 4,49 4.86 451 4.14 
LTE-L 1-1 ,_~51lli 3.52 2.70 ~5 ~ 2.51 -- f---~ 

LTE-L 2 4.55 ~ f3.88 3.55 3.25 r-- f------~-

LTE-L 3 6.06 4.60 5.15 4.74 4.34 
I~ 

-- --!-~-

LTE-A 1 3.50 2.61 3.01 2,79 2.56 
LTE-A 2 11,926 4.57 3.41 3.95 3,61 3.34 
LTE-A 3 6.08 4.46 5.29 4.81 4.39 -- I---

30 LTE-L 1 9.167 3.25 2.59 2.76 2.60 2.42 
30 LTE-L 2 12,036 4.24 3.33 3.59 _l1l. 3.16 
----- t----- --~ 

30 LTE-L 3 16,040 5.62 4.46 4.83 4,48 4.15 
~,94~' 

-~- -- --t--- --
30 LTE-A I 3.12 2.56 2.79 ~- 2,40 Jk.. ~ -

l~~ 
~--'--- --~---r- -~---

30 LTE-A 2 4.08 .~ 3.77 3.36 ~~_ 2.74 2.10 3.08 2.53 2.85 2.54 J-38 2.07 1.58 82.1% 12:47:57 C .. _ _~~_ 1--- -~ 

30 LTE-A 3 ~ 5,40 4.49 4.98 4.44 4.20 3.55 2.61 3.06 2.54 2.82 2.51 2.38 2.01 1,48 83.1% 12:48:04 --
45 LTE-L 1 9,058 3.16 2.47 2.70 2.54 2.39 2.04 1.45 3.14 2.45 2.68 2,52 2.37 2.03 1.44 78.2% 80% 12:49:07 
45 11,036 

f----- 1-----~- -~- - C'-
LTE-L 2 4.11 3.26 3.58 3.32 ~- 2.68 1.90 3.07 2.44 2.68 2,48 2.33 2.00 1.42 79.3%_ 12:49:16 56 1---- !-~--~ 

45 LTE-L 3 ~ 5.53 4.36 4.75 4,46 4.15 3.55 2.57 3.10 2.44 2.66 2.50 2.33 1.99 1.44 78.8% 12:49:25 56 
~---~- r- c---:--- !---- 1----

45 LTE-A 1 9,009 3.12 2.54 2.73 2.57 2.42 2.06 1.49 3.12 2.54 2.73 2.57 2.42 2.06 1.49 81.4% 12:50:05 56 t---~~ f----- f----- r--
45 LTE-A 2 11.877 4.07 3.33 3.58 3.33 3.16 2.84 2.19 3.08 2.52 2.71 2.52 2.39 2,15 1.66 8L8o/cJ. 12:50:14 56 

-~ I----~- ,--~~ I--~" c---
J:.()Q 1_~12.. 45 LTE-A 3 15,930 5,47 4.43 4.81 4.49 4.22 3.57 3.09 2.50 2.54 2.38 1---2 .02 1.47 81.0% 12:50:22 56 .- -~~ 1----
1,45 

t----
60 LTE-L 1 9,106 3.50 2.84 2.86 2.65 2,47 2.06 3,46 2.81 2.83 2.62 2.44 2.04 1.43 81.1% 80% 12:51 :28 56 ,---- r-~-- -- !-~-- - I---~--
60 LTE-L 2 11,902 4.54 3.69 3.75 3.45 3.22 2.76 2.03 3.43 2.79 2.84 2.61 2.43 2.09 1.54 81.3% 12:51:38 56 -I----f--- 1-- ~~I----- -. 
60 LTE-L 3 1l?~,942 ~.17+1:~0.. 5.12 4.72 4.34 3.71 2.~~ 3.48 2.77 2.89 2.66 2.45 2.09 ,1:46 79,4% 12:51 :44 56 
60 LTE-A 1 8,984 3.23 2.57 2.81 2.63 2.46 2.10 1,47 3.24 2.57 2,82 2.63 2.46 2.10 1.47 79.6% 12:52:33 56 

---~- ----
LTE-A 2 !.1?51 4.17 3.33 3.64 ,2:38rlJl 

!::1'E-A... 3 ~ 5.63 4.50 4·~t 4.56 ~1 
LTE-L 1 9,033 3.60 2.89 3.06 2.8\ 2.6312.21 11.57 I 3.59 12.88 13.05 1 2.80 ! 2,62 ! 2.20 I .56! 80.3% I 81% 

I--- 1-- -- -~--

LTE-L 2 !..h251~ 3.82 4.05 3.69 3.42 
LTE-L 3 15,942 6.26 5.05 5,41 4.96 4.57 - ---~~-~ 

LTE-A 1 9,033 3.39 2.74 2.98 2.77 2.58 2.22 1.56 3.38 2.73 2.97 2.76 2.57 2.21 1.55 80.8% 56 
--~-- ---- r:----.-:~-!_- .. 

LTE-A 2 12,048 4.44 3.56 3.87 3.62 3.38 2.92 2.04 3.32 2.66 2.89 2.70 2.52 2.18 1.52 80.2% 56 -"'- - -- r--f-----
LTE-A 3 15,918 5.87 4,72 5.13 4.79 4.46 3.77 2.70 3.32 2.67 2.90 2.71 2,52 2,13 1.53 80,4% 56 ~--.~~~~ -~~- ,- _ ,- -



90 

105 LTE-L 
105 LTE-L 
105 LTE-L 
105 LTE 
105 
105 
120 
120 LTB-L 
120 LTE-L 3 
120 LTB-A 
120 1 LTE-A 

O! LTE-L 3 
2 0 L1E-A 
2 0 LTE-A 
2 0 LTE-A 3 
2 15 LTE-L 1 

2 15 LTE·L 2 
2 15 LTE·L 3 

at transverse 

I- i%sI'1;"""~12' ~~~'-26' rnil;6 W D;fleCtl.~;s NO~;aliZeld8to 9,~~Q}b 36 60 LTE 
'-"--..~- -

,V,," 3.25 2.60 2.85 2.65' 2.46 2.08 1,46 3.24 2.59 2,84 2.64 2.45 2.08 1.46 80.0% 
--'--1--'-

3.36 3.68 3.43 3.18 2.68 2.01 3.18 2.52 2.76 2.58 2.39 2.01 l.51 79.4% 
-.--- -- c- ---

4.47 4.92 4.58 4.22 3.55 2,57 3.20 252 2.78 2.59 2.38 2.00 1.45 78.8% 
'-"'--' _ .. - -. ..-.--

3.23 I 2.61 2.78 2.61 2,46 2.09 1.49 3.19 2.58 2.74 2.58 2.43 2.06 1.47 80.8% 
'-'----' ,-

3.40 3.19 2.71 2.06 3.12 2.49 2.74 2.54 2,38 2.02 1.54 "In 0111. 
. -.-~- -- f--- ~ 

OF 
56 

12:57:24 56 
12:57:32 56 
12:58:54 56 -- .. -
12:59:03 56 

4.55 4.20 3.57 2.49 2.49 2.76 2.56 2.36 2.01 1.40 79.2% ._ . ..)7 •• ~ 56 -- ... - .~. 

~'=::'1-=-::'1_2.:.§7 .~.~_ 2.2Q.~58 3.20 2.63 2.86 2.65~. 2.18 1.57 82.3% 81% ~13:oo:oo 56 
3.50 3.32 2.87 2.19 3.17 2.61 2.80 2.62 2.49 2.15 1.64 82.5% 13:00:10 56 

---'- ---
T • ..). '" 4.71 4.37 3.78 2.76 3.17 2.58 2.79 2.66 2,47 2.14 1.56 81.6% 13:00:17 56 

,--.--f---- f-

.65 2.94 fE.!. 2.62 2.28 1.61 3.25 2.63 .~~5~ ~ ~ 1.60 80.8% 13:00:53 56 
3.54 3.34 2.89 2.20 3.20 2.57 2.87 2.66 2.51 2.17 1.66 80.5% 13:01 :03 56 

._--!--_ ... ~ - .-- - -------
4.71 4,44 4.00 2.77 3.18 2.56 2,86 2,66 2.51 2.26 1.56 80.6% 13:01:10 56 

.-- .. ---
J,~J ~, 'v 2.67 2.50 2,13 1.52 4.27 3.21 2.85 2.66 2.49 2.12 1.51 75 ·W·. 70% 13:01:58 56 .-~.- -- .. _ .. - .. '-:~ .-

17 3.77 3.55 3.35 2.85 2.10 4.34 3.32 2.86 2,70 2,54. ~ 1.59 76.4% 13:02:07 56 
4.33 3.68 2.60 4.23 3.23 2.72 2.55 2.45 2.08 1.47 76.3% 

----- !- '~"'--
324 2.48 1.79 4.12 2.69 3.49 3.24 2.99 2.48 1.79 65.3% - '--"--
4.20 3.85 3.23 2.21 4.06 2.60 3.48 3.16 2.90 2,43 1.66 64.0% .-.-.-

I .. - I 6~ 5.62 5.10 4.29 2.87 4.09 2.54 3.50 3.20 2.91 2.44 1.64 62.1% 
3.18 2.92 2.69 2.25 1.53 3.87 2.93 3.18 2.92 2.69 2.25 1.53 75.7% 

"'. c----- -- ----. -- 1·- . 
3.81 4.11 3.78 3.48 2.94 2.02 3.78 2.87 3.10 2.85 2.62 2.22 1.52 75.9% ._.- .-. '--r-' .- . 
5.09 5.54 5.07 4.66 3.88 2.68 3.80 2.88 3.14 2.87 2.64 2.20 1.52 76.0% - .. -
2.S3 3.1'!..2-90 L 2.68 2.27 l.56 3.67 2.82 3.13 2.89 2.67 2.26 1.56 76.9% 

., ---_ .. "-,---" 
3.67 4.14 3.81 3.48 2.96 2.02 3.60 2.75 3.11 2.86 2.61 2.22 1.52 76.5% ----.. -- .. - ._. "'- - .. - . ,,- ... - .... _f--
4.S9 5.51 5.10 4.64 3.92 2.68 3.63 2.76 3.11 2.88 2.62 2.21 1.51 76.2% -'-._-_.- -.- --- .. . __ . ---"~'" 

2.50 2 .. 73 2.53 2.}5 1.99 1.42 3.09 2.49 2.72 2.52 2.34 1.99 1.42 SO.6% 
.. ..-.. ..- ---- . . .. -.' .. ~ --i---'-----

3.61 3.37 3.13 2.67 1.93 3.05 2.46 2.68 2.50 2.33 1.98 1.43 80.7% 
-- . - ._f.--. - _. -'-

4.42 4.13 3.48 2.61 3.07 2.45 2.69 2.50 2.34· 1.97 1.48 79.9% ---=- -_._" 
2.45 2.29 1.96 1.39 3.00 2,43 2.65,2,46 2.30 1.97 1.39 80.~ 

., 3. 3.00 2.58 1.82 3.00 2,43 2.64 2,45 2.27 1.96 1.38 8U % 
.-. '-

.':0 4.56 4.26 4.01 3.44 2.49 3.01 2.44 2.61 2.44 2.30 1.97 1.43 81.0% 
~~_ 2.22 1.91 1.36 2.86 2.33 2,48 2,31 2.21 1.90 1.35 81.3% -- -~- ,-. 

3.11 2.91 2.52 1.99 2.84 2.31 2.48 2.32 2.17 1.88 1.48 8l.3% 
3.83 3.32 2.44 2.82 2.27 2.52 2.33 2.16 1.87 1.38 SO.4% 

76% 1 13:04: 14 56 
13:04:23 56 
13:04:28 56 
13:05: 13 56 
13:05:22 56 
13:05:31 56 
13:13:01 
13:13:10 
13:13:17 
13:14:38 
13:14:471 56 
13: 14:53 56 ---

82% 113:16:24 56 
56 
56 

«·-·~ .. +--.:.....·-t· 
2 

2 
2 

2.17 1 1.89 "":'.:":-'--+-=---1-"-''-'--1 2,46 2.28 2.18 1.90 1.38 82.2% 56 
2.46 2.30 2.17 1.88 1.38 82.5% 56 

--=-c...L.=..2,4.3 2.29 2.14 1.85 1.40 82.9% 56 



,'I 

load at 

-_.-... - --
Sec ft Test 0 -12 12 18 26 36 60 L1E 
2 L1E-L 3.23 2.61 2.81 2.62 2,44 2.09 1,48 3.24 2.62 80.8% 
~ 

2 30 L1E-L 4.19 3.39 3.70 3.41 3.16 2.79 2.12 3.18 2.57 80.9% 
2 30 L1E-L 5.65 4.44 4.93 4.58 4.26 3.63 2.57 3.19 2.51 
2 30 L1E-A 3.17 2.55 2.76 2.56 2,40 2.06 1,47 3.16 2.54 
2 30 L1E-A 4.16 3.36 3.64 3.39 3.17 2.71 1.95 3.13 2.53 2.74 2.55 2.38 2.04 1.47 80.8% --- . 
2 30 L1E-A 5,43 4.41 4.78 4.47 4.16 3.56 2.63 3.06 2.49 2.69 2.52 2.34 2.01 1.48 81.2% -

2.56 2.41 2.28 1.98 1.40 81.5% 
2.55 2.39 2.27 1.96 1.43 81.2% -
2.53 2.38 2.25 
2.57 2,40 2.29 
2.57 2.38 

45 I L1E-A I 3 I 16.052 I 5.02 I 4.08 I 4.45 I I 3.91 I 3.42 I 2.55 I 2.81 I 2.29 11.50 2.32 
2.36 

1.89 

~-=---I-' f---'- I-----' 
1.95 

60 LW-A 2 11,853 3.71 3.11 3.35 3.12 2.96 2.53 1.87 2.82 2.36 2.54 2.37 .~ ! • ..l:91~. 
15,686 

1-'-- 1---
60 L1E-A 3 4.83 4.03 4.42 4.06 3.85 3.47 2.49 2.77 2.31 2.54 2.33 2.21 1.99 

~. LW-L _1_ 10.535 4.09 ~ -~ I~- 2.98 2.50 1.79 3.49 2.73 ~-122~ 2.55 2.14 
1---"-" -

75 LW-L 2 14,050 5.29 4.15 4.46 4.14 3.87 3.35 2.53 3.39 2.66 2.86 2.65 2,48 2.15 
75 L1E-L 3 I-~ ~ ~8 I~ ~3 5.14 4.36 3.11 3.28 2.55 2.81 2.58 2.40 2.03 

~ I-L1E-A 1 10,364 3.74 3.00 3.26 3.07 2.89 2.46 --~ 3.25 2.61 2.83 2.67 2.51 I~ 1,48 80.2% 
12,073 

I-- --

-~- LW-A 2 4.38 3.51 3.81 3.57 3.37 2.87 2.04 3.27 2.62 2.84 2.66 2.51 2.14 1.52 80.1% t--:: 
75 L1E-A 3 19,324 6.68 5,41 5.88 5.44 5.09 4.42 3.15 3.11 2.52 2.74 2.5~ t2.37 2.06 (47 81.0% 

LW-L . .1. _?155 3.30 2.61 1-_?91 2.72 2.54 2.16 1.52 3.24 2.57 2.86 2.67 2.50 2.12 1.49 79.1%.1 79% -
LW-L 2 12,231 4.40 3.52 3.92 3.64 3.39 2.89 2.13 3.24 2.59 2.88 2.68 2,49 

---'---J.--CC-
2.13 1.57 80.0% 

L1E-L 3 

2Q.. LW-A 
90 L1E-A R 
90 LT&A 3 

L1E-L 

5.85 4.70 5.07 4.76 4.44 3.77 2.75 3.28 2.64 2.84 2.67 2.49 2.11 
3.30 2.70 2.92 2.72 2.56 2.17 1.55 3.23 2.64 2.86 2.51 2.12 
4.28 3.53 3.83 3.55 3.34 2.86 2.05 3.20 2.64 2.87 2.66 2.50 2.14 
5.61 4.60 5.06 4.68 4.40 3.73 2.78 3.14 2.58 2.83 2.62 2.47 2.09 I 1.56 1 82.0% 1 113:30:48 



load at transverse 

0 -12 3 
3.08 2.54 2.83 2.63 2.48 2.16 1.57 3.06 

4.06 3.32 3.74 3.45 3.25 2.83 2.05 3.07 

5.34 4.32 4.93 4.54 4.27 3.66 2.75 3.00 

3.05 2.54 2.74 2.56 2.43 2.09 1.53 3.04 

3.36 3.59 3.39 3.20 2.79 2.05 3.06 
-

4.79 4.49 4.23 3.67 2.81 2.99 2.48 2.68 2.52 2.37 2.06 1.57 82.9% 13:32:50 49 
2.85 2.64 2.23 1.57 3.52 2.76 3.04 2.85 2.64 2.23 1.57 78.4% 79% 13:33:56 49 

--- -

3.73 3.47 2.93 2.20 3.43 2.70 3.01 2.81 2.61 2.21 1.66 78.7% 13:34:05 49 
4.99 4.63 3.92 2.66 2.99 2.79 2.59 2.19 1.57 78.4% 13:34:11 49 
2.78 2.58 2.21 2.77 2.99 2.82 2.62 2.24 1.59 79.4% 13:34:44 49 

3.42 2.88 2.76 3.01 2.78 2.62 2.21 1.70 79.3% 13:34:52 49 
4.50 3.83 2.71 2.97 2.76 2.57 2.19 1.60 78.9% 13:34:59 49 

3.73 4.22 3.87 3.52 2.88 1.92 78.8% 80% 13:41:27 49 

3.69 4.22 3.85 3.48 2.86 1.98 79.0% 13:41:32 49 --
3.64 4.19 3.83 3.46 2.87 1.91 78.5% 13:41:38 49 

4.70 3.75 4.06 3.76 3.52 3.17 2.20 79.8% 13:43:13 47 
4.64 3.73 4.05 3.71 3.40 2.85 80.5% 13:43:19 47 
4.58 3.73 4.03 3.68 3.36 2.82 1.93 81.4% 13:43:24 47 

13:44:07 47 

13:44:14 47 

13:44:18 47 

13:44:53 47 
13:45:00 47 

6.98 3.54 4.45 3.58 3.91 3.63 3.34 2.83 1.98 80.4% 13:45:04 47 
---

3.76 2.04 4.53 3.58 3.77 3.48 3.26 2.79 2.04 79.0% 79% 13:45:47 47 
5.03 2.70 4.49 3.52 3.78 3.49 3.22 2.79 2.03 78.4% 13:45:55 47 

- -

3.43 3.70 3.45 3.17 2.77 1.88 77.8% 13:46:00 47 

30 LTE-A 1 4.41 3.44 3.91 3.61 3.35 2.84 2.04 4.40 3.43 3.90 3.60 3.34 2.83 2.04 78.0% 13:46:35 47 
-

30 LTE-A 2 5.77 4.56 5.09 4.74 4.41 3.75 2.59 4.31 3.41 3.80 3.54 3.29 2.80 1.93 79.0% 13:46:42 47 

30 LTE-A 3 7.60 5.99 6.74 6.26 5.79 4.92 3.49 4.24 3.34 3.76 3.49 3.23 2.74 1.94 78.8% 13:46:47 47 
--

45 L'IE-L 8,911 4.77 3.70 4.00 3.65 3.33 2.80 1.96 4.82 3.74 4.04 3.69 3.36 2.83 1.98 77.6% 77% 13:47:28 47 

45 LTE-L 12,000 6.37 4.95 5.39 4.93 4.46 4.08 2.86 4.78 3.71 4.04 3.70 3.35 3.06 2.15 77.7% 13:47:34 47 

3.65 3.99 3.66 3.31 2.75 1.85 77.3% 13:47:38 47 
3.60 4.18 3.80 3.51 2.94 2.08 74.6% 13:48:13 47 -
3.63 4.15 3.78 3.47 2.95 2.05 75.7% 13:48:19 47 
3.61 4.16 3.74 3.43 2.90 1.98 76.3% 13:48:24 



" I 

Table C2. Deflections and load transfer efficienCies (L TE) at transverse edge measured using FWD/ continued. 
r- - _ _ _ . ______ . A.' __ .• _, ..•..•• _ .. .. _-_._ ... - , •..... _ ....•.•.. -....... . ---_._-_ ...• 

SIn Load Measured Deflections, mils Deflections Nurmalized to 9,000 Ih,}..oad, mils Average Time Temp .---- ._--
Sec ft Test Drop 1bf I 0 -12 12 18 26 36 60 0 -12 12 HI 26 36 60 LTE LTE hh:mm:ss of 

-- _._¥_._ ...... _- - --- ---47" 1 3 60 LTE-L 1 8,984 4 .34 3.42 3.64 3.35 3.08 2.60 1.86 4.35 3.43 3.65 3.36 3 .09 2.60 1.86 78.8% 79% 13:49:06 -.- 1---- --- ... _ .. _ .. ,- t---·- - I 
3 60 LTE-L 2 12,097, 5.76 4.57 4.87 4.50 4.13 3.45 2.53 4 .29 3.40 3.62 3.35 3.07 2.57 1.88 79.3% 13:49: 13 47 -"_ . f---. 
3 60 LTE·L 3 16,248 7.59 6.03 6,48 5.98 5.46 4.56 3. 18 4 .20 3.34 3.59 3.31 3.02 2 .53 1.76 79.4% 13:49: 19 47 ""--- ---,-,--
3 60 LTB-A 1 8,618 4.09 3.23 3.61 3.34 3.10 2 .62 1.88 4.27 3.37 3.77 3.49 3.24 2 .74 1.96 79 .0% 13:49:49 47 - - - ----
3 60 L1E-A 2 11 ,621 5.38 4.26 4.75 4.45 4 .07 3.68 2.64 4.17 3.30 3.68 3.45 3.15 2.85 2.04 79.2% 13:49:56 47 - -~.--.--... ---- .. _ ......... _- - ...• "' .. ~ 
3 60 LTE-A 3 15,540 7 .17 5.68 6.46 5.81 5.41 4.62 3.36 4.15 3.29 3.74 3.36 3. 13 2.68 1.95 79 .2% 13:50:00 47 -
3 75 LTE-L 1 9 ,070 4 .73 3.69 3.98 3.66 3.35 2 .85 2.03 4.69 3.66 3.95 3.63 3.32 2.83 2.01 78 .09'D 77% 13:52:05 47 - " t----- -r '-' 
3 75 LTE·L 2 _!2,305 6.33 4 .95 5.42 4 .97 4.54 3.82 2 .70 4.63 3.62 3.96 3.64 3.32 2.79 1.97 78 .2% 13:52:11 47 
3 75 LTE-L 3 15,784 8.12 6.33 6.92 6.37 5.80 4.86 3.33 4.63 3.61 3.95 3.63 3.31 2.77 1.90 78 .0% 13:52:16 47 .. r'-'-- t---.--
3 75 L1E-A 1 8,850 4.55 3.46 3.97 3.67 3.40 2.87 2.00 4.63 3.52 4.04 3.73 3.46 2.92 2.03 76.0% 13:52;47 47 

. - - - -,---_. ... -- ' ......... _ - --_ ....... 
3 75 LTE·A 2 11,926 6.07 4 .63 5 .28 4.88 4 .51 3.87 2.84- 4.58 3.49 3.98 3.68 3.40 2.92 2.14 76.3% 13:52:53 47 r-- - -

LiE-A 3 75 3 16,028 8.07 6.14 6.97 6.52 5 .99 5.05 3.59 4.53 3.45 3 .91 3.66 3.36 2.84 2.02 76.1% 13:52:58 47 
~ 

.... _- --- - _ .. -.. 
90 LTE-L 1 9,009 4 .58 3.66 3.90 3.60 3.32 2.78 1.93 4.58 3.66 3.90 3.60 3.32 2.78 1.93 79 .9% 79% 13:53:45 47 - --.- .•. . "'-... --- -- - '_'_ . . 0.- ---.-

3 90 L'ffi.L 2 12,109 6.04 4.82 5.19 4.79 4.40 3.72 2.58 4.49 3.58 3.86 3.56 3.27 2.76 1.92 79.8% \3:53:53 47 _.- -----, 
3 90 LTE-L 3 16,138 7.98 6.26 6.76 6.26 5.74 · 4.84- 3.37 4.45 3.49 3.77 3 .49 3.20 2 .70 1.88 78.4% 13:53:59 47 
3 90 LTE-A 1 8,936 4.52 3.52 3 .95 3.67 3.38 2.86 1.99 4.55 3.55 3.98 3.70 3.40 2.88 2.00 77.9% 13:54 :34 47 
3 90 Ll'E-A 2 12,048 5.95 4.70 5.23 4 .83 4.46 4.09 2.96 4 .44 3.51 3.91 3.61 3.33 3.06 2.21 79 .0% 13:54:42 47 ... -_.-
3 90 LTB-A 3 16,125 7.80 6.14 6.81 6.32 5.84 4.95 3A9 4.35 3.43 3.80 3.53 3.26 2.76 1.95 78 .7% 13:54:47 47 I---

2.79 1.99 4.65 3.62 3.96 3.64 3.34 2.01 77.8% ~ 3 105 LTB-L 1 8,911 4 .60 3.58 3.92 3.60 3.31 2.82 81% 13:55:31 
3 105 LTE-L 2 11,975 6.05 4.76 5.21 4.75 4.39 3.68 2.66 4.55 3.58 3.92 3.57 3.30 2.77 2.00 78 .7% 13:55:3& 47 -- r-:--:-:-- .. ~ ----
3 105 LTE-L 3 15,967 8.12 6.33 7.03 6.36 5.84 4 .95 3.42 4.58 3.57 3.96 3.58 3.29 2.79 1.93 78 .0% 13:55:44 47 ._--
3 105 LTE-A 1 8,997 4.23 3.52 3.77 3.51 3.27 2.79 2.07 4 .23 3.52 3.77 3.5 1 3.27 2 .79 2.07 83 .2% 13:56: 17 47 ... ... _- t-.-.-_ .. -.--.--.. ~ .. ,, -- r--- ......... 
3 105 LlE-A 2 12,048 5.63 4.69 4 .96 4.66 4 .33 3.83 2.83 4.21 3.50 3.71 3.48 3.23 2 .86 2.11 83,3% 13:56:26 47 r-- rws .- .. - - 1-' -3 L1E-A 3 16,174 7.39 6.12 6.58 6.11 5.67 4.85 3.47 4.11 3.41 3.66 3.40 3.16 2.70 1.93 82.8% 13:56:32 47 .... --,--r-'--'" ....... - ----_._.- t-- ... - .. 
3 120 LTB-L 1 ... ~~n 4.33 3.47 3.711 ~~!.. 3 .24 2.74 1.92 4.34 3.48 3.79 3.52 3.25 2.75 1.93 80 .\% 80% 13:57:13 47 f--.. - r---- - _ ....... 
3 120 LTE-L 2 12,109 5.74 4.61 5.00 4.65 4.30 3.63 2.70 4.27 3.43 3.72 3.46 3.20 2.70 2.01 80.3% 13:57:21 47 . " 1--- r------3 120 Ll'E-L 3 16,223 7.54 5.99 6.58 6.09 5.62 4 .73 3.35 4.18 3.32 3.65 3.3& 3.12 2.62 1.86 79.4% 13:57:26 47 - r--"'- ....... . - -_ .. _ .. _-
3 120 Ll'E-A 1 8,997 4.27 3.41 3.79 3.50 3.28 2.77 1.94 4 .27 3.41 3.79 3.50 3.28 2.77 1.94 79.9% 13:58:03 47 .. _--_ .. , -_._-- t--- .. -. 
3 120 LTE·A 2 12,073 5.62 4 .51 4.94 4.62 4.29 3.64 2.72 4.19 3.36 3.68 3.44 3.20 2 .71 2 .03 80.2% 13:58:11 47 -- 1---'-' ._-
3 120 L'fE..A 3 16,089 7.33 5.89 6.51 6.03 5.57 4.77 3.41 4.10 3.29 3.64 3.37 3.12 2.67 1.91 80.4% 13:58:17 47 -- - _.,. ,-
3 135 LTB-L 1 9,045 4.75 3.82 4.08 3.77 3.44 2 .87 2.05 4 .73 3.80 4.06 3.75 3.42 2.86 2.04 80.4% 81% 13:59:00 47 .- - _ ... _._-.-
3 135 LTB-L 2 1 \,987 6.25 5.10 5.39 4 .97 4.57 3.81 2.69 4.69 3.83 4.05 3.73 3.43 2.86 2.02 81.6% 13:59:07 47 . .......... _ ..... - - ._. -- --.---.~--- - '" 3 135 LTE-L 3 16,016 8.18 6.54 7.09 6.54 5.94 5.00 3.40 4.60 3.68 3.98 3.68 3.34 2.81 1.91 80.0% 13:59: 12 47 
3 135 LTE-A t .... . , _~m1 4.49 3.68 3.95 3.65 3.38 2 .89 2.11 4.48 3.67 3.94 3.64 3.37 2.88 2.11 82.0% 13:59:50 47 -_.- f-- --. 

I-...l.... 135 LTE-A 2 12,O~L 5.88 4 .83 5.18 4 .81 4,46 3.78 2.65 4 .37 3.59 3.85 3.58 3.32 2 .81 1.97 82.1% 13:59:58 47 ,- - -. . - ___ ~~A" •• ' _ . _ _ r---
3 135 LTB-A 3 16,003 7.65 6.26 6.72 6.23 5.75 4.88 3.45 4.30 3.52 3.78 3.50 3.23 2 .74 1.94 81.8% 14:00:05 47 .. -~.---~-



Table at 

--+-- +u·· I . '-l---~-+-=--t--=--l ~--- -- vv _.-
2.45 ~ ~_I 85% 
2.38 1.80 85.1% 

2.70 2.36 1.73 84.6% 
1.68 2.93 2.59 2.74 2.62 2.50 2.22 1.68 84.4% 85% c------
2.32 2.86 2.55 2.67 

I-
2.S5 2.46 2.17 1.75 85.3% 

2.94 2.80 2.51 2.64 2.53 2.40 2.12 1.66 84.7% 
1.64 3.15 2.80 2.98 2.83 2.74 2.42 1.65 E2.% I 85% - r--'~"" 

.09 J:J.3 2.86 2.76 2.66 2.33 1.74 85.3 
)1 2.72 2.86 2.73 2.61 2.30 1.58 84.7% 
9 2.79 3.00 2.85 21!. 2.32 1.70 83.0% 83% 

~ 2.78 i2~ f2.8J... 2.65_:Z}L 1.85 84.0% 
2.98 3.06 2.73 2.95 2~ 2.62 
·f- _ .. _-- ---r--

1.51 2.95 2.55 2.70 I-~ 2.42 
2.09 2.90 2.53 2.65 2.52 2.37 
2.59 

----
2.64 2.01 3.63 3.00 
3.60 2.90 3.59 2.99 14:56:23 . 

5.17 5.88 5.57 5.31 4.69 3.59 3.51 2.93 14:56:29 54 
14:59:17 54 
14:59:21 54 

54 
54 
54 
54 

80% \15:08:20 54 
15:08:24 54 
15:08:28 54 
15:15:28 54 
15:15:38 ~ 
15:15:44 54 



load at 

mils Deflections Normalized to 9,000 Ib mils 
Sec fI Test Drop Ibf I 0 -12 12 18 26 36 60 0 -12 g 

1<3~:91;;1 36 T60 
3 0 Shoulder 1 9,229 3.85 3.40 3.57 3.48 3.29 2.90 2.08 3.75 3.32 3.48 
3~ 

-< --
0 Shoulder 2 109. 4.91 4.42 4.59 4.46 4.25 3.72 2.73 3.65 3.29 3.41 3.31 

~ ~« ~ 1·<' - 1--< -:-- <- I~- .< f-- I------
3 0 Shoulder 3 16,113 6.42 5.69 5.96 5.74 5.45 4.84 3.59 3.59 3.18 3.33 3.21 3.04 2.70 2.01 85.2% 

3 45 Shoulder 1 9,143 4.13 3.57 3.90 3.69 3.47 3.18 2.41 4.07 3.51 3.84 3.63 3.42 3.13 2.37 81.7% I 82% .-. 

3 45 Shoulder 2 W~8Z1. 5.33 4.66 5.02 4.71 4.47 4.00 2.84 4.04 3.53 3.80 3.57 3.39 3.03 2.15 82.9% 

3 45 Shoulder 3 15,784 6.95 6.11 6.65 6.16 5.91 5,42 3.72 3.-2§ 3.48 3.79 3.51 3.37 3.09 2.12 82.0% 

+ 90 Shoulder 1 9,192 3.79 3.31 3.57 3.38 3.21 2.80 2.05 3.71 3.24 3.50 3.31 3.14 2.74 

90 Shoulder 2 12,097 4.88 4.32 4.57 4.33 4.12 3.60 2.83 3.63 3.21 3.40 3.22 3.07 2.68 -
90 

~~ 

16,187 3 Shoulder 3 6.51 5.69 6.05 5.68 5.41 4.78 3.51 3.62 3.16 3.36 3.16 3.01 2.66 

2... ..1.35 Shoulder 1 9,241 3.93 3.51 3.69 3.50 3.32 2.86 2.02 3.83 3.42 3.59 3.41 3.23 2.79 

3 135 Shoulder 2 12,073 5.10 4.59 4.78 4.54 4.30 3.74 2.88 3.80 3.42 3.56 3.38 3.21 2.79 
-3 ~ 1-6,113 135 Shoulder 3 6.63 6.04 6.24 5.95 5.61 4.86 3.48 3.70 3.37 3.49 3.32 3.13 2.71 

3 180 Shoulder 1 9,155 3.75 3.19 3.47 3.29 . 3~1() 2.69 1.94 3.69 3.14 3.41 3.23 3.05 

3 180 Shoulder 2 12,048 4.86 4.20 4.49 _4.27 4.03 3.51 2.66 3.63 3.14 3.35 3.19 3.Ol .... 

3 180 Shoulder 3 16,199 6.31 5.47 5.94 5.59 5.28 4.57 3.32 3.51 3.04 3.30 3.11 2.93 
t'L .L1. 

--~ r~~' 

2.59 3 225 1 9,155 3.43 3.03 3.23 3.09 2.95 1.88 3.37 2.98 3.18 3.04 2.90 - .. 

3 225 Shoulder 2 12,158 4.50 4.02 4.26 4.06 3.87 3.40 2.56 3.33 2.98 3.15 3.01 2.86 
3 225 Shoulder 3 16.223 5.85 5.23 5.52 5.31 5.02 4.41 3.26 3.25 2.90 3.06 2.95 2.78 
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