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Concrete Pavement Joint Stiffness 
Evaluation 
JAMSHID M. ARMAGHANI, JOHN M. LYBAS, MANG TIA, 

AND BYRON E. RUTH 

Concrete pavement distress is often associated with the effec
tiveness of load transfer at joints and contributing factors such 
as pumping. Current analytical methods attempt to simulate 
load transfer, curling, and load effects in the modeling of 
pavement response. In general these analytical models do not 
accurately define load transfer and thermal effects. Therefore, 
research bas been initiated to develop improved methods for 
analysis and design of concrete pavements. The initial results 
of tests conducted on a Florida Department of Transportation 
test pavement Indicate that pavement and joint response can 
be effectively modeled using a three-slab, two-joint, finite
element computer program (FEACONS III). Besides conven
tional layer parameter input, the program requires spring 
constants for pavement-edge friction, joint shear, and joint 
moment. The analysis of plain concrete pavement was per
formed using the falling weight deflectometer (FWD). Data 
were collected during different seasons, when the differential 
(LlT) and average slab temperatures varied substantially. Gen
erally four different load levels were used in the FWD to assess 
load-deflection linearity. Temperature-curling and contrac
tion-expansion effects were also monitored independently. 
Spring stiffnesses were varied in the FEACONS III analyses 
until the predicted deflection basins matched those measured 
for different temperature and loading conditions. The results 
obtained with a downward curling (LlT = 9°F or 5°C) indicated 
that spring stiffnesses representing edge friction, joint shear, 
and moment at the joint remained constant regardless of load
Ing position. This suggests that differential drying shrinkage or 

Civil Engineering Department, College of Engineering, University of 
Florida, Gainesville, Fla. 32611. 

a moisture differential had produced upward warping, which 
was offset by the 9°F (5°C) downward curling. At other dif
ferential temperatures, the spring s tiffness varied according to 
slab lift-off and load position. The average slab temperature 
(seasonal) was found to have a pronounced effect on joint 
stiffness. At high temperatures, the shear and moment stiff
nesses were very high, providing close deflections for loaded 
and unloaded sides of the joint. When mean slab temperature 
was lowered, the analyses indicated a significant reduction in 
joint stiffness. 

The critical element of a concrete pavement is the joint that 
influences load transfer and pavement performance. Pavement 
engineers should therefore be primarily concerned with the 
analysis of joints to better describe their behavior. A thorough 
understanding of the effects of thermal and load conditions on 
concrete joints should provide for an improvement in design 
methodology and durability. 

Thermal conditions imposed on concrete pavements influ
ence the joint stiffness that affects load transfer characteristics. 
The average temperature of the concrete pavement influences 
load transfer of undowelled joints according to the degree of 
aggregate interlock. On the other hand, the temperature dif
ferential between the top and bottom surfaces determines the 
degree of warping and the curling conditions at the joint that, in 
effect, cause the variability in the stiffness along the joint. 

A number of finite-element computer programs have been 
developed to analyze the structural behavior of jointed pave-
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ments. Among these programs, WESLIQUlD (1), ILLl-SLAB 
(2), and the model developed by Huang (3), have been widely 
used for analysis. In these programs the joint stiffness is related 
Lo joinl efficiency, which is a physical property of the joint. The 
joint efficiency is defined as the percenl ratio of deflections 
between the unloaded and the loaded sides of a joint. For nny 
loading position, the joint efficiency as defined may vary for 
different locations along the joint Moreover, the thermal con
dition may also influence the value of joint efficiency regard
less of loading position. Therefore, relating the stiffness lo joinl 
efficiency may, in many cases, result in an inaccurate modeling 
of joint behavior. 

Described in this paper is a procedure to determine the 
stiffness of an undo welled joint in a concrete pavement using a 
finite-element program, FEACONS III, as an analytical tool, 
and the results from the loading tests using the falling weight 
deflectomcter (FWD). Tests were conducted on a specially 
prepared test pavement. The test pavement was constructed Lo 

be representative of in-service concrete pavements in the stale 
of Florida. Load tests were perfonncd al different slab posi
tions such as, center, edge, corner, and two other locations 
along the undowelled joint. The tests were conducted at dif
ferent temperature differentials of the pavement and at different 
seasonal concrete temperatures. Deflection profiles of the pave
ment at the undowelled joint were also measured for different 
temperature differentials to determine the warping conditions 
at the joint. 

This study is a part of an ongoing research program between 
the University of Florida and the Florida Department of Trans
portation (FDOT) to evaluate 

1. Behavior of dowelled and undowelled joints, 
2. Effects of thermal conditions of the pavements on the 

response to the applied FWD loads, and 
3. Effects of voids and their locations on the pavement 

response. 

The goal of this research is to accurately model the response 
of the test pavement when it is subjected to different thermal 
and loading conditions. Some early findings of this research 
were presented in a previous paper by Lybas et al. (4). Since 
then, extensive work has been done toward accomplishing the 
three aforementioned objectives of the main research. The 
information presented in this paper is a part of the findings of 
this ongoing research. 

FEACONS III COMPUTER PROGRAM 

The finite-element analysis of concrete slabs (FEACONS III) 
computer program was developed at the University of Florida 
(5) to analyze the response of a concrete pavement subject to 
concentrated or uniform vertical loads. 

The program considers the following factors in the analysis: 

1. Weight of the concrete slabs, 
2. Voids beneath the concrete slabs, 
3. Effects of joints and edges, and 
4. Effects of temperature differentials between the top and 

bottom surfaces of the slabs. 
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FEACONS III models a concrete pavement as a three-slab 
system. A concrete slab is modeled as an assemblage of rec
tangular plate finite elements with three degrees of freedom at 
each node. Load transfer across the joints between the adjoin
ing slabs are modeled by linear and rotational springs connect
ing the slabs at the nodes of the elements along the joint 
Frictional effects at the edges are modeled by linear springs at 
the nodes along the edges. The subgrade is assumed as a 
Winkler foundation modeled by a series of vertical springs at 
the nodes. Subgrade voids are modeled as initial gaps between 
the slab and the springs at the specified nodes. 

There arc four input parameters for the program: 

1. Subgrade spring stiffness (Ks) in kips per cubic inch 
modeling the subgrade stiffness of a pavement; 

2. Edge spring stiffness (KEc) in kips per square inch mod
eling the frictional resistance at the edge of the pavement; 

3. Joint linear spring stiffness (KL) in kips per square inch 
modeling the shear stiffness of the joint; and 

4. Joint rotational stiffness (KR) in kips per inch modeling 
the moment stiffness of the joint. 

DESCRIPTION OF TEST PAVEMENT 

A six-slab concrete pavement test road incorporating two 
dowelled and four undowelled joints was constructed at the 
FDOT Bureau of Materials and Research. Each slab is 6.1-m 
(20-ft) long, 3.66-m (12-ft) wide, and 23-cm (9-in) thick. The 
test road, as shown in Figure 1, incorporates voids of two 
different depths and various sizes. Slab 4 is a control slab, cast 
with no voids, and has been used for comparison of response 
with the slabs with voids. 

TESTING SYSTEMS AND DATA COLLECTION 

FWD Measurements 

FWD loads were applied at the center, edge, and corner of 
Control Slab 4. Two other locations along the undowelled joint 
were also tested; their locations were at 75 cm (30 in.) and 165 
cm (66 in.) from the edge, respectively. Magnitudes of the 
testing loads ranged from 250 kPa (36 psi) to 950 kPa (138 psi). 
The tests were conducted at various temperature differentials 
(~T) that occurred during the test day. The tests were repeated 
during summer, fall, and winter. A typical load deflection 
relation at various temperature differentials for corner loading 
is shown in Figure 2. 

For each joint loading, deflections were measured with sen
sors along the loaded and unloaded sides of the joints. Thus the 
measured deflection basins on both sides of the joints were 
obtained. 

Temperature Measurements 

Air and concrete temperatures were measured using ther
mocouples. Thermocouples were embedded in Slabs 3 and 4 as 
shown in Figure 1. Thermocouple Locations a and b in Slab 3 
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include a thermocouple 1 in. below the top and 1 in. above the 
bottom surface of the concrete. Thermocouple Locations c, and 
d in Slab 4 include five thermocouples positioned at different 
levels in the concrete as shown in Figure 1. 

Concrete and air temperatures were recorded every 15 min 
during the FWD loading tests. The temperatures were also 
recorded every hour before and after the FWD tests for the 

complete 24-hr cycle. A typical hourly air temperature (TA) and 
average concrete temperature (Tc) are shown in Figure 3. The 
average concrete temperature represents the average of the 
measured temperatures from all thermocouples in the pave
ment. Typical hourly values of temperature differentials (~T) 
computed as the difference between the temperatures of the top 
and bottom surfaces of the pavement are sho~n in Figure 4. 
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Deflection Profiles at the Joint 

Deflection profiles of the pavement along the undowelled joint 
(Joint 4) were measured at various temperature differentials 
using linear variable differential transducers (LVDTs). A tim
ber frame was placed over the pavement width to hold the 
LVDTs. Seven LVDTs were used to record the surface eleva
tions along the undowellcd joint. A data acquisition unit 
HP3497 controlled by an HP9825A computer, was pro
grammed to record L VDT readings and store them in the 
computer every 30 min. Another data control unit was pro
grammed to record temperature measurements from the ther
mocouples simultaneously with the LVDT readings. The 
deflection profiles from the LVDT measurements at various 
temperature differentials are shown in Figure 5. 

SELECTION OF INPUT PARAMETERS FOR 
FEACONS III 

In order to use the FEACONS III program to evaluate joint 
stiffness, the main input parameters of the model had to be 
determined first. The main assumption in the model was that 
uniform subgrade support existed with no voids beneath the 

600 
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slabs. All test results for the analysis presented in this paper 
were obtained from Control Slab 4. 

Selection of Subgrade Spring Stiffness (Ks) 

Different subgrade spring stiffnesses (K,) were assumed in the 
FEACONS ill program. Predicted deflection basins represent
ing the different subgrade spring stiffnesses were compared 
with the measured deflection basin for loading at the slab 
center. The actual deflection basin in this comparison repre
sented the linear response of the pavement or the condition of 
full contact between the center of the slab and the subgrade. 

The predicted deflection basin that best correlated with the 
measured deflection basin was considered to represent the 
subgrade spring stiffness of the pavement. 

Selection of the Edge Spring Stiffness (KE0 ) 

With the subgrade spring stiffness (K,) evaluated, predicted 
and measured deflections from the edge loading were cor
related to determine the edge spring stiffness (KEa). Different 
KEG values were assumed in the program. Comparisons were 
made between the predicted and Lli.e actual deflection basins. 
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The predicted deflection basin that correlated closely to the 
actual deflection basin represented the edge spring stiffness that 
best modeled the frictional resistance at the pavement edges. 

Selection of the Linear and Rotational Spring Stiffnesses 
at the Joint (KJ, (KR) 

Linear spring stiffness (KL) representing the shear stiffness, 
and the rotational spring stiffness (KR) representing the 
moment stiffness had to be determined individually to assess 
the actual joint stiffnesses. With the load applied at the joint, 
the predicted deflection basins were compared with the mea
sured deflection basins. This comparison was made for deflec
tion basins on the loaded and on the unloaded side of the 
undowelled joint. A,s in the center and edge loading case, only 
measured deflection basins exhibiting linear load response 
were used in the analyses. 

Different combinations of KL and KR values were assumed 
in the FEACONS III program. The combination of KL and KR, 
that resulted in deflection basins that best correlated with the 
measured deflection basins on both sides of the joint, repre
sented the joint stiffness for the specified loading condition. 

ANALYSIS OF THE FWD LOAD-DEFLECTION DATA 

The test results from comer loading at Slab 4 were analyzed. 
Figure 2 shows the load-deflection relation for various tern-

15cm __ ..,u._ 
(6 in) 
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perature differentials (d T). This relation is nonlinear at d T of 
-6°F, representing an upward curling of the comer, as is evi
dent from the deflection profiles in Figure 5. As the tempera
ture differential (dT) became more positive, the condition of 
the slab comer changed from upward to downward curling as 
shown in Figure 5. This change is reflected in the load-deflec
tion relation as it became linear at dT of +9°F and above, and 
the pavement system response to loads became uniform. In 
Figure 5, the +9°F temperature differential represents a flat 
position of the joint. The load-deflection relation was also 
determined for the other two load positions along the joint, and 

the condition of linear pavement response was selected for 
comparison with the predicted deflections. The linear load
deflection relations at the three load positions along the 
undowelled joint are shown in Figure 6. 

Typical load-deflection relations at the slab center are shown 
in Figure 7. At dT of -3°F the load-deflection is linear, 
indicating linear response of the pavement system to the 
applied loads. This temperature differential (-3°F) represents a 
downward curling position of the slab center, where the slab 
may be in full contact with the subgrade. However, at ~T of 
+ 11°F and more, the response is nonlinear; this is due to the 
upward lifting of the slab center from the subgrade. 

In order to evaluate the subgrade stiffness accurately, the 
condition of the linear pavement response should be used in the 
analysis, and not any arbitrarily chosen deflections from the 
test results. 
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FIGURE 7 Typical load-deflection relations at the slab center. 

RESULTS OF FEACONS III ANALYSES 

Subgrade Stiffness of the Pavement 

The predicted deflections that correlated besl wiih che mea
sured deflections from the summer and winter tests are shown 
in Figure 8. There appears to be a variation in the subgrade 
stiffness (K) between summer and winter. As shown in Figure 
8, the Ks for summer was 0.35 pci and 0.25 pci for winter. 

Different values of KEG• KL, and KR were tried in the 
FEACONS III program. Results of the analytic solution 
showed no change in the values of the deflections at the slab 
center. This indicates that deflections in the slab center are not 
affected by changes in the joint and edge stiffnesses. 

Edge Stiffness 

Predicted deflection basins that correlated very closely with the 
actual deflection basin along the slab edge are shown in Figure 
9. The deflection basin, represcmi.ng Ks of 0.25 pci and KEG of 
10 psi, correlated very well with the actual deflect.ion. Edge 
spring stiffness values of 15 ksi and 5 ksi were also tried in the 
program, but correlated poorly with the actual deflection basin 
as shown in Figure 8. Various combinations of KL and KR were 
also assumed, but showed no e[fecL on the deflection basin 
along the joint. 

Joint Stiffness 

Joint stiffness was evaluated at two thermal conditions, A and 
B, for the summer test, and at two other seasons, fall and 

winter. Figures 10-13 show evaluations of the shear and 
moment stiffnesses at three positions along the undowelled 
joint fur Thermal Condition A of the summer test. It is evident 
from the analyses that the stiffness along the joint varied at a 
6T i6°E From Load Position 1 to Load Position 3, there were 
sharp reductions in the values of KL and KR as shown in 
Figures 10 to 13. 

An examination of the joint stiffnesses in Figures 14 and 15 
for Thermal Condition B indicates a uniform, constant stiffness 
along the joint. For this thermal condition the KL and KR 
remained conslant at values of lO ksi and 2,500 kips/in., respec
tively, regardless of load position along the joint. 

Joint stiffness evaluations for the fall and winter conditions 
are shown in Figures 16 and 17. Compared with summer (Fig
ures 10 and 11), the joint stiffness decreased in fall and winter. 
For K, of 0.25, the value of KL decreased from 750 ksi in the 
summer lo 60 ksi in the fall to 10 ksi in the winter, and the KR 
decreased from 5,000 kips/in. in the summer and fall to 2,500 
kips/in. in the winter. 

DISCUSSION OF RESULTS 

Joint Stiffness 

In this paper, the joint stiffness was evaluated by comparing 
predicted and measured deflection basins. No attempt was 
made to relate the joint stiffness to the joint efficiency that had 
been used in some previous studies (2, 3). Joint efficiency was 
defined (2) as the percent ratio of deflections of the unloaded to 
the loaded sides of the joint. However, it was concluded from 
analyzing the test data for the present study, that relating joint 
stiffness to joint efficiency may be inaccurate and misleading 
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FIGURE 14 Deflection basins on the loaded and the unloaded sides of the undowellcd joint. 
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FIGURE 15 Deflection basins on the loaded and the unloaded sides of the undowelled joint (summer test). 



!IO 

2!10 

P= !140 kPo 
(78 pail 

t JJIJ + 
0 
0 

(12) 

30 

(241 
60 

Distance from north edge 

(36) 

90 

(48) 

120 

(60) 

1!10 

(72) (in) 

180 cm 

Unloaded side~ -

&--. --0 
...fi-

0 -_c:r-
.Jij- -0- Predicted Deflections 

I in = 2!14 mm 
lpsi = 6.9kPo 

L oad si de 

Ks f<e:G Kt_ KR 
(kci) (ksi) (ksi) {k/in) 

0 25 10 60 isooo 

Measured Deflections 

D • 14 86 77 

C. T = Temperature Differential 

Tc = Average Canoei. Tempero~r• 

30 O 1A = Air Temperature 

Foll Test 

Load Pastian ( I ) 

t est 

h 

FIGURE 16 Deflection basins on the loaded and the unloaded sides of the undowelled joint (fall test). 
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FIGURE 17 Deflection basins on the loaded and the unloaded sides of the undowellcd joint (winter test). 
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TABLE 1 JOINT EFFICIENCIES ALONG THE JOINT FOR IBREE LOAD POSITIONS 

Distanc e Lo ad Positi on (l ) Load Pos i tion (2) Lo ad Position (3) 
From 

f/orth Edge Deflection (mm x 10- 3) Joint Deflec t ion Imm x 10- 3) J o int Deflection Imm x 10-3) 
cm Ii n) Lo ad ed Si de Unl oad ed Si rle [ff. 't Loa ded Si de Unlo aded Side Eff. 't Loaded Side Unloaded Si de 

IS 16) lfi5 136 82 8~ 86 97 

45 I 18 l 124 110 eg 107 92 86 

75 ( 30) qo 86 90 127 88 69 77 56 

105 ( 42) 67 66 99 115 81 70 I ll 62 

135 ( 54) 50 49 9q 96 69 72 14 7 67 

165 ( 66) 37 37 100 77 59 77 153 69 

195 ( 78) 28 28 100 57 49 86 l 32 67 

ns (90) 105 63 

255 ( 102 ) 72 56 

Note: Load= 540 kPa (78 psi). 1 psi= 6.9 kPa, and 1 in.= 25.4 mm. Thermal conditions: ~T = +l7°F, and Tc= 99°. Joint 
efficiency = (deflection, unloaded side/Deflection, loaded side) X 100. Load Positions 1, 2, & 3, see Figure 6. 

Jotnt 
Eff. 't 

73 

59 

46 

45 

51 

6D 

78 

as illustrated in Table 1. In Table 1 the values of joint efficiency 
changed from the 82 percent at Load Position 1 to 99 percent at 
90 cm (36 in.) away from the l.oad center. The joint efficiency 
measured at Load Positions 1, 2, and 3, also changed from 82 
percent (Position 1) to 69 percem (Position 2) Lu 4~ pe11..enl 

(Position 3). As a result of the inconsistent values of joint 
efficiencies, the evaluation procedure of the shear and moment 
stiffnesses was based on deflection basins correlations and not 
on ratios of measured deflections at the joint. 

Variability of Stiffness Along the Undowelled Joint 

In Figure 18, the shear and moment stiffnesses along the joint 
for Thermal Condition A are shown to have varied consider
nbl , wh rcns for Thermal Cond it i "I'.\ 1h stiff ss s 
remained constant along the joint. The temperature differen
tials for Thermal Conditions A and B were 16°F and 9°F, 
respectively. In Figure 5, the deflection profiles for b.T of +15°F 
and + 17°F indicate a downward curling of the joint. This 
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FIGURE 18 Effects of temperature differential or the concrete pavement on variability of joint stiffness along the 
undowelled joint. 
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curling along the joint may have caused variable joint opening 
and, consequently, may have induced a variable degree of 
aggregate interlock resulting in the variation of the stiffness 
along the joint. 

In the case of Thermal Condition B, the temperature gradient 
ranged between +7.5°F and 10°F. As shown in Figure 5, the 
deflection profiles for this range of temperature differentials 
indicate an almost level surface or no warping condition along 
the joint. This thermal condition may have caused a uniform 
joint opening and subsequently a uniform aggregate interlock 
that in tum may have resulted in uniform shear and moment 
stiffnesses along the joint. 

It should be noted from Figure 5 that the no warping or 
curling condition occurred at .1 T of +9°F and not at .1 T of 0°F. 
This may be a result of the effects of moisture in the concrete or 
the differential drying shrinkage that might have occurred in 
the slabs after placing the concrete. 

Seasonal Changes In Joint Stiffness 

Seasonal changes in the average temperature (Tc) of the con
crete pavement resulted in the variability of the shear and 

Ks = SubQrade spl'inQ •tiffnes• 
f<e:G = EdQe spring stirtn&ss 
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moment stiffnesses. The variability in stiffness between sum
mer, fall, and winter as Tc is decreased from 98°F in the 
summer to 64°F in the winter is shown in Figure 19. 

The average concrete temperature affects the expansion or 
contraction of the pavement slabs and controls the degree of the 
joint locking. When Tc was reduced from 98°F to 64°F the joint 
between the adjoining slabs might have opened enough to 
cause the sharp reduction in the shear and the moment stiff
nesses of the undowelled joint. 

CONCLUSIONS 

A procedure was presented to evaluate a test pavement, using 
the finite-element computer program FEACONS III and field 
deflection data from the FWD tests. Subgrade, edge, and joint 
stiffnesses were evaluated to correlate predicted and measured 
deflection basins. Based on the evaluation of the undowelled 
joint, the following conclusions were made: 

1. The concept of joint efficiency has been determined to be 
an unrealistic measure of the joint stiffness due to its variability 
with changes in load positions and thermal conditions. 

KR = Rotation spring •tiffnes• at joint 
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FIGURE 19 Effects of concrete pavement temperature on the joint stiffness 
of the undowelled joint. 
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2. The shear and moment stiffness varied along the joint 
when the deflection profile of the slab showed a condition of 
downward curling. 

3. The shear and moment stiffnesses were constant when the 
deflection profile at the slab along the joint showed a condition 
of no warping or curling. 

4. The shear and moment stiffnesses decreased as the aver
age temperature of the concrete pavement decreased between 
the sununer and the winter seasons. 

FEACONS III will be further tested to determine its 
capability in modeling various joint types, slab conditions such 
as warping, and the presence of voids below the pavement. If 
all of the variables affecting pavement response can be mod
eled by this finite-element program, it should be equally appli
cable to rhe analysis of concrete pavements with different 
thicknesses, slab lengths, skewed joints, and so on. It is 
intended that charts, functions, or both be developed to predict 
the values of the Ks, KEG• Kv and KR, which formulate the 
direct input into FEACONS III for use in the analyses or 
development of design charts for concrete pavements. 
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