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O n up lift ca pa c ity  o f a ge d  g rilla ge  founda tions 
La  ca pa cité  de  sous-pre ssion  de  vie ille s fonda tions de  ‘g rilla ge ’

Fred H .Kulhawy & H a rry E. S tewa rt - School of Civil and Environmental Engineering, Cornell University, Ithaca, N.Y., USA

ABSTRACT: Eight full-scale field uplift tests were conducted in granular soils on steel grillage foundations for lattice transmis

sion line towers that had been in place since 1929, 1947, and 1958. Both the site conditions and load tests were documented 

extensively. For capacity evaluation, the vertical shear model is appropriate, but cautions are warranted for evaluating the stress 

state and properties o f  both the backfill and native host soil. The test results showed that, although backfill compaction was mini

mal or nominal at placement, probable overconsolidation and aging have improved the backfill properties, making them more like 

those of the native host soil. This positive aging effect on capacity could have significant economic impact on many planned 

upgrading studies in progress around the world.

1 INTRODUCTION

Steel grillages have been used extensively since the early 

1900s as the foundations for lattice steel, electrical transmis

sion line tower structures. Although they have been used for 

many years, there are only limited full-scale field test data 

available (Kulhawy et al 1983b), and nearly all o f  these were 

developed to address specific design and/or construction 

issues for a particular transmission line. Comprehensive geo- 

technical, construction, and performance measurements rarely 

were made, and therefore the results are o f  limited use for 

detailed geotechnical analyses. Recently, the writers conduc

ted eight full-scale field uplift tests on three sizes o f  grillages 

in granular soils (Stewart & Kulhawy 1990). Key results o f  

these tests are presented herein, with emphasis on the uplift 

capacity. Complementary load-displacement evaluations are 

given by Kulhawy & Stewart (1994).

2 TEST GRILLAGES

Grillages are prefabricated, steel foundations o f  the general 

form shown in Figure 1 and are composed o f  conventional, 

galvanized steel sections (angle, I, wide flange, channel, etc.) 

that can be ordered from the same fabricator as the structure. 

The steel components are shipped to the site and then are 

assembled by bolting them into the final grillage form, with 

the stub angle and lower bracing bolted to the grillage base. 

Installation is by backhoe excavation, placement and leveling 

of the grillage, and subsequent backfilling. Then the tower is 

bolted to the protruding stub angles and bracing.

Stub 

angle Lower 

bracing

i i x i  r * ~ — Grillage base

Figure 1. Illustrative grillage foundation

Three grillage types are discussed herein. Two were loca

ted near the N ew  York State Electric & Gas Corp. (NYSEG) 

Hickling Generating Station, east o f  Coming in Big Flats, 

NY. At this site, two tower foundation systems, o f  four gril

lages each, were left in place following a tower abandonment 

and relocation. The towers included a Lehigh dead-end struc

ture (designated No. 84) that was installed in 1947 and a BA 

dead-end American Bridge structure (designated No. 4) that 

was installed in 1958. The nominal grillage dimensions were: 

(a) for the Lehigh tower, base (B) = 2.13 x 2.13 m, depth (D) 

= 2.90 m, and D/B = 1.36, (b) for the BA tower, B = 1.45 x

1.52 m, D = 3.35 m, and average D/B = 2.26.

The third grillage type and second test site was southeast o f  

Elmira, N Y  near Wyncoop Creek. At this site in 1983, a 

windstorm knocked down the upper portion o f  a Lehigh X- 

tower (designated No. X2) by shearing several splice bolts at 

the top o f  the 3.05 m leg stub extensions. However, the gril

lages apparently were intact, and there was no evidence o f  

unusual behavior in our tests. This tower was installed in 

1929 and had nominal grillage dimensions o f  base (B) = 0.91 

x 0.91 m, depth (D) = 2.29 m, and D/B = 2.50.

3 SITE CONDITIONS

The test sites were investigated thoroughly using a wide range 

o f  techniques, including test pits, conventional borings, and a 

variety o f  in situ  tests (standard penetration, cone penetration, 

pressuremeter, borehole shear, drive cone, dilatometer). Parti

cular attention was paid to the potentially different character

istics o f  the native soil and the backfill over the grillages. All 

o f the grillages were constructed using the excavated native 

soil as backfill, although it was apparent that there was some 

scalping o f  boulders and cobbles at both test sites.

Table 1 summarizes the basic soil index properties at the 

test sites. In accordance with ASTM standards, particles over 

76 mm were excluded in the gradation analyses. The actual 

maximum sizes observed in test pits are noted in Table 1, and 

therefore the gradation values shown (for 76 mm maximum) 

represent the high side o f  the actual in situ values. It is clear 

that the backfill was scalped at both sites. At Wyncoop 

Creek, large platy boulders (450 mm diameter by 75 to 150 

mm thick) were present throughout the depth explored. At 

both sites, some plasticity was noted in the fines.
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Table 1. Soil index properties

Soil index Hickling Station Wyncoop

Native Backfill Backfill

Dmax(mm) 76 [305+]“ 76 [203+]a 76 [457+]“

Dso (mm) 32 13 1.8

D 50 (mm) 11 5 1.1

D30 (mm) 4 0.03 0.29

D I0 (mm) 0.1 0.002 *  0.0005

w L(%) 30 34 27

PI (%) 10 10 26

a - field in situ  values o f  D,

The soil consistency was evaluated from the various tests, 

using procedures summarized by Kulhawy & Mayne (1990). 

At Hickling Station, the native soil relative density was on the 

order o f  60 %, while that o f  the backfill was about 50 %. At 

Wyncoop Creek, the native soil and backfill were more com

parable, with relative densities on the order o f  50 to 60 %.

4 LOAD TESTING

All o f  the load testing was done during a period o f  3.5 weeks, 

from initial site mobilization through eight tests to final demo

bilization and cleanup. Aside from a few connnection details, 

the same loading, reaction, instrumentation, and data acquisi

tion systems were used throughout. All were designed using 

the criteria recommended by Hirany & Kulhawy (1988), with 

minor adaptations to allow for large displacement testing and 

monitoring (up to 350 mm).

Figure 2 illustrates the load test system. As can be seen, 

the grillages were tested axially along the respective stub 

angle orientations from vertical, which ranged from 6.8° for 

Lehigh No. X2 (2 tests), to 8.6° for BA No. 4 (3 tests), to

11.2° for Lehigh No. 84 (3 tests). A slightly modified, quick 

maintained load procedure was used, and several unload- 

reload cycles were conducted before applying the maximum 

test loads.

After the load tests, one o f  each grillage type was excava

ted to verify their structural details and physical condition. All 

three were in excellent condition, with no noticeable structural

distress. Minor surface corrosion was present, but there were 

no deep pittings or severely corroded areas. The bolts in ihe 

grillage bases could be loosened readily using sockets and 

adjustable wrenches. The galvanizing between the separately 

bolted elements and on the bolts beneath the ground line was 

as clean as the galvanizing above the ground line.

5 INTERPRETATION OF LOAD TEST RESULTS

The uplift capacity was interpreted using the slope-tangeni 

method suggested by Trautmann & Kulhawy (1988) for 

spread foundations in uplift, as shown in Figure 3. The inter

preted failure load (Qu) is defined by the intersection of tan

gents to the initial and final portions o f  the load-displacement 

curve. The two other parameters shown in Figure 3 are zf, the 

displacement at Qu, and z50, the displacement at Q„/2.

The uplift tests on the Hickling No. 84 grillages are shown 

in Figure 4, in which the data from the multiple unload-reload 

cycles have been deleted for clarity. The initial slopes of all 

three curves basically are the same, but the maximum loads 

and final tangents differ. Therefore, Qu values were defined 

for each o f  the three tests and ranged from 560 to 649 kN, 

with Zf values ranging from 66 to 84 mm. The No. 4 grillages 

showed nearly identical load-displacement curves. However, 

the No. X2 grillages showed more variability, probably 

because o f  the large, platy boulders in the backfill.

Table 2 summarizes the test results. The interpreted failure 

loads (Qu) and the corresponding displacements (zr) are given, 

along with the displacements at half the failure load (zso) and 

the foundation and backfill weights (W). All six Hickling 

Station grillages had similar displacements, with z50 ranging 

from 7.6 to 10.2 mm and zf ranging from 66 to 84 mm.

6 EVALUATION OF CAPACITY

Grillage uplift capacity (Qu) has been discussed in detail by 

Kulhawy et al. (1983a, 1987) and Stewart & Kulhawy (1990). 

These studies have shown that Qu can be computed as:

Qu =  Qsu +  Q tu+ w  (i)

in which Qsu = side resistance along a general shear surface.
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Figure 2. Load test system
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Table 2. Interpreted failure conditions

Displacement, z 

Figure 3. Interpretation o f  load test data

Site Grillage Qu
(kN)

Zf
(mm)

z 50

(mm)

W

(kN)

Hickling 84-SE 649 76 10.2 238

Station 84-NE 614 84 8.9 241

84-SW 560 66 7.6 249

average 609 76 8.9 243

Hickling 4-NW , NE, SW 463 76 7.6 133

Wyncoop X2-SE 129 79 14.0 34

Creek X2-SW 153 119 31.8 35

average 141 99 22.9 34

(mm)

Figure 4. Uplift results for Hickling Station No. 84 grillages

Qm = tip resistance (normally applicable only under undrained 

conditions), and W = weight o f  foundation (Wf) and enclosed 

backfill soil (Ws). The side resistance usually develops along 

the vertical shear surface shown in Figure 5. Two variations 

have been noted to this general model. First, for small D/B in 

soil with high horizontal stresses, a wedge “breakout” can 

occur along inclined shear planes. Second, at large D/B in 

loose backfill, a limiting uplift “punching” failure can occur 

over the grillage. Neither variant developed in these eight 

tests, so the side resistance is given by the general model as:

Qsu = (K/KJ P i0D Ko(z) o \ ( z )  tan [ f ( z )  ( 8 / f )] dz (2a)

Qsu = p f0 o ’v(z) P(z) dz (2b)

in which P = grillage perimeter, = in situ  horizontal stress 

coefficient, a ’v = vertical effective stress, <)>’ = soil effective 

stress friction angle, 8 = interface friction angle, K = operative 

horizontal stress, K/K0 = ratio o f  operative to in situ  horizon

tal stress (or construction influence on horizontal stress), and 

P = side resistance coefficient ( =  K tan 8 ) .  This equation is 

applied to both the native host soil and backfill, and then the 

lower capacity soil governs. In both cases, (S/<|>’) = 1 because 

it is a soil-soil interface.

At Hickling Station, extensive field and laboratory investi

gations were conducted to evaluate the native soil and backfill 

properties. Based on these studies, the mean interpreted back

fill properties were (a) unit weight = 18.9 kN/m , with water

W.

W,

I0’
w = w f + w s 
Qu r Qsu + Q»U + w

M u

B

Figure 5. General Uplift Equilibrium Model

table at 4.85 m, and (b) friction angle = 41.8° and K„ =1.12, 

with variations as given in Figure 6. For the native soil, the 

unit weight was comparable, the friction angle was higher 

(varying from 49° at the surface to 43° at 1.8 m, to 42° at 3.4 

m), and K*, was higher (over 5 at the surface to 1.9 at 1.2 m, to

1.3 at 3.5 m). Clearly the backfill properties control the uplift 

capacity. Introducing these backfill properties into Equation 2 

yields mean K/Ko values o f  0.72 for the No. 4 grillages and

0.68 for the No. 84 grillages, with an overall mean o f  0.70. 

From these data, the overall mean (3 is equal to 0.70.

At Wyncoop Creek, the investigations were more limited 

because o f  the large platy boulders present. The limited field 

data (mainly SPT) suggested that the backfill and native soil 

were essentially o f  the same consistency and properties, with 

little variation over the grillage depth (2.3 m). The soil unit 

weight was again about 18.9 kN/m3, and the water table was 

slightly below the grillage bases. The estimated friction angle 

was 40°, which is reasonable, and the estimated K„ was 1.0, 

which could be somewhat low. With these parameters in 

Equation 2, the mean K/K ,̂ = 0.82 and b = 0.69.

4> (deg.)

30 40  50 0
0

• Layer I 

2

Layer

2

Figure 6. M ean properties o f  backfill at Hickling Station
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7 DISCUSSION

Grillage behavior is complex because it is dependent on the in 

situ  native soil characteristics, the construction procedure, and 

the resulting backfill characteristics. At Hickling Station, the 

native soil was more overconsolidated than that at Wyncoop 

Creek, resulting in higher values o f  friction angle and K,. 

However, the overall side resistance coefficients (P) were 

essentially the same, indicating that the backfill characteristics 

are comparable and that they controlled in both cases.

The construction procedures could not be verified in detail 

from as-built records. However, utility practices o f  the time 

regarding “normal” construction, plus discussions with the 

construction foreman for the Hickling No. 4 grillages built in 

1958, indicated that pogo-type compactors were commonly 

used directly over the grillage, but that the remainder o f  the 

backfill typically would be compacted only moderately, at 

best. The same is probably true at the other Hickling grillages 

built in 1947, but more hand labor and placement would have 

been likely for the 1929 grillages at Wyncoop. For this 

modest compaction, the expectation would be for low friction 

angles (say 30° to 35°) and K„ values a bit above normally 

consolidated (say 0.5 to 0.75), yielding (3 o f  0.3 to 0.5.

The load test results clearly show geotechnical parameters 

larger than would be expected for modest compaction. With 

time, there probably have been water table fluctuations that 

have induced an overconsolidation effect, and there certainly 

has been aging o f  the backfill. Both have improved the back

fill characteristics and therefore the overall grillage capacity. 

At Wyncoop, with a lower overconsolidation, the backfill and 

native soil now are essentially the same. At Hickling, with a 

higher overconsolidation, there has been significant backfill 

improvement, but it still is weaker than the native soil.
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8 SUM M ARY A ND  CONCLUSIONS

The results o f  eight full-scale uplift load tests on steel grillage 

foundations were presented, along with geotechnical data for 

both the native soil and backfill. Analysis o f  these data shows 

that grillages can achieve uplift capacity with significant side 

resistance that is governed by the weaker o f  the backfill and 

native soil. The results indicated backfill properties that are 

greater than would be expected from the compaction proce

dures alone, suggesting subsequent in situ  overconsolidation 

and aging o f  the backfill. For one site, the backfill has essen

tially achieved the properties o f  the native soil.
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